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Foreword LTE: The Move To Global Cellular Broadband

Cellular communications have dramatically changed our world by shaping our modern way of life. Technological advances 
have radically carved the way for new forms of human interaction. We have seen the transformation happen from the first 
generation of analog phones (also known as 1G), available only for a minority of users, via 2G systems (namely GSM, D-AMPS, 
CDMAone or IS-95, PDC) being able to reach and call anyone everywhere and introducing world-wide two-way paging via text 
messaging. Recently mobile Internet access at our finger tips has become available through 3G (WCDMA and CDMA2000). 
With LTE, (the Long Term Evolution, also known as 4G, the fourth generation cellular system) for the first time one common 
standard has been accepted globally. It opens cellular communications to true broadband connectivity and offers enough 
capacity to enable cost-competitive machine-to-machine (M2M) communications.[1]

This issue of the Intel Technology Journal brings together active research directions and development results achieved within the 
context of LTE. Looking back at the evolution of standards, LTE is not only a first global standard and a new technology step, 
but it also shapes the value chain and ecosphere of wireless communications hardware suppliers.

Global Standard
Looking back, every decade has given birth to a new standard in digital cellular and hit the market. Starting with the 
introduction of GSM in the 1990s and 3G in the 2000s, now 4G/LTE is following in the 2010s. However, after the success of 
2G systems, starting a new standardization process has been a difficult task for each following standard generation. To create a 
new standard, at first research needs to be carried out, showing the path to innovation opportunities, which form the base of 
the new standardization step—a cumbersome process of agreeing on common ground. Finalization of this process is done by 
product development and roll-out in the field. As each of these stages needs at least a couple of years, the process starts typically a 
decade before customers have products in their hands.

LTE standardization had its roots nearly a decade ago. As WiMAX was gaining attention with its many MIMO-based 
innovations, it became clear that 3GPP standardization had to react, or be overrun. However, many 3GPP members were 
hesitant since 3G was being rolled out and no return on investment for 3G was yet in sight. Therefore the strategy was to 
rather slow down the introduction of a new standard than to fully embrace the idea, clearly earmarked by choosing for the new 
technology the name “Long Term Evolution.” As the slow start became evident, WiMAX saw its chance and pressed forward so 
hard that 3GPP had to wake up, and the race for market traction began.

After having experienced the cost of fragmenting the world into multiple cellular worlds through the 2G and 3G generations, 
cellular operators pushed for one single global standard. In particular the “big three” (Vodafone, Verizon, and China Mobile) 
tried to jointly understand the differences between the proposals and aligned their decision onto the LTE standard. One reason 
for the decision was that the TTI framing of WiMAX had a 5-ms frame duration, which was seen as too large for enabling 
mobile gaming, a possible killer application. In contrast, the planned LTE’s TTI framing of 1 ms opened the possibility to 
significantly reduce the latency over 3G and WiMAX systems.

However, the LTE protocol stack above layer 2 was not optimized for such a low latency and as a consequence today’s round-
trip ping results are in the order of 20–30 ms, still well above the real-time gaming requirement of a maximum latency of 10 ms. 
Therefore there is still ample room for improving in the next standardization steps towards the fifth generation of cellular systems.[1]
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Technology Step
At the time of its inception, GSM was designed around the capabilities of implementing single-carrier equalization in silicon 
with a maximum likelihood sequence estimator (MLSE). The MLSE equalizer grows exponentially with the delay spread of the 
channel.

A key innovation of using spread spectrum in WCDMA was that the so-called RAKE receiver used for detection/demodulation 
grows only linearly with the number of relevant echoes of the channel. 

With the use of OFDM (Orthogonal Frequency Division Multiplexing [OFDM] is a technique in which the subcarriers 
of a fast Fourier transform (FFT) are used for parallel modulation and transmission of data bits onto the carrier) in LTE, 
the equalization/detection challenge has become small when comparing it to GSM and WCDMA. As each subcarrier sees a 
frequency flat channel, the complexity is dominated by the N-point FFT/IFFT computation, which grows as N·log (N). The 
size N of the FFT needs to be chosen to be large compared to the delay spread of the channel, for example 4x, to minimize the 
overhead of the cyclic prefix. In conclusion, the result is that the computation complexity per sample (of an N point FFT) grows 
only logarithmically by the delay spread.

The impact of this moderate growth in complexity with the channel situation, and the ability to demodulate frequency  
flat subcarrier channels, makes OFDM ideal to implement complex multi-antenna transmission schemes like MIMO. A 
major focus therefore during the design of LTE was to define the right pilot-aided channel estimation, to support advanced 
MIMO concepts, to create a hybrid ARQ (Automatic Repeat-reQuest), and scheduling to capture the channel capacity per 
user at its best.

From a technology point of view, the OFDM modulation chosen is a very good platform to enable the implementation 
of further complexity at the benefit of system performance, mostly measured in capacity, and in the fairness of capacity 
distribution among users in a cell. The capacity limiting factor in cellular systems is the interference generated within a  
cell, or from neighboring cells. The mitigation and/or cancellation of interference have been therefore a main aspect of 
research over the last decade, to improve LTE towards LTE-Advanced. Most often this is named CoMP (coordinated 
multi-point) or ICIC (interference cancellation and interference coordination). The signal processing challenge is to 
take the signals of neighboring cells into account when transmitting and receiving. Initially CoMP[3] and ICIC were two 
abbreviations for the same idea. Recently the term CoMP has been used more for the specific technique of distributed 
MIMO signal processing.

The theoretic upper capacity bound of CoMP/ICIC is to transform an interference-limited scenario into a noise-limited 
scenario. This is very academic due to the need of channel state and signal information. However, on the way towards the bound 
many interesting ideas have been proposed.

Ecosphere
With the introduction of LTE a major change has happened in the ecosphere of the cellular industry. On the one hand, China, 
the United States, and Europe have aligned on a single standard, and competing standards have lost. 

However, today, in the advent of small cells becoming a next wave of cellular network realization, the LTE base station 
market is also soon to be transforming itself from a classic infrastructure market of approximately 10 million units per year 
into volumes comparable with consumer products of 100 million units and above. This opens new opportunities for many 
new players, be it in the space of (fabless) semiconductors, infrastructure suppliers, network management (SON: self-
organizing networks) suppliers, or operators. Therefore, we should be prepared for many forthcoming disruptions, changing 
the industry once again.
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Wireless Future
With each generation of wireless technology the increase in data rate has approximately followed Moore’s law of doubling  
every 18 months, that is, increasing tenfold every five years. Assuming that memory storage increase is the main driver for the 
so-far-unbounded demand in data rate over wireless, and taking the ITRS Roadmap and 3D integration into account, we can 
assume this increase to continue until 2030. When projecting this by wireless standards products being introduced into the 
market, the number in Figure 1 arises.

Foreword   |   9

Figure 1: The Wireless Roadmap: Race for Data Rate 
(Source: Gerhard P. Fettweis, 2013)
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An unimaginable data rate projection of 1–10 Gb/s shows us that major innovations must be accomplished to address the needs 
of the fifth generation systems, possibly hitting the market ten years from now. Next to cellular, Wi-Fi, at unprecedented data 
rates around 1 Tb/s, will provide us with a completely new level of connectivity, being a platform for service and application 
innovations that cannot even be imagined today. 

However, not only does the race for data rate need to be addressed, but as mentioned above, the round-trip ping latency 
reduction to under 10 ms (for example, for gaming) must be achieved as well. When an approximately 1-ms round-trip latency 
and carrier-grade reliability and availability are both achieved, a step from moving content to controlling real and virtual objects 
will be enabled, the “Tactile Internet”[4] as sketched in Astély et al.[1] becomes reality. 

The “Internet of Things” has not been mentioned so far. It is not a step towards increased broadband, but semiconductor 
vendors are key enablers to address the challenge of connecting anything with a 10-year battery lifetime. Not only must 
system concepts such as the extension of transmit intervals by enhancing discontinuous transmission (DTX) cycles be 
explored, but also lightweight network synchronization must be designed and of new nonorthogonal waveforms like 
FBMC[5] and GFDM[6] must be implemented. Also, a huge demand for power savings must be addressed by innovating chip 
architecture, by voltage and frequency scaling, as well as sleep modes and stable wake-up strategies, and by semiconductor 
technology itself.
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LTE is a major step forward in developing technology along the Wireless Roadmap. In the cellular market, the next decade will 
be dominated by LTE, evolving to LTE-Advanced over time. More than an order of magnitude increase in data rate lies ahead 
with opportunities that still need to be explored.

Technologies as presented in this edition of the Intel Technology Journal mark important ingredients. However, LTE is only 
a step. Major further innovations in cellular and WLAN wireless communications still lie ahead. Incumbent companies and 
startups can grab the upcoming market opportunities and/or drive and create opportunities unimagined today. 
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Contributors

This article reviews all the generations of technologies deployed in wireless 
telecommunication systems, starting from 1G (various national analog 
standards), over 2G (continental standards) and 3G (almost worldwide 
accepted standards), finally focusing on 4G (the first worldwide accepted 
standard) also known as LTE (Long Term Evolution). Special attention is given 
to the pivotal influence of WiMAX (Worldwide Interoperability for Microwave 
Access), it being the first standard to spearhead the 4G technology, and how 
WiMAX both paved the way and caused acceleration to ensure a timely 
development, standardization, and introduction of LTE.

Regulatory and spectrum aspects from the environment and business 
perspectives, operator and manufacturer consolidation, globalization of 
standards, challenges to roll out networks and the necessity to cope with 
existing access networks are some of the key topics discussed. 

Finally the article describes the transformation of the LTE technology from 
the initial version, also called 3.9G, to a true 4G standard, also called LTE-
Advanced. Further developments and some insights on what might happen 
even beyond are provided as well, such as enhancements towards heterogeneous 
networks and new advanced interference mitigation techniques. 

Introduction: Can’t We Make Do with the Current 
Generation, Once and for All?
Why do we need a succession of generations of communications standards, 
just to continue to communicate? Why are we scraping investments into the 
old generation each time and accepting massive costs and engineering efforts 
going into the billions both on vendors’ and operators’ sides, just to install a 
replacement one? 

A senior researcher once hoped that if LTE was just tuned a little bit in the 
next release, one could prove that it provides the best possible performance on 
the physical layer, making any further optimizations redundant and assuring 
operators’ CFOs that they invested in the right technology, once and forever. 
Unfortunately, his research revealed that LTE had not approached such an 
optimum yet, and even if it had, changing requirements (user expectations, 
deployment constraints, and so on) would immediately call for other 
optimizations, new features, and eventually a new generation.

Each generation is characterized by pushing the air interface closer to the 
theoretical Shannon limit, at least within the technical viability of the moment. 
With Moore’s law still holding, after some time we achieve technical and 

“Each generation is characterized by 

pushing the air interface closer to the 
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commercial feasibility of functions that engineers ten years ago just dreamed 
about implementing into a chip.

Now, as it seems we have to live with this endless succession, let’s see what 
has driven it in the past, what is driving it now, and where it may lead us 
in the future. First we recap the existing generations of wireless standards, 
starting from analog 1G over digital but voice-centric 2G and more broadband 
multiservice 3G towards fully packet-optimized 4G. We then discuss which 
advanced features are currently being worked on. Finally we use the findings 
from the previous generations to draw conclusions about general trends and 
speculate about future generations.

How the Generations of Wireless Standards Evolved 
in the Past
Two-way radio systems were known and popular for decades, but the shared 
channel for many users provided no privacy at all and the propagation 
conditions limited the services to local use. The vision was to provide a two-way 
communication link to a vehicle, with the standard of a telephone connection, 
that is, simultaneous bidirectional voice connection and an exclusive transmission 
channel that offers privacy. The usage scenario as a car phone, or for other vehicles 
that could carry the hardware, is the reason that still today many scientific 
publications are published in the IEEE transactions on vehicular technology.

The First Generation, a Patchwork of Analog Systems
The enabling technology breakthrough allowing first generation (1G) cellular 
radio networks to become a user-friendly, easy-to-handle service was the 
microprocessor. This allowed storing programs in a cellular phone for executing 
procedures in idle and connected mode and running communication protocols 
in the background, reducing the user interaction to operate the system to a 
level of simplicity like using a landline phone. 

In the early days, the first mobile telephone systems could be named 
heterogeneous networks, although this term would have a very different 
meaning from what it does today. The heterogeneity emerged from a wide 
range of national requirements set by the local operators, country-specific 
frequency allocations, and local types of standards.

AMPS (Advanced Mobile Phone System)[1] in the United States was the first 
system starting commercial operation in the early 1980s, and showed all 
the autonomous characteristics required to provide a user-friendly mobile 
telephone system. In northern Europe different national telecommunication 
authorities teamed up to create a standard called NMT (Nord Mobile 
Telephone). This standard was later adopted by some other EU countries. 
However, local frequency variations prevented international roaming and 
also reduced the economy of scale. In Germany a system called C450 was 
introduced, and in the UK Total Access System (TACS), which was a derivate 
of the US AMPS system, in Japan also known as Japanese Total Access 

“With Moore’s law still holding, after 

some time we achieve technical and 

commercial feasibility of functions that 

engineers ten years ago just dreamed 

about implementing into a chip”

“The enabling technology breakthrough 

allowing first generation (1G) cellular 

radio networks to become a user-

friendly, easy-to-handle service was the 

microprocessor”
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System (JTACS), and again incompatible by national requirements. These 
first-generation cellular systems started as car phone systems, compared to 
the predecessors, the size of the devices shrunk from suitcase to shoebox 
size, thanks to high integration and the use of microprocessors. The first 
handheld devices (still weighing almost a kilogram) were becoming available 
in the second half of the 1980s. Common to all these systems was that voice 
transmission was made by narrowband FM transmission in FDMA-FDD 
(Frequency Domain Multiple Access Frequency Division Duplex) mode. 
Signaling solutions of first-generation cellular were based on low rate binary 
FSK (Frequency Shift Keying) signaling, control mechanisms were mainly 
network centric, and signaling mostly downlink. This technology decision was 
a logical choice for several reasons:

 • Voice is analog, so analog modulation is most straightforward with the 
fewest intermediate steps.

 • Voice signals flow steadily, and FDMA allows transferring them 
immediately and steadily, not requiring any buffer or storage that is hard to 
implement in analog technology.

 • When sent over a small bandwidth, symbols used for signaling take longer 
than typical echoes due to reflections (multipath) and therefore don’t suffer 
from inter-symbol interference.

 • This way digital processing, not easily available in those times, could be 
avoided (for voice) or kept at a minimum (for signaling).

A major shortcoming of the first-generation systems has been the lack of 
security. The FM transmission could be easily eavesdropped and besides 
listening to the conversation, the signaling messages could be tapped. This 
enabled the reading of a user’s identity. Typically user and phone, i.e. the 
user’s equipment, were considered identical and fraud was easy to do. Another 
shortcoming of the first-generation mobile systems was that the handover 
procedures had been based on field strength measurements of the base stations. 
In networks with an increasing traffic density, the downlink controlled 
handover procedure required high reuse distances and thus reduced the spectral 
efficiency. The other clear shortcoming of the first-generation systems was that 
roaming was not possible. Even when a system like NMT was used in Austria, 
another NMT user from Sweden couldn’t use the Swedish phone in Austria.

2G, All Digital and Multinational
When the first-generation mobile systems had been introduced and were 
showing commercial success, the planning of the second generation started. 
In Europe the national telecommunication monopolists founded the 
“Groupe Speciale Mobile” (GSM) within the Conférence Européenne des 
Administrations des Postes et des Télécommunications (CEPT). The design of 
this future standard was initially entirely in the hands of network operators, 
and the industry was only informed about the technical progress from time to 
time in the form of a technical bulletin. Later industry observers were allowed 
to participate in the meetings, but without the permission to provide input 

“The first-generation cellular systems 

started as car phone systems, [compared 
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documents or being part of the discussion. Changes in policy changed the 
working environment, and the liberalization of the telecommunication market 
required a change of the standardization. The EU founded ETSI (European 
Telecommunication Standards Institute), where the GSM standard[2] was 
further developed in the “Special Mobile Group” (SMG). The term GSM 
was getting a brand name for the system concept as such, held by the GSM 
Association, formerly known as the MoU group. This was a group of operators 
signing a commitment to introduce GSM systems within a given timeframe, 
and to allow international roaming. This created a large common market for 
this upcoming system, which was designed from scratch as a digital system. 
It introduced a split between the user identity, stored in the SIM (Subscriber 
Identity Module) card, and the phone’s hardware, then called User Terminal 
(UT) or Mobile Terminal (MT) and later User Equipment (UE), as  
the equipment may transfer data instead of making phone calls. It introduced 
encryption, and roaming was a must. Network infrastructure was getting  
more efficient by a TDMA (Time Division Multiplexing Access) system, 
comprising eight traffic channels on a 200 kHz carrier. For the phone, the 
standard makers made a big bet on the progress of signal processing, higher 
integration of functions, and a common market providing an economy of scale. 

Digital processing completely changed paradigms of the first generation: the 
modulation was no longer analog but digital, and besides, audio signals were 
compressed by digital algorithms before transmission, typically processing 
the speech signal in blocks. Consequently steady transmission didn’t offer any 
advantages anymore, and consequently TDMA was introduced. This required 
buffers, but in digital that requires just a small amount of memory (RAM, 
Random Access Memory), which as a side effect allows different processing 
steps to work independently. The instantaneous date rate was increased thanks 
to the digital design that made equalizers feasible to numerically compensate 
for inter-symbol interference. Compared to analog designs, many processing 
steps could be implemented in comparatively cheap and small processors of full 
custom integrated circuits.

In the United States similar activities had been started in ANSI/ATIS 
(American National Standard Institute/Alliance for Telecommunication 
Industry Solutions), also aiming at a TDMA-oriented digital system. The 
difference from Europe was that in the United States AMPS was widely 
introduced and covered a large national market. Therefore, the aim was to 
create a digital AMPS (D-AMPS or IS-136), with a backward compatibility 
to the existing AMPS. This was intended to allow multimode phones, 
operating in analog mode in areas where D-AMPS was not yet established. 
This non-disruptive deployment was of course a risk-minimizing approach 
for the mobile network operators, but put constraints on the to-be-designed 
digital standard. Such constraints had been to retain the channel bandwidth 
of 30 kHz, limiting the system to only three TDMA channels per carrier. 
Furthermore, the backward-compatible operation with AMPS required the 
use of the analog systems signaling concept. In the United States a homegrown 
competition emerged by the concept to apply CDMA (Code Division 
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Multiple Access) transmission technology to mobile cellular networks. The 
origin of the concept stems from Qualcomm, thus initially a company concept, 
which received support by some operators, and then was conveyed to US 
standardization. The concept was later known as IS-95 or simply as “CDMA.” 
CDMA product availability emerged in the first half of the nineties.

Therefore the US market faced the challenge to have two competing local 
standards for the 2G digital mobile radio, and GSM also started to press 
into the markets of the United States. This situation caused a patchwork 
of standards in the United States, which is good for competition and as an 
innovation driver. However, it confuses the end user in his or her buying 
decision, and it fragments the phone market.

In Europe the market was clearly set by regulation to GSM, and in the first half 
of the nineties the system operation started. Soon it became clear that GSM 
was not only suited for Europe, even though the commitment of the European 
countries to deploy this system on a continental scale ensured the critical initial 
impetus. Therefore GSM was confidently redubbed “Global System of Mobile 
communication.” But sometimes GSM expressed the early operator’s desperate 
desire “God Send Mobiles” because when the first networks got deployed, 
phone availability was a bottleneck. The significantly increased complexity, 
compared to the analog predecessors, required quite a high degree of testing for 
type approval. Fortunately, after overcoming these problems, the market started 
growing beyond all expectations. International roaming capability, increased 
privacy and security, and reasonable prices, partly due to economy of scale 
and partly due to hardware subsidization, made the system very attractive for 
consumers. 

A common denominator for all 2G systems in the beginning had been 
provision of voice services. The systems essentially provided a single service 
(voice), and a cell edge was easily defined by definition of 98 percent service 
availability (voice, of course) at the cell edge. This was simple for planning 
network layouts, especially in the early years of the mobile radio network 
design, where good coverage was to be achieved with a minimum number of 
base stations. This network deployment principle has largely influenced the 
mobile network operators’ philosophy of how to run a network efficiently by 
macro base stations. Therefore the operator loves features that can be used in 
the existing deployments and can avoid increasing the base station density. 
However, with the evolution towards a 5G concept, it is now commonly 
understood that the future traffic demands require a high number of small cells 
and well-designed heterogeneous network algorithms and procedures. To get 
to this point today, the 2G systems needed to implement the driver for this 
evolution, the efficient provision of data to mobile users.

Short message service (SMS) was a surprise package in the GSM 
system concept. Originally intended to enable operators to send small 
informational messages to their customers, it evolved into a two-way end 
user communication system. Gaining market share by the sheer simplicity 
of its interface, with no formatting/carriage return function (no dependency 
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on display format) and a limited size of the message, all you need is the 
phone number of your communication partner. This made it a huge success. 
Especially since the operators enabled the sending of messages between 
different networks. It was indeed at first a highly successful data service, 
although the end user paid quite a lot per single bit, relative to the price of 
a 154-digit text message. In GSM the standards development of General 
Packet Radio Service (GPRS) started in 1994, and built the foundation of the 
Packet Switched (PS) domain in mobile network architectures. GPRS featured 
different modulation and coding schemes (MCS), but missed a practical 
automatic link adaptation. Packet Scheduling had been introduced, as well as 
sharing the same radio resource for a multiplicity of users, but the available 
data rates still remained quite low. Time slot concatenation was introduced, but 
practical phone implementations did not use the theoretical possible maximum 
rates. Therefore in the second half of the nineties, the work on EDGE 
(Enhanced Data Rates for GSM Evolution) was started. EDGE introduced 
a new modulation format to the GSM concept to enable higher data rates 
under good radio conditions. It features as well an automatic link adaptation, 
adjusting the MCS to the channel quality. HARQ (Hybrid Automatic Repeat 
Request) schemes were introduced as well. Using the new modulation scheme 
and timeslot concatenation, the 2G system was able to provide serious data 
rates for the first time.

After the foundation of the 3rd Generation Partnership Program (3GPP), 
GSM standardization remained for a while in ETSI, because some of the 
partners simply had no GSM systems in operation. Therefore there was no 
interest to deal with GSM; it was seen as an unneeded complexity. However, 
in reality there was a need for solutions for GSM/UMTS (Universal Mobile 
Telecommunications System ) handover, and core network aspects had 
to be treated in parallel in ETSI and 3GPP groups. This was not only an 
inefficient way of working, it bore as well a high risk for failures, conflicts, and 
ambiguities in the standard. Thus, GSM was later integrated into the 3GPP as 
the GERAN (GSM EDGE Radio Access Network) group, with a promise to 
the non-GSM-using standards bodies that the group would be dissolved and 
integrated to RAN for GSM maintenance. This was now more than ten years 
ago, and the GERAN group still exists, and new features are made for GERAN 
release after release.

3G, High Data Rates and Multiple Services in Parallel
UMTS work was started in 1996 in ETSI, but was quickly turned into a 
global undertaking, by ARIB (Association of Radio Industries and Businesses) 
and ATIS expressing their strong interests for getting a global standard. 
ARIB was quite ahead in their regional system concepts, because the market 
pressure in Japan for 3G was very high due to the shortcomings of the 2G 
Japanese systems. This was all influenced as well by the timetable of the ITU 
(International Telecommunications Union), which required proposal deliveries 
in 1999 for creation of a set of standards fulfilling International Mobile 
Telecommunications (IMT) requirements for the year 2000, called IMT-
2000. ITU competition was there as well, by the IS-136/EDGE operators and 

“EDGE introduced a new modulation 

format to the GSM concept to enable 

higher data rates…”

“Using the new modulation scheme and 

timeslot concatenation, the 2G system 

was able to provide serious data rates for 

the first time.”



Intel® Technology Journal | volume 18, Issue 1, 2014

18   |   Key Technology Advancements Driving Mobile Communications from Generation to Generation

supporters in the US, and by the evolution of IS-95 CDMA towards CDMA 
2000. The CDMA2000 supporters later founded the 3GPP2 organization, to 
have a global counterpart organization to the 3GPP. 

The side conditions of the UMTS release 99 development had been really 
difficult. After going through a quite competitive and time-consuming concept 
discussion in Europe throughout 1996 and 1997, two years had been left for 
the entire system design. Furthermore the standardization had been moved 
from regional standardization organizations to the 3GPP, which also did not 
make the work initially any simpler. But in the end, 3GPP managed to create 
the standard release 99, to deliver all required input to ITU, to get the IMT-
2000 credentials, and keeping the time plan as well, to allow Japan to start its 
regional FOMA (Freedom of Mobile Multimedia Access) system, based on 
WCDMA (Wideband code division multiple access).[3]

Technologically speaking, UMTS remained digital, but intended to increase 
peak data rates significantly compared to 2G. This was only possible by using 
more frequency bandwidth and higher symbol rates. TDMA was scraped 
again to support high data rates by utilizing the transmission medium for 
100 percent. But most services don’t require the full data rate, so another 
multiplexing strategy had to be used. While equalizers were introduced for 
2G, their complexity increased exponentially with bandwidth, making them 
quickly infeasible. Therefore CDMA (Code Division Multiple Access) was 
introduced, together with the rake-receiver, a new kind of equalizer, easy to 
implement with simple operations (just add and subtract). 

The outside conditions, like ITU deadlines and regional availability needs, 
made the UMTS standard available early. Furthermore, the huge commercial 
success of the 2G systems in the second half of the nineties made investors 
eager to repeat this success on an even bigger scale. This created a strong hype 
on 3G systems. Regulatory bodies started to auction the spectrum for 3G, 
and in anticipation that 3G would be a kind of Sampo (a mill in Finnish 
mythology that made flour, salt, and gold out of thin air), excessive prices were 
paid by new and existing operators to get hold of 3G spectrum. 

The demand for 3G systems was not as high in all regional markets as in Japan. 
Although operators had invested heavily in spectrum, the commercial rollout 
was slow, again limited by phone availability, market demand, and the faltering 
economy in the beginning of the 2000s. The following release, now coined 
Release 4, to cut dependency to finish on targeted calendar years, was largely a 
“repair” release, used to get essential corrections in the standard. With Release 
5 the HSDPA (High Speed Downlink Packet Access) concept became part of 
the standard, introducing important technical enhancements for data service 
support in downlink. In the following release, improvements for the UL were 
introduced (HSUPA, High Speed Uplink Packet Access), which turned the 
WCDMA into the High speed packet access (HSPA).[4] Voice and video was 
kept on the DCH (Downlink Channel), but HSPA enabled efficient provision 
of packet data over the 3G air interface. 
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In the US in CDMA 2000 there had been similar activities to improve the data 
part as CDMA2000 Evolution (EV), in combination with voice as EV-DV, 
or data only as EV-DO. The competition between the WCDMA and CDMA 
2000 based concepts worked as a driver for important system enhancements. 
The IS-136/EDGE finally disappeared from the markets, whereas GERAN 
filled this gap. 

The markets recovered from the recession, and an increasing need for mobile 
data connections boosted the market for data dongles. The Internet use on the 
move and the need for wide area broadband coverage created a huge increase in 
the market. However, looking back to Release 99, it took almost ten years from 
standards availability to real market relevance.

WiMAX and LTE, the Path towards 4G
Two things happened in the mid-2000s. ITU was calling for another 
deadline to define more advanced requirements, called IMT-Advanced, 
and with the cumulated experience from 3G, the idea emerged to design a 
system concept for IMT. This was also pushed by the emerging of WiMAX 
(Worldwide Interoperability for Microwave Access), an IEEE (Institute of 
Electrical and Electronics Engineers) standard activity. IEEE and the Wi-Fi 
certification group continuously worked and enhanced the WLAN (wireless 
local area network) standard, making the users free of having computers and 
notebooks connected by cables to a LAN. Logically this leads to the idea to 
adapt this successful technology to wide area usage. It is worth remembering 
that WiMAX has a suite of solutions, many taking care of wireless backhaul 
solutions; only one variant was a mobile WiMAX. But this mobile version is 
today often thought of as synonymous with WiMAX.

WiMAX, emerging from the IEEE world, was based on a different network 
architecture than 3GPP and introduced a new air interface based on 
Orthogonal Frequency Division Multiple Access (OFDMA). Many network 
operators had been frustrated by the complexity of operating a 3G system 
and were happy to see a fresh approach. The 3GPP community realized the 
threat coming from this competing technology, and this accelerated the work 
on 3G evolution and removed many acceptance barriers on new features 
and architectures. Previous networks placed an additional aggregation point 
between the base station and the core network: the Base Station Controller 
(BSC) in 2G, and the Radio Network Controller (RNC) in 3G, respectively. 
These were removed by absorbing their functionalities with the remaining 
units. Furthermore all services were based on packet transmission rather than a 
continuous stream of bits, making the corresponding circuit switched domain 
redundant, which was until then still existing in parallel to the packet switched 
domain. Multi-antenna support became a day 1 requirement for the phone, 
enabling higher peak data rates by MIMO (Multiple Input Multiple Output), 
simplifying channel structures and state engines, and last but not least, enabling 
cheaper network rollout, because two antennas help to provide more reliable 
service at the coverage edge, providing decent coverage with fewer base stations. 
To avoid the impression of a disruption to 3G, the term 4G was avoided in the 
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beginning and the concept was therefore called simply Long Term Evolution 
(LTE).[5] WiMAX served in that phase as a very efficient incubator (almost 
a blueprint) for the LTE design, but failed to get a foothold in the 3GPP 
standardization or to influence the global standard itself. There was an attempt 
to promote WiMAX as the TDD (Time Division Duplex) solution for LTE. 
However, in 3G the TDD developed to a technical field dominated by Chinese 
organizations, and there was little willingness to leave this field to a different 
community. Eventually the attempt to align the numerologies of the emerging 
LTE FDD and a WiMAX TDD was coming possibly too late. It was decided 
that the LTE uplink should be based on SC-FDMA (Single Carrier FDMA) for 
PAPR (Peak-to-Average Power Ratio) reasons, but politically it raised the bar 
for WiMAX to make its way into a 3GPP standard. 

OFDMA was used instead of CDMA because the rake receiver got less 
efficient at the highest data rates and because OFDMA allows picking the best 
frequencies for a user’s signal to support both time- and frequency-domain 
scheduling. The former had already been introduced in HSDPA, and there 
had even been attempts to use OFDMA in conjunction with UMTS, but in 
the end it was felt that the advantages of OFDM wouldn’t justify a complex, 
hybrid system. 

WiMAX made its market attempts but did not manage to grow into a relevant size. 
CDMA2000 lost connection to the 4G evolution, when key companies removed 
their experts from the 3GPP2 standards group and moved them to 3GPP.

This created the situation of today, where the dominant standards group is 
3GPP and the pacemaking standard is LTE, including LTE-Advanced. The 
lack of competition can create a kind of comfort zone, which may have a 
negative impact on the technical evolution. Competition and ITU deadlines 
called for decisions, what is part of a release or not. 3GPP faces the risk of 
slowing down, developing endless ramifications, and taking functional steps 
that are too large.

Transformation of LTE to LTE-Advanced  
and Beyond
Large scale deployments of 4G networks based on the first releases of the 
LTE systems (Release 8 and Release 9) have been ongoing since 2010. The 
first evolution of LTE towards LTE-Advanced[7] was defined in 3GPP Release 
10, which was finalized in 2010. Release 10 introduced several important 
improvements[6]: 

 • Transmission bandwidths over 20 MHz and spectrum flexibility through 
carrier aggregation: two or even up to five standard LTE carriers of same 
or different bandwidth can be bundled together and operated like a single 
carrier. Besides higher data rates, this approach also allows the utilization of 
several small chunks of spectrum in different bands. That eases gradual re-
farming of legacy bands because the legacy systems’ bands can be absorbed 
incrementally rather than having to cannibalize a big fraction immediately.
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 • Enhanced multi-antenna transmission with flexible reference-signal design, 
allowing up to eight antennas in downlink, both at the base station and 
optionally even at the phone, and up to four transmit antennas at the 
phone, as explained in the next section. 

 • Relaying to allow deployment of small nodes at the cell edge being fed by 
base stations via the LTE air interface, using either the same band as used 
by the mobiles or a different one. Previously installing a new cell to serve 
an area of insufficient coverage required not only installation of a small, 
typically cheap base station, but also a data connection to the core network. 
In the worst case that meant digging cable ditches, an inconvenient and 
expensive enterprise. Microwave links can ease that burden but require 
dedicated, matching equipment to be added at both the new and the 
existing site. Here relaying can offer an advantage, by utilizing the existing 
LTE air interface to link newly installed small base stations with existing 
stations, so called donor eNBs. This backhaul link can use a different 
frequency band than the band used to communicate with phones, requiring 
two receivers, two transmitters and duplexers at the relay. Another option 
is to use the same band, simplifying deployment and allowing cheaper relay 
implementation. In this variant the relay cannot communicate with the 
phones continuously but needs to devote part of the time for the backhaul 
link. In order not to confuse them by the absence of signals, these times 
are advertised as MBSFN (Multicast-broadcast single-frequency network) 
subframes (see Bachl et al.[8]). Even old LTE phones are prepared to at least 
ignore such subframes without any harm.

 Unfortunately, the capacity gain provided by the relays is somewhat offset 
by a loss of capacity from the donor cell, therefore this technology has not 
yet been widely deployed. It is expected to become more relevant when cells 
get even smaller and operate at higher frequencies. A similar approach on 
the phone side is device-to-device communication (see Roessel et al.[9], 
Zaus and Choi[10]).

 • Enhanced Inter Cell Interference Coordination (eICIC) allowing more 
liberal deployments of Heterogeneous Networks (HetNet), as shown in the 
section “Coordination across Base Stations in 4G Systems.”

MIMO Transmission in 4G Systems 
MIMO transmission is used in 4G systems to increase the overall bitrate 
through transmission of two or more different data streams on two or more 
transmit antennas using the same resources in both frequency and time, 
separated only through the use of a different reference signal and received by 
two or more receive antennas. The usage of multiple antennas at transmitter 
and/or receiver sides improves reliability and increases spectral efficiency and 
spatial separation of users. From LTE (Release 8 and 9) to LTE Advanced 
(Release 10 and 11), ten different MIMO Transmission Modes (TM) have 
been defined, which differ in number of layers (rank), used antenna ports, 
type of reference signal, Cell Specific Reference (CRS) or Demodulation 
Reference Signals (DMRS), number of users supported, and precoding type. 
Since the performance of MIMO transmission depends on various factors, no 
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single mode provides superior performance in all usage scenarios. The leading 
MIMO modes are transmit diversity and spatial multiplexing (closed and 
open loop transmission) because they are robust to implement and can deliver 
the promised 4G data rates. One of the MIMO transmission techniques 
that has been extensively investigated in standardization as well as in research 
communities is multiuser MIMO transmission because of several benefits over 
single-user MIMO. In a multi-user scenario multiple users share the same time 
and frequency resources by exploiting the spatial diversity of the propagation 
channel. Because a single user’s phone typically only has few antennas in a 
small volume, which are thus often highly correlated, multiple users have more 
antennas in total and the channels are typically much less correlated due to 
larger separation. Therefore, Multi-User MIMO(MU-MIMO) transmission is 
much more robust with respect to propagation environments and achieves a 
high spatial multiplexing gain even with the small number of antennas at the 
phones.

To some extent MU-MIMO is supported in Release 8 and 9 but with several 
practical limitations. Already in Release 8 (Transmission Mode 5) the same 
codebook optimized for single-user (SU)-MIMO precoding is applied for MU-
MIMO, which is suboptimal. Such a configuration results in a performance 
inferior to Release 8 MIMO modes (Transmission Mode 4 and 6). To keep the 
feedback overhead low, 3GPP did not dedicate any symbols for MU-MIMO 
system but MU-MIMO transmission was enabled using SU-MIMO feedback, 
that is, CQI/PMI/RI (Channel Quality Indicator/Precoding Matrix Index/ 
Rank Indicator) only. This is a rather minimal MU-MIMO transmission 
scheme, limiting the achievable multiuser gains and thereby the practical 
implementation of MU-MIMO systems. With User-specific demodulation 
reference symbols (DMRS) introduced in Release 9, support for MU-MIMO 
transmission for up to four users rank 1 (orthogonal) or up to two users 
rank 2 (nonorthogonal) was enabled in Transmission Mode 8. However, the 
antenna port and scrambling code allocations are wideband and with such a 
configuration it is not always possible to ensure orthogonality even when only 
two users are multiplexed in MU-MIMO mode. Neither Release 8 nor Release 
9 introduced explicit signaling of the presence/absence of a co-scheduled user 
on the same resources, that is, the phone does not know whether interlayer 
interference exists or not. This limitation has significant impact on MU-
MIMO detection with conventional (interference-unaware) receivers. As 
shown in Duplicy et al.[11], interference-aware receivers are required in 
MU-MIMO to eliminate the residual spatial interference in order to avoid 
detection error floor. The MU-MIMO implementation challenges, solutions, 
and how to overcome them are discussed further in Badic et al., “MU-MIMO 
System Concepts and Implementation Aspects.”[12]

LTE-Advanced has enhanced MIMO transmission and also relaxed some 
MU-MIMO limitations. New reference signal Transmission Mode 9 is 
introduced in Release 10, supporting up to 8x8 (MU)-MIMO and new 
reference signals for CSI measurements together with DMRS. This type of 
signaling enables switching between SU and MU-MIMO mode without 
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need for the phones to be reconfigured via higher layer signaling. A dual 
codebook approach is adopted for 8x8 (MU)-MIMO, where one codebook 
captures wideband and long-term channel properties, while the other captures 
frequency-selective and/or short-term channel properties.

In order to enable reliable practical deployments of (MU)-MIMO Release 
11 studied possible enhancements of DL MIMO and the study continues 
currently in Release 12.[15] The study focuses on CSI feedback enhancements 
in order to provide finer spatial domain granularity and to support different 
antenna configurations for both single and multiuser transmission. 

Coordination across Base Stations in 4G Systems
LTE Release 11, which is in the final specification stage, introduced 
coordinated multipoint transmission and reception (CoMP) with the aim of 
improving the coverage of high data rates and the cell-edge user experience. 
The basic concept behind CoMP is the cooperative multiple-input and 
multiple-output technique, where geographically distributed transmitters and 
receivers are jointly working with advanced MIMO schemes. In theory, CoMP 
can provide significant gains in the order of high double-digit percentages for 
cell-edge user throughput while increasing overall network efficiency. 

Even though CoMP techniques have received increasing interest within 
research and 3GPP communities, their practical implementation still has a 
long way to go. As for any other closed-loop transmission, the key obstacle 
in the CoMP realization is the feedback link (CSI) between the devices and 
network. Release 11 defined a multipoint CSI framework but the framework 
contains a number of practical constraints. First, CSI feedback is designed 
without any synchronization between transmission points, that is, PMI and 
CQI are selected individually per transmission point. Furthermore, to keep 
feedback overhead low, Release 11 cancelled support for phase alignment 
between transmission points. Obviously, those constraints restrict the network’s 
ability to fully exploit benefits of CoMP since the transmit signal optimization 
across all TPs is infeasible. As discussed in Hosemann et al., “Implementation 
Challenges Facing UE in Coordinated LTE Networks”[13] and Bai et al., 
“Feedback Generation for Cell-Edge Transmission in Unsynchronized 
Coordinated Heterogeneous Networks,”[14] nonaligned transmit signals 
between transmission points in a CoMP network can lead to significant 
performance losses, which can be up to several decibels.

Release 11 did not address the specified support of CoMP involving multiple 
eNBs with non-ideal backhaul but assumed ideal fiber connection between 
the cooperating points. Due to this limitation, the operators having non-ideal 
backhaul may not be able to benefit from CoMP operation. As discussed 
in ADVA[16], interference coordination schemes such as eICIC and CoMP 
require very short latencies (less than 1 ms) across the backhaul network in 
order to achieve real-time coordination between base stations. In addition to 
the low-latency requirement, base station clocks need to be in phase to enable 
proper operation of coordination in order to achieve highly accurate phase or 
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time-of-day synchronization. With heterogeneous networks becoming reality, 
the demand for flexible backhaul and tighter synchronization between the 
cells in time and frequency is increasing. In order to meet those requirements, 
LTE-Advanced networks and beyond will have to challenge existing backhaul 
networks with respect to capacity, latency and synchronization performance.
[16] A new study item on coordinated multipoint operation for LTE non-
ideal backhaul has been agreed to in Release 12 with the aim to evaluate the 
performance benefits and to identify potential standardization impacts for 
candidate CoMP techniques involving multiple eNBs with non-ideal  
backhaul.[17]

Concluding Remarks and Future Directions
In the previous sections we have discussed the technical evolution of the 
mobile cellular communication system, from its first inception to the currently 
deployed status. Hardly any other modern technology has provided, generation 
after generation, such a consistent and fast-paced evolution of services, 
changing so drastically the way people communicate among themselves, finally 
making a reality the “always-on, always-available” paradigm. One might even 
dare say it changed the society altogether, that is, the way people behave and, 
to a certain extent, what they strive for.

On the one hand, during the last twenty years the mobile devices introduced 
at each generation have improved a lot the way people gather information, 
conduct business, and interact among themselves, according to several aspects: 
being available everywhere at every time, even in far-fetched locations; 
communicating quickly to counteract unforeseeable problems; delivering in 
a real-time manner the latest news as soon as it happens; sharing huge data 
or video information, thus allowing work while on the move or remotely, but 
together with colleagues using a common virtual room; creating lots of new 
business opportunities via new applications running on mobile phones, such as 
augmented reality games[18] or location-based services, which were unthinkable 
just ten years ago.

On the other hand, those same devices are changing society in some 
unpredicted ways as strange new phenomena are popping up, for example the 
“alone together” syndrome[19]: Couples or groups of friends cluster together, 
but instead of communicating directly among themselves, each one uses his or 
her own device, side by side but lost in his or her own virtual world of bits. Or 
the frantic quest to buy the newest device, be it the latest tablet or the thinnest 
notebook, especially among youngsters: they queue for days outside, in front 
of the shop, where the desired announced new product will soon be launched. 
These aspects, among others, show that people are more and more giving 
mobile devices a new and unexpected “value,” very different from the reason of 
their initial conception: make people communicate.

What can be said about the generation coming right after 4G? It might help to 
survey what it has taken, so far, to launch a new generation. Which novelties 
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have spurred such a “change of pace” that it is reasonable to talk about a new 
generation of mobile devices? Surely that includes the appearance of new 
applications and corresponding requirements, like the data-transfer capability 
in a world of voice-only devices.

In general, the development of a novel technology follows a common path: 
from the research phase (birth in academia), through the innovation phase 
(growing the technology’s potential by startups and early innovators), up to the 
real exploitation via “productization” (matured by the industry), culminating in 
the development and launch of novel products.

Another aspect is the availability, at affordable prices of enabling technologies, 
for example the capability to concentrate a certain processing power in a 
specific form factor, allowing exploitation of previously too power-hungry 
algorithms.

It is interesting to note that a new generation often doesn’t introduce a new 
feature for the very first time. Most often, it was tried already in the previous 
generation. In fact in that previous generation, due to legacy limitations 
or intrinsic constraints, such pioneering implementations of a new feature 
often suffered from some inconsistencies and therefore couldn’t get to a 
widespread deployment. This doesn’t necessarily create a blocking point for a 
new feature, as this way it is possible to gain experience to pave the path for a 
better implementation in the subsequent generation. Eventually, in the next 
generation the intended new feature can be implemented more consistently, 
mainly because a new generation is designed around that feature, rather than 
implementing it as an add-on to an existing environment. Such an example 
are data calls, which are not only possible in isolation but in parallel to voice, a 
feature introduced by UMTS.

Looking back, each generation introduced a new multiple access scheme 
(1G: FDMA, 2G: TDMA, 3G: CDMA, 4G: OFDMA), therefore one 
could conclude it characterizes a generation. Indeed an access scheme is a 
very fundamental aspect that cannot be changed easily within a generation. 
However, the introduction of a new access scheme is neither a sufficient nor a 
necessary condition to call for a new generation: Enhancements in several areas 
of the technology are needed for such a big leap forward.

Another aspect to take into consideration could be the attitude towards what 
is considered the “mainstream technology” during a lifetime of a specific 
generation: if the verb of a new technology is spread around, more and more 
people try to leverage it and in some cases it manages to become “hype” no 
one dares to resist. But not every “hyped” technology actually makes it into the 
standards, as can be seen from another cornerstone of digital communication, 
the coding/decoding schemes: While 1G basically didn’t encode at all, 2G 
introduced convolutional codes, and 3G chose the turbo codes that were 
researched shortly before. When 4G was defined, the Low Density Parity 
Check (LDPC) codes were just a hot topic in academia. However, instead of 
using the latter, the turbo codes were slightly modified to allow for a parallel 
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processing, thus compensating for the main advantage of LDPC codes, which 
therefore didn’t make it into 4G. 

In conclusion, what can be said about the specific technical content of the 
generation after 4G, namely 5G, with a reasonable level of certainty? At 
the moment, to be very frank, not very much. The focus of the wireless 
community has so far been on tuning the 4G technology and on deploying it 
(still ongoing though in many countries) and therefore it’s really too early to 
write any stable assertions.

We can speculate that some technologies currently being discussed in research 
communities—say millimeter waves or tighter coordination schemes of more 
and more sites and even more diverse services and applications—might be very 
good candidates. Moreover, as long as wireless communication is an important 
aspect of our lives and as long as new devices and applications change (and 
typically increase) the underlying requirements, there will be both an evolution 
within the established generations and, roughly every decade, a revolutionary 
approach leading to the birth of a new generation. In fact this new generation 
will be in a dilemma between two targets: both to be reasonably compatible to 
the already deployed technology (legacy) following an evolutionary path and to 
allow for newly introduced revolutionary breakthroughs, in order to provide a 
timely solution for the most pressing problems at hand.

We all look forward to that future.
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Long Term Evolution (LTE), also named Fourth Generation (4G), is seen as 
one of the most promising technologies in the radio communication field. 
It claims significant throughput/capacity improvement compared to 2G/3G 
using a different radio interface together with core network improvements. 
In principle, LTE supports both frequency division duplexing (FDD) and 
time-division duplexing (TDD). In this article, we are focusing on the TDD 
LTE system where the uplink and downlink shares the same frequency carrier. 
The brief introduction and the motivation of designing TDD LTE system 
are provided in the first part of this article; then the detailed comparisons 
between TDD LTE and FDD LTE, mainly on physical layer, are presented 
in the second part of the article. In the third part of the article we analyze the 
difference and indicate the challenges of the LTE TDD physical layer with 
some possible solutions. The performance benchmarks for different solutions 
are also given in this part. Finally the article concludes by summarizing the 
benefits and difficulties of TDD LTE system, with suggestions for further 
optimization. 

Introduction
Nowadays smart devices are very popular, since they can provide numerous 
applications to satisfy people’s various demands in their daily life. People use 
mobile phones not only for voice communications, but more and more for 
entertainment, such as online games, movies, photos, and so on. All these 
applications need the cellular network to provide better service than with 3G 
(3rd Generation). Long Term Evolution (LTE), being developed by the Third 
Generation Partnership Project (3GPP), tries to meet these requirements. It 
aims to provide improved system capacity and coverage, more robustness, 
low latency, reduced cost, and flexible bandwidth operations. LTE Release 
8[1], which was mainly designed for macro/microcell layout and finalized in 
2008, has already supported up to 300 Mbps on downlink and 75 Mbps 
on the uplink with 20 MHz bandwidth. LTE Release 10/11[2], also named 
LTE-Advanced (LTE-A), significantly enhanced the capabilities of LTE, 
achieving better user experience. LTE-A supports the heterogeneous network 
layout where low-power nodes such as picocells, femtocells, and relays coexist 
with the macrocells. To achieve better throughput and coverage, technologies 
such as carrier aggregation supporting bandwidth up to 100 MHz, downlink 
spatial multiplexing including eight-layer spatial multiplexing and downlink 
coordinated multipoint transmission, uplink spatial multiplexing up to 
four layers, are applied. Moreover, the specifications for LTE-A are in the 
finalization phase, and to further enhance the radio access technologies over 
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the coming decade, LTE Release 12[3][4][5] (LTE-B) has already been discussed 
and proposed for future challenges. 

In general, LTE supports two kinds of duplexing, frequency division 
duplexing (FDD) and time-division duplexing (TDD). For an FDD 
network, the downlink transmission and uplink transmission are separated 
by different carriers, and the spectrum must be paired. But there is no 
phase synchronization requirement among the FDD cells, and this means 
both synchronous networks and asynchronous networks are supported. In 
practical, an FDD network is developed as an asynchronous network due 
to the reasons of implementation. For a TDD network, both the downlink 
transmission and uplink transmission are in the same frequency carrier for 
a cell. The TDD LTE network is not only welcomed by operators who have 
already built the TD-SCDMA network since the two networks can coexist 
with very few modifications, but also operators with TDD band license, 
such as Softbank in Japan, and Verizon in America. This gives TDD-LTE 
technology a better chance to be successful in the market, especially in 
China due to its huge population. From a technical point of view, TDD 
LTE achieves more flexibility of the spectrum allocation since no paired 
spectrum is needed. Furthermore, since the uplink and downlink are 
transmitted in the same frequency and face the same fading, it enables a base 
station, called Evolved Node B (eNB) in LTE, to use channel reciprocity in 
downlink spatial multiplexing, thereby reducing complexity of the user end 
(UE). However, to support the time-division duplexing, some additional 
requirements have to be satisfied. For example, a guard period (GP) has to be 
left for supporting RF switching from downlink to uplink in time domain, 
which may reduce the spectrum efficiency. Furthermore, the base stations 
have to be synchronized in order to avoid interference between uplink 
and downlink transmission. All of these changes and challenges for TDD 
network will be discussed in following sections. 

This article will focus on the physical layer of LTE TDD and it is organized 
as follows. First, a brief overview of LTE physical layer and the TDD-
LTE specified difference compared with FDD LTE are provided in the 
next section. The overview is a general description of downlink/uplink 
transmission and orthogonal frequency-division multiplexing (OFDM)/
single-carrier frequency-division multiplexing (SC-FDM) modulation. The 
TDD LTE specific differences are analyzed from six aspects: duplex mode, 
synchronization reference signals, downlink and uplink configuration, 
special subframe, random access, and acknowledgement and hybrid 
automatic repeat request (HARQ) procedure. In the section “Challenges in 
TDD LTE Systems,” the challenges in TDD LTE systems are analyzed in 
detail. Note that the challenges in the TDD LTE system are not limited to 
the automatic gain control (AGC) and synchronization that we presented 
in this section. The “Conclusion” section summarizes the benefits and 
difficulties of TDD LTE systems and suggestions for further possible 
optimizations.
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TDD LTE Systems
The TDD LTE and FDD LTE share the same air interface in the physical 
layer. The major difference between TDD LTE and FDD LTE is in the frame 
structure. In this section, we first give an overview of the LTE system and then 
describe the TDD specific differences and their possible effects on system design. 

LTE System Overview
This section gives an overview of the LTE system, mainly focusing on the 
common parts of FDD LTE and TDD LTE networks in the physical layer. 

Downlink Transmission
OFDM is the key point of the downlink transmission in an LTE system. 
The basic idea for OFDM is separating the high speed transmission bits to 
numbers of parallel streams, transmitted by a narrow-band subcarrier. Usually 
it is implemented by Inverse Fast Fourier Transformation (IFFT) in practice. 
After that, a cyclic prefix (CP) is added to the OFDM symbol, which is used 
to deal with the inter-symbol interference. The length of CP is decided by the 
delay spread of the channel in the time domain. With the IFFT and CP, the 
wideband-transmissions under frequency-selective channel turns to numbers 
of the narrowband-transmissions under flat-fading channels and the signals are 
protected from the interference from the time domain. This may lead UEs to 
avoid using the advanced and potentially complex channel equalization. This 
property of OFDM is quite attractive because it not only helps to simplify 
the implementation of UEs, but also reduces the power consumption without 
performance degradation. Furthermore, transmission under flat fading channel 
is even more important for the UE when the multiple antenna technology is 
used for spatial diversify and/or multiplexing purposes.

On the other hand, OFDM also has some disadvantages. One is the higher 
value of peak-to-average power ratio (PAPR) which is mainly caused by 
combining all the subcarriers together and in some scenarios the PAPR value 
could be higher than 12 dB. The higher PAPR leads to a higher cost on the 
linear power amplifier on the transmitter side and higher power consumption 
due to the lower energy efficiency. The comprehensive discussion/solutions 
are described by Seung Hee Han and Jae Hong Lee[6] and Tao Jiang and Yiyan 
Wu[7]. The other disadvantage is the performance sensitivity of the frequency 
offset. A very small frequency offset, such as 2 to 5 percent of the bandwidth 
of the subcarrier usually will lead to great performance degradation on the 
receiver side. Therefore, UEs need to use the complex frequency estimation/
compensation algorithm, especially when the crystal oscillator on the UE side is 
not good enough.

Although there are some drawbacks for OFDM modulation, it is still used 
by the LTE network for downlink transmission, due to good performance on 
the fading channel with simpler channel equalization. Generally, a frame in 
LTE is 10 ms and is divided equally into 10 subframes, which last 1 ms each. 
Each subframe consists of two slots of length 0.5 ms (7 OFDM symbols for 
normal CP and 6 OFDM symbols for extended CP). Each grid in the time 
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Figure 1: Downlink subframe with normal CP 
and two TX antenna ports
(Source: Modified from 3GPP 36.211, 2013[8])
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and frequency domain is defined as a resource element (RE), and a resource 
block (RB) is defined as 12 RE in the frequency domain by one slot in the time 
domain. A typical downlink subframe with normal CP and two TX antenna 
ports is presented in Figure 1.[8] The cell-specific reference signals (CRS) for 
two TX antenna ports (R0 and R1) that are broadcast by the base station are 
also displayed in this figure. 

Uplink Transmission
OFDM modulation is not suitable for UEs as uplink transmission due to the 
higher PAPR value described in the previous subsection. It is neither easy for 
UEs to use potential complex PAPR reduction algorithms nor to apply a linear 
power amplifier with a wide dynamic range. It will not only increase the cost  
of the UE but also the power assumption. The prices of UEs are a sensitive 
factor in markets and the standby time of the UE impacts the user experience 
quite a lot. Therefore, single-carrier frequency-division multiplexing access  
(SC-FDMA) is applied in the uplink transmission scheme. 

The SC-FDMA has similar numerology to the OFDMA transmission scheme 
used in downlink, as shown in Figure 2. The main difference between OFDM and 
SC-FDM is that the constellation symbols are precoded by FFT before mapping 
to the difference subcarriers. This new added procedure can help to reduce the 
PAPR of transmitted signals, thereby increasing the coverage of the system and 
reducing the power consumption of UEs. Furthermore, the eNB (base station) 
can allocate the various UEs to different subcarriers by N-point IFFT as shown in 
the figure, thereby reducing or avoiding the interference among UEs.

Figure 2: Block diagram for SC‑FDma
(Source: Intel Corporation 2013)
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The uplink subframe is also 1 ms and has the similar structure to the downlink 
subframes. A typical uplink subframe for normal CP is shown in Figure 3. The 
demodulation reference signal, used for channel estimation and demodulation 
of uplink data and control, is one symbol in each time slot and is located in the 
middle of the corresponding time slot for normal CP.[8] In the case of extended 
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CP, where only six symbols are in a time slot, the reference signal is located in 
the third symbol in a time slot.

TDD and FDD difference
The common properties of TDD LTE and FDD LTE systems are discussed in 
the previous subsection, and the main differences of these two systems in the 
physical layer are presented from the standard specification point of view below. 

Duplex Mode
As the name of TDD LTE systems makes apparent, the most obvious difference 
from FDD LTE is the duplex mode. The key point is the uplink and downlink 
transmission using the same frequency carrier but separated by time domain. 
The resources in the time domain are allocated to uplink and downlink 
alternately, and therefore the transmission of uplink and downlink is not 
continuous. 

Compared with FDD-LTE systems, some benefits can be obtained by applying 
the TDD technologies:

 • The TDD network doesn’t require the paired spectrum. This may give the 
operators flexibilities to build their network according to the traffic load 
and spectrum they bought from the government. It is especially important 
for small operators who cannot afford enough spectrum to build an FDD 
LTE network.

 • Dynamic adjustment of the resource for uplink and downlink transmission 
due to the different applications and service type is much easier in TDD 
LTE networks, since it is not necessary to change the bandwidth of carriers.

 • The complexity of channel equalizer from UE side can be reduced because 
of the channel reciprocity, especially for wide-bandwidth systems, for 
example, 20 MHz in LTE systems. The UE can get more benefits in 
multiple antenna scenarios.

On the other hand, there are also some issues for the TDD technologies:

 • Strict phase/time synchronization is required by TDD networks in order to 
avoid interference between uplink and downlink transmission. The phase 
synchronization requirements for various base station types are from 3 µs 
to 10 µs.[9] It is also not easy for small cells (femtocells) to satisfy the phase 
synchronization requirements; Bladsjo et al.[10] provide a detailed discussion 
on this topic.

 • Reduced spectrum efficiency compared to FDD network due to the switch 
point between uplink transmission and downlink transmission.

 • Transmission is not continuous. The downlink transmission and uplink 
transmission occur alternately.

 • The coverage is limited by not only the transmission power but also 
the guard period (GP) between the downlink transmission and uplink 
transmission due to the propagation delay.  
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Figure 3: Uplink subframe structure for 
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(Source: Intel Corporation 2013)
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In general, the major differences in TDD-LTE compared with FDD-LTE 
systems are all directly or indirectly related to the time-domain duplex mode. 
For example, the definition of frame structure, the switch point of downlink 
and uplink transmission, and so on. All of these are presented below.

Downlink and Uplink Configuration
A radio frame is divided equally into 10 subframes and each of them is 1 ms.  
The subframe is the minimum unit for downlink or uplink transmission 
in TDD systems except for special subframe in which both downlink and 
uplink resource is included. According to different service types, seven uplink-
downlink configurations are defined in 3GPP TR 36.211.[8] In general, both 
two switch points and one switch point from uplink to downlink in 10 ms are 
supported. The subframes 0 and 5 are always for downlink transmission. A 
typical TDD frame structure for uplink-downlink configuration 1 is presented 
in Figure 4 where D, S, and U indicate downlink subframe, special subframe, 
and uplink subframe respectively.

The ratios of UL resource and DL resource for each uplink-downlink 
configuration are shown in Table 1 without considering the special subframe. 
In the carrier aggression scenario where the serving cells define the various UL 
and DL configurations for different carrier components working on different 
frequency band and the UE doesn’t support simultaneous reception and 
transmission, also called half-duplex, the uplink and downlink transmission 
have to follow the behavior of the primary cell.

Uplink-downlink 
configuration

Ratio of UL resource to DL resource  
without special subframe

0 1:3

1 2:2

2 3:1

3 6:3

4 7:2

5 8:1

6 3:5

Table 1: ratio of UL resource to DL resource in one radio frame 
without considering special subframe 
(Source: Intel Corporation 2013)

The purpose of defining these uplink and downlink configurations is to make 
it possible to dynamically adapt the downlink resource and uplink resource 
according to the downlink and uplink traffic (difference service type) in real 
time, also named further enhancements to LTE TDD for DL-UL interference 
management and traffic adaptation (eIMTA), which is discussed now in 3GPP 
Release 12. However, because the LTE network usually builds as a lower reuse 
factor, for example reuse factor 1, two issues need to be kept in mind for the 
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uplink-downlink configuration adaptions: one is that if the uplink-downlink 
configuration for adjacent cells are different, the UEs in the cell edge have to 
face serious interference between uplink and downlink; the other is that if one 
cell changes the uplink-downlink configuration, the neighbor cells have to 
optimize their parameters, for example, transmission power, uplink-downlink 
configuration, and so on, to mitigate the interference/impact, and then, 
potentially render the whole network unstable. Therefore, the adjustment of 
uplink and downlink configuration has to be semi-static and must be done  
with care.

Special Subframes
Special subframes are 1 ms and are designed for the switch point from 
downlink transmission to uplink transmission. There are one or two special 
subframes in 10 ms according to the uplink-downlink configuration. Three 
areas have been defined in special subframes[8]: downlink pilot time slot 
(DwPTS), GP, and uplink pilot time slot (UpPTS), shown in Figure 5. 
The DwPTS and UpPTS are used for downlink transmission and uplink 
transmission respectively, and the rest is the GP used for UEs switching from 
downlink transmission to uplink transmission. There are in total 10 different 
special subframe configurations defined in 3GPP for Release 11[8], and each of 
the definitions has different length of DwPTS, GP, or UpPTS.

In general, the duration of the GP has to be long enough to handle the 
propagation delay in the cell edges. Moreover, considering that all the uplink 
signals have to arrive at the base station at the same time, the GP must cover 
the roundtrip propagation delay plus the switching time for the UE from 
downlink to uplink. LTE supports GP ranges from 140–667 µs, and this means 
that the maximum cell radius is up to 100 km.

Another benefit of supporting the special subframe is that it makes it easier 
for the TDD-LTE system to coexist with currently deployed TDD system, 
TD-SCDMA.[2] To avoid the interference between TDD LTE systems and 
TD-SCDMA systems, the downlink and uplink transmission must be mutually 
aligned, and this can be achieved through selecting suitable special subframe 
configuration. 

Synchronization Reference Signals
Two types of synchronization signals are defined in LTE systems: one is 
the primary synchronization signal (PSS) and the other is the secondary 
synchronization signal (SSS). There is no difference for the synchronization 
signal generation in TDD LTE and FDD LTE. The only difference for the PSS 
and SSS between TDD and FDD systems is the location in time domain[8]. For 
FDD-LTE systems, the PSS is located at the last OFDM symbol of slot 0 and 
slot 10 (first half of the subframe 1 and 5); the SSS is located at the second last 
symbol of slot 0 and 10. For TDD-LTE systems, the PSS is located at the third 
OFDM symbols in subframe 1 and 6, and the SSS is located at the last OFDM 
symbol of slot 1 and slot 11. The locations of PSS and SSS for both systems in 
the first half frame are shown in Figure 6.  

“Special subframes are 1 ms and are 

designed for the switch point from 

downlink transmission to uplink 

transmission.”

“Another benefit of supporting the 

special subframe is that it makes it 

easier for the TDD-LTE system to 

coexist with currently deployed TDD 

system, TD-SCDMA.”

DwPTS Guard Period UpPTS

Figure 5: Structure of a special subframe
(Source: Intel Corporation, 2013)
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There are two possible impacts on the different location of synchronization 
signals: 

 • The difference of the location of synchronization signals for FDD and 
TDD LTE network can be used to detect the system is TDD or FDD 
according to the position of synchronization signals;

 • The range of frequency offset estimation is different when applying 
coherent PSS/SSS frequency offset estimation due to the different distance 
between PSS and SSS in the time domain. In principle, the range of 
frequency offset estimation for TDD systems is just about one third of the 
range of FDD systems.

Random Access
The random access channel is used by UEs to contact the base station and 
access the network. For FDD networks, four random access preamble 
formats are defined, and at most one random access resource is allocated per 
subframe.

However, in TDD networks, the uplink resource is quite limited and the 
random access channel has to be multiplexed by not only time but also 
frequency domain. This means for one uplink subframe, there may be more 
than one random access resource allocated. Furthermore, to use the uplink 
resource in UpPTS, a shorter random access preamble format, format 4, is 
defined. It can only be used in UpPTS and when the UpPTS length is 4384 Ts 
and 5120 Ts.[8] Since the length of this sequence of format 4 is much shorter 
than the format 0 to 3, the performance of channel estimation based on the 
random access preamble will be degraded.

Acknowledgement and HARQ
The acknowledgement (ACK/NACK) and HARQ in LTE systems are 
used to improve the throughput performance of UEs. For FDD, since the 

“The difference of the location of 

synchronization signals for FDD 

and TDD LTE network can be 

used to detect the system is TDD or 

FDD according to the position of 

synchronization signals;”

“The random access channel is used 

by UEs to contact the base station and 

access the network.”

0 1 2 3 4 5 6 7 8 9 10111213

subFrame 0 (D) 

0 1 2 3 4 5 6 7 8 9 10111213 0 1 2

subFrame 1 (D) 

subFrame 0 (D) subFrame 1 (S) 

1312111098

0 1 2 3 4 5 6 7 8 9 10 111213 0 1 2 3 4 5 6 7 8 9 10111213 0 1 21312111098

PSS/SSS for FDD LTE

PSS/SSS for TDD LTE

UL SSS GPPSSDL

Figure 6: PSS/SSS location in time domain for the first half frame for both 
FDD LTE and TDD LTE systems in case of normal CP
(Source: Intel Corporation 2013)
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radio of uplink resource and downlink resource is 1:1, the ACK/NACK 
information can be provided by a fixed pattern. However in TDD systems, 
in most of scenario that downlink to uplink subframe ratio is not 1:1, 
therefore the fixed pattern for uplink and downlink ACK/NACK is not 
possible. 

The acknowledgement procedure for the uplink subframes is easy to be 
achieved since the number of downlink subframe is equal or greater than 
the number of uplink subframe in one radio frame except for uplink 
and downlink configuration 0 in which there are 6 uplink subframes 
and 2 downlink subframes without considering special subframes. Fixed 
patterns are used for the uplink subframe acknowledgement according 
to the uplink and downlink configuration/reference uplink downlink 
configuration when it is not 0; the metric IPHICH, defined in 3GPP TS 
213[11], is used to indicate the set of uplink subframes used for uplink 
transmission for (reference) uplink and downlink configuration 0, and 
therefore, help to find the corresponding uplink transmission for an 
acknowledgement.

The acknowledgement procedure for the downlink subframes is much complex 
due to the number of uplink subframes is usually less than the downlink 
subframe except for uplink and downlink configuration 0. In general, several 
mechanisms have been defined in the 3GPP standard specification according to 
different scenarios:

For none carrier aggregation (CA) supported UE:

 • ACK/NACK bundling

 • ACK/NACK multiplexing

For CA supported UE:

 • ACK/NACK bundling

 • Physical Uplink Control Channel (PUCCH) format 1b with channel 
selection

 • PUCCH format 3

Determining which mechanisms to use is decided by signaling of the high layer 
and uplink and downlink configuration. Please refer to 3GPP TS 213[11] for 
detailed information.

Also due to the non-continuous transmission in TDD networks, it is hard 
to have a fixed pattern to retransmit the data that is not reliably received by 
the UE. The retransmission time interval and maximum number of HARQ 
processes are highly dependent on the uplink/downlink configuration. The 
details of the HARQ procedure are beyond the scope of this article; please refer 
to 3GPP TS 213[11] for detailed information.
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Challenges in TDD LTE Systems
The differences between TDD and FDD LTE systems are discussed in 
the previous section from a standard specification point of view. In this 
section, we look into the difficulties met in system design and partial 
implementation.

Automatic Gain Control
Automatic gain control (AGC) is a technique to adjust the signal power to 
a suitable level whose maximum utilizes the dynamic range of RF amplifier, 
ADC, or bit-width in the digital signal domain.

Problem Challenges in AGC
A typical AGC scheme applies the proper gain to received signal according 
to continuously calculating the power of the received signal. This may 
be suitable for the FDD-LTE system since the downlink transmission 
is continuous. However, it is not the case for TDD networks, where the 
uplink signals and downlink signals share the same frequency carrier in 
different subframes. The power of received signals may change quickly due 
to the uplink transmission subframe, especially when there is another UE 
transmitting uplink signals nearby. This requires a large dynamic-range 
linear amplifier, which is quite expensive, and low power efficiency and 
quick response AGC in order to adjust the signal power to a suitable level. 
Otherwise the signals will be saturated or truncated, and will cause certain 
performance degradation.  

One possible solution for TDD LTE system might be that the UE only 
measures the downlink subframes to calculate the AGC gain, since only the 
received signals in downlink subframes are useful. The distortion of received 
signal during uplink subframe will not impact the performance of UEs. The 
frame timing and uplink downlink configuration have to be known by UEs 
to apply this AGC scheme. However these conditions cannot be stratified, 
especially during the initial cell search scenario. In that case the UE doesn’t 
know the uplink downlink configuration and frame timing, which should be 
detected by the cell search procedure itself. Furthermore, it is known that at 
least the synchronization signal needs to be at a suitable power level in order to 
obtain better performance of cell detection. 

Therefore, an AGC scheme that can adjust at least the power of the 
synchronization reference signal to a suitable value without frame timing 
and uplink downlink configuration information is needed by the TDD-LTE 
network. A three-step AGC scheme is presented and discussed in the next 
subsection.

Three-Step AGC
The key concept of three-step AGC is to divide the 1 ms into three equal 
segments (1/3 ms for each segment), and calculate the signal power and 
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apply the AGC gain base on each segment. According to the TDD-LTE 
frame format, there is always a period of downlink transmission (1 ms plus 2 
OFDM symbols) before the PSS for any starting point and any assumptions 
of uplink downlink configuration. And therefore, the AGC gains have already 
been calculated and applied three times without the uplink interference at 
the position of primary synchronization signal. It guarantees the primary 
synchronization signal to be a suitable value. There are two reasons to choose 
one third of 1 ms as the AGC minimum unit:

 • To have a stable average power calculation, at least one cell-specific 
reference signal symbol (four symbols in 1-ms downlink subframe located 
at OFDM symbol 0, 4, 7, 11 for normal CP) that is broadcast by base 
stations for all time and all bandwidth must be included in the minimum 
AGC unit; 

 • At least three AGC adjustments are needed to achieve a suitable signal 
level. 

The simulation results for performance comparison of initial cell search with 
the three-step AGC scheme and general AGC scheme are shown in Figure 7. 
From the results shown in Figure 7 it is clear that the successful detection rate 
of initial cell search increases significantly by applying the three-step AGC 
scheme in all the channel conditions.

“From the results shown in Figure 7 it is 

clear that the successful detection rate of 
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Design Challenges in Cell Detection 
Cell search is a fundamental feature for mobile phones in LTE systems, since 
it is not only the first step for a mobile phone to attach to a network and but it 
also helps the mobile phone to monitor the neighbor cells, to which the signal 
could be handed over if the signal qualities of the serving cell drops below 
certain requirements. The cell search component usually needs to find the basic 
information of all the available cells, including the timing information, cell ID, 
CP mode, and so on. The qualities of cell search results have a great impact on the 
mobility performance of a mobile phone, and this is a key benchmark for a mobile 
phone vendor. Generally, two indicators, miss-detection rate and false alarm rate, 
are used to evaluate the performance of cell search. How to reduce the miss-
detection rate without increasing the false alarm rate would be an interesting topic.

The main difference of TDD LTE networks and FDD LTE networks for cell 
search procedure is the phase synchronization requirement in TDD networks. 
For synchronized networks, the synchronization reference signals (PSS/SSS) 
disturb each other and it is not easy to be cancelled due to not-so-perfect 
cross-correlation between PSS/SSS signals. This may lead to performance 
degradation compared with nonsynchronous networks, such as an FDD LTE 
system.

In general, the cell search can be divided into two parts: PSS detection, 
which decides the sector ID, half-frame timing, and a coarse frequency offset 
estimation; and SSS detection, which estimates the group ID, half-frame 
order, and CP type. In the following subsection, we discuss the PSS and SSS 
detection algorithm and their capabilities in TDD LTE systems.

PSS Detection
The PSS is repeated every 5 ms in a fixed position and is generated from a 
frequency-domain Zadoff-Chu sequence, which has very good self-correlation 
property in both the frequency domain and time domain. In general, the 
time-domain cross-correlation is used for PSS detection to find the half-frame 
timing. A typical PSS detection procedure is presented in Figure 8. To detect 
the PSS, the cross-correlation between the received signals (after down-
sampling, filtering, and normalization) and locally saved three PSS defined by 
3GPP, and to find the first nth maximum correlation values have to be done 
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for every 5 ms. Furthermore, to increase the detection rate of PSS and reduce 
the noise impact, the averaging/filtering of correlation results across several 5 
ms/half-frame may be necessary.

Note that if the detected cells have the same sector ID and are strictly 
synchronized in the time domain, only one PSS peak can be detected. This 
should not be an issue since these cells can be separated during the SSS 
detection procedure.

In case there is a large frequency offset, for example, more than 7.5 kHz, a 
partition correlation for PSS detection has to be used. This method can get 
better performance in a large frequency offset scenario but has lower peak 
compared with normal correlation when the frequency offset is small.

SSS Coherent Detection Algorithm
Two secondary synchronization signals are located in downlink subframes with 
time interval 5 ms in one radio frame (10 ms). The aim of SSS detection is to 
estimate the group ID of a cell and determine the half-frame order and CP 
mode by detecting which SSS is applied and where it is applied.

The block diagram of SSS coherent detection is provided in Figure 9. The 
received secondary synchronization signal is compensated by PSS channel 
estimation results and averaged across several radio frames before cross-
correlation with local saved SSSs defined by 3GPP specification.   
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FFT
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SSS Channel

correction
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averageSSS correlation

Frequency
offset
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results

Figure 9: Block diagram for SSS coherent detection
(Source: Intel Corporation 2013)

The key point of this method is that the SSS has to be corrected by the PSS 
channel estimation result. Therefore, its performance highly depends on 
the qualities of channel estimation results. For high SNR and asynchronous 
networks, the coherent detection algorithm can achieve a very good detection 
rate. However, for TDD LTE systems, the qualities of channel estimation using 
PSS will degrade due to the imperfect cross-correlation among the existing three 
primary synchronization signals. An even worse scenario is when the detected 
cells use the same PSS, in which it is very hard for UEs to separate the channel 
from different base stations. Therefore, the performance degradation can be 
expected applying the coherent detection algorithm in a TDD-LTE network.
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SSS Non-Coherent Detection Algorithm
To increase the performance of SSS detection in synchronized networks, a 
non-coherent detection algorithm is presented, which is described in Figure 10. 
The received secondary synchronization signals are correlated with local saved 
SSS and averaged across several half frames. Moreover, to further improve the 
performance, a joint PSS/SSS detection metric, which is not only considering 
the SSS correlation results but also PSS correlation results, is presented.

Received signal

Cell detection
results

Extract SSS FFT SSS correlation

PSS detection
resutls

Non-coherent
average

SSS/PSS joint
detection

Figure 10: Block diagram for SSS non‑coherent detection
(Source: Intel Corporation 2013)

Compared with the coherent detection method, the non-coherent method 
doesn’t rely on the channel estimation results, and can therefore perform better 
in TDD LTE networks while the coherent detection method can achieve better 
performance in an interference scenario. 

There are still two issues left for this algorithm: 

 • The SSS correlation has to be done every half frame (5 ms) for each 
detected PSS peak, and considering the large amount of the local 
saved SSSs (168 cell ID groups times 2 half-frame order times), the 
computational complexity is quite high; 

 • It is not easy to do the fine frequency offset estimation without channel 
estimation results.

Further Enhancements of Cell Detection
In the previous subsection, we talked about the detection rate of the cell search. 
Another side of cell search is to reduce the false alarm rate, which is also named 
ghost cell detection—to filter out the fake cells from the detected cell list.

This issue can be solved via utilizing the natural characteristic of synchronized 
networks: all cells in the same frequency carrier are synchronized. The timing 
difference of base station TX in TDD LTE must be less than 3 µs/10 µs.[9] 
The timing differences of cells in mobile networks in one carrier are mainly 
depending on the propagation delay of different base stations, which is related 
to the radius of cells. For a given cell radius, it is easy to calculate the maximal 
propagation delay and the maximal timing difference. This gives a limitation 
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of valid cells in a time domain and it can be used to reduce the computational 
complexity and improve the performance of cell search via narrowing the 
correlation and search scope—all the detected cells must be in this scope  
(see Figure 11). 

When the timing information of a valid cell is known before the starting of cell 
search, the search scope can be limited according to the timing information of 
the known valid cell, shown in Figure 12.

If no such information is provided, the cell search can also use the timing 
constraints between any detected cells in a synchronized network to reduce the 
computational complexity and/or memory consumption via separating the PSS 
detection procedure into two steps (the basic idea is presented in Figure 13):

 • Step 1: the cell search processes data as usual across the first several half frames 
and detects the PSS to obtain the intermediate half-frame time results;

 • Step 2: the intermediate results can be used as a kind of timing reference for 
PSS detection.

The key point of this method is to utilize the timing constraints of cells in 
synchronized networks to reduce the search scope and filter out the unwanted 
“ghost cells.” 

Conclusion
TDD-LTE and FDD-LTE are two kinds of duplex mode supported by the 
LTE standard specification. This article explained the differences between the 
two networks in physical layer. 

In the first part of this article, the two networks were compared and analyzed 
from the standard specification point view, and this part can also answer why 
these changes are needed when adapting from FDD to TDD LTE systems and 
what we obtain and lose from this adaption.

In the second part of the article we discussed some detailed issues for TDD-
LTE networks, including the automatic gain control and cell search. For AGC, 
a three-step AGC scheme is presented and the simulation result has verified 
the performance improvement. For cell search, we compared and analyzed the 
coherent detection and non-coherent detection, and arrived at the conclusion 
that it is better to use non-coherent detection in TDD-LTE networks. 
Furthermore, another enhancement for reducing the false alarm rate of cell 
search is presented.

All in all, although there are various issues existing in the TDD-LTE 
network, TDD-LTE is still an attractive technology from the operator point 
of view, due to its flexibility of network deployment. The challenges faced 
by TDD-LTE in physical layer are not only limited by the aspects described 
in this article, but also include some other topics. For example, channel 
estimation under non-continuous downlink transmission leading to UE 
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(Source: Intel Corporation 2013)
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throughput degradation, successive interference cancellation applied in cell 
search and downlink data receive, among other issues, need to be further 
investigated.
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Over the past decade the wireless industry increased capacity a thousandfold, 
and by doing so not only fueled the explosive growth of mobile communication 
applications but also shaped the global mobile Internet as we know today. 
Three key factors contributed to this huge capacity expansion: the dramatic 
improvement of spectral ef ficiency in 3G and 4G air interfaces, the 
unprecedented spectrum allocation for mobile networks in the world, and the 
continuing evolution of the radio access network and core network architecture.

This article describes the pivotal role of wireless protocol stack design behind 
these three factors that enabled and supported the evolution from 3G to 4G 
networks. We review the technology concepts in each generation of protocol 
stack design, the main challenges and tradeof fs, the performance improvements, 
and the impact on network architecture. Moving forward, as 4G radio link 
performance is approaching the theoretical Shannon limit, the focus of the 
wireless technology development has to shift from spectral ef ficiency to network 
ef ficiency and to energy ef ficiency. In addition, the proliferation of wearable 
devices will further transform user experience and impose a new set of more 
stringent requirements on the protocol stack design and the underlay network 
architecture, which directly af fects the device and network platform design. 

The General Principles of Air Interface  
Protocol Stack Designs
In a communication network, the term protocol stack refers to the software 
and hardware implementation of a protocol suite. A protocol suite is a set of 
protocols that are structured into layers to collectively perform specific tasks at 
dif ferent levels amongst connected nodes. The layered structure of a protocol 
stack allows modularized design and implementation for large scale and 
complex networks. It also reduces cost for testing, performance optimization, 
and maintenance, since design changes can be confined to a specific protocol 
layer or an implementation module without af fecting the rest of the network. 
Since network architecture directly maps protocol stack into logical and 
physical entities for implementation, an evolution of the network architecture 
is always associated with protocol stack design changes. In fact, the evolution 
of protocol stack design has been enabling the performance breakthrough in 
each generation of wireless technology. 

Wireless air interface protocol stack design follows a layered structure. In the 
vertical direction, each protocol layer performs its layer-specific functions, 
uses services from the layer below, and provides services to its upper layer. This 
modularized design methodology is straightforward from an implementation 
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and maintenance viewpoint, but it has its limitations. In fact, cross-layer 
optimization has to undo some of strictly layered protocol stack design. 
H-ARQ in 3G is arguably a classic example of breaking the traditional 
partition between the physical layer and the data link layer. 

To facilitate network implementation and software manageability, the protocol 
stack is also structured horizontally into a Control Plane and a User Plane. 
This partition enables more economical and high performance network 
implementation, since it separates the complex logic and state machine 
implementation of the Control Plane from the real-time signal and packet 
processing implementation of the User Plane. In addition, several services have 
benefited from this partition to achieve high performance; one such example 
is Push-to-Talk, where Control Plane signaling was accelerated to achieve fast 
connection setup. Once again, there are limitations to this horizontal protocol 
stack structure. A good example is the signaling overload in the network due to 
always-on short data exchanges from mobile applications. There are solutions 
to address the issue, in particular through network virtualization, which enable 
dynamic signal processing resource allocation between Control Plane and User 
Plane workloads. Moving forward, we anticipate further separation between 
the Control Plane and the User Plane to enable inter-band carrier aggregation 
in future heterogeneous networks and to improve network energy ef ficiency 
by actively turning on and of f the User Plane of a base station. We also expect 
protocol design complexity shifting from the Control Plane to the User Plane 
to reduce implementation complexity for interworking between networks. 
One example is to deliver QoS (quality of service) across multiple networks. A 
traditional way of doing this is for two networks to negotiate with each other 
through Control Plane functions and set up the User Plane accordingly. The 
development of such a solution is complex due to dif ferent QoS parameters 
and local policies, and is dif ficult to scale up when more networks are involved. 
An increasing trend in the industry is to directly of fer QoS handling in the 
User Plane through techniques such as DPI (Deep Packet Inspection), thereby 
reducing network dependency on Control Plane-based solutions and reducing 
complexity. This approach also facilitates future development of more advanced 
cross-layer optimization since the adaptation to link conditions without 
Control Plane signaling is usually much faster.

In addition to the Control Plane and User Plane, there is also a less visible 
OAM (Operations, Administration, and Management) Plane within the 
network. The OAM Plane is crucial for the operation of a network. In recent 
years, the industry is looking at expanding the OAM Plane for network self-
configuration, in particular in heterogeneous networks. One such example is to 
use the OAM Plane for passing network loading conditions between networks 
and to dynamically manage and configure mobile devices. 

When we discuss protocol stack designs, it is worth of mentioning the concept 
of the logical and the physical channels. The logical channel consists of the 
information carried over the physical channel. The physical channel is the 
medium over which the information is carried. This concept has been widely 
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used since GSM, and has since been one of the fundamental design principles 
in the 3GPP family of standards. The separation of the information and the 
physical medium allows significant protocol stack design and implementation 
reuse when the physical medium evolves from generation to generation. It 
also provides the flexibility in multiplexing for performance optimization 
purposes. 

One important but sometimes overlooked issue in protocol stack designs 
is latency. Protocol stack designs focus mainly on the logical operation of a 
communication network, to ensure a consistent definition of syntax, semantics, 
and synchronization of communication, and to handle the exceptions when 
errors occur. With the exception of the physical layer design where tight latency 
requirement is part of the specifications, upper layers mostly define timers for 
handling exceptions only. For applications that require very short latency for 
connection setup, such as Push-to-Talk, the protocol stack design has to be 
optimized across layers to meet user expectations. 

Backward compatibility is another key consideration, since it leverages the 
existing installed base, allows significant design reuses and interoperability 
with the existing networks and services at the expenses of added complexity 
to the protocol stack design. Dif ferent standards organizations may choose 
dif ferent approaches. One such example is the design of HSPA in 3GPP where 
both circuit- and packet-switched data channels were integrated together 
for strict backward compatibility, while 3GPP2 chose to keep 1xRTT and 
1xEV-DO separate at the air interface level but integrate between these two 
networks. 

Finally, although radio link is arguably the most critical and often the most 
expensive segment in a mobile network, it is nevertheless only part of the end-
to-end solution. Traditional design has focused mostly on the optimization 
within the air interface. In the future, air interface protocol stack designs need 
to support not only the cross-layer optimizations with upper layers but also the 
interworking and the integration of other types of air interface connections in a 
heterogeneous network environment.

Fundamentally, the design and the evolution of the protocol stack are about 
the tradeof fs amongst performance, scalability, and complexity. The evolution 
of the protocol stack is essentially a process of continuing optimization among 
these three competing factors.

3G CDMA and UMTS Protocol Stack Design and 
Performance Improvement
The 3G wireless systems and standards are mainly comprised of UMTS/
HSPA, defined in 3GPP, and cdma2000, defined in 3GPP2. The initial focus 
of 3G technology is to significantly improve the voice capacity of 2G GSM/
TDMA systems. Hence, 3G systems were initially designed (in UMTS and 
cdma2000/1xRTT) to be voice-centric systems where voice capacity, voice 
quality, and service continuity during handover are the key design criteria. 
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3G CDMA Protocol Stack
A significant improvement in voice capacity is brought forth by the 
introduction of Code Division Multiple Access (CDMA). As opposed to Time 
Division Multiple Access (TDMA) and Frequency Division Multiple Access 
(FDMA), the radio resources among UEs are not divided in orthogonal time or 
frequency domain. Instead, UEs transmit/receive on the same time/frequency 
resource while the transmit signals are separated by quasi-orthogonal spreading 
codes. The quasi-orthogonal nature of the spreading codes, in particular 
frequency in selective/time-dispersive mobile channels, leads to nonzero inter-
user interference at the received signal. As the level of interference is highly 
dependent on the received power of the interfering signal, transmit power 
control which is used to minimize inter-user interference is a crucial technique 
in CDMA systems to ensure the minimum possible transmit power is used 
while maintaining an acceptable received signal-to-interference-plus-noise 
level (SINR). Power control is particularly important for the case of uplink to 
mitigate the near-far problem where a UE located close to the base station will 
transmit at a much lower power than that of a UE located at the cell edge such 
that the received power of the two UEs at the base station is comparable.

To ensure acceptable voice quality, the received SINR has to be tightly 
maintained at a level that provides an acceptable voice packet error rate 
(typically 1–3 percent), regardless of the channel conditions. As a result, fast 
transmit power control is required, which is on the rate of 1500 Hz and  
800 Hz respectively for UMTS and cdma2000/1xRTT. 

In addition to power control, another important technique introduced in 
UMTS and cdma2000/1xRTT is soft handover. Soft handover ensures the 
transmission link to/from the UE is not interrupted when the UE moves 
from one base station to another. In the soft handover region, a UE transmits/
receives to/from multiple base stations. In the downlink, the signals from 
multiple base stations are soft-combined at the UE receiver. In the uplink, the 
signals received at multiple base stations are selectively combined. In order to 
support soft handover, a centralized layer 2 design is required so that layer 2 
is anchored at a centralized entity in the access network. Such a centralized 
network entity is called the Radio Network Controller (RNC) in UMTS or 
the Base Station Controller in cdma2000/1xRTT. In the downlink, the RNC/
BSC multicasts the layer 2 PDUs to multiple base stations involved in the soft 
handover operation of a UE. In the uplink, the RNC/BSC performs selective 
combining of the layer 2 PDUs received from multiple base stations. 

The Radio Access Network (RAN) architecture and the air interface protocol 
layers mapping of UMTS and cdma2000/1xRTT are shown in Figure 1.

3G HSPA and 1xEV-DO Protocol Stack
As 3G systems evolve from UMTS to HSPA and from cdma2000/1xRTT to 
cdma2000/1xEV-DO, the focus is shifted to ef ficient support of packet data 
services, which typically are more delay tolerant and whose traf fic is bursty 
in nature. The emphasis is no longer to provide a sustained data rate to the 
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Figure 1: ran architecture and mapping to the 
protocol layers for 1xrTT and uMTS
(Source: Intel Corporation, 2013)
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UE as in the case of circuit-switched voice. A new technique called fast link 
adaptation (or adaptive modulation/coding) was introduced. In this technique, 
the modulation/coding scheme (MCS) and hence the ef fective data rate (rather 
than the transmit power) is adjusted according to the fast fading channel 
condition, such that the received SINR for the chosen MCS meets the required 
SINR for a certain target packet error rate. When the channel is in up-fade, a 
higher MCS can be chosen, while in down-fade, a lower MCS can be chosen. 
MCS is chosen at the transmitter based on channel quality indicator (CQI) 
feedback from the receiver. To combat fast fading, fast CQI feedback of up to 
2 ms is used. In addition to fast CQI feedback, fast scheduling is employed at 
the base station to enable a short roundtrip time (RTT) from when the CQI is 
received to when the next packet is scheduled to be transmitted. In addition to 
combating fast fading, fast scheduling can also boost system capacity through 
multiuser diversity whereby a UE with good channel condition is prioritized by 
the scheduler.

In addition to fast link adaptation and fast scheduling, another technique 
called hybrid ARQ (HARQ) is also introduced. HARQ works hand-in-hand 
with fast link adaptation. As the UE speed increases, the high Doppler of 
the channel renders the MCS selection to be less accurate even with fast 
CQI feedback. The packet error caused by inaccurate CQI selection can be 
mitigated by HARQ retransmission from the transmitter and soft-combining 
at the receiver. To trigger HARQ retransmission, the receiver sends HARQ 
positive or negative acknowledgement (ACK or NACK) to the transmitter at 
every reception of a physical layer packet.

Due to the desired short RTT for fast link adaptation, fast scheduling and 
HARQ, these operations are implemented at the base station rather than the 
RNC/BSC. As opposed to UMTS and cdma2000/1xRTT where layer  
2 protocols are anchored at the RNC/BSC, in HSPA and cdma2000/1xEV-DO 
part of the MAC functions (fast link adaption, fast scheduling, HARQ) resides 
in the base station. Hence the MAC is split between centralized and distributed 
entities in the RAN. 

The RAN architecture and the air interface protocol layer mapping of HSPA 
and cdma2000/1xEV-DO are shown in Figure 2.

In the case of UMTS/HSPA, both circuit-switched voice and high speed 
packet data are supported and integrated in the same system sharing the same 
spectrum. In the case of 1xRTT and 1xEV-DO, they are two separate radio 
networks that use separate spectra, that is, simultaneous circuit-switched voice 
on 1xRTT and packet data on 1xEV-DO is not possible. 

4G LTE Protocol Stack Design and Network 
Architecture Evolution
Motivated by the increasing demand for mobile broadband communications 
requiring higher system spectral ef ficiency, higher user data rates and better 
QoS, 3GPP introduced in Release 8 the Evolved Packet System (EPS), 
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Figure 2: ran architecture and mapping to the 
protocol layers for 1xEV-do and hSPa
(Source: Intel Corporation, 2013)
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which is the combination of LTE (Long-Term Evolution) and SAE (System 
Architecture Evolution) defining the radio access network and the network 
core, respectively. From the radio access point of view, the key radio access 
technologies of the new system are OFDM (Orthogonal Frequency Division 
Multiplexing) modulation to increase the system spectral ef ficiency and 
MIMO (Multiple-Input Multiple-Output) techniques to increase the system 
and user data rates. From the network core point of view, an all-IP flat 
architecture supporting QoS is defined. By the time LTE Release 9 provided 
minor upgrades to Release 8, the ITU (International Telecommunications 
Union) had published its IMT-Advanced, also known as 4G, requirements, 
which revealed that, although LTE Release 8 meets most of those requirements, 
additional standardization work had to be done to arrive at LTE Release 
10 which, through the introduction of advanced beamforming and carrier 
aggregation techniques, meets all 4G requirements as defined by the ITU.

4G Protocol Stack
The definition of LTE and SAE led to the specification of the Evolved Packet 
Core (EPC), Evolved Universal Terrestrial Radio Access Network (E-UTRAN), 
and Evolved Universal Terrestrial Radio Access (E-UTRA), which correspond 
to the core network, radio access network, and air interface, respectively. 

The EPC is a flat, all-IP-based core network that can be accessed through both 
3GPP radio access (UMTS, HSPA/HSPA+, LTE) and non-3GPP radio access 
(such as WiMAX and WLAN) networks. The main components of the EPC 
are the MME (Mobility Management Entity), the Serving Gateway (S-GW) 
and the Packet Data Network Gateway (PDN-GW). The MME, among other 
functionalities, manages the security functions (authentication, authorization, 
NAS signaling), roaming, and handovers, and also selects the S-GW and the 
PDN-GW. The S-GW is unique for each UE in the network, is the mobility 
anchor for both inter-eNB and inter-3GPP system mobility, and performs 
packet routing and forwarding. The PDN-GW, among other functionalities, 
provides the UE access to a PDN by assigning an IP address from the PDN 
to the UE. Further, the evolved Packet Data Gateway (ePDG) provides secure 
connections between UEs from an untrusted, non-3GPP access network with 
the EPC by using IPSec tunnels.

The core part of the E-UTRAN is the enhanced Node B (eNB), which provides 
the air interface with both user and control plane protocol termination for 
the UE. An eNB can serve one or more E-UTRAN cells with the interface 
interconnecting the eNBs termed the X2 interface. Figure 3 illustrates the 
main elements of the 4G protocol stack. The user plane includes the Packet 
Data Convergence Protocol (PDCP), Radio Link Control (RLC), Medium 
Access Control (MAC), and Physical Layer (PHY) protocols. The control plane 
additionally includes the Radio Resource Control (RRC) protocol. 

As mentioned above, MIMO is a key technology in LTE, enabling an ef ficient 
utilization of multiple antennas implemented at both eNB and UE transceivers 
and leading to significant spectral ef ficiency increase through its synergy with 
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Figure 3: 4G protocol stack 
(Source: Intel Corporation, 2013)
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OFDM modulation. Also, MIMO was shown to be a key technology for 
LTE-Advanced (LTE Release 10 and beyond) in meeting the IMT-Advanced 
performance requirements with respect not only to the peak throughput, but 
also the cell average and cell-edge user throughput. 

MIMO and CoMP Protocol in LTE
In order to make the application of MIMO techniques possible, some level of 
channel state information (CSI)—the level depending mainly on the specific 
MIMO technique and the duplexing scheme—is necessary at the eNB base 
station for the system to appropriately adapt to the radio channel varying 
conditions, including its spatial characteristics. In TDD (Time Division 
Duplex) systems, where downlink and uplink share the same carrier, CSI 
for the downlink is typically collected from the uplink because of the TDD 
channel reciprocity. In FDD (Frequency Division Duplex) systems, where 
downlink and uplink operate on dif ferent carriers, CSI needs to be fed back 
over the uplink for usage in the downlink. Since the transmission of short-term 
CSI—also referred to as full CSI—would lead to unacceptable uplink control 
overhead, long-term and quantized CSI is employed in practice. MIMO in 
LTE can be considered as an adaptive, multimode framework with the specific 
MIMO technique(s) selected according to the current system requirements, 
including radio channel conditions, which are dynamic in nature. In principle, 
there are three main MIMO concepts in LTE: Single-User MIMO  
(SU-MIMO), Multi-User MIMO (MU-MIMO), and Cooperative MIMO 
(typically referred to as CoMP: Cooperative Multi-Point transmission.

SU-MIMO includes both transmit diversity and spatial multiplexing in 
combination with beamforming and, along with high-order MIMO (high 
number of antennas), can lead to a dramatic increase of the user data rate 
whenever possible (from the viewpoints of antenna deployment and channel 
conditions). Unfortunately, the probability of spatial multiplexing (SM), 
which is the transmission of more than one data stream to the same user, rarely 
exceeds 15–20 percent in typical 4G network deployments even with advanced 
MIMO receivers. MU-MIMO has been shown to overcome the deficiencies 
of SU-MIMO by allowing for multiplexing data streams from multiple users 
rather than multiplexing multiple data streams from a single user. In this way, 
MU-MIMO turns the fundamental problem of SU-MIMO, which is low-rank 
channels, into an advantage, especially when multiplexing the appropriate set 
of users based on criteria such as inter-user spatial correlation factors. 

The MIMO concept can be extended to multiple cells by enabling multi-cell 
cooperation, known as CoMP in LTE. CoMP is introduced in LTE Release 
11 and enables spectral ef ficiency benefits in addition to single-cell SU/MU-
MIMO for both downlink and uplink in LTE. Depending on the amount 
of information shared among the cooperating cells, CoMP techniques are 
classified into joint processing and distributed processing techniques. Joint 
processing is made possible when cooperating cells share both transmit data 
and CSI for the UEs served in the CoMP mode. In the downlink, there are 
two joint processing schemes: JT (Joint Transmission) and Dynamic Point 
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Selection (DPS). In JT, cooperating nodes jointly transmit data to one or more 
UEs. DPS is a form of fast cell selection in the sense that one or more UEs are 
served by the best node in the CoMP cluster according to criteria involving 
for instance the interference situation at the UE side. In the uplink, joint 
reception (JR) can be considered as the uplink counterpart of the downlink 
JT scheme. Although joint processing schemes lead to the best system spectral 
ef ficiency among the available CoMP schemes, they require high-capacity and 
low-latency backhaul links among the cooperating nodes. Therefore, alternative 
CoMP techniques which have less stringent requirements on the backhaul link 
capacity and latency are studied in 3GPP Release 12.

As already mentioned, beamforming, also termed as precoding, is a key 
technology in maximizing the benefits of MIMO in LTE. Codebook-based 
precoding is adopted in LTE Release 8 by defining a common codebook that 
comprises a fixed set of vectors and matrices and supports various antenna 
configurations and number of MIMO spatial streams. In this way, a UE can 
calculate and feedback the so-called PMI (Precoding Matrix Index), based on 
reference signals transmitted in the downlink, in order to enable downlink 
precoding at low control overhead. LTE-Advanced adopted closed-loop 
precoding to realize high-order MIMO spatial multiplexing (up to eight streams 
for an 8x8 MIMO system) under the assumption of cross-polarized antennas at 
both the eNB and UE following related, real-world deployment requirements. 
The resulting codebook can be represented by a product of two matrices, W1 
and W2, where W1 quantizes the wideband and long-term channel spatial 
characteristics and W2 quantizes the frequency-selective and short-term channel 
spatial characteristics. Therefore, the UE feedback information, in addition to 
the CQI (Channel Quality Indicator) and the RI (Rand Indicator), includes 
the W1 and W2 precoding indices in LTE-Advanced. Another critical design 
component in LTE is the design of ef ficient reference signals (RS). RS in LTE 
are designed to minimize both control overhead and performance degradation 
due to CSI feedback accuracy and channel estimation errors at the UE. LTE 
employs CRS for each antenna port, which can be used at each UE. To reduce 
overhead, LTE-Advanced employs UE-specific reference signals, termed DMRS 
(DeModulation Reference Signal), which are used for channel estimation and 
demodulation at the UE. Unlike CRS, DMRS is precoded with the same 
precoding matrix used for data channel transmission, which implies that DMRS 
cannot be used for calculating CQI. For that purpose, the cell-specific CSI-RS 
is employed at the UE for CQI, RI, and PMI calculation. Although CSI-RS has 
similar functionality to CRS, CSI-RS is transmitted at a lower rate than CRS, 
thus enabling low-overhead closed-loop MIMO operation.

In the last part of this section, we provide representative MIMO and CoMP 
system-level performance results in order to demonstrate the constantly 
improving spectral ef ficiency achieved by multi-antenna technologies in 
evolving LTE releases. Table 1 summarizes some of our most representative 
results comparing the performance of LTE Release 8 and Release 10 for both 
the downlink and uplink. For the results in Table 1, the Urban Microcell 
(UMi) Test Environment of the IMT-Advanced evaluation methodology is 
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used, that is, a homogeneous deployment scenario is evaluated. The 2x2 and 
4x2 antenna configurations are employed in the downlink, while the 1x2 and 
1x4 antenna configurations are assumed in the uplink. The results in Table 1 
reveal not only the performance gains of fered by using more transmit/receive 
antennas at the eNB, but also the gains of fered by LTE Release 10 compared to 
LTE Release 8.

Table 2 summarizes some of our most representative results comparing the 
performance of LTE Release 10, based on MU-MIMO transmission (referred 
to as non-CoMP in Table 2), and Release 11, based on JT CoMP for the 
downlink and JR CoMP for the uplink. For the results in Table 2, the CoMP 
Evaluation Methodology developed in 3GPP RAN1 for heterogeneous 
(HetNet) deployments is used according to LTE Release 11 technical report 
TR 36.819. Results are presented for dif ferent sizes of the coordination area, 
which ranges from 1 macro cell (5 nodes) to 21 macro cells (105 nodes). The 
results in Table 2 reveal the significant performance gains of fered by JT and JR 
CoMP compared to Release 10 non-CoMP, with the CoMP gains becoming 
even more pronounced as the size of the coordination area increases.

Downlink 2x2 Uplink 1x2

Cell  
average  

(b/s/Hz/cell)

Cell-edge  
user  

(b/s/Hz/UE)

Cell  
average  

(b/s/Hz/cell)

Cell-edge  
user  

(b/s/Hz/UE)
Non-CoMP 9.5 0.063 6.3 0.078
CoMP,1 cell 9.9 0.069 8.0 0.115
CoMP,3 cells 10.0 0.078 8.2 0.122
CoMP,9 cells 9.9 0.088 8.3 0.127
CoMP,21 cells 9.7 0.100 8.7 0.164

Table 2: Summary of CoMP (release 11) vs. non-CoMP (release 10) 
spectral ef ficiencies for the heterogeneous deployment scenario of the 
CoMP evaluation methodology (Tr 36.819)
(Source: Intel Corporation, 2013)

LTE Release 8 LTE Release 10

Cell  
average  

(b/s/Hz/cell)

Cell-edge  
user  

(b/s/Hz/UE)

Cell  
average  

(b/s/Hz/cell)

Cell-edge  
user  

(b/s/Hz/UE)

Downlink, 2x2 1.8 0.050 2.2 0.075

Downlink, 4x2 2.1 0.060 2.6 0.090

Uplink, 1x2 1.0 0.025 1.4 0.040

Uplink, 1x4 1.5 0.040 2.2 0.065

Table 1: Summary of lTE release 8 and release 10 MIMo spectral 
ef ficiencies for the UMi Test Environment of the IMT-Advanced Evaluation 
Methodology
(Source: Intel Corporation, 2013)



Intel® Technology Journal | Volume 18, Issue 1, 2014

The Evolution of the Protocol Stack from 3G to 4G and 5G    |   57

Other 4G Features
In addition to OFDM/MIMO and cooperative networking related features 
such as CoMP, LTE and LTE-Advanced support a set of new features and 
capabilities that greatly af fect the protocol stack design. In general, the design 
impact of these features can be grouped into the following categories:

 • Expanding system bandwidth through carrier aggregation, where the MAC 
layer is enhanced to accommodate multiple PHY channels at the same or 
dif ferent frequency bands. 

 • Improving ef ficiency for Machine Type Communications (MTC), where 
changes were introduced at dif ferent layers to accommodate the expected 
large number of machine type devices, to optimize protocol ef ficiency for 
short and/or bursty traf fic, and to avoid and manage congestions.

 • Increasing battery life through enhanced Diverse Data Applications 
(eDDA), where layer 2 is optimized to conserve energy of the UE.

 • Cross-layer optimization for selected key applications, such as the support 
for dynamic adaptive streaming over HTTP (DASH).[1] 

Beyond 4G and 5G Protocol Stack Design Challenges 
and Innovations
Beyond 4G and 5G are expected to further improve the existing features 
from previous generations of wireless technologies while introducing new 
and disruptive capabilities to bring the wireless industry to the next level. 
In particular, 5G networks are expected to scale up not only in data 
rate, but also in the number of devices, the level of coordination/
cooperation among base stations and devices, and the types of applications. 
For base stations, the peak to average data rate ratio will be further 
increased compared to 4G, which makes the sharing of a large signal 
processing resource pool through Cloud-RAN architecture more beneficial 
and essential. For user devices, the compute requirements for new 
applications and services will continue to rise. In certain cases, in particular 
for wearable devices, applications requirements can significantly outpace 
the capabilities of the wearable platform. 5G network architecture and 
protocol stack designs need to tightly integrate application signal processing 
and wireless communications, and enable a new generation of compute + 
communication platforms in 5G.[2]

From Spectral Ef ficiency to Network Ef ficiency 
In 2G to 4G, the key drivers for capacity increase come from air-interface 
improvement and new spectrum acquisition. We are at a technology turning 
point as we enter 5G.[3] Over the past 10 years, around 25x more spectrum 
has been licensed for cellular systems leading to roughly 1 GHz licensed 
spectrum for use in each region. We have technologies like OFDM, MIMO, 
and CoMP transmission/reception being developed that significantly 
improves spectrum ef ficiency over the air. Looking into the next ten years, 
considering that the air interface spectrum ef ficiency has been approaching 
its capacity limit and the dif ficulty in getting new spectrum, we expect that 

“…5G networks are expected to scale 

up not only in data rate, but also in 

the number of devices, the level of 

coordination/cooperation among base 

stations and devices, and the types of 

applications…”
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more capacity gains would come from the network side. Network architecture 
improvement, information and communication technology convergence, and 
the corresponding updates in devices in supporting the network architecture 
and technology convergence would be the key drivers for the capacity 
increase. 

System-level network ef ficiency measured in bits/s/Hz/m2 will be one of the 
KPIs for the network architecture improvement. To meet the traf fic demand 
in the next 10 years, we will need 40x to 50x increase in network ef ficiency, 
and our analysis has shown that 50x to 100x in the next decade is possible.[4] 
HetNets with a joint deployment of macro cells, pico cells, underlay ad-hoc 
networks, and a joint operation of multiple radio access technologies such 
as GSM, HSPA, LTE, WLAN, and Bluetooth* will be the key enabling 
technique for network ef ficiency improvement. Figure 4 shows a likely 
breakdown of contribution factors for the next thousand-fold increase in 
capacity.

“HetNets with a joint deployment of 

macro cells, pico cells, underlay  

ad-hoc networks, and a joint 

operation of multiple radio access 

technologies such as GSM, HSPA, 

LTE, WLAN, and Bluetooth will 

be the key enabling technique for 

network efficiency improvement.”

Figure 4: Network ef ficiency improvements for the next decade (Note: 
capacity increase baseline is 3GPP release 10 lTE systems)
(Source: Intel Corporation, 2013)
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Network protocol designs in HetNets need to accommodate network 
nodes with dif ferent transmission and processing probabilities and ensure 
ef ficient joint radio operation among them. We see that anchor-booster 
based architecture with Control and User plane (C/U Plane) separation for 
managing communication between radio access network and core network, 
simple and flexible protocol for underlay D2D proximity communication, and 
joint network-centric and UE-centric control would be the key for exploiting 
heterogeneous network ef ficiency.  
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Anchor-Booster Architecture
Our study shows that, in theory, network ef ficiency increases linearly as cell 
deployment becomes denser.[5] However, cell densification imposes challenges 
in mobility management and backhaul support, and would cause excessive 
signaling overhead. In addition, in a network consisting of only small cells, 
network coverage may be costly to maintain. This is particularly true for 
systems operating at high frequencies such as the millimeter wave bands. On 
the other hand, nodes with low transmit power enable dense deployment with 
tremendous spatial frequency reuse.

Anchor-booster architecture is therefore proposed to use the high transmit 
power nodes as anchor for coverage and signaling and the low transmit power 
nodes as booster for data rate boosting.[6] Figure 5 illustrates an application 
of the anchor-booster based network architecture for LTE and demonstrates 
one of the options for C/U-plane separation. We can see that the anchor 
eNB handles all the C-plane signaling for the UE while the booster eNB only 
handles U-plane data. UE keeps a single C-plane connection to the anchor 
eNB, but can connect to both anchor and booster eNBs for U-plane data. 
With C/U plane separation, the anchor eNB and the booster eNB appear 
to the core network as one node. UE motion across booster cells would not 
trigger a handover procedure at the core network. The signaling overhead due 
to frequent handovers among booster eNBs and between booster eNB and the 
anchor eNB can therefore be avoided. 

Besides its application in LTE, anchor-booster architecture can be applied 
as a general architecture for heterogeneous networks. To enable multi-RAT 
joint radio operation, an anchor node can be set up as a multi-RAT controller 
for multi-RAT selection, radio resource coordination, multi-connection 
management, and mobility management. 

Figure 5: anchor-booster based architecture with C/u plane separation
(Source: Intel Corporation, 2013)
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C-RAN SUPER CLOUD-RAN

Radio Access  
Technology (RAT)

Single Multi-RAT

Carrier Frequency Single Multi-frequencies,  
Carrier aggregation

RRH/BBU functional  
partition

Fixed (CPRI links) Flexible

Anchor cell BBU/caching/  
applications

+ Multi-RAT connection 
control

Booster cells RRH + small cells/ 
applications

Multi-network  
integration

- Possible centralized  
connection manager

Support for underlay  
networks

- + Micro-server at 
booster for services

Content distribution/  
Caching

One level One or two levels

Network energy saving Eliminate cell site  
air conditioning

Possible shut down  
booster sites

Table 3: Example of Super Cloud-ran key features
(Source: Intel Corporation, 2013)

The anchor-booster architecture and the protocol stack design for C/U 
plane separation also make advanced energy-saving features possible at the 
network. With an anchor cell providing network coverage and uninterrupted 
control plane operation, one or many booster cells may completely shut 
down their power to conserve energy when there is no UE in their respective 
serving areas.

Network Overlay with Super Cloud-RAN
Existing C-RAN implementation can benefit from the above-mentioned 
anchor-booster architecture and the protocol stack design to evolve into an 
advanced Super Cloud-RAN architecture in the future. In today’s C-RAN, 
a large number of remote radio heads (RRH) are connected to a centralized 
baseband processing unit (BBU), each through a multi-Giga-bps high data 
rate fiber-optical link running the CPRI protocol, often referred to as the 
“front-haul” in the industry. It is primarily a macro cell design operating at a 
single carrier frequency, and may of fer content caching and distribution at the 
centralized site through platform virtualization.[7]

The protocol stack designed for C/U plane separation in the anchor-booster 
architecture can be applied to further expand the C-RAN concept into the 
next generation Super Cloud-RAN architecture. Table 3 provides a high 
level example of the expected key features in a future Super Cloud-RAN 
network

“The protocol stack designed for C/U 

plane separation in the anchor-booster 

architecture can be applied to further 

expand the C-RAN concept into the 

next generation Super Cloud-RAN 

architecture.”
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The future Super Cloud-RAN not only of fers an ef ficient platform for 
cooperative networking within a single layer of a homogeneous network, as 
C-RAN does today, but it also provides tight integration across multiple layers 
of networks of potentially dif ferent air interface technologies. Through the 
technique of carrier aggregation, this advanced heterogeneous network design 
also enables an ef ficient use of high-frequency bands that are traditionally not 
suitable for cellular services. Other benefits include network energy saving 
through active small cell power state management, network application/
media processing through platform virtualization, and proximity services by 
local micro-servers, in particular in the indoor business environments. Like 
C-RAN, Super Cloud-RAN will continue to be an ideal platform for base 
station implementation of the massive transceiver that not only manages radio 
resources across multiple sectors and cell sites, but also aggressively avoids and/
or cancels interference among many UEs that are actively communicating in 
the local network cluster.

Underlay Networks for Wearable Devices
Previous generations of wireless technology focused mainly on addressing the 
radio link bottlenecks. In 5G the focus is expected to shift towards seamless 
integration of mobile computing and communication technologies. This shift 
is driven by several factors. In addition to delivering the required network 
ef ficiency and energy ef ficiency, the anticipated proliferation of machine-type 
devices[8] and consumer-wearable devices also makes 5G mobile computing 
and communication integration a necessity. 

Take wearable devices as an example. They usually have limited on-board 
processing power and battery size. If they need extended compute capability 
and content information, they have to heavily rely on their surrounding 
local networks and computing platforms to support their applications. The 
computing requirements of certain wearable devices (such as Google Glass*) 
may be more demanding than a typical portable device. In fact, the market 
potential of many wearable devices may be directly tied to their compute 
capability. Using high performance and very low latency communication links 
to shift mobile computing workload becomes essential.

This paradigm shift in the next decade from communication to computing 
and communication calls for the development of the underlay networking 
technologies. The underlay network is a collection of a large number of small 
network clusters, where devices are interconnected within the cluster, and the 
cluster itself is connected to the overlay networks for Internet connectivity 
and proximity services. An underlay network cluster can be a group of 
users with devices mostly interconnected through direct device-to-device 
communications, or one individual user with many wearable devices forming 
a personal network “cloud”. The fundamental dif ferences between an overlay 
heterogeneous network and an underlay network cluster are that the underlay 
network cluster usually moves, and that the formation and the dissolvent 
of a cluster are dynamic and mostly ad-hoc. Table 4 highlights the main 
characteristics of the underlay networks. 

“The fundamental differences between 

an overlay heterogeneous network and 

an underlay network cluster are that 

the underlay network cluster usually 

moves, and that the formation and the 

dissolvent of a cluster are dynamic and 

mostly ad-hoc.”
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The protocol stack design for 5G underlay networks poses several new 
requirements and challenges. Some of the early work has already started 
in the wireless industry, mainly in the form of D2D (Device-To-Device) 
communications. The complexity and the performance of future 5G underlay 
networks will to a large degree depend on the level of coupling with infrastructure 
networks, in particular if there will be any direct sharing of the radio spectrum 
between networks. It is expected that very high speed and low latency 5G radio 
links will be instrumental in connecting the underlay network clusters to the 
infrastructure network and expanding the mobile computing capabilities.

It should be expected that the design within an underlay network cluster itself 
will also be quite dif ferent. Designers will face more stringent requirements 
in energy saving, unstructured and time-varying network topology, unreliable 
communication, and scalability demand. Non-orthogonal multiple access 
(NOMA), ef ficient neighboring discovery, and opportunistic spectrum access 
will become essential. 

Design Example: Load-Balancing Mobile Association with In-Band 
Co-Channel Relays
System performance is always an important consideration for a good 
protocol stack and network architecture design. This is particularly true for 
the increasingly complex 5G networks where both the over- and underlay 
networks coexist and share the same radio frequency band. Since the protocol 
stack design directly af fects the network ef ficiency and the user experience, we 
increasingly rely on analytical studies to determine the performance bounds to 
understand general design tradeof fs, and architect the network and design the 
protocol stack accordingly.

As an example, we consider the network-centric and device-centric approaches 
in implementing optimal mobile association with in-band relay nodes (RN). 
As the RN transmit power is chosen to be 30 dBm, which is 13 dB to 16 dB 

“It is expected that very high speed 

and low latency 5G radio links will be 

instrumental in connecting the underlay 

network clusters to the infrastructure 

network and expanding the mobile 

computing capabilities.”

“As an example, we consider the 

network-centric and device-centric 

approaches in implementing optimal 

mobile association with in-band relay 

nodes (RN).”

Infrastructure 
networks Underlay networks

Network’s own mobility Fixed Mobile
UE’s role Terminal Networking node
Radio link range Longer range Mostly proximity links
Resource management Mostly centralized Often distributed
Connectivity Single-hop Single or more hops
Network association Traditional Dynamic/ad-hoc
Radio frequency Traditional Co-channel or dif ferent
PHY Cellular/Wi-Fi* Wi-Fi/short range RAT/  

NOMA
MAC Scheduling or  

Contention based
Add opportunistic based  
MAC

Table 4: Main characteristics of underlay networks
(Source: Intel Corporation, 2013)
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lower than that of the macro eNB, conventional best-power mobile association 
will associate most of the UEs with the macro eNB, leaving RNs largely 
underloaded. Li et al.[9] proposed an optimal mobile association framework to 
balance the traf fic load between macro eNB and RN and maximize the overall 
network ef ficiency. 

In the network-centric approach, we can use a centralized method to solve 
the optimization problem. Once the mobile association is decided, the macro 
eNBs and the RNs can be informed and the UEs are admitted. A problem with 
the centralized approach is that it can only work of fline and is not flexible to fit 
the dynamic change of the network environment.

Using the device-centric approach, since the UE needs to make an 
independent decision without knowing the overall resource usage, a 
centralized solution will not work. Instead, we look into a distributed solution 
using a pricing-based method.[10] The idea is to let each of the macro eNBs 
and RNs announce a price-per-unit radio resource to the UEs. The UE 
calculates its cost to the macro eNBs and RNs and chooses the one with the 
lowest cost to attach. The UE can also choose to connect with both a macro 
eNB and a RN if the cost is the lowest; this happens when the UE benefits 
from cooperative diversity. Figure 6 illustrates the proposed pricing-based 
scheme.

With the price values, the incoming UE calculates the cost of being served 
by the eNB, the RN, or being cooperatively serviced by both the eNB and 
RN. The UE can then select the option with the lowest price and trigger the 
association procedure.

Figure 6: The pricing-based scheme
(Source: Intel Corporation, 2013)
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Figure 7: Network spectrum ef ficiency comparison
(Source: Intel Corporation, 2013)
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Figure 7 shows the network ef ficiency by the network-centric and the device-
centric load-balancing mobile association schemes under dif ferent backhaul 
spectrum ef ficiency values. The network ef ficiency values are expressed as the 
relative percentage of the network ef ficiency value of the network without 
RN. As a comparison, the network ef ficiency of the best-power based mobile 
association scheme is also plotted. We can see the gains by both the network-
centric approach and the device-centric approach. As the backhaul condition 
is not included in the pricing function, in cases with low backhaul spectrum 
ef ficiency, the UE-centric approach of fers a smaller gain than that of the 
network-centric approach. As the backhaul spectrum ef ficiency improves, the 
gain by the UE-centric approach increases and can outperform the network-
centric approach because the UE-centric approach reflects the network 
environment in a timely manner and also takes advantage of the cooperative 
transmission between the eNB and the RN. 

The network-centric approach can be globally optimized but is not flexible to 
network changes, and the device-centric approach can be implemented online 
and reflects the instantaneous network change but is only optimized locally. A 
hybrid scheme with a joint ef fort of both the network-centric approach and the 
UE-centric approach would lead to better performance. For example, under 
the pricing-based mobile-association scheme, instead of using a fixed based 
price for all the macro eNBs and RNs, the network-centric approach can be 
used to periodically update and dif ferentiate the base price value for dif ferent 
macro eNB and RNs.

“A hybrid scheme with a joint effort of 

both the network-centric approach and 

the UE-centric approach would lead to 

better performance.”
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Future Research Directions
Protocol stack design will continue to evolve with wireless network architecture 
to deliver higher performance at reduced cost and to enable an unprecedented 
end user experience. Although most of the technology development is 
expected to be enhancements of existing designs, there are several key 
areas in which new technologies need to be developed, including underlay 
networking technologies, mobile computing and communication integration, 
opportunistic multiple access schedulers, non-orthogonal multiple access 
schemes, network-centric connection management across multiple radio 
networks, UE-centric distributed radio resource and connection management, 
PHY/MAC design for high frequency and mmWave bands, backhaul solutions 
for ultra-dense networks, co-channel overlay and underlay network coexistence, 
and interference avoidance and management. Future protocol stack designs 
also need to consider tighter coupling of dif ferent air interface technologies, 
over both licensed and unlicensed bands, including possible bandwidth 
aggregation at air interface layers. They also need to be highly scalable in terms 
of data rate, number of users, network coordination level, and cross-layer 
optimization for applications.
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As a result of the growing demand for higher capacity and throughput, new 
trends have emerged in the wireless cellular communications industry and 
contributed to the def inition of what we call LTE-A (or 4G LTE Release 
10/11). Among these, the deployment of homogeneous and heterogeneous 
networks and the introduction of advanced downlink Multiple Input Multiple 
Output (MIMO) techniques have signif icantly impacted the design of 
baseband algorithms. In this work we discuss the limitations of existing  
state-of-the art solutions and describe the complexity-performance tradeof fs 
that need to be considered by LTE-A receivers to support the above-mentioned 
features in the upcoming LTE-A releases.

Introduction
In the early days of LTE most of the User Equipment (UE) manufacturers’ 
work was focusing on implementing low complexity receivers that could of fer 
competitive performance for Second and Third Generation (2G and 3G) 
devices within a more ef f icient packet-switched network architecture. The key 
technology enablers were at that time the introduction of new MIMO schemes 
(such as transmit diversity, closed and open loop spatial multiplexing) and a 
more f lexible usage of the available spectrum through orthogonal-frequency 
division multiple access (OFDMA).[1][2][3]

In 2009, to address the need for increased capacity and higher data 
throughput, the 3GPP submitted an of f icial proposal for an evolution 
of LTE to the International Telecommunication Union (ITU) with 
the aim of meeting the requirements set for International Mobile 
Telecommunications-Advanced (IMT-A).[4] These requirements included 
support for a downlink data rate of 100 Mbps and 1 Gbps, respectively,  
in high and low mobility scenarios, a target peak spectral ef f iciency of  
15 bps∕Hz in the downlink, and a total transmission bandwidth of at least 
40 MHz and up to 100 MHz.

The new key technology enablers and features introduced by LTE-A (or 4G 
LTE Release 10 and higher) to fulf ill these targets can be grouped as follows:

 • Technologies targeting a f lexible usage of spectrum:

 • Carrier aggregation

 • Technologies targeting increased data rates:

 • UL single-user multiple antenna transmission (SU-MIMO) (up to 4x4)

 • DL multiple-antenna transmission (up to 8x8): 
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 • Technologies targeting an increased capacity and cell coverage:

 • Multi-User MIMO

 • Enhanced beamforming schemes 

 • CL-MIMO with an enhanced codebook and an improved CSI feedback 
mechanism

 • Support of homogeneous and heterogeneous network deployments and 
enhanced—and further enhanced—inter-cell interference coordination 
(eICIC/FeICIC) techniques

 • Relaying techniques

In this work we mostly focus on two of the features mentioned above and on 
their impact on the physical layer algorithm design. Specif ically we consider:

 • The support of heterogeneous and homogeneous networks and related 
eICIC (LTE Release 10) and FeICIC (LTE Release 11) techniques

 • The introduction of advanced Downlink (DL) MIMO schemes featuring 
an improved codebook design, up to eight spatial layers, and enhanced 
beamforming methods

The motivation for this lies in the fact that both these features are being 
quickly deployed by operators and network vendors, and both have a major 
impact on the baseband physical layer algorithms.

In order to adequately support the above-mentioned technologies and at the 
same time ensure backward compatibility with the previous LTE standard 
releases, most of the existing baseband algorithms need to be analyzed in a 
more complex framework, possibly enhanced and f inally optimized for the 
newly def ined test scenarios.

For example, in both homogenous and heterogeneous networks, channel 
estimation, interference mitigation prior to decoding, and CSI feedback 
generation algorithms face several challenges as the mobile device needs 
to operate in dynamic scenarios with multiple interfering cells and several 
unknown parameters (number and type of interferers, scheduling and timing 
information, varying power levels and channel conditions, and so on).

Similarly, although several antenna array processing techniques are already 
available in the literature and on the market of fering improved coverage and 
higher data rates, the new LTE-A MIMO schemes and particularly the support 
of transmission mode 9 (TM9) demands a more accurate channel estimation, 
an improved handling of spatial layers at the detector, and a more ef f icient CSI 
feedback generation mechanism.

In this work we discuss how advanced interference mitigation and DL 
MIMO techniques are supported in LTE-A receivers, their impact on 
the complexity of channel estimation, interference mitigation, detection 
and Channel State Information (CSI) feedback generation, and which 
limitations practical state-of-the art solutions have with respect to 

“In order to adequately support the 

above-mentioned technologies and 

at the same time ensure backward 

compatibility with the previous LTE 

standard releases, most of the existing 

baseband algorithms need to be 

analyzed in a more complex framework, 

possibly enhanced and f inally optimized 

for the newly def ined test scenarios.”
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the optimal implementation. Specif ically, we describe the complexity-
performance tradeof fs that need to be considered by LTE-A receivers to 
support the upcoming releases.

This article is organized as follows. In the section “Advanced Interference 
Mitigation in LTE-A,” we discuss eICIC and FeICIC techniques and the 
algorithm enhancements introduced to support them. The section “Advanced 
DL MIMO in LTE-A” describes advanced DL MIMO techniques and the 
algorithm enabling them. Conclusions and future work are outlined in “F inal 
Considerations.”

Advanced Interference Mitigation in LTE-A
In this section we provide an overview of the interference mitigation feature in 
the context of LTE-A and discuss the impact of this feature on the design of 
ef f icient baseband algorithms.

Feature Overview 
Modern wireless networks face the challenge that the demand for data traf f ic 
is increasing dramatically. Network operators need to upgrade their networks 
to satisfy the demand. Either new spectrum is added and carrier aggregation is 
applied or the transmission ef f iciency (bps/Hz) of the spectrum is increased. 
An increase in transmission ef f iciency can be achieved in dif ferent ways:

 • Higher number of spatial streams (see “Advanced DL MIMO in LTE-A”)

 • Improved receiver algorithms

 • Increase of cell density (number of cells per area)

An increase of cell density—operating with a frequency reuse factor of 
one—comes at the cost of higher interference. F igure 1 shows the topology 
of a macro-only homogeneous network on the left side and a heterogeneous 
network scenario on the right side.[5][6]

The homogeneous network consists of macro cells only, and LTE networks 
typically use a frequency reuse factor of one, that is, all macro base stations 
transmit on the same frequency band. The UE faces the strongest interference 
from neighboring macro cells if it operates at the cell edge. Careful network 
planning is performed for macro cells to achieve good coverage at every 
location and to minimize the interference impact at the cell edge.

In the heterogeneous network, small cellular base stations, called pico cells, 
are placed at hotspots to of f load the macro cells as shown on the right part of 
F igure 1. In this scenario, the UE faces the strongest interference if it operates 
at the cell edge of the pico cell: it suf fers from macro cell interference as well as 
potential interference from other pico cells. We note that network planning for 
pico cells might not be as sophisticated as for macro cells. 

For an operator, there needs to be a business case to introduce a heterogeneous 
network and to deploy small cells. The commercial benef it increases if the 

“An increase of cell density—operating 

with a frequency reuse factor of one—

comes at the cost of higher interference.”

“We note that network planning for 

pico cells might not be as sophisticated 

as for macro cells.”



Intel® Technology Journal | Volume 18, Issue 1, 2014

Algorithm Design Challenges in Advanced Interference Mitigation and Downlink MIMO   |   71

coverage of the small cell is increased and more traf f ic (per small cell) can 
be of f loaded from the macro cell. Therefore, cell range expansion (CRE) 
or “serving cell association with large bias” has been introduced to increase 
the chance of UEs to associate with pico cells. Range expansion is typically 
characterized by associations of a UE with a pico cell although the received 
signal from the macro cell is up to a cell range expansion value stronger than 
the received signal of the pico cell. In 3GPP LTE Release 10, the maximum 
cell range expansion is set to 6 dB, whereas in LTE Release 11 this value is 
increased to 9 dB.

F igure 2 depicts a macro-pico cell scenario with two pico cells: one pico cell 
is located at a distance of 100 m from the center of the macro cell; the second 
pico cell is located at a distance of 250 m from the center of the macro cell. 
The left graphs depict the coverage area of the pico cells and the right plot 
shows the signal strength of the macro cell (blue curve), and the two pico cells. 
In this scenario, cell range expansion of 6 dB increases the diameter of the f irst 
pico cell from 46 m to 71 m whereas the diameter of the second pico cell is 
increased from 71 m to 178 m.

The term heterogeneous network is used as well to describe a second 
deployment scenario based on femto cells, that is, small, low-power cellular 
base stations with a range in the order of 10 meters. A femto cell and its service 
are usually restricted to a closed subscriber group (CSG). A UE that is not part 
of the CSG faces strong interference from the femto cell and some form of 
interference coordination is required to ensure reliable operation.

“A UE that is not part of the CSG 

faces strong interference from the femto 

cell and some form of interference 

coordination is required to ensure 

reliable operation.”

F igure 1: homogeneous (left) and heterogeneous network topology
(source: Intel Corporation 2013)
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F igure 2: Macro-pico scenario with 2 pico cells
(source: Intel Corporation 2013)
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The scenarios described above require operation of the mobile devices (UEs) 
under severe interference conditions. 3GPP Release 10 and Release 11 have 
introduced dif ferent methods for interference coordination. Specif ically:

 • Time-domain separation (eICIC/FeICIC)

 • Frequency-domain separation (carrier aggregation)

 • Frequency- and time-domain separation (carrier aggregation with cross-
carrier scheduling / enhanced Physical Downlink Control Channel 
(ePDCCH) / Coordinated Multi Point (CoMP))

F igure 3 provides a schematic view of dif ferent coordination methods; all 
coordination methods rely on synchronization of the signal transmission of all 
evolved NodeBs (eNodeBs).

The eICIC/FeICIC method has the disadvantage that a complete subframe 
needs to be muted for the macro cell—roughly one in every eight subframes 
needs to be muted to support a reliable Hybrid Automatic Repeat Request 
(HARQ) process of the victim cells. The operator will lose about 15 percent of 
macro cell capacity. This only makes sense if at least four pico cells are deployed 
in a macro cell antenna sector. The eICIC/FeICIC method does not allow 
the operator to have a smooth transition from a homogeneous network to a 
heterogeneous network. It is more likely that operators will start deployment-
based coordination methods as shown in F igure 3b and F igure 3c.

In F igure 3b, the operator initially deploys carrier aggregation on a 
homogeneous network (macro cell only) and enables cross-carrier 
scheduling for the secondary carrier. Now, pico cells can be installed on 

“The eICIC/FeICIC method has the 

disadvantage that a complete subframe 

needs to be muted for the macro cell—

roughly one in every eight subframes…”
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F igure 3: Interference coordination methods
(source: Intel Corporation 2013)
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the secondary carrier and the bandwidth of the secondary carrier can be 
divided dynamically between macro and pico cells. Capacity of the macro 
cell is only removed as much as it is required by the installed pico cells. 
F igure 3c describes a similar deployment scenario for operators who only 
have access to single carrier spectrum. Here, the separation can be done 
based on the ePDCCH. Again, capacity can be split seamlessly between 
macro and pico cells.

In F igure 4, the set of resource elements (REs) belonging to a physical 
resource times subframe (with a size of one resource block in frequency 
direction and one subframe in time direction = RBSF) is shown for a normal 
cyclic pref ix.
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Each RBSF spans a bandwidth of 180 kHz and has a time duration of 1 ms, 
that is, two consecutive LTE physical resource blocks. For normal cyclic pref ix, 
it consists of 12 × 14 resource elements; for extended cyclic pref ix it consists 
of 12 × 10 resource elements. 

Depending on the cell ID of the aggressor cell and the target cell, the common 
reference signals (CRSs) are either colliding or non-colliding. F igure 5 shows 
block diagrams of these two scenarios for one interfering cell.  

In these scenarios, the interfering cell is transmitting a non-scheduled RBSF, 
whereas the target cell is transmitting a scheduled RBSF. At the receiver, the 
signal consists of target cell signal plus interfering signal plus additive white 
Gaussian noise (AWGN). 

In the non-colliding scenario (upper part of F igure 5), the CRS of the 
interfering cell disturb resource elements that are used for data or control 
signals. Algorithms are required that perform interference mitigation for these 
channels. In the colliding scenario (lower part of F igure 5), the CRS of the 
interfering cell disturb CRS resource elements of the target cell. The CRSs 
are used to perform channel estimation and provide measurements on the 
quality of the channel. Improved channel estimation/measurement algorithms 
are required to handle the colliding CRS scenario. In general, more than one 
interfering cell might be present. Then any combination of colliding and non-
colliding CRSs might occur or it can happen that multiple interferers have the 
same shift of the CRS. 

F igure 5: Colliding and non-colliding Crs scenarios
(source: Intel Corporation 2013)
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F igure 4: Physical resource block 
(source: Intel Corporation 2013)
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F igure 6 provides examples of dif ferent scheduling options (normal 
cyclic pref ix). In a scheduled subframe, all the resource elements might 
be transmitted. In a nonscheduled subframe, shown on the right side of 
F igure 6, the data and control resource elements are transmitted with power 
zero (marked in grey) and only the common reference signals (CRSs) are 
transmitted with the same power level as in a scheduled subframe. The lower 
part of F igure 6 shows a distributed virtual resource block assignment. 
In such a scenario, a slot-by-slot frequency hopping is used. In a partially 
loaded system, the PDSCH of an interfering cell can be present in the 
f irst slot of a subframe, in a second slot of a subframe, or the PDSCH is 
present in both slots of an RBSF but, for example, dif ferent precoding 
matrices could be used for every slot. Additionally, all combinations of 
scheduled/nonscheduled Physical Downlink Control Channel (PDCCH) 
and scheduled/nonscheduled Physical Downlink Shared Channel (PDSCH) 
might occur.

A subframe is called an almost blank subframe (ABS) if all resource blocks of 
one subframe are not scheduled (PDCCH and PDSCH). However, certain 
reference and control signals, such as Primary and Secondary Synchronization 
Signals (PSS/SSS), Physical Broadcast Channel (PBCH) and CRS, must be 
transmitted in an ABS because legacy devices expect the continuous reception 
of these signals.

“A subframe is called an almost blank 

subframe (ABS) if all resource blocks 

of one subframe are not scheduled 

(PDCCH and PDSCH).”

F igure 6: scheduling options
(source: Intel Corporation 2013)

Target (e.g 10 MHz BW ):

Scheduled RBSF: Nonscheduled RBSF:

Distributed Virtual RB: Distributed Virtual RB:



Intel® Technology Journal | Volume 18, Issue 1, 2014

76   |   Algorithm Design Challenges in Advanced Interference Mitigation and Downlink MIMO

Alternatively, a Multicast Broadcast Single Frequency Network (MBSFN) 
ABS can be scheduled. The MBSFN-ABS has the advantage that it does not 
contain any CRS. However, it has the disadvantage that it cannot be scheduled 
in every subframe (for example, it is not possible to schedule an MBSFN-ABS 
in a subframe containing PSS/SSS or PBCH). Additionally, the scheduling 
of MBSFN-ABS cannot be changed “dynamically” depending on the traf f ic 
load of the pico cell. In an MBSFN-ABS, all resource elements are transmitted 
with zero power beside the RE of the f irst OFDM symbol, which contains 
PDCCH, PCF iCH, and PHICH.

For some of the CRS mitigation algorithms it is important to detect 
dynamically whether MBSFN subframes have been scheduled on some or all of 
the interfering cells because the CRS will not be present and a false subtraction 
might occur.

Target and aggressor cells might use dif ferent power allocation. Depending 
on the algorithm used, the power allocation needs to be considered in the 
estimation process or resource elements with dif ferent power levels need to be 
omitted from the estimation. 

F igure 7 provides a schematic view of a power level allocation for an RBSF of 
one cell. The power allocation is conf igured over the parameters rA and rB. The 
parameter rA is UE specif ic; the parameter rB is derived from rA over a cell-
specif ic ratio. Therefore, the UE can assume that it may receive the serving cell 
signal with the same power allocation over the complete bandwidth, whereas 
the aggressor cell might use dif ferent power allocation values for each PRB (the 
worst-case scenario being if virtual PRBs are used and each PRB is scheduled 
for a dif ferent UE). 

The EPRE (energy per resource element) of the cell-specif ic RS is constant 
across the downlink system bandwidth and constant across all subframes  

“Target and aggressor cells might use 

dif ferent power allocation. Depending 

on the algorithm used, the power 

allocation needs to be considered in the 

estimation process…”

F igure 7: Dif ferent power levels in an RBSF
(source: Intel Corporation 2013)
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(until dif ferent cell-specif ic RS power information is received—CRS EPRE can 
be derived from the parameter reference Signal Power provided by higher layers). 
The parameters rA and rB def ine the ratio of PDSCH EPRE to cell-specif ic 
RS EPRE. Specif ically, rB is used for all symbols that contain target CRS RE, 
whereas rA is used for all other symbols. F igure 8 shows the distribution for 
one and two antenna ports on the left side and for four antenna ports on the 
right side (normal cyclic pref ix only).

F igure 8: Distribution of power parameters
(source: Intel Corporation 2013)
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In a deployment scenario, systems with dif ferent bandwidth could be mixed; 
for example, a macro cell uses 20 MHz, the pico cells are using only 10 MHz.

Depending on the bandwidth, the resource block boundaries between target 
system and aggressors are shifted by half a resource block as shown in F igure 9. 
In a worst-case scenario with more than one aggressor, the statistical properties 
of the interference can only be assumed constant over half a RBSF in frequency 
domain (six carriers).

Impact on Physical Layer Algorithms 
We now provide an overview of possible algorithm enhancements that should 
be considered to support the eICIC/FeICIC feature discussed in the previous 
section. Specif ically, we focus on CRS-based channel estimation, CRS 
interference mitigation prior to detection, and CSI feedback generation.

Channel Estimation
In the context of FeICIC, CRS-based channel estimation is faced with several 
new challenges.

“In a worst-case scenario with more 

than one aggressor, the statistical 

properties of the interference can only be 
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frequency domain (six carriers).”
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Specif ically, the following tasks require some extra attention:

 • Frequency-direction f iltering/interpolation of serving-cell CRS. This f iltering 
takes into account the channel delay spread and the signal-to-interference/
noise ratio (SINR) of the CRS being f iltered. Note that in a typical 
FeICIC scenario the SINR may change across frequency, depending on 
the scheduling (per PRB) of non-colliding interference, that is, random 
interferer data disturbing the serving-cell CRS.

 • Time-direction f iltering/interpolation of (frequency-f iltered) serving-cell 
CRS. This f iltering takes into account the channel Doppler spread and 
the SINR of the CRS being used. The SINR may change across time (per 
slot), depending on the scheduling of non-colliding interference. This is 
especially relevant in ABS/non-ABS scenarios.

 • Cancellation of interfering CRSs that collide with the serving-cell CRS. These 
collider CRSs may be very strong and require special attention, especially 
for PDSCH with moderate or high SINR points of operation.

 • Ancillary tasks supporting channel estimation. These functions comprise 
estimators for the SINR (now time- and possibly frequency-selective), 
estimators for delay and Doppler spreads and shifts, and functions for the 
(now dynamic) generation and/or selection of suitable channel estimation 
f iltering coef f icients.  

Also, we observe that, depending on the CRS interference mitigation method 
applied prior to detection (see the next subsection, “CRS Interference 
Mitigation”), an estimate of the aggressors’ channel and related parameters 
might be required to be able to accurately reconstruct (and, if needed, subtract) 
the interfering signals overlapping with the serving cell signal.

“…the SINR may change across 

frequency, depending on the scheduling 

(per PRB) of non-colliding interference, 

that is, random interferer data 

disturbing the serving-cell CRS.”

F igure 9: Resource block alignment for dif ferent system bandwidths
(source: Intel Corporation 2013)
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A carefully designed CRS-based channel estimator in the context of FeICIC 
should focus on the following basic tasks: 

 • colliding interference cancellation, that is, cancel or suppress colliding CRS 
disturbing the serving-cell CRS used in channel estimation;

 • non-colliding interference mitigation, that is, minimize the ef fect of 
random data disturbing the serving-cell CRS used in channel estimation

Colliding interference cancellation must cope with the following disturbances, 
af fecting serving-cell CRS (S-CRS) samples simultaneously:

 • Colliding CRS (C-CRS): a single collider, which may be up to 9 dB 
stronger than the wanted signal (S-CRS). Moreover, the collider may bear 
considerable timing (TO) and frequency (FO) of fsets relative to the wanted 
signal.

 • Non-colliding CRS (N-CRS): one or more non-colliding random data 
signals, which also may add up to considerable strength.

 • Background noise and interference.

Consider a set of received S-CRS samples (one- or two-dimensional) 
containing both colliding and non-colliding interference. In MIMO terms, 
this can be viewed as a number of layers (S-CRS, C-CRS, several N-CRS) 
stacked onto each other. Ideally, these layers should be separable by virtue 
of their modulation symbols, but these are in general not fully orthogonal 
(C-CRS) or even unknown (N-CRS). As outlined below, at least the collider(s) 
can be canceled or strongly mitigated.

F irst, the received CRSs are demodulated for all layers (S-CRS and C-CRS) 
to be separated (often only one collider needs to be considered, but more are 
also possible), thus creating two or more sets of CRS samples. These sets can be 
further processed by either f iltering both sets f irst (part of channel estimation) 
and then cancel the colliding interference, or by canceling the collider f irst and 
then performing channel estimation f iltering.

Whether or not the CRS are f iltered before, collider cancellation is faced 
with two or more signals, which experience mutual crosstalk caused by 
the nonorthogonality of the individual CRS modulation sequences. The 
parameters of the respective crosstalk matrix model, namely, entries of 
the crosstalk matrix, can be derived from the known S-CRS and C-CRS 
modulation sequences (cell IDs known through cell search) and the f ilter 
coef f icients if the CRS are f iltered before collider cancellation. Note that 
crosstalk cancellation only hinges on the modulation sequences (and f ilter 
coef f icients), that is, on deterministic parameters that are not af fected by any 
kind of noise. This implies that FeICIC collider cancellation is independent of 
non-colliding interference and its mitigation.

Based on the deterministic crosstalk model, the S/C-CRS layers can f inally be 
separated in several ways, for example, through Minimum Mean Square Error 
(MMSE) or Zero Forcing (ZF) f iltering, at the expense of some (usually small) 

“Whether or not the CRS are f iltered 

before, collider cancellation is faced 

with two or more signals, which 

experience mutual crosstalk caused by 
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noise enhancement. Because all mutual interference is thus purged from both 
serving-cell and all colliding CRSs, these can be further processed individually 
as in the non-FeICIC case, hence, baseline channel estimation (working on 
S-CRS) can be reused.

As a word of caution we note that the S/C-CRS modulation sequences may 
be collinear on some occasions, especially when the sets of CRSs are small. 
Then collider cancellation cannot be done for this particular set, so one has to 
resort to either choosing another set of CRSs (with non-collinear modulation 
sequences) or some other kind of cancellation gap handling, such as using the 
estimates from an adjacent CRS set. 

After the collider has been cancelled as described above, regular channel 
estimation can take place. However, for the case where a payload data signal 
from a non-colliding CRS cell is overlapping with the serving cell CRS 
belonging to the channel estimator (frequency or time) f iltering/interpolation 
window, additional steps need to be taken to mitigate the residual interference 
and deliver an accurate channel estimate at each RE of a given PRB (non-
colliding interference mitigation). 

To this end, we recall that the conventional channel estimation f ilter 
conf iguration approach often adopted in the absence of interference at CRS 
positions is based on a simple quantization mechanism.[7] Specif ically, the 
channel parameters needed to conf igure the frequency and time f ilters, that 
is, SINR, delay spread, and Doppler spread, are estimated, quantized, and 
rounded up to the next value for which channel estimation f ilter coef f icients 
are available in a given f ilter bank. This mechanism works quite well under 
the assumption that delay spread, Doppler spread, and SINR are constant 
across the time or frequency f iltering/interpolation window of the channel 
estimator. While this is typically still true for delay and Doppler spread, the 
above assumption is no longer valid for the SINR in FeICIC scenarios. As a 
consequence, the conventional f ilter selection mechanism needs to be modif ied 
to account for the variable SINR levels across the two-dimensional (time 
and frequency) channel estimation window. To avoid the case where CRSs 
belonging to PRBs with too large an interference level and thus too low an 
SINR are included in the time or frequency f iltering/interpolation window, 
several options are available. Among these, one could:

 • dynamically modify the size of the channel estimation f ilters depending on 
the level of SINR variations measured across subframes/PRB so as to use 
only the serving cell CRS experiencing low interference; 

 • based on the estimated SINR, compute new channel estimation coef f icients 
with interference suppression capabilities, that is, capable of mitigating the 
impact of the serving cell CRS experiencing higher interference.

Approximated approaches to the SINR-optimum solution above are also 
possible. In general, the f inal f ilter design/conf iguration choice will depend on 
the desired complexity versus estimation accuracy tradeof f.

“…the conventional f ilter selection 

mechanism needs to be modif ied to 

account for the variable SINR levels 
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CRS Interference Mitigation
Many dif ferent methods have been developed to perform ef f icient CRS 
interference mitigation in synchronized network scenarios shown in F igure 5. 
Most of the algorithms fall in one of the following groups:

 • CRS Puncturing and Scaling – the soft bits of resource elements with CRS 
interference are either set to zero (puncturing) or scaled according to the 
interference level (scaling)  

 • CRS Interference Cancellation – the aggressor CRS signal is reconstructed 
and subtracted from the received resource elements. This method 
requires a channel estimate of the aggressor cell to perform the signal 
reconstruction  

 • CRS Whitening (Interference Rejection Combining) – a noise and interference 
covariance matrix, which ref lects the structure of the CRS interference, is 
estimated and inverted through a Cholesky decomposition. The resulting 
whitening f ilter is applied to the resource elements that face CRS interference.  

The dif ferent mitigation algorithms above can be classif ied in terms of 
implementation complexity, memory requirements, performance, and 
dependency on other estimates such as aggressor channel estimates, 
aggressor timing and frequency of fset estimates, and aggressor Doppler 
estimates.

For example, CRS puncturing/scaling has the lowest complexity but also 
relatively poor performance. CRS interference cancellation, however, ensures 
very good interference mitigation when the aggressors’ parameters are available 
or can be accurately estimated, which, on its turn, increases the complexity 
of the receiver processing. F inally, CRS whitening can also achieve good 
performance without requiring accurate knowledge of the interference (but 
only its second order statistics).

In a typical product implementation, a combination of these methods might 
be employed depending on:

 • the interference scenario we are facing, for example, the number of 
colliding or non-colliding aggressors and related powers; the downlink 
physical channel being decoded/demodulated (broadcast, control or shared 
channel) and the related performance requirements; 

 • the side information on the aggressors’ signal parameters available at the 
receiver through explicit estimation or through network signaling and the 
accuracy of this information;

 • the desired performance versus complexity tradeof f.

In F igures 10 and 11 we provide some throughput results showing the overall 
impact of the presence of dif ferent type of aggressors (collider only, non-
collider only, both collider and non-collider) for LTE transmission  
mode 2 and 3. For these f igures, the CRS whitening technique has been  
used to mitigate interference.

“The dif ferent mitigation algorithms 
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F igure 10: Throughput performance in the presence of 
interference for transmission mode 2.
(source: Intel Corporation 2013)
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F igure 11: Throughput performance in the presence of 
interference for transmission mode 3.
(source: Intel Corporation 2013)
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CSI Feedback Generation
As mentioned in the previous paragraphs, with the introduction of eICIC/
FeICIC, UEs can no longer assume homogeneous interference level 
throughout a given RB. The presence of ABSs implies that dif ferent REs in 
a subframe can experience signif icantly dif ferent level of interference. To 

“…with the introduction of eICIC/

FeICIC, UEs can no longer assume 

homogeneous interference level 

throughout a given RB.”
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maintain accurate feedback in such conditions, a UE needs to consider two 
major aspects:

 • Groups of REs with distinct interference levels. A UE can determine potential 
interference patterns depending on the estimate of the number of interfering 
cells, the number of Tx antenna ports of the interferers, and their cell ID 
shifts. From this, groups of REs with distinct levels of interference can be 
constructed. One method to counter the presence of ABSs is to estimate 
channel quality metrics for each of these groups and then combine them.

 • Codeblocks with distinct interference levels. The number of codeblocks within 
a given transport block increases with larger allocation size and higher MCS. 
With the presence of ABSs, dif ferent codeblocks can experience signif icantly 
dif ferent level of interference, since CRSs are located only at certain symbols. 
For instance, codeblocks occupying CRS-carrying symbols might see a high 
level of interference while other codeblocks may face no interference at all. 
The former codeblocks dominate the transport block reception performance, 
and a single codeblock CRC error leads to a transport block error. To 
accurately ref lect the impact of this, a UE needs to forecast the expected 
number of codeblocks as well as the modulation and coding scheme (MCS), 
and to estimate the channel quality metrics separately for each group of 
codeblocks with signif icantly distinct level of interference.

Advanced DL MIMO in LTE-A
In this section we provide an overview of the DL MIMO feature in the context 
of LTE-A and discuss the impact of this feature on the design of ef f icient 
baseband algorithms.

Feature Overview 
In the LTE Release 8 and 9, MIMO[8][9] is mainly supported through 
three techniques: transmit diversity (TD), spatial multiplexing (SM), and 
beamforming (BF), with both open-loop (OL) and closed-loop (CL) operation 
being possible for SM. LTE TD is based on space-frequency block coding 
(SFBC) of neighbouring OFDM subcarriers. The goal of TD is to maximize 
diversity by transmitting dependent user bits over multiple antennas in the 
hope of receiving independently faded replicas of the signal, which can then be 
properly combined at the receiver to achieve a better signal-to-noise ratio. 

When knowledge of the radio channel impulse response is available at the 
transmitter (such as via proper feedback signalling mechanisms or exploiting 
channel reciprocity), BF can be applied. BF attempts to maximize the signal-to-
interference-plus-noise ratio (SINR) by individually and appropriately weighting 
the transmit signal at each transmit antennas. In LTE Release 8 and 9, single- 
and dual-layer beamforming for TDD have been standardized. Note that in case 
of BF the number of transmit antennas needs not be known to the UE.

In contrast to TD and BF, SM exploits the spatial domain to increase the 
peak data rate by transmitting parallel independent data streams over multiple 
antennas.
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In LTE SM the vector of transmit signals for the multiple antennas is 
multiplied by a precoding matrix, which must be carefully selected to match 
to the instantaneous radio channel conditions. Precoding in LTE is codebook 
based, that is, the applicable PM is restricted to a predef ined f inite set, the 
codebook. In closed loop operations, the UE chooses the best PM to optimize 
its reception and signals back the corresponding index (precoding matrix 
indicator, PMI) to the eNB. Additionally, the rank of the channel (rank 
indicator, RI) is fed back to the eNB. The rank indicates the maximum number 
of independent spatial data streams that can be transmitted over that specif ic 
MIMO channel. The codebook for 4x4 MIMO is based on Householder 
ref lections[1]  and its elements have a nested property, that is, columns of a 
lower-rank PM are a subset of those of a higher-rank PM, which simplif ies the 
PMI selection mechanism. The codebook for the 2-antenna case is designed 
more intuitively without any special structure.

The above-mentioned feedback on the quality and properties of the downlink 
channel (PMI and RI, together with channel quality indicator, CQI) for LTE 
Release 8 and Release 9 is based on the common reference signals (CRSs), 
which are also used for regular channel estimation and demodulation. 

In order to support the higher data rates of LTE-Advanced, new MIMO 
techniques have been introduced in LTE Release 10.

To this end new reference signals have been def ined and a new PDSCH 
transmission mode 9 (TM9) has been standardized, featuring data transmission 
from eight antenna ports and compressed feedback mechanisms for signalling 
preferred precoding.

To enable downlink SU-MIMO transmission with up to eight layers, new precoded 
UE-specif ic demodulation reference signals (DM-RS) have been def ined. A typical 
pattern for DMRS is shown in F igure 12 for both normal and extended CP. 

“To this end new reference signals have 
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F igure 12: DMrs symbol pattern
(source: Intel Corporation 2013)
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In order to ensure the orthogonality of the DMRS among each other and 
with already existing CRSs, a combination of frequency multiplexing (FDM) 
and code division multiplexing (CDM) is used. Specif ically, DMRSs are 
transmitted on antenna port 7–14.[1] Antenna ports (AP) 11 and 13 use the 
same locations as AP 7 and 8, while AP 12 and 14 use the same locations as 
AP 9 and 10. For extended Cyclic Pref ix (eCP) only two antenna ports are 
used: AP7 and AP8. Although several APs use the same resource element 
simultaneously (AP 7, 8, 11, 13, and AP 9, 10, 12, 14 mutually), they are 
modulated with Orthogonal Cover Codes (OCCs) in the time domain. 
The OCC allows almost perfect separation of the DMRS for slowly fading 
channels. With at most four transmit antennas, the OCCs are pairwise 
orthogonal for the f irst pair (symbols 5 and 6) and second pair (symbols  
12 and 13) of DMRS, which allows a moderately high Doppler spread. 
However with eight transmit antennas and 5–8 layers, the OCCs are only 
orthogonal for the full length of four OFDM-symbols, which requires a much 
lower Doppler velocity. 

The DMRS are transmitted only in the RBs where demodulation takes place, 
thus signif icantly reducing the overhead compared to the CRSs, which are 
transmitted across the whole bandwidth. Also, DMRS undergo the same 
precoding as the data symbols, which has a twofold advantage:

 • the precoding matrix applied at the eNodeB does not need to be signaled to 
the UE, thus reducing the network signaling overhead;

 • the base station can implement multilayer beamforming schemes in a 
manner that is transparent to the UE. This is also known as non-codebook–
based precoding.

F inally, we note that in some UE conf igurations, the precoder can be 
assumed to be the same across all RBs with a single precoding resource block 
group. This aspect can be exploited to improve the accuracy of channel 
estimation.

LTE Release 10 also introduces channel state information reference signal 
(CSI-RS) for obtaining channel state information for up to eight antenna ports 
and thus assist the eNodeB in the choice of the precoder.[1] The use of CSI-RS 
enables multilayer beamforming also for the case of FDD, while LTE Release 
8 dual-layer beamforming (also known as transmission mode 8) is ef fective in 
the case of TDD, where the channel reciprocity can be exploited to select the 
beamforming weights.

A typical CSI-RS pattern is shown in F igure 13. In contrast to the DMRS, 
CSI-RS are unprecoded and def ined over the entire system bandwidth; they are 
orthogonally multiplexed and sparse to limit overhead. 

For the case of eight CSI-RS ports, a new codebook and related enhanced 
feedback have been def ined. 
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The 8-Tx codebook is def ined for each candidate number of layers (or rank) v 
with a f irst PMI value of i1

(v) and a second PMI value of i2
(v)

This decomposition of PMI into two values arises from the two-stage nature 
of the 8-Tx precoding matrix W. Specif ically, W can be viewed as a matrix 
multiplication of two sub-precoding matrices W1 and W2, that is, W = W1 × 
W2, where W1 and W2 belong to dif ferent, smaller codebooks. The precoder W1 
represents channel correlation properties due to the cluster of beams from a co-
polarized uniform linear subarray (ULA) of eNB Tx antennas, and W2 represents 
one particular beam among a given cluster of beams, as well as instantaneous 
ef fects of co-phased beams among cross-polarized (uncorrelated) pairs of eNB Tx 
antennas.

This peculiar structure of the precoder ref lects the following observation. The 
channel correlation properties due to ULA beams, in general, exhibit spatial 
coherence, spectral coherence, and temporal coherence. Spatial coherence, 
in heuristic terms, means that the channel characteristics corresponding 
to two spatially adjacent beams are typically similar, and gradually change 
across beams. To put it more precisely, the mutual information (MI) per 
beam does not f luctuate drastically across adjacent beams, and the optimal 
beam’s immediate neighbors likely result in high MI with little throughput 
degradation compared to the optimal choice. Macro-cell downlinks typically 
exhibit substantial spatial coherence, where an eNB faces few nearby scatterers 
(narrow angular spread of departure). Spectral coherence means that the 
channel properties stay relatively constant over a contiguous spectrum. In the 
context of LTE-A, it is assumed that the channel characteristics due to ULA 
beams exhibit spectral coherence over the whole band. This is why there is only 
wideband report def ined for W1. Temporal coherence means that the channel 

F igure 13: CsI-rs symbol pattern
(source: Intel Corporation 2013)
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properties are slowly varying, that is, they remain relatively constant over a 
period of time. In LTE, it is assumed that the channel characteristics due to 
ULA beams exhibit temporal coherence over multiple CSI feedback reports. 
Thus periodic reporting supports a mechanism for updating W1 once per 
multiple W2 updates.

Impact on Physical Layer Algorithms
We now provide an overview of the possible algorithm enhancements enabling 
the advanced downlink MIMO feature discussed in the previous section. 
Specif ically, we focus on DMRS-based channel estimation, MIMO detection 
in the spatial multiplexing mode, and CSI feedback generation.

Channel Estimation 
The advanced DL MIMO feature requires DMRS-based channel estimation 
(in addition to regular CRS-based channel estimation), which is faced with the 
following tasks and challenges:

 • Frequency-direction f iltering of DMRS samples from PRB groups of size 1, 2, 
or 3 PRB. This f iltering needs to take into account the—in general not-
equally-spaced—DMRS positions, channel delay spread, and the SINR. 
Depending on interferer scheduling, the SINR may change per PRB, 
although not as drastically as in FeICIC.

 • Time-direction f iltering of (frequency-f iltered) DMRS samples of one subframe 
– longer f iltering is not appropriate since the precoding may change at SF 
boundaries.

 • Layer separation. This important new function separates up to eight MIMO 
layers. These eight layers are “encoded” into two DMRS groups separated 
in frequency (group 1 for antenna ports 7, 8, 11, 13, group 2 for AP 9, 10, 
12, 13) and a Walsh cover code with four codewords in time. The latter 
are separable by simple sign-and-add operations, or equivalently by f irst 
demodulating each layer (including Walsh code) and then performing 
time-direction channel estimation f iltering, thus canceling cross-layer 
interference. This second option merges layer separation with time-
direction channel estimation.

 • Interpolation between frequency/time-f iltered DMRS for all RE and layers for 
which a channel estimate is to be generated.

 • Ancillary tasks supporting DMRS-based channel estimation.

 These functions comprise estimators for the SINR (preferably per PRB), 
estimators for delay spreads and shifts, and functions for the generation 
and/or selection of suitable channel estimation f iltering coef f icients.

Detection 
The new categories 6, 7, and 8 introduced by 3GPP Release 10 require, in 
the spatial multiplexing mode, MIMO detection for up to N = 4 or even up 
to N = 8 M-QAM modulated spatial layers, where M can be 4, 16, or 64. 
This signif icantly increases the MIMO detection complexity compared to the 
conventional Release 8 case of N = 2.

“Layer separation. This important new 

function separates up to eight MIMO 
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Per resource element, the optimum brute-force maximum likelihood MIMO 
detection algorithm would compute a metric for each of the MN modulation 
symbol vector hypothesis, and select the hypothesis corresponding to the best 
metric. It is clear that for large M, N, this algorithm is by far too complex to 
be implemented. Furthermore, the MIMO detection problem was shown to 
be NP complete, and thus no algorithm with asymptotically better worst-case 
complexity than the brute-force approach is known in the literature.

One way to deal with this situation is to use suboptimum detectors like linear 
pre-f iltering, followed by QAM-detection per spatial layer, treating the other 
layers as interference. However, in many practical scenarios, especially for high 
SNR, there is a large performance gap versus the optimum detection.

A viable alternative is then to resort to the class of the so-called 
tree-search–based detectors that compute the optimum solution with  
variable complexity depending on the condition of the MIMO system  
equation under consideration.

A tree-search–based detector is preceded by a linear pre-f ilter (typically a QR 
decomposition or a permuted Cholesky decomposition) that suf f iciently 
reduces the MIMO system of equations to an equivalent N × N system and 
exposes the tree-structure of the problem. The actual tree-search tries to 
construct the modulation symbol vector hypothesis with good metrics f irst (for 
example, mean square error or Euclidian metric) in order to f ind the optimum 
solution as soon as possible.

Thanks to link adaptation, the MIMO equations to be processed are typically 
relatively well conditioned. As a consequence, the tree-search–based detectors 
are able to f ind the optimum solution with af fordable complexity in most 
cases, while still providing suboptimum solutions otherwise.

CSI Feedback Generation 
One of the major challenges in implementing ef f icient CSI feedback 
generation for LTE-A comes from the size of the 8-Tx codebook, which is 
substantially larger than those of the 4-Tx or 2-Tx codebooks. Thus, it is of 
practical interest to devise a precoding matrix search method with a reduced 
search set and whose associated performance is comparable to that of full 
search.

The 8-Tx codebook def ines 256, 256, 64, 32, 4, 4, 4, and 1 precoding matrices, 
for rank candidates v = 1, 2, 3, …, 8, respectively. Thus, for instance, a UE that 
supports up to two layers faces a precoder search set size of 512 matrices, and a 
UE that supports up to four layers had to contend with a search set size of 608. 
To put this in perspective, the UE supporting up to four-layer transmission from 
a 4-Tx eNB only faces a maximum search set size of 64 matrices.

Two of the potential algorithms that can reduce the precoder search set while 
maintaining an acceptable level of accuracy are summarized below. In particular, 
these methods exploit spatial and temporal coherence properties of a typical 
cellular channel as well as the two-stage nature of the 8-Tx precoding matrices.
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 • Spatial sampling. Spatial coherence can be exploited in a multistage search 
format, at each stage of which only a sampled subset of search space is 
looked at. A two-stage format naturally arises from the two-stage structure 
of W. Specif ically, we f irst search through W1 with a f ixed W2, then search 
over W2 given the W1 selected at the f irst stage. F ixing W2 at the f irst stage 
is equivalent to taking one sample beam per cluster and f ixing the co-
phasing factor, hence the name “spatial sampling.”

 The search set size reduction can be made more aggressive by selecting 
the rank based on the outcome of the f irst round, thereby constraining 
the search set size in the second round. This spatial sampling method 
is expected to give little performance degradation compared to the full 
search, in high channel correlation and high spatial coherence. It is 
inef fective in low channel correlation and low spatial coherence. However, 
the throughput variation due to dif ferent PMI is small in low correlation 
channels, hence the corresponding performance degradation is expected to 
be graceful and limited.

 • Time tracking. Temporal coherence can be exploited by limiting the search 
set for the current search based on the outcome of the previous search. 
Specif ically, given a previous decision on

W1 = W1

 we limit the search set of beam clusters to the immediate neighbors of

W1

 We note that this method has to be an add-on feature activated only 
when certain conditions are met, since it requires a previous decision. This 
decision by default is made for each PMI report requested by eNB, but can 
be triggered more often by UE. The performance with this time tracking 
method is expected to be comparable to that of the full search, with a 
suf f iciently close spacing of PMI reports and in slow fading channels. This 
method becomes inef fective when the spacing of PMI decisions is too large 
compared to the channel coherence time of the correlation characteristics. A 
safety mechanism, which adjusts the search set size (number of neighbors) 
based on decision period and channel coherence time, can mitigate this 
shortcoming. We note that the principle of time tracking can equivalently 
be applied in frequency domain by exploiting spectral coherence, such that 
the search set of beam clusters are based on decisions for the neighboring 
spectral bins.

F inal Considerations
Out of the many features that have been def ined to fulf ill the LTE-A downlink 
requirements, our contribution has mainly focused on eICIC/FeICIC 
techniques and on advanced multiple antenna schemes. We discussed how 
most of the existing baseband algorithms need to be extended, enhanced, and 
optimized for the newly def ined LTE-A framework, in order to adequately 
support the features above and at the same time ensure backward compatibility 
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with the previous standard releases.

The next challenges are to combine the existing features with those being 
further developed in LTE Releases 11 and 12 and to optimize algorithms and 
related receiver architectures to achieve the best possible performance while 
at the same time meeting other key requirements such as reduced power 
consumption and die area.
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Multiuser Multiple-Input and Multiple-Output (MU-MIMO) systems have 
become promising in the context of achieving high data rates envisioned 
for 4G (4th Generation) systems and since LTE (Long Term Evolution) 
Release 8 MU-MIMO has been one of the key topics in 3GPP and research 
communities. However, due to the significant limitation in MU-MIMO 
systems introduced through 3GPP standardization, MU-MIMO’s practical 
application is still facing serious challenges. With heterogeneous networks and 
small cells becoming the reality, importance of MU-MIMO has increased and 
3GPP is continuously improving MU-MIMO capabilities in order to achieve 
theoretically established multiuser gains. 

This article discusses some of the key practical MU-MIMO drawbacks in the 
baseband design, their development through the LTE evolution from Release 8  
to Release 12, and potential ways to address those shortcomings. System 
aspects such as accurate feedback link, importance of MU-MIMO channel 
models, and antenna configuration, as well as receiver design aspects such as 
channel estimation and detection procedures, are discussed in this article and 
evaluated in various MU-MIMO practical scenarios. 

Introduction
Among many features in the LTE systems, the multiuser multiple-input-
multiple-output (MU-MIMO) scheme has been identified as one of the key 
enablers for achieving high spectral efficiency and it was already introduced in 
LTE (Long Term Evolution) Release 8 but in a very primitive form.[1] A crucial 
limitation for Release 8 MU-MIMO transmission is that there is no specific 
MU-MIMO signaling and dedicated MU-MIMO precoding. Therefore,  
MU-MIMO gain could not be fully exploited and as such MU-MIMO is 
not a part of current commercial deployments of LTE systems. LTE Release 9 
and LTE-Advanced Release 10 enhanced the operations of the MU-MIMO 
system. UE-specific, demodulation reference signals (DMRS), channel state 
information (CSI) RS, dual-layer support, and dynamical switching between 
single- and multiuser transmission are the key MU-MIMO enhancements. 
Furthermore, a dual codebook structure is adopted for the 8-transmit antenna 
configuration, where one codebook represents wideband and long-term 
channel properties, while the other represents frequency-selective and/or short-
term channel properties. 

Since MU-MIMO is a closed-loop transmission, the accuracy of channel 
state information (CSI) available at both the receiver and transmitter plays an 
important role in the design of MU-MIMO systems. While it is convenient for 
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theoretical investigations to assume that perfect CSI is available, in real-world 
scenarios, a receiver needs to estimate CSI via a pilot symbol disturbed with noise 
and report this CSI to the transmitter with finite granularity. Since the channel 
is time-varying due to the Doppler spread, it is most likely that CSI at the 
transmitter will be outdated. This difference will create mismatches of the channel 
estimated and as result the MU-MIMO performance will degrade. Furthermore, 
CSI reporting in LTE systems is optimized for single-user transmission because it 
targets maximizing the throughput of that particular UE. Due to this limitation 
the system throughput may not be maximized in multiuser transmission. 

Predicting the CSI is a challenging and resource-consuming task in practical 
cellular systems and obtained information is always unavoidably imperfect. 
Therefore, in order to design systems that can meet minimum 4G requirements 
and deliver expected high data rates, it is critical to understand factors impacting 
the accuracy of feedback link in MU-MIMO systems. This article presents 
the analysis of what we believe are the three most important relevant practical 
factors in MU-MIMO systems, namely 1) MU-MIMO channel modeling and 
antenna configurations, 2) pilot-based channel estimation, and 3) link adaption. 
The article starts with system aspects of MU-MIMO systems and demonstrates 
the importance of antenna configuration in MU-MIMO systems. Then the 
channel estimation procedure in MU-MIMO practical systems is explained in 
detail, with focus given to channel estimation based on user-specific reference 
signals. Finally, the article discusses practical issues of link adaptation and 
evaluates the performance under different antenna configurations. 

System Model
Both single- and multilayer MU-MIMO transmissions in LTE-Advanced 
frequency division duplex (FDD) systems with multi-cell downlink scenario are 
considered in this article. It is assumed that all eNodeBs are equipped with NT 
transmit antennas and the target UEs are equipped with NR receive antennas. The 
received subcarrier-specific signal vector at the target UE can be represented as

r = GTdT + GI dI + ∑ GC,i dC,i + n
NI-Cell

i =1

= ∑ gT,idT + ∑   I,idI,i + ∑ GC,idC,i + n,

i=1

NL

g 
NI NI-Cell

i=1 i=1

 (1)

“Predicting the CSI is a challenging 

and resource-consuming task in 

practical cellular systems and obtained 

information is always unavoidably 

imperfect.”

where GT and GI are the effective and intra-cell interference channel matrices 
between the serving eNodeB and the target UE with physical channel matrix 
HT and the corresponding applied precoding matrices PT and PI respectively. 
Both PT and PI are generated at eNodeB based on the UE feedback channel 
information. GC,i is the channel matrix for the inter-cell interference from 
the ith interference cell. NL, NI, and NI-Cell are the total number of layers 
to the target UE, layers to the intra-cell interference UE, and the total 
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number of interference cells, respectively. The signal vectors for the target 
UE and interferences are represented as dT, dI, and dC,i and they are mutually 
independent with unit transmission energy per symbol. The AWGN vector is 
denoted by n.

MU-MIMO System Aspects
Despite theoretically shown advantages MU-MIMO has been slow in getting 
adapted in 4G systems. The main reasons for this may be attributed to the lack 
of dedicated symbols to support multiuser MIMO channel estimation and 
signal detection, the lack of an accurate multiuser MIMO channel model, and 
even regional differences in antenna configuration. This section discusses key 
characteristics of channel model and antenna polarization and their importance 
for multiuser MIMO systems. 

MU-MIMO Channel Model 
As shown by Duplicy et al.[2], proper correlation modeling is critical for 
MU-MIMO performance assessment. Considering the downlink, there are 
multiple transmit antennas at the base station site and there is a certain number 
of users that are served by base station in parallel, using the same physical 
resource blocks of the time-frequency channel. All these users are equipped 
with single or multiple antennas. Each user can be characterized by a unique 
instantaneous channel matrix. The entries of this matrix describe the channel 
state between a given antenna at the base station and an antenna of that user 
device, namely HT(m,b) for a particular UE at discrete time instant m and on 
subcarrier b contains complex entries ht,r(m,b) that describe the channel effect 
between transmit antenna t and receive antenna r for that user. Note that 
HT(m,b) is the extended notion for the channel matrix HT applied in the context 
of (1); in particular in (1) the variability of the channel in time and frequency 
dimensions was omitted for the sake of less complicated notations.

There are numerous models available to describe the MU-MIMO channel as 
shown by Duplicy et al.[2] and references therein. 

The most interesting question in modeling the MU-MIMO channel is the 
correlation among channel matrices of different users, because low correlation 
allows spatially multiplexed transmission to multiple customers and the handling 
of interference among the transmissions to different users. The optimum 
transmission and reception would require all the complex entries of all channel 
matrices to be known instantaneously and for all subcarriers. The availability of 
this complete channel state information would allow optimum precoding and 
scheduling at the transmitter side and optimized reception at the receiver side.

In practice, spatial correlation of channels of different UEs determines the 
capacity achievable by the applied MU-MIMO scheme. Low correlation allows 
the achievement of highest sum rate capacity (assuming proper precoding), 
while high correlation results in unresolvable intra-cell interference and 
hence low performance. Accordingly, the MU-MIMO scheduler should try 

“…proper correlation modeling is 
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to allocate the same PRBs (Physical Resource Blocks) to UEs with the least 
possible spatial correlation over those resources. 

Theoretical parametric models of MIMO channels (for example 3GPP SCM 
Spatial Correlation Model [TR25.996]) are usually based on modeling 
scatterers or clusters of scatterers around receivers and calculating sums of 
reflected planar waves. Basically the same methodology is often applied for 
MU-MIMO channel modeling. Based on these models nonparametric models 
are also derived, where transmitter-and receiver-side correlations can be 
estimated and explicitly used.

Based on modeling and available measurement results, some conclusions can 
be drawn (which are mainly intuitive as well): MU-MIMO channels are often 
modeled as being independent for different users; however, in scenarios where 
UEs are close to each other, this assumption is not valid and transmit correlation 
can be significant. Similarly, if propagation is such that the line of sight 
component for different users is dominant, correlation between their channels 
will be very high. Antenna configuration and polarizations as well as polarization 
errors after reflections also affect correlations, depending on the models applied.

Currently the standard does not have a reporting mechanism that would 
enable the exact estimation of correlation between the channels of UE pairs. 
Hence eNodeB should chose UE pairing for MU transmission based on 
PMI (Precoding Matrix Index), RI (Rank Indicator), and CQI (Channel 
Quality Indicator) reporting. One traditional approach is to select those 
UEs for a given PRB that reported good CQI values. In case of MU-MIMO 
transmission this could lead to impairment because similar CQI values may 
also indicate high LoS (Line of Sight) factor or proximity of UEs.

Antenna Configuration
Current LTE networks offer different antenna deployment and configuration 
settings that is mainly region specific. For example, uniform linear array (ULA) 
is mainly deployed in China and dual polarization with cross-polarization 
discrimination (XPD) is mainly deployed in Europe. However, the choice 
of antenna configuration and polarization plays an important role in design  
of MU-MIMO systems. Unlike SU-MIMO, the best performance with 
MU-MIMO is achieved with spatially correlated antennas (if the precoding 
vectors are orthogonal) requiring only slowly varying phase slope precoding to 
steer beams to different users. Furthermore, the amount of separation between 
antennas will have different impacts on the potential MU-MIMO gains. Realizing 
these gains puts conflicting demands on the antenna separation and different 
choices of antenna separation will result in different system performance profiles.

Currently, LTE-Advanced defines up to 8x8 MU-MIMO systems with a 
maximum of four UEs scheduled for transmission and maximum of two 
layers allocated per UE but no more than four layers in total. With single-
pole ULA configuration, the antenna ports are highly correlated and hence 
the probability of rank-2 transmission per UE is low. Theoretically each such 
single-pole array can be used to form a beam and direct it to a particular UE 
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since with such correlated antenna ports, the eNodeB can spatially separate 
different users based on either long term statistics like AoA (Angle of Arrival) 
or azimuth properties of the precoding matrices. For example in a single-pole 
8-transmit antenna system up to eight UEs can be scheduled simultaneously. 
Scheduling more than four UEs can result in complicated scheduling and 
hence single-layer MU-MIMO with up to four UEs would be more common.

With dual polarized deployments the eNodeB can use each polarization array 
to direct a single- or dual-layered data stream to a particular UE. Scheduling 
more than two UEs simultaneously would cause high inter-user interference 
and hence either single- or dual-layered MU-MIMO transmission with two 
UEs would be more common and beneficial in such systems.[3]

MU-MIMO Receiver Aspects
The main issue of signal detection for MU-MIMO systems is the presence of 
different interference sources, including co-layer (from dual-layer transmission), 
intra-cell (from MU-MIMO transmission), and inter-cell interferences. Similar 
to the study in Release 8 MU-MIMO transmission[1], interference-aware 
receivers are required for both single- and multi-layer MU-MIMO to eliminate 
the residual spatial interference and to improve data detections. Typical receivers 
that can be utilized for MU-MIMO detection are interference rejection 
combiner (IRC), minimum mean square error (MMSE), or fast maximum 
likelihood (Fast-ML) receivers.[4] Since there is no explicit signaling in Release 
10 LTE-Advanced systems to indicate whether single-layer or dual-layer MU-
MIMO transmission occurs, the challenge for MU-MIMO is to construct the 
knowledge of interference and to eliminate them by the interference-aware 
receivers. Conventional methods of constructing interference knowledge are to 
detect the interference covariance matrix, which can be used by IRC, MMSE, 
and Fast-ML receivers. Interference covariance matrix estimation schemes 
have been investigated by Thiele et al.[5] Different procedures of the covariance 
estimation, namely estimations based on reference signal (RS) based and user 
data, have been summarized in 3GPP R4-115213[6] and the references therein. 
Ohwatari et al.[7] have presented the performance of using different estimations 
in LTE systems in a multi-cell interference scenario. Interference estimation for 
multilayer multiuser multiple-input and multiple-output (ML-MU-MIMO) 
transmission for LTE-Advanced has been investigated by Bai et al.[4]

Interference Aware Receivers
The main issue of signal detections in MU-MIMO is the presence of different 
interference sources, including co-layer (from dual-layer transmission), intra-
cell (from MU-MIMO transmission) and inter-cell interferences, which cannot 
be handled by a conventional, interference-unaware receiver. Therefore, a 
crucial component in design of MU-MIMO systems is a detector to eliminate 
the residual spatial interference in order to avoid the detection error floor. 
The simplest interference-aware receiver is the interference rejection combiner 
(IRC) that utilizes the knowledge on the covariance matrix of the total 
interference plus noise and pre-whitens the received signals being followed by a 
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maximum ratio combiner (MRC).[8] The ideal IRC receiver in multilayer MU-
MIMO transmission in Equation 1 is presented by:

M = G  T R  II   ,
H -1

with

R  II = GI G I   + ∑ GC,i GC,i  + N0 I.H H

NI-Cell

i=1

The IRC maximizes the post signal to noise plus interference ratio (SINR) 
and outperforms the classic MRC as demonstrated in Figure 1. As can be 
seen from the results, both types of receivers show similar performance for 
dual XPD polarization, but for ULA configuration the IRC outperforms the 
MRC receiver significantly. Obviously, the IRC receiver is a simple solution to 
overcome the limitation due to different antenna polarizations in MU-MIMO 
systems. 

“The IRC maximizes the post signal to 

noise plus interference ratio (SINR) and 

outperforms the classic MRC…”

“…IRC receiver is a simple solution to 

overcome the limitation due to different 

antenna polarizations in MU-MIMO 

systems.”

Figure 1: Receiver performance in different antenna polarizations in highly 
correlated channels for 4x2 MU-MIMO (four users), 10 MHz bandwidth 
and 64 QAM, C/R = 1/2. 
(Source: Intel Corporation, 2013)
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Interference-aware receivers (referred to as advanced receivers) have been 
discussed widely in 3GPP Release 10 as well as in research communities. 
The main focus of the advanced receiver study in Release 12 is to enhance 
current advanced receivers with improved mitigation of intra- and inter-
cell interference and user experience. Furthermore, advanced receiver 
enhancements for heterogeneous deployments using even larger cell-selection 
offsets have become an important study item in LTE Release 12.[8] 
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Channel Estimation in MU-MIMO
As discussed by Bai et al.[4], noise covariance estimation in MU-MIMO systems 
can be either based on cell reference signals (CRS) or UE reference signals 
(DMRS). DMRS are orthogonal for layers through an orthogonal code but 
only quasi-orthogonal between users through the scrambling identity. The 
key idea of CRS-based estimation is to use the CRS subcarriers to estimate 
the covariance matrix of inter-cell interference and noise. Due to the spatially 
orthogonal CRS design, the estimation of the covariance matrix including 
intra-cell multiuser interference is difficult in this scheme and additional 
precoding matrix estimation is required to obtain the real interference channels. 
In contrast to the CRS-based covariance matrix estimation, the DMRS-based 
covariance matrix estimation includes an intra-cell MU interference source 
together with inter-cell interference and noise. This estimation scheme also 
avoids the mismatch of the target channel matrix and residual cross-covariance 
coefficients between target signals and interference signals. 

Figure 2 illustrates the performance difference between CRS- and DMRS-
based channel estimation applying the IRC receiver. The results are shown 
for MU-MIMO transmission with two interference layers in a low spatial 
correlation scenario and for three different MCS, QPSK with 1/3 code rate, 
16-QAM with 1/2 code rate and 64-QAM with 1/2 code rate. From the 
simulation results it can be seen that the CRS covariance estimation scheme 
faces strong performance degradation and error floor. With 16-QAM and 
64-QAM MCS, no more than 30 percent throughput can be achieved. In 
contrast, the user-specific RS-based covariance estimation scheme performs 
significantly better and provides more complete and accurate covariance than 
the CRS scheme. 

DMRS-based reference estimation is explained with more details in the next 
section.

“…noise covariance estimation in  
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Figure 2: IRC performance for DMRS-based (left) and CRS-based (right) 
channel estimation in dual-layer 8x4 MU-MIMO with two interfering UEs, 
I/N = 10 dB, EPA5. 
(Source: Intel Corporation, 2013)
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UE Reference Signal–based Channel Estimation
Channel estimation for MU-MIMO transmission in LTE (Release 8 and 9) 
and LTE Advanced (Release 10 and 11) utilizes UE-specific reference symbols 
for the physical downlink shared channel (PDSCH), where the reference 
symbols corresponding to each of the two or four layers are distinguished from 
each other by a sign pattern. This is required for the separation of different 
transmission layers: for normal cyclic prefix, this is performed in the time 
interpolation (see the reference symbol pattern in Figure 3) since the same 
number of reference symbols with the plus and with the minus sign, that 
is, an even number of reference symbols, is needed. Therefore, for extended 
cyclic prefix, channel estimation can already be implemented in the frequency 
filtering (see the reference symbol pattern in Figure 4). 

Figure 3: Mapping of UE-specific reference symbols, antenna ports 7, 8, 9, and 10 (normal cyclic prefix). 
(Source: 3GPP TS 136 211, v.10.7.0, 2013)
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In general, there are four stages in the channel estimation. In the first stage, 
the reference symbols of each layer are demodulated, so the sign patterns of the 
antenna ports are observed at the output of the reference symbol demodulator. 
For normal cyclic prefix, the second stage of the channel estimation consists 
of a single phase frequency filter, which yields the frequency-filtered reference 
symbols at its output. The separation of the different layers is done in the  
third stage of the channel estimator, the time interpolation, as four OFDM  
symbols with reference symbols on the carriers with the frequency index  
k = 1, k = 6, and k = 11 are available. In this case the Wiener filter in time 
direction corresponds to an autocorrelation matrix, which equals the sum of 
the autocorrelation matrices corresponding to all layers. In the final stage of the 
channel estimation, the frequency interpolation yields the channel estimates for 
the carriers without time-filtered reference symbols. 

For extended cyclic prefix (Figure 4), the second stage of the channel estimation 
consists of a two-phase frequency filter. This is required since the reference 
symbols of the even and of the odd slots are shifted by one subcarrier. Because 
four subcarriers with reference symbols per resource block are available, the 

Figure 4: Mapping of UE-specific reference signals, antenna ports 7 and 8 
(extended cyclic prefix).
(Source: 3GPP TS 136 211, v.10.7.0, 2013)
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separation of the two layers is done already by the frequency filtering. The 
Wiener filter in frequency direction corresponds to an autocorrelation vector 
and an autocorrelation matrix, which equals the sum of the autocorrelation 
matrices corresponding to antenna port 7 and antenna port 8. The third and 
the fourth steps of the channel estimator are the time interpolation, which 
yields for any subcarrier with reference symbols the channel estimates for all 
12 OFDM symbols and the frequency interpolation, which yields the channel 
estimates for the subcarriers without reference symbols.

Link Adaption Challenges in MU-MIMO 
In order to keep low feedback overhead, 3GPP has agreed to use the same 
codebook optimized for single-user MIMO (SU-MIMO) in MU-MIMO.[1] 
Therefore, the selection of PMI and CQI for MU-MIMO is limited to 
SU-MIMO feedback. This is a significant drawback of MU-MIMO systems as 
such a suboptimal PMI selection and CQI reporting limit the gain of multiuser 
transmission. Failing to accurately estimate MU-MIMO CQI can lead to 
the wrong packet scheduling and link adaption and thus overall performance 
degradation in MU-MIMO. Bai et al.[9] investigate and refer to various 
MU-MIMO CQI prediction schemes for LTE systems with different releases.

In this section we demonstrate the impact of different antenna polarization on 
MU-MIMO link adaption. Link adaptation is the process of selecting modulation 
and coding scheme (MCS) in a wireless link to maximize throughput while 
meeting reliability constraints like Block Error Rate or Packet/Frame Error Rate. 
In LTE and LTE-Advanced systems, MSC is selected based on feedback between 
UE and eNodeB, that is, CQI/PMI/RI feedback. The problem in MU-MIMO 
systems is that the link adaption is optimized for SU-MIMO, which creates a 
mismatch between the estimated MU-MIMO CQI and the true channel CQI 
leading to significant degradation of the system performance. Furthermore, the 
mismatch in the estimated MU-MIMO CQI could lead to a wrong MU-MIMO 
pairing decision as well as incorrect assignment of the MCS.[2][9] CQI adaption 
schemes optimized for MU-MIMO have been widely investigated in 3GPP as 
well as in research communities. Badic et al.[12] present a comprehensive overview. 

As explained in the earlier section “Antenna Configuration” and demonstrated 
in Figure 1, antenna configuration has significant impact on MU-MIMO 
performance. Therefore, this section evaluates impact of different antenna 
configurations on link adaption in a Figure 1: Receiver performance in 
different antenna polarizations MU-MIMO system with four UEs scheduled 
simultaneously. Single-layer MU-MIMO has been evaluated but similar 
observations have been made for higher layer MU-MIMO as well. The IRC 
receiver with DMRS-based noise covariance estimation has been applied for 10 
MHz system bandwidth. The results have been obtained for wideband feedback 
(PMI/CQI) and users are paired by Orthogonal Precoding Vector Pairing (OPVP), 
that is, the UE selects the best PMI corresponding to the precoding vector from 
the codebook by maximizing the received signal power.[7] MU-MIMO CQI 
prediction based on rank adaption[10] is applied in this evaluation. 
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As shown in Figure 5, MU-MIMO throughput in ULA outperforms dual-
polarized antenna systems since the residual inter-user interference is less in 
ULA array systems. Additionally inter-user interference in a correlated ULA-
arrays system is more predictable and hence MU-CQI prediction from a given 
SU-CQI is more accurate. This results in better link adaptation and hence 
better throughput. 

Figure 5: 4x2 MU-MIMO (four users) link adaption performance for various 
antenna configurations in high correlated channels and 10 MHz system 
bandwidth. 
(Source: Intel Corporation, 2013)
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LTE Release 12 pays special attention to improving CSI feedback for MU-
MIMO in realistic scenarios. Based on feedback from network operators the 
following CSI feedback enhancements are planned[13]:

 • Enhanced PMI feedback for 4Tx with cross-polarized arrays. The 
enhancement could be possibly similar to two staged Release 10 8Tx 
codebooks or finer granularity codebooks

 • CQI-related enhancements for MU-MIMO for better link adaptation

Conclusion
Considerations of real-world effects are presented in the area of channel 
modeling and related channel estimation and reporting schemes and their 
drawbacks in 3GPP standardization. Results are shown to prove that the use 
of UE-specific reference signals for channel estimation provides significant 
gains over cell-specific reference signals. Practical questions of receiver 
algorithms and link adaptation are also considered in this article. It has been 
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shown that advanced interference-aware receivers show significant potential 
in overcoming the burdens of cross-polarized antenna configurations, which 
is the typical deployment scenario in Europe. As the residual inter-user 
interference is smaller and more predictable in a ULA array system,  
MU-MIMO link adaption based on standard defined low overhead  
SU-MIMO feedback becomes more accurate and reliable while  
increasing MU-MIMO throughput. 
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Communications systems are often def ined by their peak data rate. Such 
peak rates are rarely available to the individual user. Recently, user experience 
at the cell edge has come into focus. In order to break the system limitation 
due to the co-channel interference in cellular networks and to improve the 
cell-edge user experience, Coordinated Multipoint (CoMP) techniques 
have been developed and standardized for LTE Advanced systems. Recent 
research efforts in CoMP networks yielded both satisfactory system eff iciency 
improvements while highlighting the signif icant gains in the order of high 
double-digit percentages for cell-edge user throughput. As CoMP operates 
mostly in a closed-loop transmission fashion, the development of CoMP raises 
new challenges in the User Equipment (UE) implementation. The aim of this 
article is to demonstrate benef its of CoMP techniques and to discuss their 
practical implementation challenges in current 4G networks. Different CoMP 
scenarios and their challenges for a UE are explained in detail. Furthermore, 
the article describes potential CoMP solutions that might be supported in 
beyond LTE-Advanced networks. Performance benef its are evaluated by Monte 
Carlo simulations in different CoMP scenarios. 

Introduction
One of the key technologies introduced in LTE Release 11 to improve 
coverage, cell-edge user throughput and spectral eff iciency is Coordinated 
Multipoint (CoMP) transmission. The basic concept behind CoMP is the 
cooperative multiple-input and multiple-output (MIMO) transmission, where 
geographically distributed transmitters and receivers work jointly in order 
to enhance the received signal quality and to decrease the received spatial 
interference. If the UE in the cell-edge region operates in the CoMP mode, 
it may be able to receive signals from multiple cell sites and its transmission 
may be received at multiple cell sites regardless. By coordinating the signaling 
transmitted from the multiple cell sites, the downlink (DL) performance can 
be improved signif icantly. A wide variety of coordination schemes has been 
described. For LTE Release 11 four different scenarios for deploying CoMP 
techniques have been considered by the standardization committees.[1] For 
Release 12 and beyond more advanced techniques are currently considered.[2]

In this article we f irst explain the motivation for CoMP and then describe 
coordination schemes and deployment scenarios as they will be used in LTE 
Release 11 in the next two sections, respectively. We then present challenges for 
UEs in Release 11 in the section “Design Challenges in LTE Release 11 CoMP 
Networks” before considering further ideas and their challenges for Release 12 and 
beyond in the section “Further Developments of CoMP: Release 12 and Beyond.
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performance significantly.”

Michael Hosemann  
Intel Mobile Communications

Daejung Yoon  
Intel Mobile Communications

Biljana Badic  
Product Engineering Group,  
Intel Corporation

Rajarajan Balraj  
Product Engineering Group,  
Intel Corporation

Constantinos B. Papadias  
Athens Information Technology

IMPLEMENTATIoN ChALLENGEs FACING UsEr EqUIPMENT  
IN CoordINATEd LTE NETworks



Intel® Technology Journal | Volume 18, Issue 1, 2014

Implementation Challenges Facing User Equipment in Coordinated LTE Networks    |   107

Motivation for Coordinated Networks 
Demand for mobile broadband communications will increase and diversify 
dramatically in the following 5 to 10 years. Already, the market success of 
smartphones and broadband-ready portable devices has generated exponential 
mobile data traff ic growth, and new applications are continuously raising 
expectations for higher data rates and increased quality of service in the existing 
mobile networks. These large capacity demands can be met only by highly 
eff icient, optimized, and coordinated network infrastructures. Therefore, 3GPP 
as well as other research communities started to look into the potential benef its 
of coordinated multipoint transmission and later on 3GPP introduced CoMP 
in LTE specif ications for Release 11 as one of the key transmission techniques. 
The main motivation for CoMP is to improve cell-edge user throughput and 
the average system throughput. This has been demonstrated in literature.

Coordination Schemes and Deployment Scenarios
Various coordination schemes and deployment scenarios for coordination 
schemes have been described in literature and by the 3GPP standardization 
bodies. An overview is given in F igure 1.

Coordination schemes are classif ied into schemes performing 

 • coordinated scheduling and beamforming

 • joint processing

Coordinated scheduling (CS) and coordinated beamforming (CB) are applied 
between cells to reduce the interference caused to other cells. CS only turns  
off transmission at an interfering cell to create a more favorable signal- 
to-interference ratio (SIR) for the transmission of another cell to a UE. In the 
context of LTE Release 11 this is also called Dynamic Point Blanking (DPB).

Coordinated beamforming goes further by exploiting the spatial locations 
of UEs in their cells. Transmissions in the cells are scheduled simultaneously 
and beamforming is applied for each UE in its respective cell. Each cell selects 
a beamforming pattern so that the signal at its scheduled UE is maximized 

“Coordinated scheduling (CS) and 

coordinated beamforming (CB) are 

applied between cells to reduce the 

interference caused to other cells. CS only 

turns off transmission at an interfering 

cell to create a more favorable signal-to-

interference ratio (SIR)…”

F igure 1: Concept diagram of CoMP schemes 
(source: Intel Corporation, 2013)
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while minimizing the interference to the UE scheduled at the same time in 
the neighboring cell. Selecting the beamforming patterns requires frequent 
measurements by the UE to select the best pattern.    

In Joint Processing schemes the signals are transmitted from multiple 
transmission points at the same time and have to be combined in the UE. A 
somewhat simplif ied scheme is dynamic point selection. Here the signals are 
transmitted from one of multiple transmission points. For each subframe, 
the transmission point is selected a new depending on feedback from the UE 
and scheduling requirements. This can also be combined with Dynamic Point 
Blanking. In this case one TP transmits while the others are blanked.

The JT scheme can be further divided into coherent-JT and non-coherent JT. 
For coherent-JT, a CoMP UE is required to measure specif ic Inter-point (inter 
CSI-RS) phase feedback or to report aggregated Precoding Matrix Indicator 
(PMI) information. Coherent-JT is not included in Release 11 but 3GPP 
RAN1 has introduced phase information feedback in Release 12. This will 
be discussed the section “Further Developments of CoMP: Release 12 and 
Beyond.”

The 3GPP CoMP specif ication[3] stipulates four scenarios concerning cell 
deployments. The following scenarios were selected for the evaluation of DL 
CoMP:

 • Scenario 1: Homogeneous network with intra-site CoMP illustrated in 
F igure 2.

 • Scenario 2: Homogeneous network with high TX power remote radio heads 
(RRHs) illustrated in F igure 3.

 • Scenario 3: Heterogeneous network with low power RRHs within the 
macrocell coverage where the transmission/reception points created by the 
RRHs have different cell IDs as the macro cell, illustrated in F igure 4.

 • Scenario 4: Heterogeneous network with low power RRHs within the 
macrocell coverage where the transmission/reception points created by the 
RRHs have the same cell IDs as the macro cell, illustrated in F igure 5.

F igure 2: scenario 1 – homogeneous 
network with intra-site CoMP
(source: 3GPP Tr 36.819, 2013)

Coordination area

eNB

F igure 3: scenario 2 – homogeneous 
network with high TX power rrhs
(source: 3GPP Tr 36.819, 2013)

High Tx
power RRH

Optical fiber

F igure 4: scenario 3 – 
heterogeneous network with low 
power rrhs within a macro cell 
(cells have the different cell Ids)
(source: 3GPP Tr 36.819, 2013)

F igure 5: scenario 4 – heterogeneous network 
with low power rrhs within a macrocell (cells 
have the same cell Ids)
(source: 3GPP Tr 36.819, 2013) 
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The RRHs in scenarios 2 through 4 can be thought of as small cells that 
are controlled (in a varying degree) by a macro cell. The possible cognitive 
spectrum usage of some of these small cells (when they don’t belong to the 
same operator as the macro cell), opens up further challenges regarding their 
coordination—see, for example, the recently initiated project ADEL (EU FP7 
project #619647).

Another important factor of CoMP network is backhaul support between 
cells and or transmission points. There are two basic types of backhaul support 
linking RRHs and a base station eNB. 

 • TPs in a CoMP network can be connected via f iber-optic cable allowing for 
a nearly perfectly synchronized network (for example, using the CPRI or 
OBSAI protocols). 

 • TPs in a CoMP network can be connected via microwave or cable links 
introducing latency and time and frequency offsets in an asynchronous 
network.

Even though practical connection types have been considered for all deployment 
scenarios, rather generous frequency offsets between TPs have been specif ied in 
test cases. 

For test cases up to 200 Hz frequency offset and 2 microseconds timing offset 
between signals arriving from different TPs have been specif ied. It should be 
noted that these frequency offsets are specif ied even for tightly synchronized 
TPs. For an assumed carrier frequency of 1 GHz the offsets are about the same 
as could be expected from two unsynchronized small cells. The benef its of tight 
coupling through f iber-optic links still need to be explored for CoMP networks.

System Model
F igure 6 shows a typical CoMP scenario where Dynamic Point Switching is 
employed. We have chosen this scenario because it best illustrates the challenges 
that CoMP poses for the UE. 

One transmission point (TP1) always transmits the Physical Downlink Control 
Channel (PDCCH) and the associated Cell-Specif ic Reference Symbols. The 
transmission of the Physical Downlink Shared Channel (PDSCH) can be done 
from up to three other transmission points. With the PDSCH, the TP will also 
transmit the UE-specif ic reference symbols (DM-RS) and reference symbol for 
calculating channel state information (CSI-RS). While DM-RS are transmitted in 
every subframe, CSI-RS are transmitted at rather sparsely. Transmission intervals 
of up to 80 subframes can be selected by the network. While this might seem very 
infrequent it should be considered that CoMP is meant to improve performance 
in rather locally constrained, low-speed environments. For test cases, Doppler 
shifts of no more than 5 Hz have been specif ied. 

In addition, differences in propagation need to be considered. Differences in 
propagation delay can lead to Doppler shift which will add to frequency offset 
differences and propagation delay will cause differences in time of arrival.

“Another important factor of CoMP 

network is backhaul support between 

cells and or transmission points.”

“Differences in reference frequency and 

Doppler shift will lead to frequency 

offset differences. Differences in 

propagation delay will cause differences 

in time of arrival.”
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Design Challenges in LTE Release 11 CoMP Networks 
In this section we are outlining some of the design challenges posed by the 
CoMP schemes in LTE Release 11 networks. We f irst consider downlink and 
uplink processing before also discussing challenges posed by the combination 
of CoMP with other features of LTE Release 11.  

Downlink CoMP
As described in the previous sections, the UE needs to be able to combine 
signals that have been transmitted from various transmission points and 
demodulate them successfully. The main design challenge for the UE is the 
combination of resource elements that have been received with different 
frequency and timing offsets and channel parameters. Three main steps need 
performing to achieve this:

 • The individual frequency and timing offsets and parameters need to be 
estimated utilizing the appropriate reference resources.

 • The individual frequency and timing offsets need to be corrected based on 
the estimates.

 • Channel characteristics for the channel from each transmission point f irst 
need estimating and have to be applied to the corresponding physical 
channels subsequently. 

All tasks pose their individual challenges: estimation for the PDSCH needs to 
be based largely on DM-RS. These can only be used in the allocated bandwidth 
of the PDSCH. If this is small, very few reference symbols will be available 
and in low SINR conditions estimation accuracy and hence demodulation 

“…the UE needs to be able to combine 

signals that have been transmitted 

from various transmission points and 

demodulate them successfully. ”

F igure 6: Combining of channels from multiple transmission points
(source: Intel Corporation, 2013)
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performance will suffer. CSI-RS can be used for supplementing the estimation 
resources but is available only infrequently as outlined before. This creates 
additional control complexity in the receiver.

Furthermore, the UE needs to know which reference resources can be used for 
estimation. This depends on the deployment scenarios, in particular the cell 
IDs. Furthermore, the combinations of antenna ports used for transmitting 
PDSCH and reference symbols are signaled via Radio Resource Control 
(RRC) messages. Separate combinations for each transmission point can be 
preconf igured when the UE is set up. For each subframe, the conf iguration 
used is signaled as part of Downlink Control Information (DCI). Hence, 
when considering estimation results from multiple subframes, the UE needs 
to do this on a per-conf iguration basis. While we do not expect this to require 
a signif icant amount of additional memory, it does increase complexity and 
verif ication effort. We will further elaborate on the estimation scenarios in the 
next section.

Frequency Offset Estimation
An issue of a CoMP UE is frequency offset recovery, which obviously  
affects demodulation performance of a receiver. In an asynchronous 
network, all TPs in a CoMP set can have different frequency offsets. An UE 
must be able to estimate them and recover the PDSCH signal from any TPs 
in the CoMP set.

A CoMP UE can utilize CRS for frequency offset estimation thanks to the 
CRS and CSIRS quasi-colocation assumption. However, CRS mapping and 
signaling are made differently depending on CoMP scenarios; estimation 
algorithms must be designed f itting in each scenario. Let’s assume a CoMP 
set with two TPs as shown in F igure 7. A behavior-B UE needs to achieve 
synchronization to both TPs simultaneously and perform offset recovery. 
PDSCH can be transmitted by dynamically switching between the two TPs. A 
CoMP network can also by synchronized through a high-performing backhaul, 
or it can make an asynchronous network. A CoMP UE takes into account both 
cases. 

F irst, we discuss a frequency offset model of CoMP scenarios. A baseline offset 
estimator of a CoMP UE is performed using CRS. We need to understand 
CRS conf igurations for estimator designs. The received signal from each TP 
can be expressed as

y(l,n)  = (p(l,n) * g        h(l,n) + n(l,n)).expf (ecfo )TP1 TP1 TP1 TP1 TP1TP1

 
(1)

y(l,n)  = (p(l,n) * g        h(l,n) + n(l,n)).expf (ecfo )TP2 TP2 TP2 TP2 TP2TP2

 
(2)

where yiTP is a time-domain received signal through a link between ith TP and an 
UE, p is CRS pilot signal in time-domain, h is a time-domain multipath channel 
prof ile, and n indicates noise; g is a channel propagation attenuation, and ecfo

itp

F igure 7: CoMP network model of frequency 
synchronization
(source: Intel Corporation, 2013)
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is a frequency offset difference given from iTP TPs. Subscript (l,n) is a time 
index, l is an OFDM symbol index and n is a sample index. We def ine

expf (e) = exp( j2p e (n + l(N + Ng ))/ N )

where N is a size of FFT and Ng is a size of guard interval. 
As shown in the deployment scenarios earlier, CoMP sets can consist of cells 
with different IDs where the CRS are either colliding or non-colliding and 
CoMP set with the same cell ID. This is always a colliding case. Let’s consider a 
received signal of CoMP DPS/DPB regarding CRS:

1. Colliding CRS with different cell ID:

y(l,n) = y(l,n)  + y(l,n)
TP1 TP2

2. Non-colliding CRS with different cell ID:

y(l,n) = y(l,n)           , TPPDSCH ∈ {TP1, TP2}
TP

PDSCH

3. Colliding CRS with same cell ID:

y(l,n) = (p(l,n) * (g        h(l,n) .expf (ecfo   ) + g        h(l,n) .expf (ecfo   ))) + n(l,n)
TP1

Case 1 indicates that a received signal from colliding CRS is simply a sum 
of two TPs CRS signals. Because pTP1 ≠ pTP2, an UE can still demodulate 
yTP1, yTP2 respectively and detect the frequency offset. Case 2 non-colliding 
has a CRS signal as it is or contaminated by interference, and a UE has no 
problem in performing separate frequency offset tracking. Because case 3 has 
pTP1 = pTP2, it has a received signal mixed up two frequency offsets. A UE has no 
method to detect each frequency offset. Therefore, case 3 is only available in a 
synchronous network scenario.

Timing Offset Estimation
Different timing offsets among TPs are problematic to a CoMP UE. While 
frequency synchronization can be controlled by network backhaul, timing offsets 
cannot be controlled effectively due to different channel propagation delays. A UE 
at cell edge inevitably experiences timing offset difference due to different cell sizes.

In a heterogeneous network conf iguration, PDCCH is transmitted from eNB, 
and PDSCH can be transmitted by DPS or JT. Therefore a CoMP UE must 
achieve timing synchronization for both TPs to receive PDCCH and PDSCH. 
As illustrated in F igure 8, channel propagation paths in a heterogeneous 
network have different inherent propagation delays (t TP1 ≠ t TP2). Due to 
different timing offsets, a UE requires a special algorithm to capture OFDM 
symbol boundary. An eNB transmits CRS and PDCCH, and PDSCH can 
be switched between an eNB and an RRH. If setting a FfT-window reference 
point at a PDCCH symbol, the PDSCH symbols may arrive in early timing 
(negative timing offset in PDSCH), or the PDSCH symbols may arrive later 
(positive timing offset in PDSCH) as shown in F igure 9.

F igure 8: CoMP network model for timing 
synchronization
(source: Intel Corporation, 2013)
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F igure 9: PdsCh timing alignment with positive timing offset (up) and 
negative timing offset (down)
(source: Intel Corporation, 2013)
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Depending on positive or negative timing offsets in PDSCH, the timing offset 
needs adjusting differently. F igure 9 shows the OFDM symbol alignments of 
received signals from HetNet CoMP network. UE demodulation performance 
can be critically degraded when the OFDM symbol misalignment causes inter-
symbol interference (ISI) in a received signal.

In the case of PDSCH misalignment with positive offset, ISI can be prevented 
by CP region. In other words, CP is regarded as a kind of buffer covering the 
misalignment. As long as the positive timing offset is smaller than CP length, 
ISI does not occur. Therefore, the positive offset case is a trivial aspect of UE 
design. However, the negative timing offset may easily cause ISI. A solution 
to the negative timing offset problem can be approached by setting a timing 
margin. The FfT window position needs choosing very carefully to prevent 
timing misalignment of PDSCH transmission and thus ISI.

Frequency and Timing Offset Correction
We investigated the throughput performance of an UE supporting CoMP-DPS/
DPB. A CoMP UE is required to establish and maintain synchronization to 
multiple TPs since PDSCH transmission can be dynamically switched among 
the TPs. The UE synchronization procedures are illustrated in F igure 10. When 
a UE enters a network, f irst, its synchronization process is locked to a serving 
cell. Assume that TP1 is the serving cell from which a UE receives CoMP-
related signals. Then an eNB can conf igure PDSCH transmission from TP2 and 
PDSCH-mute at TP1 (no interference from TP1). In this scenario, the UE is 
supposed to make synchronization to TP1 through pre-FfT compensation because 
it is a serving cell, and signals from other TPs are recovered through post-FfT 
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chains. In simulation, PDSCH is assumed to be transmitted from TP2, which can 
be a pico cell or a local RRH. While a CoMP UE makes synchronization to TP1 
through pre-FfT compensation chains, timing and frequency offsets of TP2 are 
compensated through a post-FfT chain as shown in F igure 10.

F igure 10: synchronization concept block diagram
(source: Intel Corporation, 2013)
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F igure 11 shows that the sampling timing offset (STO) affects PDSCH 
receptions. The simulation sets colliding CRSs in scenario 3, and the transmitter 
utilizes 16QAM with a code rate of 0.53 in open-loop channel state reporting. 
A low correlation ETU-5-Hz channel is used. Although a CoMP-UE tries 
to compensate for it through post-FfT chain, it is not able to completely 
remove ISI due to negative timing offset as discussed in the previous section. 
Simulation results show that ISI with a timing offset of -2 µs causes performance 
degradation of about SNR = 1.5 dB in the scenario. Therefore an eNB needs to 
make delicate transmitter timing alignment to prevent signif icant negative timing 
offset at cell-edge UEs. Note that the ETU-5-Hz channel has non-line-of-sight 
(NLOS) type of multipath prof iles. The f irst tap with signif icant energy appears 
at 0.2 µs in the ETU prof ile, which also causes additional phase rotation

F igure 12 shows that impacts of carrier frequency offsets (CFO) from TPs. Basically, 
a CoMP network is assumed to be deployed with high-performing backhaul. In 
terms of frequency synchronization, an optical f iber cable can be an option to 
achieve near-perfect frequency synchronization among CoMP TPs. However, if a 
network considers acceptable tolerance on frequency offsets, the small amount of 
frequency offset can be compensated through post-FfT chain without performance 
loss. Depending on frequency differences, PDSCH BLERs are shown like F igure 
12. Frequency offset larger than 400 Hz seems very critical to our test case.
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F igure 11: CoMP-UE BLEr performance with timing offsets of 
PdsCh transmission
(source: Intel Corporation, 2013)

SNR (dB)

PDSCH Throughput performance with 2-TPs, ETU5, 16QAM, R 5 .53

8
1022

1021

100

9 10 11 12 13 14 15 16

P
D

S
C

H
 B

LE
R

Perfect timing sync

PDSCH Timing diff 5 21 us

PDSCH Timing diff 5 2 us

PDSCH Timing diff 5 20.5 us

F igure 12: CoMP-UE BLEr performance with carrier frequency 
offsets of PdsCh transmission
(source: Intel Corporation, 2013)
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Automatic Gain Control (AGC)
Since the distance between two TPs and a UE can vary considerably, 
propagation losses for each path will vary as well. CoMP is intended to cope 
with differences in received signal strength from two TPs of up to 9 dB. These 
changes occur within a subframe, that is, from one symbol to the next. 

There are two possibilities to cope with that: 

1. The AGC needs to be extremely agile so that it can adjust gain levels within 
the f irst few samples of the cyclic pref ix. This approach would create a lot 
of spurious responses and we do not think it to be feasible.

2. On each subframe, estimate signal strength for each transmission point 
separately. When adjusting the gain for receiving the next subframe, select a 
gain that provides not only suff icient signal-to-quantization-noise ratio for 
the weakest TP and but also still avoids compression for the strongest TP.  

Channel State Information Feedback (CSI-FB)
The eNodeB requires information about the channels from each transmission 
point to the UE and the interference situation between them. In order to provide 
this information the UE performs CSI-FB calculations. As this is the topic of 
another article by some of our colleagues in this journal (“Feedback Generation 
for Cell-Edge Transmission in Unsynchronized Coordinated Networks”), we will 
just mention it for completeness but not elaborate any further. 

Uplink CoMP
Uplink CoMP does not pose any particular challenges to the signal processing 
in the UE. All combining is done in the base stations and is outside the scope 
of this article.

Combinations of Features
It should be mentioned that CoMP is just one new feature to be deployed in 
Release 11. Other features include Further enhanced Inter-Cell Interference 
Coordination (FeICIC), enhanced PDCCH (ePDCCH) and Carrier 
Aggregation (CA). A UE will have to support various combinations of them. 
This creates more implementation challenges. As an example, channel state 
information feedback needs to be calculated for more channels and carriers, 
leading to higher computational loads. Also, certain operating modes of CoMP 
serve very similar purposes to other techniques. An example is dynamic point 
blanking in CoMP and the Almost Blank Subframe (ABS) in FeICIC. Both are 
introduced in LTE Release 11 and stop an interfering cell from transmitting 
while sending data to a certain UE in an interference-prone location. We 
expect that usage of the one or other technique will be a network operator’s 
choice. The UE, however, will have to support both techniques.

Further Developments of CoMP: Release 12 and Beyond
As discussed previously, LTE Release 11 introduced basic functionalities for 
CoMP transmissions. Since CoMP technologies are mainly designed to reduce 
inter-cell interference, uplink CoMP is to a large extent not related to the 

“Combinations of features cause further 

implementation challenges.”
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specif ication but it is an implementation choice. However, a big effort has been 
made to specify downlink CoMP in Release 11, especially to specify channel-
state information (CSI) to be fed back from the UE to eNodeB. For this 
purpose, a multipoint CSI feedback framework has been introduced in  
Release 11.[1]

3GPP is currently working on LTE evolution towards Release 12. Further 
enhancements of CoMP transmission (Evolution of CoMP, eCoMP), 
including enhancements with respect to channel-state information feedback 
and, more importantly, enhancing practical applicability of CoMP 
transmission with relaxed backhaul requirements, are under discussion.[2]

The following section describes some of possible extensions CoMP that might 
be supported in LTE Release 12 and beyond. 

Implicit Feedback Generation Based on PMI Selection
As previously discussed, CoMP schemes are used with closed-loop 
transmission modes and thus one of the most critical implementation 
challenges in CoMP systems is the feedback generation. Current 3GPP 
specif ication does not support alignment between transmission points when 
sending the feedback, that is, the choice of precoder is independent between 
the transmission points. This is rather a signif icant limitation in CoMP 
networks, because the effect of inter-transmission-point interference cannot 
be reduced eff iciently. 

As shown in F igure 13, by aligning the transmit signal between the all 
transmission points, up to 3dB performance improvement over the nonaligned 
scenario can be achieved due to the increased coordination. Detailed discussion on 
aligned CoMP transmission can be found in Bai et al.[3] and references therein. 

Feedback Generation Improvements Based on Phase Adjustments 
between Transmission Points
Phase feedback adjustments have been discussed in Release 11 together with 
PMI feedback. However to keep complexity of CoMP at the minimum, 
3GPPP decided to move CSI feedback based on phase adjustments to Release 
12 discussions. Here, we outline the performance benef its of phase adjustments 
between transmission points in different CoMP scenarios. Phase feedback 
was f irst introduced in 3GPP R1-083546[4], where it was recommended to 
introduce to UE feedback additional phase factors for coherent combining of 
beams from different transmission points. 

The main aim of phase feedback is to provide additional degrees of freedom 
for precoding signals (increase the number of available precoders) and 
to align channels from different TPs in a coherent manner so that more 
performance improvements can be achieved through techniques such as 
coherent reception. 

As shown in F igure 14, adjusting the phase between the transmission points 
can lead up to 4 dB depending on realizations. 

“…the most critical implementation 

challenges in CoMP systems is the 

feedback generation.”

“The main aim of phase feedback 

is to provide additional degrees of 

freedom for precoding signals and to 

align channels from different TPs in a 

coherent manner…”
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F igure 14: Phase adjustments in 10 Mhz 4x4 MIMo CoMP, 16qAM, 
sCM-B, sIr = 10dB, IrC receiver.
(source: Intel Corporation, 2013)
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F igure 13: Impact of aligned transmission in 10 Mhz 4x4 MIMo 
CoMP, 16qAM, sCM-B sIr = 10 dB, IrC receiver
(source: Intel Corporation, 2013)
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Conclusion
In this article challenges and solutions for UEs implementing the coordinated 
network features in the upcoming LTE Releases 11 and 12 have been discussed. 
For Release 11 the transmissions from multiple transmission points require the 
UEs to track estimation results for each transmission point. We have showed 
that correcting for some of these can be done in the frequency domain with 
little impact from inter-carrier and inter-symbol interference. This allows for 
reducing the receiver’s computational complexity versus a classical approach 
with one receiver for each transmission point. Furthermore, this article 
demonstrates possible improvements of CoMP performance in Release 12 
and beyond. By aligning the feedback between the transmission points or by 
enhancing the CSI feedback in CoMP, we have shown that a gain of up to 5 dB 
can be achieved compared to conventional Release 11 CoMP networks. 

The work on evolution of CoMP continues in 3GPP. Enhancements with 
respect to channel-state information feedback from the terminals and the 
practical applicability of CoMP solutions with relaxed backhaul requirements 
are among the key topics under discussion.
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Multi-point transmission in coordinated networks enables reliable coverage 
and high data rates for cell-edge users in 4G Long Term Evolution (LTE) 
systems. To provide theoretical proven multi-point coordination gain in the 
practical deployed networks, accurate channel state information (CSI) feedback 
is required. The focus of this article is on CSI feedback generation, that is, on 
precoding matrix index (PMI) selection, supporting coherent reception for the 
users located at the cell-edge of unsynchronized coordinated LTE networks. 
The received signal at user equipment and the theoretical lower bound of 
the joint transmission are analyzed. The impact of timing of fset on feedback 
generation in coordinated networks is evaluated as well. With analytical and 
numerical results, the study in this article shows that aligned transmissions 
from multiple points via coordinated PMI selection provides near maximum 
performance for the cell-edge users in unsynchronized coordinated 
LTE networks even with the presence of high timing of fset between the 
transmission points.

Introduction
The 3GPP continues to add more capabilities to Long Term Evolution (LTE) 
standards to enable cellular communications of even higher data rates.[1] One 
of the key features introduced since Release 11[2] is coordinated multipoint 
transmission (CoMP) based on a cooperative multiple-input and multiple-
output (MIMO) technique between distributed base stations (eNodeBs), 
also referred to as transmission points (TPs). As the transmission to cell-
edge users is more often encountered in modern cellular deployment with a 
heterogeneous structure (network deployments using a mix of macro, pico, 
femto, and relay base stations), the aim of coordinated TPs is to reduce 
interference and increase capacity for the cell-edge users. As a result, the 
coverage of high data rates of one cell is extended, and the corresponding user 
experience is signif icantly improved.

In LTE Release 11[2], four major CoMP scenarios are def ined for the downlink 
(DL) signal transmission: Scenario 1 and Scenario 2 cover homogenous 
networks, while Scenario 3 and Scenario 4 are related to the heterogeneous 
network (HetNet). Generally, CoMP transmissions in Scenario 3 and Scenario 4 
are considered as the most practical developments. CoMP Scenario 3  
describes CoMP transmission between dif ferent eNodeBs (such as macro 
eNodeB with femto or pico eNodeB); whereas CoMP Scenario 4 represents 
CoMP transmission between macro eNodeB and its remote radio heads 
(RRHs). DL CoMP transmission schemes in coordinated networks are 
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mainly categorized into joint processing (JP) and coordinated scheduling/
Beamforming (CS/CB). Furthermore, JP includes an important subcategory 
of joint transmission (JT), in which simultaneous transmissions from multiple 
TPs to the target cell-edge users are applied with focuses on signal strength 
enhancement.[2] The CS/CB scheme aims at the interference elimination or 
avoidance, while JT/DPS operates in the way of turning the interference to be 
the useful signals. All the cooperative schemes in coordinated networks operate 
mostly in the closed-loop transmission mode[2], that is, all rely on DL channel 
state information (CSI) at TPs. Because implementation of the explicit CSI 
feedback is less feasible due to a high overhead[2], in this article the implicit CSI 
feedback for the JT scheme in coordinated networks is taken as the basis of the 
investigation to enable the promised advantages of CoMP transmission.

The main challenge for the cell-edge users to support CoMP transmission 
in coordinated networks and to gather JT and coherent reception gain is the 
proper implicit CSI feedback generation, that is, precoding matrix index (PMI) 
feedback.[1] Comprehensive studies of suitable PMI selection for the CoMP 
transmission have been carried out recently. ETRI[3] introduces per-cell PMI 
selection for JT in coordinated networks, which is a straightforward extension 
of the single point transmission case. Conventional PMI generation schemes[6] 
can be employed in the case of ETRI[3] to optimize transmission per TP 
individually. The coordination-oriented PMI generation based on concatenated 
cell codebook and large scale fading factors of dif ferent TPs are intensively 
studied by Peng et al.[4] Su et al.[5] propose a layered feedback strategy at the 
system level to achieve the optimal CB/CS. The physical spacing between 
TPs has been identif ied by HiSilicon Huawei[7] to have signif icant impact 
on the PMI selection. Kotzch et al.[8] propose interference suppression and 
cancellation techniques to overcome the interference in an unsynchronized 
network. Liu et al.[9] reconstruct the synchronization between TPs by adjusting 
the transmit signal at each TP.

In comparison with these previous works, this article focuses on the signal 
processing at cell-edge users and the evaluation of the link level CoMP 
transmission quality. The aim of the study is to elaborate the coordination-
aware PMI selection approaches of Bai et al.[11][12] and obtain an insight into 
the feasibility of applying these approaches to enable expected CoMP gain 
for cell-edge users in unsynchronized coordinated networks via performance 
evaluation. Link level simulations are carried out to facilitate numerical results 
and to illustrate the promised benef its achieved by the coordination-aware 
PMI selection with the criterion of channel alignment in unsynchronized 
coordinated networks.

In what follows, complex baseband mathematical notation is used for the 
description of signal processing. Vectors/matrices are denoted with lower- 
or uppercase characters in boldface, while ℜ(•) denotes the real part of a 
complex value. Furthermore, (•)T and (•)H are the vector/matrix transpose and 
Hermitian transpose operations, while E(•) gives the expected value of given 
random variables.

“…the cooperative schemes in 

coordinated networks operate mostly 

in the closed-loop transmission mode, 

that is, all rely on DL channel state 

information…”

“The main challenge for the cell-edge 

users to support CoMP trannsmission 

in coordinated networks and to gather 

JT and coherent reception gain is 

the proper imoplicit CSI feedback 

generation,…”
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Signal Transmission and Reception in  
Coordinated Networks
To facilitate the design and evaluation of the coordinated CoMP transmission 
in synchronized and unsynchronized HetNet, the DL signal processing is 
represented in this section. The focuses are given on the system function 
(received signal) in mathematical expression and the optimal receiver f ilter 
structure, which captures the coordination gain and recovers the transmitted 
signals.

System Model
A typical layout of a coordinated HetNet with three TPs is depicted in F igure 1,  
where the distance between the target cell-edge user equipment (UE) and the 
mth TP is given as sm, m = 1, 2, 3. The target UE is equipped with NR receive 
antennas. Signals from dif ferent TPs carrying the same user data, em ¨ N

R
× 1 , 

propagate to the target UE via independent paths.

F igure 1: ComP joint transmission in unsynchronized coordinated hetNets 
(source: Department of Communication Technologies at the University of 
Duisburg-Essen, 2013)

TP1: RRH
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For the CoMP JT in F igure 1, the subcarrier-specif ic MIMO system is 
assumed. Without loss of generality, M  TPs are considered, in which the mth 
TP is mounted with NT,m transmit antennas. The system function of the receive 
signals can be represented (3GPP[2][10]) by

  

r = ∑ HmPmdm + nI + n ,
M

m =1 = nT

 (1)

where Hm ∈ N
R

×N
T,m is the channel matrix from the mth TP to the target 

UE, Pm ∈ N
T,m

× N
L,m  denotes the applied precoding matrix at the mth 

TP. Furthermore, dm ∈  NL,m
×1  is the NL,m layer transmit data vector out 

of modulation constellation at the mth TP, with E(dmdm
H) = Ed INL,m

. In 

addition, r ∈ N
R

× 1 
 is the received signal vector, nI ∈ 

NR×1
 is the co-channel 

interference vector with zero mean, and the covariance matrix of E(nInI
H)=RnInI

,
n ∈ NR×1  is the additive white Gaussian noise (AWGN) vector with 
n ∼ CN(0, N0INR

). Channel coef f icients, transmit data, co-channel interference, 
and noise samples are assumed to be mutually uncorrelated.
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Since the signal to the target cell-edge UE undergoes a long propagation 
path, the received signal strength can drop dramatically. In addition, co-
channel signals from neighbor cells are as strong as the useful signal resulting 
in signif icant interference. As a result, the target UE located at the border of 
macro cell suf fers from a small signal-to-interference-and-noise ratio and needs 
power and diversity gain in a coordinated network to combat this loss. Hence 
the single layer joint transmission (JT) transmission is applied in this article, 
that is, dif ferent TPs send the same data to the target UE, which means NL,m = 1, 
m = 1,…, M and dm = d at all TPs. Without loss of generality, it is further 
assumed that NT,m = NT, m = 1,…, M. Consequently, the system function 
(Equation 1) in a particular subcarrier with the index k can be rewritten as

  

r[k] = ∑Hm[k] pm[k] d [k] + nI[k] + n[k]
M

= nT[k]
, 

(2)

where pm ∈ N
T

×1  degrades to be vectors.

Receiver Structure
To detect the transmitted signal d in JT scheme under co-channel interference 
(CCI) nI[k], the interference rejection combining (IRC) processing scheme 
is known as the adequate scheme.[13] This scheme utilizes the knowledge 
of RnInI

 and pre-whitens the receive signals with a whitening f ilter (WF) 
followed by a matched f ilter (MF). Following the def inition of interference 
plus noise term nT in Equation 2 and the corresponding covariance matrix of 

RnT nT
 = RnI nI

+N0I   = RnTnT
RnTnT

1
2

1
2H , the IRC scheme for the system (Equation 2) 

equals

mIRC[k] =  R−
nTnT

[k]∑ Hm [k] pm [k]T
M

m=1      




1
2 

 RnTnT 
[k]

1
2

  

MF
WF

H

∑ Hm [k] pm [k]

M

m =1




H

RnTnT 
[k].=

Applying the IRC scheme on the receive signals, the f iltered received signal of 
Equation 2 equals 

d [k] = mIRC [k]r [k]
∼ T  

(3)

= mIRC [k] ∑ Hm [k] pm [k]d [k] + mIRC [k]nT [k],T T
M

m =1

with the associated post-processing signal to noise ratio (SNR) of




γ [k] =
 E    mIRC [k] ∑ Hm[k] pm [k]d [k]

2


T
M

m=1




E    mIRC [k] nT [k]
2

T 
  (4)

“…the target UE located at the border 

of macro cell suf fers from a small 

signal  /to-interference-and-noise ratio 

and needs power and diversity gain in 

coordinated network to combat this 

loss.”

−1

m =1
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= Ed mIRC [k]    ∑ Hm [k] pm [k]        ∑ Hm [k] pm [k]  m*IRC [k]
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m=1 m=1
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mIRC [k]RnTnT 
[k] m*IRC [k]T

= Ed        ∑ Hm [k] pm [k]    R −1     [k]     ∑ Hm [k] pm [k]  .











M M

m=1 m=1

H

nTnT

According to the concept of IRC[13], g  [k] is maximized under the given 
Hm [k] pm [k].

Precoding Selection to Achieve Maximum 
Coordination Gain
As discussed previously, the key challenges for the target cell-edge UE to 
support the JT scheme in coordinated networks and to obtain the maximum 
coordination advantage is CSI feedback, realized by PMI feedback generation 
in LTE systems.[3] The feedback parameter PMI provides the preferred precoder 
(quantized beamforming) out of a predef ined codebook and guides the 
particular TP to inquire DL CSI and align the transmit signals to the target 
UE. Based on the review of the precoder selection in single point transmission, 
the focuses of this selection are the uncoordinated and coordinated PMI 
selection aiming at maximum CoMP gain in synchronized HetNet.

Precoding Selection in One-Point Transmission
A brief review of PMI selection in single-point transmission is given in this 
part. The state-of-the-art solution uses the maximum post-SNR (MaxSNR) 
criterion. , being an adequate one to f ind the optimal PMI as studied by Bai  
et al.[6] Applying this solution for a particular TP in the considered HetNet, the 
precoding vector pm (and the associated index as PMI) for the mth TP can be 
selected by

pm = arg max ∑ γm,i
 
[k]

SUBC

k =1

N

qi ∈℘

qi ∈℘
= arg max qH

i           ∑ H Hm [k]RnTnT 
[k]Hm [k]

SUBC

k =1

N

−1 



     

Rm,m [k]

qi .

 

(5)

In Equation 5, ℘ = {q1,...,qQ} represents the codebook in LTE Release 11 
systems[1] with Q precoding vectors and γm,i[k] is the post-SNR for the mth TP 
in the kth subcarrier with precoding vector of qi. F inally, Rm,m[k] denotes the 
transmit covariance matrix with WF in the kth subcarrier. In Equation 5, the 
PMI is selected based on the criterion of MaxSNR on the averaged post-SNR 
over NSUBC subcarriers, in which the same precoder is applied.[1]

Based on the baseline of Equation 5, dif ferent PMI selection approaches are 
discussed by Bai et al.[11][12] under two types of the LTE coordinated networks: 
the single frequency network (SFN) and multiple single point network 
(MSPN). SFN presents the infrastructure conf iguration when all TPs perform 

“The feedback parameter PMI provides 

the preferred precoder (quantized 

beamforming) out of a predef ined 

codebook and guides the particular 

TP to inquire DL CSI and align the 

transmit signals to the target UE.”
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exactly the same processing for the transmit data, such as the macro eNodeB 
with its RRH.[2] In contrast, MSPN allows TPs to construct DL signals on its 
own demand under coordinated scheduling, such as heterogeneous eNodeBs 
in coordinated networks.[2] While some of the PMI selection approaches in 
these two networks are straightforward extensions from single TP transmission, 
others are coordination-aware and more advanced with the criterion of TP 
channel alignment. For the purpose of convenient discussion in this article, the 
PMI selection approaches for synchronized HetNets discussed by Bai et al.[11][12] 
are summarized in following subsections.

Coordination-Unaware PMI Selection 
When the SFN infrastructure is present, the same precoder shall be applied at 
all TPs. Accordingly, the system function of Equation 2 turns into

r [k] = ∑ Hm [k] ps d [k] + nT [k].
M

m =1
 (6)

Three dif ferent approaches for ps selection in SFN are examined by Bai et al.[11]

The f irst approach, denoted by SFN-SingleTP, utilizes the PMI selection 
(Equation 5) based on the channel of the serving TP and ignores the other TPs 
during the feedback. Such a situation occurs when the target UE is connected 
by the macro eNodeB, where the other RRH are transparent to it. With m = 1 
the serving macro eNodeB, the PMI selection is carried out by

qi ∈℘
ps = arg max qH

i           ∑ R1,1 
[k]  qi.

SUBC

k =1

N 



 

               

(7)

The second approach, denoted by SFN-AdaptiveTP, applies the single TP-
based PMI selection. However, the target UE is now aware of the presence 
of all TPs. In the case of being close to a certain TP (for example, RRH), the 
target UE adapts the PMI selection for this TP to obtain the power gain given 
by the small transmission distance. With Hm[k] being estimated for individual 
TP channel and A

F
 being the Frobenius norm of the matrix A, 

m=1,..., M
ms = arg max          ∑  Hm 

[k] 
2

F
  .

SUBC

k =1

N





  (8)

The preferred TP and the associated PMI can therefore be selected as

qi ∈℘
ps = arg max q

H
i        ∑ Rms,ms 

[k]  qi .
SUBC

k =1

N 



 

 

(9)

In the third approach, denoted by SFN-VirtualTP, the system given in 
Equation 6 is taken as a virtual system with the equivalent channel matrix 
HE [k] = ∑Mm =1 Hm [k]  and the corresponding precoding vector selection is 
given as

“While some of the PMI selection 

approaches in these two networks 

are straightforward extensions 

from single TP transmission, others 

are coordination-aware and more 

advanced with the criterion of TP 

channel alignment.”
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qi ∈℘
ps = arg max q Hi        ∑ H HE 

[k]RnTnT 
[k] HE [k]  qi

SUBC

k =1

N 



 

−1

 (10)

qi ∈℘
= arg max q

H  
i        ∑ ∑ H Hm 

[k]RnTnT 
[k] ∑ Hm [k]  qi  .

SUBC

k =1 m=1 m=1

N 



 

−1
M

As discussed by Bai et al.[11], the MSPN infrastructure allows dif ferent 
precoders being applied at dif ferent TPs yielding additional freedom of the 
channel alignment and the potential SNR enhancement by the coherent 
reception of multiple signals. Therefore, the most straightforward way of 
generating the PMI feedback for each TP feedback is by applying Equation 5 
with m = 1,…, M, and it is denoted as MSPN-LocalSNR in the following. In 
this approach all selected PMIs, that is pm, m = 1,…, M, are reported to the 
network.

Coordination-Aware PMI Selection
Although the approaches in the previous subsection captured a certain level 
of beamforming and power gain in coordinated networks via CoMP JT, the 
global post-SNR in Equation 4 is not maximized with respect to qi since the 
cross-multiplication terms, that is, coordinated JT gain of Equation 4, 
are missing. Hence, the total achievable performance improvement is 
signif icantly limited as shown in the following section, “Performance 
Evaluation.”

To achieve the maximum performance gain for the target cell-edge UE in 
coordinated networks, coordinated PMI feedback is required. The optimal 
solution of generating this feedback, denoted by MSPN-Optimal, is to 
maximize the global post-SNR by a full-blown search over all possible 
hypotheses of [p1,…, pM][11], which is represented by










[qi1
,..., qiM] ∈℘M×1





 

 


 = arg max          ∑    ∑ q Him 

H Hm [k]   RnTnT 
[k]   ∑ Hm 

[k] qim

SUBC M M

k=1 m =1 m =1

N

−1

[p1,..., pM]

SUBC

k =1

N

∑ q Him   ∑ Rm,m 
[k]qim

M

m =1

[qi1
,..., qiM] ∈℘M×1

= arg max         SUBC

k =1

N

+      ∑   q Him ∑ H Hm [k] RnTnT 
[k] Hn [k]qim

m,n ∈[1,M ]
m ≠ n

−1

       




 = rm,n [k]

 (11)

where qim is the imth precoder in ℘ and the candidate precoding vector for 
the mth TP with im ∈ [1, Q], ∀ m. Furthermore, rm,n [k]  denotes the cross-
TP covariance matrix with WF in the kth subcarrier. The computational 
complexity of the full-blown search is high and grows exponentially when 

“To achieve the maximum performance 

gain for the target cell-edge UE in 

coordinated networks, coordionated 

PMI feedback is required.”

“The computational complexity of 

the full-blown search is high and 

grows exponentially when the number 

of transmission points increases 

and as such it is practically not 

implementable.”

M
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the number of transmission points increases and as such it is practically not 
implementable.

To exploit the JT gain with low implementation complexity, a coordination-
aware channel-alignment–based PMI generation scheme, denoted by MSPN-
Alignment is proposed by Bai et al.[12] to produce the coordinated PMI 
feedback. By expanding the sum of the ef fective channels in the parentheses, 
Equation 11 can be rewritten as




[p1,..., pM]

[qi1
,..., qiM] ∈℘M×1


 = arg max          ∑  ∑ ∑ q

H
im 

H Hm [k]RnTnT 
[k]Hn 

[k] qin

SUBC M M

k =1 m=1 n =1

N

−1

[qi1
,..., qiM] ∈℘M×1

= arg max          ∑ ∑ qH  
im           ∑ H Hm [k]RnTnT 

[k]Hn 
[k]  qin

SUBCM M

k =1m =1 n =1

N 



  

−1

SUBC

SUBC

k=1

N

N

∑ q
H
im   ∑ Rm, m 

[k] qim

M

m=1

[qi1
,..., qiM] ∈℘M×1

= arg max         
M−1 M

M=1

+ 2ℜ    ∑ ∑ qH
im ∑ rm, n[k] qin














  


  n = m +1 k =1

[qi1
,..., qiM] ∈℘M×1

= arg max         
M

m=1
∑

SUBC

k=1

N

qH
im   ∑ Rm, m 

[k] qim

           

SUBCNm−1

n =1

+ 2ℜ    ∑ qH
im ∑ rm, n[k] qin 

.








  


  k=1







= γx,m

For a particular m, the term of γcross,m in Equation 12 represents the mth TP 
local post-SNR in addition with the cross-multiplication components between 
mth and all nth TP, n < m. The key concept of Equation 12 is to break down 
the global SNR metric in Equation 11 into the individual terms γx, m, 
m = 1,…, M, which is more advanced than the term of γm,i[k] in Equation 5 by 
taking the coordination gain into account. Hence, MSPN-Alignment performs 
close to the optimal solution MSPN-Optimal as shown in the “Performance 
Evaluation” section. By focusing on γcross,m, the representation of Equation 12 
results in the low-cost individual PMI selection for the mth TP as

Pm = arg max γx,mqim ∈℘  (13)

Hence, pm is obtained with individual metric optimization in an iterative 
fashion. As elaborated by Bai et al.[12], a signif icant implementation complexity 
gain is achieved by MSPN-Alignment in contrast to MSPN-Optimal. If the 

(12)
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calculation of qH
i   ∑    Rm, m [k]qi

SUBCN

k=1  in Equation 5 for a particular “i” 
has the complexity of O (1), then MSPN-Optimal has the complexity of 
O (Q M ) due to QM hypotheses of [p1,…, pM] to be tested in Equation 11.
 The coordination-aware feedback approach of MSPN-Alignment in 
Equation 13 requires Rm,m[k] and rm,n[k] as given in Equation 12 yielding 

computational ef forts of O (mQ) for the mth TP. With M TPs, it comes to 

o(∑   mQ)= o((M 2 + M)/2Q)M

m =1 . With the system conf iguration of 

NT = 4, Q = 16 and M = 3[1], the implementation complexity of MSPN-
Alignment and MSPN-Optimal reads O (144) and O (4096), respectively. 
Obviously 96.5 percent of the computational ef fort is reduced by the iterative 
channel-alignment–based PMI selection method.

Performance Evaluation
The simulated DL performance of CoMP JT in a synchronized coordinated 
network with 3 TPs is depicted in F igure 2 with dif ferent PMI selection 
approaches. The LTE CoMP transmission in Release 11[1] is used as the baseline 
and is summarized in Table 1. 

“…96.5 percent of the computational 

ef fort is reduced by the iterative 

channel-alignment based PMI 

selection method.”

Table 1: Downlink lTE parameters for the transmissions in coordinated 
hetNets
(source: Department of Communication Technologies at the University of 
Duisburg-Essen, 2013)

Parameter Setting

Bandwidth / Sampling rate 10 MHz / 15.36 MHz
F fT size / Active  
subcarriers

1024 / 600

MIMO Conf iguration 4 × 4
Transmission mode Closed-loop single layer to  

the target UE with 16 QAM and  
PMI selection per resource  
block, i.e. NSUBC = 12

Channel model Spatial channel model, SCM-B[15]

Channel estimation Estimator with mean square  
error of 0.01 for coef f icients  
in channel matrix

Receiver type IRC
Inter-cell co-channel  
interference

S/I = 10 dB (Signal to 
Interference Ratio)

In the scenario of synchronized networks, the location of the target UE is 
given by sm = s, m = 1,…,M in F igure 1. Hence, the prof ile of PW = [0, 0, 0] 
dB can be expected, where PW(m) denotes the normalized average received 
signal power from the mth TP at the UE. At the required bit error rate (BER) 
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Pbit = 10−2, SFN-SingleTP in F igure 2 only reaches the power gain of 3.2 dB 
from other TPs in contrast to the single TP transmission. SFN-AdaptiveTP 
achieves the additional dynamic point selection diversity of 0.4 dB in 
comparison with SFN-SingleTP, while SFN-VirtualTP reaches the power 
and beamforming gain jointly and outperforms single TP transmission with 
4.8 dB. Regarding JT transmission in MSPN, MSPN-LocalSNR achieves 
non-coherent suboptimal beamforming gain and MSPN-Optimal performs 
the best by capturing the maximum JT benef its in coordinated networks 
via coordinated PMI feedback. The low complex coordination-aware 
channel alignment approach of MSPN-Alignment outperforms the MSPN-
LocalSNR scheme with 3.2 dB at Pbit = 10−2 and performs only 0.5 dB close 
to MSPN-Optimal. It is worth mentioning that SFN-VirtualTP achieves 
better performance than MSPN-LocalSNR. While the link beamforming 
gain by optimal PMI selection per TP is reached, the superposition of these 
beams is however not coherent with MSPN-LocalSNR. On the other hand, 
SFN-VirtualTP does maintain the power and beamforming again jointly via 
HE[k] and as such it outperforms MSPN-LocalSNR.

CoMP Implementation in Unsynchronized Networks
In the investigation in the previous section, receive signals are assumed 
to be synchronized at the target UE. However, as we concentrate on the 
CoMP JT scheme to the target cell-edge UE, the transmission is commonly 
impacted by the timing of fset (TO) between the receive signals. Such TOs 
inherit from the unsynchronized network due to two possible reasons: the 
propagation delays from dif ferent TPs are dif ferent, and the TPs do not 

“While the link beamforming gain 

by optimal PMI selection per TP is 

reached, the superposition of these 

beams is however not coherent with 

MSPN-LocalSNR.”

F igure 2: Performance comparison between PmI selection approaches in 
synchronized coordinated hetNets with the balanced received signal power 
prof ile Pw = [0, 0, 0] db 
(source: Department of Communication Technologies at the University of 
Duisburg-Essen, 2013)
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transmit signals at the same time exactly. Regarding the layout in F igure 1, 
unsynchronized coordinated network can occur with s1 < s2 < s3. In this case the 
propagation delays of the three signals, e1, e2, e3, are dif ferent even if all TPs 
are synchronized over cellular network backhaul, yielding TO between these 
signals. Furthermore, such TO may indicate the dif ference of signal arrival 
time between heterogeneous eNodeBs or RRHs / distributed antenna ports[7] 
under the consideration of Scenarios 3 and 4 in coordinated networks. For the 
sake of the general representation, the signals from the f irst transmit antenna 
of the f irst TP, e1,1 is taken as the reference signals and tm,t are the relative TOs 
between em,t and e1,1, m = 1,…, M, t = 1,…, NT. Certainly, it holds t1,1 = 0. The 
presence of TO in single point transmission network[14] has been identif ied to 
have signif icant impact on DL transmission with distributed antenna ports. 
The focuses of this section are given on the evaluation of the impact of TO on 
the coordinated PMI feedback and the transmissions to the target cell-edge UE 
in the unsynchronized coordinated networks.

Implementation Challenges
To facilitate the analysis of coordinated transmission with TO, the 
system functions in the section “System Model” is f irst extended in the 
unsynchronized HetNet. With the presence of tm,t in the receive signals 
em,t in the time domain (regardless of noise and interference components), 
the corresponding receive signal in the kth subcarrier rm,t [k] ∈ NR×1 in the 
frequency domain can be represented by

rm,t [k] = 1
NF√ ∑ em,t [1 + Nc − tm,t    fs   ] exp

N
F
−1

1= 0

  −j2p k1
NF

=  1
NF

 ∑ ∑ 
 

 
N

F
−1N

F
−1

k' = 01= 0

hm,t [k] pm,t d [k' ]

−j2p k1
NF

× exp   j2p 
k' (1 −tm,t    fs  ) expNF


 



 



 (14)

=   hm,t [k] pm,t   d [k]exp( jjm,t [k]),

where jm,t [k] = −2k tm, t    fs     õ NF represents the subcarrier specif ic phase 
rotation caused by the TO parameter tm,t. Furthermore, NF , NC and fs denote 
the F FT size, the cyclic pref ix (CP) length and the sampling frequency of the 
system, respectively. In addition, hm,t [k] ∈  NR×1 gives the channel coef f icient 
vector from the tth transmit antenna of the mth TP, while pm,t equals the 
precoder coef f icient for the corresponding channel vector. According to 
Equation 14, system function of CoMP transmission in Equation 2 can be 
extended for the unsynchronized coordinated network such as

r [k] = ∑ ∑ rm,t
 
[k] + nT

 
[k]

M NT

m =1 t =1

M

m =1

= ∑ Hm [k]Fm [k] pmd [k] +  nT [k]  

= Hm [k]

 (15)

“…presence of TO in single point 

transmission network has been 

identif ied to have signif icant impact 

on DL transmission with distributed 

antenna ports.”
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with the diagonal phase rotation matrix of









Fm [k] =

exp(jjm,1 [k])             0                ...             0
        0            exp (jjm,1 [k])        ...             0

        0                   ...                  0     exp (jjm,NT [k])

... ... ... ...

 (16)

Obviously, Equation 15 dif fers from Equation 2 by the additional phase 
rotation matrix of Fm[k]. However, the systematic representation of receive 
CoMP JT signal in unsynchronized coordinated networks does not change 
since Fm[k] belongs to the part of channel matrix Hm[k]. Hence, the last step in 
Equation 15 equals Equation 2 by replacing Hm[k] with Hm[k]. Consequently, 
the IRC scheme for the system Equation 15 equals 

M

m =1

mT
IRC = ∑ pH

m [k] H H m [k] RnTnT 
[k],−1

yielding the averaged post-SNR over NSUBC subcarriers of

g = ∑ Ed ∑ pH
m [k] H H m [k] RnTnT 

[k] ∑ H 
m [k] pm [k]

SUBC M M

k =1 m=1 m=1

N

−1 . (17)

PMI Selection under TO
For the PMI selection in unsynchronized coordinated networks, the transmit 
covariance matrix 

Rm, m [k] = H H m [k] RnTnT 
[k] Hm [k] = F  Hm [k] Rm, m [k] Fm [k].−1  (18)

plays an important role. Furthermore, the modif ied cross-TP covariance matrix

rm,n [k] = H H m [k] RnTnT 
[k] Hn [k] = F  Hm [k]rm,n [k]Fn[k].−1  (19)

impacts PMI selection as well. Obviously, F m [k] = exp(jjm,1[k])I  if all TOs 
are only dependent of the index m, that is tk,m,1 = tk,m,t, t = 2,…, NT, ∀m.

Considering the PMI selection for a single TP transmission with 
unsynchronized and distributed antenna ports, the TP specif ic PMI selection 
in Equation 5 turns into 





q

i ∈℘
pm = arg max qH

i

SUBC

k=1
∑ Rm,m [k] qi  ,
N

 (20)

according to the transmit covariance matrix in Equation 18. Hence, if there 
is no phase dif ference between antenna ports, Equation 20 equals the PMI 
selection in synchronized networks in Equation 5 and the selection results will 
not change. With the deployment of unsynchronized coordinated HetNets 
in SFN, SFN-SingleTP follows Equation 20 to select the PMI for the serving 
TP. SFN-AdaptiveTP does the same, but uses Equation 20 to select the 
PMI for the TP having the strongest DL channel. Similar to the single point 
transmission, no influence of tk,m,t, m = 1,…,M on the PMI selection with 
SFN-Single TP and SFN-Adaptive TP exists if tk,m,1 = tk,m,t, t = 2,…, NT, ∀m. 
In SFN-VirtualTP the equivalent channel matrix HE [k] is evaluated with the 
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phase rotation matrix Fm [k], such as H E [k] =∑M

m=1
Hm [k] . Hence, the PMI 

selection (Equation 10) is changed to 

ps = arg max qH
i   ∑  ∑ Rm,m [k]+∑  rm,n [k]   qi,

 

 q

i
∈℘

SUBC

k=1

N M

m=1 m,n ∈[1,M  ]
m ≠ n

according to Equation 18 and Equation 19. It is clear that the PMI selection 
based on SFN-VirtualTP will be af fected by the dif ferent TOs between 
antenna ports in Rm,          m[k] and between TPs in rm,n[k].

The approach of MSPN-LocalSNR applies Equation 20 to select PMI for each 
TP. Hence, TOs between antenna ports result in impacts on the TP-specif ic 
PMI selection. If tk,m,1 = tk,m,t, t = 2,…,NT , ∀m, the same PMI will be selected 
by MSPN-LocalSNR in unsynchronized as well as synchronized networks 
under the same instantaneous CSI, even if tk,m,1 ≠ tk,m’,1, m ≠ m’. Under the 
consideration of all TOs as the part of CSI, the coordinated PMI selection in 
Equation 11 can be updated with Equation 18 and Equation 19 resulting in

∑ qH
im ∑ Rm,m [k] qim

M

m=1

SUBC

k =1

N

+ ∑  qH
im ∑ rm,n [k] qin

m,n ∈[1,M  ]
m ≠ n

SUBC

k =1

N










[qi1
,... qiM

] ∈℘M×1
[p1,..., pM] = arg max  (21)

for MSPN-Optimal. In the case of applying the low complex PMI selection 
of MSPN-Alignment in the unsynchronized coordinated network, the 
coordinated PMI selection based on iterative channel alignment in Equation 
12 turns into

[p1,..., pM] 

(22)

[qi1
,..., qiM] ∈℘M×1

= arg max ∑
M

m=1
  

qH
im ∑ Rm,m [k] qim +2ℜ    ∑ qH

im ∑rm,n [k] qim

SUBC SUBC

k=1 k=1

N N
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= γ x,m











SUBCN

n=1

m−1[qi1
,..., qiM] ∈℘M×1 ∑

M

m=1

= arg max
∑ (qH

im
F Hm [k]) Rm,m [k] (Fm [k] qim)

+ 2ℜ   ∑ ∑ (qH
im
F Hn [k]) rm,n [k](F m [k] qim)

k =1
SUBC

k =1

N














based on which, the f inal PMI selection in Equation 13 is changed to be

pm = arg max γ  x, m
q

im
∈℘ . (23)

As it can be seen from the previous analysis, the coordinated PMI feedback 
generated by MSNP-Optimal and MSPN-Alignment are more af fected by the 
TO through Rm,m [k] and rm,n [k] . However, all the updated representation of 
PMI selection approaches for the unsynchronized coordinated networks are 
the same as for the synchronized one, except that the per-TP-channel matrices 
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Hm [k] are replaced by Hm [k]. Since Fm[k] is dependent on subcarrier index k, 
coef f icients in Hm[k] must be obtained in the same subcarrier. With the proper 
receiver design, the phase rotation matrix Fm[k] must be covered directly in 
channel estimation process with Hm [k]. 

Furthermore, the second step in Equation 22 indicates that the phase rotation 
matrix Fm[k] changes the phases of predef ined coef f icients of the precoders. 
Hence, the actual applied equivalent precoder per TP dif fers from the selected 
precoder (via PMI). Such dif ference is considered within the computation of 

covariance matrices of SUBC

k=1
N

∑    Rm,m [k]  and SUBC

k=1

N
∑    rm,n [k] so that the applied 

coordinated precoder matches to the desired one, that is, the one maximizing 
post-SNR in Equation 17.

Performance Evaluation
The performance of COMP JT in an unsynchronized coordinated network is 
depicted in F igure 3. This scenario is realistic for the transmission to the target 
cell-edge UE, which sees dif ferent distances to dif ferent TPs and faces TO of 
[tk,1,1, tk,2,1, tk,3,1] = [0.0, 1.0, 2.0] µs and an imbalanced received signal power 
prof iler PW = [0, −3, -6] dB. With quasi-collocated antenna ports at a single 
TP[16], it holds tk,m,1 = tk,m,t, t = 2,…,NT, ∀m. Comparing with F igure 2,
 all PMI approaches degrade in the unsynchronized and power-imbalanced 
networks in F igure 3. However, the main factor resulting in such degradation 
is the imbalanced receive signal power. In comparison to the 3.2 dB JT gain 
in F igure 2, both SFN-SingleTP and SFN-AdaptiveTP converge together 
and are only 0.9 dB better than the single TP transmission due to the loss 
of received signal power from TP2 and TP3. Similarly, SFN-VirtualTP and 
MSPN-LocalSNR perform nearly the same and provide about 1.8 dB JT gain. 
The benef its observed in SFN-VirtualTP are no longer signif icant in contrast 
to MSPN-LocalSNR due to the power imbalance and the phase rotation 
matrix. Dif ferent from coordination-unaware PMI selection approaches 
discussed in the section “Coordination-Unaware PMI Selection,” the MSPN-
Optimal approach still provides signif icant JT gain of 4.7 dB and shows the 
lower bound in unsynchronized networks. The MSPN-Alignment in F igure 
3 keeps near optimal performance, that is, only 0.3 dB away from MSPN-
Optimal. Obviously, taking the phase rotation matrix Fm[k] into account in 
each iterative selection stage in Equation 22 enables a robust and low complex 
approach of MSPN-Alignment selecting coordinated PMIs and aligning 
channels from dif ferent TPs coherently.

Continuing the study of the impact of TO on JT to the target cell-edge UE, 
the scenario in F igure 3 is further extended with additional TO between 
distributed antenna ports at each TP, such as tk,m,t = (tk,m,1+ 0.2 (t−1))µs , 
t = 1,...,4. The simulation results are depicted in F igure 4. With the presence 
of TO [tk,1,1, …, tk,1,4] between non-collocated antenna ports of the serving 
TP, single TP transmission is 0.3 dB worse in F igure 4 than in F igure 3. 
Such a loss is caused by the subcarrier dependent phase rotation matrix Fm 

[k]. Within NSUBC of 12 subcarriers, the complex-valued channel coef f icient 

phase rotation matrix Fm [k], such as . Hence, the PMI 
selection (Equation 10) is changed to 

according to Equation 18 and Equation 19. It is clear that the PMI selection 
based on SFN-VirtualTP will be af fected by the dif ferent TOs between 
antenna ports in Rm,          m[k] and between TPs in rm,n[k].

The approach of MSPN-LocalSNR applies Equation 20 to select PMI for each 
TP. Hence, TOs between antenna ports result in impacts on the TP-specif ic 
PMI selection. If tk,m,1 = tk,m,t, t = 2,…,NT , ∀m, the same PMI will be selected 
by MSPN-LocalSNR in unsynchronized as well as synchronized networks 
under the same instantaneous CSI, even if tk,m,1 ≠ tk,m’,1, m ≠ m’. Under the 
consideration of all TOs as the part of CSI, the coordinated PMI selection in 
Equation 11 can be updated with Equation 18 and Equation 19 resulting in

 (21)

for MSPN-Optimal. In the case of applying the low complex PMI selection 
of MSPN-Alignment in the unsynchronized coordinated network, the 
coordinated PMI selection based on iterative channel alignment in Equation 
12 turns into

 

(22)

  

based on which, the f inal PMI selection in Equation 13 is changed to be

. (23)

As it can be seen from the previous analysis, the coordinated PMI feedback 
generated by MSNP-Optimal and MSPN-Alignment are more af fected by the 
TO through Rm,m [k] and rm,n [k] . However, all the updated representation of 
PMI selection approaches for the unsynchronized coordinated networks are 
the same as for the synchronized one, except that the per-TP-channel matrices 
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F igure 3: Performance comparison between PmI selection approaches in 
unsynchronized coordinated hetNets with the imbalanced received signal 
power prof ile Pw = [−6, −3, 0] dB and the receive signal TO per TP 
(source: Department of Communication Technologies at the University of 
Duisburg-Essen, 2013)
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F igure 4: Performance comparison between PmI selection approaches in 
unsynchronized coordinated hetNets with the imbalanced received signal 
power prof ile Pw = [−6, −3, 0] dB and the receive signal TO per antenna 
port
(source: Department of Communication Technologies at the University of 
Duisburg-Essen, 2013)
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related to the last transmit antenna port has a phase change of 40 degrees 
due to TO. Hence the selected PMI for a single TP in Equation 20 is just 
a compromised result in one resource block including signif icant dif ferent 
coef f icients. The same loss of 0.3 dB between results in F igure 4 and F igure 
3 can be observed for selection approaches based on serving TP channel and 
dynamic selected TP channel, that is, SFN-SingleTP and SFN-AdaptiveTP, 
respectively. However, the equivalent sum channel HE [k] based approach 
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(SFN-VirtualTP) and per-TP-individual-selection approach (MSPN-
LocalSNR) face the loss of about 0.5 dB since the TOs occur in every TP 
channel. While the MSPN-Optimal using full-blown search gives coordinated 
PMIs and achieves unchanged lower bound in F igure 4 as in F igure 3, a cause 
of concern is the fact that MSPN-Alignment keeps also nearly unchanged, 
that is, only 0.3 dB away from MSPN-Optimal. The consideration of the 
cross-TP covariance matrix handles the TO between TPs and between antenna 
ports in MSPN-Alignment in a simple and proper way so that the desired 
coordinated PMIs yielding major JT gain can be generated. Hence, the impact 
of the TO is negligible at the SNR range, at which JT gain can be mainly 
captured by the channel alignment between unsynchronized TP links rather 
than the TO alignment.

Conclusion
In this article, system performance of CoMP JT in coordinated networks in 
beyond LTE Release 11 systems has been intensively studied. The main focus 
of the investigation is given on the transmission performance analysis with 
PMI selection approaches for the cell-edge users in synchronized as well as 
in unsynchronized coordinated networks. In both networks, the approaches 
generating coordinated PMIs by aligning the channels between transmission 
points outperform conventional CoMP scenario without such alignment by at 
least 3 dB. Furthermore, the systematic functions of PMI selection approaches 
remain unchanged, when the phase rotation ef fects Fm[k] caused by TO in 
unsynchronized networks is taken into account during channel estimation. 
In particular, reliable channel alignments and coordinated precoders can 
be achieved via the low complex approach of aligning PMI selection 
iteratively. Consequently, near maximum performance improvements can be 
guaranteed by this coordination-aware approach to the cell-edge users at a low 
implementation cost, even with the presence of high timing of fsets between 
transmission points.
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Consumption of bandwidth hungry applications like video streaming over 
mobile networks is on the rise due to the success of ubiquitous devices 
like smart phones and tablets. In order to meet future demands, enhanced 
multimedia broadcast and multicast services (eMBMS) was defined in the 
Release 9 specification of Long Term Evolution (LTE). This article presents 
the physical aspects of eMBMS in a easy-to-read manner to not only enable 
the reader to understand the technical details but also appreciate the design 
decisions made for eMBMS.

Introduction
Mobile multicasting and broadcasting is becoming increasingly 
attractive with smartphones being omnipresent. With the limited 
amount of spectrum available for mobile communications and with 
the ever-increasing demand for mobile services, spectral efficiency 
of mobile broadcasting and smooth integration with existing mobile 
unicast communication standards has become a focus for the mobile 
communications industry.

Traditionally, cellular systems have been intended for data transmission for 
a single user employing a dedicated point-to-point transmission, whereby it 
is possible to optimize transmission parameters for each user independently. 
In contrast, broadcast transmissions are point-to-multipoint transmissions, 
where adaptation of the transmission parameters is not possible in general 
and the transmission has to be designed for a worst-case channel scenario. 
The worst-case channel scenarios encountered in point-to-point transmissions 
are usually at the cell edge, where the interference from neighboring cells 
is strongest. In broadcast networks and more recently also in mobile 
multicast, the usage of a single frequency network (SFN) exploits over-the-
air combining of the signals from multiple transmitters and thus also avoids 
interference at the cell edges of a mobile network by combining the signals 
from multiples cells. 

The 3GPP standard for LTE includes the enhanced multimedia broadcast 
and multicast service (eMBMS), which has evolved from earlier standards 
such as 3G MBMS. In this article, we outline details of the eMBMS physical 
layer and demonstrate the advantages of the design decisions made for 
eMBMS. In particular, we introduce physical layer transmission format 
of eMBMS in the next section, and the channel scenarios and the benefits 
arising from the usage of single frequency networks are discussed in the 
subsequent section.

“…the usage of a single frequency 

network (SFN) exploits over-the-air 

combining of the signals from multiple 

transmitters and thus also avoids 

interference at the cell edges of a mobile 

network by combining the signals from 

multiples cells.”

Rainer Bachl  
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Intel Corporation 
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Physical Layer for eMBMS
In this section, we describe channels employed for transmitting eMBMS, 
as well as the frame and subframe structure used in the transmission. Single 
frequency networks (SFN) are introduced, and it is outline how a receiver can 
adapt to SFN channel scenarios. 

Channels Employed for eMBMS
As illustrated in Figure 1, a set of logical channels is defined for eMBMS 
that correspond to certain MBMS services and consist of the multicast traffic 
channel (MTCH) carrying the data and a multicast control channel (MCCH) 
providing the necessary control information to receive MBMS services, 
including subframe allocation and modulation and coding scheme.

Several MTCH and MCCH are used to support different services concurrently 
and the MTCH and MCCH are then multiplexed into the downlink 
transport channel called the multicast channel (MCH). Finally, MCH is then 
transmitted via the physical multicast channel (PMCH). In the following 
sections, we focus on the physical layer transmission of eMBMS with PMCH. 

Frame Structure for eMBMS
To adapt the data rates for eMBMS, the LTE frame structure allows for 
flexible time-multiplexing of subframes for unicast with the physical downlink 
shared channel (PDSCH) and multicast transmission using PMCH, which is 
illustrated in Figure 2. In particular, up to 6 subframes of 1 ms within a radio 
frame consisting of 10 subframes can be defined to be subframes for PMCH 
transmission. Other subframes that cannot be used for PMCH transmission 
contain the broadcast channel (PBCH) or synchronization signals (PSS, SSS), 
or are special subframes or uplink subframes for TDD duplex mode.

To further adapt the data rates for eMBMS, a pattern of 1 or 4 radio frames 
with PMCH transmissions can defined and repeated every {1, 2, 4, 8, 16, 32} 

“Several MTCH and MCCH are used 

to support different services concurrently 

and the MTCH and MCCH are then 

multiplexed into the downlink transport 

channel called the multicast channel 

(MCH).”

“…subframes that cannot be used for 

PMCH transmission contain the broadcast 

channel (PBCH) or synchronization signals 

(PSS, SSS), or are special subframes or 

uplink subframes for TDD duplex mode.”

Figure 1: Logical channel mapping
(Source: Intel Corporation 2013)
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radio frames. Therefore, the subframe ratio available for MBMS is in the range 
from 1/320 to 192/320.

Single Frequency Networks for eMBMS
Like other broadcast technologies such as ATSC M/H, DVB-T, DVB-H, 
and DVB-T2, eMBMS is specified to use a single frequency network (SFN) 
configuration where multiple eNodeBs are transmitting the same eMBMS 
contents synchronously. In particular, the eNodeBs transmit identical signals 
for PMCH, which are then combined over-the-air and received by the UE. The 
eNodeBs transmitting the same PMCH signal make up a multicast/broadcast 
single frequency network (MBSFN) area and the PMCH signal is transmitted as 
part of MBSFN subframes. Note that overlap between different MBSFN areas is 
supported, and one eNodeB may belong to up to eight different MBSFN areas, 
which can be organized to be venue specific, region specific or even nationwide.

The eNodeBs in the same MBSFN area need to be synchronized, which usually 
also implies that the entire network is a synchronized network. Although 
these eNodeBs are synchronized, their signals arrive at the UE with certain 
propagation delays. Some examples for the resulting power delay profile 

“The eNodeBs transmitting the same 

PMCH signal make up a multicast/

broadcast single frequency network 

(MBSFN) area and the PMCH signal 

is transmitted as part of MBSFN 

subframes.”

Figure 2: Example of PMCH pattern length of 1 radio frame repeating with a configurable period
(Source: Intel Corporation 2013)
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Figure 4: Example for power delay profile perceived at UE with geometry 
of -2.5dB
(Source: Intel Corporation 2013)
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Figure 5: Example for power delay profile perceived at UE with geometry 
of 0dB
(Source: Intel Corporation 2013)
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are depicted in Figures 4 and 5 for the UE geometries shown in Figure 3, 
where the dominant interferer proportion DIP1 and DIP2 correspond to the 
interference power in unicast scenarios from cell 2 and cell 3. 

While the signals from cell 2 and cell 3 cause interference in a unicast 
transmission, these signals combine constructively in a MBSFN scenario 
provided that the length of the power delay profile is shorter than the length 
of the cyclic prefix in orthogonal frequency division multiplexing (OFDM), 
which is the same condition as in unicast transmissions for avoiding inter-
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symbol interference (ISI). Note that all cells in a particular MBSFN area also 
transmit the MBSFN subframe using the same scrambling code. 

Since the composite power delay profile of the signal from multiple cells is 
longer than the power delay profile from a single cell, an extended cyclic prefix 
length has been chosen for the MBSFN region of a subframe, regardless of the 
choice of the cyclic prefix length for subframes used in unicast transmissions. 
The length of the extended cyclic prefix for MBSFN subframes is 16.7 µs, 
which covers a propagation delay corresponding to a distance of 5 km.

MBSFN Subframe Structure
Any MBSFN subframe also includes support for unicast transmissions with 
PCFICH, PDCCH and PHICH, which are multiplexed within the non-
MBSFN region of the subframe (Figure 6). In particular, PCFICH conveys the 
number of PDCCH symbols, PDCCH conveys downlink control information 
(DCI) for uplink grants and power control, while PHICH conveys 
acknowledgement (ACK or NACK) for the hybrid automatic repeat request 
(HARQ) of corresponding to subframes where the user has been previously 
scheduled for transmissions in the uplink. When PMCH is transmitted in a 
MBSFN subframe, PDCCH does not include any DCI for downlink grants 
and, hence, the number of OFDM symbols carrying PDCCH can be smaller 
than the ones in subframes used for unicast transmission. Therefore the 
number of OFDM symbols supporting unicast in MBSFN subframes has been 
limited in the LTE specifications to a maximum of 2 OFDM symbols.

“Since the composite power delay profile 

of the signal from multiple cells is longer 

than the power delay profile from a 

single cell, an extended cyclic prefix 

length has been chosen for the MBSFN 

region of a subframe…”

Figure 6: Example for MBSFN subframe structure for a cell configured 
with 4 cell-specific antenna ports and either extended or normal cyclic 
prefix
(Source: Intel Corporation 2013)
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The non-MBSFN region of a MBSFN subframe is transmitted using the 
cyclic prefix format for which the particular cell is configured, which can 
be either normal or extended cyclic prefix, while the MBSFN region is 
always transmitted using the extended cyclic prefix format. In case the cell 
is configured with normal cyclic prefix, there is a change of the cyclic prefix 
format between non-MBSFN region and MBSFN region, which also implies 
a transmission gap between the PDCCH symbols and the MBSFN region as 
depicted in Figure 6. 

The time-frequency grid of MBSFN subframes is shown in Figure 6 for 
one resource block consisting of 12 subcarriers for the case that the cell is 
configured with 4 cell-specific antenna ports. In case the cell is configured 
with 4 cell-specific antenna ports, there are always two PDCCH symbols 
transmitted as shown in Figure 6, while in case of less than 4 cell-specific 
antenna ports the reference symbols for antenna port 2 and 3 are not present 
and the number of PDCCH symbols may be reduced to one.

Since the MBSFN channel corresponds to the superposition of the channels 
from all cells in the MBSFN area, the MBSFN channel is different from the 
unicast channel and channel estimation for the MBSFN channel is supported 
with dedicated MBSFN reference symbols as depicted in Figure 6. There are 
dedicated MBSFN reference symbols corresponding only to one antenna port 
because eMBMS is supported only for single layer transmission. Since the 
power delay profile of the MBSFN channel spans more time than the one for 
the unicast channel, the MBSFN channel is also more frequency selective as 
compared to the unicast channel. To account for the larger frequency selectivity 
of MBSFN channels, the MBSFN reference symbols spacing in frequency 
direction is smaller than the cell-specific reference symbol spacing (see Figure 6), 
thus making possible channel estimation with relatively small mean squared error 
in the UE receiver.

With a single layer transmission, PMCH consists of only one transport block 
that can be decoded per subframe. The modulation and coding scheme is fixed 
per MBSFN area and selected usually either to allow reception even for the 
worst-case channel conditions within the particular MBSFN area or at least to 
provide coverage for a large percentage of users of the MBSFN area.

Receiver Adaptation to MBSFN Channel Characteristics
The characteristics of unicast channels and MBSFN channels are substantially 
different and the receiver needs to adapt to the particular propagation scenario 
encountered. As discussed in the previous section, the delay spread for MBSFN 
channels is larger than the one for unicast channels, which prompts the usage 
of different channel estimation filters based on MBSFN reference signals and 
cell-specific reference signals. 

Since MBSFN channels correspond to the superposition of the channels 
from multiple cells, the received signal power for MBSFN channels could be 
significantly higher than the received signal power for unicast channels. While 
eNodeB transmit power is often adapted for the particular channel in unicast 

“The non-MBSFN region of a MBSFN 

subframe is transmitted using the cyclic 

prefix format for which the particular 

cell is configured, which can be either 

normal or extended cyclic prefix, 

while the MBSFN region is always 

transmitted using the extended cyclic 

prefix format.”

“To account for the larger frequency 

selectivity of MBSFN channels, the 

MBSFN reference symbols spacing in 

frequency direction is smaller than the 

cell-specific reference symbol spacing…”

“The characteristics of unicast channels 

and MBSFN channels are substantially 

different and the receiver needs to adapt 

to the particular propagation scenario 

encountered.”
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transmissions, the transmit power of the eNodeB for multicast transmissions 
is usually chosen to be constant. However, the power of cell-specific reference 
signals and MBSFN reference signals can also be set independently, which is a 
further reason to choose a dedicated and MBSFN-area–specific gain control for 
multicast reception. 

The UE receiver compensates frequency offset due to errors in the eNodeB 
carrier frequency and the Doppler shift caused by the velocity of the UE with 
respect to the serving eNodeB. For reception with MBSFN channels, however, 
the frequency offset will be less pronounced since relative velocities with respect 
to multiple eNodeBs participating in the MBSFN transmission need to be 
considered and there is not only a single Doppler shift creating some distinct 
frequency offset.   

The receiver symbol timing is usually chosen such that inter-symbol 
interference (ISI) is minimized. For unicast transmissions, increasing the 
propagation delay with increased distance to the serving eNodeB implies that 
there is also a larger receiver symbol timing offset. For multicast transmissions, 
however, the symbol timing in the receiver should be chosen to minimize 
ISI for the MBSFN channel. Hence, the receiver symbol timing needs to be 
chosen specifically for the MBSFN area considered, and there is no longer a 
simple relationship between symbol timing and propagation delay with respect 
to a single transmission point (TP). 

MBSFN Channel Scenarios and Performance
MBSFN channels in synchronous networks do not suffer from interference 
generated by neighboring cells, provided (1) the neighboring cells participate 
in the transmission of the same MBSFN subframe and therefore are part of 
the same MBSFN area, and (2) the channel power delay profile for all cells are 
within the same cyclic prefix length. The following sections present simulation 
results for post-equalization SINR and spectral efficiency when employing 
MBSFN subframes.

Post-Equalization SINR in Case of Dominant Interferer 
Proportions
The benefit from employing MBSFN channels can be evaluated by comparing the 
post-equalization SINR for MBSFN channels with the one from unicast channels. 
In Figures 7 and 8, we compare the post-equalization SINR for MBSFN channels 
with the one for unicast channels whereby the UE has two receiver antennas.  
The receiver employs maximum ratio combining (MRC) for MBSFN subframes, 
and it employs MRC or interference rejection combining (IRC) for the  
unicast channel, whereby the latter is equivalent to using a MMSE receiver.[1] 
The scenario simulated consists of two dominant interferer proportions (DIP)[2], 
respectively, that have been chosen to be represent typical interferer profiles for 
unicast transmissions.[2][3] A homogeneous network with full load and inter-site 
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distance of 500 m was used in the simulations, a carrier frequency of 2 GHz and 
bandwidth of 10 MHz was selected; handover margin was 3 dB.

As can be seen from Figures 7 and 8, the largest gain of MBSFN transmissions 
over unicast transmissions is given for the low geometries, which can be as high 
as 8 dB in post-equalization SINR in this scenario. MBSFN transmissions also 
increase the SINR at higher geometries closer to the cell center, but there is no 
additional benefit for eMBMS transmissions since the modulation and coding 
scheme need to be chosen for reception with the worst-case channel conditions 
considered.

“…the largest gain of MBSFN 

transmissions over unicast transmissions 

is given for the low geometries,…”

Figure 8: Post-equalization SInr for MBSfn and unicast at geometry 
of 0 dB
(Source: Intel Corporation 2013)
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Figure 7: Post-equalization SInr for MBSfn and unicast at geometry 
of -2.5 dB
(Source: Intel Corporation 2013)
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Post-Equalization SINR for Multicast vs. Unicast in Handover 
Scenario
We consider a simple handover scenario with a network consisting of two 
eNodeBs, whereby the UE is moving from transmission point 1 (TP1) 
towards transmission point 2 (TP2). The scenario is depicted in Figure 9 for 
a homogeneous network with TP1, TP2 having equal power of 46 dBm, a 
distance of 1800 m, and handover margin of 3 dB, while Figure 10 shows a 

Figure 9: Post-equalization SInr for unicast and MBSfn channels in a 
homogeneous network scenario
(Source: Intel Corporation 2013)
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Figure 10: Post-equalization SInr for unicast and MBSfn channels in a 
heterogeneous network scenario
(Source: Intel Corporation 2013)
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unicast handover scenario for a heterogeneous network with a 20-dBm pico 
cell and a 46-dBm macro cell spaced by 800 m and 6 dB handover margin. 
Note that support for heterogeneous network scenarios is one of the key 
enhancements in LTE Release 12.

Figures 9 and 10 depict the post-equalization SINR versus the position of 
the UE with respect to TP1. In the cell center of TP1 and TP2, the SINR 
is merely limited by transmitter and receiver imperfections. When the UE 
moves from TP1 towards TP2, however, the interference from TP2 becomes 
significant in unicast reception and decreases the SINR to values below 0dB. 
When the SINR for reception from TP2 is larger than the SINR for reception 
from TP1 plus handover margin, handover from TP1 to TP2 takes place, 
which corresponds to the discontinuity in the unicast SINR curves. With 
the handover from TP1 to TP2, the UE also adjusts the symbol timing to 
minimize ISI for reception from TP2 instead of TP1. When the UE moves 
further towards the cell center of TP2, the interference from TP1 decreases 
and SINR is again increased. For a homogeneous network scenario depicted 
in Figure 9, the unicast SINR is symmetrical with respect to the cell edge, 
except for the area close to the cell edge itself where the handover occurs. 
For the heterogeneous network scenario depicted in Figure 10, the different 
power setting between pico and macro cell implies that the handover point 
is much closer to the pico cell, that is, the pico cell covers a much smaller 
area as compared to the macro cell. However, the handover margin is usually 
chosen to be larger in a heterogeneous network as compared to the one for 
homogeneous networks to extend the cell range of the pico cell.

The post-equalization SINR for unicast is compared with the one for MBSFN 
reception of multicast. When moving from TP1 towards TP2, the SINR 
decreases as the signal is weakened by the path attenuation and the noise floor is 
no longer negligible as compared to the signal power. However, the signal from 
TP2 is summed with the signal from TP1 rather than causing any interference 
and therefore the SINR for MBSFN reception remains relatively high.

In Figures 9 and 10, we distinguish the cases of MBSFN reception (1) with 
symbol timing aligned with the symbol timing that was optimized for the 
unicast channel and (2) with symbol timing optimized for the MBSFN 
channel itself.

Symbol timing derived from the unicast channel yields large losses in 
homogeneous networks at the cell edge where suboptimum symbol timing 
yields large ISI (see Figure 9). The SINR degradation becomes even more 
severe for unicast channel based symbol timing in heterogeneous networks, 
where differences of the propagation delays at the handover point also 
cause larger ISI. Note that the modulation and coding scheme for multicast 
transmissions over MBSFN areas is selected to allow reception even for 
the worst-case channel conditions or to provide at least coverage for a large 
percentage of users of the MBSFN area. Hence, SINR losses from ISI due to 
imperfect symbol timing, as shown with the blue curves in Figures 9 and 10, 
are highly undesirable.

“Symbol timing derived from the 

unicast channel yields large losses in 

homogeneous networks at the cell edge 

where suboptimum symbol timing yields 

large ISI…”



Intel® Technology Journal | Volume 18, Issue 1, 2014

152   |   LTE Physical Layer Aspects for eMBMS: Concept and Performance Evaluation 

Multicast reception over MBSFN channels with optimized symbol timing, 
however, can maintain high SINR over the entire network (refer to the red 
curves in Figures 9 and 10) and can therefore also achieve relatively high 
spectral efficiency. 

Spectral Efficiency
Spectral efficiency for MBSFN subframes has been evaluated by multiple 
companies that participated in the 3GPP standardization for eMBMS.[4] However, 
the spectral efficiency has been evaluated for MBSFN carriers with 7.5 kHz 
subcarrier spacing, which has not been standardized by 3GPP for a time-multiplex 
among multicast and unicast transmissions. In a scenario with MBSFN carriers 
with 7.5 kHz subcarrier spacing, the cyclic prefix length is doubled as compared 
to the cyclic prefix length for 15 kHz subcarrier spacing. Hence, the results from 
TR25.912[4] are not representative for eMBMS spectral efficiency in a time-
multiplex with unicast transmissions in channel scenarios with large delay spread. 
Moreover, at most 6 out of 10 subframes can be used as MBSFN subframes as 
outlined earlier in the section “Frame Structure for eMBMS.”

A realistic evaluation of spectral efficiency for eMBMS can be found by Alexiou 
et al.[6], where the subframe structure corresponds to MBSFN subframes 
as defined in LTE for a time-multiplex between unicast and multicast. The 
evaluation by Alexiou et al.[6] is done for an inter-site distance of 1732 m at a 
carrier frequency of 2 GHz and bandwidths of 1.4 MHz and 5 MHz. Three 
different approaches for transmitting eMBMS have been evaluated. In a first 
approach, eMBMS is transmitted using a modulation and coding scheme that 
ensures that even users with the lowest SINR can receive the MBSFN service. In 
a second approach, the modulation and coding scheme is selected to ensure that 
the maximum spectral efficiency over all users is achieved. In a third approach, a 
predefined setting for a target modulation and coding scheme is used. In all but 
the first approach, a spectral efficiency above 1 bit per second per hertz and per 
user can be achieved for MBSFN subframes. Note that a service provisioning 
for the user with the worst case channel conditions obviously comes at the 
expense for large spectral efficiency losses, which discards the first approach 
for practical networks. Optimization of the spectral efficiency over all users 
is also not practical as it would require exhaustive feedback from the users, 
but the second approach serves as an upper bound of the spectral efficiency 
over all users that can be achieved in the network. Finally, the third approach 
demonstrates that the high spectral efficiency can be achieved in practice with 
a predetermined modulation and coding scheme that depends only on the 
network topology rather than the individual users’ channel conditions. 

Conclusions
Multicast transmissions for eMBMS have been specified for LTE as a time-
multiplex with unicast transmissions. The transmission format and the receiver 
structure are very similar among multicast and unicast transmissions, which 
allows for an easy and economical implementation of eMBMS within a LTE 
network. The usage of SFN yields a high spectral efficiency for multicast 

“Multicast reception over MBSFN 

channels with optimized symbol timing, 

however, can maintain high SINR over 

the entire network…”
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transmissions, which is also attractive to operators that need to compete with 
other broadcasting services. 
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Multiuser (MU) MIMO is a promising technique to significantly increase 
the cell capacity in LTE systems. However, users scheduled for MU-MIMO 
may still experience strong MU interference if the channel state information 
at the base station is outdated or in small cells with a limited number of users 
available. To tackle the MU interference, an interference-aware (IA) receiver 
design is employed. Unlike the interference-unaware (IU) receiver, the IA 
receiver exploits the information about the interfering data stream in the 
decoding process, resulting in a significant performance gain while maintaining 
a moderate complexity. We evaluate the performance of both receivers in 
terms of throughput through real-time measurements carried out with the 
OpenAirInterface, an open-source hardware/software development platform 
created by EURECOM. The measurement results show that the IA receiver 
achieves significantly higher data rates compared to the IU receiver if the user 
has multiple receive antennas.

Introduction
It is well known that multiuser (MU) multiple-input multiple-output 
(MIMO) transmission can significantly increase the cell throughput compared 
to single-user (SU) MIMO transmission due to MU diversity. Therefore, 
MU-MIMO is already implemented in the 3GPP long-term evolution (LTE) 
standard Release 8[1], where it is referred to as transmission mode (TM) 5. 
However, since TM5 only supports two co-scheduled user equipment (UEs) 
with a single data stream each, the MU-MIMO mode has been extended in 
TM8 and TM9 in LTE Release 9 and 10, respectively, by introducing  
UE-specific (precoded) reference signals (RS).[2][3] In TM8 and TM9 the base 
station (referred to as eNodeB [eNB] in context of LTE) can schedule up 
to four users with a single data stream where both precoding technique and 
number of co-scheduled users are entirely transparent to the UE.

In MU-MIMO, the throughput at the UEs greatly depends on the amount of 
interference from co-scheduled users. This MU interference can be managed at 
the eNB through efficient precoding or at the UE via interference cancellation. 
If the precoding is effective, there will not be any significant MU interference 
at the UEs and thus no need to cancel that residual interference. However, in 
TM5 where the precoding is based on a very limited set of possible precoding 
vectors, efficient precoding can only be achieved if the number of users in the 
cell is large. The same holds true for non-codebook–based precoding schemes 
as enabled in TM8 and TM9, unless very accurate channel state information is 
available at the eNB, which in turn is very difficult to obtain.

Sebastian Wagner  
Intel Mobile Communications

Florian Kaltenberger  
EURECOM
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Consequently, the precoding is likely to be incapable of efficiently mitigating 
the MU interference at the UEs especially in small cells with a very limited 
number of users. Therefore, it is of paramount importance that the UEs are 
able to effectively mitigate the residual MU interference by exploiting its 
structure. 

To achieve effective interference mitigation at the UE, different receiver 
designs have been proposed in the literature. Ghaffar and Knopp[4] 
propose an optimal simplified interference-aware (IA) receiver based 
on the maximum likelihood (ML) criterion. However, the optimal IA 
receiver requires knowledge of the interfering symbol constellation, which 
is unavailable to the UE. Therefore, Ghaffar and Knopp[4] propose to use 
a fixed constellation and show that the performance degradation of the 
sub-optimal IA receiver is acceptable. Bae et al.[5] try to overcome this 
disadvantage of the IA receiver by implementing an interference modulation 
estimator prior to the IA receiver. It is shown through simulations that 
this joint receiver outperforms the IA receiver with fixed interfering 
constellation especially when the interference power is high. The question 
of the performance-complexity tradeoff of different receivers is addressed by 
Bai et al.[6], where a linear receiver termed interference rejection combiner 
(IRC) is applied to MU-MIMO. Based on simulation results under various 
channel conditions, the authors conclude that the IRC achieves the best 
performance-complexity tradeoff. However, it is important to note that the 
simulation results of Bai et al.[6] assume an infinite number of potential users 
with the 4 transmit-antenna codebook suggesting that the MU interference 
is rather low. Under higher interference levels, the simulation results of 
Bae et al.[5] show a significant performance loss of the IRC compared to 
the IA receiver. However, in practice, the amount of MU interference is 
highly dependent on the algorithms (scheduling, precoding, and so on) 
implemented at the eNB and it is therefore difficult to identify a “typical” 
MU-MIMO scenario.

In this article, we focus on TM5 applied to small-cell scenarios with few users 
in the cell and the two transmit-antenna codebook resulting in high residual 
MU interference at the UEs. The focus on TM5 is further motivated by the 
fact that at lower bandwidths (5 MHz and lower), the number of possible UE-
specific downlink control information (DCI) in the physical downlink control 
channel (PDCCH) is limited and it is very likely that the eNB is unable to 
co-schedule more than two UEs. We implemented the IA receiver proposed 
by Ghaffar and Knopp[4] on the OpenAirInterface real-time platform[7] and 
evaluate its performance through measurements under realistic channel 
conditions.

The remainder of the article is organized as follows. The next section, “System 
Model,” introduces the system model and briefly reviews the IA receiver design. 
In the section “Simulation Results,” we carry out simulations to evaluate the 
IA receiver performance under false assumptions on the interfering symbol 
constellation. The section “Real-Time Measurements” describes the real-time 
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measurement setup and presents our results. Finally, we summarize our results 
in the “Conclusion” section.

Notation: In the following, boldface lowercase and uppercase characters denote 
vectors and matrices, respectively. The operators (⋅)H and ||⋅|| denote conjugate 
transpose and norm, respectively. The N × N identity matrix is denoted ΙN , z R 
and z I are the real and imaginary part of z ∈ , respectively. The imaginary 
unit is denoted i. A random vector x ∼  (m, Q) is complex Gaussian 
distributed with mean vector m and covariance matrix Θ.

System Model
Consider a system with an nt- antenna eNB and K scheduled UEs, each 
endowed with nr receive antennas. We assume that the eNB transmits a 
single data stream sk to UE  k,(k = 1,2, ô, K )and applies a linear precoding 
technique. Under narrow-band transmission, the received signal yk ∈ nr of 
user k takes the form

yk = Hk gk sk               + Hk    ∑    g j sj +     nk

j  =1, j ≠ k,

K

MU interference
useful signal noise  

      

{

where Hk = [hk1, hk2, …, hknr 
]H ∈ 



nr3nt is the channel from the eNB to UE k, 
Gk = [ g1, g2, …, gK ]

nt × K is the concatenated precoding matrix and nk ∼

(0,σ2 Inr
) is the noise vector. Defining the effective channels of user k as  

__
 h i =

∆  
Hk  gi, (i, = 1, 2, …, K ), the received signal reads

yk =  
__

 h k sk +          ∑    
__

 h j sj +  nk.
j =1, j  ≠k,

K

The key challenge in MU-MIMO is to minimize the MU interference. 
This interference can be mitigated at the eNB by computing an 
appropriate precoder G or the interference can be accounted for in the 
receiver by exploiting its potential structure. It is well known that efficient 
interference mitigation at the eNB requires precise downlink channel 
knowledge, which can only be acquired through extensive user feedback. 
On the other hand, interference management at the receiver necessitates 
an estimate of the effective channels  

__
 h i as well as the interfering symbol 

alphabet Aj , sj ´ Aj(  j ≠ k). The LTE standard defines three possible symbol 
alphabets Ak ´ {Q 4, Q16, Q 64}, that is, QPSK, 16QAM, and 64QAM. In 
the following sections, we discuss the LTE MU-MIMO mode in more 
detail.

MU-MIMO in LTE Release 8
LTE Release 8[1] defines MU-MIMO in TM5 where two UEs can be scheduled 
simultaneously each receiving a single data stream. The UEs are aware of a 

“The key challenge in MU-MIMO is 

to minimize the MU interference”
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co-scheduled user through the downlink power offset value signaled in the 
DCI. Moreover, LTE Release 8 adopts a codebook-based precoding scheme as 
a compromise between performance and feedback overhead. The codebook  
Γ for nt = 2 is defined as

G =   1 __ 2   {(  ), (   ), (  ), (   )}√
1
1

1
-1

  1
  i

1
-i

and gk ∈ Γ. Since this codebook only offers a very limited choice of precoding 
vectors, there will remain a significant amount of MU interference at the UEs, 
especially in small cells with few users. Therefore, it is crucial to implement an 
IA receiver that exploits the knowledge about the MU interference, as opposed 
to an IU receiver that treats the interference as noise. 

MU-MIMO in LTE Release 9 and Beyond
The LTE Releases 9 and beyond allow for MU-MIMO transmission with 
UE-specific reference symbols (RS) defined as TM8 (Release 9) and TM9 
(Release 10). Transmission modes 8 and 9 enable the scheduling of up 
to four users with a single data stream or up to two users with two data 
streams each. The UE-specific RS are precoded the same way as the data, 
thus leaving the actual precoding open to implementation and entirely 
transparent to the UEs. Hence, the users are completely oblivious to 
whether the eNB applied a linear precoding technique like zero-forcing 
(ZF) or regularized ZF[8][9] or even a nonlinear technique such as Tomlinson-
Harashima precoding. However, note that such non-codebook-based 
approaches require accurate downlink channel estimate at the eNB, which 
can only be obtained via quantized codebook-based feedback in FDD 
systems. Furthermore, with UE-specific RS the UE does not know if there 
are any co-scheduled users or if it is operating in SU-MIMO mode. If the 
precoding is working well, there will not be any significant MU interference 
and thus an IA receiver will not improve the performance compared to 
an IU receiver. The UE can monitor the power of the interfering streams 
by estimating the effective channel  

__
 h j since the UE-specific RS among the 

potentially co-scheduled users are quasi-orthogonal. Subsequently, if the 
interference power {{ 

__
 h j {{
2 exceeds some given threshold, the UE will cancel 

this interference with an IA receiver.

Recently 3GPP created a new study item for LTE Release 12 on Network-
Assisted Interference Cancellation and Suppression (NAICS)[10] to study the 
potential advantages of providing additional information to the UE in order to 
support its interference cancellation abilities. In the context of MU-MIMO, 
such information could include the interfering modulation order and the 
number of interferers (co-scheduled users). If the UE receiver is capable of 
decoding and subtracting the interfering data stream, then information about 
the interfering Modulation and Coding Scheme (MCS) and resource allocation 
is required. This could be achieved by providing the UE with the Radio Network 
Temporary Identifier (RNTI) of the interfering users to decode the interfering 
DCIs and subsequently the data for successive interference cancellation. 

“…It is crucial to implement an IA 
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In our context of TM5 and the IA receiver, the only additional information 
that is required, is the interfering modulation order (that is, QPSK, 16QAM, or 
64QAM). The measurements presented in this article investigate how valuable 
this interfering modulation order is under different propagation environments.

Interference-Aware Receiver 
The IA receiver design has been proposed by Ghaffar and Knopp[4] and exploits 
the potentially available information about the MU interference, that is, the 
interfering effective channels  

__
 h j (  j ≠ k) and the interfering symbol alphabet Aj. 

In the following, we briefly review the principle of the IA receiver. 

As discussed in the previous section, each user has access to the effective 
channels  

__
 h j either through cell-specific RS and the a-priori known codebook as 

in LTE Release 8, or through UE-specific RS as in LTE Release 9 and beyond. 
Concerning the interfering symbol alphabet Aj , this information is not readily 
available to the UEs. The symbol alphabets Aj could be estimated from the 
statistics of the received signal as shown by Bae et al.[5], but this approach 
is computationally complex. Ghaffar and Knopp[11] always chose Aj = Q 16, 
independent of Ak , which is reasonable if Aj = Ak. However, if Aj ≠ Ak, we 
observe through simulations in the subsequent section, that assuming identical 
alphabets, that is, Aj = Ak performs very well even if the true interfering 
constellation is different. 

To compute the log-likelihood ratios (LLRs) Λ, required as an input to the 
channel decoder, we apply the classical ML criterion with subsequent Max-log 
approximation. Without loss of generality, we focus on UE k and hence drop 
the index k. The minimum distance λ reads

k = max
−  y − ∑ hisi    

2      

.




K

i =1si∈Ai

For nt = K = 2, omitting the common term || y ||2 and separating into real and 
imaginary parts we obtain

 λ = maxs1∈A1 {−|| 
__

 h1 ||2|s1|
2 − || 

__
 h2 ||2|s2|

2 + 2[  _ y  
 1
  R   s  1  R  +   _ y  

 1
   I
    s  1   I  ] + 2|η1|| s  2   R  | + 2|η2|| s  2   I   |}(1)

s2∈A2

with

η1 =  ρ 12  
R    s  1  

   R  +  ρ  12  
 I    s  1  

 I   −   _ y   2  
R 

η2 =  ρ 12  
R    s  1  

 I   −  ρ  12  
 I    s  1  

 R   −   _ y   2  
 I  

where we defined the matched filter outputs  _ y 1 =
∆    

__
 h   1  
 H y,  

_
 y 2 =

∆    
__

 h   2  
 H y, and the 

correlation coefficient ρ12 =
∆    

__
 h   1  
 H   

__
 h 2. Note that in Equation 1 we do not require the 

sign of the interfering symbol s2since Equation 1 is maximized if  s    2  
R   and  s   2  

 I    have 
the opposite signs of η1 and η2, respectively. Moreover, the search space for the 
ML detection can be reduced by one complex dimension since both η1 and η2 are 
independent of s2 and hence by equating the derivative of the expression in braces 
in Equation 1 to zero the optimal values of |  s 2  

R  | and |  s  2  
I   | are directly given as

|  s 2  
R  |* =   

||  
__

 h 2 ||
2

 ____ |η1|
   and |  s  2  

I   |* =   
||  

__
 h 2 ||

2

 ____ |η2|
  .
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For detailed expressions of the LLRs under various symbol alphabets the reader 
is referred to Ghaffar and Knopp.[4]

The above IA receiver is able to cancel a single interferer. An extension 
to multi-interference cancellation is not straightforward since the  
optimal interference amplitude can only be directly computed for one 
interfering symbol. To cancel more than one interferer requires a full ML 
detection, which quickly increases the complexity of the receiver. But as 
previously mentioned, the UE can monitor the strength of the interfering  
users || 

__
 h j ||

2 and decide to cancel the strongest interferer if beneficial.

Precoder Selection
User k selects the optimal precoding vector  g  k   

    that maximizes his desired 
effective channel magnitude || Hk gk ||, that is,

 g  k   
    = arg max{||Hk  g||}

g∈Γ

and sends the corresponding precoding matrix indicator (PMI) to the eNB. In 
the test configuration presented in this article, we always assume that two users 
with orthogonal precoding vectors are scheduled for transmission. Moreover, 
the above maximization is carried out over the average channel per sub-band as 
opposed to wideband PMI described by Bai et al.[6]

Simulation Results
Before carrying out real-time measurements, we do link-level simulations to 
identify the performance loss incurred by a false assumption on the interfering 
symbol alphabet Aj . Given various modulation and coding schemes (MCS), 
we measure the Block-Error Rate (BLER) for the SCM-C channel model 
[12] and average over 10,000 independent channel realizations. The system 
parameters are given in Table 1. 

Carrier Frequency 1907.6 MHz

System Bandwith 5 MHz

Number of Transmit Antennas at eNB 2

TDD Configuration 3

DL Transmit Subframe 7

UL Transmit Subframe 3

RB Allocation 8191 (all 25 RBs)

Number of PDCCH symbols 1

Table 1: System Configuration Parameters
(source: EURECOM, 2013)

Figure 1, Figure 2, and Figure 3 show the simulation results for QPSK, 
16QAM, and 64QAM interference, respectively. From these figures it can be 
observed that if the desired user has a QPSK alphabet, then the assumption on 

“An extension to multi-interference 

cancellation is not straightforward…”

*

*
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Figure 1: QPsK interference, BLER vs. snR, MCS1 = 
{9,16, 20}, MCS2 = 9, nr = 2, sCM-C, no HARQ, 10,000 
channel realization
(source: EURECOM, 2013)
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Figure 2: 16QAM interference, BLER vs. snR, MCS1 = 
{9,16, 20}, MCS2 = 16, nr = 2, sCM-C, no HARQ, 10,000 
channel realization
(source: EURECOM, 2013)

the interfering constellation has little impact on the IA receiver performance. 
Even the IU receiver performs almost as well as the IA receiver. If the desired 
constellation is 16QAM or 64QAM, we observe that the performance loss is 
more significant, especially if the interfering modulation order is high but a 
low modulation order is assumed. From these simulations we conclude that 
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Figure 3: 64QAM interference, BLER vs. snR, MCS1 = 
{9,16, 20}, MCS2 = 20, nr = 2, sCM-C, no HARQ, 10,000 
channel realization
(source: EURECOM, 2013)

choosing the symbol alphabet for the interfering stream identical to the desired 
stream, that is, Aj = Ak, is robust and results only in a small performance loss. 
Even under a false assumption on Aj the IA receiver always outperforms the IU 
receiver significantly.

We are now interested in the computational complexity of the IU and IA receiver 
and choose to measure the processing time of each receiver on an Intel® Xeon™ 
CPU E5-2690 dual-core processor clocked at 3 GHz. It should be noted that 
the implementation makes heavy use of the Streaming SIMD Extension (SSE) 
4 instruction set. The results are presented in Figure 4, where we assume that 
A1 = A2 and also plot the processing time of the Turbo decoder for comparison. 
From Figure 4, we observe that the processing time of the IU receiver increases 
only slightly with the modulation order, whereas the IA receiver complexity 
increases significantly. For 64QAM the processing time of the IA receiver is 
almost 5 times that of the Turbo decoder and 12 times the amount of the IU 
receiver. Although the IA receiver greatly increases the computational complexity 
at high modulation orders, it is precisely in that region where the subsequent 
measurements show a tremendous performance gain over the IU receiver. Note 
that the real-time implementation of the LLR computation uses multiple threads 
to meet the real-time requirements.

Real-Time Measurements
In this section we describe the real-time measurement setup and assumptions, 
the equipment, and the different measurement scenarios. The throughput is 
measured for both IU and IA receivers in TM5.

“Choosing the symbol alphabet for 

the interfering stream identical to the 
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only in a small performance loss”
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Figure 4: Processing time per subframe of the IA and 
IU receiver with nr = 2
(Source: EURECOM, 2013)
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Setup
For the test setup, we configured Time-Division Duplex (TDD) mode on 
LTE band 33 (1900–1920 MHz). The eNB and UE have two antennas, 
whereas the UE uses one antenna for transmission and one or two antennas 
for reception. The important system configuration parameters are summarized 
in Table 1.

In subframe (SF) 3, the UEs transmit their measured PMIs on the PUSCH, 
which is subsequently used in SF 7 by the eNB to precode the signals of both 
users. In our test setup, only SF 7 carries downlink data.

Note that in TM5, the data for the interfering UE (user 2) always occupies 
exactly the same time-frequency resources as the data for user 1, because the 
downlink (DL) power offset parameter, signaled in the DCI and indicating the 
presence of another user, is valid for the entire subframe. In TM8 and TM9, 
the interference could only be present partially within a codeword. The IA 
receiver should only be applied to those resources with interference; otherwise, 
in absence of interference, the IA receiver will perform worse than the IU 
receiver. As previously mentioned, the presence of an interfering user could 
be determined by monitoring the interference power and applying a suitable 
threshold to decide if interference cancellation is used.

In the measurements we use two IA receivers. One IA receiver assumes that 
the interference modulation order is the same as the desired modulation order. 
This receiver is simply termed “IA”. The other receiver is assumed to obtain the 
correct interfering modulation order through network-aided (NA) signaling 
and is referred to as “NA-IA” receiver.

Assumptions
In the measurements, we consider the scenario where only two users are 
available for TM5. The eNB always uses the PMI reported by user 1 (the 

“The IA receiver should only be 

applied to those resources with 

interference…”
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desired user) and assigns orthogonal PMIs to user 2 regardless of the 
PMI report of user 2. This scheduling scheme is optimal for user 1 but 
suboptimal for user 2 and from a cell capacity point of view. However, 
since we focus on the throughput of user 1, this scheduling scheme is 
adequate. Note that we have only two transmit antennas at the eNB 
and hence use a lower resolution codebook than Bai et al.[6] Thus, the 
interference experienced by user 1 is relatively high. This assumption is 
realistic in small cells where the number of users is likely to be small and 
orthogonal PMIs might not be available, which will result in higher MU 
interference. 

Concerning the PMI feedback, we make several assumptions. First, we ensure 
that the uplink (UL) is always error-free by transmitting with sufficient 
power. This is necessary to avoid errors in the PMI that would impair our 
receiver performance measurements. Secondly, we implement sub-band PMI 
measurements similarly to TM6, which is not foreseen in LTE Release 8 but 
later in Release 9 and beyond. However, this has no impact on the relative 
performance of the IA and IU receiver. 

Since the PMI is measured in SF 2 and applied in SF 7, the channel is 
supposed to be approximately constant during 5 SFs or equivalently 5 ms, 
which was the case during the measurements.

The LTE modem ran without protocol stack (no Hybrid ARQ) and UL and 
DL resources were statically configured. Note that, although we disabled the 
higher layers for this measurements, a similar MU-MIMO setup has been 
successfully demonstrated with complete protocol stack during the SAMURAI 
project.[13][14]

During the measurements, the receiver type is changed per frame, and 
MCS1 is random and uniformly distributed between 0 and 27. To make 
MCS2 available to the NA-IA receiver without explicit signaling, it is 
coupled to the system frame number (SFN) as MCS2 = SFN mod 28. 
Although MCS2 is not truly random, no significant change in performance 
compared to a random MCS2 has been observed. Moreover, each of the 
subsequent results was obtained by measuring over a time period of about 
2 minutes.

Equipment
The measurements are carried out with the EURECOM experimental 
OpenAirInterface (OAI) platform. The OAI implements a software-defined 
radio of the 3GPP LTE Release 8.6 standard, which runs on common x86 
Linux machines. To ensure real-time operation, we utilize the real-time 
application interface (RTAI). Furthermore, the real-time signals are transmitted 
via the PCI Express interface to the EURECOM Express MIMO 2 board  
(see Figure 5), where the base-band signal is modulated and transmitted via an 
additional RF front-end as depicted in Figure 6. The Express MIMO 2 board 
is able to receive and transmit on four channels independently and for a wide 
range of frequencies.

“…a similar MU-MIMO setup has 

been successfully demonstrated with 

complete protocol stack during the 

SAMURAI project”
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Figure 5: Express MIMO 2 board
(source: EURECOM, 2013) 

Figure 6: User equipment with Rf board
(source: EURECOM, 2013) 

Scenarios
We consider three different scenarios:

1. Indoor scenario (UE is inside building, eNB is outside) to measure 
throughput for different number of receive antennas

2. Outdoor scenario with a strong line-of-sight (LOS) channel

3. Outdoor scenario with non-LOS (NLOS) channel conditions

In all scenarios the UE is moved at low speeds to avoid a strong Doppler effect 
but to allow for an averaging of the performance over sufficiently different 
channel realizations. 
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Measurement Results
The throughput measurements for all three scenarios are presented in the 
following sections.

Indoor Scenario with Variable Number of Receive Antennas
The measurement setup consists of an eNB situated outside on top of the 
EURECOM building and the UE placed inside the building.

Figure 7 and Figure 8 show the average throughput of IU, IA, and NA-IA 
receivers with one or two receive antennas, respectively, for different values of 
MCS1. From these figures we observe that, for QPSK (that is, MCS 0,1,…,9), 
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Figure 7: MCS1 vs. average throughput with nr = 1, indoor 
scenario
(source: EURECOM, 2013)

Figure 8: MCS1 vs. average throughput with nr = 2, indoor 
scenario
(source: EURECOM, 2013)
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all receivers achieve about the same throughput irrespective of the number of 
receive antennas.

From Figure 7, we observe that the IA receiver does not offer a significant 
throughput increase if only a single receive antenna is available. However, 
the NA-IA receiver can achieve moderately higher throughput for  
higher MCS.

With two receive antennas the performance of the IA and NA-IA receivers 
improve drastically (see Figure 8), whereas the IU receiver shows a small 
performance loss, which may be explained by the varying channel conditions. 
The NA-IA receiver outperforms the IA receiver for MCS1 > 16, that is, for 
64QAM.

We conclude that an IA receiver can significantly improve the performance of 
the UE in TM5, especially if an additional receive antenna is present to allow 
for effective interference mitigation. Furthermore, the NA-IA receiver can 
improve the performance if 64QAM is used.

Outdoor Scenario with Strong Line-of-Sight Component
Figure 9 shows the measurement environment with the UE in the foreground 
and the eNB on the roof in the background. During the measurement we 
move the UE slowly in one direction and back multiple times.

Figure 9: Outdoor scenario with strong LOs 
channel
(source: EURECOM, 2013)

“With two receive antennas the 
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Figure 10: MCS1 vs. average throughput with nr = 2, outdoor 
scenario with strong LOs channel
(source: EURECOM, 2013)
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Figure 10 depicts the measurement results for all three receivers. It can be 
observed that both IA and NA-IA receivers achieve maximum throughput 
for MCS1 = 16 and the IU receiver at MCS1 = 14. Although the maximum 
throughput of IA and NA-IA receivers are almost identical, the NA-IA 
receiver achieves a significantly higher throughput for MCS1 > 16, that is, for 
64QAM.

Outdoor Scenario without Line-of-Sight Component
Figure 11 shows the NLOS environment, where the UE was slowly moved 
straight until the bridge.

Figure 11: nLOs environment with enB on the roof of right building
(source: EURECOM, 2013)

“…The NA-IA receiver achieves a 

significantly higher throughput for 
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The throughput results for a NLOS channel are presented in Figure 12. It 
can be seen that the difference in maximum throughput between IA and 
NA-IA receivers is negligible and almost identical compared to the results in 
the LOS environment. Moreover, as in the LOS channel, the NA-IA receiver 
significantly outperforms the IA receiver for 64QAM modulation. These results 
suggest that the relative performance of IA and NA-IA receivers is robust to the 
propagation environment, that is, their throughput difference is similar in LOS 
and NLOS channels. 

Figure 12: MCS1 vs. average throughput with nr = 2, 
outdoor scenario with non-LOs channel
(source: EURECOM, 2013)
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Regarding the IU receiver, we observe significant performance degradation in 
NLOS compared to LOS channels, especially for MCS1 > 12. For instance, 
the maximum throughput in LOS of 481 kbps decreased to 428 kbps in the 
NLOS channel. Even more drastic is the loss at higher order modulations, for 
example, for MCS1 = 17 the throughput decreased from 273 kbps to 137 kbps. 
We conclude that the IU receiver benefits significantly from LOS environments, 
especially at higher order modulations. This is in line with the findings of Bai et 
al.[6], who showed that channel correlation is beneficial for MU-MIMO. The LOS 
component of the channel increases the channel correlation and hence renders the 
precoding more effective, resulting in lower MU interference.

Conclusion
This article evaluated the potential performance improvements of IA receiver 
designs over an IU receiver in TM5 through real-time field measurements in 
LOS and NLOS propagation environments. 

In the case of a single receive antenna, the measurements indicate that the IA 
receiver offers almost no advantage compared to the IU receiver.

However, for both single- and dual-receiver antennas, the measurements 
revealed that the NA-IA receiver significantly outperforms the IA receiver 

“The IU receiver benefits significantly 

from LOS environments, especially at 

higher order modulations”
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for higher order modulations, such as 64QAM. This result suggests that the 
signaling of the interfering modulation order can greatly improve performance 
in the case where 64QAM is applied. For lower order modulations the 
simplified IA receiver without knowledge of the interfering modulation order 
performs equally well as the NA-IA receiver. 

Moreover, the measurements indicate that the IU receiver benefits significantly 
from LOS channels compared to the IA receivers, especially at higher order 
modulations. In the case of QPSK, even the IU receiver achieves the same 
throughput as the IA receivers. 

We conclude that a UE with IA receiver can greatly increase both cell and user 
throughput, especially with additional network assistance.
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Smartphone users struggle with short battery life, and this affects their 
device satisfaction level and usage of the network. To evaluate how chipset 
manufacturers and mobile network operators can improve the battery 
life, we propose a Long Term Evolution (LTE) smartphone power model. 
The idea is to provide a model that makes it possible to evaluate the effect 
of different terminal and network settings to the overall user equipment 
energy consumption. It is primarily intended as an instrument for the 
network engineers in deciding on optimal network settings, but could also 
be beneficial for chipset manufacturers to identify main power consumers 
when taking actual operating characteristics into account. The smartphone 
power consumption model includes the main power consumers in the cellular 
subsystem as a function of receive and transmit power and data rate, and is 
fitted to empirical power consumption measurements made on state-of-the-art  
LTE smartphones. Discontinuous Reception (DRX) sleep mode is also 
modeled, because it is one of the most effective methods to improve 
smartphone battery life. 

Energy efficiency has generally improved with each Radio Access Technology 
(RAT) generation, and to see this evolution, we compare the energy efficiency 
of the latest LTE devices with devices based on Enhanced Data rates for 
GSM Evolution (EDGE), High Speed Packet Access (HSPA), and Wi-Fi*. 
With further generations of RAT systems we expect further improvements. 
To this end, we discuss the new LTE features, Carrier Aggregation (CA) and 
Enhanced Physical Downlink Control Channel (EPDCCH), from an energy 
consumption perspective. 

Not surprisingly, the conclusion is that having the cellular subsystem ON, 
and in addition, transmit powers above 10 dBm, have the largest effect on UE 
power consumption, and that the combination of high data rates and long 
sleep periods is the optimal combination from a user equipment energy-saving 
perspective. 

Introduction
The battery life of smartphones has become shorter as smartphones have 
become more advanced, both due to slow battery capacity evolution, but also 
due to bigger displays, faster and more processor cores, and more complex 
Radio Access Technologies (RATs).

The power consumed due to use of various RATs depends on the hardware 
and software within the device, and in addition on the RAT network setup. 
To analyze and minimize the power consumption caused by suboptimal 
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network setup, the responsible network engineers require a model that 
describes the smartphone power consumption as a function of relevant 
parameters.

In recent literature the smartphone power consumption has been studied 
either by running a meter application on the phone[1][2] or by using a dummy 
battery[3][4][5], which logs the current drain. The latter option seems to be 
the best because it does not introduce any additional signal processing and 
hardware routines in the smartphone. In some articles, the authors[4][2] have 
connected the smartphone to a live, commercial network, while others have 
performed conducted tests using a base station emulator in a laboratory.[3][5] 
The emulator setup is preferable because it provides the full control and 
logging of all relevant network parameters such as resource allocation and 
power levels, while also being a realistic “live” connection.

Few public measurements of LTE smartphones are available, and most of 
the literature unfortunately only reports power consumption for a limited 
number of parameters. One article[4] provides the power consumption as a 
function of data rates, but with no information about the transmit (Tx)  
and receive (Rx) power levels, while another[5] only reports power 
consumption as a function of Tx power. Therefore we decided to provide a 
new model, which includes the most relevant network parameters, that is 
Tx and Rx power levels and data rates. Our first LTE power model[6] was 
based on commercial Universal Serial Bus (USB) dongles, which were not 
optimized for low power consumption, but the model did not include DRX 
and cell bandwidth. Therefore we presented an updated model[3] where 
the power consumption of three different LTE smartphones, commercially 
available in fall 2012, was examined. Comparing our dongle and 
smartphone measurements, it is clear that the cellular subsystems develop 
fast and that the power consumption improves with each generation. 
Therefore it is of interest to examine how it has evolved with the launch of 
the latest LTE chipsets. 

In this article we present our recent measurements on LTE smartphones and 
compare with the previous generations.[3][6] We also discuss the observed energy 
efficiency (EE) improvement and compare it with other wireless RATs. Finally 
we discuss how the LTE power consumption can be lowered in the future by 
use of micro sleep and Carrier Aggregation.

The article is organized as follows: in the next section we introduce our 
smartphone power consumption model, and in the following section, 
“Experimental Assessment,” we present the measurement campaign we have 
carried out to assign meaningful values to the model. Then we define energy 
efficiency (EE) and provide a comparison of EE in wireless RATs in the section 
“Energy Efficiency Evolution,” and in connection with this we discuss micro 
sleep and carrier aggregation as future power optimization possibilities in the 
section “Energy Efficiency Improvements.” In the last section we present our 
conclusions.
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Smartphone Power Consumption Model
In this section the smartphone power consumption model, originally 
developed for the dongle measurements[6] but also applicable here, is presented. 

The model covers the LTE cellular subsystem and the overall power 
consumption is defined as:

Pcellular = mcon × Pcon + midle × Pidle + mDRX × PDRX [W] (1)

where m is a binary variable describing whether the UE is in RRC_connected 
(con), RRC_idle (idle), or DRX mode. The associated P value describes 
the power consumption in the given mode as a function of mode specific 
parameters.

The power consumption model of RRC_connected mode is divided into 
Tx and Rx Base Band (BB) and Radio Frequency (RF) functional blocks, 
which each define the power consumption as a function of either Tx or Rx 
power levels (S) and data rates (R). The model, sketched in Figure 1, was 
divided into those blocks[6] because they each have a distinct parameter, 
for example, transmit power STx in the Tx RF, which primarily affects the 
power consumption of that block. Therefore the power consumption can be 
measured independently of the other blocks’ contributions by varying the 
block-specific parameter. Our empirical measurements[3][6] have consolidated 
this division.

“The power consumption model of  

RRC_connected mode is divided into 

Transmit and Receive Base Band  and 

Radio Frequency  functional blocks…”

“…the power consumption can be 

measured independently of the other 

blocks’ contributions by varying the 

block-specific parameter.”

Figure 1: LTE smartphone cellular subsystem power model 
(Source:  Mads Lauridsen, Aalborg University, 2013)
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The RRC_connected mode power consumption is:

Pcon = Pon + mRx × (PRx + PRxBB(RRx) + PRxRF(SRx)) + mTx × 
(PTx + PTxBB(RTx) + PTxRF(STx)) [W] (2)

The constants Pon, PRx, and PTx describe the power consumed when the cellular 
subsystem is ON, the receiver is actively receiving, and the transmitter is 
actively transmitting, respectively.
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In RRC_idle mode the UE is mainly in a low-power sleep mode. It wakes 
up periodically to see whether there is an incoming paging message from the 
network. The period is defined by the network-controlled paging cycle t_pc. This 
behavior resembles the DRX power consumption, and therefore the DRX model, 
which is presented in the next section, is used to calculate RRC_idle mode power 
consumption P_idle of Equation 1. This is however an approximation because the 
number of tasks required in RRC_idle is far less compared to RRC_connected.

DRX Power Consumption Model
Sleep modes are one of modern RATs’ most important methods to achieve high 
EE. The Connected Mode DRX sleep mode is standardized in LTE, and has 
also been included in recent versions of 3G. The idea is that the UE is scheduled 
periodically by the network, hence it knows when to be active and when it 
can sleep. The LTE DRX allows for periods of 10–2560 ms, so the period can 
be well adjusted to the data type. Furthermore the network can specify how 
long the UE must remain ON during each period, known as the On Duration 
t_onD, and whether it must remain active for a certain period after successfully 
decoding data. The UE power consumption as a function of time, when using 
DRX, could therefore be expected to look as sketched in Figure 2. 

There are however multiple tasks that prevent the phone from performing as in 
Figure 2. They include but are not limited to[7]:

 • The use of different clocks. In deep sleep mode the UE typically uses a low-
power low-precision 32 kHz crystal to keep track of the System Frame Number 
(SFN), whereas it needs to power on a high-precision clock to achieve a proper 
phase reference for all clocks used when the cellular subsystem is ON. 

 • The wakeup phase. To enable demodulation, the UE obviously needs a 
phase lock of the BB Phase Locked Loop (PLL) synthesizer, but also a stable 
RF subsystem. The latter entails phase-locked RF PLL, stable Automatic 
Gain Control (AGC), programming of channel filters, and possibly a 
calibration of certain components.

 • The synchronization phase. This requires demodulation of LTE’s primary 
and secondary synchronization signals, which are sent every 5 ms, and 
possibly also decoding the Physical Broadcast Channel to get the SFN and 
other basic information. While this is being performed, channel estimation 
is also carried out.

 • Power-down phase. In this phase the UE does not need to perform 
decoding, calibration, or any other time-consuming tasks, but powering 
down the components also takes time, and therefore the phase is included. 

Due to the aforementioned tasks, the LTE DRX UE power consumption is as 
illustrated in Figure 3.

Comparing Figure 3 with Figure 2, you can see that the standardized tonD 
remains the same while the sleep time tsleep is shortened due to the introduction 
of the wakeup (twup), synchronization phase (tsync), and power-down phase (tpd), 
all of which are functions of the DRX period tLP, because it is the deciding 

“Sleep modes are one of modern RATs’ 

most important methods to achieve high 

energy efficiency.”

“…the UE is scheduled periodically 

by the network, hence it knows when 

to be active and when it can sleep. 

The LTE DRX allows for periods of 

10–2560 ms…”

Figure 2: Ideal LTE DrX behavior
(Source: Mads Lauridsen, Aalborg  
University, 2013) 
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Figure 3: realistic LTE DrX behavior
(Source: Mads Lauridsen, Aalborg  
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factor for which sleep power level is used. The shorter sleep time means that 
the average power consumption is increased.

The sleep time is calculated as 

tsleep(tLP,tonD) = tLP 2 (twup(tLP) + tsync(tLP) + tpd(tLP) + tonD)[s]  (3)

Combining it with the energy consumed during the wakeup, synchronization, 
and power-down phases Ewup/pd+sync(tLP), the average DRX power consumption, 
excluding the power consumed in the On Duration, is

PDRX(tLP, tonD) = (tsleep(tLP,tonD) × Psleep + Ewup/pd+sync(tLP))/(tLP2tonD)[W] (4)

Combining this value with the power consumption and length of the On 
Duration, the total power and energy consumption of a DRX period can be 
calculated and applied in system level simulations.

The DRX model uses average power, and therefore the results cannot be used 
for Transmission Time Interval (TTI) simulations, but only system-level 
simulations with a longer time perspective. Note however that Pcon is applicable 
on the TTI level.

Experimental Assessment
Each of the proposed model’s functional blocks depend on one specific 
parameter, and in this section it is described how the functions are derived 
using experimental measurements. 

The assumption is that a given block’s function can be assessed experimentally 
by varying the function-specific parameter, such as the RTx of the Tx BB, while 
keeping the other parameters STx, RRx, and SRx constant and at a level where 
they will influence the measurement the least. 

The parameters are varied by adjusting the Modulation and Coding Scheme 
(MCS), number of Physical Resource Blocks (PRBs), and Rx and Tx powers  
S. For example the receive data rate RRx can be varied by adjusting the 
Downlink (DL) MCS and the number of DL PRBs.

A least one test case (TC) is then designed for each of the model’s four functions 
(see Table 1), and to enable a comparison with our previous work[3] the same 
TCs are used. The varied parameter is shown in brackets. We have previously[3] 
applied the TCs in 10, 15, and 20 MHz cell bandwidth. The measurements 
showed a very linear relationship with bandwidth and therefore the TCs are 
only performed in 20 MHz cell bandwidth in this study.

The TCs in Table 1 are furthermore designed such that a common point 
exists. The point uses DL MCS 0, DL PRB 3/4, Uplink (UL) MCS 5/6, UL 
PRB 100, and constant powers. In addition TC 2 and 4 have an initial test 
point using 0 PRBs in either DL or UL. By comparing these three points the 
cellular subsystem ON power Pon, and the power consumption of having active 
reception PRx and transmission PTx can be determined.

“The DRX model uses average power, 

and therefore the results cannot be 

used for Transmission Time Interval 

simulations, but only system-level

simulations with a longer time 

perspective”



Intel® Technology Journal | Volume 18, Issue 1, 2014

An Empirical LTE Smartphone Power Model with a View to Energy Efficiency Evolution    |   177

Test Case

Downlink parameters Uplink parameters

MCS PRB SRx MCS PRB STx

Rx BB 1 [0,28] 100 − 25 6 100 − 40

2 0 [0,100] − 25 6 100 − 40
Rx RF 3 0 100 [− 25,− 90] 6 100 − 40

Tx BB 4 0 3 − 25 6 [0,100] − 40

5 0 3 − 25 [0,23] 100 − 40
Tx RF 6 0 3 − 25 6 100 [− 40,23]

Table 1: Measurement parameters. Tests are made for cell bandwidth of 20 Mhz. In DL both 1 and 2 code words 
(Cws) are tested.
(Source: Lauridsen, Mads et al.[3], 2013)

Measurement Setup
In this study, measurements on two LTE Release 8 category 3 smartphones were 
performed to obtain updated and realistic values for the smartphone power model. 
The main characteristics of the Device Under Test (DUT) are listed in Table 2. 
They are both touchscreen phones running the Android* OS, and are connected 
to LTE band 4 with carrier frequency 2145 MHz (DL UARFCN 2300).

“In this study, measurements on two LTE 

Release 8 category 3 smartphones were 

performed to obtain updated and realistic 

values for the smartphone power model.”

UE1 UE2

OS Android 4.0.4 Android 4.1.2
Launch date June 2012 April 2013
Modem & CPU Part #A Part #B
Modem & CPU CMOS node 28 nm 28 nm
RF transceiver Part #C Part #D
RF transceiver CMOS node 65 nm 65 nm
Band 4 PA Part #E Part #F
LTE bands 4, 17 1, 2, 4, 5, 17

Table 2: DUT main characteristics
(Source: Laurent noël, Vidéotron, 2013)

UE2 is one generation newer than UE1, which we previously have examined[3], 
and therefore the UEs do not share modem and RF transceiver components as 
indicated in the table.

Power consumption measurements are performed under conducted test 
conditions, that is, the DUT is connected to an Anritsu 8820c eNodeB emulator 
via a pair of RF coaxial cables. A Faraday cage is used to ensure adequate DUT 
RF isolation from surrounding commercial LTE and HSPA+ networks. An 
Agilent N6705B power supply is connected to the DUT via the OEM’s respective 
dummy batteries. Both supply voltage and current consumption are logged with 
microsecond time accuracy over at least 30 seconds per measurement point. Each 
power consumption log is then post-processed on a computer to determine the 
average power consumption. The accuracy of the measurement is estimated  
at +/− 10 mW in cell-connected mode. The setup is illustrated in Figure 4. 

“UE2 is one generation newer than 

UE1 and therefore the UEs do not 

share modem and RF transceiver 

components…”
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Note that the use of a dummy battery, and especially the length and diameter 
of the connecting wires, have a non-negligible effect on the accuracy of the 
DRX time measurements, which is difficult to prevent.

Uplink Characterization
The main contributor to cellular subsystem power consumption is the 
transmitter, and in this section the power consumption as a function of the two 
UL parameters in Equation 2 is reported.

A transmitter is usually composed of a single chip RF transceiver and one 
external power amplifier (PA). The PA’s high gain mode is activated when the 
required transmit power exceeds a certain limit, and it entails a major increase 
in power consumption. We have however previously shown[8] that transmitting 
with high power and high data rates may be the most energy-efficient solution, 
depending on the type of data and propagation scenario.

Previous measurements[3][6] on older generations of LTE UEs, including UE1 
of this study, have revealed a major power consumption increase when the 
transmit power exceeds 10 dBm. As illustrated in Figure 5, based on TC 6, 
this is also the case for the new UE2. Comparing the power consumption of 
UE1 and UE2, it is clear that the baseline power consumption has improved 
considerably in UE2. For transmit powers below 0 dBm the improvement is 
in the order of 35 percent. On the other hand, the PA used in UE2 is not as 
efficient as the one used in UE1, since the power consumption gap decreases 
for transmit powers above 10 dBm. This means the energy savings are reduced 
for high transmit power, but this may not be the case for other UEs because 
the PA is a component, which is available in many versions and designs, and 
because many tradeoffs are possible when specifying PA performance. For 
further information refer to the discussion in Holma et al. [7] on PAs.

The blue dotted line in Figure 5 represents the model fit for the functional Tx RF 
block. The design of the fit and the function’s values are presented in the subsection 
“Model Parameterization.” Observe the blue dotted line is present in the following 
measurement results as well, and that it covers the related functional block fit.

The 35 percent power reduction between UE1 and UE2 is also observed 
when examining the power consumption as a function of UL data rate as in 
TC 4 and 5, where the transmit power and DL parameters are kept constant. 
The result of TC 5 is shown in Figure 6, and it illustrates that the UE2 power 
consumption is completely independent of the UL data rate. In some UEs, 

“The PA’s high gain mode is activated 

when the required transmit power 

exceeds a certain limit, and it entails a 

major increase in power consumption.”

“…the UE2 power consumption is 

completely independent of the UL  

data rate.”

Figure 4: Measurement setup using the enodeB emulator
(Source: Mads Lauridsen, Aalborg University, 2013)
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including the UE1, a step is observed when the modulation scheme is changed 
from QPSK to 16QAM. The reason is believed to be that certain PAs require 
a different bias/linearity setting to deliver the best compromise between power 
consumption and PA spectral emissions. 

“…certain PAs require a different 

bias/linearity setting to deliver the best 

compromise between power consumption 

and PA spectral emissions.”

Figure 5: Supply power consumption as a function of transmit power
(Source: Mads Lauridsen, Aalborg University, 2013)
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Figure 6: Supply power consumption as a function of UL data rate
(Source: Mads Lauridsen, Aalborg University, 2013)
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Comparing the common point (UL MCS 6, UL PRB 100, Tx P -40 dBm) of 
Figure 5 and Figure 6, a maximum difference of 3.3 mW is observed, so there 
is good consistency between the measurements.

The UL parameter results illustrate how the new UE2 have improved the 
power consumption approximately 35 percent, but also that the choice of PA 
greatly affects the overall power consumption and that it can eliminate the 
advantage obtained by switching to a newer transceiver. 

The results furthermore show that network designers can aim for the highest 
UL data rate without affecting UE power consumption, but that transmit 
powers above 10 dBm must be avoided when possible.

Downlink Characterization
As opposed to the UL, the DL of LTE Release 8 allows for use of Multiple 
Input Multiple Output (MIMO) antenna configuration, more specifically 
2x2. Actually all UEs are required to have two Rx antennas, and therefore 
Rx diversity can be expected to be applied for all single-stream receptions. 
Furthermore spatial multiplexing, using two streams, is applicable in favorable 
channel conditions. This can greatly improve the DL data rate, but since the 
examined UEs are category 3, the DL data rate is limited to 100 Mbit/s.[9]

Figure 7 shows the power consumption as a function of received power, based 
on TC 3, and as expected the improvement from UE1 to UE2 is at least  
30 percent. Furthermore observe that UE2 applies a different gain adjustment 
scheme. The insert of Figure 7 highlights how the scheme adjusts the gain 
of the Low Noise Amplifier in multiple steps in order to ensure a good 
compromise between the amplifier’s linearity and power consumption. 

The result of TC 1, used to examine the DL data rate’s effect on power 
consumption, is shown in Figure 8. The Turbo decoding complexity is known to 
scale linearly with DL data rate[10], and this is clearly observable in the figure. The 
decoder power consumption does however not scale with the same proportion 
because increasing the data rate by a factor 10, for example from 5 to 50 Mbit/s, 
only increases the power consumption about 5 percent. This implies it is much 
more energy-efficient to run at high data rates. This is good for high data rate 
applications such as file transfers and high quality video streaming.
Finally it is interesting to observe that the use of two CWs only add a constant 
offset to the power consumption.

Comparing the common point (DL MCS 0, DL PRB 100, Rx P–25 dBm) 
of Figure 7 and Figure 8, good consistency is again observed because the 
maximum difference is 1.4 mW.

The measurements on DL parameters showed the same 30–35 percent power 
consumption improvement as in UL, and that high data rates, similar to UL, 
results in the best EE.

“…network designers can aim for the 

highest UL data rate without affecting 

UE power consumption, but that 

transmit powers above 10 dBm must be 

avoided when possible.”

“…increasing the data rate by a factor 

10, for example from 5 to 50 Mbit/s, 

only increases the power consumption 

about 5 percent.”



Intel® Technology Journal | Volume 18, Issue 1, 2014

An Empirical LTE Smartphone Power Model with a View to Energy Efficiency Evolution    |   181

Figure 7: Supply power consumption as a function of receive power
(Source: Mads Lauridsen, Aalborg University, 2013)
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Figure 8: Supply power consumption as a function of DL data rate
(Source: Mads Lauridsen, Aalborg University, 2013)
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DRX Characterization
To examine DRX power consumption, the UEs were connected to the base 
station emulator and Connected Mode DRX was initiated. The DRX Long 
Period (LP) was varied from 32 ms to 256 ms, while the On Duration was 
set to 1 ms. When LP is less than 32 ms the UE does not enter a sleep mode 
at all and therefore DRX Short Period was not examined. Figure 9 shows two 
measurements on UE2 using DRX LP of 40 and 64 ms. 

“When LP is less than 32 ms the UE 

does not enter a sleep mode at all and 

therefore DRX Short Period was not 

examined.”

Figure 9: UE2 power consumption for DrX LPs 40 and 64 ms
(Source: Mads Lauridsen, Aalborg University, 2013)

DRX LP 40 ms
DRX LP 64 ms

0
0

100

200

300

400

500

600

700

800

900

1000

10 20 30 40

Time [ms]

twup ton tpd

50 60

D
ee

p 
sl

ee
p

P
sl

ee
p 

5
 2

0.
3 

m
W

P
sl

ee
p 

5
 3

46
 m

W

tonD 5 1 ms

Light sleep

S
up

pl
y 

po
w

er
 [m

W
]

Device tLP Psleep twup tpd tsync Ewup/pd+sync

UE1 ≤ 40 ms 570 mW 6 ms 9 ms 8 ms 19.2 mJ
UE2 ≤ 40 ms 346 mW 0.7 ms 0.6 ms 6.7 ms 6.45 mJ
Improvements 39% 88% 93% 16% 66%
UE1 ≥ 80 ms 29 mW 26 ms 21 ms 21 ms 41.4 mJ
UE2 ≥ 64 ms 20 mW 16 ms 10 ms 16 ms 19.3 mJ
Improvements 31% 38% 52% 24% 53%

Table 3: Measured DrX parameters. on Duration is 1 ms
(Source: Mads Lauridsen, Aalborg University, 2013)

Based on the DRX measurements, values for power consumption and duration 
of each phase have been derived. The results are given in Table 3

The light and deep sleep power has improved 31–39 percent. This is as 
expected since similar improvements were noted in the previous sections. The 
ratio between power consumed in the active and sleep modes has however also 
improved from 1.8 to 2.2 and 35.6 to 39.9 for light and deep sleep respectively. 
This means the use of the sleep modes is even more effective.

“The ratio between power consumed in 

the active and sleep mode has improved 

to 39.9 for deep sleep…”
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In addition the wakeup and power-down times have also become shorter 
in the new UE2. In particular, the mode change times for light sleep have 
improved about 90 percent, which means it is much more applicable for short 
sleep periods. Previously it was discussed[3] how Nokia’s widely used LTE DRX 
power model[11] does not correspond well with reality because the active-to-sleep 
ratio was assumed to be 50 and the transition time 1 ms, but the current 
results at least indicate the UEs are approaching Nokia’s estimates. The sub-
millisecond transition time has now been achieved for light sleep, but in this 
case the active to sleep ratio is far from 50. Still the conclusion remains that 
DRX is a key method to improve smartphones’ battery life.

The synchronization time has also improved, but not as substantially as the 
aforementioned times, and the reason is the inherent limitation given by LTE’s 
synchronization structure, where the synchronization signals only appear every  
5 ms. Examining the synchronization phase after exiting deep sleep, it seems like 
there is room for improvement, but it must also be noted that achieving proper 
AGC and a valid channel estimate becomes more difficult when the UE has 
been sleeping for longer, because the old settings and estimates will be outdated.

The 40 and 64 ms LPs were selected for Figure 9 because they represent the 
switching point where UE2 is applying either light or deep sleep. The light 
sleep is used when the LP is short or the On Duration is long, in either way 
eliminating the use of longer sleep periods. Furthermore the use of light sleep 
also represents the lowest energy consumption. This is illustrated in Figure 10,  
where the energy consumption as a function of DRX LP and sleep mode has 

“…DRX is a key method to improve 

smartphones’ battery life.”

“…the inherent limitation given by 

LTE’s synchronization structure, where 

the synchronization signals only appear 

every 5 ms.”

Figure 10: Energy consumption when using DrX sleep modes as a 
function of DrX LP length
(Source: Mads Lauridsen, Aalborg University, 2013)
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been calculated using Table 3. The figure clearly illustrates that deep sleep is 
more energy-efficient for LP ≥ 64 ms, hence the UE sleep settings are well 
chosen in terms of energy consumption. 

Model Parameterization
When developing an empirical model it is important to evaluate how easy it is 
to update with new measurements. In our work more specifically the required 
number of measurement points per TC needed to achieve a proper fit. We 
previously discussed it[3], but now suggest the Tx BB is modeled using three points, 
since it is linear apart from the minor steps related to modulation scheme change. 
One point at each end of the data rate range is therefore sufficient, while a point 
in between is necessary as a sanity check. The Rx BB is also linear as a function of 
DL data rate and therefore three points should be sufficient. The Rx RF always 
includes UE-specific gain adjustments, which affect the power consumption, 
and therefore 5–6 points will be required to detect and model the steps of this 
piecewise linear function. The Tx RF exhibits a linear relation up to 0 dBm, thus 
the first part can be modeled using three points. For higher transmit powers, one 
measurement point per dB increase in transmit power is suggested. The reason for 
this accurate modeling is that the PA is the dominant power consumer.

Based on the above discussion it is clear how the functional blocks of the 
model in Figure 1 must be fitted to the measured data presented in the earlier 
subsections on uplink and downlink characterization. Each fit, representing 
one function in Equation 2, is based on adjusting a polynomial to the 
measured data by minimizing the least square error. The function of transmit 
power is divided into three piecewise linear sections due to its nonlinear 
behavior, while the function of UL data rate is a constant. The function 
of receive power is also divided into two sections due to the observed gain 
adjustment steps. The DL data rate function is a first order linear polynomial.

As mentioned earlier, the TCs in Table 1 are designed to have a common point, 
and the mean value of the four TCs in this point is 908 mW. By comparing 
this point with the 0 PRB point of TC 2 and 4, the cellular subsystem ON 
power, the active reception, and transmission power consumption were 
calculated. These values were then subtracted from the previously determined 
polynomials such that they can be applied in Equation 2 without contributing 
multiple times. The estimated polynomials are given in Table 4 and can be 
directly applied in Equation 2.

For information on how the UE cellular subsystem compares with the 
power consumption of screen, central processing unit (CPU), and graphics 
processing unit (GPU), refer to our previous measurements.[3] We concluded 
that the cellular subsystem contributes to 30–50 percent of the total power 
consumption depending on transmit power, screen brightness, and CPU load.

The accuracy of the model fit is examined by comparing each of the 
measurement results with the model’s estimated value. The relative error for 
each test point in each TC is illustrated in Figure 11. The maximum relative 
error is 3.3 percent hence a good fit has been achieved. 

“when developing an empirical model it 

is important to evaluate how easy it is to 

update with new measurements.”

“…the cellular subsystem contributes 

to 30–50 percent of the total power 

consumption depending on transmit 

power, screen brightness, and CPU 

load.”
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Part Polynomial Comment

PTxRF 0.78 × STx + 23.6 STx ≤ 0.2 dBm

PTxRF 17.0 × STx + 45.4 0.2 dBm < STx ≤ 11.4 dBm

PTxRF 5.90 × STx
2 2118 × STx + 1195 11.4 dBm < STx 

PTxBB 0.62

PRxRF −0.04 × SRx + 24.8 STx ≤ −52.5 dBm

PRxRF −0.11 × SRx + 7.86 STx > −52.5 dBm

PRxBB 0.97 × RRx + 8.16

ON 853, 29.9, 25.1 Cellular subsystem, Tx, Rx active

Table 4: Polynomial fits in mw for the UE2-based model
(Source: Mads Lauridsen, Aalborg University, 2013)

Figure 11: relative error between estimated and measured power
(Source: Mads Lauridsen, Aalborg University, 2013) 
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Energy Efficiency Evolution
The measurements, presented in the previous sections, clearly showed the 
power consumption of LTE UEs have improved with each new chipset 
generation. The question is how the improvement compares with other 
modern RATs. We use the metric EE defined as the number of joules required 
to transfer one bit. In most articles the instantaneous power consumption is 
given as a function of data rate, but this is equal to EE: 

P [W] / R [bit/s] > W × s/bit = J/bit

“The measurements clearly showed 

the power consumption of LTE UEs 

have improved with each new chipset 

generation.”
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Our study is based on a review of power consumption measurements reported 
in recent literature; EDGE, HSPA, and Wi-Fi* 802.11g (Wi-Fi) has been 
reported for an HTC Hero by Wang and Manner[12], Friedman et al.[13] 
analyzed Bluetooth* (BT) 2.0 and Wi-Fi power consumption in a Samsung 
i900*, while Perruci et al.[14] covered BT 2.0, GPRS, HSDPA, and Wi-Fi using 
a Nokia N95. Xiao et al.[15] examined Wi-Fi using both a Nokia N95* and a 
Nexus S*. Our measurements on LTE dongles[6]

 and smartphones[3] are also 
included. In addition Texas Instruments have reported the power consumption 
of their standalone Bluetooth 4.0 Low Energy (BT LE)* chip.[16] Finally 
System-on-Chip measurements on BT LE and ZigBee are reported for UL 
by Siekkinen et al.[17] The latter two studies obviously differ because they only 
cover the RAT chip and not a fully functional phone.

The DL EE is shown in Figure 12 for the examined devices. Usually the power 
consumption is reported as a function of increasing data rate, and therefore 
Figure 12 includes the dependency on both low and high data rates. 

Figure 12: Downlink energy efficiency for modern rATs
(Source: Mads Lauridsen, Aalborg University, 2013)  
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The DL EE has generally improved with each RAT generation, as a result of 
improvements in complementary metal–oxide–semiconductor (CMOS) node 
and devices in general, but also due to changes in the technologies used in the 
RATs, such as switching from CDMA to OFDMA.[18] 

“The downlink energy efficiency has 

improved with each RAT generation, 

as a result of improvements in CMOS 

node and devices in general, but also 

due to changes in the  technologies used 

in the RATs …”
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LTE achieves both the highest data rates and the best EE, while Wi-Fi is 
number two in both categories. One interesting observation is that the slope 
between the low and high data rate points is similar for all technologies.

If the target is Machine Type Communications (MTC), with low data rate, 
none of the systems seem optimal, because the EE rapidly decreases as the data 
rate is lowered. Currently the 3rd Generation Partnership Project (3GPP)[19] 
is running a study on MTC for LTE, which includes reducing the bandwidth 
and peak data rates, together with a single RF chain and lower transmit power 
to make LTE cost competitive and energy efficient.

Comparing the EE for UL transmission is more complicated because the 
transmit power and the general range of the system plays an important role.

The result of the literature review is shown in Figure 13. As in Figure 12, low 
and high data rates are reported, when available, and additionally the transmit 
power of the device is included. 

“If the target is Machine Type 

Communications, with low data rate, 

none of the systems seem optimal, 

because the energy efficiency rapidly 

decreases as the data rate is lowered.”

Figure 13: Uplink energy efficiency for modern rATs
(Source: Mads Lauridsen, Aalborg University, 2013)  
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Again LTE proves to be the most energy-efficient RAT at high data rates, 
both for low and high transmit powers. The LE version of BT, based on TI’s 
datasheet[16], is almost as efficient at a data rate approximately two orders 
of magnitude lower. This means it is very useful for MTC, but one could 
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have expected the BT LE to be even more efficient because it was developed 
specifically for low power purposes. The limiting factor is the low data rate, 
which prevents the EE from improving significantly. The chip implementations 
of BT and ZigBee[17] are a little less efficient, but at data rates below 100 
kbps, no other RAT can compare with them in terms of EE. The authors[17] 
furthermore mention BT can be made even more efficient using another 
protocol stack.

It is important to note that the “communication range” of the RATs differs a 
lot. The mobile communication systems, such as HSPA and LTE, can have a 
range of several kilometers, whereas Wi-Fi and BT are limited to 10–100 m. 
This affects their applicability in certain MTC scenarios, and therefore the 
3GPP work on LTE for MTC[19] is important.

To conclude, LTE has proven to be the currently most energy-effective RAT 
for transferring data, and based on our new measurement and the observed 
trend it is not expected to change. It is for further study to evaluate how tail 
energy[4], which covers the energy consumed after the actual data transmission 
is completed and is due to network and RAT dependent timeouts, affect  
each RAT.

Energy Efficiency Improvements
The device maturity may not be enough to guarantee user satisfaction 
with regards to the battery life and therefore researchers are investigating 
methods that do not affect the current LTE standard, but decrease the power 
consumption. In the following subsections we discuss the micro sleep concept 
and how CA may affect the battery life.

Micro Sleep
One issue in LTE is that the UE is forced to receive and buffer the Physical 
Downlink Data Channel (PDSCH) while it is decoding the Physical Control 
Format Indicator Channel (PCFICH) and Physical Downlink Control 
Channel (PDCCH), which carry scheduling information about PDSCH.[9] 
This occurs every subframe and if the UE is not scheduled it will be receiving 
and buffering PDSCH for no purpose.

To deal with this issue the Fast Control Channel Decoding[20] concept has 
been proposed. The idea is to perform a fast decoding of the control channels, 
stop buffering the PDSCH if the UE is not scheduled, and then power down 
specific RF and BB components. The UE has to wake up and receive the next 
subframe, meaning the sleep period is no longer than 7–9 symbols (0.47–0.60 ms)  
hence the label “micro sleep.” The concept is illustrated in Figure 14. The cost 
is that the UE will not receive the Reference Signals (RS) in the latter part of 
the subframe. In literature[20] this has been described as an SNR loss, which was 
simulated to result in a throughput degradation of 1–4 percent. On the other 
hand potential energy savings of 5–25 percent were reported and therefore the 
concept was deemed valuable. 

“…LTE has proven to be the currently 

most energy-effective RAT for 

transferring data…”

Figure 14: Micro sleep in LTE release 8
(Source: Lauridsen et al. 2012[20])
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Further advantages of the micro sleep concept include the fact that it can 
complement DRX, and it fits all types of traffic scenarios as opposed to DRX, 
which require a periodic pattern to be effective. In addition there is no increase 
in control message overhead as in DRX where configuration parameters are 
transferred. Finally the network scheduler will not be affected, because the 
concept is applied autonomously and individually by each UE. 

Comparing the assumptions in the micro sleep literature[20] with current 
smartphones’ DRX capabilities, as presented in the section “DRX 
Characterization,” it is clear that the instantaneous power consumption cannot 
be lowered as much as initially expected. The reason is the wakeup and power-
down times caused by powering ON and OFF of UE components, which was 
measured to be 0.6–0.7 ms. Table 3 does however show great improvements 
in wakeup and power-down times from UE1 to UE2 and therefore UE 
manufacturers may be able to apply the micro sleep concept in future LTE 
generations.

Unfortunately the introduction of the Enhanced PDCCH (EPDCCH) in 
LTE Release 11 has precluded the use of micro sleep. The reason is that the 
E-PDCCH is spread across the whole subframe time-wise, as illustrated in 
Figure 15, in order to obtain a frequency diversity gain by only using selected 
resource blocks in the frequency domain. 

In a recent proposal[21] for a next generation RAT, the control and data channel 
position has however been reordered such that the control data is a whole 
frame ahead of the data as illustrated in Figure 16. This allows for efficient 
pipelining and micro sleep.

Carrier Aggregation
Carrier Aggregation is included in LTE Release 10 to improve user 
throughput and coverage. The standardization of CA entails a more 
complicated transceiver design, because the UE needs to be able to receive 
at least two (up to five) carriers simultaneously each up to 20 MHz wide. 
The additional hardware can potentially lead to increased UE power 
consumption, hence the search for even higher data rates may worsen the 
users’ battery life.  

To examine this issue we proposed a narrow and a wideband UE power 
model[22] and calculated the energy consumption in a heterogeneous network 
(HetNet) scenario using macro and small cells. The narrowband model applies 
two RF front ends and two analog-to-digital converters (ADCs), while the 
wideband model applies a single RF front end and ADC, but with double 
bandwidth capability.

The users were set to receive a file either via single carrier LTE Release 8 or 
using two carriers. The narrowband CA UE was estimated to consume 20 
percent more power on average as compared to the Release 8 UE, but as 
illustrated in the simulation results in Figure 17, the energy consumption 
is approximately the same for both UEs. The reason is that with CA the 

“Further advantages of the micro sleep 

concept include the fact that it can 

complement DRX, and it fits all types of 

traffic scenarios as opposed to DRX…”

“Carrier Aggregation is included 

in LTE Release 10 to improve user 

throughput and coverage, but entails a 

more complicated transceiver design…”

Figure 15: Control and data channel position 
in LTE release 10
(Source: Lauridsen et al. 2014[18])
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throughput increased more than 50 percent in the simulated scenario, and 
therefore the UE can receive the file faster with little penalty on the power 
consumption of the Rx BB as illustrated in Figure 8. Then the UE can enter 
a low power sleep mode and achieve high EE. If the throughput does not 
increase at least 20 percent[22], CA will lead to decreasing EE.   

When the work was performed there was no knowledge about how fast the 
transition to sleep mode could be made, but the measurements in the section 
“DRX Characterization” have made it clear that shifting to DRX sleep mode 
takes a considerable amount of time. Therefore CA will mainly be effective for 
very large file transfers, where the time difference between CA and Release 8 
UEs, including the transition time, is large. Otherwise the penalty on the user 
may be heavy due to the increased instantaneous power consumption. 

As mentioned, the work[22] was based on a theoretical extension of the existing 
power model[6], but recently a vendor has launched a CA device[23], which 
could help clarify if the assumptions were correct.

Conclusion
In this work an empirical smartphone power model was presented. The 
model covers the cellular LTE subsystem and is based on measurements on 
the newest generation of LTE smartphones. By comparing with our previous 
measurements on older LTE generations, power consumption improvements 
of approximately 35 percent were noted and attributed to device maturity. 
The LTE Discontinuous Reception feature was also examined and the results 

“If the throughput does not increase at 

least 20 percent, Carrier Aggregation 

will lead to decreasing energy efficiency.”

“The model covers the cellular LTE 

subsystem and is based on measurements 

on the newest generation of LTE 

smartphones.”

Figure 17: Carrier Aggregation energy consumption in a hetnet scenario
(Source: Lauridsen et al. 2013[22])
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show the deep sleep power is now as low as 1/40 of the active mode power. 
Furthermore the new smartphone is able to enter and exit the sleep modes at 
least 30 percent faster, which makes DRX more applicable in a real network 
and enhances the possibility for use of micro sleep.

The cellular subsystem model is intended for use in system level simulations 
to evaluate how specific network settings affect user equipment power 
consumption. The measurements show that the power consumption is 
dominated by the subsystem being ON, consuming about 0.9 W, and also very 
affected by transmit powers above 10 dBm, consuming an additional 0.6– 
1.5 W. The power consumption is almost independent of uplink and downlink 
data rates, and therefore the combination of high data rates and long sleep 
periods must be the target of an energy-efficient network setup.

The work also surveys the energy efficiency, in terms of number of joules required 
to transfer one bit, of multiple radio access technologies. For high data rates, LTE 
is superior to older technologies such as EDGE, HSPA, and 802.11g Wi-Fi.

Finally it was evaluated that Carrier Aggregation, which is a prominent new 
LTE feature, will affect the energy efficiency positively if the throughput can be 
increased 20 percent as compared to conventional single-carrier LTE UEs. 
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Machine-to-Machine (M2M) communication is a fast-growing new business 
segment for cellular mobile networks. M2M communication is used by a variety 
of applications. Typical for many of them is a large number of terminals, each of 
which is generating only little user data traffic. So the challenge for the network 
is not so much a demand for high data rates, but rather to cope with the amount 
of signaling data that can suddenly be generated by the huge number of M2M 
devices and at the same time to provide a sufficient level of service to human 
users attached to the same network. In the present article we describe the various 
enhancements to the architecture and the protocols of 3GPP mobile networks 
to meet the increasing demand for M2M communication and to protect the 
network against signaling overload. While some of the new mechanisms were 
designed specifically for M2M devices, many of them will also be used to keep the 
signaling created by the fast-growing number of smartphones under control. In 
the second part of the article we discuss “device triggering” and other new features 
that were developed by 3GPP particularly for M2M devices.

Introduction and Overview 
Machine-to-Machine (M2M) communication is a rapidly expanding 
new business segment for cellular mobile networks. Devices for M2M 
communication are omnipresent: for example logistics enterprises are using 
them for fleet management, road tolling, and anti-theft protection, supply 
companies for power, gas, and water metering. Further applications include 
the control of surveillance systems and maintenance of vending machines. 
New generations of wearable devices are going to facilitate smaller and more 
convenient remote health diagnostic systems.

For many of these applications it is typical that there is a large number of 
terminals, each of which is generating only little user data traffic. Furthermore, 
for these terminals the ratio between signaling data and user data exchanged with 
the network is usually higher than for a regular mobile phone. So the challenge 
for the network is not so much to satisfy the demand for high data rates, but 
rather to cope with the large amount of signaling data that can suddenly be 
generated by the huge number of M2M devices and at the same time to provide 
a sufficient level of service to human users attached to the same network.

Beginning with Release 10 (2009–2011), 3GPP reacted on the growing 
interest in machine-to-machine (M2M) communication and initiated work on 
various network enhancements and optimizations under the work item title 
“network improvements for machine-type communications (NIMTC)” based 
on the service requirements specified in 3GPP TS 22.368.[1]

“…the challenge for the network is not 

so much to satisfy the demand for high 

data rates, but rather to cope with the 

large amount of signaling data…”
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Since operators had already gained first experience with the signaling load 
that can be generated by smartphones, the focus in Release 10 was on the 
introduction of new mechanisms for overload and congestion control, 
especially for the signaling traffic. The only entity that was added to the 
network architecture is an MTC application server (MTC AS) hosting the 
M2M applications, which can be operated by the network operator or by an 
independent service provider (see Figure 1).

“…the focus in Release 10 was on 

the introduction of new mechanisms 

for overload and congestion control, 

especially for the signaling traffic.”

Figure 1: Network architecture for M2M communication in release 10
(Source: Intel, 2013, based on 3GPP TS 23.401[2] and 3GPP Tr 23.888, 
v 1.0.0[3])
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In Release 11 (2010–2012), a new feature called device triggering was 
introduced. As this was based on the short message service (SMS), 3GPP 
developed various enhancements to this service. Furthermore, operators 
required better support of a subscription including only packet services 
(“PS only” subscription), specifically removal of the need to assign a mobile 
subscriber ISDN number (MSISDN).

For the current Release 12 (2012–2014), 3GPP is continuing the work 
on device triggering and SMS enhancements. As new topics, signaling 
optimizations for the transfer of small data and UE power consumption 
optimizations are being studied.

Overload and Congestion Control
For the control of signaling overload and congestion, 3GPP designed a set 
of mechanisms forming several lines of defense (see Figure 2). The various 
mechanisms take effect:

 • Before the UE is accessing the radio access network (RAN)

 • When the radio controller in the RAN (eNB, RNC, BSC) receives the first 
message from the UE

 • When the first core network node (MME, SGSN, MSC) receives the first 
signaling message from the UE

 • When the gateway to the external packet data network (PDN-GW, GGSN) 
receives a message from the UE

“…operators required better support 

of a subscription including only packet 

services…, specifically removal of the 

need to assign a mobile subscriber 

ISDN number (MSISDN).”
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Some of these mechanisms are only applicable to UEs specifically configured 
by their HPLMN operator, others to all UEs compliant to 3GPP Release 10 
or later. For example if a UE is running only applications that are not time-
critical, it can be configured for “extended access barring (EAB)” and “NAS 
signaling low priority.” Configuration is possible either via OMA device 
management or on the USIM via the SIM toolkit.

As a means to restrict access to the network by a huge number of MTC 
devices, a UE configured for extended access barring (EAB) needs first to pass 
an EAB-specific check before it is allowed to proceed with a second check for 
common access control, which is obligatory for all UEs. For the EAB check, 
the UE compares its own access class, a number between 0 and 9 stored on 
the USIM, with the EAB information broadcast by the radio access network 
(see Figure 2, i). If the network indicates that the access class of the UE is 
barred, then the UE should not even attempt to access the network. The 
operator of the visited network can configure the EAB information so that it 
is applicable to all UEs configured for EAB or for example only to the subset 
of UEs configured for EAB and belonging to inbound roaming subscribers. 
Usually the inbound roaming subscribers constitute only a small percentage 
of the total number of UEs attached to a network. This is different for MTC 
devices that are often equipped with a USIM from a foreign country so that 
the device can use roaming agreements with several operators of the visited 
country, and consequently it can select another network, if the network to 
which it is currently registered fails. In Release 10, EAB was first standardized 
for GERAN. Support for UTRAN and E-UTRAN was added in Release 11.

For UTRAN and E-UTRAN, a UE configured for “NAS signaling low 
priority” will indicate the RRC establishment cause “delay tolerant” when 
requesting the RAN to establish a connection for a mobile originating 

“If the network indicates that the access 

class of the UE is barred, then the UE 

should not even attempt to access the 

network.”

“…MTC devices…are often equipped 

with a USIM from a foreign country 

so that the device can use roaming 

agreements with several operators of the 

visited country,…”

Figure 2: overload and congestion control
(Source: Intel, 2013, based on 3GPP TS 23.401[2])
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transaction. The establishment cause can be used by the RAN to give a lower 
priority to this request and, when the core network is in overload, reject the 
request with an “extended wait time value” in the range 1 to 1800 seconds 
(see Figure 2, ii). The UE is then not allowed to repeat the request before the 
respective time interval has elapsed. For GERAN, in order to save signaling 
channel capacity 3GPP developed an “implicit reject” mechanism that enables 
the RAN to reject access requests of several UEs with a single message.

A UE configured for “NAS signaling low priority” will indicate this also in 
the first mobility management message and all session management messages 
sent to the core network. The first core network node (MME, SGSN, MSC) 
can use this indication to prioritize mobility management requests and reject 
the request with a back-off time in the range from 2 seconds to 3 hours 6 
minutes, preventing the UE from another network access until the back-off 
time has elapsed (see Figure 2, iii). The criteria for rejecting the request can be 
for example the overall load situation or membership to a group of devices that 
have a subscription for a specific APN.

Both the MME/SGSN and the PDN-GW/GGSN can detect an overload 
situation, for example based on the rate of session management context 
activations for a specific access point name (APN), and reject further requests 
for the same APN with a back-off time in the range from 2 seconds to 
approximately 13 days, (see Figure 2, iii and iv).

The core network can send back-off time values also in response to mobility 
management and session management requests without “NAS signaling low 
priority”. That is, this back-off mechanism needs to be supported by all UEs 
compliant with Release 10 or later.

Subscribers belonging to a special group of users (PLMN staff, police, fire 
department, and so on) can use a special access class in the range 11 to 15. 
When accessing the network with such a special access class or for the purpose 
of an emergency call, the UE does not indicate “delay tolerant” in the RR/RRC 
establishment cause or “NAS signaling low priority” in the first message sent 
to the core network, and it is not subject to the overload control mechanisms 
described above.

Even if an application is generally delay tolerant, there can be conditions, such as 
theft of a device or detection of a critical health condition, where it is necessary to 
inform the MTC AS quickly. Since Release 11, a UE that is configured with the 
capability to override “NAS signaling low priority” or “EAB” can, upon request 
from an MTC application, ignore any back-off time values that were provided 
in response to requests issued with “NAS signaling low priority” and any EAB 
information broadcasted by the network, and send its NAS messages without 
“NAS signaling low priority” indication. A similar mechanism is already available 
in Release 10, if the device needs to establish a connection to an emergency center.

A new feature for all Release 10 UEs is an increased value range for the periodic 
location update timer, routing area update timer, and tracking area update 

“The establishment cause can be used 
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timer, although values of up to 13 days are expected to be used only for M2M 
devices. Furthermore, M2M devices can be configured with a longer value for 
the timer controlling the periodic search for higher prioritized PLMNs. Both 
mechanisms are intended to reduce the signaling or at least mitigate peaks in 
the signaling load which can occur when in a certain area a PLMN goes  
out-of-service or returns into service.

For a complete list of overload control mechanisms and additional features for 
M2M communication see 3GPP TS 23.401.[2]

Device Triggering and SMS via Packet Domain
In Release 11, further entities and interfaces were introduced to support a new 
feature called device triggering.[4] A 2G/3G UE can be attached to a GPRS 
network without having an IP address allocated. Device triggering provides a 
means for an application on the MTC application server (MTC AS) to send a 
small amount of data (“trigger payload”) to the UE when it is in such a state. 
Inside the UE the data will be delivered to an M2M application and trigger an 
application specific action; for example, at a specific point in time in the future 
the M2M application on the UE could request the UE to get an IP address 
allocated by the mobile network and establish a connection with the MTC 
AS. Device triggering is offered as a service to the MTC AS by a new network 
entity called Services Capability Server (SCS), which can be operated by the 
network operator or by an independent service provider (see Figure 3). In 
principle, different mechanisms could be used to deliver the trigger payload. In 
Release 11 the only standardized mechanism is short message service (SMS).

“Device triggering provides a means for 

an application on the MTC application 

server… to send a small amount of data 

(“trigger payload”) to the UE…”

Figure 3: Network architecture for device triggering
(Source: Intel, 2013, based on 3GPP TS 23.682[4])
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The SCS communicates with the MTC interworking function (MTC-IWF), 
which authorizes any device triggering request received from an external SCS, 
performs a mapping from an external identifier (for example a network access 
identifier [NAI]) to the IMSI of the device, and initiates the signaling towards 
the short message service center (SMS-SC) if the trigger payload is to be 
delivered via SMS (trigger delivery via T4, see Figure 3).
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The external identifier is needed when the device cannot be addressed via an IP 
address. The IMSI cannot be used for this purpose, since for privacy reasons it 
should not be provided to network-external third parties. On the other hand, 
with the increasing number of terminals, it becomes impractical to assign a 
telephone number (MSISDN = mobile subscriber ISDN number) to every 
single device, as the number range available to a network operator is limited. 
Since many of the protocols used in the packet domain were standardized by 
IETF, 3GPP adopted the network access identifier (NAI), a format defined by 
IETF, for the external identifier.[5] This enables operators to offer a subscription 
for packet services without MSISDN.

As SMS is playing such a prominent role for M2M communications, 3GPP 
came up with a number of enhancements to improve the usability of the 
service via the packet domain. These include: 

 • MAP (Mobile Application Part) protocol modifications to enable the 
delivery of short messages to devices without MSISDN number

 • Signaling enhancements for 2G/3G GPRS which ensure that a device only 
interested in receiving packet services and SMS will actually receive the 
short messages via the packet domain if this is supported by all the involved 
network entities. So the device does not need to attach also to the CS 
domain just to receive short messages.

 • A new option to deliver short messages via the evolved packet core (“SMS 
in MME”), allowing operators to avoid the deployment of IMS or of a CS 
domain only for this purpose 

 • The support of an alternative protocol solution for SMS in MME at core 
network internal interfaces, based on the IETF protocol Diameter and 
allowing operators to avoid the introduction of the ITU-T SS7 based MAP.

Since in many mobile networks, short messages are still by default delivered via 
the CS domain, 3GPP also created a specific subscription for packet services 
and SMS only (“PS and SMS only”). That is, SMS is the only service provided 
to such a subscriber via the CS domain.

MTC Enhancements in Release 12
For the current Release 12, 3GPP is working on mechanisms for overload 
control for the reference points Tsp and T4, as the signaling load generated by 
device triggering should not negatively affect the regular network operation.

Further enhancements for SMS will include:

 • The support of Diameter-based protocols at core network internal interfaces 
also for SMS via SGSN 

 • Protocol adaptations necessary to support SMS over IMS for subscribers 
without MSISDN

Other topics that were studied include signaling optimizations for the transfer 
of small data and UE power consumption optimizations.

“…the signaling load generated by 

device triggering should not negatively 

affect the regular network operation.”
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For many M2M applications, the amount of data exchanged between the M2M 
device and the network is relatively small, often less than 1 kB. Therefore, 
3GPP was studying optimizations that enable the network to use network 
resources more efficiently and transfer small data packets with less signaling 
overhead. This could also be used for device triggering without SMS (trigger 
delivery via T5, see Figure 3).

Moreover, 3GPP was looking for options to optimize the UE power 
consumption to extend its battery life. Concepts under study include the 
introduction of a specific power saving state for the UE in which the UE 
remains attached to the network but stops any activity towards the network. 
There is also a proposal to increase the DRX cycle, that is, the interval between 
the points in time when the UE needs to activate its receiver, for example 
in order to monitor paging messages. Both mechanisms would increase the 
potential response time of the UE to a device triggering, but many M2M 
applications are considered to be tolerant to such a delay.

The results of these studies were documented by the 3GPP RAN working groups 
in the technical report 3GPP TR 37.869.[6] The main findings of the study are:

 • On signaling optimizations for the infrequent transfer of small data, a control 
plane solution where small data packets are transferred piggy-backed on RRC 
messages could lead to noticeable performance improvements on both the 
radio and the S1-MME interface only in very specific use cases: less than 
one data exchange per minute; not more than one data packet transferred in 
each direction; and packet size limited to a few hundred octets. Due to these 
restrictions 3GPP working group SA2 decided recently not to proceed with this 
solution in Release 12, but to continue working only on the following proposal.

 • It is also possible to optimize the signaling by reducing the number of UE 
state transitions. For the decision whether to keep the UE in connected 
mode, and in particular for the setting of some parameters like the RRC 
inactivity timer and the DRX timers, the eNB could benefit from assistance 
information provided by the core network, for example the UE mobility 
behavior and the traffic type/pattern.

 • It is expected that the introduction of a specific power saving state or an 
increase of the DRX cycle have roughly the same effect on UE power 
consumption if the sleep times are equivalent. Furthermore, a new power-
saving state or an increase of DRX cycles to values up to 10.24 seconds (for 
E-UTRAN) would have very limited impact on the RAN. On the other 
hand DRX cycle values beyond 10.24 seconds (for E-UTRAN) would have 
implications, for example to system information acquisition and mobility.

As part of Release 12, 3GPP working group SA2 also studied further possible 
enhancements like

 • Monitoring of MTC devices, that is, the detection and reporting of certain 
device related events: for example a change in the point of attachment of the 
device, or loss of the association between the device and the UICC;

“For many M2M applications, the 
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 • Group-based features: for example group-based device triggering, allowing 
to address a whole group of devices with a single broadcast message; 
group-based policing, that is, enforcement of a QoS policy—like a certain 
maximum bandwidth—for a group of devices instead of a single device; or 
group-based charging, but work on these topics could not be completed 
within the time frame of Release 12.

Summary
In the next few years, 3GPP cellular networks will have to cope with a growing 
demand for M2M communications. Autonomous applications and human 
users can be quite different with regard to the traffic (user data and signaling 
data) they are generating and with regard to other characteristics, for example 
their delay tolerance when accessing the network. Therefore, 3GPP introduced 
various network enhancements to keep the signaling load that can be created 
by a huge number of M2M devices under control. Additionally, new features 
like device triggering in Release 11, or small data transfer and optimizations 
to reduce UE power consumption currently considered for Release 12, 
are intended to make 3GPP mobile networks even better to use for M2M 
communication. Ideas for further possible enhancements have already been 
documented by 3GPP working group SA2, and dependent on the interest of 
the 3GPP members (mobile operators and vendors), they could become part of 
one of the future releases.
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Living up to promises, commercial LTE deployments are delivering peak data 
rates of 150 Mbps and will soon exceed 300 Mbps by launching LTE Release 
10 features like carrier aggregation. By 2025 a media-intense lifestyle as well as 
future working environments will demand a thousandfold increase of mobile 
communication data volume and an increase of 10 to 100 times the current 
typical user data rates. 

The present article covers two major directions of radio network evolution. 
Firstly, measures to increase network capacity and network performance are 
discussed in detail: spectral efficiency enhancements, network densification, 
and extended use of spectrum. Secondly, the article introduces new radio 
network architectures fostering traffic offloading towards additional network 
layers, WLAN, or towards direct user-to-user transmission.

A simple model allows forecasting for the need to deploy LTE small cells and 
of traffic offloading into WLAN access points at the latest from 2020 onwards. 

Introduction
High-volume data transmission, high definition video streaming, massive 
media sharing, sharing of augmented reality scenery, social networking, online 
gaming, and sports and entertainment broadcasting are services and data 
volumes characterizing mobile communication of the coming decade. 

Following Cisco’s 2013 Virtual Network Index[1], cellular network operators 
need to prepare for exponential traffic growth. Extrapolating Cisco’s 2012 to 2017  
compound annual growth rate (CAGR) of 66 percent implies an almost 
thousandfold increase of mobile traffic demand from 2012 through 2025. 
Likewise, the European project METIS[2] postulates “information and sharing 
of data available anywhere and anytime to anyone and anything” and predicts a 
thousandfold increase of mobile and wireless communication data volume and 
an increase of 10 to 100 times the typical user data rates. 

Accordingly, expectations on cellular network performance and capacity 
continually rise. Living up to promises, commercial LTE Release 8 
deployments are delivering peak data rates of 150 Mbps. LTE Release 10 
features like carrier aggregation now being launched enable peak data rates of 
at least 300 Mbps. Figure 1 illustrates the expected evolution of user data rates.

Matching exponential traffic growth and hence evolving cellular networks 
towards LTE-Advanced (4th Generation, 4G) and beyond (often called 5G) 
will be vital to securing cellular network operators’ market shares. 
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The present article covers two major directions of network evolution: 

 • The next section introduces measures to increase network capacity and 
network performance. 

 • The subsequent section covers network architecture evolution fostering 
traffic offloading.

Increasing Capacity and Performance
In order to match exponential traffic growth with network capacity, operators 
have to increase throughput per area in terms of bits per second per square 
kilometer (bps/km2).

Network capacity or throughput per area can be instructively presented as the 
product of: 

 • Cell spectral efficiency: bits per second per hertz per cell (bps/Hz/cell),

 • Density of cells: number of cells per square kilometer (cell/km2), and the

 • Amount of spectrum in hertz (Hz).

For a 10-MHz carrier, a commercial LTE Release 8 cellular network provides 
more than 300 Mbps/km2 downlink (DL) capacity based on a typical cell size 
of 0.072 km2 and a DL cell spectral efficiency of 2.23 bps/Hz/cell.[14]

Likewise, network performance reflects user experience and in particular user 
data rate in bits per second per user (bps/user). User throughput is comprised of:

 • User spectral efficiency: bits per second per hertz per user (bps/Hz/user), 
and the

 • Amount of simultaneously accessible spectrum in hertz (Hz).

Figure 1: Evolution of user data rates
(source: Intel Mobile Communications, 2013)
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The minimum, or fifth percentile, or cell-edge user data rate is the driver 
behind cellular network planning. The DL peak user data rate dominates 
cellular network operators’ marketing. While a commercial LTE Release  
8 cellular network is delivering a DL peak data rate of 150 Mbps, LTE Release 
10 features like carrier aggregation are about to enable DL peak data rates  
of at least 300 Mbps. Theoretically, the first release of LTE-Advanced, LTE 
Release 10, enables a DL peak data rate of 3 Gbps when aggregating five  
20 MHz carriers and using 8x8 single-user multiple-input multiple-output 
(SU-MIMO).

Simply put, cellular network operators increase network capacity and 
network performance by three elements that are discussed in the subsequent 
subsections:

 • Enhancing spectral efficiency,

 • Deploying more cells, and

 • Increasing the amount of (simultaneously accessible) spectrum.

Higher Spectral Efficiency
In the following sections, we will study techniques to enhance cell and 
user spectral efficiency for today’s dominant radio access technology LTE/
LTE-Advanced. We will focus on the downlink direction of an Orthogonal 
Frequency Division Multiplexing (OFDM) system and assume for each 
frequency-time resource element: N cells (or base stations or transmission 
points) with NT(n) transmit antennas at the nth base station, and M user 
devices or UEs with NR(m) receive antennas in the mth UE (see Figure 2). 

“The cell-edge user data rate is the 

driver behind cellular network 

planning, while the DL peak user 

data rate dominates cellular network 

operators’ marketing.”

Figure 2: dL oFdM system comprising N—potentially 
coordinating—eNBs with NT(n) transmit antennas at the nth eNB 
and M uEs with NR(m) receive antennas at the mth uE
(source: Intel Mobile Communications, 2013)
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Single Link Spectral Efficiency
When setting in Figure 2 the number of cells (or transmission points), UEs, 
transmit and receive antennas to 1 each, we obtain one single-input single-
output (SISO) link for which the LTE physical layer structure with a normal 
Cyclic Prefix (CP) provides us 12 frequencies per Resource Block (RB) × 14 
OFDM symbols per ms × 100 RBs in 20 MHz × 1,000 ms = 16,800,000 
frequency-time Resource Elements (REs) in 20 MHz spectrum and 1 second.[3] 
If all resource elements were exploited for data communication, at the 
highest currently supported modulation order of 6, that is, using the 64QAM 
modulation scheme, and at an ideal code rate of 1, the downlink peak spectral 
efficiency of a single LTE Release 8 link would reach 5 bps/Hz.

As a method to increase downlink spectral efficiency of a single SISO link, 
3GPP is studying in LTE Release 12 whether or not to introduce 256QAM 
for small cell propagation environments. Providing 256QAM presents an 
implementation challenge to both the base station transmitter as well as the UE 
receiver, because both transmitter Error Vector Magnitude (EVM) and receiver 
EVM respectively must be reduced compared to today’s infrastructure and 
device implementations. Increasing the modulation order from 6 to 8, ideally 
a gain of “only” 33 percent, may not be sufficient to keep pace with future 
throughput demands. LTE Release 12 studies claim 10- to 30-percent spectral 
efficiency gain when assuming 4 percent transmitter EVM and neglecting 
receiver impairments.[4] Nevertheless, it can be expected that with 5G network 
topologies involving short-distance Massive MIMO and/or device-to-device 
communication, 256QAM will make an entrance. 

No radio access technology can exploit 100 percent of the available frequency-
time resources exclusively for data communication. Part of the resources must 
be spent for control and pilots (reference symbols):

 • Control overhead: The LTE physical layer structure has to reserve between 
7 and 21 percent of the resources for downlink control channels.

 • Reference symbol overhead: Even in the case of a single SISO link, LTE 
Release 8 spends almost 8 percent of the downlink resources on Cell-
specific Reference Symbols (CRS).

Work on the New Carrier Type (NCT) targeted at eliminating 80 percent 
of the CRS, marginalizing the pilot overhead, but was stopped both in LTE 
Release 11 and LTE Release 12 due to inconsistent performance results. 
Reducing CRS by 80 percent is expected to degrade channel estimation and 
consequently system performance. Despite the discouraging lack of progress 
in 3GPP, 5G research will again target an optimal tradeoff of pilots versus 
channel estimation and demodulation performance. Of course, this may not be 
achievable without fundamental changes to the physical layer structure, which 
then will deviate from the current LTE/LTE-Advanced physical structure.

Furthermore, transmission of Physical DL Shared Channel (PDSCH) and/
or Enhanced Physical DL Control Channel (EPDCCH) in the first OFDM 
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symbol of a subframe or Transmission Time Interval (TTI) is expected to 
provide up to 6-percent cell spectral efficiency gain.[4] Wider use of the 
EPDCCH is expected to enable a control overhead reduction scaling with the 
number of scheduled users.

The LTE/ LTE-Advanced air interface operating point is at an initial Block 
Error Rate (BLER) of approximately 10 percent and reaches the required 
Block Error Rates (BLER) of typically 10-2 (for a VoIP call) to 10-6 (for 
Video streaming or IMS signaling) by employing a hybrid ARQ (HARQ) 
scheme. As an optimization, a 5G technology may accelerate the HARQ 
process, both by shortening the TTI and making the HARQ process more 
responsive.[5]

With the current LTE/LTE-Advanced waveform, 7 percent of the resources 
are consumed by the guard period or Cyclic Prefix. Accordingly, 5G studies 
involve methods of dynamically reducing[5] or eliminating the Cyclic Prefix. 
These methods include modifying the OFDM waveform towards non-
continuous OFDM[6] or Filter-Bank Multiple Carriers (FBMC)[7] including 
its variants like Generalized Frequency Division Multiplexing (GFMA).[7] For 
example, FBMC uses longer pulses of two to four symbol periods to eliminate 
the Cyclic Prefix. Besides the higher spectral efficiency, a key advantage of 
FBMC consists in its higher spectral containment: power leakage into adjacent 
carriers is significantly lower than in OFDM. The resulting spectrum shaping 
capability can be exploited both in coexistence situations occurring in small cell 
deployments and for Authorized/Licensed Shared Access (ASA/LSA) schemes.

MIMO Channel Spectral Efficiency
Fortunately, multiple antennas, both at the base station and the UE, add spatial 
multiplexing as a degree of freedom that transforms into spectral efficiency. 

Figure 2 captures all techniques related to spectral efficiency enhancements 
from exploiting spatial multiplexing, that is, the MIMO channel. As an 
example, using two transmit and two receive antennas (still limiting the system 
to a single cell and a single UE) we obtain the 2×2 MIMO channel that ideally 
can be decoupled into two orthogonal sub-channels, both of which carry data 
independently and without mutual interference. This allows for doubling the 
peak data rate[8][9] compared to the SISO channel. 

A single cell, single UE system could be run optimally without interference 
between the spatial streams if perfect channel knowledge were available 
such that the transmitter could perfectly precode the signal and run both 
streams at the respective available capacity. Channel knowledge, however, 
must be obtained through UE feedback. In order to minimize the amount 
of UE feedback, precoding options are limited to a finite and small set of 
codebook entries. Providing different precoding options blindly, for example 
by rotating through the codebook entries, is called Open-Loop MIMO 
(OL-MIMO). Selecting a codebook entry based on UE’s Rank Indicator (RI) 
and Precoding Matrix Index (PMI) feedback is called Closed-Loop MIMO 
(CL-MIMO). 

“As an optimization, a 5G technology 

may accelerate the HARQ process, both 

by shortening the TTI and making the 

HARQ process more responsive.”

“…5G studies involve methods of 

dynamically reducing or eliminated the 

Cyclic Prefix.”
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In order to increase the MIMO channel spectral efficiency LTE-Advanced and 
beyond networks may target at:

 • Higher Order Single-User MIMO (NT (1) > 1 and NR(1) > 1, min (NT (1), 
NR(1)) = number of MIMO streams): 
The LTE-Advanced (LTE Release 10) standard supports up to eight streams  
in the downlink direction. Eight streams run at the maximum modulation 
scheme, 64QAM, in an aggregated 100-MHz channel and considering the 
overhead of transmission mode TM9, result in a downlink peak throughput 
of 3 Gbps. Only very high signal-to-interference-plus-noise ratios (SINR) 
like in indoor hotspots allow using three to four streams by 10 to  
20 percent of homogeneously distributed UEs.[10]

 • High transmission rank beamforming (NT (1) > NR (1) > 1, number of 
MIMO streams = 1): The powers of identical data streams transmitted 
from different antennas are combined at the receiver’s antenna therefore 
improving the MIMO channel’s SINR.

 • High transmission rank hybrid MIMO/beamforming schemes (NT (1) > NR 

(1) > 1, number of MIMO streams > 1): As an example, TM8-based dual-
layer (8×2) beamforming has been specified in LTE Release 9.

When allowing for multiple users in a single cell, a related ingredient to 
increasing spectral efficiency is:

 • Multi-User-MIMO (NT(1) ≥ Mmu and NR(1) + … + NR (Mmu) ≥ Mmu, 
min(NT(1), NR(1) + … + NR(Mmu)) ≥ number of MIMO streams ≥ Mmu), 
which presents an additional degree of freedom by providing MIMO 
streams on the same resource to Mmu different UEs participating in 
Multi-User-MIMO. 

Active Antenna Systems (AAS) where the RF components are integrated into 
the antenna enable significant capacity gains per sector area. AAS antenna 
panels have rather vast dimensions, in particular an extended surface that is 
difficult to mount on a typical macro network’s antenna mast because of wind 
load. AAS will likely be mounted below roof-top at walls of tall buildings and 
will be deployed at higher carrier frequencies where antenna structures are 
smaller due to smaller wavelengths.

Accordingly, major directions for evolution of MIMO techniques encompass:

 • Elevation Beamforming (3D-BF), studied for LTE Release 12, which adds 
UE-specific vertical beam-steering to existing azimuth-only closed-loop 
SU-/MU-MIMO.

 • Full-Dimension MIMO (FD-MIMO), also part of the LTE Release 12 
studies, which exploits both the azimuth and the elevation dimensions of 
the multipath channel on a UE-specific basis.

 • Massive MIMO (NT  (1) >> NR (1) + … + NR   (MServed)), which targets 
propagation environments that allow for very narrow beams. The narrow 
beams constitute small cells allowing for two or more spatial streams on 
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all frequency-time resources to all UEs in reach (MServed).
[11] The very small 

wavelengths in the 60 GHz (mmWave) spectrum allow for a very large 
amount of antenna elements both in horizontal and elevation dimensions, 
and hence for creating extremely narrow beams. This is called pencil 
beamforming and is foreseen as mmWave radio access for indoor and dense 
urban clutter environments. 

Figure 3 summarizes the evolution of MIMO techniques in the 3GPP 
specifications from LTE Release 8 to LTE Release 12 and beyond. 

Figure 3: Evolution of MIMo Techniques
(source: Intel Mobile Communications, 2013)
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White rows mark schemes that are in use. Despite the fact that the transition 
from two to four base station antennas is key to improve sector spectral 
efficiency, cellular network operators still need to complete this transition. Also, 
four UE (receive) antennas can hardly be expected any time soon for typical 
smartphones. Smartphone form factors are determined by the conflicting 
requirements of: being handheld, preferably in a single hand, and supporting 
frequencies down to 700 MHz on at least two cellular antennas.

Lines representing techniques that became obsolete due to newer, better 
schemes are marked grey. Green-colored lines mark techniques yet to 
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be deployed, while lines marked blue represent new techniques under 
development or yet to be developed for Release 12 and beyond.

Cell spectral efficiency and fifth-percentile user or cell-edge spectral efficiency 
gains vary with antenna correlation, radio propagation environment and LTE 
transmission mode, that is, reference symbol overhead. Figure 4 summarizes 
relative gains over LTE Release 8 2×2 SU-MIMO from 3GPP Release 10[12] 
and Release 11[13] technical reports. As shown, 4×4 MU-MIMO based on TM9 
can double cell spectral efficiency compared to LTE Release 8 2×2 SU-MIMO 
and increase fifth-percentile user spectral efficiency by a factor of 2.5.

Figure 4: MIMo gains based on data in 3GPP TR 36.814[12] and 3GPP TR 36.819[13]

(source: Intel Mobile Communications, 2013)
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Interference Mitigation
In a system with multiple cells (or eNBs or non-collocated transmission points) 
as well as with multiple UEs (full configuration in Figure 2) frequency-time 
resources are reused in neighbor cells and hence inter-cell interference is 
introduced. 

Interference profiles, that is, spatially white versus colored interference, 
number, power, and modulation of dominant interferers, data channels or 
reference symbols as interference source or victim, and so on, to a great extent 
depend on network deployment. 

While interference mitigation in LTE Release 8 is based on single cell radio 
resource management techniques like interference-aware scheduling, LTE 
Release 10 and LTE Release 11 focus on inter-cell interference coordination 
(ICIC) for Heterogeneous Networks (HetNet) where several low power pico 
eNBs transmit and receive on the same frequency as the high power macro eNB. 
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“Enhanced Inter-Cell Interference Coordination” (eICIC) as well as “Further 
enhanced ICIC” (FeICIC) have been the related LTE Release 10 and Release 
11 work areas. Interference of a macro cell to UEs served by a pico cell 
deployed on the same frequency is reduced by the introduction of Almost 
Blank Subframes (ABS) in the macro cell. Furthermore, the UE is assisted by 
the network to improve reception such that the UE is ultimately able to cancel 
the interference of macro cells’ Cell-specific Reference Symbols (CRS-IC) and 
common channels like the Physical Broadcast Channel (PBCH-IC).   

Further LTE Release 11 research has focused on multi-cell radio resource 
management, that is, Coordinated Multi-Point (CoMP) techniques for ideal 
inter-eNB backhaul both in homogeneous macro networks as well as in 
HetNets (then called CoMP Scenario 3). DL CoMP means to jointly precode 
and/or coordinate a cluster of non-collocated transmission points in such a way 
that the wanted signal’s power is maximized and the remaining interference 
minimized. In particular Joint Transmission CoMP therefore requires 
instantaneous and almost perfect channel knowledge as well as instantaneous 
availability of user data at all transmission points in a CoMP cluster. 

For illustrating a simple DL CoMP system, we configure the system in  
Figure 2 with two non-collocated transmission points (or two eNBs) as a small 
network cluster serving two UEs. The transmission points’ mutual interference 
at the receiving UEs can now be mitigated by eliminating inter-transmission-
point interference thanks to coordination and precoding, and, in case of Joint 
Transmission CoMP, by allowing both transmission points to contribute to the 
wanted signal power. 

The following classification of DL CoMP schemes can be made (see Figure 5):

 • In case of (DL) Coordinated Scheduling/Beamforming (CS/CB) the 
UE is served by a single cell, eNB, or transmission point while the 
network optimizes the frequency-time resource allocation and MIMO/
BF configuration of the UE, taking interfering neighbor cells into 
account. This optimization may also include Dynamic Point Blanking 
(DPB): dynamically leaving the interfering cell’s frequency-time resources 
unscheduled. 

 • Dynamic Point Selection (DPS) means that the UE is served dynamically, 
that is, from Transmission Time Interval (TTI) to TTI, from different cells, 
eNBs, or transmission points.

 • Finally, Joint Transmission CoMP (JT CoMP) means that the UE is 
simultaneously served by at least two cells, eNBs, or transmission points 
on the very same frequency-time resources. JT CoMP is not (explicitly) 
supported by LTE Release 11 because feedback for inter-transmission point 
phase alignment is not available.

LTE Release 11 DL CoMP performance gains (see Figure 6) are rather  
modest. While there is little-to-negligible cell capacity gain from LTE Release 11  
DL CoMP, up to 40-percent cell-edge throughput gain can be achieved. 

“DL CoMP means to jointly precode 

and/or coordinate a cluster of non-

collocated transmission points in such 

a way that the wanted signal’s power 

is maximized and the remaining 

interference minimized.”
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Figure 5: dL CoMP schemes
(source: Intel Mobile Communications, 2013)
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Figure 6: Throughput gains of LTE Release 11 dL CoMP techniques, based on data in TR 36.819 v.11.2.0[13]

(source: Intel Mobile Communications, 2013)

45%

40%

35%

Scen 1
CS/CB

232 SU-
MIMO

Scen 1
CS/CB

232 MU-
MIMO

Scen 1
CS/CB

432 SU-
MIMO

Scen 2
CS/CB

432 SU-
MIMO

Scen 2
DCS

432 SU-
MIMO

Scen 1
CS/CB

432 MU-
MIMO

Scen 2
CS/CB

432 MU-
MIMO

Scen
3/4

CS/CB
w/o elCIC

Scen
3/4

CS/CB
with elCIC

Scen 2
CS/CB

232 MU-
MIMO

Scen 2
CS/CB

232 SU-
MIMO

Scen 2
DCS

232 SU-
MIMO

30%

25%

20%

15%

10%

5%

0%

Cell spectral efficiency gain [%] Cell edge spectral efficiency gain [%]

Spectral efficiency gain of CS/CB and DPS techniques
(Reference refers to same MIMO-type and same antenna configuration)



Intel® Technology Journal | Volume 18, Issue 1, 2014

214   |   Radio Network Evolution towards LTE-Advanced and Beyond 

Accordingly, the following network evolution can be foreseen:

 • Getting beyond a 10-percent cell-edge performance gain is possible when 
upgrading the network to four antennas per sector in homogeneous 
networks or with two antenna base stations in CoMP Scenario 3.

 • Operators will first exploit Coordinated Scheduling/ Coordinated 
Beamforming in macro network deployments.

 • As soon as heterogeneous networks have come into wider use,  
Dynamic Point Selection will be rolled out independently for DL and 
UL service.

Multi-cell interference mitigation techniques will be further developed in LTE 
Release 12 and beyond and will also be extended to new techniques required to 
support 5G (see Figure 7).

In general network (downlink) interference mitigation means:

 • Network coordination: the network shapes, reduces, or avoids interference 
by multi-cell or multi-transmission-point coordination, scheduling and/or 
beamforming, transmission point selection and/or blanking, and precoding, 
and/or

 • Network assistance: the network signals information relevant to the UE for 
interference cancellation or suppression.

“In general network (downlink) 

interference mitigation means: network 

coordination and network assistance.”

Figure 7: Evolution of downlink interference mitigation techniques from LTE Release 8 to beyond LTE Release 12 and 5G
(source: Intel Mobile Communications, 2013)
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Of course, the UE has an equally important role in interference mitigation. UE 
interference mitigation is a combination of the following aspects:

 • Receiver Type: As part of the LTE Release 12 studies on “Network Assistance 
for Interference Cancellation and Suppression in LTE Receivers,”[15] 3GPP 
has been investigating the following receiver types: Minimum Mean Square 
Error Interference Rejection Combining (MMSE-IRC), reduced complexity 
Maximum-Likelihood (R-ML), Symbol-Level Interference Cancelling  
(SL-IC), and Codeword-level Interference Cancelling (CW-IC) receiver. 

 • Interference Cancellation (IC) capabilities ultimately comprise: cancelling 
interference from colliding or non-colliding CRS, common channels, data 
(PDSCH), other reference symbols like CSI-RS and DM-RS, or control 
(PDCCH).

 • Blind Detection capabilities: if network assistance information on interferer 
parameters is not or only partially available these must be inferred by the 
interfered UE without (full) foreknowledge.

Network assistance signaling for interference cancellation may be quite 
expensive. For example, the required knowledge for PDSCH interference 
cancellation comprises several parameters ranging from interferer’s Cell ID and 
Control Format Indicator (CFI), to interferer’s Modulation Order, Precoding 
Matrix Index (PMI), number of MIMO layers, and Transmission Mode (TM). 
Also, a sophisticated eNB scheduler may create dynamic allocation patterns 
changing rapidly in frequency and in time both in the serving cell as well 
as in the neighbor cells. Unless network coordination is involved, inter-cell 
interference will therefore vary rapidly, and thus network assistance signaling 
will have to vary rapidly as well, that is, ultimately from Resource Block (RB) 
to RB and from Transmission Time Interval (TTI) to TTI.

LTE Release 12 studies are comparing gains from network-assisted interference 
cancellation with gains from interference cancellation based on blind detection. 
In order to avoid network assistance signaling overhead outweighing the 
gains from interference cancellation, the finalized concept will leave some 
parameters to blind detection and will support some parameters to be signaled 
or coordinated by the network. 

Good candidates for performance tests related to the network-assisted 
interference cancellation are the reduced complexity Maximum-Likeli-hood 
(R-ML) and the Symbol-Level Interference Cancelling (SL-IC) receivers. 

The evolution of LTE/LTE-Advanced receivers towards Symbol-Level and even 
Codeword-Level Interference Cancellation (CW-IC) will also enable more 
spectrally efficient multiple access schemes. For example, an OFDM-based 
Non-Orthogonal Multiple Access (NOMA) scheme has been proposed as a 
5G multiple access candidate[16] that targets power division multiple access. 
This scheme relies on the LTE/LTE-Advanced receiver’s capability to perform 
successive interference cancellation efficiently thanks to the largely differing 
powers of the multiplexed data streams.

“UE interference mitigation is a 

combination of the following aspects: 

receiver type, interference cancellation 

capabilities, and blind detection 

capabilities.”

“…An OFDM-based Non-Orthogonal 

Multiple Access (NOMA) scheme has 

been proposed as a 5G multiple access 

candidate that targets power division 

multiple access and that relies on the 

UE receiver’s capability to perform 

successive interference cancellation 

efficiently thanks to the largely differing 

powers of the multiplexed data streams.”
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More Cells
The second dimension in enhancing network capacity and network 
performance refers to network densification, or simply put, to providing more 
cells. In the following subsections, several different approaches to network 
densification are described. 

Sectorization in Macro Networks
One method of network densification consists of sector splitting in 
homogeneous macro networks. Sector splitting can be vertical, resulting 
in six sectors placed in two concentric circles around the macro base 
station site, or horizontal, resulting in six equivalent macro sectors just 
like six equal slices of a pie. Sector splitting can be implemented statically 
by replicating antenna equipment with fixed but narrow antenna beams, 
as well as dynamically by exploiting Active Antenna Systems (AAS) for 
vertical, horizontal, or 3D beamforming. Integrating the base station’s RF 
elements with the antenna implies the need to (re-)define the test point 
for receive and transmit performance of AAS-based base stations; this is 
currently being studied in 3GPP.[17] Accordingly, AAS are yet to be widely 
deployed.

Vertical sectorization or vertical beamforming is known to achieve 65-percent 
capacity gain compared to a standard three-sector base station site.[18]

Site Densification in Homogeneous Networks
The second method of network densification consists of increasing the 
number of base station sites in an otherwise homogeneous macro network. 
Due to densification of base station sites in areas of high traffic demand and 
deployment of higher frequency bands with higher path loss, homogeneous 
macro network inter-site distances (ISD) have dropped from 500 meters in 
the first 3G deployments down to 200 meters or less in today’s urban LTE 
deployments.

Small Cell Deployment 
The third method of network densification consists in augmenting a macro 
base station sector by several pico base stations or non-collocated Remote 
Radio Heads (RRHs) in areas of extreme capacity demand (hot spots). The 
resulting small cell layer is an integral part of the macro network, as pico 
base stations and non-collocated RRHs are subject to radio planning and 
operational integration like neighbor relation setup for mobility. As mobile 
service in the small cell layer is controlled or assisted by the macro network, 
this type of deployment is called coordinated or macro-assisted small cell 
deployment. In contrast, uncoordinated small cell deployment refers to the 
deployment of residential home eNodeBs or femto cells that typically do not 
offer seamless mobility into and from the macro network and very often can 
only be accessed by members of Closed Subscriber Groups (CSGs).

“One method of network densification 

consists of sector splitting in 

homogeneous macro networks.”

“Another method of network 

densification consists in augmenting a 

macro base station by several pico base 

stations or non-collocated Remote Radio 

Heads in areas of extreme capacity 

demand…”
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Since LTE Release 10, 3GPP has been studying coordinated or macro-assisted 
small cell deployment scenarios:

 • Heterogeneous network (HetNet) or co-channel small cell deployment  
(see Figure 8): Several, typically four, pico base stations per macro 
base station sector are deployed in the same frequency channel as the 
umbrella macro cell. This deployment case is called a heterogeneous 
network (HetNet). Of course, such deployments cause extra inter-cell 
interference counteracting the capacity (per area) gain targeted by network 
densification. Accordingly, LTE Release 10 and LTE Release 11 studied 
different interference mitigation solutions for HetNets including Release 11 
FeICIC and Release 11 DL CoMP techniques for CoMP Scenario 3.

 • Dedicated frequency layer small cell deployment (see Figure 9): The small 
cells cover a dedicated frequency layer at rather high frequencies like  
2.6 GHz or 3.5 GHz while the typical macro cell’s frequency bands are at  
2 GHz or below. The dedicated frequency layer small cell deployment is 
a key scenario of the LTE Release 12 studies on higher layer aspects of 
small cell enhancements (see TR 36.842[19]) as it targets at efficient traffic 
offloading from the macro into the small cell layer. 

 A key challenge of small cell deployments is mobility robustness as due to 
frequent handovers the amount of radio link failures (RLFs) significantly 
increases. For optimizing mobility robustness, LTE Release 12 is developing 
UE-based solutions following the studies in TR 36.839[20], as well as dual 
connectivity solutions described in TR 36.842.[19]

 A particular challenge of the dedicated frequency layer small cell 
deployment is the need to jointly operate Time Division Duplex (TDD) 
and Frequency Division Duplex (FDD) spectrum as the majority of higher 
frequency bands are assigned a TDD frequency plan while the lower 
frequency bands typically adhere to the more robust FDD frequency plan. 
To enable macro-assisted small cell operation in a mixed duplex scenario, 
3GPP is working on TDD-FDD carrier aggregation in LTE Release 12.[21]

More Spectrum
The third dimension in enhancing network capacity refers to providing access 
to additional spectrum.

A major step consists of increasing the amount of accessible spectrum in 
cellular networks by supporting frequency bands below 700 MHz and at  
3.5 GHz and above. Coordinated or macro-assisted small cell deployments 
for a mixed duplex scenario as well as WLAN-3GPP Radio Interoperation are 
means to enhance network capacity by exploiting additional spectrum.

As a next step, cellular network operators can exploit spectrum more efficiently 
by contracting to Authorized or Licensed Shared Access (ASA/LSA) schemes 
and by enabling cellular equipment to support such licensing schemes with 
Cognitive Radio (CR) techniques.[22] 

Figure 8: Coordinated (co-channel) small cell 
deployment also known as HetNet or CoMP 
scenario 3
(source: Intel Mobile Communications, 2013)

HetNet/CoMP Scenario 3
Architecture

Macro @ 2.6 GHz

Small Cell @ 2.6 GHz

Figure 9: dedicated frequency layer small 
cell deployment also known as anchor-
booster or dual connectivity architecture
(source: Intel Mobile Communications, 2013)
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Finally, as a strong trend in 5G research, very large spectrum blocks will be 
made accessible by creating a new radio access technology for the mmWave 
spectrum (60 GHz). While both attenuation and obstacles are severe issues for 
mm waves, they may be overcome by using antenna arrays with several tens 
(or even hundreds) of elements from multiple sites. One option is to place the 
antennas on top of a chip that implements an array of RF transceivers. This 
way beams can be steered around obstacles for example by pointing at suitable 
reflectors to achieve reliable communications with extremely high bandwidth.  

The third dimension in improving network performance, in particular user 
experience and potential peak data rates, also consists of making more amount 
of spectrum simultaneously accessible. 

Starting with LTE Release 10, 3GPP has been continuously working on carrier 
aggregation techniques. Since then, a vast amount of carrier aggregation 3GPP 
RAN4 work items has been established to provide cellular network operators 
all over the world with guaranteed UE performance in carrier aggregation 
scenarios. 

As of September 2013, 3GPP RAN4 lists a total of 44 frequency bands  
(27 FDD, 1 DL-only, and 12 TDD) as well as 103 carrier aggregation 
completed or ongoing work items (see Figure 10). 

“…A vast amount of carrier 

aggregation 3GPP RAN4 work items 

has been established to provide cellular 

network operators all over the world 

with guaranteed UE performance in 

carrier aggregation scenarios.”

Figure 10: LTE carrier aggregation combinations as of september 2013
(source: Intel Mobile Communications, 2013)
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While LTE Release 10 has formally specified the aggregation of at maximum 
five 20-MHz carriers, through early 2013 only work items for aggregating two 
carriers had been proposed.
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Recent trends involve the aggregation of three 20-MHz carriers as well as the 
combination of aggregating two small intra-band contiguous carriers with two 
further carriers on other frequency bands, one example being the combination 
of two Band 12 channels with a Band 2 or Band 4 carrier and a Band 30 carrier.

Complexity, cost, and size of the RF and antenna frontend components of a 
smartphone device will not allow for providing too many nontrivial carrier 
aggregation combinations. A major trend will therefore be wide-band transceivers 
that are capable of processing contiguous spectrum blocks of 40 MHz and more.

Finally, research on 5G networks also involves research on full duplex radio[23], 
which implies the application of self-interference cancellation techniques 
when allowing for simultaneous transmission and reception on the very same 
frequency-time resource.

Evolving Network Architecture
The following sections introduce new radio network architectures fostering 
traffic offloading towards additional network layers, WLAN, or towards direct 
user-to-user transmission.

Anchor-Booster or Dual Connectivity Architecture 
The anchor-booster or dual connectivity architecture is the architectural 
concept underlying the small cell deployment scenarios. 

A macro cell eNB acts as anchor eNB, and the eNBs serving small cells are the 
so-called booster eNBs. Anchor-booster operation or dual connectivity means 
that the UE is simultaneously served by (two) different eNBs. The main tasks 
of the anchor eNB are mobility management and running the control plane. 
3GPP is studying the following aspects of the anchor-booster architecture:[19]

 • Mobility robustness

 • Signaling load to the core network (CN)

 • User throughput

As an example for mobility robustness improvement, the anchor-booster 
architecture can support radio resource control (RRC) diversity. Handover-
related RRC signaling is additionally transmitted from or to a potential target cell 
such that a significant portion of radio link failures (RLFs) can be prevented.

Another example refers to separating the control plane and user plane: While 
receiving from or transmitting data to the booster eNB, the UE maintains the 
control-plane connection to the anchor eNB. In a dedicated frequency small 
cell layer with good macro coverage, RRC signaling is then safely received from 
the macro cell while RLFs, due to potential lack of coverage in the small cell 
layer, can be avoided. 

Separating control plane and user plane also presents an anchor-booster 
architecture advantage on user throughput: a UE in the coverage of a booster cell 
can receive user-plane data both from the booster cell as well as from the anchor 

“The anchor-booster or dual 

connectivity architecture is the 

architectural concept underlying the 

small cell deployment scenarios.”
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cell. The small cell may offer channel conditions that allow for using aggressive 
modulation and coding schemes (MCS) and hence boosting user throughput. 
However, as the (backhaul) connection between booster and anchor eNBs typically 
is not ideal, user-plane data provided via the booster eNB should preferably be best 
effort. Delay-sensitive services should be provided through the anchor eNB.

Anchor-booster or dual connectivity architectures may vary in their 
characteristic features and differ in:

 • Level of coupling between anchor and booster nodes,

 • Radio access technologies, and

 • Involvement of logical network elements.

As the anchor node is the manager of a sub-network and the mobility within this 
sub-network, the anchor node also performs radio admission and radio bearer 
control for traffic steering and flow control. This enables most efficient use of 
radio resources in booster cell enhanced macro cells, with the purpose of boosting 
performance: the tighter the coordination between anchor and booster nodes, the 
higher the gains in capacity, user throughput, and mobility robustness. New air 
interfaces and LTE enhancements may require new interfaces, or new messages 
on existing interfaces, to allow for optimized anchor-booster operation. 

Booster cells may provide access via different radio access technologies (RATs) or 
combine cellular and non-cellular access including LTE, WLAN, or mmWave.

No matter which radio access technology is provided by the booster cell, anchor-
booster concepts will be key to cope with the exponential traffic growth that 
operators face in the future and hence will be a key ingredient of 5G networks. 

D2D and Ad-Hoc Networks
Device-to-device communication (D2D) is the capability to enable direct 
communication between two devices with or without network involvement. 
D2D is considered as one building block of future wireless systems and as an 
element contributing to what is commonly called 5G. 

Bluetooth* and Wi-Fi Direct* enable user-driven D2D communication. 
This means users proactively establish a pairing of devices for temporary data 
exchange. D2D can happen in different deployment scenarios:

 • Standalone and self-organized

 • Network-assisted and network-controlled

 • Integrated in a heterogeneous network

3GPP is working in LTE Release 12 to build the fundamentals for a D2D 
technology that minimizes user interaction and introduces network assistance 
and integration. 

The present LTE Release 12 studies on “Device-to-Device Proximity 
Services”[25] cover both commercial and public safety aspects (see Figure 11). 
While commercial use is limited to the in-network-coverage case, it is a  

“Booster cells may provide access via 

different radio access technologies 

(RATs) or combine cellular and non-

cellular access including LTE, WLAN, 

or mmWave.”

“The present LTE Release 12 studies on 

“Device-to-Device Proximity Services” 

cover both commercial and public safety 

aspects…”



Intel® Technology Journal | Volume 18, Issue 1, 2014

Radio Network Evolution towards LTE-Advanced and Beyond    |   221

specific matter of public safety to also enable wireless communication in the  
out-of-network-coverage case for example by D2D-based ad-hoc networks. 
Analysis of the differing needs has also resulted in the focus on LTE direct 
D2D discovery for the in-network-coverage cases as well as on LTE direct 
broadcast/groupcast communication for the Public Safety use case both in-
network-coverage and out-of-network-coverage.

According to the 3GPP working assumption, LTE direct D2D discovery takes 
place in the LTE Uplink spectrum using Single-Carrier Frequency Division 
Multiple Access (SC-FDMA) as an access scheme and is based on synchronous 
Time Division Multiplex (TDM) for multiplexing D2D and cellular 
transmissions. The proposed LTE direct D2D operation involves implementing 
part of the eNB receiver chain in the UE. Also, synchronization capabilities for 
inter-cell timing delay and asynchronous network cases must be enhanced in 
the UE receiver. Finally, the amount of RF components of a UE must increase 
to support D2D operation in addition to regular operation with a reasonable 
set of carrier aggregation combinations.

The D2D offloading network capacity gain directly scales with the number of 
successful D2D pairings. The requirements for a successful D2D connection 
are as follows:

 • Two devices are in communication range of each other;

 • The interference is sufficiently low to allow for establishing the service 
between the devices. 

While capacity gains from D2D offloading likely are limited in reality, LTE direct 
D2D discovery will have the merit of catalyzing new forms of social networking 
as well as future broadband consumer proximity services including massively 
multiplayer online games (MMOG), push advertising, or venue onsite services.

“While capacity gains from D2D 

offloading are limited in reality, LTE 

direct D2D discovery will have the 

merit of catalyzing new forms of social 

networking as well as future broadband 

consumer proximity services…”

Figure 11: 3GPP RAN focus in LTE Release 12 study on “d2d Proximity services”[25]

(source: Intel Mobile Communications, 2013)
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WLAN Offloading
Since Release 8, 3GPP has been working on the integration of WLAN 
into cellular network operation. Work has covered non-3GPP access to the 
Evolved Packet Core (EPC), various aspects of the Access Network Discovery 
and Selection Function (ANDSF), support of in-device coexistence of ISM 
and cellular frequency bands, and last but not least the Release 12 “3GPP-
WLAN Radio Interworking”[24] study item. The study “3GPP-WLAN Radio 
Interworking” targets the enabling of traffic offloading into operator-controlled 
WLAN networks and at an optimal balance of and tradeoff between WLAN 
and cellular service.

The Release 12 study has proposed three different approaches to 3GPP-WLAN 
radio interworking. In two of the proposals, the UE is the master of selecting 
(or not) the WLAN access network while referring to 3GPP radio access 
network (3GPP RAN) assistance information like the RSRP (Received Signal 
Received Power) threshold or network load:

 • In the first solution, the UE relies on the Access Network Discovery and 
Selection Function (ANDSF): while ANDSF rules are enhanced with 
3GPP RAN assistance information, they always take precedence. 

 • In the second solution, 3GPP RAN assistance consists in providing rules 
that can be followed with or without ANDSF.

 • In the third solution, the 3GPP radio access network has full control. 
WLAN measurements of the UE are scheduled by the 3GPP RAN and 
the 3GPP RAN controls Wi-Fi offload by dedicated traffic steering 
commands.

Regardless of the 3GPP-WLAN radio interworking solution finally chosen by 
3GPP, WLAN offloading will be inevitable to meet future traffic demand.

Matching Network Capacity with Exponential  
Traffic Growth
A simple model allows for matching the traffic demand derived from Cisco’s 
2013 Virtual Network Index with network capacity evolution:

 • It is assumed that traffic demand grows in accordance with Cisco[1] with a 
CAGR of 66 percent.

 • A typical (European) cellular network operator will own spectrum licenses 
ranging from 400 MHz to 4 GHz mounting up to about 500 MHz  
(DL and UL) licensed spectrum in total. This allows for an increase of 
licensed spectrum use by a factor of 5 (10) from 2010 until 2016 (2025).

 • Cell spectral efficiency is assumed to increase by a factor of 2 (2.5) from 
2010 until 2016 (2020). Such an evolution requires LTE Release 12 UE 
receiver enhancements or eight eNB transmit antennas (see Table 1). 
Cell spectral efficiency enhancements beyond a factor of 2.5 will have to 
originate from beyond LTE Release 12 and 5G.

“The “3GPP-WLAN Radio 

Interworking” study targets the enabling 

of traffic offloading into operator-

controlled WLAN networks…”
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 • When supporting macro cell sectorization only, network densification can 
realistically increase by a factor of 4 by 2020. Beyond 2020, higher sectorization 
factors could be achieved with the deployment of Massive MIMO.

 • LTE Release 12 small cell enhancements and WLAN offloading are supported 
both in the devices as well as in the LTE network from 2016 onwards.

 • WLAN offloading offers the advantage of additionally exploiting large 
blocks of unlicensed spectrum in 2.4 and 5 GHz frequency bands.

Modeling in accordance with these assumptions, a conventional macro 
network might struggle to deliver the required DL capacity in 2016, at the 
latest in 2020. Hence, traffic offloading to LTE small cells and/or WLAN  
access points as described in previous sections is inevitable. In the model 
underlying Figure 12, network density in 2020 is approximately 20 times 
the network density in 2010. Furthermore, network densification through 
2020 will be a combination of vertical and horizontal macro cell sectorization 
and deployment of LTE small cells and/or WLAN access points. Network 
densification beyond 2020 will be enabled by a combination of Massive 
MIMO and offloading.

“…A conventional macro network 

might struggle to deliver the required 

DL capacity in 2016, at the latest in 

2020. Hence, traffic offloading to LTE 

small cells and/or WLAN access points 

is inevitable.”

Configuration (eNB TX × UE RX)
Cell average spectral  

efficiency factor

2 × 2 1

4 × 4 2

8 × 2 2.5

Table 1: Spectral efficiency factors obtained derived from data in various 
studies[12][13][14]

Figure 12: Evolution of DL network capacity demand vs. traffic demand 
based on Cisco VNI 2013
(source: Intel Mobile Communications, 2013)

0.1

1

10

100

1000

10000

2010 2015 2020 2025

C
a

p
a

ci
ty

 I
n

cr
e

a
se

 F
a

ct
o

r

Matching (DL) Network Capacity and Exponential Traffic Growth

DL network capacity including LTE small cells or WLAN offloading

DL macro network capacity

DL traffic demand based on Cisco VNI 2013



Intel® Technology Journal | Volume 18, Issue 1, 2014

224   |   Radio Network Evolution towards LTE-Advanced and Beyond 

Summary and Outlook
To match future traffic demand, network capacity will have to grow in 
three dimensions: spectral efficiency, spectrum availability, and network 
density. Also, the network will have to evolve towards new architectures 
that foster traffic offloading. Realistic enhancements in spectral efficiency, 
conservative network densification based on macro cell sectorization, and 
exclusive use of licensed spectrum will likely not be sufficient to match 
traffic demand in 2020. Depending on how fast licensed spectrum can be 
made available, LTE small cell deployments and/or offloading to WLAN 
access points and unlicensed spectrum will be needed at the latest from 
2020 onwards. 

Besides matching future traffic demand, cellular network operators need to 
keep total cost of ownership and operational expenditures in particular at an 
acceptable level. Hence, operators seek to increase operational efficiency and 
network robustness by exploiting Self-Organizing Network (SON) techniques. 
Furthermore, operators need to target energy efficiency both in the network 
and for connected devices. 

Cellular network operators will have to enter new application segments to 
secure their market shares. Candidates of new application segments include: 
machine-type communication (MTC), support of wearables, device-to-
device connectivity for machine-to-machine communication, the Internet 
of things, Public Safety, and mobile and wireless communication for a safe 
society. 

Ultimately, however, the evolution of the information society and the yet-to-
be-determined potential of LTE Release 12 and 5G techniques will decide the 
final path of radio network evolution. 
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