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Abstract

The last ten years have seen a massive growth in the number of connected wire-
less devices. Billions of devices are connected and managed by wireless networks.
At the same time, each device needs a high throughput to support applications
such as voice, real-time video, movies, and games. Demands for wireless through-
put and the number of wireless devices will always increase. In addition, there is
a growing concern about energy consumption of wireless communication systems.
Thus, future wireless systems have to satisfy three main requirements: i) having a
high throughput; ii) simultaneously serving many users; and iii) having less energy
consumption. Massive multiple-input multiple-output (MIMO) technology, where
a base station (BS) equipped with very large number of antennas (collocated or dis-
tributed) serves many users in the same time-frequency resource, can meet the above
requirements, and hence, it is a promising candidate technology for next generations
of wireless systems. With massive antenna arrays at the BS, for most propagation
environments, the channels become favorable, i.e., the channel vectors between the
users and the BS are (nearly) pairwisely orthogonal, and hence, linear processing
is nearly optimal. A huge throughput and energy efficiency can be achieved due
to the multiplexing gain and the array gain. In particular, with a simple power
control scheme, Massive MIMO can offer uniformly good service for all users. In
this dissertation, we focus on the performance of Massive MIMO. The dissertation
consists of two main parts: fundamentals and system designs of Massive MIMO.

In the first part, we focus on fundamental limits of the system performance under
practical constraints such as low complexity processing, limited length of each coher-
ence interval, intercell interference, and finite-dimensional channels. We first study
the potential for power savings of the Massive MIMO uplink with maximum-ratio
combining (MRC), zero-forcing, and minimum mean-square error receivers, under
perfect and imperfect channels. The energy and spectral efficiency tradeoff is inves-
tigated. Secondly, we consider a physical channel model where the angular domain
is divided into a finite number of distinct directions. A lower bound on the capacity
is derived, and the effect of pilot contamination in this finite-dimensional channel
model is analyzed. Finally, some aspects of favorable propagation in Massive MIMO
under Rayleigh fading and line-of-sight (LoS) channels are investigated. We show
that both Rayleigh fading and LoS environments offer favorable propagation.



In the second part, based on the fundamental analysis in the first part, we pro-
pose some system designs for Massive MIMO. The acquisition of channel state
information (CSI) is very important in Massive MIMO. Typically, the channels
are estimated at the BS through uplink training. Owing to the limited length of
the coherence interval, the system performance is limited by pilot contamination.
To reduce the pilot contamination effect, we propose an eigenvalue-decomposition-
based scheme to estimate the channel directly from the received data. The pro-
posed scheme results in better performance compared with the conventional train-
ing schemes due to the reduced pilot contamination. Another important issue of
CSI acquisition in Massive MIMO is how to acquire CSI at the users. To address
this issue, we propose two channel estimation schemes at the users: i) a downlink
“beamforming training” scheme, and ii) a method for blind estimation of the ef-
fective downlink channel gains. In both schemes, the channel estimation overhead
is independent of the number of BS antennas. We also derive the optimal pilot
and data powers as well as the training duration allocation to maximize the sum
spectral efficiency of the Massive MIMO uplink with MRC receivers, for a given
total energy budget spent in a coherence interval. Finally, applications of Massive
MIMO in relay channels are proposed and analyzed. Specifically, we consider multi-
pair relaying systems where many sources simultaneously communicate with many
destinations in the same time-frequency resource with the help of a Massive MIMO
relay. A Massive MIMO relay is equipped with many collocated or distributed an-
tennas. We consider different duplexing modes (full-duplex and half-duplex) and
different relaying protocols (amplify-and-forward, decode-and-forward, two-way re-
laying, and one-way relaying) at the relay. The potential benefits of massive MIMO
technology in these relaying systems are explored in terms of spectral efficiency and
power efficiency.



Popularvetenskaplig
Sammanfattning

Det har skett en massiv tillvixt av antalet tradlost kommunicerande enheter de
senaste tio aren. Idag &r miljarder av enheter anslutna och styrda 6ver tradlosa
nitverk. Samtidigt kriver varje enhet en hog datatakt for att stédja sina app-
likationer, som réstkommunikation, realtidsvideo, film och spel. Efterfragan pa
tradlos datatakt och antalet tradlésa enheter kommer alltid att tillta. Samtidigt
kan inte stromférbrukningen hos de tradlosa kommunikationssystemen tillatas att
oka. Saledes maste framtida tradlésa kommunikationssystem uppfylla tre huvud-
krav: i) hog datatakt ii) kunna betjina manga anvindare samtidigt iii) lagre strom-
férbrukning.

Massiv MIMO (“multiple-input multiple output”), en teknik dér basstationen &r
utrustad med ett stort antal antenner och samtidigt betjinar manga anvindare 6ver
samma tid-frekvensresurs, kan uppfylla ovanstaende krav. Foljaktligen kan det be-
traktas som en lovande kandidat f6r nésta generations tradlosa system. For de flesta
utbredningsmiljoer blir kanalen fordelaktig med en massiv antennuppstillning (en
uppstéllning av, 13t siga, hundra antenner eller fler), det vill siga kanalvektorerna
mellan anvéndare och basstation blir (néstan) parvis ortogonala, vilket gor linjér
signalbehandling néstan optimal. Den higa datatakten och laga stromférbruknin-
gen kan astadkommas tack vare multiplexeringsvinsten och antennforstirkningen. 1
synnerhet kan massiv MIMO erbjuda en likformigt bra betjéning av alla anvindare
med en enkel effektallokeringsmetod.

I denna avhandling bérjar vi med att fokusera pa grunderna av massiv MIMO.
Speciellt kommer vi att studera de grundliggande begrénsningarna av systemets
prestanda i termer av spektral effektivitet och energieffektivitet nir massiva an-
tennuppstillningar anvinds. Detta kommer vi att géra med beaktande av prak-
tiska begransningar hos systemet, som lagkomplexitetsbehandling (till exempel lin-
jar behandling av signaler), begransad lingd av varje koherensinterval, ofullstandig
kanalkinnedom, intercell-interferens och #ndlig-dimensionella kanaler. Dessutom
undersoks nagra aspekter hos fordelaktig utbredning i massiv MIMO med rayleigh-
fadning och kanaler med rakt sikt. Baserat pa dessa grundliggande analyser foreslar
vi sedan nagra systemkonstruktioner for massiv MIMO. Mer precist foreslar vi nagra

vii



metoder for kanalskattning bade for basstationen och fér anvindarna, vilka &mnar
minimera effekten av pilotkontaminering och kanalovisshet. Den optimala pilot-
och dataeffekten sa vil som valet av lingden av triningsperioden studeras. Till slut
foreslas och analyseras anvindandet av massiv MIMO i reldkanaler.
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Chapter 1

Motivation

During the last years, data traffic (both mobile and fixed) has grown exponentially
due to the dramatic growth of smartphones, tablets, laptops, and many other wire-
less data consuming devices. The demand for wireless data traffic will be even
more in future [1-3]. Figures 1.1 shows the demand for mobile data traffic and the
number of connected devices. Global mobile data traffic is expected to increase to
15.9 exabytes per month by 2018, which is about an 6-fold increase over 2014. In
addition, the number of mobile devices and connections are expected to grow to
10.2 billion by 2018. New technologies are required to meet this demand. Related
to wireless data traffic, the key parameter to consider is wireless throughput (bits/s)
which is defined as:

Throughput = Bandwidth (Hz) x Spectral efficiency (bits/s/Hz).

Clearly, to improve the throughput, some new technologies which can increase the
bandwidth or the spectral efficiency or both should be exploited. In this thesis,
we focus on techniques which improve the spectral efficiency. A well-known way to
increase the spectral efficiency is using multiple antennas at the transceivers.

In wireless communication, the transmitted signals are being attenuated by fading
due to multipath propagation and by shadowing due to large obstacles between the
transmitter and the receiver, yielding a fundamental challenge for reliable commu-
nication. Transmission with multiple-input multiple-output (MIMO) antennas is
a well-known diversity technique to enhance the reliability of the communication.
Furthermore, with multiple antennas, multiple streams can be sent out and hence,
we can obtain a multiplexing gain which significantly improves the communication
capacity. MIMO systems have gained significant attention for the past decades, and
are now being incorporated into several new generation wireless standards (e.g.,
LTE-Advanced, 802.16m).
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Figure 1.1: Demand for mobile data traffic and number of connected devices.
(Source: Cisco [3])

The effort to exploit the spatial multiplexing gain has been shifted from MIMO to
multiuser MIMO (MU-MIMO), where several users are simultaneously served by a
multiple-antenna base station (BS). With MU-MIMO setups, a spatial multiplexing
gain can be achieved even if each user has a single antenna [4]. This is important
since users cannot support many antennas due to the small physical size and low-
cost requirements of the terminals, whereas the BS can support many antennas.
MU-MIMO does not only reap all benefits of MIMO systems, but also overcomes
most of propagation limitations in MIMO such as ill-behaved channels. Specifically,
by using scheduling schemes, we can reduce the limitations of ill-behaved channels.
Line-of-sight propagation, which causes significant reduction of the performance of
MIMO systems, is no longer a problem in MU-MIMO systems. Thus, MU-MIMO
has attracted substantial interest [4-9].

There always exists a tradeoff between the system performance and the implemen-
tation complexity. The advantages of MU-MIMO come at a price:

e Multiuser interference: the performance of a given user may significantly de-
grade due to the interference from other users. To tackle this problem, in-
terference reduction or cancellation techniques, such as maximum likelihood
multiuser detection for the uplink [10], dirty paper coding (DPC) techniques
for the downlink [11], or interference alignment [12], should be used. These
techniques are complicated and have high computational complexity.

e Acquisition of channel state information: in order to achieve a high spatial
multiplexing gain, the BS needs to process the received signals coherently.
This requires accurate and timely acquisition of channel state information
(CSI). This can be challenging, especially in high mobility scenarios.



e User scheduling: since several users are served on the same time-frequency
resource, scheduling schemes which optimally select the group of users de-
pending on the precoding/detection schemes, CSI knowledge etc., should be
considered. This increases the cost of the system implementation.

The more antennas the BS is equipped with, the more degrees of freedom are offered
and hence, more users can simultaneously communicate in the same time-frequency
resource. As a result, a huge sum throughput can be obtained. With large antenna
arrays, conventional signal processing techniques (e.g. maximum likelihood detec-
tion) become prohibitively complex due to the high signal dimensions. The main
question is whether we can obtain the huge multiplexing gain with low-complexity
signal processing and low-cost hardware implementation.

In [13], Marzetta showed that the use of an excessive number of BS antennas com-
pared with the number of active users makes simple linear processing nearly optimal.
More precisely, even with simple maximum-ratio combining (MRC) in the uplink
or maximum-ratio transmission (MRT) in the downlink, the effects of fast fading,
intracell interference, and uncorrelated noise tend to disappear as the number of
BS station antennas grows large. MU-MIMO systems, where a BS with a hundred
or more antennas simultaneously serves tens (or more) of users in the same time-
frequency resource, are known as Massive MIMO systems (also called very large
MU-MIMO, hyper-MIMO, or full-dimension MIMO systems). In Massive MIMO,
it is expected that each antenna would be contained in an inexpensive module with
simple processing and a low-power amplifier. The main benefits of Massive MIMO
systems are:

(1) Huge spectral efficiency and high communication reliability: Massive MIMO
inherits all gains from conventional MU-MIMO, i.e., with M-antenna BS and
K single-antenna users, we can achieve a diversity of order M and a multi-
plexing gain of min (M, K). By increasing both M and K, we can obtain a
huge spectral efficiency and very high communication reliability.

(2) High energy efficiency: In the uplink Massive MIMO, coherent combining can
achieve a very high array gain which allows for substantial reduction in the
transmit power of each user. In the downlink, the BS can focus the energy
into the spatial directions where the terminals are located. As a result, with
massive antenna arrays, the radiated power can be reduced by an order of
magnitude, or more, and hence, we can obtain high energy efficiency. For a
fixed number of users, by doubling the number of BS antennas, while reducing
the transmit power by two, we can maintain the original the spectral efficiency,
and hence, the radiated energy efficiency is doubled.

(3) Simple signal processing: For most propagation environments, the use of an
excessive number of BS antennas over the number of users yields favorable
propagation where the channel vectors between the users and the BS are
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pairwisely (nearly) orthogonal. Under favorable propagation, the effect of in-
teruser interference and noise can be eliminated with simple linear signal pro-
cessing (liner precoding in the downlink and linear decoding in the uplink).
As a result, simple linear processing schemes are nearly optimal. Another
key property of Massive MIMO is channel hardening. Under some conditions,
when the number of BS antennas is large, the channel becomes (nearly) de-
terministic, and hence, the effect of small-scale fading is averaged out. The
system scheduling, power control, etc., can be done over the large-scale fading
time scale instead of over the small-scale fading time scale. This simplifies the
signal processing significantly.

Massive MIMO 1is a promising candidate technology for next-generation wireless
systems. Recently, there has been a great deal of interest in this technology [14-18].
Although there is much research work on this topic, a number of issues still need to
be tackled before reducing Massive MIMO to practice [19-26].

Inspired by the above discussion, in this dissertation, we study the fundamentals
of Massive MIMO including favorable propagation aspects, spectral and energy
efficiency, and effects of finite-dimensional channel models. Capacity bounds are
derived and analysed under practical constraints such as low-complexity processing,
imperfect CSI, and intercell interference. Based on the fundamental analysis of
Massive MIMO, resource allocation as well as system designs are also proposed.

In the following, brief introductions to multiuser MIMO and Massive MIMO are
given in Chapter 2 and Chapter 3, respectively. In Chapter 4, we provide some
mathematical preliminaries which will be used throughout the thesis. In Chapter 5,
we list the specific contributions of the thesis together with a short description of
the included papers. Finally, future research directions are discussed in Chapter 6.



Chapter 2

Mutiuser MIMO Cellular
Systems

Massive MIMO is a MU-MIMO cellular system where the number of BS antennas
and the number users are large. In this section, we will provide the basic background
of MU-MIMO cellular systems in terms of communication schemes and signal de-
tection, for both the uplink and downlink. For the sake of simplicity, we limit our
discussions to the single-cell systems.

2.1 System Models and Assumptions

We consider a MU-MIMO system which consists of one BS and K active users. The
BS is equipped with M antennas, while each user has a single-antenna. In general,
each user can be equipped with multiple antennas. However, for simplicity of the
analysis, we limit ourselves to systems with single-antenna users. See Figure 2.1.
We assume that all K users share the same time-frequency resource. Furthermore,
we assume that the BS and the users have perfect CSI. The channels are acquired
at the BS and the users during the training phase. The specific training schemes
depend on the system protocols (frequency-division duplex (FDD) or time-division
duplex (TDD)), and will be discussed in detail in Section 2.5.

Let H € CM*K be the channel matrix between the K users and the BS antenna
array, where the kth column of H, denoted by hg, represents the M x 1 channel
vector between the kth user and the BS. In general, the propagation channel is
modeled via large-scale fading and small-scale fading. But in this chapter, we ignore
large-scale fading, and further assume that the elements of H are i.i.d. Gaussian
distributed with zero mean and unit variance.
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user 2

I:l M-antenna BS

user K I:l
I:l user 3

user k

Figure 2.1: Multiuser MIMO Systems. Here, K single-antenna users are served by
the M-antenna BS in the same time-frequency resource.

2.2 Uplink Transmission

Uplink (or reverse link) transmission is the scenario where the K users transmit
signals to the BS. Let si, where E {|sx|*} = 1, be the signal transmitted from the
kth user. Since K users share the same time-frequency resource, the M x 1 received
signal vector at the BS is the combination of all signals transmitted from all K
users:

K

Yo = VDu P _hisp +n (2.1)
k=1

= V/PuHs +n, (2.2)

where p, is the average signal-to-noise ratio (SNR), n € CM*! is the additive noise
vector, and s £ [$1 .. sK]T. We assume that the elements of n are i.i.d. Gaussian
random variables (RVs) with zero mean and unit variance, and independent of H.

From the received signal vector y,,, together with knowledge of the CSI, the BS will
coherently detect the signals transmitted from the K users. The channel model
(2.2) is the multiple-access channel which has the sum-capacity [27]

Cutsum = logy det (I + p,H'H). (2:3)
The aforementioned sum-capacity can be achieved by using the successive interfer-

ence cancellation (SIC) technique [28]. With SIC, after one user is detected, its
signal is subtracted from the received signal before the next user is detected.
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2.3 Downlink Transmission

Downlink (or forward link) is the scenario where the BS transmits signals to all K
users. Let & € CM*! where E {||z||?} = 1, be the signal vector transmitted from
the BS antenna array. Then, the received signal at the kth user is given by

Yaik = v/Dahi T + 25, (2.4)

where pq is the average SNR and zj, is the additive noise at the kth user. We assume
that zx is Gaussian distributed with zero mean and unit variance. Collectively, the
received signal vector of the K users can be written as

Ya = VPaH T + 2, (2.5)
Ay T A T
where Yq = [Ya11 Yai,2 --- Yak|” and 2 = [21 22 ... zx]'. The channel model

(2.5) is the broadcast channel whose sum-capacity is known to be

Ceoum = I{nai( log, det (IM + de*DqHT) ) (2.6)
qk
ax>0, S5, qr<1

where Dy is the diagonal matrix whose kth diagonal element is g;,. The sum-capacity
(2.6) can be achieved by using the dirty-paper coding (DPC) technique.

2.4 Linear Processing

To obtain optimal performance, complex signal processing techniques must be im-
plemented. For example, in the uplink, the maximum-likelihood (ML) multiuser
detection can be used. With ML multiuser detection, the BS has to search all
possible transmitted signal vectors s, and choose the best one as follows:

8 = arg min |ly,, — PuHs|? (2.7
seSK

where S is the finite alphabet of s, k = 1,2,..., K. The problem (2.7) is a least-
squares (LS) problem with a finite-alphabet constraint. The BS has to search over
|S|% vectors, where |S| denotes the cardinality of the set S. Therefore, ML has a
complexity which is exponential in the number of users.

The BS can use linear processing schemes (linear receivers in the uplink and lin-
ear precoders in the downlink) to reduce the signal processing complexity. These
schemes are not optimal. However, when the number of BS antennas is large, it is
shown in [13,14] that linear processing is nearly-optimal. Therefore, in this thesis,
we will consider linear processing. The details of linear processing techniques are
presented in the following sections.
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j Yun
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Figure 2.2: Block diagram of linear detection at the BS.

2.4.1 Linear Receivers (in the Uplink)
With linear detection schemes at the BS, the received signal y,, is separated into
K streams by multiplying it with an M x K linear detection matrix, A:

¥ =AMy, = /poA"Hs + A"n. (2.8)

Each stream is then decoded independently. See Figure 2.2. The complexity is on
the order of K|S|. From (2.8), the kth stream (element) of g,;, which is used to
decode s, is given by

K
~ H § : H H
Yul,k = \/puak, hksk + vV Pu a; hk’sk’ +ak n, (29)
—_—— S~
. . k'#k :
desired signal noise

interuser interference

where aj, denotes the kth column of A. The interference plus noise is treated as
effective noise, and hence, the received signal-to-interference-plus-noise ratio (SINR)
of the kth stream is given by

Du |0'Hhk' |2

= :
o Yoo lag b P + a1

SINR;, = (2.10)

We now review some conventional linear multiuser receivers.

a) Mazimum-Ratio Combining receiver:

With MRC, the BS aims to maximize the received signal-to-noise ratio (SNR)
of each stream, ignoring the effect of multiuser interference. From (2.9), the
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kth column of the MRC receiver matrix A is:

power(desired signal)

Qurc ), = ArgmMax .
a,eCMx1 power(noise)

pu|athk|2
=a a —_— 2.11
aedix [ag|? (2.11)
Since - ) )
pu|ak hk| puHakH ”hk” =p ”thQ
= - u
lla @ ’

and equality holds when aj = const - hy, the MRC receiver is: @prcrp =
const - hy. Plugging @nrc ; into (2.10), the received SINR of the kth stream
for MRC is given by

STNRpre f = —— p“‘,‘{h’“W (2.12)
Pu Doz, 1R B [ + (B |2
|k *
, as Py — 00. (2.13)

K H
2oz [ P 2

— Advantage: the signal processing is very simple since the BS just mul-
tiplies the received vector with the conjugate-transpose of the channel
matrix H, and then detects each stream separately. More importantly,
MRC can be implemented in a distributed manner. Furthermore, at
low pu, SINRyrc x = pullhil/?. This implies that at low SNR, MRC can
achieve the same array gain as in the case of a single-user system.

— Disadvantage: as discussed above, since MRC neglects the effect of mul-
tiuser interference, it performs poorly in interference-limited scenarios.
This can be seen in (2.13), where the SINR is upper bounded by a con-
stant, (with respect to p,) when p, is large.

b) Zero-Forcing Receiver:

By contrast to MRC, zero-forcing (ZF) receivers take the interuser interfer-
ence into account, but neglect the effect of noise. With ZF, the multiuser
interference is completely nulled out by projecting each stream onto the or-
thogonal complement of the interuser interference. More precisely, the kth
column of the ZF receiver matrix satisfies:

{ ag’khk 75 0

all hiy =0, VK £k (2.14)

The ZF receiver matrix, which satisfies (2.14) for all k, is the pseudo-inverse
of the channel matrix H. With ZF, we have

Ju = (HHH)ilHHyul = \/Pus + (HHH)ilHHn. (2.15)
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This scheme requires that M > K (so that the matrix H” H is invertible).
We can see that each stream (element) of g,; in (2.15) is free of multiuser
interference. The kth stream of g, is used to detect si:

Yul,k = \/PuSk + Tk, (2.16)

-1
where 7 denotes the kth element of (H Hp ) Hn. Thus, the received
SINR of the kth stream is given by

Pu

kk

SINR,¢ j = (2.17)

— Advantage: the signal processing is simple and ZF works well in
interference-limited scenarios. The SINR can be made as high as de-
sired by increasing the transmit power.

— Disadvantage: since ZF neglects the effect of noise, it works poorly
under noise-limited scenarios. Furthermore, if the channel is not well-
conditioned then the pseudo-inverse amplifies the noise significantly, and
hence, the performance is very poor. Compared with MRC, ZF has a
higher implementation complexity due to the computation of the pseudo-
inverse of the channel gain matrix.

Minimum Mean-Square Error Receiver:

The linear minimum mean-square error (MMSE) receiver aims to minimize
the mean-square error between the estimate AHyul and the transmitted signal
s. More precisely,

2
fr— o H p—
Appse = ar EI(IcllngK E { HA Yul SH } (2.18)
K
= ar E%RK;E{mgyul—skF}. (2.19)
=1

where ay, is the kth column of A. Therefore, the kth column of the MMSE
receiver matrix is [47]

o . H . 2
Qnnse kb = ai%glcll{}xl E { |a‘k Yu Sk‘ } (220)
= cov (yulayul)_lcov (Skvyul)H (221)
1
= o (nHH" +1n1)  h, (2:22)

A
where cov (v1,v2) = E{vl'ug}, where v; and v, are two random column
vectors with zero-mean elements.

It is known that the MMSE receiver maximizes the received SINR. Therefore,
among the MMSE, ZF, and MRC receivers, MMSE is the best. We can see
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from (2.22) that, at high SNR (high py), ZF approaches MMSE, while at low
SNR, MRC performs as well as MMSE. Furthermore, substituting (2.22) into
(2.10), the received SINR for the MMSE receiver is given by

-1
K

SINRuce k = pubi | Pu Y hihi' + 1| By (2.23)
i#k

2.4.2 Linear Precoders (in the Downlink)

In the downlink, with linear precoding techniques, the signal transmitted from M
antennas, &, is a linear combination of the symbols intended for the K users. Let g,
E {|gx|*} = 1, be the symbol intended for the kth user. Then, the linearly precoded
signal vector x is

z = +/aWyq, (2.24)
where ¢ £ [q1 ¢2 ... qx]T, W € CM*K is the precoding matrix, and « is a
normalization constant chosen to satisfy the power constraint E {|z||*} = 1. Thus,
1
a=—_. (2.25)
E {tr(WWH)}

A block diagram of the linear precoder at the BS is shown in Figure 2.3.
Plugging (2.24) into (2.4), we obtain

Yark = v/apah W + 2, (2.26)
K
= Japahy wigk + /apa Y hpwiqe + 2. (2.27)
k' #k

Therefore, the SINR of the transmission from the BS to the kth user is
2
Qpd ’hgwk’

SINR;, = (2.28)

5 .
+1

K T
aPd D ks, ‘hk Wy

Three conventional linear precoders are maximum-ratio transmission (MRT) (also
called conjugate beforming), ZF, and MMSE precoders. These precoders have simi-
lar operational meanings and properties as MRC, ZF, MMSE receivers, respectively.
Thus, here we just provide the final formulas for these precoders, i.e.,

H*, for MRT
* T rr* -1
w—{ H (H'H) . forzF (2.29)

H (HTH* n pﬁdIK) . for MMSE
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Figure 2.3: Block diagram of the linear precoders at the BS.

Figures 2.4 and 2.5 show the achievable sum rates for the uplink and the downlink
transmission, respectively, with different linear processing schemes, versus SNR £ p,
for the uplink and SNR £ pqy for the downlink, with M = 6 and K = 4. The sum
rate is defined as Y r_, E {log, (1 + SINR;)}, where SINR; is the SINR of the kth
user which is given in the previous discussion. As expected, MMSE performs strictly
better than ZF and MRC over the entire range of SNRs. In the low SNR regime,
MRC is better than ZF, and vice versa in the high SNR regime.

2.5 Channel Estimation

We have assumed so far that the BS and the users have perfect CSI. However, in
practice, this CSI has to be estimated. Depending on the system duplexing mode
(TDD or FDD), the channel estimation schemes are very different.

2.5.1 Channel Estimation in TDD Systems

In a TDD system, the uplink and downlink transmissions use the same frequency
spectrum, but different time slots. The uplink and downlink channels are recipro-
cal.! Thus, the CSI can be obtained by using following scheme (see Figure 2.6):

e For the uplink transmission: the BS needs CSI to detect the signals transmit-
ted from the K users. This CSI is estimated at the BS. More precisely, the K
users send K orthogonal pilot sequences to the BS on the uplink. Then the
BS estimates the channels based on the received pilot signals. This process
requires a minimum of K channel uses.

UIn practice, the uplink and downlink channels are not perfectly reciprocal due to mismatches
of the hardware chains. This non-reciprocity can be removed by calibration [15,29,30]. In our
work, we assume that the hardware chain calibration is perfect.
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Figure 2.6: Slot structure and channel estimation in TDD systems.

e For the downlink: the BS needs CSI to precode the transmitted signals, while
each user needs the effective channel gain to detect the desired signals. Due to
the channel reciprocity, the channel estimated at the BS in the uplink can be
used to precode the transmit symbols. To obtain knowledge of the effective
channel gain, the BS can beamform pilots, and each user can estimate the
effective channel gains based on the received pilot signals. This requires at
least K channel uses.?

In total, the training process requires a minimum of 2K channel uses. We assume
that the channel stays constant over T' symbols. Thus, it is required that 2K < T'.
An illustration of channel estimation in TDD systems is shown in Figure 2.6.

2.5.2 Channel Estimation in FDD Systems

In an FDD system, the uplink and downlink transmissions use different frequency
spectrum, and hence, the uplink and downlink channels are not reciprocal. The
channel knowledge at the BS and users can be obtained by using following training
scheme:

e For the downlink transmission: the BS needs CSI to precode the symbols
before transmitting to the K users. The M BS antennas transmit M orthog-
onal pilot sequences to K users. Each user will estimate the channel based
on the received pilots. Then it feeds back its channel estimates (M channel
estimates) to the BS through the uplink. This process requires at least M
channel uses for the downlink and M channel uses for the uplink.

e For the uplink transmission: the BS needs CSI to decode the signals trans-
mitted from the K users. One simple way is that the K users transmit K
orthogonal pilot sequences to the BS. Then, the BS will estimate the channels
based on the received pilot signals. This process requires at least K channel
uses for the uplink.

2The effective channel gains at the users may be blindly estimated based on the received data,
and hence, no pilots are required [31]. But, we do not discuss in detail about this possibility in
this section.
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Figure 2.7: Slot structure and channel estimation in FDD systems.

Therefore, the entire channel estimation process requires at least M + K channel
uses in the uplink and M channel uses in the downlink. Assume that the lengths
of the coherence intervals for the uplink and the downlink are the same and are
equal to T. Then we have the constraints: M < T and M + K < T. As a result
M+ K < T is the constraint for FDD systems. An illustration of channel estimation
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in FDD systems is shown in Figure 2.7.
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Chapter 3

Massive MIMO

3.1 What is Massive MIMQO?

Massive MIMO is a form of MU-MIMO systems where the number of BS antennas
and the numbers of users are large. In Massive MIMO, hundreds or thousands of
BS antennas simultaneously serve tens or hundreds of users in the same frequency
resource. Some main points of Massive MIMO are:

e TDD operation: as discussed in Section 2.5, with FDD, the channel estimation
overhead depends on the number of BS antennas, M. By contrast, with TDD,
the channel estimation overhead is independent of M. In Massive MIMO, M
is large, and hence, TDD operation is preferable. For example, assume that
the coherence interval is ' = 200 symbols (corresponding to a coherence
bandwidth of 200 kHz and a coherence time of 1 ms). Then, in FDD systems,
the number of BS antennas and the number of users are constrained by M +
K < 200, while in TDD systems, the constraint on M and K is 2K < 200.
Figure 3.1 shows the regions of feasible (M, K) in FDD and TDD systems.
We can see that the FDD region is much smaller than the TDD region. With
TDD, adding more antennas does not affect the resources needed for the
channel estimation.

e Linear processing: since the number of BS antennas and the number of users
are large, the signal processing at the terminal ends must deal with large
dimensional matrices/vectors. Thus, simple signal processing is preferable.
In Massive MIMO, linear processing (linear combing schemes in the uplink
and linear precoding schemes in the downlink) is nearly optimal.

19
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Figure 3.1: The regions of possible (M, K) in TDD and FDD systems, for a coher-
ence interval of 200 symbols.

e Favorable propagation: favorable propagation means that the channel matrix
between the BS antenna array and the users is well-conditioned. In Massive
MIMO, under some conditions, the favorable propagation property holds due
to the law of large numbers.

e A massive BS antenna array does not have to be physically large. For example
consider a cylindrical array with 128 antennas, comprising four circles of 16
dual-polarized antenna elements. At 2.6 GHz, the distance between adjacent
antennas is about 6 cm, which is half a wavelength, and hence, this array
occupies only a physical size of 28cmx29cm [25].

e Massive MIMO is scalable: in Massive MIMO, the BS learns the channels via
uplink training, under TDD operation. The time required for channel estima-
tion is independent of the number of BS antennas. Therefore, the number of
BS antennas can be made as large as desired with no increase in the channel
estimation overhead. Furthermore, the signal processing at each user is very
simple and does not depend on other users’ existence, i.e., no multiplexing
or de-multiplexing signal processing is performed at the users. Adding or
dropping some users from service does not affect other users’ activities.

e All the complexity is at the BS.
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Figure 3.2: Transmission protocol of TDD Massive MIMO.
3.2 How Massive MIMO Works

In Massive MIMO, TDD operation is preferable. During a coherence interval, there
are three operations: channel estimation (including the uplink training and the
downlink training), uplink data transmission, and downlink data transmission. A
TDD Massive MIMO protocol is shown in Figure 3.2.

3.2.1 Channel Estimation

The BS needs CSI to detect the signals transmitted from the users in the uplink,
and to precode the signals in the downlink. This CSI is obtained through the uplink
training. Each user is assigned an orthogonal pilot sequence, and sends this pilot
sequence to the BS. The BS knows the pilots sequences transmitted from all users,
and then estimates the channels based the received pilot signals. The estimation
schemes were discussed in detail in Section 2.5.1.

Furthermore, each user may need partial knowledge of CSI to coherently detect
the signals transmitted from the BS. This information can be acquired through
downlink training or some blind channel estimation algorithm. Since the BS uses
linear precoding techniques to beamform the signals to the users, the user needs only
the effective channel gain (which is a scalar constant) to detect its desired signals.
Therefore, the BS can spend a short time to beamform pilots in the downlink for
CSI acquisition at the users.

3.2.2 Uplink Data Transmission

A part of the coherence interval is used for the uplink data transmission. In the
uplink, all K users transmit their data to the BS in the same time-frequency re-
source. The BS then uses the channel estimates together with the linear combining
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techniques to detect signals transmitted from all users. The detailed uplink data
transmission was discussed in Section 2.2.

3.2.3 Downlink Data Transmission

In the downlink, the BS transmits signals to all K users in the same time-frequency
resource. More specifically, the BS uses its channel estimates in combination with
the symbols intended for the K users to create M precoded signals which are then
fed to M antennas. The downlink data transmission was discussed in detail in
Section 2.3.

3.3 Why Massive MIMO

The demand for wireless throughput and communication reliability as well as the
user density will always increase. Future wireless commination requires new tech-
nologies in which many users can be simultaneously served with very high through-
put. Massive MIMO can meet these demands. Consider the uplink transmission.
(The same argument can be used for the downlink transmission.) From (2.3), under
the conditions of favorable propagation (the channel vectors between the users and
the BS are pairwisely orthogonal), the sum-capacity of the uplink transmission is

C(sum = 10g2 det (IK +pu]V1[K> = KIOgQ(l + ]V[pu)' (31)

In (3.1), K is the multiplexing gain, and M represents the array gain. We can see
that, we can obtain a huge spectral efficiency and energy efficiency when M and K
are large. Without any increase in transmitted power per terminal, by increasing
K and M, we can simultaneously serve more users in the same frequency band. At
the same time the throughput per user also increases. Furthermore, by doubling
the number of BS antennas, we can reduce the transmit power by 3 dB, while
maintaining the original quality-of-service.

The above gains (multiplexing gain and array gain) are obtained under the condi-
tions of favorable propagation and the use of optimal processing at the BS. One
main question is: Will these gains still be obtained by using linear processing?
Another question is: Why not use the conventional low dimensional point-to-point
MIMO with complicated processing schemes instead of Massive MIMO with simple
linear processing schemes? In Massive MIMO, when the number of BS antennas
is large, due to the law of large numbers, the channels become favorable. As a
result, linear processing is nearly optimal. The multiplexing gain and array gain
can be obtained with simple linear processing. Also, by increasing the number of
BS antennas and the number of users, we can always increase the throughput.
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Figure 3.3: Uplink sum rate for different linear receivers and for the optimal receiver.

Figure 3.3 shows the sum rate versus the number of BS antennas with optimal
receivers (the sum capacity is achieved) and linear receivers, at K = 10 and p, =
—10 dB. The sum capacity is computed from (2.3), while the sum rates for MRC,
ZF, and MMSE are computed by using (2.12), (2.17), and (2.23), respectively. We
can see that, when M is large, the sum rate with linear processing is very close
to the sum capacity obtained by using optimal receivers. When M = K = 10,
and with the optimal receiver, the maximum sum rate that we can obtain is 8.5
bits/s/Hz. By contrast, by using large M, say M = 50, with simple ZF receivers,
we can obtain a sum rate of 24 bits/s/HZ.

3.4 Challenges in Massive MIMO

Despite the huge advantages of Massive MIMO, many issues still need to be tackled.
The main challenges of Massive MIMO are listed as follows:

3.4.1 Pilot Contamination

In previous sections, we considered single-cell setups. However, practical cellular
networks consist of many cells. Owing to the limited availability of frequency spec-
trum, many cells have to share the same time-frequency resources. Thus, multicell
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setups should be considered. In multicell systems, we cannot assign orthogonal pilot
sequences for all users in all cells, due to the limitation of the channel coherence
interval. Orthogonal pilot sequences have to be reused from cell to cell. Therefore,
the channel estimate obtained in a given cell will be contaminated by pilots trans-
mitted by users in other cells. This effect, called “pilot contamination”, reduces the
system performance [32]. The effect of pilot contamination is major inherent limi-
tation of Massive MIMO. It does not vanish even when the number of BS antennas
grows without bound. Considerable efforts have been made to reduce this effect.
The eigenvalue-decomposition-based channel estimation, pilot decontamination, as
well as pilot contamination precoding schemes are proposed in [33-35]. In [36], the
authors shown that, under certain conditions of the channel covariance, by using a
covariance aware pilot assignment scheme among the cells, pilot contamination can
be efficiently mitigated. There is much ongoing research on this topic.

3.4.2 Unfavorable Propagation

Massive MIMO works under favorable propagation environments. However, in prac-
tice, there may be propagation environments where the channels are not, favorable.
For example, in propagation environments where the numbers of the scatterers is
small compared to the numbers of users, or the channels from different users to the
BS share some common scatterers, the channel is not favorable [31]. One possibility
to tackle this problem is to distribute the BS antennas over a large area.

3.4.3 New Standards and Designs are Required

It will be very efficient if Massive MIMO can be deployed in current systems such as
LTE. However, the LTE standard only allows for up to 8 antenna ports at the BS [4].
Furthermore, LTE uses the channel information that is “assumed”. For example, one
option of the downlink in LTE is that the BS transmits the reference signals through
several fixed beams. Then the users report back to the BS the strongest beam. The
BS will use this beam for the downlink transmission. By contrast, Massive MIMO
uses the channel information that is estimated (measured). Therefore, to reduce
Massive MIMO to practice, new standards are required. On a different note, with
Massive MIMO, a costly 40 Watt transceiver should be replaced by a large number
of low-power and inexpensive antennas. Related hardware designs should also be
considered. This requires a huge effort from both academia and industry.
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Mathematical Preliminaries

4.1 Random Matrix Theory

We now review some useful limit results about very long random vectors [37] which
will be used for the analysis in the rest of the thesis.

o Let p 2 [p1 ... pn]T and ¢ = [q ... qn]T be n x 1 vectors whose elements

are independent identically distributed (i.i.d.) random variables (RVs) with
E{p} = E{a} = 0. E{lnl*} = o2, and E{jal*} = 02, i = 1,2,..m.
Assume that p and ¢ are independent.

Applying the law of large numbers, we obtain

1 ..
Zpfip™3 0127, as n — 0o, (4.1)
n
1 ..
Zpfg®%0, as n — oo, (4.2)
n

a.s.
where — denotes almost sure convergence.

Applying the Lindeberg-Lévy central limit theorem, we obtain

1
—quiCN (0 0202), as n — oo, (4.3)

\/ﬁ YUpTg

d e
where — denotes convergence in distribution.
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o Let X1, X5, ... be a sequence of independent circularly symmetric complex
RVs, such that X; has zero mean and variance 01-2. Further assume that the
following conditions are satisfied: 1) s2 = Y1 | 07 — 0o, as n — oo; and 2)
0i/$n — 0, as n — oo. Then by applying the Cramér’s central limit theorem,
we have

"X
Zim X den (0,1), as n — oo. (4.4)

Sn

e Let X1, X5,...X,, be independent RVs such that E{X;} = u; and Var (X;) <
c< o0, Vi=1,...,n. Then by applying the Tchebyshev’s theorem, we have

1 P
(f1 + p2 + o) =0, (4.5)

1
(X1 + Xp + o+ Xp) — —

n
where 5 denotes convergence in probability.
4.2 Capacity Lower Bounds

In this section, we derive a capacity lower bound for a SISO channel with interference
and with partial/perfect CSI at the receivers. The channel model is:

K
Y = agSk + E ak' Sk + N (4.6)
k'#k
desired signal ' #k noise
interference

where ai, k =1, ..., K, are the effective channel gains, s, is the transmitted signals
from the kth sources, and ny is the additive noise. Assume that sg, k =1,..., K,
and ny are independent RVs with zero-mean and unit, variance.

Since in this thesis, we consider linear processing, the end-to-end channel can be
considered as an interference SISO channel, and can be modeled as in (4.6). For
example, consider the downlink transmission discussed in Section 2.4. The received
signal at the kth user is given by (2.27) which precisely matches with the model
(4.6), where ay is thwkf, k' =1,..., K. The capacity lower bound derived in
this section will be used throughout the thesis.

Let C be the channel state information (CSI) available at the receiver. We assume
that sy ~ CN (0,1). In general, Gaussian signaling is not optimal, and hence, this
assumption yields a lower bound on the capacity:

Cr =1 (sk;yk,C) = h(sk) — h (sk|yx,C) (4.7)

(a)
= log, (me) — h (sx — ayk| yx,C) (4.8)

(b
> log, (me) — h (s — ayk|C), (4.9)
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where (a) holds for any «, and (b) follows from the fact that conditioning reduces
the entropy. Note that, in (4.7), I(x;y) and h(xz) denote the mutual information
between x and y, and the differential entropy of x, respectively.

Since the differential entropy of a RV with fixed variance is maximized when the
RV is Gaussian, we obtain

Cr > log, (me) — E {10g2 <7T€]E { sk — aykﬂ C})} , (4.10)
which leads to

1

Ci, > E < log,
]E{|3k - aykﬂc}

(4.11)

To obtain the tightest bound, we choose a = ag so that E{\xk — aoyk|2‘C} is

minimized:

ag :argminE{|s;€ —ayk|2‘C}. (4.12)

We can see that agyy is the LMMSE estimate of si. Therefore,
_ E{yiselCE  E{q;[C}

T E{lyk|2‘c} - E{\Z/MQ‘C}
We have

E{ s — ayl’| €} =E {Isu} —a” E {sevil C}—a B { syl C} + I E { ju | ¢}
—1-o*E{a:|C} — aE {ay|C} + |a|2E{|yk|2’C}. (4.14)

(4.13)

When a = ay, substituting (4.13) into (4.14), we get
.l 112
Efglc)f
S E{Ja| e} +1

]E{|a:k—o¢yk|2‘(?} —1- (4.15)

Plugging (4.15) into (11), we obtain the following lower bound on the capacity of
(4.6):

[E {ax|C}”
SE o E{lawP|c} - [E{alc? +1

Crp,>Edlog, | 1+ (4.16)

We next consider two special cases:
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1. No instantaneous CSI: for this case, C = (). Therefore, from (2), we obtain

[E {ax} "
5 {Jox B} + 2E B (o ) 1

Cr >logy [ 1+ (4.17)

This bound is often used in Massive MIMO research since it has a simple
closed-form solution. Furthermore, in most propagation environments, when
the number of BS antennas is large, the channel hardens (the effective channel
gains become deterministic), and hence, this bound is very tight.

2. Full CSI: in this case, C = {a1,...,ax}. Substituting C = {a1,...,ax} into
(2), we obtain

x|
Cp>ESlogy [ 1+ ————5— | ¢ . (4.18)
{ S law? +1



Chapter 5

Summary of Specific
Contributions of the
Dissertation

This dissertation consists of two parts. Firstly, we study fundamentals of Massive
MIMO. The performance of Massive MIMO systems is analysed in terms of spectral
efficiency and energy efficiency. Effects of pilot contamination and finite-dimensional
channel models are also analysed. In addition, some aspects of favorable propagation
in Massive MIMO are investigated. Secondly, we propose some system designs
for Massive MIMO. Specifically, the optimal power as well as training duration
allocation is studied. Applications of Massive MIMO in relay channels are also
considered.

5.1 Included Papers

Brief summaries of the papers included in this dissertation are as follows:

Paper A: Energy and Spectral Efficiency of Very Large Multiuser MIMO
Systems

Authored by Hien Quoc Ngo, Erik G. Larsson, and Thomas L. Marzetta.

Published in the IEEE Transactions on Communications, 2013. This work is an
extension of the conference paper [38].

29
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A multiplicity of autonomous terminals simultaneously transmits data streams to
a compact array of antennas. The array uses imperfect channel-state informa-
tion derived from transmitted pilots to extract the individual data streams. The
power radiated by the terminals can be made inversely proportional to the square-
root of the number of base station antennas with no reduction in performance.
In contrast if perfect channel-state information were available the power could be
made inversely proportional to the number of antennas. Lower capacity bounds for
maximum-ratio combining (MRC), zero-forcing (ZF) and minimum mean-square er-
ror (MMSE) detection are derived. A MRC receiver normally performs worse than
ZF and MMSE. However as power levels are reduced, the cross-talk introduced
by the inferior maximum-ratio receiver eventually falls below the noise level and
this simple receiver becomes a viable option. The tradeoff between the energy effi-
ciency (as measured in bits/J) and spectral efficiency (as measured in bits/channel
use/terminal) is quantified for a channel model that includes small-scale fading but
not large-scale fading. It is shown that the use of moderately large antenna arrays
can improve the spectral and energy efficiency with orders of magnitude compared
to a single-antenna system.

Paper B: The Multicell Multiuser MIMO Uplink with Very Large An-
tenna Arrays and a Finite-Dimensional Channel

Authored by Hien Quoc Ngo, Erik G. Larsson, and Thomas L. Marzetta.

Published in the IEEE Transactions on Communications, 2013. This work is an
extension of the conference paper [39].

We consider multicell multiuser MIMO systems with a very large number of an-
tennas at the base station (BS). We assume that the channel is estimated by using
uplink training. We further consider a physical channel model where the angular
domain is separated into a finite number of distinct directions. We analyze the
so-called pilot contamination effect discovered in previous work, and show that this
effect persists under the finite-dimensional channel model that we consider. In par-
ticular, we consider a uniform array at the BS. For this scenario, we show that when
the number of BS antennas goes to infinity, the system performance under a finite-
dimensional channel model with P angular bins is the same as the performance
under an uncorrelated channel model with P antennas. We further derive a lower
bound on the achievable rate of uplink data transmission with a linear detector at
the BS. We then specialize this lower bound to the cases of maximum-ratio com-
bining (MRC) and zero-forcing (ZF) receivers, for a finite and an infinite number
of BS antennas. Numerical results corroborate our analysis and show a comparison
between the performances of MRC and ZF in terms of sum-rate.

Paper C: Aspects of Favorable Propagation in Massive MIMO

Authored by Hien Quoc Ngo, Erik G. Larsson, and Thomas L. Marzetta.



5.1. Included Papers 31

Published in the proceedings of the European Signal Processing Conference (EU-
SIPCO), 2014 [40].

Favorable propagation, defined as mutual orthogonality among the vector-valued
channels to the terminals, is one of the key properties of the radio channel that
is exploited in Massive MIMO. However, there has been little work that studies
this topic in detail. In this paper, we first show that favorable propagation offers
the most desirable scenario in terms of maximizing the sum-capacity. One useful
proxy for whether propagation is favorable or not is the channel condition number.
However, this proxy is not good for the case where the norms of the channel vectors
are not equal. For this case, to evaluate how favorable the propagation offered by
the channel is, we propose a “distance from favorable propagation” measure, which
is the gap between the sum-capacity and the maximum capacity obtained under
favorable propagation. Secondly, we examine how favorable the channels can be
for two extreme scenarios: i.i.d. Rayleigh fading and uniform random line-of-sight
(UR-LoS). Both environments offer (nearly) favorable propagation. Furthermore,
to analyze the UR-LoS model, we propose an urns-and-balls model. This model is
simple and explains the singular value spread characteristic of the UR-LoS model
well.

Paper D: EVD-Based Channel Estimations for Multicell Multiuser
MIMO with Very Large Antenna Arrays

Authored by Hien Quoc Ngo and Erik G. Larsson.

Published in the proceedings of the IEEE International Conference on Acoustics,
Speech and Signal Processing (ICASSP), 2012 [33].

This paper consider a multicell multiuser MIMO with very large antenna arrays at
the base station. For this system, with channel state information estimated from
pilots, the system performance is limited by pilot contamination and noise limita-
tion as well as the spectral inefficiency discovered in previous work. To reduce these
effects, we propose the eigenvalue-decomposition-based approach to estimate the
channel directly from the received data. This approach is based on the orthogonal-
ity of the channel vectors between the users and the base station when the number
of base station antennas grows large. We show that the channel can be estimated
from the eigenvalue of the received covariance matrix excepting the multiplicative
factor ambiguity. A short training sequence is required to solved this ambiguity.
Furthermore, to improve the performance of our approach, we investigate the join
eigenvalue-decomposition-based approach and the Iterative Least-Square with Pro-
jection algorithm. The numerical results verify the effectiveness of our channel
estimate approach.

Paper E: Massive MU-MIMO Downlink TDD Systems with Linear Pre-
coding and Downlink Pilots
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Authored by Hien Quoc Ngo, Erik G. Larsson, and Thomas L. Marzetta.

Published in the proceedings of the Allerton Conference on Communication, Con-
trol, and Computing, 2013 [41].

We consider a massive MU-MIMO downlink time-division duplex system where
a base station (BS) equipped with many antennas serves several single-antenna
users in the same time-frequency resource. We assume that the BS uses linear
precoding for the transmission. To reliably decode the signals transmitted from the
BS, each user should have an estimate of its channel. In this work, we consider an
efficient channel estimation scheme to acquire CSI at each user, called beamforming
training scheme. With the beamforming training scheme, the BS precodes the
pilot sequences and forwards to all users. Then, based on the received pilots, each
user uses minimum mean-square error channel estimation to estimate the effective
channel gains. The channel estimation overhead of this scheme does not depend
on the number of BS antennas, and is only proportional to the number of users.
We then derive a lower bound on the capacity for maximum-ratio transmission and
zero-forcing precoding techniques which enables us to evaluate the spectral efficiency
taking into account the spectral efficiency loss associated with the transmission of
the downlink pilots. Comparing with previous work where each user uses only the
statistical channel properties to decode the transmitted signals, we see that the
proposed beamforming training scheme is preferable for moderate and low-mobility
environments.

Paper F: Blind Estimation of Effective Downlink Channel Gains in Mas-
sive MIMO

Authored by Hien Quoc Ngo and Erik G. Larsson.

Submitted to the IEEE International Conference on Acoustics, Speech and Signal
Processing (ICASSP), 2015 [31].

We consider the massive MIMO downlink with time-division duplex (TDD) op-
eration and conjugate beamforming transmission. To reliably decode the desired
signals, the users need to know the effective channel gain. In this paper, we propose
a blind channel estimation method which can be applied at the users and which does
not require any downlink pilots. We show that our proposed scheme can substan-
tially outperform the case where each user has only statistical channel knowledge,
and that the difference in performance is particularly large in certain types of chan-
nel, most notably keyhole channels. Compared to schemes that rely on downlink
pilots (e.g., [41]), our proposed scheme yields more accurate channel estimates for
a wide range of signal-to-noise ratios and avoid spending time-frequency resources
on pilots.

Paper G: Massive MIMO with Optimal Power and Training Duration
Allocation



5.1. Included Papers 33

Authored by Hien Quoc Ngo, Michail Matthaiou, and Erik G. Larsson.
Published in the IEEE Wireless Communications Letters, 2014 [42].

We consider the uplink of massive multicell multiple-input multiple-output systems,
where the base stations (BSs), equipped with massive arrays, serve simultaneously
several terminals in the same frequency band. We assume that the BS estimates the
channel from uplink training, and then uses the maximum ratio combining technique
to detect the signals transmitted from all terminals in its own cell. We propose
an optimal resource allocation scheme which jointly selects the training duration,
training signal power, and data signal power in order to maximize the sum spectral
efficiency, for a given total energy budget spent in a coherence interval. Numerical
results verify the benefits of the optimal resource allocation scheme. Furthermore,
we show that more training signal power should be used at low signal-to-noise ratio
(SNRs), and vice versa at high SNRs. Interestingly, for the entire SNR regime, the
optimal training duration is equal to the number of terminals.

Paper H: Large-Scale Multipair Two-Way Relay Networks with Dis-
tributed AF Beamforming

Authored by Hien Quoc Ngo and Erik G. Larsson.
Published in the IEEE Communications Letters, 2013 [43].

We consider a multipair two-way relay network where multiple communication pairs
simultaneously exchange information with the help of multiple relay nodes. All
nodes are equipped with a single antenna and channel state information is available
at the relay nodes. Each relay uses very simple signal processing in a distributed
manner, called distributed amplify-and-forward (AF) relaying. A closed-form ex-
pression for the achievable rate is derived. We show that the distributed AF scheme
outperforms conventional orthogonal relaying. When the number of relays is large,
the distributed AF relaying scheme can achieve the capacity scaling given by the
cut-set upper bound. Furthermore, when the number of relays grows large, the
transmit powers of each terminal and of the relay can be made inversely propor-
tional to the number of relays while maintaining a given quality-of-service. If the
transmit power of each terminal is kept fixed, the transmit power of each relay can
be scaled down inversely proportional to the square of the number of relays.

Paper I: Spectral Efficiency of the Multi-pair Two-Way Relay Channel
with Massive Arrays

Authored by Hien Quoc Ngo and Erik G. Larsson.

Published in the proceedings of the Asilomar Conference on Signals, Systems, and
Computer, 2013 [44].
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We consider a multipair two-way relay channel where multiple communication pairs
share the same time-frequency resource and a common relay node. We assume that
all users have a single antenna, while the relay node is equipped with a very large
antenna array. We consider two transmission schemes: (I) separate-training zero-
forcing (ZF) and (II) a new proposed coupled-training ZF. For both schemes, the
channels are estimated at the relay by using training sequences, assuming time-
division duplex operation. The relay processes the received signals using ZF. With
the separate-training ZF, the channels from all users are estimated separately. By
contrast, with the coupled-training ZF, the relay estimates the sum of the channels
from two users of a given communication pair. This reduces the amount of resources
spent in the training phase. Self-interference reduction is also proposed for these
schemes. When the number of relay antennas grows large, the effects of interpair
interference and self-interference can be neglected. The transmit power of each user
and of the relay can be made inversely proportional to the square root of the number
of relay antennas while maintaining a given quality-of-service. We derive a lower
bound on the capacity which enables us to evaluate the spectral efficiency. The
coupled-training ZF scheme is preferable for the high-mobility environment, while
the separate-training ZF scheme is preferable for the low-mobility environment

Paper J: Multipair Full-Duplex Relaying with Massive Arrays and Linear
Processing

Authored by Hien Quoc Ngo, Himal A. Suraweera, Michail Matthaiou, and Erik G.
Larsson.

Published in the IEEE Journal on Selected Areas in Communications, 2014 [45].

We consider a multipair decode-and-forward relay channel, where multiple sources
transmit simultaneously their signals to multiple destinations with the help of a
full-duplex relay station. We assume that the relay station is equipped with mas-
sive arrays, while all sources and destinations have a single antenna. The relay
station uses channel estimates obtained from received pilots and zero-forcing (ZF)
or maximum-ratio combining/maximum-ratio transmission (MRC/MRT) to pro-
cess the signals. To significantly reduce the loop interference effect, we propose
two techniques: 1) using a massive receive antenna array; or ii) using a massive
transmit antenna array together with very low transmit power at the relay station.
We derive an exact achievable rate expression in closed-form for MRC/MRT pro-
cessing and an analytical approximation of the achievable rate for ZF processing.
This approximation is very tight, particularly for a large number of relay station
antennas. These closed-form expressions enable us to determine the regions where
the full-duplex mode outperforms the half-duplex mode, as well as to design an
optimal power allocation scheme. This optimal power allocation scheme aims to
maximize the energy efficiency for a given sum spectral efficiency and under peak
power constraints at the relay station and sources. Numerical results verify the ef-
fectiveness of the optimal power allocation scheme. Furthermore, we show that, by
doubling the number of transmit /receive antennas at the relay station, the transmit
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power of each source and of the relay station can be reduced by 1.5 dB if the pilot
power is equal to the signal power, and by 3 dB if the pilot power is kept fixed,
while maintaining a given quality of service.

5.2 Not Included Papers

The following publications by the author are not included in the dissertation either
because they do not fit within the main scope of the dissertation, or they were
earlier versions of the journal publications included in the dissertation.

e H. Q. Ngo and E. G. Larsson, “Linear multihop amplify-and-forward relay
channels: Error exponent and optimal number of hops,” IEEE Trans. Wireless
Commaun., vol. 10, no. 11, pp. 3834-3842, Nov. 2011.

e M. Matthaiou, G. C. Alexandropoulos, H. Q. Ngo, and E. G. Larsson, “Ana-
lytic framework for the effective rate of MISO fading channels,” IEEE Trans.
Commaun., vol. 60, no. 6, pp. 1741-1751, June 2012.

e T. Q. Duong, H. Q. Ngo, H-J. Zepernick, and A. Nallanathan, “Distributed
space-time coding in two-way fixed gain relay networks over Nakagami-m
fading,” IEEFE International Conference on Communicatons (ICC), Ottawa,
Canada, June 2012.

e H. Q. Ngo, M. Matthaiou, and E. G. Larsson, “Performance analysis of
large scale MU-MIMO with optimal linear receivers”, Proceedings of the IEEE
Swedish Communication Technologies Workshop (Swe-CTW), 2012.

e H. Q. Ngo, M. Matthaiou, T. Q. Duong, and E. G. Larsson, “Uplink per-
formance analysis of multicell MU-SIMO systems with ZF receivers,” IEEE
Trans. Vehicular Techno., vol. 62, no. 9, pp. 4471-4483, Nov. 2013.

e H. A. Suraweera, H. Q. Ngo, T. Q. Duong, C. Yuen, and E. G. Larsson,
“Multi-pair amplify-and-forward relaying with very large antenna arrays,” in
Proc. IEEE International Conference on Communicatons (ICC), Budapest,
Hungary, June 2013.

e A. K. Papazafeiropoulos, H. Q. Ngo, M. Matthaiou, and T. Ratnarajah, “Up-
link performance of conventional and massive MIMO cellular systems with
delayed CSIT,” in Proc. IEEFE International Symposium on Personal, Indoor
and Mobile Radio Communications (PIMRC), Washington, D.C., Sept. 2014.

e H. Phan, T. M. C. Chu, H.-J. Zepernick, H. Q. Ngo, “Performance of cogni-
tive radio networks with finite buffer using multiple vacations and exhaustive
service,” in Proc. International Conference on Signal Processing and Com-
munication (ICSPCS), Gold Coast, Australia, Dec. 2014.
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Chapter 6

Future Research Directions

As discussed in Section 3.4, a number of issues and challenges in Massive MIMO
remain to be investigated. There are many open research directions. Here is the
list of possible research directions in Massive MIMO:

e Pilot contamination: pilot contamination is one of the inherent limitations of
Massive MIMO which degrades the Massive MIMO performance significantly.
This effect persists even when the number of BS antennas goes to infinity.
Dealing with the pilot contamination effect is an important research direction.
Pilot contamination arises due to interference from other cells during the
training phase. Therefore, one way to reduce the pilot contamination effect is
to use large frequency-reuse factors during the training phase. However, this
will reduce the pre-log factor, and hence, will reduce the spectral efficiency.
Another way is increasing the cell-size. With a large cell-size, due to the
path loss, the power of the desired signal in a given cell is much stronger
the interference power from other cells. However, owing to the large cell-size
and the effect of path loss, the users that are located around the cell edges
could not receive a good quality-of-service. A suitable design of the cell-size,
frequency-reuse factor during the training, and power control to reduce the
pilot contamination effect should be investigated.

e Channel state information acquisition: the acquisition of CSI is very impor-
tant in Massive MIMO. Channel estimation algorithms are attracting much
attention. There is much ongoing research in this direction. Many questions
are not still appropriately answered:

— Can the channel be blindly estimated? Can payload data help improve
channel estimation accuracy? How much can we gain from such schemes?
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— Is the use of orthogonal pilot sequences among users optimal, especially
in multicell systems where the pilot contamination effect occurs? Which
pilot sequences should be used? How to optimally assign pilot sequences
to the users, especially for new users which enter the system? We believe
that the design and assignment of the pilot sequences is an important
research direction.

— Should each user estimate the effective channel in the downlink? And
how much gain we can obtain?

e System architecture: it would be good if Massive MIMO can combine with
practical systems such as LTE. Furthermore, Massive MIMO, small cell, and
millimeter wave technologies are promising candidates for 5G wireless systems.
Designing new efficient systems with the combination of these technologies is
a good research direction.

e In our work, Paper F, we considered the case where the transmit powers during
the training and payload data transmissions are not equal, and are optimally
chosen. The performance gain obtained by this optimal power allocation was
studied. However, the cost of performing this optimal power allocation may
be an increase in the peak-to-average ratio of the emitted waveform. This
should be investigated in future work.

e In Papers G and H, amplify-and-forward relaying networks are studied. We
assume that the destinations have no CSI, and an interpair interference re-
duction scheme is proposed by using the knowledge of its deterministic equiv-
alent. This will work well if the interference hardens quickly in large systems.
However, with amplifying-and-forward relaying, the interference contains the
products of two channels, and hence, the interference hardens very slowly. The
system performance may noticeably improve if the estimate of interference is
considered.

e In current works, we assume that each user has a single antenna. It would
be interesting to consider the case where each user is employed with several
antennas. Note that in the current wireless systems (e.g. LTE), each users can
have two antennas [48]. The transceiver designs (transmission schemes at the
BS and detection schemes at the users) and performance analysis (achievable
rate, outage probability, etc) of Massive MIMO systems with multiple-antenna
users should be studied.

e Distributed Massive MIMO: in our work, we considered massive MIMO with
collocated antenna arrays at the BS. Alternatively, massive BS antenna arrays
can be distributed in a large area. Design and analysis of distributed Massive
MIMO systems are of interest. Some related works are considered in the
literature. For example, in [49], the authors proposed a distributed massive
MIMO structure by clustering the cooperating BS and partitioning the users
into groups. It was shown that the proposed scheme can achieve a spectral
efficiency comparable with that of collocated Massive MIMO in [13] with
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a much smaller number of active antennas. However, in [13], the authors
considered conjugate beamforming. In future work, the comparison between
[49] and [13] with ZF should be considered. It is also interesting to compare
the energy efficiency between the system in [49] and the system in [13].
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Energy and Spectral Efficiency of Very Large Multiuser
MIMO Systems

Hien Quoc Ngo, Erik G. Larsson, and Thomas L. Marzetta

Abstract

A multiplicity of autonomous terminals simultaneously transmits data streams to
a compact array of antennas. The array uses imperfect channel-state information
derived from transmitted pilots to extract the individual data streams. The power
radiated by the terminals can be made inversely proportional to the square-root of
the number of base station antennas with no reduction in performance. In contrast
if perfect channel-state information were available the power could be made inversely
proportional to the number of antennas. Lower capacity bounds for mazimum-ratio
combining (MRC), zero-forcing (ZF) and minimum mean-square error (MMSE)
detection are derived. An MRC receiver normally performs worse than ZF and
MMSE. However as power levels are reduced, the cross-talk introduced by the infe-
rior mazimum-ratio receiver eventually falls below the noise level and this simple
receiver becomes a viable option. The tradeoff between the energy efficiency (as mea-
sured in bits/J) and spectral efficiency (as measured in bits/channel use/terminal)
is quantified for a channel model that includes small-scale fading but not large-scale
fading. It is shown that the use of moderately large antenna arrays can improve the
spectral and energy efficiency with orders of magnitude compared to a single-antenna
system.
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1 Introduction

In multiuser multiple-input multiple-output (MU-MIMO) systems, a base station
(BS) equipped with multiple antennas serves a number of users. Such systems have
attracted much attention for some time now [1]. Conventionally, the communication
between the BS and the users is performed by orthogonalizing the channel so that
the BS communicates with each user in separate time-frequency resources. This
is not optimal from an information-theoretic point of view, and higher rates can
be achieved if the BS communicates with several users in the same time-frequency
resource [2,3]. However, complex techniques to mitigate inter-user interference must
then be used, such as maximum-likelihood multiuser detection on the uplink [4], or
“dirty-paper coding” on the downlink [5,6].

Recently, there has been a great deal of interest in MU-MIMO with very large
antenna arrays at the BS. Very large arrays can substantially reduce intracell in-
terference with simple signal processing [7]. We refer to such systems as “very large
MU-MIMO systems” here, and with very large we mean arrays comprising say a
hundred, or a few hundreds, of antennas, simultaneously serving tens of users. The
design and analysis of very large MU-MIMO systems is a fairly new subject that
is attracting substantial interest [7—10]. The vision is that each individual antenna
can have a small physical size, and be built from inexpensive hardware. With a very
large antenna array, things that were random before start to look deterministic. As
a consequence, the effect of small-scale fading can be averaged out. Furthermore,
when the number of BS antennas grows large, the random channel vectors between
the users and the BS become pairwisely orthogonal [9]. In the limit of an infinite
number of antennas, with simple matched filter processing at the BS, uncorrelated
noise and intracell interference disappear completely [7]. Another important ad-
vantage of large MIMO systems is that they enable us to reduce the transmitted
power. On the uplink, reducing the transmit power of the terminals will drain their
batteries slower. On the downlink, much of the electrical power consumed by a BS
is spent by power amplifiers and associated circuits and cooling systems [11]. Hence
reducing the emitted RF power would help in cutting the electricity consumption
of the BS.

This paper analyzes the potential for power savings on the uplink of very large MU-
MIMO systems. We derive new capacity bounds of the uplink for finite number
of BS antennas. While it is well known that MIMO technology can offer improved
power efficiency, owing to both array gains and diversity eflects [12], we are not
aware of any work that analyzes power efficiency of MU-MIMO systems with receiver
structures that are realistic for very large MIMO.We consider both single-cell and
multicell systems, but focus on the analysis of single-cell MU-MIMO systems since:
i) the results are easily comprehensible; ii) it bounds the performance of a multicell
system; and iii) the single-cell performance can be actually attained if one uses
successively less-aggressive frequency-reuse (e.g., with reuse factor 3, or 7). Our
results are different from recent results in [13] and [14]. In [13] and [14], the authors
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derived a deterministic equivalent of the SINR assuming that the number of transmit
antennas and the number of users go to infinity but their ratio remains bounded for
the downlink of network MIMO systems using a sophisticated scheduling scheme
and MISO broadcast channels using zero-forcing (ZF) precoding, respectively.

The paper makes the following specific contributions:

e We show that, when the number of BS antennas M grows without bound,
we can reduce the transmitted power of each user proportionally to 1/M if
the BS has perfect channel state information (CSI), and proportionally to
1/v/M if CSI is estimated from uplink pilots. This holds true even when
using simple, linear receivers. We also derive closed-form expressions of lower
bounds on the uplink achievable rates for finite M, for the cases of perfect
and imperfect CSI, assuming MRC, ZF, and minimum mean-squared error
(MMSE) receivers, respectively. See Section 3.

e We study the tradeoff between spectral efficiency and energy efficiency. For
imperfect CSI, in the low transmit power regime, we can simultaneously in-
crease the spectral-efficiency and energy-efficiency. We further show that in
large-scale MIMO, very high spectral efficiency can be obtained even with
simple MRC processing at the same time as the transmit power can be cut
back by orders of magnitude and that this holds true even when taking into
account the losses associated with acquiring CSI from uplink pilots. MRC
also has the advantage that it can be implemented in a distributed manner,
i.e., each antenna performs multiplication of the received signals with the con-
jugate of the channel, without sending the entire baseband signal to the BS
for processing. Quantitatively, our energy-spectral efficiency tradeoff analysis
incorporates the effects of small-scale fading but neglects those of large-scale
fading, leaving an analysis of the effect of large-scale fading for future work.
See Section 4.

2 System Model and Preliminaries

2.1 MU-MIMO System Model

We consider the uplink of a MU-MIMO system. The system includes one BS
equipped with an array of M antennas that receive data from K single-antenna
users. The nice thing about single-antenna users is that they are inexpensive, sim-
ple, and power-efficient, and each user still gets typically high throughput. Fur-
thermore, the assumption that users have single antennas can be considered as a
special case of users having multiple antennas when we treat the extra antennas as
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if they were additional autonomous users.? The users transmit their data in the
same time-frequency resource. The M X 1 received vector at the BS is

Yy =+/puGZ +n (1)

where G represents the M x K channel matrix between the BS and the K users,
i.e., gmk = [G),,,, is the channel coefficient between the mth antenna of the BS and
the kth user; /p.x is the K x 1 vector of symbols simultaneously transmitted by
the K users (the average transmitted power of each user is p,); and n is a vector
of additive white, zero-mean Gaussian noise. We take the noise variance to be
1, to minimize notation, but without loss of generality. With this convention, py
has the interpretation of normalized “transmit” SNR and is therefore dimensionless.
The model (3) also applies to wideband channels handled by OFDM over restricted
intervals of frequency.

The channel matrix G models independent fast fading, geometric attenuation, and
log-normal shadow fading. The coefficient g, can be written as

Imk :hmk V ﬂka m = 1727"'7M7 (2)

where h,, is the fast fading coefficient from the kth user to the mth antenna of the
BS. /B models the geometric attenuation and shadow fading which is assumed to
be independent over m and to be constant over many coherence time intervals and
known a priori. This assumption is reasonable since the distances between the users
and the BS are much larger than the distance between the antennas, and the value
of B changes very slowly with time. Then, we have

G =HD'? (3)

where H is the M x K matrix of fast fading coefficients between the K users and
the BS, i.e., [H|,,, = hmk, and D is a K x K diagonal matrix, where [D],, = B.
Therefore, (3) can be written as

y = poHD"?z +n. (4)
2.2 Review of Some Results on Very Long Random Vectors

We review some limit results for random vectors [15] that will be useful later on.
Let p = [py ... pn]T and ¢ = [q1 ... qn]T be mutually independent n x 1 vectors

INote that under the assumptions on favorable propagation (see Section 2.3), having n au-
tonomous single-antenna users or having one n-antenna user (where the antennas cooperate in
the encoding), represent two cases with equal energy and spectral efficiency. To see why, con-
sider two cases: the case of 2 autonomous single-antenna users of which each spends power P,

and the case of one dual-antenna user with a total power constraint of 2P. Then, the sum

Pllhy|? Pllho|?Y _
rates for the two cases are the same and equal to logy (1 + No + log, (1 + Ny =

H
log, det <I+ N%)[h1 ho] [ ](—;’ 2, } [ Z}{ ]), where h; is the channel vector between the ith
2

user (or ith antenna) to the base station, and Ny is the variance of noise.
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2

whose elements are i.i.d. zero-mean random variables (RVs) with E {\p,|2} =0,

and E {|q2|2} = 02, i =1,...,n. Then from the law of large numbers,

1 a.s. 1 a.s.
EpHp—HIf), and Equ—>0, as m — oo. (5)

where “3 denotes the almost sure convergence. Also, from the Lindeberg-Lévy
central limit theorem,

1
%quiCN (0, 0202) , as n — 00, (6)

d e
where — denotes convergence in distribution.

2.3 Favorable Propagation

Throughout the rest of the paper, we assume that the fast fading coefficients, i.e., the
elements of H are i.i.d. RVs with zero mean and unit variance. Then the conditions
in (5)—(6) are satisfied with p and g being any two distinct columns of G. In this
case we have

@ — p/? H"H

M M

and we say that we have favorable propagation. Clearly, if all fading coefficients are
i.i.d. and zero mean, we have favorable propagation. Recent channel measurements
campaigns have shown that multiuser MIMO systems with large antenna arrays
have characteristics that approximate the favorable-propagation assumption fairly
well [9], and therefore provide experimental justification for this assumption.

D'Y?~D, M> K,

To understand why favorable propagation is desirable, consider an M x K uplink
(multiple-access) MIMO channel H, where M > K, neglecting for now path loss
and shadowing factors in D. This channel can offer a sum-rate of

K
R=7Y log, (1+puA}), (7)
k=1

where p, is the power spent per terminal and {)\k},le are the singular values of H,

see [12]. If the channel matrix is normalized such that |H;;| ~ 1 (where ~ means

equality of the order of magnitude), then Zle A} = ||H||? ® MK. Under this
constraint the rate R is bounded as

logy (1+ MKpy) < R < K logy (1+ Mpy). (®)

The lower bound (left inequality) is satisfied with equality if A3 = MK and \3 =
-+ = A% = 0 and corresponds to a rank-one (line-of-sight) channel. The upper
bound (right inequality) is achieved if A\ = --- = A% = M. This occurs if the
columns of H are mutually orthogonal and have the same norm, which is the case
when we have favorable propagation.
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3 Achievable Rate and Asymptotic (M — oo) Power
Efficiency

By using a large antenna array, we can reduce the transmitted power of the users as
M grows large, while maintaining a given, desired quality-of-service. In this section,
we quantify this potential for power decrease, and derive achievable rates of the
uplink. Theoretically, the BS can use the maximum-likelihood detector to obtain
optimal performance. However, the complexity of this detector grows exponentially
with K. The interesting operating regime is when both M and K are large, but
M is still (much) larger than K, ie., 1 < K < M. It is known that in this case,
linear detectors (MRC, ZF and MMSE) perform fairly well [7] and therefore we will
restrict consideration to those detectors in this paper. We treat the cases of perfect
CSI (Section 3.1) and estimated CSI (Section 3.2) separately.

3.1 Perfect Channel State Information

We first consider the case when the BS has perfect CSI, i.e. it knows G. Let A be
an M x K linear detector matrix which depends on the channel G. By using the
linear detector, the received signal is separated into streams by multiplying it with
A" as follows

r=A"y. (9)
We consider three conventional linear detectors MRC, ZF, and MMSE, i.e.,

G for MRC
-1
A-! G (GHG) for ZF (10)
-1
G (GHG + piuIK) for MMSE.

From (3) and (9), the received vector after using the linear detector is given by
r = /paA"Gr + An. (11)
Let rx and xj be the kth elements of the K x 1 vectors r and «, respectively. Then,
K
i = /Puay Gz + af'n = \/puar g,k + \/Pu Z ajlg;x; +ajn, (12)
i=1,i#k

where aj, and g, are the kth columns of the matrices A and G, respectively. For
a fixed channel realization G, the noise-plus-interference term is a random variable
with zero mean and variance p, Zfill# lafg;)? + ||lax||?>. By modeling this term
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as additive Gaussian noise independent of z; we can obtain a lower bound on the
achievable rate. Assuming further that the channel is ergodic so that each codeword
spans over a large (infinite) number of realizations of the fast-fading factor of G,
the ergodic achievable uplink rate of the kth user is

H, |2
ulak
Rp’k:IE{log2 <1+ — | "5’“'2 2)} (13)
Pudicqizn |0y 9il* + llak|]

To approach this capacity lower bound, the message has to be encoded over many
realizations of all sources of randomness that enter the model (noise and channel).
In practice, assuming wideband operation, this can be achieved by coding over the
frequency domain, using, for example coded OFDM.

Proposition 1 Assume that the BS has perfect CSI and that the transmit power

of each user is scaled with M according to p, = %, where Ey is fived. Then,>

RP,k — 10g2 (1 + ﬁkEu) R M — oco. (14)

Proof: We give the proof for the case of an MRC receiver. With MRC, A =G so
a, =g;,. From (13), the achievable uplink rate of the kth user is

e _ g {1og <1+ pullgll’ )} 15)
kT 2 K ’
Pu Ei:l,i;ﬁk |g£gi|2 + ||ng2

Substituting p, = £ into (15), and using (5), we obtain (14). By using the law of

large numbers, we can arrive at the same result for the ZF and MMSE receivers.
Note from (3) and (5) that when M grows large, %GHG tends to D, and hence the
ZF and MMSE filters tend to that of the MRC. O

Proposition 1 shows that with perfect CSI at the BS and a large M, the performance
of a MU-MIMO system with M antennas at the BS and a transmit power per user
of F,/M is equal to the performance of a SISO system with transmit power E.,
without any intra-cell interference and without any fast fading. In other words,
by using a large number of BS antennas, we can scale down the transmit power
proportionally to 1/M. At the same time we increase the spectral efficiency K
times by simultaneously serving K users in the same time-frequency resource.

2As mentioned after (3), py has the interpretation of normalized transmit SNR, and it is
dimensionless. Therefore Ey is dimensionless too.
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3.1.1 Maximum-Ratio Combining

For MRC, from (15), by the convexity of log, (1 + %) and using Jensen’s inequality,
we obtain the following lower bound on the achievable rate:

K H, |2 21\ !
~ Puli—14 95 9:1° + g
Fs > Rt 2 o, 1+<E{ SEuilol'al uu|}> e

Pullgll*

Proposition 2 With perfect CSI, Rayleigh fading, and M > 2, the uplink achiev-
able rate from the kth user for MRC can be lower bounded as follows:
Pu (M _ 1) ﬁk )

ZiKzl,i;ﬁk Bi+1

R = log, (1 + . (17)

Proof: See Appendiz A. O

If py, = Ew/M, and M grows without bound, then from (17), we have

E
~ Zu (A — 1
ﬁ=m%H@ﬂ% m¢>emm+m&%M+w (18)
i Zi:l,i;ﬁk Bi+1

Equation (18) shows that the lower bound in (17) becomes equal to the exact limit
in Proposition 1 as M — oo.

3.1.2 Zero-Forcing Receiver

-1
With ZF, A7 = (GHG') G, or A"G = Ix. Therefore, a’g, = Ok, where
0r; = 1 when k = ¢ and 0 otherwise. From (13), the uplink rate for the kth user is

pll

"9)]

kk

RE, =E{log, | 1+ (19)

By using Jensen’s inequality, we obtain the following lower bound on the achievable
rate:

Pu

={lle7e) .

R, > RE) =log, | 1+

(20)
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Proposition 3 When using ZF, in Rayleigh fading, and provided that M > K +1,
the achievable uplink rate for the kth user is lower bounded by

Rt =logy (14 pu (M — K) Br) . (21)

Proof: See Appendixz B. O

If py = E,/M, and M grows large, we have
Dzt Eu
b = logy 1+M(]V[—K)Bk — logy (14 SrEy), M — oo. (22)

We can see again from (22) that the lower bound becomes exact for large M.

3.1.3 Minimum Mean-Squared Error Receiver
For MMSE, the detector matrix A is

1 -1 1 -1
AT = (GHG + pIK> G" =g" (GGH + pIM> : (23)
Therefore, the kth column of A is given by [16]
1 - Ai'g,
ap = (GGH + IM) 9 = o —, (24)
Pu ngAk 1gk +1

where Aj, = Z£17i¢kgigf + p%IM~ Substituting (24) into (13), we obtain the
uplink rate for user k:

mee — E {log, (1 + g A} 'g,)}

a 1
(:) E < log, P

1-g! (L1 +GG™) g,

1

=E < log, —

1— {GH (piIM + GGH) G}

u kk

g o, S , (25)

[(IK +.6"G) }

kk
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where (a) is obtained directly from (24), and () is obtained by using the identity

-1 -1 1
GH<1IM+GGH> G= (1IK+GHG) GHG:IK—(IKJr puGHG) .

u u

By using Jensen’s inequality, we obtain the following lower bound on the achievable
uplink rate:

~ 1
Rmmse 2 Rmmse — log (1 + ) s 26
P,k Pk 2 E{l/'}/k} ( )

where v, = — 1. For Rayleigh fading, the exact distribution of

1
[<IK+F"GHG)71] kk

v, can be found in [17]. This distribution is analytically intractable. To proceed,
we approximate it with a distribution which has an analytically tractable form.
More specifically, the PDF of 4 can be approximated by a Gamma distribution as
follows [18]:

,Yakflef’y/gk

= 2
where
a_(M—K—&—l—I—(K—l),u)Q  M-K+1+(K-1)k 8 (28)
P TM K+ 1+(K -0k 0P T MK 11+ (K1)

and where p and k are determined by solving following equations:

K

p=—t 3 1
K =1 4=, Mpufi (1= 57+ 57u) +1
K
Pubi
k|14 RO 2
e (i (1= 5+ Bk +1)
K
= Z puﬁi/l +1 . (29)

— - p
=tk (MpuBi (1 - B2l Koly) 4+1)
Using the approximate PDF of 7 given by (27), we have the following proposition.

Proposition 4 With perfect CSI, Rayleigh fading, and MMSE, the lower bound on
the achievable rate for the kth user can be approrimated as

RIS = logy (1+ (ai — 1) 6y). (30)
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Proof: Substituting (27) into (26), and using the identity [19, eq. (3.326.2)], we
obtain

e = log, (1 + F(F(O"“))ek) , (31)

ap —1

where ' (+) is the Gamma function. Then, using I' (x + 1) = =" (z), we obtain the
desired result (30). O

Remark 1 From (13), the achievable rate Rp j, can be rewritten as

laflg, |2 la’ A |21A, gy 12
Rpir =E<1 1+ === < ELI 1
P,k { 089 ( + agAkak — 082 + a:k]j!Ak;a/k
= E {log, (1+9{'A; " g,) } - (32)

The inequality is obtained by using Cauchy-Schwarz’ inequality, which holds with
equality when ap, = cA,?lgk, for any c € C. This corresponds to the MMSE detector
(see (24)). This implies that the MMSE detector is optimal in the sense that it
maximizes the achievable rate given by (13).

3.2 Imperfect Channel State Information

In practice, the channel matrix G has to be estimated at the BS. The standard
way of doing this is to use uplink pilots. A part of the coherence interval of the
channel is then used for the uplink training. Let T" be the length (time-bandwidth
product) of the coherence interval and let 7 be the number of symbols used for pilots.
During the training part of the coherence interval, all users simultaneously transmit
mutually orthogonal pilot sequences of length 7 symbols. The pilot sequences used
by the K users can be represented by a 7 x K matrix ,/p,® (7 > K), which satisfies
e = I, where p, = 7p,. Then, the M x 7 received pilot matrix at the BS is
given by

Y, = /0,G®" + N, (33)

where N is an M x 7 matrix with i.i.d. CN (0,1) elements. The MMSE estimate
of G given Y is

1
vPp

é:

Y, ®'D = (G + W) D, (34)

VDo
~ —1
where W 2 N®*, and D 2 (iD*1 +1K) . Since ®7® = I, W has iid.

CN (0,1) elements. Note that our analysis takes into account the fact that pilot
signals cannot take advantage of the large number of receive antennas since channel
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estimation has to be done on a per-receive antenna basis. All results that we present
take this fact into account. Denote by € £ G —G. Then, from (34), the elements of

the ith column of €& are RVs with zero means and variances " g? +1- Furthermore,
N:2

owing to the properties of MMSE estimation, &€ is independent of G. The received
vector at the BS can be rewritten as

F=Aa" (\/]Tuéx — VPl + n) : (35)

Therefore, after using the linear detector, the received signal associated with the
kth user is

P = /pudr Gz — \/puar €z + af'n

K K
= VPulr 9Tk +Pa Y G gmi—Pa Yy e +apn,  (36)
=1

i=1,i#k
where ag, g;, and €; are the ith columns of A, G, and &, respectively.

Since G and & are independent, A and € are independent too. The BS treats the
channel estimate as the true channel, and the part including the last three terms
of (36) is considered as interference and noise. Therefore, an achievable rate of the
uplink transmission from the kth user is given by

~H~ 12
pu|a’k gk|
Rlp’k :E{10g2 <1 + y74 — ~ 74 - ~ )} (37)
Pu 21:17#1@ |G 9;1% +pullar|? Zi:l %HMHQ

Intuitively, if we cut the transmitted power of each user, both the data signal
and the pilot signal suffer from the reduction in power. Since these signals are
multiplied together at the receiver, we expect that there will be a “squaring effect”.
As a consequence, we cannot reduce power proportionally to 1/M as in the case of
perfect CSI. The following proposition shows that it is possible to reduce the power
(only) proportionally to 1/v/M.

Proposition 5 Assume that the BS has imperfect CSI, obtained by MMSE esti-
mation from uplink pilots, and that the transmit power of each user is py = \]/37“7,
where By is fized. Then,

Ripp — logy (1+7B7E2) , M — . (38)

Proof: For MRC, substituting ax = g, into (37), we obtain the achievable uplink
rate as

me — {10g2 (1 I - - pu||!:lk||4 I A )} )
Pu Zi:u;&k 9% 9% + pullgrll® >isy Bl T g1
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Substituting p, = Eu/V M into (39), and again using (5) along with the fact that

2
each element of g, is a RV with zero mean and variance Py By , we obtain (38).
pp6k+1

We can obtain the limit in (38) for ZF and MMSE in o similar way. O

Proposition 5 implies that with imperfect CSI and a large M, the performance of
a MU-MIMO system with an M-antenna array at the BS and with the transmit
power per user set to F,/ VM is equal to the performance of an interference-free
SISO link with transmit power 73, E2, without fast fading.

Remark 2 From the proof of Proposition 5, we see that if we cut the transmit power
proportionally to 1/M®, where o > 1/2, then the SINR of the uplink transmission
from the kth user will go to zero as M — oo. This means that 1/v/M is the fastest
rate at which we can cut the transmit power of each user and still maintain a fived
rate.

Remark 3 In general, each user can use different transmit powers which depend
on the geometric attenuation and the shadow fading. This can be done by assuming
that the kth user knows By, and performs power control. In this case, the reasoning
leading to Proposition 5 can be extended to show that to achieve the same rate as
in a SISO system using transmit power E,, we must choose the transmit power of

the kth user to be Mb;“ﬁk.

Remark 4 It can be seen directly from (15) and (39) that the power-scaling laws
still hold even for the most unfavorable propagation case (where H has rank one).
However, for this case, the multiplexing gains do not materialize since the intracell
interference cannot be cancelled when M grows without bound.

3.2.1 Maximum-Ratio Combining

By following a similar line of reasoning as in the case of perfectt CSI, we can obtain
lower bounds on the achievable rate.

Proposition 6 With imperfect CSI, Rayleigh fading, MRC processing, and for
M > 2, the achievable uplink rate for the kth user is lower bounded by

g (M —1) B}
Ve . (40)
DPu (Tpuﬁk + 1) Zizlﬂ;;ﬁk; ﬂz + (T + 1)pu6k +1

e, = log, (1 +

By choosing p, = E,/v M, we obtain
RIES, — logy (L+ 7BRE2) , M — oo. (41)

Again, when M — oo, the asymptotic bound on the rate equals the exact limit
obtained from Proposition 5.
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3.2.2 ZF Receiver

For the ZF receiver, we have dng}Z- = Jk;. From (37), we obtain the achievable
uplink rate for the kth user as

Pu

Rflf;’k:E logy | 1+ - o1
(Eizl e+ 1) [(G G) ]

kk

Following the same derivations as in Section 3.1.2 for the case of perfect CSI, we
obtain the following lower bound on the achievable uplink rate.

Proposition 7 With ZF processing using imperfect CSI, Rayleigh fading, and for
M > K + 1, the achievable uplink rate for the kth user is bounded as

pa (M — K) B;
(Tpuﬁk + 1) Zfil Tpliuﬁﬁizrl + Tpuﬂk +1

Nflg,k = log, (1 + (43)

Similarly, with p, = E,/v M, when M — oo, the achievable uplink rate and its
lower bound tend to the ones for MRC (see (41)), i.e.,

R —log, (1+TBREL), M — o0, (44)

which equals the rate value obtained from Proposition 5.

3.2.3 MMSE Receiver

With imperfect CSI, the received vector at the BS can be rewritten as

Y = /PG — /Do +n. (45)

Therefore, for the MMSE receiver, the kth column of Ais given by

_ L1
ay = (GGH + Loy (- puts +n)) Lo = M8y
Pu g Ay g+ 1
where Cov (a) denotes the covariance matrix of a random vector a, and
S A e s a Bi 1
AL = izu#gigi + (; ruﬁi ) + pu> Iy (47)
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Similarly to in Remark 1, by using Cauchy-Schwarz’ inequality, we can show that the
MMSE receiver given by (46) is the optimal detector in the sense that it maximizes
the rate given by (37).

Substituting (46) into (37), we get the achievable uplink rate for the kth user with
MMSE receivers as

~ ~—1,
e = {log, (1+40A, g, |

=E « log,

K ) “toH o\
(IK+(ZH . pi) G G> 1

kk

Again, using an approximate distribution for the SINR, we can obtain a lower bound
on the achievable uplink rate in closed form.

Proposition 8 With imperfect CSI and Rayleigh fading, the achievable rate for the
kth user with MMSE processing is approzimately lower bounded as follows:

et = logy (1+ (ax — 1) 04) | (49)
where
. M-E+1+(K-1)p° » M-K+1+(K-1Dk ,
T MK+ 1+ (K—-1)& ’“’M—K+1+(K_1)ﬂa)6k, (50)

—1 “ 2
where w £ <Zfi1 Tpu%erl + 1%) , B = T;f/‘;fil, it and Kk are obtained by using

following equations:

1 K

b= = - —
K-1 i=1,i#k Mwp; (1 - KMl + Ker“) + 1
K A~

i1+ - wpi

i=1,i#k (Mwﬁi (1-E2 4+ E521p) + 1)

K 5
wpift +1
= Z 2 (51)
i=1,i#k (MwﬂL (1 — ﬁl + %ﬂ) + 1)

Table 1 summarizes the lower bounds on the achievable rates for linear receivers
derived in this section, distinguishing between the cases of perfect and imperfect
CSI, respectively.
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We have considered a single-cell MU-MIMO system. This simplifies the analysis,
and it gives us important insights into how power can be scaled with the number
of antennas in very large MIMO systems. A natural question is to what extent this
power-scaling law still holds for multicell MU-MIMO systems. Intuitively, when we
reduce the transmit power of each user, the effect of interference from other cells
also reduces and hence, the SINR will stay unchanged. Therefore we will have the
same power-scaling law as in the single-cell scenario. The next section explains this
argument in more detail.

Table 1: Lower bounds on the achievable rates of the uplink transmission for the
kth user.

Perfect CSI Imperfect CSI
pu(M—1)Bk TP (M—1)8;
MRC | logs (1 +o- S B +1> log, (1 + PalPaB) S8 ,8,i4—(7—+1)pu6k+1>

_ TPA(M—K)B7
ZF 10g2 (1 Fhu (M K) ﬂk) 10g2 <1+ (tpuBr+1) K, sz;utfzﬂ +Tpufr+1

MMSE | log, (1 + (cax — 1) 6) log, (1 + (G — 1) ék)

3.3 Power-Scaling Law for Multicell MU-MIMO Systems

We will use the MRC for our analysis. A similar analysis can be performed for the
ZF and MMSE detectors. Consider the uplink of a multicell MU-MIMO system
with L cells sharing the same frequency band. Each cell includes one BS equipped
with M antennas and K single-antenna users. The M X 1 received vector at the [th
BS is given by

L
Y =Pu Y Guzi +m, (52)
=1

where /pux; is the K x 1 transmitted vector of K users in the ith cell; n; is an
AWGN vector, n; ~ CN (0,157); and Gy; is the M x K channel matrix between the
[th BS and the K users in the ith cell. The channel matrix Gj; can be represented
as

G, = HliDlli/27 (53)

where H; is the fast fading matrix between the [th BS and the K users in the ith
cell whose elements have zero mean and unit variance; and Dy; is a K x K diagonal

matrix, where [Dy;],,. = Bk, with Si, represents the large-scale fading between the
kth user in the i cell and the (th BS.
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3.3.1 Perfect CSI

With perfect CSI, the received signal at the Ith BS after using MRC is given by

L
r =Gy, = VGl Guzi + Vb Y G Guzi +Gi/n. (54)

i=1,il

With p, = %, (54) can be rewritten as

1 Glilay L Gllay, I m
——r; =\VFEy T; + /DPu z; + Gin,. 55
Navi l Wi l p i:lzi;él M VM umn (55)

From (5)—(6), when M grows large, the interference from other cells disappears.
More precisely,

1 1/2 -
—r; —  E.Dyz; + D;/ "ny, 56
\/M l L] 1 l ( )

where n; ~ CN (0,I). Therefore, the SINR of the uplink transmission from the
kth user in the lth cell converges to a constant value when M grows large, more
precisely

SINR;, — BukEyu, as M — oc. (57)

This means that the power scaling law derived for single-cell systems is valid in
multicell systems too.

3.3.2 Imperfect CSI

In this case, the channel estimate from the uplink pilots is contaminated by inter-
ference from other cells. The MMSE channel estimate of the channel matrix Gy; is
given by [10]

L
R 1 ,
Gu= (Z Gi + \/]TW1> Dy, (58)

i=1 p

where Du is a diagonal matrix where the kth diagonal element {f)”} o =

Buk (ZiLzl Buix + i) . The received signal at the [th BS after using MRC is
given by

L H L

~ ~H ‘s 1

r =Guy, =Dy (Z G+ Wz) (\/pu ZGlimi + nz) . (59)
i=1 VPp i=1
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With p, = Ey/vV M, we have

_ g Gjla Gin
M3/4Dll L= “ZZ T J+Z ;3/4l

1=15=1
1 WFGh ‘ 1 Wflnl 60
fz st \/TEu M2 (60)
By using (5) and (6), as M grows large, we obtain
L pli o VE XL:D 2o+ ———ib (61)
7 Pu T u 1T + ——==wy,
M3/ Pt VTE,

where w; ~ CN (0,I,). Therefore, the asymptotic SINR of the uplink from the
kth user in the lth cell is

2 E2
SINRI, — LTB”’; B as M — oco. (62)
T i B ER + 1

We can see that the 1/v/M power-scaling law still holds. Furthermore, transmission
from users in other cells constitutes residual interference. The reason is that the pilot
reuse gives pilot-contamination-induced inter-cell interference which grows with M
at the same rate as the desired signal.

Remark 5 The MMSE channel estimate (10) is obtained by the assumption that,
for uplink training, all cells simultaneously transmit pilot sequences, and that the
same set of pilot sequences is used in all cells. This assumption makes no fun-
damental difference compared with using different pilot sequences in different cells,
as explained [7, Section VII-F|. Nor does this assumption make any fundamental
difference to the case when users in other cells transmit data when the users in the
cell of interest send their pilots. The reason is that whatever data is transmitted in
other cells, it can always be expanded in terms of the orthogonal pilot sequences that
are transmitted in the cell of interest, so pilot contamination ensues. For example,
consider the uplink training in cell 1 of a MU-MIMO system with L = 2 cells. As-
sume that, during an interval of length T symbols (1 > K), K users in cell 1 are
transmitting uplink pilots ®7 at the same time as K users in cell 2 are transmitting
uplink data Xo. Here ® is a 7 X K matriz which satisfies o1 — I, The received
signal at base station 1 is

Y, = \/}TpGll(I)T +v/PuG12X2 + N1,

where N1 € CM*T js AWGN at base station 1. By projecting the received signal Y,
onto ®", we obtain

Y1 2Y.8" = /G + /BuG1a X2 + N1,
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where Xo 2 X2®*, and Ny £ N,1®*. The kth column of Y1 is given by
Y1 = /P11 + VPuG 12Tk + Ny,

where gq1, Lok, and Ny are the kth columns of G11, 5(2, and Nl, respectively. By
using the Lindeberg-Lévy central limit theorem, we find that each element of the vec-
tor \/DuG12Z2 1 (ignoring the large-scale fading in this argument) is approzimately
Gaussian distributed with zero mean and variance Kp,. If K = 7, then Kp, = pp
and this result means that the effect of payload interference is just as bad as if users
in cell 2 transmitted pilot sequences.

4 Energy-Efficiency versus Spectral-Efficiency
Tradeoff

The energy-efficiency (in bits/Joule) of a system is defined as the spectral-
efficiency (sum-rate in bits/channel use) divided by the transmit power expended
(in Joules/channel use). Typically, increasing the spectral efficiency is associated
with increasing the power and hence, with decreasing the energy-efficiency. There-
fore, there is a fundamental tradeoff between the energy efficiency and the spectral
efficiency. However, in one operating regime it is possible to jointly increase the
energy and spectral efficiencies, and in this regime there is no tradeoff. This may
appear a bit counterintuitive at first, but it falls out from the analysis in Section 4.1.
Note, however, that this effect occurs in an operating regime that is probably of
less interest in practice.

In this section, we study the energy-spectral efficiency tradeoff for the uplink of MU-
MIMO systems using linear receivers at the BS. Certain activities (multiplexing to
many users rather than beamforming to a single user and increasing the number
of service antennas) can simultaneously benefit both the spectral-efficiency and
the radiated energy-efficiency. Once the number of service antennas is set, one
can adjust other system parameters (radiated power, numbers of users, duration
of pilot sequences) to obtain increased spectral-efficiency at the cost of reduced
energy-efficiency, and vice-versa. This should be a desirable feature for service
providers: they can set the operating point according to the current traffic demand
(high energy-efficiency and low spectral-efficiency, for example, during periods of
low demand).

4.1 Single-Cell MU-MIMO Systems

We define the spectral efficiency for perfect and imperfect CSI, respectively, as
follows

K K

~ T—r1 ~

R =) Riy and Rip = —— > Riby, (63)
k=1 k=1
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where A € {mrc,zf, mmse} corresponds to MRC, ZF and MMSE, and T is the
coherence interval in symbols. The energy-efficiency for perfect and imperfect CSI
is defined as

Ny = inD‘, and njp = iRﬁ;. (64)
u u

The large-scale fading can be incorporated by substituting (40) and (43) into (63).
However, this yields energy and spectral efficiency formulas of an intractable form
and which are very difficult (if not impossible) to use for obtaining further insights.
Note that the large number of antennas effectively removes the small-scale fading,
but the effects of path loss and large-scale fading will remain. This may give dif-
ferent users vastly different SNRs. As a result, power control may be desired. In
principle, a power control factor could be included by letting p, in (40) and (43)
depend on k. The optimal transmit power for each user would depend only on the
large-scale fading, not on the small-scale fading and effective power-control rules
could be developed straightforwardly from the resulting expressions. However, the
introduction of such power control may bring new trade-offs, for example that of
fairness between users near and far from the BS. In addition, the spectral versus
energy efficiency tradeoff relies on optimization of the number of active users. If the
users have grossly different large-scale fading coefficients, then the issue will arise
as to whether these coefficients should be fixed before the optimization or whether
for a given number of users K, these coefficients should be drawn randomly. Both
ways can be justified, but have different operational meaning in terms of scheduling.
This leads, among others, to issues with fairness versus total throughput, which we
would like to avoid here as this matter could easily obscure the main points of our
analysis. Therefore, for analytical tractability, we ignore the effect of the large-scale
fading here, i.e., we set D = I'x. Also, we only consider MRC and ZF receivers.?

For perfect CSI, it is straightforward to show from (17), (21), and (64) that when
the spectral efficiency increases, the energy efliciency decreases. For imperfect CSI,
this is not always so, as we shall see next. In what follows, we focus on the case of
imperfect CSI since this is the case of interest in practice.

4.1.1 Maximum-Ratio Combining

From (40), the spectral efficiency and energy efficiency with MRC processing are
given by

T-71 (M —1)p?
e — — T Klog, (1 u , and
1P T Og2< TR R+ K+ pt1)
mrc __ 1 mrc (65)
e P 1P -

3When M is large, the performance of the MMSE receiver is very close to that of the ZF receiver
(see Section 5). Therefore, the insights on energy versus spectral efficiency obtained from studying
the performance of ZF can be used to draw conclusions about MMSE as well.
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We have
li mre 1 mrc
pulg() e = pulg(]ITH P
. T—7 (logge) T (M — 1) py
= lim K =0, 66
pu—0 T T(K—l)p%—F(K"‘T)pu"'l ( )
and
. mrec . 1 mrc
lim 7fg® = lim —R{ES =0. (67)

Pu—r00 Pu—00 Dy

Equations (66) and (67) imply that for low p,,, the energy efficiency increases when
py increases, and for high p, the energy efficiency decreases when p,, increases. Since
aalﬁfr’c > 0, Vpy > 0, RYES is a monotonically increasing function of p,. Therefore,
at low p, (and hence at low spectral efliciency), the energy efliciency increases as
the spectral efficiency increases and vice versa at high p,. The reason is that, the
spectral efficiency suffers from a “squaring effect” when the received data signal is
multiplied with the received pilots. Hence, at p, < 1, the spectral-efficiency behaves
as ~ p2. As a consequence, the energy efficiency (which is defined as the spectral
efficiency divided by p,) increases linearly with p,. In more detail, expanding the
rate in a Taylor series for p, < 1, we obtain

O R 1 32 mrc
mrc o RuIc 1P " - 1P 2
P P Ip,=0 T pa puzop 2 “op2 o by
T —
= — T Klog, (e) 7 (M — 1) p2. (68)

This gives the following relation between the spectral efficiency and energy efficiency
at p, < 1:

mrc T B T mrc
mr = \/ T Klog, (e) 7 (M — 1)RIP . (69)

We can see that when p, < 1, by doubling the spectral efficiency, or by doubling
M, we can increase the energy efficiency by 1.5 dB.

4.1.2 Zero-Forcing Receiver

From (43), the spectral efficiency and energy efficiency for ZF are given by

(M - K)p;
(K+T)pu+1>

T—71

1
il Cand o = — R (70)

u

R = Klog, <1 +
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Similarly to in the analysis of MRC, we can show that at low transmit power py,
the energy efficiency increases when the spectral efficiency increases. In the low-py
regime, we obtain the following Taylor series expansion

T _
R ~ TTK'log2 (e)7 (M — K) p?, for p, < 1. (71)

Therefore,

2 T—T1
ot = | L Ko ) (01 — ) . (72)

Again, at p, < 1, by doubling M or Rff, we can increase the energy efficiency by
1.5 dB.

4.2 Multicell MU-MIMO Systems

In this section, we derive expressions for the energy-efficiency and spectral-efficiency
for a multicell system. These are used for the simulation in the Section 5. Here, we
consider a simplified channel model, i.e., D;; = Ik, and D); = 81k, where 5 € [0, 1]
is an intercell interference factor. Note that from (10), the estimate of the channel
between the kth user in the lth cell and the Ith BS is given by

1 L
Jur = ((L -1)p+1+ pl) huw + Z v Bhuik + L’wlk: . (73)

p i#k vPp
The term Z;k v/Bhiii, Tepresents the pilot contamination, therefore

S5 E {1v/Bhir |2}
E{||huxl?}

can be considered as the effect of pilot contamination.

=B(L-1)

Following a similar derivation as in the case of single-cell MU-MIMO systems, we
obtain the spectral efficiency and energy efficiency for imperfect CSI with MRC and
ZF receivers, respectively, as follows:

= M—1)p2
Irn;;:l = JKIOgQ 1+ — _ T( )pu _ ’
T T(KL? =148 (L—-1) (M ~2) p2+L (K+7) pu+1
mrc 1 mrc
Tl = 1, F (74)
T- M - K)p?
erlful = TKIOgQ 1+ — _ T( )pli ’
TK(Lz_Lﬂ+ﬁ—1)p%+L(K+7)pu+1

ml>»

1
zf zf
np = —R 75
IP Pu ( )
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Figure 1: Lower bounds and numerically evaluated values of the spectral efficiency
for different numbers of BS antennas for MRC, ZF, and MMSE with perfect and
imperfect CSI. In this example there are K = 10 users, the coherence interval
T = 196, the transmit power per terminal is p, = 10 dB, and the propagation
channel parameters were oghadow = 8 dB, and v = 3.8.

where L £ (L — 1) f+1. The principal complexity in the derivation is the correlation
between pilot-contaminated channel estimates.

We can see that the spectral efficiency is a decreasing function of g and L. Fur-
thermore, when L = 1, or § = 0, the results (74) and (75) coincide with (65) and
(70) for single-cell MU-MIMO systems.

5 Numerical Results

5.1 Single-Cell MU-MIMO Systems

We consider a hexagonal cell with a radius (from center to vertex) of 1000 meters.
The users are located uniformly at random in the cell and we assume that no user



74 Paper A. Energy and Spectral Efficiency of Very Large Multiuser MIMO

40.0 T : ;

--o-- Perfect CSI, MRC
—o— Imperfect CSl, MRC
--x-- Perfect CSl, ZF

~ —— Imperfect CSI, ZF

I 300 - ;

% ----- Perfect CSl, MMSE

= —— Imperfect CSl, MMSE

5\ ! 7 . . .

o

B

I

g

o

@

50 100 150 200 250 300 350 400 450 500
Number of Base Station Antennas (M)

Figure 2: Spectral efficiency versus the number of BS antennas M for MRC, ZF,
and MMSE processing at the receiver, with perfect CSI and with imperfect CSI
(obtained from uplink pilots). In this example K = 10 users are served simultane-
ously, the reference transmit power is E\, = 20 dB, and the propagation parameters
Were Oghadow = & dB and v = 3.8.

is closer to the BS than 7, = 100 meters. The large-scale fading is modelled via
Br = 2/ (rr/mh)", where zj is a log-normal random variable with standard deviation
Oshadows Tk 18 the distance between the kth user and the BS, and v is the path loss
exponent. For all examples, we choose oghadow = 8 dB, and v = 3.8.

We assume that the transmitted data are modulated with OFDM. Here, we choose
parameters that resemble those of LTE standard: an OFDM symbol duration of
T, = 71.4pus, and a useful symbol duration of T,, = 66.7us. Therefore, the guard
interval length is Ty = Ty — T, = 4.7us. We choose the channel coherence time to

be T. = 1 ms. Then, T = %% = 196, where 2= = 14 is the number of OFDM

symbols in a 1 ms coherence interval, and % = 14 corresponds to the “frequency
smoothness interval” [7].

5.1.1 Power-Scaling Law

We first conduct an experiment to validate the tightness of our proposed capacity
bounds. Fig. 1 shows the simulated spectral efficiency and the proposed analytical
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Figure 3: Same as Figure 2, but with £, =5 dB.

bounds for MRC, ZF, and MMSE receivers with perfect and imperfect CSI at p, =
10 dB. In this example there are K = 10 users. For CSI estimation from uplink
pilots, we choose pilot sequences of length 7 = K. (This is the smallest amount of
training that can be used.) Clearly, all bounds are very tight, especially at large
M. Therefore, in the following, we will use these bounds for all numerical work.

We next illustrate the power scaling laws. Fig. 2 shows the spectral efficiency on the
uplink versus the number of BS antennas for p, = E,/M and p, = E,/ VM with
perfect and imperfect receiver CSI, and with MRC, ZF, and MMSE processing,
respectively. Here, we choose F, = 20 dB. At this SNR, the spectral efficiency
is in the order of 10-30 bits/s/Hz, corresponding to a spectral efficiency per user
of 1-3 bits/s/Hz. These operating points are reasonable from a practical point of
view. For example, 64-QAM with a rate-1/2 channel code would correspond to 3
bits/s/Hz. (Figure 3, see below, shows results at lower SNR.) As expected, with
pu = Ey/M, when M increases, the spectral efficiency approaches a constant value
for the case of perfect CSI, but decreases to 0 for the case of imperfect CSI. However,
with p, = Ey,/V/M, for the case of perfect CSI the spectral efficiency grows without
bound (logarithmically fast with M) when M — oo and with imperfect CSI, the
spectral efficiency converges to a nonzero limit as M — oo. These results confirm
that we can scale down the transmitted power of each user as E, /M for the perfect
CSI case, and as F,/vM for the imperfect CSI case when M is large.

Typically ZF is better than MRC at high SNR, and vice versa at low SNR [12].
MMSE always performs the best across the entire SNR range (see Remark 1). When
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Figure 4: Transmit power required to achieve 1 bit/channel use per user for MRC,
ZF, and MMSE processing, with perfect and imperfect CSI, as a function of the
number M of BS antennas. The number of users is fixed to K = 10, and the
propagation parameters are ogpadow = 8 dB and v = 3.8.

comparing MRC and ZF in Fig. 2, we see that here, when the transmitted power is
proportional to 1/v/M, the power is not low enough to make MRC perform as well
as ZF. But when the transmitted power is proportional to 1/M, MRC performs
almost as well as ZF for large M. Furthermore, as we can see from the figure,
MMSE is always better than MRC or ZF, and its performance is very close to ZF.

In Fig. 3, we consider the same setting as in Fig. 2, but we choose E, = 5 dB.
This figure provides the same insights as Fig. 2. The gap between the performance
of MRC and that of ZF (or MMSE) is reduced compared with Fig. 2. This is
so because the relative effect of crosstalk interference (the interference from other
users) as compared to the thermal noise is smaller here than in Fig. 2.

We next show the transmit power per user that is needed to reach a fixed spectral
efficiency. Fig. 4 shows the normalized power (p,) required to achieve 1 bit/s/Hz
per user as a function of M. As predicted by the analysis, by doubling M, we
can cut back the power by approximately 3 dB and 1.5 dB for the cases of perfect
and imperfect CSI, respectively. When M is large (M/K Z 6), the difference in
performance between MRC and ZF (or MMSE) is less than 1 dB and 3 dB for the
cases of perfect and imperfect CSI, respectively. This difference increases when we
increase the target spectral efficiency. Fig. 2 shows the normalized power required
for 2 bit/s/Hz per user. Here, the crosstalk interference is more significant (relative
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Figure 5: Same as Figure 4 but for a target spectral efficiency of 2 bits/channel use
per user.

to the thermal noise) and hence the ZF and MMSE receivers perform relatively
better.

5.1.2 Energy Efficiency versus Spectral Efficiency Tradeoff

We next examine the tradeoff between energy efficiency and spectral efficiency in
more detail. Here, we ignore the effect of large-scale fading, i.e., we set D = I',. We
normalize the energy efficiency against a reference mode corresponding to a single-
antenna BS serving one single-antenna user with p, = 10 dB. For this reference
mode, the spectral efficiencies and energy efficiencies for MRC, ZF, and MMSE are
equal, and given by (from (39) and (63))

T—71 P2 |2|?
Rip = TE {1og2 (1 + Thipa(ian)) ] N = Rip/pu,

where z is a Gaussian RV with zero mean and unit variance. For the reference
mode, the spectral-efficiency is obtained by choosing the duration of the uplink
pilot sequence 7 to maximize RY. Numerically we find that RY = 2.65 bits/s/Hz
and 7% = 0.265 bits/J.

Fig. 5 shows the relative energy efficiency versus the the spectral efficiency for
MRC and ZF. The relative energy efficiency is obtained by normalizing the energy
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efficiency by n% and it is therefore dimensionless. The dotted and dashed lines show
the performances for the cases of M =1, K =1 and M = 100, K = 1, respectively.
Each point on the curves is obtained by choosing the transmit power p, and pilot
sequence length 7 to maximize the energy efficiency for a given spectral efficiency.
The solid lines show the performance for the cases of M = 50, and 100. Each
point on these curves is computed by jointly choosing K, 7, and p, to maximize
the energy-efficiency subject a fixed spectral-efficiency, i.e.,

arg max Mps s.t. Rfp = const.,, K <7 <T.
Pu, 8,7

We first consider a single-user system with K = 1. We compare the performance
of the cases M =1 and M = 100. Since K = 1 the performances of MRC and ZF
are equal. With the same power used as in the reference mode, i.e., p, = 10 dB,
using 100 antennas can increase the spectral efficiency and the energy efficiency by
factors of 4 and 3, respectively. Reducing the transmit power by a factor of 100,
from 10 dB to —10 dB yields a 100-fold improvement in energy efficiency compared
with that of the reference mode with no reduction in spectral-efficiency.

We next consider a multiuser system (K > 1). Here the transmit power p,, the
number of users K, and the duration of pilot sequences 7 are chosen optimally for
fixed M. We consider M = 50 and 100. Here the system performance improves
very significantly compared to the single-user case. For example, with MRC, at
pu = 0 dB, compared with the case of M = 1, K = 1, the spectral-efficiency
increases by factors of 50 and 80, while the energy-efficiency increases by factors of
55 and 75 for M = 50 and M = 100, respectively. As discussed in Section 4, at
low spectral efficiency, the energy efficiency increases when the spectral efficiency
increases. Furthermore, we can see that at high spectral efficiency, ZF outperforms
MRC. This is due to the fact that the MRC receiver is limited by the intracell
interference, which is significant at high spectral efficiency. As a consequence, when
Py is increased, the spectral efficiency of MRC approaches a constant value, while
the energy efficiency goes to zero (see (67)).

The corresponding optimum values of K and 7 as functions of the spectral efficiency
for M = 100 are shown in Fig. 6. For MRC, the optimal number of users and
uplink pilots are the same (this means that the minimal possible length of training
sequences are used). For ZF, more of the coherence interval is used for training.
Generally, at low transmit power and therefore at low spectral efficiency, we spend
more time on training than on payload data transmission. At high power (high
spectral efficiency and low energy efficiency), we can serve around 55 users, and
K = 7 for both MRC and ZF.

5.2 Multicell MU-MIMO Systems

Next, we examine the effect of pilot contamination on the energy and spectral
efficiency for multicell systems. We consider a system with L = 7 cells. Each
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cell has the same size as in the single-cell system. When shrinking the cell size,
one typically also cuts back on the power. Hence, the relation between signal and
interference power would not be substantially different in systems with smaller cells
and in that sense, the analysis is largely independent of the actual physical size of
the cell [21]. Note that, setting L = 7 means that we consider the performance of a
given cell with the interference from 6 nearest-neighbor cells. We assume Dy = Ik,
and Dy; = BI g, for i # [. To examine the performance in a practical scenario, the
intercell interference factor, 3, is chosen as follows. We consider two users, the 1st
user is located uniformly at random in the first cell, and the 2nd user is located
uniformly at random in one of the 6 nearest-neighbor cells of the 1st cell. Let b1
and By be the large scale fading from the 1st user and the 2nd user to the Ist
BS, respectively. (The large scale fading is modelled as in Section 5.1.1.) Then we
compute g as E {52/31} By simulation, we obtain 8 = 0.32,0.11, and 0.04 for the
cases of (Tshadow = 8 dB, v = 3.8, freuse = 1), (Tshadow = 8 dB, v = 3, freuse = 1),
and (Oshadow = 8 dB, v = 3.8, freuse = 3), respectively, where freuse is the frequency
reuse factor.

Fig. 7 shows the relative energy efficiency versus the spectral efficiency for MRC
and ZF of the multicell system. The reference mode is the same as the one in
Fig. 5 for a single-cell system. The dotted line shows the performance for the case
of M =1,K =1, and 8 = 0. The solid and dashed lines show the performance for
the cases of M = 100, and L = 7, with different intercell interference factors 5 of
0.32,0.11, and 0.04. Each point on these curves is computed by jointly choosing T,
K, and p, to maximize the energy efficiency for a given spectral efficiency. We can
see that the pilot contamination significantly degrades the system performance. For
example, when f increases from 0.11 to 0.32 (and hence, the pilot contamination
increases), with the same power, p, = 10 dB, the spectral efficiency and the energy
efficiency reduce by factors of 3 and 2.7, respectively. However, with low transmit
power where the spectral efficiency is smaller than 10 bits/s/Hz, the system perfor-
mance is not affected much by the pilot contamination. Furthermore, we can see
that in a multicell scenario with high pilot contamination, MRC achieves a better
performance than ZF.

6 Conclusion

Very large MIMO systems offer the opportunity of increasing the spectral efficiency
(in terms of bits/s/Hz sum-rate in a given cell) by one or two orders of magnitude,
and simultaneously improving the energy efficiency (in terms of bits/J) by three
orders of magnitude. This is possible with simple linear processing such as MRC
or ZF at the BS, and using channel estimates obtained from uplink pilots even in a
high mobility environment where half of the channel coherence interval is used for
training. Generally, ZF outperforms MRC owing to its ability to cancel intracell
interference. However, in multicell environments with strong pilot contamination,
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this advantage tends to diminish. MRC has the additional benefit of facilitating a
distributed per-antenna implementation of the detector. Quantitatively, with MRC,
100 antennas can serve about 50 terminals in the same time-frequency resource, each
terminal having a fading-free throughput of about 1 bpcu, and hence the system
offering a sum-throughput of about 50 bpcu. These conclusions are valid under a
channel model that includes the effects of small-scale Rayleigh fading, but neglects
the effects of large-scale fading (see the discussion after (64)).
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Figure 6: Energy efficiency (normalized with respect to the reference mode) versus
spectral efficiency for MRC and ZF receiver processing with imperfect CSI. The
reference mode corresponds to K = 1, M = 1 (single antenna, single user), and a
transmit power of py, = 10 dB. The coherence interval is T' = 196 symbols. For
the dashed curves (marked with K = 1), the transmit power p, and the fraction of
the coherence interval 7/T spent on training was optimized in order to maximize
the energy efficiency for a fixed spectral efficiency. For the green and red curves
(marked MRC and ZF; shown for M = 50 and M = 100 antennas, respectively), the
number of users K was optimized jointly with p, and 7/T to maximize the energy
efficiency for given spectral efficiency. Any operating point on the curves can be
obtained by appropriately selecting p, and optimizing with respect to K and 7/T.
The number marked next to the x marks on each curve is the power p, spent by
the transmitter.
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Figure 7: Optimal number of users K and number of symbols 7 spent on training,
out of a total of T" = 196 symbols per coherence interval, for the curves in Fig. 5
corresponding to M = 100 antennas.

—_
(e}

Relative Energy-Efficiency (bits/J)/(bits/J)
(@]

10' X
)
)
)
)
H : :
K p ' [ :
R S - : :
|1 ReferenceMode : | M=100.L=7
ES 1 : : ] . : . v =
10'1 L i i [ i i i i
0 10 20 30 40 50 60 70 80 90

Spectral-Efficiency (bits/'s/Hz)

Figure 8: Same as Figure 5, but for a multicell scenario, with L = 7 cells, and
coherence interval 1" = 196.



Appendix

A Proof of Proposition 2

From (16), we have

K ~ 12 -1
- Pu 21:1 itk 9:|* + 1
mrc — log 1 + E 2 3 76
i = losa ( { pulla,? o

where §; = s H Conditioned on g, §; is a Gaussian RV with zero mean and
k

variance f; which does not depend on g,,. Therefore, §; is Gaussian distributed and
independent of g,., §; ~ CN (0, 3;). Then,

K ~ 12 K
Pud iz izk 107+ 1 i 1
E{ ZpLII: 2 = [pu D E{lGil’}+1 | ES ——5
ull9k

Tk Pullgrll®

K 1
DL Bi {pungk?} (77)

i=1,i#k
Using the identity [20]
E {tr (W_l)} =m/(n—m), (78)

where W ~ W,, (n,I,,) is an m x m central complex Wishart matrix with n (n > m)
degrees of freedom, we obtain

1 1
E = , for M > 2. 79
{pungm} P (M —1) By (79)

Substituting (79) into (77), we arrive at the desired result (17).

83
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B Proof of Proposition 3

From (3), we have

s{lee)], - me{lten)7] )
_ Klﬁk E {tr {(HHHYI} }

a 1

9 e M>KA41, 80
(M — K) By (80)

—
=

where (a) is obtained by using (78). Using (80), we get (21).
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The Multicell Multiuser MIMO Uplink with Very Large
Antenna Arrays and a Finite-Dimensional Channel

Hien Quoc Ngo, Erik G. Larsson, and Thomas L. Marzetta

Abstract

We consider multicell multiuser MIMO systems with a very large number of an-
tennas at the base station (BS). We assume that the channel is estimated by using
uplink training. We further consider a physical channel model where the angular
domain is separated into a finite number of distinct directions. We analyze the
so-called pilot contamination effect discovered in previous work, and show that this
effect persists under the finite-dimensional channel model that we consider. In par-
ticular, we consider a uniform array at the BS. For this scenario, we show that
when the number of BS antennas goes to infinity, the system performance under
a finite-dimensional channel model with P angular bins is the same as the perfor-
mance under an uncorrelated channel model with P antennas. We further derive a
lower bound on the achievable rate of uplink data transmission with a linear detector
at the BS. We then specialize this lower bound to the cases of mazimum-ratio com-
bining (MRC) and zero-forcing (ZF) receivers, for a finite and an infinite number
of BS antennas. Numerical results corroborate our analysis and show a comparison
between the performances of MRC and ZF in terms of sum-rate.
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1 Introduction

Multiuser multiple-input multiple-output (MU-MIMO) systems, where several co-
channel users communicate with a base station (BS) equipped with multiple anten-
nas, have recently attracted substantial interest. Such systems can offer a spatial
multiplexing gain even if the users have only a single antenna each [1-3]. Most
studies have assumed that the BS has some channel state information (CSI). The
problem of not having a priori CSI at the BS was considered in [4-6], assuming that
the channel estimation is done by using uplink pilots. References [4,5] considered a
single-cell setting. This is only reasonable when the pilot sequences used in each cell
are orthogonal to those used in other cells. However, in practical cellular networks,
the channel coherence time typically is not long enough to allow for orthogonality
between the pilots in different cells. Therefore, non-orthogonal training sequences
must be utilized and hence, the multicell setting should be considered. In the multi-
cell scenario with non-orthogonal pilots in different cells, channel estimates obtained
in a given cell will be impaired by pilots transmitted by users in other cells. This
effect, called “pilot contamination”, has been analyzed in [7].

Conventional MIMO technology uses a relatively small number of antennas at the
BS. The LTE standard, for example, allows for up to 8 antenna ports. In this paper,
by contrast, we are concerned with MIMO systems that use a very large number of
antennas at the BS compared to systems being built today, i.e., a hundred or more
antennas [8,9]. With a very large antenna array, the transmit power can be reduced
by an order of magnitude, or more. For example, to obtain the same quality-of-
service as with a single-antenna BS, a 100-antenna array would need to transmit
with only 1% of the power [10]. A fundamental consequence of the number of
antennas growing large is that things that were random before become deterministic.
In particular, the effect of thermal noise and small scale fading is averaged out.
In [8], the author considered multicell MU-MIMO systems with very large antenna
arrays at the BS and showed that with simple maximum-ratio combining (MRC)
for the uplink, and maximum-ratio transmission for the downlink, when the number
of antennas increases without bound, uncorrelated noise, fast fading, and intracell
interference vanish. Instead, the pilot contamination effect discussed above dictates
the ultimate limit on the system performance. To illustrate with a quantitative
result, the author in [8] showed that for an unlimited number of BS antennas, in
a multicell MU-MIMO with a frequency reuse factor of 7, and a bandwidth of 20
MHz, each user can achieve a downlink link average net throughput of 17 Mbits,/sec.

The complexity issue in practical systems is a growing concern. For very large
MIMO systems, all the complexity is at the BS. The vision is that the large an-
tenna array can be built from very simple and inexpensive antenna units. The
signal processing should be simple, e.g., using linear precoders and linear detectors.
Among linear detectors, MRC has an advantage since it can be implemented in a
distributed manner, i.e., each antenna performs multiplication of the received signals
with the conjugate transpose of the channel, without sending the entire baseband
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signal to the BS for processing. Very recently, the design and analysis of such very
large MIMO systems has regained significant interest [8-14]. Important practical
aspects of using very many antennas have been discovered. For example, in [10], the
authors showed that with simple linear detectors at the BS for the uplink, by using
a very large antenna array, the transmit power of each user can be made inversely
propositional to the number of BS antennas for perfect CSI, and to the square-root
of the number of BS antennas for imperfect CSI with no performance degradation.
Note that operating with M > K, where M is the number of BS antennas and K
is the number of users, is both a desirable and a natural operating point since K
is limited by mobility (approximately the coherence interval divided by the channel
delay-spread). But M can be made as big as desired, and with TDD CSI acquisition
there is no overhead penalty with respect to M. Taken together, further studies
of very large MIMO systems and implementation aspects of such systems are well
motivated.

Most of the studies referred to above assume that the channels are independent
[4,5,7] or that the channel vectors for different users are asymptotically orthogonal
[8,10]. However, in reality, the channel vectors for different users are generally
correlated, or not asymptotically orthogonal, and can be modelled as P-dimensional,
where P is the number of angular bins. This is so because the antennas are not
sufficiently well separated or the propagation environment does not offer rich enough
scattering. In many scenarios, P is large. However, in some specific scenarios, P
is small, for example for keyhole channels [15]. In our work, we investigate the
performance of large antenna systems in the regime where P is much smaller than
the number of BS antennas. When M > P, then the system is saturated with
respect to throughput gains, but there will still be radiated energy-efficiency gains
for arbitrarily large M (at least until the array gets so big that it begins to envelope
the P scatters).

1.1 Contributions

We investigate the performance of multicell MU-MIMO with large antenna arrays
under a physical channel model. More precisely, we consider a channel model in
which the angular domain is partitioned into a large, but finite number of directions
which is smaller than the number of BS antennas. The channels are estimated by
using uplink training. For such channels, the number of parameters to be estimated
is fixed regardless of the number of antennas. The paper makes the following specific
contributions:

e We show that the pilot contamination effect persists under a finite-dimensional
channel model. When the number of BS antennas grows without bound
and the antenna array is uniform, the system performance under a finite-
dimensional model with P angular bins is the same as the performance under
an uncorrelated channel model with P antennas.
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é Base station L:E user

L-th cell [E

[-th cell

Figure 1: Uplink transmission in multi-cell multi-user MIMO systems. The /th BS
receives signals from all users in all cells.

e We derive novel closed-form lower bounds on the achievable rates for the
uplink transmission, assuming MRC and zero-forcing (ZF) processing at the
BS. These bounds are valid for a large, but finite, number of antennas. We
then compare the performances of MRC and ZF for different propagation
parameters, reuse factors, path loss exponents, and cell radii.

1.2 Notation

The superscripts T', *, and { stand for the transpose, conjugate, and conjugate-
transpose, respectively. [A], ; represents the (i,4)th entry of a matrix A. Finally,
we use Ny, (M, %, ¥) to denote a matrix-variate complex Gaussian distribution
with mean matrix M € C™*" and covariance matrix 7 @ 2, where & € C™*™,

¥ € C"*" and ® denotes the Kronecker product.

2 System Model

2.1 Multi-cell Multi-user MIMO Model

Consider L cells, where each cell contains one BS equipped with M antennas and
K single-antenna users. Assume that the L BSs share the same frequency band.
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We consider uplink transmission, where the [th BS receives signals from all users in
all cells. See Fig. 1. Then, the M X 1 received vector at the Ith BS is given by

L
Yy, = \/ITuZ Tz, +ny, (1)

i=1

where T;; represents the M x K channel matrix between the [th BS and the K
users in the ith cell, i.e., [X], . is the channel coeflicient between the mth antenna
of the Ith BS and the kth user in the ith cell; \/p.; is the K x 1 transmitted vector
the K users in the ith cell (the average power used by each user is p,); and n;
contains additive white Gaussian noise (AWGN). We assume that the elements of
n; are Gaussian with zero mean and unit variance.

2.2 Physical Channel Model

The performance of MIMO systems depends critically on the complexity of the
propagation environment and the properties of the antenna arrays being used, and
ultimately on the number of degrees of freedom offered by the physical channels.
In practice, the dimension of the physical channel is finite [16,17]. Therefore, here
we introduce a finite-dimensional channel model, which will be used throughout
the paper. In this model, the angular domain is divided into a large but finite
number of directions P, which is fixed regardless of the number of BS antennas.
Our analysis will require P < M. Each direction, corresponding to the angle ¢y,
¢p € [-/2,7/2], p = 1,..., P, is associated with an M x 1 array steering vector

a(¢p):

1 - - . T
a(p,) = 75 e I 1(p) o=iF2(bp)  e=ifm(p)| (2)

where f,, (¢) is a function of ¢. The channel vector from the kth user in the ith
cell to the Ith BS is then a linear combination of P steering vectors as follows:
25:1 Gitkpa (¢p), where gk, is the propagation coefficient from the kth user in the
ith cell to the Ilth BS, associated with the pth physical direction (with direction-

of-arrival ¢,). The factor # in (2) is used to normalize the channel. Let G =

[9i1 - - 9ux] be a P x K matrix with g, 2 [gar1 - - - garp) " that contains the
propagation coefficients from the kth user in the ith cell to the [th BS. Then, the
channel matrix between the Ith BS and K users in the ith cell is

Ty =AG;, (3)

where A = [a (¢1) - - -a(¢p)] is a full rank M x P matrix. We stress that A is fixed
and known whereas G;; has to be estimated at the BS.
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The propagation channel G;; models independent fast fading, geometric attenuation,
and log-normal shadow fading. Its elements gk, are assumed to be independent,
and given by

Gitkp = hatgp/ Buk, p=1,2,..., P, (4)

where hjiy is the fast fading coefficient from the kth user in the 7th cell to the
lth BS, associated with the pth physical direction. The coefficient hy, is assumed
to be zero-mean and have unit variance. Moreover, /By models the geometric
attenuation and shadow fading which are assumed to be independent of the direction
p and to be constant and known a priori. This assumption is reasonable since the
value of B changes very slowly with time. Then, we have

G, = HilD;‘lea (5)

where H;; is the P x K matrix of fast fading coefficients between the K users in
the ith cell and the /th BS, i.e., [Hil]kp = hiikp, and Dy is a K x K diagonal matrix
whose diagonal elements are given by [Dy],, = Buk. Therefore, (3) can be written
as

L L
Y= VDAY Guzi+n = pAY HuD}/*z; +mn. (6)
i=1 i=1

3 Channel Estimation

Channel estimation is performed by using training sequences received on the uplink.
We assume that the BS uses minimum mean-square-error (MMSE) estimation.

3.1 Uplink Training

We assume that an interval of length 7 symbols is used for uplink training, and that
this interval is shorter than the coherence time of the channel. All users in all cells
simultaneously transmit pilot sequences of length 7 symbols. The assumption on
synchronized transmission represents the worst case from the pilot contamination
point of view. The reason for this was explained in detail in [8, Section VII-G].
Suppose that the users in the Ith cell are transmitting uplink pilots at the same time
that the users in other cells are transmitting data. Whatever data is transmitted
in other cells, it can always be expanded in terms of the orthogonal pilot sequences
that are transmitted in the lth cell, so pilot contamination ensues. The point is
that, whatever the users in other cells transmit, it appears as a coherent signal
across the M antennas in the /th cell.
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We further assume that the same set of pilot sequences is used in all L cells. This
assumption makes no fundamental difference compared with using different pilot
sequences in different cells [8, Section VII-F]. The pilot sequences used in the Ith
cell can be represented by a 7 x K matrix \/p,®; = \/py® (7 > K), which satisfies

®'® = Iy, where Pp = TPu. From (6), the received pilot matrix at the {th BS is
L L
Yoi=VipAY Gu®" + N = /p,AY H.D}/*®" + N, (7)
i=1 i=1

where N; is an M x 7 complex AWGN matrix, N; ~ ./\7}\477 0,Iy,1,).

3.2 Minimum Mean-Square Error Channel Estimation

Since the projection of the received pilot Y, ; on ®" is a sufficient statistic for the
estimation of Hy; [18], we use Y, ; £ Y, ®" to estimate the channel. We have

L
Yoo =AY HuD}* + W), (8)
=1

where W; & N;®*, W, ~ /\~/'M7K (0,Iy,Ik). Since Hj; has independent columns,
we can estimate each column of Hy; independently. Let g, ;;, be the kth column of

Y, . Then

L
Yok = VPoAhur/ Bur + \/}TpAZhilk V Bitk + wi, 9)

il

where h;, and wy, are the kth columns of H;; and Wy, respectively. From (9),
we can see that the interference-plus-noise term, ,/p,A Zéﬂ hip/Bar + wig, is
Gaussian distributed. Therefore, using MMSE estimation is optimal. The MMSE
estimate of hyy is given by [19]

. 1
hur = /ppBuk (PpATA Z Bik + IP) ‘ATgp,lk:' (10)

=1

Since A is a matrix whose pth column is given by (2), the pth diagonal element of

ppATA Zle Bik in (10) equals % Zle Biik. The uplink is typically interference-

limited, so M;" Zle Biik > 1. Therefore, ﬁllk can be approximated as

I -1
hur =~ \/ppBuk (ppATA26ilk> AT@p,zk- (11)

i=1
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Thus, the MMSE estimate of Hy; is

. 1 -1,
— T T -1p1/2
Hu=—= (a'4) " A'Y,.D; "D/, (12)

where D, £ Zle D; is a K x K diagonal matrix whose kth diagonal element

equals Zle Bii- Then, the estimate of the physical channel matrix between the
lth BS and the K users in the Ith cell is given by

1
v Pp

Y, = AH,D)/* = ,Y,,D;'Dy, (13)

-1
where I, £ A (ATA> Al is the orthogonal projection onto A. We can see that

since post-multiplication of Y, ; with ®" means just multiplication with the pseu-
doinverse (®'® = Ix). Note that Y, in (8) is the conventional least-squares
channel estimate. The optimal channel estimator that we derived thus performs
conventional channel estimation and then projects the estimate onto the physical
(beamspace) model for the array. Substituting (8) into (13), we obtain

L
~ _ 1 _
Tll = AZH“D;/2DI 1Dll + \/?HAWlDl 1Dll~ (14)

i=1 p

Note that, the number of parameters to estimate (elements of Hy;) is fixed regardless
M, and the number of observations (elements of Y, ;) increases with M, and goes to
infinity when M — oo. However, owing to the finite dimensionality of the channel,
the number of linearly independent observations is also finite. In particular, we
can see from (8) that the effective number of observations is P x 7 which is fixed
regardless of M. Therefore, we cannot estimate the channel arbitrary accurately by
increasing the number of antennas.

We can see that the channel estimate of the I[th BS (for the K users in the Ith
cell) includes contributions from all channel vectors from other cells to the Ith BS.
This causes the pilot contamination. Note that the pilot contamination effect is
fundamental and does not result as a deficiency of the procedure used for channel
estimation. The received signal at the BS is a linear combination of all transmitted
signals from all users in all cells. The physical properties of the desired and inter-
ference signals are the same, and we cannot distinguish them. Therefore, the pilot
contamination will exist regardless of which channel estimation technique that is
used.

4 Analysis of Uplink Data Transmission

In this section, we analyze the achievable rates on the uplink for a finite and an
infinite number of BS antennas. We consider the model in (3). From (3), we
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can see that when considering large-scale MIMO systems, the interference term,
VPu Ziﬂ T, z;, can be approximated as Gaussian distributed by using the Cramér
Central Limit Theorem (CLT) [20]. Hence, conditioned on Yy and x;, y; is approx-
imately Gaussian distributed with mean \/]THT”:I:Z and covariance R;, where

L L K
R; = Cov \/ITuZ Tyx; +n; p = pu Z Z BurAAT + 1. (15)
il il =1

Therefore, the “mismatched” detector that treats the estimated channel as the true
one is given by

.’L’l = argmmeln ( \/[TUT”.’L‘I) (yl — \/gTuT”m1> . (16)
We next derive the optimal detector for the Ith BS that takes the channel esti-
mation errors into account when performing data detection. Let YTy £ Yy — Ty
be the channel estimation error. From the properties of MMSE estimation, Ty is
independent of Tll By the CLT, for large-scale systems, conditioned on T” and zy,
y, is approximately Gaussian distributed with mean ,/p,Y;z; and covariance Rl,
where

L
R, = Cov{ —ypaYuzi+pu Y Tugi+m
i#l
L K
~ pu (] Dxj) AAT +p, > > BurAAT + 1y, (17)
il k=1
L .
where D 2 diag (dy, da, ..., dx), djy 2 5227?‘*
i=1Pilk

tained by using (11). Under the assumption that the transmitted signal has con-
stant modulus so that |zy;|? = 1 (i.e. 2;; comes from an M-PSK constellation), we
have

, and the approximation is ob-

K L
R, = puY |di+) Bux|AAT+ 1. (18)
k=1 il

Since fil does not depend on z;, the maximum-likelihood detector is
i . o N !
&, = arg min (?/z - \/]TuTllwl> R, (yz - \/pu'rzﬂ?z) : (19)
l

From (16), (19), and using the fact that R; ' ~ Rl_l for large MU-MIMO systems,
we can see that, with imperfect CSI, the gap between the performances of the
detector which takes the channel estimation errors into account and the one which
treats the channel estimate as the true channel is very small. Therefore, in our
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analysis, we assume that the BS treats the channel estimate obtained by uplink
training as the true channel. It uses this channel estimate to detect the signals
transmitted by the K users in its cell.

Theoretically, the maximum-likelihood multiuser detector can be used to obtain
optimal performance. However, this scheme has a complexity which is exponential
in the number of users. Therefore, we consider linear detection schemes at the
BS, which reduce the decoding complexity by separating the transmitted signal
streams, and then decoding each stream independently. Let F'j; be an M x K linear
detection matrix which depends on the channel estimate Y;;. The Ith BS processes
its received signal by multiplying it by FlTl as follows

L
r =Fly =F} (\/}Tuz’rilmi + nl) : (20)

i=1

Linear detectors are known to perform exceedingly well in large MU-MIMO systems
[10].

In [8], the author showed that as M grows without bound and under the assump-
tion of asymptotically orthogonal channel vectors, even with simple processing such
as MRC, the effects of uncorrelated noise and small scale fading vanish. The only
remaining impairment stems from the pilot contamination. Indeed, this effect con-
stitutes an ultimate limit on the performance of multicell MU-MIMO systems. This
raises the question of how fundamentally does a finite-dimensional channel model
change the nature and the performance of such a system. In particular, does the
pilot contamination effect persist under a finite-dimensional channel model? To
answer this, we first consider the effect of pilot contamination for two conventional
linear detection schemes, MRC and ZF receivers, for an infinite number of BS an-
tennas with a finite-dimensional channel model. Then, to gain further insight into
the pilot contamination effect, we derive lower bounds on the achievable rate for
an infinite number of BS antennas of these linear detectors. We also derive a lower
bound on the achievable rate for a finite but large M.

4.1 The Pilot Contamination Effect
4.1.1 MRC Receiver

The MRC technique linearly combines the data transmitted from all users in order
to maximize the signal-to-noise ratio (SNR). For this technique, the linear detection
matrix is the channel estimate, i.e., Fy; = Y. From (17), (20), we have

L f L
1 _
'I‘l:—pD”Dl 1<,ﬁppA§ :Gil+Wl> Oa| VPuAd Guzj+m | . (21)
vEP i=1

Jj=1



4. Analysis of Uplink Data Transmission 99

As M — oo, the products of uncorrelated quantities can be ignored because cor-
related quantities grow as M while uncorrelated quantities grow only as v M [8].
Then (21) becomes

L

1 _ ATA
\/}T]V[rl — D”Dl ! (ZG ) ZG’jla:j . (22)

We can see that for an unlimited number of antennas, the effect of uncorrelated
noise disappears. In particular, the pilot contamination effect, which is due to the
interference from users in other cells, persists under the finite-dimensional channel
model.

4.1.2 ZF Receiver

The ZF receiver can suppress interuser interference. It has good performance at high
SNR. For the ZF technique, we assume that P > K. The linear detection matrix

. TN
is the pseudo-inverse matrix of the channel estimate le, ie, Fy="y (TLT”)
Similarly to the MRC case, when the number M of BS antennas goes to infinity,
only products of correlated quantities remain significant. Then, as M grows large,
the received signal after applying the ZF receiver filter becomes

-1

ATa & WIiTL,W
1Dl ZGL = ZGJZ A l

(ZG) ZGﬂxj . (23)

Since M > P and Il is the orthogonal projection onto A, II4 can be decomposed
as UAUT, where U is an M x M unitary matrix, and A = diag {1,...,1,0, ..., 0} with
P diagonal elements equal to 1 and M — P diagonal elements equal to 0. Then

WILW,  WiAW,
ppM ppM ’

(24)

where W, 2 U'W, ~ ./\~/‘M,K (0,Ip,1k). Let W ,p be the P x K matrix whose ith
win.w, _ wi.w,»
ppM - ppM

row is equal to the ith row of W,. Then
Therefore, (23) becomes

— 0, a8 M — oo.

L

1 . L ATA ( )AA
DY G! G G! Guz;|. (25
e uw Z EM Z it Z ; I

=1

As in the MRC case, for a ZF receiver, when the number of BS antennas grows
without bound, the effect of noise vanishes. However, the pilot contamination effect
persists even under a finite-dimensional channel model.



100 Paper B. The Multicell Multiuser MIMO Uplink

4.1.3 Uniform Linear Array

We now consider the special case of a uniform linear array. Here the response vector
is given by
(M 1)d

—j27 2 sin ¢ —j2m ~—5—= sin
e TN Po,e ) P (26)

a(éy) = [1

where d is the antenna spacing, and ) is the carrier wavelength. For p # ¢, we have

1 M—-1
i27 < (sin ¢, —sin m
7,1#(%) (%)zﬁzeﬂ 4 (sin ¢ —sin )
m=0
_ pi2nd(singp—singy )M -
_ 1 1—e2“"x My N o

MP 1— ejZTr%(sindefsind)q)
For p = ¢, sin¢, = sin ¢, so 7a' (¢,)a (¢,) = 5. Therefore,
M—oco 1

—ATA Hlp. (28)

Substitutions of (28) into (22) and (25) yield

L
1 [—o0 1
n M3 7]_)”1) (E G) E Gjz; |, for MRC (29)
i=1

1w L L -1/ L
r; :)OO DlllD[l( GL) <Z GLl)] < GL) ZGﬂl‘j s for ZF.
\/ITU i=1 i=1 i=1 j=1

(30)

Since the elements of G;; are independent, the above results reveal that the per-
formance of the system under the finite-dimensional channel model with P angular
bins and with an unlimited number of BS antennas is the same as the performance
under an uncorrelated channel model with P antennas.

Remark 6 Consider the case when M,P — oo and assume that M grows at o
greater rate than P. Then PG”G]l — (5”D1/2IKDJ1.I/2, where §;; is the delta func-
tion. Then, from (29) and (30), we have

L
lim Cﬂ'l — ZDH.’L'I, (3].)

M,P—oco ‘
i=1

where C; equals ﬁDlDl_ll for the MRC case and \/%D” for the ZF case. The
effective signal-to-interference ratios (SIR) of the uplink transmission from the kth
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user in the lth cell to the lth BS for the MRC and ZF receivers are thus equal, and
given by

Bilk

7 .
i Bt
The SIR in (32) is equal to the SIR obtained in [8] which assumes the channel vectors
for different users are asymptotically orthogonal, and that the BS uses MRC.

SIR;, = (32)

4.2 Achievable Uplink Rates

In this subsection, we derive lower bounds on the achievable uplink rate for a finite
(the analysis requires that M > P) and an infinite number of BS antennas both for
the case of an MRC receiver and for a ZF receiver. To obtain these lower bounds
we use the techniques of [21,22], and use the channel estimate in (10). We assume
a uniform array at the BS, and that the elements of H;;, i = 1,2,.., L, are i.i.d.
Gaussian random variables. From (20), we have

L L
r =F}, <\/pu S Tumi+n—pa Y Tu:&-) : (33)
i=1 i=1
where Y,y 2 T;—T;. From the properties of MMSE estimation, T, is independent
of Y. Let r and xy; be the kth elements of the K x 1 vectors r; and z;, respectively.
Then,

L L
Tk = F;le <\/pu erlmz + 1N — \/Du ZTllx’L>
i=1 i1
A L K ~
= \/qungk’rllk:xlk +Zik — v/Pu Z Z FlleTimCUm + FLknz, (34)

i=1n=1

where F, Tﬂk, and Tilk are}’ghe kth Acolumns of the nLlatricI%s Fy, 'i:il, and 'i"il,
respectively; and Zj;, = ‘/pUZn;ék F}lkT”nxln + /Pu ZZ—# Yo FlleTimxm. We
present a lower bound on the achievable ergodic rate of the uplink transmission in

the following proposition.

Proposition 9 The uplink achievable ergodic rate of the kth user in the lth cell
with Gaussian inputs for a linear detection matriz Fy atl the BS is lower bounded

by

o 2
Fzm’rllk‘

Pu
Ry, =Edlog, |1+

N LK N )
]E{|Ilk|2\FUk7Tzzk}+pu > F”kCOV<T7Lln> F+IF |
i=1n=1

(35)

where cov (z) denotes the covariance matriz of the vector .
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Proof: See Appendix A. O

The above capacity lower bound can be approached if the message is encoded over
many realizations of all sources of randomness that enter the model (noise and
channel). In practice, assuming wideband operation, this can be achieved by coding
over the frequency domain, using, for example coded OFDM. Note that if one were
implementing a soft-decoder, say for LDPC error-correcting, then one would have to
use an expression for the posterior likelihood of the coded bits; one would proceed
exactly as we did in deriving the capacity lower bounds and make the same Gaussian
approximation (which, in fact, is fairly accurate). Hence, our capacity lower bounds
can be expected to describe rather accurately the performance of a soft-decoder
(within a dB or so).

We next consider two specific linear detectors at the BS, namely, the MRC and ZF
receivers.

4.2.1 Maximum-Ratio Combining

From Proposition 9, we obtain a lower bound on the achievable ergodic rate for the
MRC technique as summarized in the following theorem.

Theorem 1 A lower bound on the achievable ergodic rate of the kth user in the lth
cell of the uplink transmission for the MRC performance at the BS is given by

RMRC — E {log, (1+ SINRMFC) 1 (36)
where
4+ 4
Pu llkH
SINRNERC = - :
S Bk |k 4 'i*T CAAT T, T Y 2
Pu=Fz ukl| X D (Ba cov(Tar)) Yur+|Tux
: i=1
(37)
: > 2 t 4 5L L ataat A
with cov (Tilk> = ppfiA (ppA AZ]‘:1 Bk +IP) A'AA", and By =
Z}Ile lek

Proof: See Appendix B. O
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Corollary 1 For an unlimited number of BS antennas, the uplink ergodic rate of
the kth user in the lth cell achieved by using MRC is lower bounded by

i it
RMRC _ WK}D L lezi »lek’;ﬁmw; (511 ﬂlk>6llk ;o (38)

where B 2 ZiLzl Bitk, and Ky, (a,b, c) is defined as
» logye n! —uc e —pc
ICn b — a bE
ula;bc) = Hn+1i0(n—i)! a+b e EN G

() ) e (@) -G ) e

and where Ei(-) is the exponential integral function.

Proof: See Appendix C. O

4.2.2 Zero-Forcing Receiver

From Proposition 9, we obtain a lower bound on the achievable ergodic rate for the
ZF receiver as stated in the following theorem.

Theorem 2 A lower bound on the achievable ergodic rate of the kth user in the lth
cell of the uplink transmission assuming ZF processing at the BS is given by

RZF —E {log2 (1 + SINRleF)} , (40)
where
SINRAF = — Pu (41
e . o
Pu Zz;ZL @zk +Pu ; lz_:l [:, 1’rllCOV (Tzln) T = :|kk+ [: 1] r

with = 'i‘ll'f‘”, and

cov ( Zln) ﬁ,lnAA — ppﬂlln (ppATABln + Ip) o ATAAT

Proof: For the ZF receiver, Fy = 'i‘” (’i‘jl'i‘”) . Since Til = 'i‘”DfllDil,

FiT, - (TTT )ATTT D-'D, — D:'D,
uLil — uti iy il — 1l il
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leading to
Fz(m'filn = Okn ﬁiln, (42)
Buk
where Oy, is the delta function. Substituting (42) into (35), we obtain (40). O

Corollary 2 For an unlimited number of BS antennas, the uplink ergodic rate of
the kth user in the lth cell achieved by using ZF is lower bounded by

RZF _ ~IIZ*K+1 . 1751 lek Z Z Bitn Z];él Bjin
" Z%P_KJ"I) (P - K)' P-K, 5;[’“ 7 6llk i=1 n=1 Bln
(43)

Proof: See Appendiz D. O

Remark 7 Consider (58) and (66) in Appendices C and D, when both the number
of BS antennas M and the number of physical directions P grow without bound
(assuming that M grows at a greater rate than P). Then, the lower bounds on the
uplink rates for MRC and ZF receivers (i.e., RMRC and le , respectively) approach
the same rate RjY given by

Bit
Ry, = log, (1 + =7 , (44)
> it Biin

which equals the asymptotic rate corresponding to the SINR in (32). This is due
to the fact that when M and P are large, things that were random before become
deterministic and hence, the lower bound approaches a non-random value.

5 Numerical Results

In this section, we give some numerical results to verify our analysis. We first
consider a simple scenario to study the fundamental effects of pilot contamination,
the number of BS antennas, and the number of physical directions (dimension of
the channel model) on the system performance for MRC and ZF receivers. Then,
we consider a more practical scenario, which is similar to the simulation model used
in [8], in order to further compare the performances of the MRC and ZF receivers
for an unlimited number of BS antennas. In all examples, we choose a uniform
linear array at the BS with a relative element spacing of % = 0.3 and uniformly
distributed arrival angles ¢, = —n/2+ (p—1)w/P, for p=1,2,..., P.
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Figure 2: Lower bound on the uplink sum-rate versus the number of BS antennas,
for a = 0.1 and P = 20.

5.1 Scenario I

We consider a system with 4 cells. Each cell has a BS that serves K = 10 users.
The training sequence is 7 = K symbols long. (With a training sequence of length
of 7 = K, the BS can learn the channels of K users.) We assume that all direct
gains are equal to 1 and that all cross-gains are equal to a, i.e, Byx = 1 and Bip = a
Vi#1l, k=1,..., K. We define the following lower bounds on the uplink sum-rates
in the lth cell for the MRC and ZF schemes:

K K
MRC A § MRC ZF A § ZF
Rsum - le’ ) Rsum - le’ .
k=1 k=1

To study the effect of the number of BS antennas on the system performance, Fig. 2
shows the lower bounds on the uplink sum-rates in the lth cell versus the number
of antennas M, for a = 0.1, P = 20, for different average transmit powers per user
pu = —10,—5, and 10 dB.! The “MRC [1]” curves represent the bounds for MRC
obtained from [23]. Clearly, our new bound is tighter than the one in [23]. We can
see that using a large number of BS antennas significantly improves the achievable
rate. However, when the number of BS antennas increases beyond a certain point
(for example M = 80 for p, = 10 dB and M = 140 for p, = —5 dB), the sum-rates

1Since the noise power is unity, the SNR is equal to py.
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Figure 3: Lower bound on the uplink sum-rate versus the cross gain, for p, = 0 dB
and P = 20.

increase very slowly. This means that a large but finite number of antennas can offer
a performance which is close to the performance that could ultimately be achieved
with an unlimited number of antennas. We can see that ZF is preferable to MRC
at high SNR, and when adding more BS antennas the performance advantage of ZF
over MRC widens. This is due to the fact that when the number of BS antennas
increases, the SINR increases, while the MRC technique works well at low SNR, and
ZF is better at high SNR. Furthermore, we can see that as M — oo, the sum-rates
approach RMRC and RZE for the MRC and ZF schemes, respectively. These are
the asymptotic sum-rates with an unlimited number of BS antennas and they are
independent of the SNR (cf. (38) and (43)).

We now consider the effect of pilot contamination. Fig. 3 depicts the lower bounds
on the sum-rates for the uplink transmission versus the cross gain at p, = 0 dB
and P = 20 for different number of BS antennas: M = 20, 50 and co. We can see
that the effect of pilot contamination can be very significant if the value of the cross
gain is close to the value of the direct gain, regardless of how many antennas the
BS is equipped with. Furthermore, for low cross-gain values, using the ZF receiver
can offer better sum-rate performance compared with the MRC technique, and vice
versa for high cross gain values. This is again due to the fact that the ZF receiver
works best at high signal-to-interference-plus-noise ratio (SINR). For high values of
a, the SINR decreases due to the pilot contamination effect and hence, the system
performance with ZF significantly degrades.
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Fig. 4 shows the lower bounds on the uplink sum-rates versus the number of direc-
tions P, at p, = 0 dB, M = 100, for a = 0.1, a = 0.2, a = 0.3, and a = 0.5. We
can see that the sum-rate increases with increasing P. In particular, the ZF scheme
yields better performance than the MRC scheme in rich scattering propagation envi-
ronments even when the cross gain is large and that the pilot contamination effect is
substantial. The fact that ZF is preferable over MRC in rich scattering propagation
environments is further illustrated in Fig. 2 which shows the lower bounds on the
uplink sum-rates versus the cross gain a for an unlimited number of BS antennas
and for P = 20, 50, 100, 500, and oc.

5.2 Scenario II

We consider a hexagonal cellular network, similar to the one discussed in [8]. Each
cell has a radius (from center to vertex) of r.. The number of users per cell is
K = 10 and we assume that no user is closer to the BS than 7. meters. The
BS has an infinite number of antennas. We assume that the transmitted data are
modulated with OFDM with an OFDM symbol duration of Ts. The useful symbol
duration is T, and the cyclic prefix interval is T, = Ty — T,,. Let Tyt be the slot
length, and let Tyt be the time used for the transmission of pilots. Hence, the
time spent on the data transmission is Tsot — Tpilos. Therefore, following [8], we
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Figure 5: Lower bound on the uplink sum-rate versus the cross gain a, for M = co.

define the following lower bound on the net uplink rate of the kth user in the lth

cell:
ne B Tslo - T ilo Tu = .
let — <a) (tT’blotpt) <1_;> le bltS/SeC.

where Ry, equals RMEC for MRC and R7F for ZF, B is the total bandwidth, and «
is the frequency reuse factor. Here, (Tuiot —Tpilot) /Teior reflects the pilot overhead,
i.e., the ratio between the time used for data transmission and the total slot length.
Also, T,, /Ts represents the overhead incurred by the cyclic prefix. For the simulation,
we choose parameters that resemble those of the LTE standard: Ts = 71.4 usec,
T, = 66.7 psec, a subcarrier spacing of Ay = 15 KHz. We choose the channel
coherence time to be 500 psec (this is equivalent to 500/71.4 ~ 7 OFDM symbols).
The BS is serving 10 users, so one OFDM symbol is used for uplink pilots (with
one symbol, the BS can learn the channel for a maximum of ﬁ ~ 14 users), one
symbol is used for the additional overhead, and the remaining five symbols are spent
on payload data. Therefore, (Tsiot —Tpitot) /Tsiot =5/7. We assume a total system
bandwidth of B = 20 MHz. Furthermore, the large-scale fading S;;; is modeled
via Zik /r%k, where z;;; is a log-normal random variable with standard deviation
Oshadow, Where 7, is the distance between the kth user in the ith cell and the [th
BS, and +y is the path loss exponent. We assume that the users are randomly located
in each cell.

Fig. 5 shows the cumulative distribution of the lower bound on the net uplink rate
per user for different reuse factors o = 1, 3, and 7. Results are shown for the
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Oshadow = 8 dB, and v = 3.8.

MRC and the ZF receivers. Here, we choose r. = 1600 m, r. = 100 m, v = 3.8,
Oshadow = 8 dB, and P = 50. The ZF scheme outperforms the MRC scheme in
this example, and the distribution of the net uplink rate for the ZF scheme is more
concentrated around its median compared to the MRC scheme. Furthermore, at
high SIR (and hence at high rate), smaller reuse factors are preferable, and vice
versa at low SIR. Table 1 summarizes the 95%-likely net uplink rates.

We next consider r. = 1000 m, v, = 100 m, v = 2.2, 0ghadow = 8 dB, and P = 15.
The cumulative distributions of the lower rate bounds for the MRC and ZF receivers
with different reuse factors o = 1, 3, and 7 are plotted in Fig. 7. Comparing with
the setting in Fig. 5, here we reduce the cell radius, and the path loss exponent,
so the effect of pilot contamination will increase. Furthermore, we consider the
performance for small P. It can be seen from the figure that MRC yields better
performance than ZF for a reuse factor of 1. However, for reuse factors 3 or 7 (where
there is less pilot contamination), the ZF technique is better. This means that when
the effect of pilot contamination is large and P is small, MRC is preferable over ZF.
These conclusions are the same as those drawn in Scenario I. Table 2 summarizes
the uplink performance for this setting.
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Table 1: Uplink performance of MRC and ZF with frequency reuse factors 1, 3, and

7, for M = 0o, P =50, r. = 1600 m, oghadow = 8 dB, and v = 3.8.

Frequency Reuse 95%-likely Net Uplink Rate Mean of the Net Uplink Rate per
Factor (Mbits/sec) User (Mbits/sec)
MRC ZF MRC ZF
1 0.002 0.04 17.5 41.4
3 0.005 3.10 6.5 304
7 0.003 6.42 2.8 18.2

6 Conclusions

This paper has analyzed the pilot contamination effect in multicell MU-MIMO
systems with very large antenna arrays at the BS. In particular, we have studied
a model for the physical channel where a finite number of scattering centers P are
visible from the BS. We showed that the pilot contamination effect discovered in [8]
persists under this finite-dimensional channel model. An infinite number of antennas
enables the receiver to access the signal arriving from each of the P scatterers, and
in effect we have a spatially distributed receive array comprising antennas located
at the positions of the P scatterers.

Furthermore, we derived a lower bound on the achievable uplink ergodic rate us-
ing linear detection at the BS. We deduced specific lower bounds on this rate for
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Table 2: Same as Table 1, but with P = 15, 7. = 1000 m and v = 2.2.

Frequency Reuse 95%-likely Net Uplink Rate Mean of the Net Uplink Rate per
Factor (Khbits/sec) User (Mbits/sec)
MRC ZF MRC ZF
1 15 12 55 4.6
3 7.6 21 37 5.5
7 10 97 18 4.4

the cases of MRC and ZF receivers.
higher sum-rate compared to MRC, when the pilot contamination effect is low, and
vice versa. Furthermore, we observed that ZF becomes increasingly beneficial when
adding more BS antennas. We have also found that the system performances with
MRC and ZF depend on the number of physical directions P. ZF is preferable for
large P (i.e., in a rich scattering propagation environment), while MRC is better
for small P. The radically different qualitative behavior which was observed as we
changed the propagation parameters implies that large-scale propagation experi-
ments are urgently needed.

We found that the ZF receiver can offer a
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Appendix

A Proof of Proposition 9

The achievable rate of the kth user in the lth cell for the uplink transmission when
we use the linear detection matrix F;; at the BS is given by the mutual information
between the unknown transmitted signal x;; and the observed received signal ry

and the known channel estimate 'f”, ie, I (mlk; Tk, 'i‘”). Using a similar approach

as in [21,22], we have

I (Wk#lmﬁl) >1 (l'lk§leaFll>Tllk) >1 (l'lk;le’Fllky‘i\llk)a (45)

where the above inequalities follow from the fact that the mutual information can-
not increase by performing additional processing operations on Yy and Fy; [24].
Assuming z; is Gaussian distributed with unit variance, we have

I (zlk; rlkj7F”k7Tllk‘) =h (l’lk) —h ($lk‘7’lk»FllkaTllk)
=log, (me) — h (JJlk\le,Flzk,Tuk) : (46)

Since the differential entropy of a random variable with fixed variance is maximized
when the random variable is Gaussian, we have

I (ﬂﬂzk; rlk,F”k,'f”k> > log, (me) — E {log2 (we var <x1k|rlk,F”k,'f”k)>} , (47)

~ N 2
where var (xlk|7'lkaFllka Tllk) =E {‘xlk —E {mlk‘rlkapllk) T”k}‘ } . The bound in

(47) is tighter when var (mlk|rlk,F”k,T”k) attains it minimum, which means that
the value E {xlk\nk,F”k, T”k} is the linear minimum mean-square-error estimate
of 1, leading to

F;rlkrllk

2
iy T

var (mlk\Tzk»Fuk,TUk> =1- (48)

E {|7“u<|2 |Flzk7'fzzk}

113
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From (3), (5), and (10), we have T, = T”Dl_l D;;. Since T;; and 'i‘zl are uncorre-
lated, Tzl and Tll are uncorrelated for all i and hence, Fjj; and T”k are uncorrelated
with Tzln for all i and n (since Fyy, is a function of T”) Furthermore, F”kT”kxlk,

Tk, F”,;rimxm, and F”knl are uncorrelated. Therefore from (34), we obtain

. Rt X
E{\7‘1k|2 |FllkaTllk} = Pu Fjlk‘rllk’ +E{|Im|2|F11k,Tzzk}

+ \/JTuZ Z F},.cov ( zln) Fue + |Furl®.  (49)

i=1n=1

Substituting (48) and (49) into (47), we obtain the lower bound on the uplink
achievable ergodic rate of the kth user in the lth cell stated in Proposition 9.

B Proof of Theorem 1
For the MRC technique, F; = 'i‘”. Then, we have

K L K
At s YN
T = \/pTI Z T”k'rlln-rln + \/]?le Z T”k'rilnxin- (50)

n#k i#l n=1

From (10) and Tilk = \/ﬂilkAililk, we have Tilk‘ = Z;;i T”k, thus

E {|Ilk|2 ‘Fllk7Tllk} =E {|Im|2 |Tllk}

L B2 .
_ iz Pin TllkH4 + pu Z Z TUkCOV ( ”") Tue. (51)

- pu 2
Btk i=1 n#k

We now find the covariance matrices of 'i‘zln and 'i‘zln Since Tzln \/lenAhlln,
cov ('i\z'ln) = BilnAcov< m,) A", We first find the covariance matrix of hml From

(9), (10) and using the matrix inversion lemma, we obtain

-1

L
cov (hiln) = ppﬁiln ppATA Z ﬁjln + IP ATA (52)

j=1

Then the covariance matrix of Tﬂn is given by
-1

L
cov (mn) = P82, A | PpATAY B +1p |  ATAAT. (53)
j=1

Since T,-ln = Tiln — Y, and 'i‘,-ln and Tiln are uncorrelated, we have
cov (Tim) = cov (Ty,) — cov (T'Lln) = BilnAAT — cov (Tﬂn) . (54)

Substituting (51), (54) into (35), and using (53), completes the proof of Theorem 1.
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C Proof of Corollary 1

From (28), when then number of BS antennas M goes to infinity, we have

i HTzzkH mkﬁ”kA]\T/[Ah”k - — .hz kH (55)
N2
#lekAATTllk = 5111@’1;”@ fj;itlzk — % HﬂIZkHQ, (56)
and
#?LkCOV (Tzlk) Tzzk — % illlkHQ (57)

We divide the numerator and the denominator of SINRMRC by M?, and use (55),
(56) and (57). We obtain

~ 2
i
A 2 2
L L K BBk
> i Biin thlkH +2it1 (Zn:15ilnﬁllk_%)

RMEC—E{log, | 1+ . (58)

From (52), for an unlimited number of BS antennas, the covariance matrix of ﬁ”k.

becomes st ﬂ“kIp. Therefore s

.2
with 2P degrees of freedom. Let X £ thlkH . The probability density function
(PDF) of X is then given by

o2
h”kH has a Chi-square distribution

P
Zle Bik/ Buk B
px () = ( = ) P~ texp Z’B;k Ik , x>0. (59)
We define
. o [T iogy (14 Y grens
Ko, (a,b,c) /(; 08, ( + el R dx (60)

o b o b :
:/ log, (1 + ajx) x"e_“’”’dw—/ log, (1 + Cm) x"e *dx.  (61)
0 0

Using (58)—(60), and [25, eq. (4.337.5)] completes the proof.
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D Proof of Corollary 2

From (28), when then number of BS antennas M — oo, we have

—1
e\l . &\ 1 A'A
[(YLY”) } - [(GLATAG”) ] - (GL G”> 0, (62)
kk

kk M ok
(Viva) ¥haa'v, (V174) - (Glheu) (63
(Viva) Pheov (V) Vo (y”y,l)uzfjmm(e;eu)? (69
Since Cov( ,m) BunAAT — cov (Tiln),using (63) and (64) we have

-1 " N -1

(YLY”) Y;rlCOV (i,iln) Y” (Y;LlY”)

iln i n [ A 1
M (GLG’”) , as M — oo. (65)
Z] 1ﬂjln

Substituting (62) and (65) into (40), we obtain

- 1
RAF =E{log, [ 1+ -~ (66)
Zl;u Ble + Z ZK Bﬂn 7;51 B]l'n (GTG )
Bitk i=1 Bin w=i
kk
Since Gy = ﬁllD;l/Q and the covariance of hyy, becomes %IP as M —
i=1 Pilk

00, Gjléll is a central complex Wishart matrix with P degrees of freedom and

: . TN 2 Y . Abs .
covariance matrix X = dlag{%, %7...7%}, ie, G;Gn ~ Wi (P, Xy) [26].

it -1
Let Y 21/ {(GLG”) } . Then Y has a complex central Wishart distribution,
kk

Y ~ Wy (P -K+1, %) [27]. The PDF of Y is thus given by

Blkeffélk/ﬁfzky @ P=K
- \gr) Y

ik
From (66) and (67), we have

> 0. (67)

py (y) =

o0
- y
REY = / log, [ 1+ py (y) dy. (68)
Sk, B2 K ﬂl n i+ Bjin
0 ;zlzz. lky+zL 1 Z : 5J: -

Using (60), we obtain the result in Corollary 2.
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Aspects of Favorable Propagation in Massive MIMO
Hien Quoc Ngo, Erik G. Larsson, and Thomas L. Marzetta

Abstract

Favorable propagation, defined as mutual orthogonality among the vector-valued
channels to the terminals, is one of the key properties of the radio channel that
is exploited in Massive MIMO. However, there has been little work that studies this
topic in detail. In this paper, we first show that favorable propagation offers the
most desirable scenario in terms of mazimizing the sum-capacity. One useful prozy
for whether propagation is favorable or not is the channel condition number. How-
ever, this proxy is not good for the case where the norms of the channel vectors are
not equal. For this case, to evaluate how favorable the propagation offered by the
channel is, we propose a “distance from favorable propagation” measure, which is the
gap between the sum-capacily and the mazimum capacily obtained under favorable
propagation. Secondly, we erxamine how favorable the channels can be for two ex-
treme scenarios: i.i.d. Rayleigh fading and uniform random line-of-sight (UR-LoS).
Both environments offer (nearly) favorable propagation. Furthermore, to analyze
the UR-LoS model, we propose an urns-and-balls model. This model is simple and
explains the singular value spread characteristic of the UR-LoS model well.
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1 Introduction

Recently, there has been a great deal of interest in massive multiple-input multiple-
output (MIMO) systems where a base station (BS) equipped with a few hundred
antennas simultaneously serves several tens of terminals [1-3]. Such systems can
deliver all the attractive benefits of traditional MIMO, but at a much larger scale.
More precisely, massive MIMO systems can provide high throughput, communica-
tion reliability, and high power efficiency with linear processing [4].

One of the key assumptions exploited by massive MIMO is that the channel vectors
between the BS and the terminals should be nearly orthogonal. This is called favor-
able propagation. With favorable propagation, linear processing can achieve optimal
performance. More explicitly, on the uplink, with a simple linear detector such as
the matched filter, noise and interference can be canceled out. On the downlink,
with linear beamforming techniques, the BS can simultaneously beamform multiple
data streams to multiple terminals without causing mutual interference. Favor-
able propagation of massive MIMO was discussed in the papers [4,5]. There, the
condition number of the channel matrix was used as a proxy for how favorable
the channel is. These papers only considered the case that the channels are i.i.d.
Rayleigh fading. However, in practice, owing to the fact that the terminals have
different locations, the norms of the channels are not identical. As we will see here,
in this case, the condition number is not a good proxy for whether or not we have
favorable propagation.

In this paper, we investigate the favorable propagation condition of different chan-
nels. We first show that under favorable propagation, we maximize the sum-capacity
under a power constraint. When the channel vectors are i.i.d., the singular value
spread is a useful measure of how favorable the propagation environment is. How-
ever, when the channel vectors have different norms, this is not so. We also ask
whether or not practical scenarios will lead to favorable propagation. To this end,
we consider two extreme scenarios: i.i.d. Rayleigh fading and uniform random line-
of-sight (UR-LoS). We show that both scenarios offer substantially favorable propa-
gation. We also propose a simple urns-and-balls model to analyze the UR-LoS case.
For the sake of the argument, we will consider the uplink of a single-cell system.

2 Single-Cell System Model

Consider the uplink of a single-cell system where K single-antenna terminals inde-
pendently and simultaneously transmit data to the BS. The BS has M antennas
and all K terminals share the same time-frequency resource. If the K terminals
simultaneously transmit the K symbols x1,..., 2k, where E|zg|? = 1, then the
M x 1 received vector at the BS is

K
Y=pY girr+w=pGz + w, (1)
k=1
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where © = [z1,...,2x]7, G = [g1,...,9K], 9, € CM*1 is the channel vector
between the BS and the kth terminal, and w is a noise vector. We assume that
the elements of w are i.i.d. CN(0,1) random variables (RVs). With this assump-
tion, p has the interpretation of normalized “transmit” signal-to-noise ratio (SNR).
The channel vector g, incorporates the effects of large-scale fading and small-scale
fading. More precisely, the mth element of g, is modeled as:

gr' =/ Brhy', k=1,...,K, m=1,...,M, (2)

where h}" is the small-scale fading and Bj represents the large-scale fading which
depends on k but not on m. This assumption is reasonable if the distance between
the BS antennas is much smaller than the distance between terminals and the
BS. For example, with half-wavelength antenna spacing, at 2.6 GHz, a rectangular
planar array has a physical size of only about 60x60 cm. By contrast, the distance
between the terminals and the BS is typically hundreds of meters.

3 Favorable Propagation

To have favorable propagation, the channel vectors {g,}, ¥ = 1,..., K, should
be pairwisely orthogonal. More precisely, we say that the channel offers favorable
propagation if

H 07 5 s , 15
g, 9, = 9

In practice, the condition (3) will never be exactly satisfied, but (3) can be ap-
proximately achieved. For this case, we say that the channel offers approzimately
favorable propagation. Also, under some assumptions on the propagation environ-
ment, when M grows large and k # j, it holds that

I
M‘qk g; =0, M — oo. (4)

For this case, we say that the channel offers asymptotically favorable propagation.

The favorable propagation condition (3) does not offer only the optimal performance
with linear processing but also represents the most desirable scenario from the
perspective of maximizing the information rate. See the following section.

3.1 Favorable Propagation and Capacity

Consider the system model (1). We assume that the BS knows the channel G. The
sum-capacity is given by

C = log, ’I+pGHG‘. (5)
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Next, we will show that, subject to a constraint on G, under favorable propa%ation
conditions (3), C' achieves its largest possible value. Firstly, we assume {||g;||"} are
given. For this case, by using the Hadamard inequality, we have

K
C =log, ’I—i—pGHG‘ < log, <H[I+pGHG]k,k>

k=1
K K
=Y tog, (I +pG"Gli) = D logs (1 + pllgill”). (6)
k=1 k=1

We can see that the equality of (6) holds if and only if G G is diagonal, so that (3) is
satisfied. This means that, given a constraint on {||g|*}, the channel propagation
with the condition (3) provides the maximum sum-capacity.

Secondly, we consider a more relaxed constraint on the channel G: |G H?, is given.
From (6), by using Jensen’s inequality, we get

K K
C = tog, (14 pllgal”) = - > logs (1+ sl
k=1 k=1

K
p 2| _ P 2
<K log, (1+Kkzlgk||> = Klog, (1+ 2|GI}). (™

where equality in the first step holds when (3) satisfied, and equality in the second
step holds when all ||gk.H2 are equal. So, for this case, C' is maximized if (3) holds
and {g;} have the same norm. The constraint on G that results in (7) is more
relaxed than the constraint on G that results in (6), but the bound in (7) is only
tight if all {g,} have the same norm.

3.2 Measures of Favorable Propagation

Clearly, to check whether the channel can offer favorable propagation or not, we can
check directly the condition (3) or (4). Other simple methods to measure whether
the channel offers favorable propagation is to consider the condition number, or the
distance from favorable propagation (to be defined shortly). These measures will be
discussed in more detail in the following subsections.

3.2.1 Condition Number

Under the favorable propagation condition (3), we have

G"G = Diag{||g1 |- - llgx|’}- (8)
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We can see that if {g,} have the same norm, the condition number of the Gramian
matrix GYG is equal to 1:

Ormax/Omin = 1, 9)
where o,,., and o,,;, are the maximal and minimal singular values of GIa.

Similarly, if the channel offers asymptotically favorable propagation, then we have
Leie D, M- (10)
]\/[ ) m?

where D is a diagonal matrix whose kth diagonal element is Sg. So, if all {8} are
equal, then the condition number is asymptotically equal to 1.

Therefore, when the channel vectors have the same norm (the large scale fading
coeflicients are equal), we can use the condition number to determine how favorable
the channel propagation is. Since the condition number is simple to evaluate, it has
been used as a measure of how favorable the propagation offered by the channel
G is, in the literature. However, it has two drawbacks: i) it only has a sound
operational meaning when all {g, } have the same norm or all {f;} are equal; and
ii) it disregards all other singular values than o,,;, and o,,.,.

3.2.2 Distance from Favorable Propagation

As discussed above, when {g, } have different norms or {3x} are different, we cannot
use the condition number to measure how favorable the propagation is. For this
case, we propose to use the distance from favorable propagation which is defined
as the relative gap between the capacity C obtained by this propagation and the
upper bound in (6):

> log (1 + pHgkIIQ) — log, (I + pGHG‘

log, ‘I+ pGHG’

Ao 2 (11)

The distance from favorable propagation represents how far from favorable prop-
agation the channel is. Of course, when Ac = 0, from (6), we have favorable
propagation.

4 Favorable Propagation: Rayleigh Fading and
Line-of-Sight Channels

One of the key properties of Massive MIMO systems is that the channel under
some conditions can offer asymptotically favorable propagation. The basic question
is, under what conditions is the channel favorable? A more general question is
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what practical scenarios result in favorable propagation. In practice, the channel
properties depend a lot on the propagation environment as well as the antenna
configurations. Therefore, there are varieties of channel models such as Rayleigh
fading, Rician, finite dimensional channels, keyhole channels, LoS. In this section,
we will consider two particular channel models: independent Rayleigh fading and
uniform random line-of-sight (UR-LoS). These channels represent very different
physical scenarios. We will study how favorable these channels are and compare
the singular value spread. For simplicity, we set S = 1 for all k in this section.

4.1 Independent Rayleigh Fading

Consider the channel model (2) where {h}'} are 1.i.d. CN(0,1) RVs. Note that,
under a wide range of conditions, independent Rayleigh model matches the behavior
of experimental data [6]. By using the law of large numbers, we have

L 2
aflgell” =1 Moo, and (12)
1 .

so we have asymptotically favorable propagation.

In practice, M is large but finite. Equations (12)—(13) show the asymptotic results
when M — oco. But, they do not give an account for how close to favorable propaga-
tion the channel is when M is finite. To study this fact, we consider Var (ﬁnggj).
For finite M, we have

1 5 1
Var (Mgk gj) = (14)

We can see that, ﬁnggj is concentrated around 0 (for k # j or 1 (for k = j) with
variance proportional to 1/M.

Furthermore, in Massive MIMO, the quantity | gl g]-‘Q is of particular interest. For
example, with matched filtering, the power of the desired signal is proportional to
2, where k # j.

||gk||4, while the power of the interference is proportional to }ng g,
For k # j, we have that

1 H 2
2219k 951 = 0, (15)
Uy o) M+2 1

Var (]\/[2|gl~cgj| ) =5 e (16)

Equation (15) shows the convergence of the random quantities {’nggj|2} when
M — oo which represents the asymptotical favorable propagation of the channel,
and (16) shows the speed of the convergence.
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4.2 Uniform Random Line-of-Sight

We consider a scenario with only free space non-fading line of sight propagation
between the BS and the terminals. We assume that the antenna array is uniform
and linear with antenna spacing d. Then in the far-field regime, the channel vector
g;. can be modelled as:

g, = €' [1 e—i2ndsin(y) ... e—i27r(]v1—1)%sin(9k)}T, (17)

where ¢y, is uniformly distributed in [0,27], 0 is the arrival angle from the kth
terminal measured relative to the array boresight, and A is the carrier wavelength.

For any fixed and distinct angles {0}, it is straightforward to show that

1 2 1 H .

MHng =1, and M‘gk g; — 0, M — o0, k#j, (18)
so we have asymptotically favorable propagation.
Now assume that the K angles {0)} are randomly and independently chosen such

that sin(f) is uniformly distributed in [—1,1].! We refer to this case as uniformly
random line-of-sight. In this case, and if additionally d = A/2, then

1 4 1
Var (Mgk gj) = (19)

Comparing (14) and (19), we see that the inner products between different channel
vectors g, and g, converge to zero at the same rate for both i.i.d. Rayleigh fading
and UR-LoS.

Now consider the quantity ’gfgj ’2. For the UR-LoS scenario, with k # j, we have

1
W'ngng —0, (20)
U o\ (M=DMEM-1) 2
_ . = ~—. 21
var (3aloto, ) e = (21)

We next compare (16) and (21). While the convergence of the inner products
between g, and g; has the same rate in both i.i.d. Rayleigh fading and UR-LoS,

the convergence of !ng g, ’2 is considerably slower in the UR-LoS case.



130 Paper C. Aspects of Favorable Propagation in Massive MIMO

1,0

08 -
0,6 +
04 -

02+

1000
1,0

08+

Cumulative Distribution

0,6 -

04 -

02+

10 1000

Singular Vaues (Sorted)

Figure 1: Singular values of G? G for i.i.d. Rayleigh fading. Here, (M = 100, K =
10) and (M = 200, K = 20).

4.3 Urns-and-Balls Model for UR-LoS

In Section 4.2, we assumed that the angles {0} are fixed and distinct regardless of
M. With this assumption, we have asymptotically favorable propagation. However,
if there exist {6} and {6;} such that sin(6x) — sin(6;) is in the order of 1/M,
then we cannot have favorable propagation. To see this, assume for example that
sin(f) — sin(0;) = 1/M. Then

1 |]_ o eiw(sin(ﬂk)fsin(()j))M 1 | 1— eiﬂ
M| 1 — eim(sin(fx)—sin(8;)) ’:Mh _ eiﬂ/M|

L g
M |9k 9,| =
2
- —#0, M — . (22)
T
In practice, M is finite. If the number of terminals K is in order of tens, then the

probability that there exist {0y} and {6;} such that sin(y) —sin(d;) < 1/M cannot
be neglected. This makes the channel unfavorable. This insight can be confirmed

LA more practical assumption is 0, is uniformly distributed in [0,27]. However, it is difficult
to perform analysis under this assumption, since some expressions take on an intractable form.
More importantly, antennas (such as half-wavelength antenna spacing) have a directional response
that discriminates against large angles of arrival, e.g., the regime where the two models (sin(6y)
uniformly distributed and 6y, uniformly distributed) are most different. Thus, there may be no
significant difference between these two models.
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Figure 2: Same as Figure 1, but for UR-LoS.

by the following examples. Let consider the singular values of the Gramian matrix
G"G. Figures 1 and 2 show the cumulative distributions of the singular values
of G” G for 1.i.d. Raleigh fading and UR-LoS channels, respectively. We can see
that in i.i.d. Rayleigh fading, the singular values are uniformly spread out between
Omin and o However, for UR-LoS, two (for the case of M = 100, K = 10) or
three (for the case of M = 200, K = 20) of the singular values are very small with
a high probability. However, the rest are highly concentrated around their median.
In order to have favorable propagation, we must drop some terminals from service.

max*

To quantify approximately how many terminals that have to be dropped from service
so that we have favorable propagation with high probability in the UR-LoS case,
we propose to use the following simplified model. The BS array can create M
orthogonal beams with the angles {6,,}:

2m —1

M )
Suppose that each one of the K terminals is randomly and independently assigned to
one of the M beams given in (23). To guarantee the channel is favorable, each beam
must contain at most one terminal. Therefore, if there are two or more terminals in
the same beam, all but one of those terminals must be dropped from service. Let
Ny, M — K < Ny < M, be the number of beams which have no terminal. Then,
the number of terminals that have to be dropped from service is

sin (0,,) = -1+ m=1,2,.., M. (23)

N,

drop

= No— (M - K). (24)
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Figure 3: Capacity per terminal for i.i.d. Rayleigh fading and UR-LoS channels.
Here M = 100 and K = 10.

By using a standard combinatorial result given in [7, Eq. (2.4)], we obtain the
probability that n terminals, 0 < n < K, are dropped as follows:

P(N,.,=n)=P(Nog—(M — K)=n) = P (No=n+M—K)

SV

k=1

Therefore, the average number of terminals that must be dropped from service is

K—-1
Ndrop = Z npP (Ndrop = n) . (26)
n=1

Remark 8 The result obtained in this subsection yields an important insight: for
Rayleigh fading, terminal selection schemes will not substantially improve the per-
formance since the singular values are uniformly spread out. By contrast, in UR-
LoS, by dropping some selected terminals from service, we can improve the worst-
user performance significantly.

5 Examples and Discussions

Figure 3 shows the cumulative distribution of the capacity per terminal for i.i.d.
Rayleigh fading and UR-LoS channels, when M = 100 and K = 10. The “exact”
curves are obtained by using (5), and the “bound” curves are obtained by using
the upper bound (6) which is the maximum sum-capacity achieved under favorable
propagation. For both Rayleigh fading and UR-LoS, the sum-capacity is very close
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Figure 4: The probability that n terminals must be dropped from service, using the
proposed urns-and-balls model.

to its upper bound with high probability. This validates our analysis: both indepen-
dent Rayleigh fading and UR-LoS channels offer favorable propagation. Note that,
despite the fact that the condition number for UR-LoS is large with high probabil-
ity (see Fig. 1), we only need to drop a small number of terminals (2 terminals in
this case) from service to have favorable propagation. As a result, the gap between
capacity and its upper bound is very small with high probability.

Figure 4 shows the probability that n terminals must be dropped from service,
P (N, =n), for two cases: M = 100,K = 10 and M = 200, K = 20. This
probability is computed by using (25). We can see that the probability that three
terminals (for the case of M = 100, K = 10) and four terminals (for the case of
M =200, K = 20) must be dropped is less than 1%. This is in line with the result
in Fig. 2 where three (for the case of M = 100, K = 10) or four (for the case of
M = 200, K = 20) of the singular values are substantially smaller than the rest,
with probability less than 1%. Note that, to guarantee favorable propagation, the
number of terminals must be dropped is small (~ 20%).

6 Conclusion

Both i.i.d. Rayleigh fading and LoS with uniformly random angles-of-arrival offer
asymptotically favorable propagation. Ini.i.d. Rayleigh fading, the channel singular
values are well spread out between the smallest and largest value. In UR-LoS, almost
all singular values are concentrated around the maximum singular value, and a
small number of singular values are very small. Hence, in UR-LoS, by dropping a
few terminals, the propagation is approximately favorable.

The i.i.d. Rayleigh and the UR-LoS scenarios represent two extreme cases: rich
scattering, and no scattering. In practice, we are likely to have a scenario which



134 Paper C. Aspects of Favorable Propagation in Massive MIMO

lies in between of these two cases. Thus, it is reasonable to expect that in most
practical environments, we have approximately favorable propagation.

The observations made regarding the UR-LoS model suggest that it may be worth
investigating user selection schemes for massive mimo in more detail.
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EVD-Based Channel Estimations for Multicell Multiuser
MIMO with Very Large Antenna Arrays

Hien Quoc Ngo and Erik G. Larsson

Abstract

This paper consider a multicell multiuser MIMO with very large antenna arrays at
the base station. For this system, with channel state information estimated from
pilots, the system performance is limited by pilot contamination and noise limi-
tation as well as the spectral inefficiency discovered in previous work. To reduce
these effects, we propose the eigenvalue-decomposition-based approach to estimate
the channel directly from the received data. This approach is based on the orthogo-
nality of the channel vectors between the users and the base station when the number
of base station antennas grows large. We show that the channel can be estimated
from the eigenvalue of the received covariance malriz excepting the multiplicative
factor ambiguity. A short training sequence is required to solved this ambiguity.
Furthermore, to improve the performance of our approach, we investigate the join
eigenvalue-decomposition-based approach and the Iterative Least-Square with Pro-
jection algorithm. The numerical results verify the effectiveness of our channel
estimate approach.




142 Paper D. EVD-Based Channel Estimations for Multicell Multiuser MIMO

1 Introduction

Recently, there has been a great deal of interest in multiuser MIMO (MU-MIMO)
systems using very large antenna arrays (a hundred or more antennas). Such sys-
tems can provide a remarkable increase in reliability and data rate with simple signal
processing [1]. When the number of base station (BS) antennas grows large, the
channel vectors between the users and the BS become very long random vectors and
under “favorable propagation” conditions, they become pairwisely orthogonal. As a
consequence, with simple maximum-ratio combining (MRC), assuming that the BS
has perfect channel state information (CSI), the interference from the other users
can be cancelled without using more time-frequency resources [1]. This dramatically
increases the spectral efficiency. Furthermore, by using a very large antenna array
at the BS, the transmit power can be drastically reduced [2]. In [2], we showed that,
with perfect CSI at the BS, we can reduce the uplink transmit power of each user in-
versely proportionally to the number of antennas with no reduction in performance.
This holds true even with simple linear processing (MRC, or zero-forcing [ZF]) at
the base station. These benefits of using large antenna arrays can be reaped if the
BS has perfect CSI.

In practice, the BS does not have perfect CSI. Instead, it estimates the channels.
The conventional way of doing this is to use uplink pilots. If the channel coherence
time is limited, the number of possible orthogonal pilot sequences is limited too
and hence, pilot sequences have to be reused in other cells. Therefore, channel
estimates obtained in a given cell will be contaminated by pilots transmitted by
users in other cells. This causes pilot contamination [3]. As for power efficiency,
we showed in [2] that, with CSI estimated from uplink pilots, we can only reduce
the uplink transmit power per user inversely proportionally to the square-root of
the number of BS antennas. This is due to the fact that when we reduce the
transmit power of each user, channel estimation errors will become significant. We
call this effect “noise contamination". Hence, with channels estimated from pilots,
the benefits of using very large antenna arrays are somewhat reduced.

In this paper we investigate whether blind channel estimation techniques could
improve the performance of very large MIMO systems. Blind channel estimation
techniques have been considered before as a promising approach for increasing the
spectral efficiency since they require no or a minimal number of pilot symbols [4].
Generally, blind methods work well when there are unused degrees of freedom in
the signal space. This is the case in very large MIMO systems, if the number
of users that transmit simultaneously typically is much less than the number of
antennas. One particular class of blind methods is based on a subspace partitioning
of the received samples. This approach is powerful and can achieve near maximum-
likelihood performance when the number of data samples is sufficiently large [5].
This approach requires a particular structure on the transmitted signal or system
model, for example that the signals are coded using orthogonal space-time block
codes [6,7]. As shown later, in a system with very large antenna arrays it is possible
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to apply the subspace estimation technique using eigenvalue decomposition (EVD)
on the covariance matrix of the received samples, without requiring any specific
structure of the transmitted signals.

The specific contributions of this paper are as follows. We consider multicell MU-
MIMO systems where the BS is equipped with a very large antenna array. We
propose a simple EVD-based channel estimation scheme for such systems. We show
that when the number of BS antennas grows large, CSI can be estimated from the
eigenvector of the covariance matrix of the received samples, up to a multiplicative
scalar factor ambiguity. By using a short training sequence, this multiplicative
factor ambiguity can be resolved. Finally, to improve the performance, we combine
our EVD-based channel estimation technique with the iterative least-square with
projection (ILSP) algorithm of [§].

2  Multi-cell Multi-user MIMO Model

Consider a multicell MU-MIMO system with L cells. Each cell contains K single-
antenna users and one BS equipped with M antennas. The same frequency band
is used for all L cells. We consider the uplink transmission where all users from all
cells simultaneously transmit their signals to their desired BSs. Then, the M x 1
received vector at the Ith BS is given by!

Y (n) = \/FuZani (n) +ni(n), (1)

where /pux; (n) is the K x 1 vector of collectively transmitted symbols by the K
users in the ith cell (the average power used by each user is p,); n;(n) is M x 1
additive white noise whose elements are Gaussian with zero mean and unit variance;
and Gy; is the M x K channel matrix between the [th BS and the K users in
the ith cell. The channel matrix Gj; models independent fast fading, geometric
attenuation, and log-normal shadow fading. Each element i = [Giil,,), is the
channel coefficient between the mth antenna of the Ith BS and the kth user in the
1th cell, and is given by

Glimk = Ptimr/ Biik, m=1,2,..., M, (2)

where hym,k is the fast fading coeflicient from the kth user in the ith cell to the
mth antenna of the Ith BS. We assume that h;,. is a random variable with zero
mean and unit variance. Furthermore, v/B;;x represents the geometric attenuation
and shadow fading, which are assumed to be independent of the antenna index m
and to be constant and known a priori. These assumptions are reasonable since the
distance between the user and the BS is much greater than the distance between

I'When reference to n is unimportant, we will omit this index for simplicity.
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the BS antennas, and the value of B, changes very slowly with time.? Then, the
channel matrix Gj; can be represented as

G, = HliDll,;/Q, (3)

where H; is the M x K matrix of fast fading coefficients between the K users in the
ith cell and the Ith BS, i.e., [Hy],,,. = Mimk, and Dy; is a K x K diagonal matrix
whose diagonal elements are [Dy;],, = Biik-

3 EVD-based Channel Estimation

For multicell MU-MIMO systems with large antenna arrays at the BS, with conven-
tional LS channel estimation using uplink pilots, the system performance is limited
by pilot and noise contamination. Pilot contamination is caused by the interference
from other cells during the training phase [1,3]. Noise contamination occurs when
the transmit power is small and the channel estimates are dominated by estimation
errors [2]. Another inherent drawback of the pilot-based channel estimation is the
spectral efficiency loss which results from the bandwidth consumed by training se-
quences. To reduce these effects, in this section, we propose an EVD-based channel
estimation method.

3.1 Mathematical Preliminaries

We first consider the properties of the covariance matrix of the received vector y;.
From (3) and (3), this covariance matrix is given by

L
Ry 2E{yy"} =p. Y HuDyHj +1Iy. (4)

i=1

From the law of large numbers, it follows that when the number of BS antennas is
large, if the fast channel coefficients are i.i.d. then the channel vectors between the
users and the BS become pairwisely orthogonal, i.e.,

1
MH{;'IHU — (SijIK, as M — oo. (5)

2This is true assuming that the base station antennas are located, not distributed. For example,
at 3 GHz, a cylindrical array comprising 4 rings of 16 dual polarized antennas elements spaced
half a wavelength apart, hence having a total of 128 antennas, occupies only a physical size of
0.3 x 0.35 meters.
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This is a key property of large MIMO systems which facilitates a simple EVD-based
channel estimation that does not require any specific structure of the transmitted
signals. Multiplying (4) from the right by H;, and using (5), we obtain

R,H; ~ Mp,H;D;; + Hy;, as M large
=H; (Mp.Dy +1Ik). (6)

For large M, the columns of H;; are pairwisely orthogonal, and Mp,D; + Ik is
a diagonal matrix. Therefore, Equation (6) can be considered as a characteristic
equation for the covariance matrix Ry. As a consequence, the kth column of Hy; is
the eigenvector corresponding to the eigenvalue Mp,Sur + 1 of Ry,.

Remark 9 Since MpGur + 1, k = 1,2,...K, are distinct and can be known a
priori, the ordering of the eigenvectors can be determined. Fach column of Hy can
be estimated from a corresponding eigenvector of Ry up to a scalar multiplicative
ambiguity.® This is due to the fact that if uy is an eigenvector of Ry corresponding
to the eigenvalue Mp.Bui + 1, then cpuyg is also an eigenvector corresponding to
that eigenvalue, for any cj € C.

Let U;; be the M x K matrix whose kth column is the eigenvector of R, corre-
sponding to the eigenvalue Mp, By + 1. Then, the channel estimate of H;; can be
found via

H, =U,=, (7)

where Z £ diag {cy, ¢2, ..., cx }. The multiplicative matrix ambiguity = can be solved
by using a short pilot sequence (see Section 3.2).

3.2 Resolving the Multiplicative Factor Ambiguity

In each cell, a short training sequence of length v symbols is used for uplink training.
We assume that the training sequences of different cells are pairwisely orthogonal.
Then, the M x v received training matrix at the [th BS is

Y. = piHuD)/> X1+ Ny, (8)

where /pt X, is the K X v training matrix (p; is the power used by each user
for each training symbol), and Ny, is the noise matrix. From (7) and (8), the
multiplicative matrix 2 can be estimated as

[1)>

2
— arg min HY“ — /RUuEDY?X ‘F , 9)

3Note that the channel matrices from other cells Hy;, for 4 # I, can be estimated in the same
way if the large-scale fading Dy; is known a priori.



146 Paper D. EVD-Based Channel Estimations for Multicell Multiuser MIMO

where A is a set of K x K diagonal matrices. Denote by

where y, ; (n) is the nth column of Y, B and B’ denote the real and imaginary

(10)

parts of matrix B; and
. AR Al
An Y |: AI ARrL

|

where A, £ \/pTU”Dll/QXn, X, £ diag (¢ (n)). Then, we obtain (the proof is
omitted due to space constraints)
2 = diag (é) , (11)

where é =[Ik jIK]E, where
(12)

i (z Af&) S 4%,
n=1 n=1

3.3 Implementation of the EVD-based Channel Estimation

As discussed, when M is large the channel matrix Hj can be determined by us-
ing the EVD of the covariance matrix Ry. In practice, this covariance matrix is
unavailable. Instead, we use the sample data covariance matrix Ry:

. 1 X
R, = Nzyl )y (”)H,

where N is the number of samples. Here, we assume that the channel is still constant

(13)

over at least N samples.
We summarize our proposed algorithm for estimating H; as the following algorithm.

This channel estimate is performed once for each coherence time period.
Algorithm 1 Proposed EVD-based channel estimation method

1. Using a data block of N samples, compute fly as (13).

2. Perform the EVD ofRy. Then obtain an M x K matriz U n whose kth column is
the eigenvector corresponding to the eigenvalue which is closest to Mpy By +

1 4
4Since the eigenvalue is obtained from the sample data covariance matrix, the corresponding

eigenvalue is only approximately equal to Mpu By + 1.
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3. Compute the estimate o) f the multiplicative matrix 2 from v pilot symbols using
(11).5

4. The channel estimate of Hy; is determined as I:I”:UNé.

Treating the above channel estimate as the true channel, we then use a linear
detector (e.g., MRC, ZF) to detect the transmitted signals. Since the columns of
the channel estimate H;; are pairwisely orthogonal for large M, the performances
of MRC and ZF detectors are the same [2].

Remark 10 There are two main sources of errors in the channel estimate: (i)
The covariance matriz error: this error is due to the use of the sample covariance
matriz instead of the true covariance matrixz. This error will decrease as the number
of samples N increases (this requires that the coherence time is large); (i) The error
due to the channel vectors not being perfectly orthogonal as assumed in (5). Our
method exploits the asymptotic orthogonality of the channel vectors. This property
1s true only in the asymptotic regime, i.e, when M — oco. In practice, M 1is large
but finite and hence, an error results.

4 Joint EVD-based Method and ILSP Algorithm

As discussed above (see Remark 2), the EVD-based channel estimates will suffer
from errors owing to a finite coherence time and a finite M. To reduce this error,
in this section, we consider combining our EVD algorithm with the ILSP algorithm
of [8].

Define the K x N matrix of transmitted signals from the K users in the ith cell
and the M x N matrix of received signals at the [th BS respectively as

X, 2z (1) z;,(2) ...2;(N)],i=1,2,...,L (14)
Yi2ly (1) (2 .y (V)] (15)
From (3), we have
L
Y, = /PuGuXi+ Pu »_GuXi+ N, (16)
i#l

where N; £ [n; (1) n;(2) ... n; (N)]. Treating the last two terms of (16) as noise,
and applying the ILSP algorithm in [8], we obtain an iterative algorithm that jointly
estimates the channel and the transmitted data. The principle of operation of the

5When using (11) replace the true covariance matrix by the sample covariance matrix.
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ILSP algorithm is as follows. Firstly, we assume that the channel Gy is known,
from an initial channel estimation procedure. The data are then detected via least-
squares, projecting the solution onto the symbol constellation X as

2
: (17)
F

1
V/Pu

where the superscript ()Jr denotes the pseudo-inverse. Next, the detected data X !
are used as if they were equal to the true transmitted signal and the channel is
re-estimated using least-squares,

X, = arg;nin G;TIYZ - X

1EX

1

Gu=—Y. X (18)

u

Equations (17) and (18), yield the ILSP algorithm for our problem. Applying the
ILSP algorithm, and using the channel estimate based on EVD method discussed

in Section 3 as the initial channel estimate, we obtain the joint EVD method and
ILSP algorithm (EVD-ILSP).

Algorithm 2 The EVD-ILSP algorithm

1. Initialize Gll,o = f{”Dlll/Q (obtained by using the EVD-based method). Choose
number of iterations Kgep. Set k = 0.

2. k:=k+1
v . 1 . 2
o X, =argminy,cx H\/TG”ﬁkﬂYl — XlHF
A ot
e Gy = \/%YZXM

3. Repeat 2 until k = Kgep.

5 Numerical Results

We simulate a system with L = 3 cells, each containing 3 users. We consider the
SEP for the uplink of the 1st user in 1st cell, assuming BPSK modulation and ZF
receivers. We choose D11 = diag {0.98,0.63,0.47}, D15 = a x diag {0.36,0.29,0.05},
and D13 = a x diag{0.32,0.14,0.11}. For the EVD-based method, we use v = 1
(one) training symbol to resolve the multiplicative factor ambiguity. For the pilot-
based method, we perform the least-square estimation scheme using 3 symbols for
pilots.
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M=100, N =100

Symbol error probability

—x— EVD-Based Method |:3
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10” : |
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a

Figure 1: Symbol error probability versus a at p, = 20 dB, and BPSK modulation.

Fig. 1 shows the the SEP versus a of the EVD-based and the conventional pilot-
based channel estimation methods with different N and M at p, = 20 dB. (N = oo
implies that we have perfect knowledge of the true covariance matrix.) We can
see that when a increases (the effect of pilot contamination increases), the system
performance degrades dramatically when using the pilot-based method. This is
due to the fact that the pilot-based method suffers from pilot contamination. In
particular, the EVD-based method is not affected much by the pilot contamination,
and it can significantly improve the system performance when the effect of pilot
contamination is large. It can be also seen from the figure that the effectiveness of
our EVD-based method increases when the number of samples N and the number
of BS antennas M increase.

To ascertain the effectiveness of the EVD-based channel estimation method under
noise-limited conditions, we consider the SEP when the transmit power of each user
is chosen to be proportional to 1/M. We choose M = 100, and a = 1. Fig. 2 shows
the comparisons between the SEPs versus SNR of the EVD-based method and the
pilot-aided method for different N. Here, with each SNR, we set p, = SNR/M. We
can see that by using the EVD-based method, the system performance significantly
improves compared with the conventional pilot-based method. When NN increases,
the sample covariance matrix tends to the true covariance matrix and hence, as we
can see from the figure, the SEP decreases.

Fig. 3 shows the SEP of the EVD-based method versus the number of BS antennas at
pu = 20 dB and a = 1, for different N, with and without using the ILSP algorithm.
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10 :
: BPSK, M=100
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Figure 2: Symbol error probability versus SNR for M = 100, a = 1, p, = SNR/M,
and BPSK modulation.

With the ILSP algorithm, we choose Kgcp = 5. As expected, comparing with the
EVD-based method, the joint EVD-based and ILSP algorithm offers a performance
improvement. Also here, the system performance improves significantly when M
and N increase.

6 Concluding Remarks

Very large MIMO systems with M > K > 1 offer many unused degrees of freedom.
We proposed a channel estimation method that exploits these excess degrees of
freedom, together with the asymptotic orthogonality between the channel vectors
that occurs under “favorable propagation” conditions. Combining the proposed
method with the ILSP algorithm of [8] further enhances performance.
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Massive MU-MIMO Downlink TDD Systems with Linear
Precoding and Downlink Pilots

Hien Quoc Ngo, Erik G. Larsson, and Thomas L. Marzetta

Abstract

We consider a massive MU-MIMO downlink time-division duplex system where a
base station (BS) equipped with many antennas serves several single-antenna users
in the same time-frequency resource. We assume that the BS uses linear precoding
for the transmission. To reliably decode the signals transmitted from the BS, each
user should have an estimate of its channel. In this work, we consider an efficient
channel estimation scheme to acquire CSI at each user, called beamforming training
scheme. With the beamforming training scheme, the BS precodes the pilot sequences
and forwards to oll users. Then, based on the received pilots, each user uses mini-
mum mean-square error channel estimation to estimate the effective channel gains.
The channel estimation overhead of this scheme does not depend on the number of
BS antennas, and is only proportional to the number of users. We then derive a
lower bound on the capacity for mazximum-ratio transmission and zero-forcing pre-
coding techniques which enables us to evaluate the spectral efficiency taking into
account the spectral efficiency loss associated with the transmission of the down-
link pilots. Comparing with previous work where each user uses only the statistical
channel properties to decode the transmitted signals, we see that the proposed beam-
forming training scheme is preferable for moderate and low-mobility environments.
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1 Introduction

Recently, massive (or very large) multiuser multiple-input multiple-output (MU-
MIMO) systems have attracted a lot of attention from both academia and industry
[1-4]. Massive MU-MIMO is a system where a base station (BS) equipped with
many antennas simultaneously serves several users in the same frequency band.
Owing to the large number of degrees-of-freedom available for each user, massive
MU-MIMO can provide a very high data rate and communication reliability with
simple linear processing such as maximum-ratio combining (MRC) or zero-forcing
(ZF) on the uplink and maximum-ratio transmission (MRT) or ZF on the downlink.
At the same time, the radiated energy efficiency can be significantly improved [5].
Therefore, massive MU-MIMO is considered as a promising technology for next
generations of cellular systems. In order to use the advantages that massive MU-
MIMO can offer, accurate channel state information (CSI) is required at the BS
and/or the users.

In small MU-MIMO systems where the number of BS antennas is relatively small,
typically, the BS can acquire an estimate of CSI via feedback in frequency-division
duplex (FDD) operation [6]. More precisely, each user estimates the channels based
on the downlink training, and then it feeds back its channel estimates to the BS
through the reverse link. However, in massive MU-MIMO systems, the number of
BS antennas is very large and channel estimation becomes challenging in FDD since
the number of downlink resources needed for pilots will be proportional to the num-
ber of BS antennas. Also, the required bandwidth for CSI feedback becomes very
large. By contrast, in time-division duplex (TDD) systems, owing to the channel
reciprocity, the BS can obtain CSI in open-loop directly from the uplink training.
The pilot transmission overhead is thus proportional to the number of users which
is typically much smaller than the number of BS antennas. Therefore, CSI acquisi-
tion at the BS via open-loop training under TDD operation is preferable in massive
MU-MIMO systems [1-3,7,8]. With this CSI acquisition, in the uplink, the signals
transmitted from the users can be decoded by using these channel estimates. In
the downlink, the BS can use the channel estimates to precode the transmit sig-
nals. However, the channel estimates are only available at the BS. The user also
should have an estimate of the channel in order to reliably decode the transmitted
signals in the downlink. To acquire CSI at the users, a simple scheme is that the
BS sends the pilots to the users. Then, each user will estimate the channel based
on the received pilots. This is very inefficient since the channel estimation overhead
will be proportional to the number of BS antennas. Therefore, the majority of the
research on these systems has assumed that the users do not have knowledge of the
CSI. More precisely, the signal is detected at each user by only using the statistical
properties of the channels [7-9]. Some work assumed that the users have perfect
CSI [10]. To the authors’ best knowledge, it has not been previously considered
how to efficiently acquire CSI at each user in the massive MU-MIMO downlink.

In this paper, we propose a beamforming training scheme to acquire estimates of
the CSI at each user. With this scheme, instead of forwarding a long pilot sequence
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(whose length is proportional to the number of BS antennas), the BS just beamforms
a short pilot sequence so that each user can estimate the effective channel gain (the
combination of the precoding vector and the channel gain). The channel estimation
overhead of this scheme is only proportional to the number of users. To evaluate
the performance of the proposed beamforming training scheme, we derive a lower
bound on the capacity of two specific linear precoding techniques, namely MRT and
ZF. Numerical results show that the beamforming training scheme works very well
in moderate and low-mobility environments.

Notation: We use upper (lower) bold letters to denote matrices (vectors). The su-
perscripts T, %, and H stand for the transpose, conjugate, and conjugate-transpose,
respectively. tr(A) denotes the trace of a matrix A, and I,, is the n x n identity
matrix. The expectation operator and the Euclidean norm are denoted by E {-} and
|| - ||, respectively. Finally, we use 2 ~ CN (0,X) to denote a circularly symmetric
complex Gaussian vector z with zero mean and covariance matrix 3.

2 System Model and Beamforming Training

We consider the downlink transmission in a MU-MIMO system where a BS equipped
with M antennas serves K single-antenna users in the same time-frequency resource,
see Fig. 1. Here, we assume that M > K. We further assume that the BS uses
linear precoding techniques to process the signal before transmitting to all users.
This requires knowledge of CSI at the BS. We assume TDD operation so that the
channels on the uplink and downlink are equal. The estimates of CSI are obtained
from uplink training.

2.1 Uplink Training

Let 7, be the number of symbols per coherence interval used entirely for uplink
pilots. All users simultaneously transmit pilot sequences of length 7, symbols. The
pilot sequences of K users are pairwisely orthogonal. Therefore, it is required that
T > K.

Denote by H € CM*X the channel matrix between the BS and the K users. We
assume that elements of H are i.i.d. Gaussian distributed with zero mean and unit
variance. Here, for the simplicity, we neglect the effects of large-scale fading. Then,
the minimum mean-square error (MMSE) estimate of H is given by [11]

ﬁ-: TuPu H+ vV TuPu Nu, (1)
TuPu + 1 Tupu + 1
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user 1 Base station

user 2

Figure 1: Massive MU-MIMO downlink system model.

where N, is a Gaussian matrix with i.i.d. CA (0,1) entries, and p, denotes the
average transmit power of each uplink pilot symbol. The channel matrix H can be
decomposed as

H=H+E, (2)
where & is the channel estimation error. Since we use MMSE channel estimation,
H and € are independent [11]. Furthermore, H hasiid. CN (0 &) elements,

? Typu+1
and € has i.i.d. CN (O ) elements.

1
? Tuputl

2.2 Downlink Transmission

Let sj, be the symbol to be transmitted to the kth user, with E {|s;|*} = 1. The BS

uses the channel estimate H to linearly precode the symbols, and then it transmits
the precoded signal vector to all users. Let W € CM*X be the linear precoding
matrix which is a function of the channel estimate H. Then, the M x 1 transmit
signal vector is given by

x = /paWs, 3)

where 8 £ [s1 s ... sx]”, and pq is the average transmit power at the BS. To satisfy
the power constraint at the BS, W is chosen such as E { H.’l:||2} = pa, or equivalently

E{u(wan)}:l.

The vector of samples collectively received at the K users is given by

y=H'z+n=/psH Ws+n, (4)
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where n is a vector whose kth element, ng, is the additive noise at the kth user.
We assume that n, ~ CN (0,1). Define ap; = hfwi, where h; and w; are the ith
columns of H and W, respectively. Then, the received signal at the kth user can
be written as

K
Yk = \/PaGkkSk + \/Dd Y _ GkiSi + - (5)

itk

Remark 11 Fach user should have CSI to coherently detect the transmitted sig-
nals. A simple way to acquire CSI is to use downlink pilots. The channel estimate
overhead will be proportional to M. In massive MIMO, M is large, so it is in-
efficient to estimate the full channel matric H at each user using downlink pilots.
This is the reason for why most of previous studies assumed that the users have only
knowledge of the statistical properties of the channels [8,9]. More precisely, in [8,9],
the authors use E{agr} to detect the transmitted signals. With very large M, agy
becomes nearly deterministic. In this case, using E{axr} for the signal detection
is good enough. However, for moderately large M, the users should have CSI in
order to reliably decode the transmitied signals. We observe from (5) that to detect
sk, user k does not need the knowledge of H (which has a dimension of M x K ).
Instead, user k needs only to know ag, which is a scalar value. Therefore, to acquire
akr ot each user, we can spend a small amount of the coherence interval on down-
link training. In the next section, we will provide more detail about this proposed
downlink beamforming training scheme to estimate apr. With this scheme, the
channel estimation overhead is proportional to the number of users K.

2.3 Beamforming Training Scheme

The BS beamforms the pilots. Then, the kth user will estimate ag; by using the
received pilots. Let S, € CKX*7@ be the pilot matrix, where 74 is the duration (in
symbols) of the downlink training. The pilot matrix is given by

S, = \/Tapa®. (6)

We assume that the rows of ® are pairwisely orthonormal, i.e., ®d" = I . This
requires that 74 > K.

The BS beamforms the pilot sequence using the precoding matrix W. More pre-
cisely, the transmitted pilot matrix is WSp. Then, the K x 74 received pilot matrix
at the K users is given by

Y! = /TapaH ' W® + N. (7)

where N, is the AWGN matrix whose elements are i.i.d. CA (0,1). The received
pilot matrix Yg can be represented by Y;F(I)H and Yg@f , where <I>f is the or-
thogonal complement of <I>H, ie., <I>f =1, - ®7®. We can see that Ygd)f only
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includes noise which is independent of Yg<I>H . Thus, it is sufficient to use YSQH
for the channel estimation. Let

Y, 2vTe! = /rpH™W + N, (8)

_ T
where N, = NSQH has i.i.d. CA (0,1) elements. From (8), the 1 x K received
pilot vector at user k is given by

f/g,k = /Tapahi W + ﬁgk = /Tapaai + ﬁg,m 9)

where aj, £ [ay a2 ... axx]”, and ¥, and 7y, are the kth columns of Y, and
N, respectively.

From the received pilot @gk, user k estimates ay. Depending on the precoding
matrix W, the elements of a; can be correlated and hence, they should be jointly
estimated. However, here, for the simplicity of the analysis, we estimate a1, ..., arx i
independently, i.e., we use the ith element of g, ; to estimate ay;. In Section 4,
we show that estimating the elements of aj jointly will not improve the system
performance much compared to the case where the elements of a; are estimated
independently. The MMSE channel estimate of a; is given by [11]

/TapavVar (ay;)

s — IR .
ki {aws} + TapaVar (ag;) + 1

(Up,ki — /Tapa E{ai}), (10)

where Var (az;) £ E {|a;m- ) {a;ﬂ-}\Q}, and g 1 is the ith element of g, ;. Let e

be the channel estimation error. Then, the effective channel a; can be decomposed
as

ki = Qg + €pge (11)

Note that, since we use MMSE estimation, the estimate aj; and the estimation
error €y; are uncorrelated.

3 Achievable Downlink Rate

In this section, we derive a lower bound on the achievable downlink rate for MRT
and ZF precoding techniques, using the proposed beamforming training scheme. To
obtain these achievable rates, we use the techniques of [12].

User k uses the channel estimate ax in (10) to detect the transmitted signal sj.
Therefore, the achievable downlink rate of the transmission from the BS to the
kth user is the mutual information between the unknown transmitted signal s
and the observed received signal yi given by (5) and the known channel estimate

ar = [any - arx)’, e, T (sk; Y, ar)-
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Following a similar methodology as in [12, Appendix A], we obtain a lower bound
on the achievable rate of the transmission from the BS to the kth user as:

L2
Pd |akk|

Ry, = EQlogy| 14+ —

2 K ~ 2
Pd ZE{IEMI }+pd 3 Jaw|” +1
=1 k

i#

We next simplify the capacity lower bound given by (12) for two specific linear
precoding techniques at the BS, namely, MRT and ZF.

3.1 Maximum-Ratio Transmission

With MRT, the precoding matrix W is given by
W = aMRTﬁ*a (13)

where ayrr iS a normalization constant chosen to satisfy the transmit power con-
straint at the BS, i.e., E {tr (WWH)} = 1. Hence,

Qurr = " {tr (I;‘*ﬂT>} =4/ ;;i;::pi. (14)

Proposition 10 With MRT, the lower bound on the achievable rate given by (12)
becomes

L2
Pa ||
R, = E{10g2 (1 + I >} 7 (15)
Td;(dp-ﬁK + pa D iy lawi|” +1

~ TdPd . K 7-upu]\/[
AL LS Ok (16)
Tapa + K77 " 1qpa + K \| K (Tupu + 1)

where 0r; = 1 when i = k and 0 otherwise.

where

Proof: See Appendiz A. O
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3.2 Zero-Forcing

With ZF, the precoding matrix is
A K ~ T ~ % -1
W=oauH (HH) | (17)

where the normalization constant agzr is chosen to satisfy the power constraint

E {tr (WWH)} =1, i.e., [9]

(M - K) TuPu

Krapat1) (18)

Qzp =

Proposition 11 With ZF, the lower bound on the achievable rate given by (12)
becomes

.2
Pa |akk|
RkE{lng (1+ F )}, (19)
Fepa TR et T Pa L lawal” + 1
where
~ V/TdPd ~ \/K (M - K) TuPu (Tupu + 1)
ap; = Ypri T Ok (20)
Tapd + K (Tupu + 1) Tdpd + K (Tupu + 1)
Proof: See Appendix B. O

4 Numerical Results

In this section, we illustrate the spectral efficiency performance of the beamforming
training scheme. The spectral efficiency is defined as the sum-rate (in bits) per
channel use. Let T' be the length of the coherence interval (in symbols). During
each coherence interval, we spend 7, symbols for uplink training and 74 symbols for
beamforming training. Therefore, the spectral efficiency is given by

T — 74— T K
STB:#“‘*;RIC, (21)

where Ry is given by (15) for MRT, and (19) for ZF.
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Figure 2: Spectral efficiency versus SNR for a single-user setup (K =1, p, = 0 dB,
and T = 200).

For comparison, we also consider the spectral efficiency for the case that there is no
beamforming training and that E {ay} is used instead of ay for the detection [9].
The spectral efficiency for this case is given by [9]

T°ru K log, (1 + M%) ,for MRT
80: T 2 K (pd+1)(7l\pu+1) (22)

T—1y M—K _ Tupupd
TKIOgQ 1+ Tm) ,fOf ZF.

In all examples, we choose 7, = 74 = K and p, = 0dB. We define SNR £ p4.

We first consider a single-user setup (K = 1). When K = 1, the performances MRT
and ZF are the same. Fig. 1 shows the spectral efficiency versus SNR for different
number of BS antennas M = 10 and M = 50, at T = 200 (e.g. 1msx200kHz).
We can see that the beamforming training scheme outperforms the case without
beamforming training. The performance gap increases significantly when the SNR
increases. The reason is that, when SNR (or the downlink power) increases, the
channel estimate at each user is more accurate and hence, the advantage of the
beamforming training scheme grows.

Next, we consider a multiuser setup. Here, we choose the number of users to be
K = 5. Fig. 2 shows the spectral efficiency versus SNR for the MRT and ZF
precoders, at M = 10, M = 50, and T" = 200. Again, the beamforming training
offers an improved performance. In addition, we can see that the beamforming
training with MRT precoding is more efficient than the beamforming training with
ZF precoding. This is due to the fact that, with ZF, the randomness of the effective
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Figure 3: Spectral efficiency versus SNR for a multiuser setup (K =5, p, = 0 dB,
and T = 200).

channel gain agi at the kth user is smaller than the one with MRT (with ZF, agk
becomes deterministic when the BS has perfect CSI) and hence, MRC has a higher
advantage of using the channel estimate for the signal detection.

Furthermore, we consider the effect of the length of the coherence interval on the
system performance of the beamforming training scheme. Fig. 3 shows the spectral
efficiency versus the length of the coherence interval T at M = 50, K =5, and pq =
20 dB. As expected, for short coherence intervals (in a high-mobility environment),
the training duration is relatively large compared to the length of the coherence
interval and hence, we should not use the beamforming training to estimate CSI
at each user. At moderate and large T, the training duration is relatively small
compared with the coherence interval. As a result, the beamforming training scheme
is preferable.

Finally, we consider the spectral efficiency of our scheme but with a genie receiver,
i.e., we assume that the kth user can estimate perfectly aj in the beamforming
training phase. For this case, the spectral efficiency is given by

T — 7y — T pala \2
— Tu — dj : d |Ckk
SG = # k_lE{IOgQ <]. + ) } . (23)

K 2
Pa Y iz laril” +1

Figure 4 compares the spectral efficiency given by (12), where the kth user estimates
the elements of ay independently, with the one obtained by (23), where we assume
that there is a genie receiver at the kth user. Here, we choose K =5 and T = 200.
We can see that performance gap between two cases is very small. This implies that
estimating the elements of a; independently is fairly reasonable.




5. Conclusion and Future Work 167

35,0 . T

— \With Beamforming Training (Proposed)
300 | | === Without Beamforming Training [9]

Spectral Efficiency (bits/'s’Hz)

50 K =5 M=50
p,=0dB, p,=20dB

50 100 150 200
Coherence Interval T (symbols)

Figure 4: Spectral efficiency versus coherence interval for MRT and ZF precoding
(M =50, K =5, p, =0 dB, and pg = 20 dB).

5 Conclusion and Future Work

In this paper, we proposed and analyzed a scheme to acquire CSI at each user in the
downlink of a MU-MIMO system, called beamforming training scheme. With this
scheme, the BS uses linear precoding techniques to process the pilot sequence before
sending it to the users for the channel estimation. The channel estimation overhead
of this beamforming training scheme is small and does not depend on the number of
BS antennas. Therefore, it is suitable and efficient for massive MU-MIMO systems.
Furthermore, the down-link pilots will add robustness to the beamforming process
which otherwise is dependent on the validity of the prior (Bayes) assumptions.
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Figure 5: Spectral efficiency versus SNR with a genie receiver (K =5, p, = 0 dB,
and T = 200).



Appendix

A Proof of Proposition 10

With MRT, we have that ay; = ougrhl b, .

e Compute E {ay;}:

From (2), we have
~T 7\ 7 * AT ~x% 5%
Qi = OMRT (h’k: + Ek) hz = aMRThk h’z —+ OQMRTE L, hi7 (24)

where hy, and €y, are the kth columns of H and &, respectively. Since & and

*

h

; are uncorrelated with all 4,k =1, ..., K, we obtain

. 0,ifi £k

AT ~
E{aki} = cupr E {hyh; ¢ = TapuM  ip - (25)
{ k } V Ry, if i =k

e Compute Var (ag;) for i # k:
From (24) and (25), we have

A

2) (@) 2T o2 r5*|?
Var (a;m) =FE {|aki| } =E aMRThk hz + E OMRTE L, h,L
2
2 TuPu o TupuM
— wu ) M —— =1/K 2
QMR (Tupu T 1) + Q4 (Fapu + 1)2 /K, (26)

AT ~ % Ak
where (a) is obtained by using the fact that h, h; and eXh; are uncorrelated.

e Compute Var (agg):

Similarly, we have

Var (aj) :E{\akk|2} —|E {arr})? . (27)

169
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From (24), we have

~ 4 o
E{\akk|2} _ aﬁRTE{Hth } 4 a2, E {‘e{hk

Using [13, Lemma 2.9], we obtain

2} . (28)

2
TuPu 2 TuPu
E{a>,2}26¥2 () MM+1)+oypgr——m— M. 29
‘ kk| MRT TuDu + 1 ( ) MRT (Tupu + 1)2 ( )

Substituting (25) and (29) into (27), we obtain
Var (agx) = 1/K. (30)
Substituting (25), (26), and (30) into (10), we get (16).
e Compute E {|eki\2}:
If i # k, from (9) and (16), we have

E {|€ki|2} =E {|am‘ - dki|2}

:E{ K VTdPd .

Qf; — Ny ki
Tapa+ K Tapa+ K P

)

K ? Tap

= <> E{|aki|2}+%y (31)
Tapa + IX (Tapa + K)
where 7, 1; is the sth element of np, ;.. Using (26), we obtain
1

B} = — L 5
l} = (32)
Similarly, we obtain E {|€kk|2} = s+ Therefore, we arrive at the result

in Proposition 10.

B Proof of Proposition 11

With ZF, we have that ax; = hgwi, where w; is the ¢th column of
ok /AT oA\ 1 ~ T
azpH (H H ) . Since H W = agzpl i, we have
~T
A = (hk —‘rE{) wW; = azplk; —i—e{wi. (33)
Therefore,

E{aki} = azplp;. (34)
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e Compute Var (ay;):
From (33) and (34), we have

2 1
Var (ag;) = ]E{|8£'wi| } = W]E{HHUHQ}

~mere {7 H
_Tuzizil { { 1” (35)

Using [13, Lemma 2.10], we obtain
1

Var (ag;) = K (rapn £1)° (36)
Substituting (34) and (36) into (10), we get (20).
e Compute E {|eki\2}:
If i # k, from (9) and (20), we have
E{lewl”} = E {lag: — anil® }
. {| K (rupu + 1) ak; Nz }2}
rapa + K (rapa +1)  7apa + K (rupu + 1)|
- (podKﬂL(;;p(I;;j)vL 1 ) {ml } " (Tapa + I;d(iipu +1))*
- 1 (37)

Tdpa + K (Tupu + 1) 7

where the last equality is obtained by using (36). Similarly, we obtain

]E{|ekk|2} = soTRGp.gn- Therefore, we arrive at the result in Propo-

sition 11.
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Blind Estimation of Effective Downlink Channel Gains in
Massive MIMO

Hien Quoc Ngo and Erik G. Larsson

Abstract

We consider the massive MIMO downlink with time-division duplex (TDD) opera-
tion and conjugate beamforming transmission. To reliably decode the desired signals,
the users need to know the effective channel gain. In this paper, we propose a blind
channel estimation method which can be applied at the users and which does not
require any downlink pilots. We show that our proposed scheme can substantially
outperform the case where each user has only statistical channel knowledge, and
that the difference in performance is particularly large in certain types of channel,
most notably keyhole channels. Compared to schemes that rely on downlink pilots
(e.g., [1]), our proposed scheme yields more accurate channel estimates for a wide
range of signal-to-noise ratios and avoid spending time-frequency resources on pi-
lots.
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1 Introduction

Massive multiple-input multiple-output (MIMO) is one of the most promising tech-
nologies to meet the demands for high throughput and communication reliability
of next generation cellular networks [2-5]. In massive MIMO, time-division duplex
(TDD) operation is preferable since then the pilot overhead does not depend on the
number of base station antennas. With TDD, the channels are estimated at the
base station through the uplink training. For the downlink, under the assumption of
channel reciprocity, the channels estimated at the base station are used to precode
the data, and the precoded data are sent to the users. To coherently decode the
transmitted signals, each user should have channel state information (CST), that is,
know its effective channel from the base station.

In most previous works, the users are assumed to have statistical knowledge of the
effective downlink channels, that is, they know the mean of the effective channel gain
and use this for the signal detection [6,7]. In these papers, Rayleigh fading channels
were assumed. Under the Rayleigh fading, the effective channel gains become nearly
deterministic (the channel “hardens”) when the number of base station antennas
grows large, and hence, using the mean of the effective channel gain for signal
detection works very well. However, in practice, propagation scenarios may be
encountered where the channel does not harden. In that case, using the mean
effective channel gain may not be accurate enough, and a better estimate of the
effective channel should be used. In [1], we proposed a scheme where the base
station (in addition to the beamformed data) also sent a beamformed downlink pilot
sequence to the users. With this scheme, a performance improvement (compared to
the case when the mean of the effective channel gain is used) was obtained. However,
this scheme requires time-frequency resources in order to send the downlink pilots.
The associated overhead is proportional to the number of users which can be in the
order of several tens, and hence, in a high-mobility environment (where the channel
coherence interval is short) the spectral efficiency is significantly reduced.

Contribution: In this paper, we consider the massive MIMO downlink with conju-
gate beamforming.! We propose a scheme with which the users blindly estimate
the effective channel gain from the received data. The scheme exploits the asymp-
totic properties of the mean of the received signal power when the number of base
station antennas is large. The accuracy of our proposed scheme is investigated for
two specific, very different, types of channels: (i) independent Rayleigh fading and
(ii) keyhole channels. We show that when the number of base station antennas goes
to infinity, the channel estimate provided by our scheme becomes exact. Also, nu-
merical results quantitatively show the benefits of our proposed scheme, especially
in keyhole channels, compared to the case where the mean of the effective channel

I'We consider conjugate beamforming since it is simple and nearly optimal in many massive
MIMO scenarios. More importantly, conjugate beamforming can be implemented in a distributed
manner.



2. System Model 179

gain is used as if it were the true channel gain, and compared to the case where the
beamforming training scheme of [1] is used.

Notation: We use boldface upper- and lower-case letters to denote matrices and
column vectors, respectively. The superscripts ()7 and () stand for the transpose
and conjugate transpose, respectively. The Euclidean norm, the trace, and the ex-
pectation operators are denoted by ||-]|, Tr (+), and E {-}, respectively. The notation

P . . a.s. .
— means convergence in probability, and — means almost sure convergence. Fi-
nally, we use z ~ CN (0, 02) to denote a circularly symmetric complex Gaussian

random variable (RV) z with zero mean and variance o?.

2 System Model

Consider the downlink of a massive MIMO system. An M-antenna base station
serves K single-antenna users, where M > K > 1. The base station uses conjugate
beamforming to simultaneously transmit data to all K users in the same time-
frequency resource. Since we focus on the downlink channel estimation here, we
assume that the base station perfectly estimates the channels in the uplink training
phase. (In future work, this assumption may be relaxed.) Denote by g, the M x 1
channel vector between the base station and the kth user. The channel g, results
from a combination of small-scale fading and large-scale fading, and is modeled as:

9; = \/@hka (1)

where fj; represents large-scale fading which is constant over many coherence inter-
vals, and hj is an M x 1 small-scale channel vector. We assume that the elements
of h;, are i.i.d. with zero mean and unit variance.

Let si, E {|sk\2} =1,k=1,..., K, be the symbol intended for the kth user. With
conjugate beamforming, the M x 1 precoded signal vector is given by

x = /aGs, (2)

where 8 £ [s1,52,...,55]|7,G = [g; ...9x] is an M x K channel matrix between the
K users and the base station, and « is a normalization constant chosen to satisfy
the average power constraint at the base station:

E{llz]*} = p.
Hence,

a=—F - (3)

SECD)
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The signal received at the kth user is

yr = gz + ny, = Vagl’Gs + ny,

K
= VallgillPsk + vVa Y gf gsi +nx (4)

k' #k

where nj,, ~ CN (0,1) is the additive Gaussian noise at the kth user. Then, the
desired signal sj is decoded.

3 Proposed Downlink Blind Channel Estimation
Technique

The kth user wants to detect sy from yi in (4). For this purpose, it needs to know
the effective channel gain ||g,||?. If the channel is Rayleigh fading, then by the law
of large numbers, we have

1 9 P
— —
2798l 5 B

as M — oo. This implies that when M is large, ||g,||> &~ MBx (we say that the
channel hardens). So we can use the statistical properties of the channel, i.e., use
E{llgxl?} = MBs as a good estimate of ||g,||* when detecting si. This assumption
is widely made in the massive MIMO literature. However, in practice, the channel
is not always Rayleigh fading, and does not always harden when M — oo. For
example, consider a keyhole channel, where the small-scale fading component hy, is
modeled as follows [8,9]:

hk. = I/k}_lk 5 (5)

where v and the M elements of hy, are i.i.d. CA/ (0,1) RVs. For the keyhole channel
(5), by the law of large numbers, we have

1 P
il = Bl S0,

which is not deterministic, and hence the channel does not harden. In this case,
using E {||gx[1?} = M By as an estimate of the true effective channel ||g,[|* to detect
sk may result in poor performance.

For the reasons explained, it is desirable that the users estimate their effective
channels. Omne way to do this is to have the base station transmit beamformed
downlink pilots as proposed in [1]. With this scheme, at least K downlink pilot
symbols are required. This can significantly reduce the spectral efficiency. For
example, suppose M = 300 antennas serve K = 50 terminals, in a coherence interval
of length 200 symbols. If half of the coherence interval is used for the downlink,
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then with the downlink beamforming training of [1], we need to spend at least 50
symbols for sending pilots. As a result, less than 50 of the 100 downlink symbols
are used for payload in each coherence interval, and the insertion of the downlink
pilots reduces the overall (uplink+downlink) spectral efficiency by a factor of 1/4.

In what follows, we propose a blind channel estimation method which does not
require any downlink pilots.

3.1 Mathematical Preliminaries

Consider the average power of the received signal at the kth user (averaged over s
and ng). From (4), we have

K
2
E{ly*} =ollgil* + > gt gn| +1. (6)
k'#k
The second term of (6) can be rewritten as

K , K

o> lofgn|” = glbgrai gr = 0gi Ag,, (7)
k' £k k' #k

where g, £ (g7 ... 9f 1 g}, ... gk]7, and Ais an M(K —1) x M(K — 1) block-
diagonal matrix whose (4,4)-block is the M x M matrix g,g. Since A and g,, are
independent, as M (K — 1) — oo, the Trace lemma gives [10]

K K
1 H, |2 1 5 as.
(K —1) A ey / = 0.
M(K —1) D lai'gx MK —1) > Biollgrl 0 (8)
k’#k k/#k

Substituting (8) into (6), as M (K — 1) — oo, we have

Bl 1 (gt ea S Al 41 %o,
M(K—1) M(K-1) ’“ k,#’c ’“ ‘

The above result implies that when M and K are large,
K
E{lunl*} ~ allgill" +a > Bullgull® +1. (10)
k' £k

Therefore, the effective channel gain ||g,||> can be estimated from E {|yx|*} by
solving the quadratic equation (10).



182 Paper F. Blind Estimation of Effective Downlink Channel Gains

3.2 Downlink Blind Channel Estimation Algorithm

As discussed in Section 3.1, we can estimate the effective channel gain ||g,||? by
solving the quadratic equation (10). It is then required that the kth user knows a,
Zg;ﬂc By, and E {|yx|*}. We assume that the kth user knows « and Ef,#: B

This assumption is reasonable since the terms a and Zf,# i B depend on the large-
scale fading coefficients, which stay constant over many coherence intervals. The
kth user can estimate these terms, or the base station may inform the kth user about
them. Regarding E {|yx|?}, in practice, it is unavailable. However, we can use the
received samples during a whole coherence interval to form a sample estimate of
E {|yx|?} as follows:

s kWP + e @) + ..+ (D)2
T )

E {lysl*} ~ & (11)

where yi(n) is the nth receive sample, and 7T is the length (in symbols) of the
coherence interval used for the downlink transmission.

The algorithm for estimating ||g,.||? is summarized as follows:

Algorithm 3 (Proposed blind downlink channel estimation method)

1. Using a data block of T samples, compute & as (11).

2. The channel estimate of ||g,||?, denoted by ay, is determined as

— Zﬁ;ﬁk Brr + \/0‘2 (Zf/;ék Bk’) 2"‘404(516 -1)

Qg
2c

(12)

Note that aj in (12) is the positive root of the quadratic equation: & = aai +
0425,7% Brrar + 1 which comes from (10) and (11).

3.3 Asymptotic Performance Analysis

In this section, we analyze the accuracy of our proposed scheme for two specific prop-
agation environments: Rayleigh fading and keyhole channels. For keyhole channels,
we use the model (5). We assume that the kth user perfectly estimates E {|yk|2}
This is true when the number of symbols of the coherence interval allocated to the
downlink, 7', is large. In the numerical results, we shall show that the estimate of
E {|yx|*} in (11) is very close to E {|yx|?} even for modest values of T' (e.g. T ~ 100
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Figure 1: Normalized MSE versus SNR for different channel estimation schemes, for
Rayleigh fading channels.

symbols). With the assumption & = E {|y;|2}, from (6) and (12), the estimate of
lgx|l? can be written as:

2

b B Y bren B

ar = — T ¢ L lgnl? ) e, (13)
where
K , K
2D loflgn] = | D2 B | llgwl® (14)
k' #k k' £k
S B ?
We can see from (13) that if |ex| < ("é"" + ||gk||2> , then aj, ~ ||g,||>. In
Sk B ?
order to see under what conditions |ex| < ("'ékkl + ||gk2) , we consider oy,
which is defined as:
2y |2
| X

k' £k
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keyhole channels.

Hence,

K
M(M+1)82 > By
k' #k

_ K
(%5,3+MB;CZ Bk/+/3,3M2>
k/'=1

>, for Rayleigh fading channels,

Ok — (16)

- K -
6M(M+1)87 > B
k! #k

, for keyhole channels,

(%B,%Mﬁk fj ﬂk/+6,§M(2M+1)>
k' =1

where (), £ Zg#k Br. The detailed derivations of (16) are presented in the Ap-
pendix. We can see that g, = O(1/M?). Thus, when M > 1, |e;| is much smaller

K
Zk/;ék Bk’

than 5

2
+ ||gk2) . As a result, our proposed channel estimation scheme

is expected to work well.

4 Numerical Results

In this section, we provide numerical results to evaluate our proposed channel es-
timation scheme for finite M. As performance metric we consider the normalized
mean-square error (MSE) at the kth user:

2

} | 17

- 2
MSE, A { ar — g

E{llgxll”}
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For the simulation, we choose M = 100, K = 20, and 8y = 1,Vk=1,..., K. We
define SNR £ p. Figures 1 and 2 show the normalized MSE versus SNR for Rayleigh
fading and keyhole channels, respectively. The curves labeled “without channel
estimation, use E {||g,||?}” represent the case when the kth user uses the statistical
properties of the channels, i.e., it uses E {[|g,||*} as estimate of ||g,||*. The curves
“DL pilots [1]” represent the case when the beamforming training scheme of [1] with
MMSE channel estimation is applied. The curves “proposed scheme (Algorithm 1)”
represent our proposed scheme for different 7' (T' = co implies that the kth user
perfectly knows E {|y;€\2}) For the beamforming training scheme, the duration of
the downlink training is K. For our proposed blind channel estimation scheme,
sk, k=1,..., K, are random 4-QAM symbols.

We can see that in Rayleigh fading channels, the MSEs of the three schemes are
comparable. Using E {||g[?} in lieu of the true ||g,||* for signal detection works
rather well. However, in keyhole channels, since the channels do not harden, the
MSE when using E {||g.[?} as estimate of ||g,||? is very large. In both propagation
environments, our proposed scheme works very well. For a wide range of SNRs,
our scheme outperforms the beamforming training scheme, even for short coherence
intervals (e.g., T = 100 symbols). Note again that, with the beamforming training
scheme of [1], we additionally have to spend at least K symbols on training pilots
(this is not accounted for here, since we only evaluated MSE). By contrast, our
proposed scheme does not requires any resources for downlink training.

5 Concluding Remarks

Massive MIMO systems may encounter propagation conditions when the channels
do not harden. Then, to facilitate detection of the data in the downlink, the users
need to estimate their effective channel gain rather than relying on knowledge of
the average effective channel gain. We proposed a channel estimation approach
by which the users can blindly estimate the effective channel gain from the data
received during a coherence interval. The approach is computationally easy, it does
not requires any resource for downlink pilots, it can be applied regardless of the
type of propagation channel, and it performs very well.

Future work may include studying rate expressions rather than channel estimation
MSE, and taking into account the channel estimation errors in the uplink. (We
hypothesize, that the latter will not qualitatively affect our results or conclusions.)
Blind estimation of §; by the users may also be addressed.
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Appendix

Here, we provide the proof of (16). From (15), we have

K
o =E{al} /58|53 au+lal? ) | (18)

k' #k
e Rayleigh Fading Channels:

For Rayleigh fading channels, we have
2
1 X RS K
2 4
E §Zﬁk'+||gk||2 =1 Zﬁk/ + Zﬁk' E{llgxl*}+E {llgxll*}
k' #k k' £k k' £k
2

1 [ & <
= | 20 B | +MB Y B+ B, (19)

k' #k k=1

where the last equality follows [11, Lemma 2.9]. We next compute E {|ek|2} From
(14), we have

2 2
K K
E{le} =ES [ Y loflan|®] ¢+ 6| E{llgxl'}
k' #k k' #£k
K K 9
2 [ 80 ESS lofan| llgnll? p - (20)
k' #k k' #k
We have,
2 2
K ) K
ES (S |gfgr =E{ llgell* | 3 lawl?] (21)
k' #k k' #k
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H
A N

where z;, & 991/
llgrll

zero mean and variance (i, which is independent of g,. Thus, zi ~ CN (0, Bi)
and is independent of g,. This yields

. Conditioned on g, zr is complex Gaussian distributed with

2 2
K
E Z |97 91 ’ =E{llgxlI'} E Z Bk
k'#k k' £k
= B2M (M +1) 2624—22@@ . (22)
i#k i#k j#£k

Similarly,

K ) K
Z|nggk’ H9k||2 :E{||gk”4}E Z\Zk’|2

k'#k k' Ak

= B2M (M +1 Z BE. (23)

k' £k
Substituting (22), (23), and E {||g,[|*} = B87M (M + 1) into (20), we obtain
K
B {Jec’} = MOL+ 132 Y 5. 1)
k' £k

Inserting (19) and (24) into (18), we obtain (16) for the Rayleigh fading case.
e Keyhole Channels:

By using the fact that

9L 9w _ gt hy

Brr vk (25)
g5l

! =
g5l

is the product of two independent Gaussian RVs, and following a similar method-
ology used in the Rayleigh fading case, we obtain (16) for keyhole channels.
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Abstract

We consider the uplink of massive multicell multiple-input multiple-output systems,
where the base stations (BSs), equipped with massive arrays, serve simultaneously
several terminals in the same frequency band. We assume that the BS estimates the
channel from uplink training, and then uses the mazimum ratio combining technique
to detect the signals transmitted from all terminals in its own cell. We propose
an optimal resource allocation scheme which jointly selects the training duration,
training signal power, and data signal power in order to mazximize the sum spectral
efficiency, for a given total energy budget spent in a coherence interval. Numerical
results verify the benefits of the optimal resource allocation scheme. Furthermore,
we show that more training signal power should be used at low signal-to-noise ratio
(SNRs), and vice versa at high SNRs. Interestingly, for the entire SNR regime, the
optimal training duration is equal to the number of terminals.
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1 Introduction

Massive multiple-input multiple-output (MIMO) has attracted a lot of research
interest recently [1-4]. Typically, the uplink transmission in massive MIMO systems
consists of two phases: uplink training (to estimate the channels) and uplink payload
data transmission. In previous works on massive MIMO, the transmit power of
each symbol is assumed to be the same during the training and data transmission
phases [1,5]. However, this equal power allocation policy causes a “squaring effect”
in the low power regime [6]. The squaring effect comes from the fact that when the
transmit power is reduced, both the data signal and the pilot signal suffer from a
power reduction. As a result, in the low power regime, the capacity scales as pZ,
where p, is the transmit power.

In this paper, we consider the uplink of massive multicell MIMO with maximum
ratio combining (MRC) receivers at the base station (BS). We consider MRC re-
ceivers since they are simple and perform rather well in massive MIMO, particularly
when the inherent effect of channel estimation on intercell interference is taken into
account [5]. Contrary to most prior works, we assume that the average transmit
powers of pilot symbol and data symbol are different. We investigate a resource al-
location problem which finds the transmit pilot power, transmit data power, as well
as, the training duration that maximize the sum spectral efficiency for a given total
energy budget spent in a coherence interval. Our numerical results show appreciable
benefits of the proposed optimal resource allocation. At low signal-to-noise ratios
(SNRs), more power is needed for training to reduce the squaring effect, while at
high SNRs, more power is allocated to data transmission.

Regarding related works, [6-8] elaborated on a similar issue. In [6, 7], the au-
thors considered point-to-point MIMO systems, and in [8], the authors considered
single-input multiple-output multiple access channels with scheduling. Most impor-
tantly, the performance metric used in [6-8] was the mutual information without
any specific signal processing. In this work, however, we consider massive multicell
multiuser MIMO systems with MRC receivers and demonstrate the strong potential
of these configurations.

2 Massive Multicell MIMO System Model

We consider the uplink multicell MIMO system described in [5]. The system has L
cells. Each cell includes one N-antenna BS, and K single-antenna terminals, where
N > K. All L cells share the same frequency band. The transmission comprises
two phases: uplink training and data transmission.
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2.1 Uplink Training

In the uplink training phase, the BS estimates the channel from received pilot
signals transmitted from all terminals. In each cell, K terminals are assigned K
orthogonal pilot sequences of length 7 symbols (K < 7 <T), where T is the length
of the coherence interval. Since the coherence interval is limited, we assume that
the same orthogonal pilot sequences are reused in all L cells. This causes the so-
called pilot contamination [1]. Note that interference from data symbols is as bad
as interference from pilots [5].

We denote by Gy; € CV*X the channel matrix between the BS in the fth cell and
the K terminals in the ith cell. The (m, k)th element of Gy; is modeled as

Geimk = PeimiV/ Bei, m=1,2,..., N, (1)

where hgimi ~ CN (0, 1) represents the small-scale fading coefficient from the mth
antenna of the /th BS to the kth terminal in the ith cell, and /By, is a constant
that represents large-scale fading (pathloss and shadow fading).

At the /th BS, the minimum mean-square error channel estimate for the kth column
of the channel matrix Gy, is [5]

1 1 wy
A k?
ek ﬁ@ E ﬁé] p ; 1: ik — (2)

j=1

where p,, is the transmit power of each pilot symbol, and we, ~ CN (0,1 ) repre-
sents additive noise.

2.2 Data Transmission

In this phase, all K terminals send their data to the BS. Let \/pyz; € CK*!
be a vector of symbols transmitted from the K terminals in the ith cell, where
E{xzxf} = Ik, E{-} denotes expectation, and p, be the average transmitted
power of each terminal. The N X 1 received vector at the ¢th BS is given by

L
Yo =Du Yy Gugi + (3)

i=1

where ny, € CV*1 is the AWGN vector, distributed as ny ~ CN (0,Iy). Then, BS ¢
uses MRC together with the channel estimate to detect the signals transmitted from
the K terminals in its own cell. More precisely, to detect the signal transmitted
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from the kth terminal, x/, the received vector y, is pre-multiplied with ng to
obtain:

K L
~H ~H ~H ~H ~H
"k = oY = VPuler9usTor + /Pu Zgzekgzzjwj + +/Pu deZszi-’Ei + 9o,
i#k il
(4)

and then xy; can be extracted directly from rg.

2.3 Sum Spectral Efficiency

In our analysis, the performance metric is the sum spectral efficiency (in bits/s/Hz).
From (4), and following a similar methodology as in [5], we obtain an achievable
ergodic rate of the transmission from the kth terminal in the fth cell to its BS as:!

Ak TPpPu
Ry =1 5
e 082 < kapppu + cppu + dkTpp + 1) ( )

where ay, £ 32, (N — 1),

bk = — ]. Zﬂhk Zﬂhk + ZZB/U Zﬂhk;

i#£L i=1 j=1

Z Zﬁm, and dj = Zﬁ&k

i=1 j=1

The sum spectral efficiency is defined as
K
A
S (1 - T) kz_lRM. (6)

For p, < 1, and for p, fixed regardless of p,, we have

Ak TPp 2
S= logze( )deTpp—Fl putO(p2), (7)

while for p, = py (the choice considered in [5] and other literature we are aware of),
we have

K
8:10g26<17%)2ak7'p121+(9(§). (8)
k=1

I The achievable ergodic rate for the case of Bpr = 1 and B, = B (i # £), for all k, was derived
in [5], see Eq. (73).
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Interestingly, at low py, the sum spectral efficiency scales linearly with N [since aj, =
B2,.(N — 1)], even though the number of unknown channel parameters increases.
We can see that for the case of p, being fixed regardless of p,, at p, < 1, the
sum spectral efficiency scales as p,. However, for the case of p, = py, at py < 1,
the sum spectral efficiency scales as p2. The reason is that when p, decreases and,
hence, p, decreases, the quality of the channel estimate deteriorates, which leads to
a “squaring effect” on the sum spectral efficiency [6].

Consider now the bit energy of a system defined as the transmit power expended
divided by the sum spectral efficiency:

T 1-% u
nt Tper(S )P . 9)

If pp = pu as in previous works, we have n = &. Then, from (8), when the transmit
power is reduced below a certain threshold, the bit energy increases even when
we reduce the power (and, hence, reduce the spectral efficiency). As a result, the
minimum bit energy is achieved at a non-zero sum spectral efficiency. Evidently, it
is ineflicient to operate below this sum spectral efficiency. However, we can operate
in this regime if we use a large enough transmit power for uplink pilots, and reduce
the transmit power of data. This observation is clearly outlined in the next section.

3 Optimal Resource Allocation

Using different powers for the uplink training and data transmission phases improves
the system performance, especially in the wideband regime, where the spectral effi-
ciency is conventionally parameterized as an affine function of the energy per bit [9].
Motivated by this observation, we consider a fundamental resource allocation prob-
lem, which adjusts the data power, pilot power, and duration of pilot sequences, to
maximize the sum spectral efficiency given in (6). Note that, this resource allocation
can be implemented at the BS.

Let P be the total transmit energy constraint for each terminal in a coherence
interval. Then, we have

pp + (T — T)py < P. (10)

When 7p, decreases, we can see from (2) that the effect of noise on the channel
estimate escalates, and hence the channel estimate degrades. However, under the
total energy constraint (10), (T' — 7)p, will increase, and hence the system per-
formance may improve. Conversely, we could increase the accuracy of the channel
estimate by using more power for training. At the same time, we have to reduce
the transmit power for the data transmission phase to satisfy (10). Thus, there are
optimal values of 7, p,,, and p, which maximize the sum spectral efficiency for given
P and T.
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Once the total transmit energy per coherence interval and the number of terminals
are set, one can adjust the duration of pilot sequences and the transmitted powers
of pilots and data to maximize the sum spectral efliciency. More precisely,

max S
PusPp,T
P st. Tpp+(T'—7)pu=P (11)
Pp = 0,pu >0

K<7<T,(re€N)

where the inequality of the total energy constraint in (10) becomes the equality in
(11), due to the fact that for a given 7 and pp, S is an increasing function of py,
and for a given 7 and p,, S is an increasing function of p,. Hence, S is maximized
when mpp, + (T — 7)py = P.

Proposition 12 The optimal pilot duration, 7, of P1 is equal to the number of
terminals K.

Proof: Lel (T*,p;,pl’;) be a solution of P1. Assume that 7™ > K. Next we

choose T = K, p, = T*p;/K, and py = %. Clearly, this choice of system

parameters (T,Dp,Pu) Satisfies the constraints in (11). From (6) and using the
fact that Tp, = 7°p}, we have S (T,pp,Pu) > S (T*,p;,p,ﬁ) which contradicts the
assumption. Therefore, 7" = K. U

From Proposition 12, P; is equivalent to the following optimization problem:

P (12)

P

{ max S|, —p/x—(T/K-1)p.
PQ :

We can efficiently solve P2 based on the following property:
Proposition 13 The program P2 is concave.

Proof: See Appendizx A. O

To solve the optimization problem P, we can use any nonlinear or convex opti-
mization method to get the globally optimal result. Here, we use the FMINCON
function in MATLAB’s optimization toolbox.
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4 Numerical Results

We consider a cellular network with L = 7 hexagonal cells which have a radius
of r. = 1000m. Each cell serves 10 terminals (K = 10). We choose T = 200,
corresponding to a coherence bandwidth of 200 KHz and a coherence time of 1 ms.
We consider the performance in the cell in the center of the network. We assume that
terminals are located uniformly and randomly in each cell and no terminal is closer
to the BS than r;, = 200m. Large-scale fading is modeled as Byix. = zeir/(Teir/Th)",
where zg; is a log-normal random variable, ry;; denotes the distance between the
kth terminal in the ith cell and the ¢th BS, and v is the path loss exponent. We
set the standard deviation of zy to 8dB, and v = 3.8.

Firstly, we will examine the sum spectral efficiency versus the bit energy obtained
from one snapshot generated by the above large-scale fading model. The bit energy
is defined in (9). From (9) and (11), we can see that the solution of P; also leads to



200 Paper G. Optimal Power and Training Duration Allocation

1.0 w
— Without Resource Allocation
—-—- With Optima Resource Allocation
5 08f
E SNR =-5dB
7 06f _
3 SNR=0dB
(0]
2 04 SNR =10 dB
=1
g
O 02r
0.0 — S

-1 0 1
1

10
Sum Spectral Efficiency (bitssHz)

Figure 3: Sum spectral efficiency with and without resource allocation (N = 100).

the minimum value of the bit energy. Figure 4 presents the sum spectral efficiency
versus the bit energy with optimal resource allocation. As discussed in Section 2.3,
the minimum bit energy is achieved at a non-zero spectral efficiency. For example,
with optimal resource allocation, at N = 100, the minimum bit energy is achieved
at a sum spectral efficiency of 2 bits/s/Hz which is marked by a circle in the figure.
Below this value, the bit energy increases as the sum spectral efficiency decreases.
For a given energy per bit, there are two operating points. Operating below the
sum spectral efficiency, at which the minimum energy per bit is obtained, should
be avoided.

On a different note, we can see that with optimal resource allocation, the system
performance improves significantly. For example, to achieve the same sum spectral
efficiency of 10 bits/s/Hz, optimal resource allocation can improve the energy effi-
ciencies by factors of 1.45 and 1.5 compared to the case of no resource allocation
with N = 50 and N = 100, respectively. This dramatic increase underscores the
importance of resource allocation in massive MIMO. However, at high bit energy,
the squaring effect for the case of no resource allocation disappears and, hence, the
advantages of resource allocation diminish. Furthermore, for the same sum spectral
efficiency, S = 10 bits/s/Hz, and with resource allocation, by doubling the number
of BS antennas from 50 to 100, we can improve the energy efficiency by a factor of
2.2.

The corresponding ratio of the optimal pilot power to the optimal transmitted data
power for N = 50 and N = 100 is shown in Fig. 2. Here, we define SNR = P/T.
Since P is the total transmit energy spent in a coherence interval T and the noise
variance is 1, SNR has the interpretation of average transmit SNR and is therefore
dimensionless. We can see that at low SNR (or low spectral efficiency), we spend
more power during the training phase, and vice versa at high SNR. At low SNR,
Pp/pu =~ 18 which leads to 7p, /(T — 7)py ~ 1. This means that half of the total
energy is used for uplink training and the other half is used for data transmission.
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Note that the power allocation problem in the low SNR regime is useful since the
achievable rate (obtained under the assumption that the estimation error is additive
Gaussian noise) is very tight, due to the use of Jensen’s bound in [5]. Furthermore,
in general, the ratio of the optimal pilot power to the optimal data power does not
always monotonically decrease with increasing SNR. We can see from the figure
that, when SNR is around —5dB, p,/pu increases when SNR increases.

We now consider the cumulative distribution of the sum spectral efficiency obtained
from 2000 snapshots of large-scale fading (c.f. Fig. 5). As expected, our resource
allocation improves the system performance substantially, especially at low SNR.
More importantly, with resource allocation, the sum spectral efficiencies are more
concentrated around their means compared to the case of no resource allocation. For
example, at SNR = 0dB, resource allocation increases the 0.95-likely sum spectral
efficiency by a factor of 2 compared to the case of no resource allocation.

5 Conclusion

Conventionally, in massive MIMO, the transmit powers of the pilot signal and data
payload signal are assumed to be equal. In this paper, we have posed and an-
swered a basic question about the operation of massive MIMO: How much would
the performance improve if the relative energy of the pilot waveform, compared to
that of the payload waveform, were chosen optimally? The partitioning of time, or
equivalently bandwidth, between pilots and data within a coherence interval was
also optimally selected. We found that, with 100 antennas at the BS, by optimally
allocating energy to pilots, the energy efficiency can be increased as much as 50%,
when each terminal has a throughput of about 1 bit/s/Hz. Typically, when the SNR
is low (e.g., around —15dB), at the optimum, the transmit power is then about 10
times higher during the training phase than during the data transmission phase.
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Appendix

A Proof of Proposition 13

From (6) and (12), the problem P; becomes

o { argmax (1 — %) 32,2, logy (1+ fi: (pu))
9 = Pu

(13)
P
0<pu< 7%

where

ar (P = (T = K) pu) pu
bk (P_(T_K)p1l)pu+ckpu+dk (P_(T_K)pu)+1
Car ay ckpu+di (P — (T — K)pu) +1

- b _Ebk(P—(T_I()pu)pu+ckpu+dk(P_(T_K)pu)+1.

The second derivative of fi (py) can be expressed as follows:

02 u T M\ [
o % = — b T (e — dy,T)p? — 30, T2(dy P + 1)p2

[I>

fk (pu)

+ 3bp T P(dp P + 1)py — (dp P + 1) (b P> + ¢, P + T), (14)

where wy, 2 (bk(P—Tpu)pu+ckpl,+dk(p_Tpl‘)+1)3

,and T2 T — K. Since P > Tpy, we

2ak
have
82 u - >
”kg;f) = —brex T?py — (di P +1) (e P + 1)
’ 3. 3.\° .
— 1ka“‘pﬁ — by (P — 2Tpu) — bpdp(P —Tpy)* <0. (15)

2
Since wyg > 0, % < 0. Therefore, fx (py) is a concave function in 0 < p, <

74 Since log, (14 ) is a concave and increasing function, log, (1 + fi (pu)) is

also a concave function. Finally, using the fact that the summation of concave
functions is concave, we conclude the proof of Proposition 13.
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Large-Scale Multipair Two-Way Relay Networks with
Distributed AF Beamforming

Hien Quoc Ngo and Erik G. Larsson

Abstract

We consider o multipair two-way relay network where multiple communication pairs
simultaneously exchange information with the help of multiple relay nodes. All nodes
are equipped with a single antenna and channel state information (CSI) is available
only at the relay nodes. Each relay uses very simple signal processing in a distributed
manner, called distributed amplify-and-forward (AF) relaying. A closed-form ex-
pression for the achievable rate is derived. We show that the distributed AF scheme
outperforms conventional orthogonal relaying. When the number of relay nodes is
large, the distributed AF relaying scheme can achieve the capacity scaling given by
the cut-set upper bound. Furthermore, when the number of relay nodes grows large,
the transmit powers of each terminal and of the relay can be made inversely propor-
tional to the number of relay nodes while maintaining a given quality-of-service. If
the transmit power of each terminal is kept fized, the transmit power of each relay
node can be scaled down inversely proportional to the square of the number of relays.
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1 Introduction

The multipair one-way relay channel, where multiple sources simultaneously trans-
mit signals to their destinations through the use of a multiple relay nodes, has
attracted substantial interest [1-3]. In [1,2], the authors proposed a transmission
scheme where the beamforming weights at the relays are obtained under the assump-
tion that all relay nodes can cooperate. A simple distributed beamforming scheme
that requires only local channel state information (CSI) at the relays, and which
performs well with a large number of relay nodes, was proposed in [3]. With one-
way protocols, the half-duplex constraint at the relays imposes a pre-log factor 1/2
for the data rate and hence, limits the spectral efficiency. To overcome this spectral
efficiency loss in the one-way relay channel, the multipair two-way relay channel has
recently been considered. Many transmission schemes have been proposed for this
channel [4,5]. However, those studies considered multipair systems where only one
relay (equipped with multiple antennas) participates in the transmission. Multi-
ple single-antenna relays supporting multiple communication pairs were considered
in [6-8]. In [6], the weighting coefficient at each relay was designed to minimize the
transmit power at the relays under a given received signal-to-interference-plus-noise
ratio constraint at each terminal. By contrast, the objective function of [7] was
the the sum rate. These works assume that there is a central processing center. A
distributed beamforming scheme where the relay weighting coefficient is designed
at each relay was proposed in [8]. In [§], the relays use zero-forcing to suppress the
interpair interference. However, this scheme assumed that each relay has CSI of all
relay-terminal pairs. This requires cooperation between the relay nodes for the CSI
exchange.

In this paper, we propose and analyze a distributed amplify-and-forward (AF) relay-
ing scheme for multipair two-way relay channels which does not require cooperation
between the relay nodes. Our scheme is suitable for dense networks where there
are many idle nodes willing to act as relays. Here, we assume that the relays have
perfect knowledge of local CSI, that is of the channels from each terminal to the
relay. The fundamental basis of our proposed scheme is that when the number
of relays is large, and under certain assumptions on the channel gains (e.g. zero
mean, independent and uniformly bounded variance), the channel vectors between
the terminals and relays are pairwisely nearly orthogonal. There is also empiri-
cal support for the near-orthogonality assumption, most notably in the large scale
MIMO literature [9]. This makes it possible for the relays to use very simple signal
processing.

The work that is most closely related to this paper is [3]. In [3] the authors in-
vestigated the scaling law of the power efficiency in the multipair one-way relay
channel. By contrast, here, we consider the two-way relay channel. We derive a
closed-form expression of a lower bound on the capacity which is valid for a finite
number of relay nodes. The resulting expression is simple and yields useful insight.
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We show that when the number of relays M grows large, the distributed AF re-
laying achieves the cut-set upper bound on the capacity. Furthermore, when M is
large, we achieve the following power scaling laws: (i) the transmit powers of each
terminal and of each relay can be scaled < 1/M with no performance reduction;
and (ii) if the transmit power of each terminal is fixed, the transmit power of each
relay can scaled oc 1/M?2.

2 Multipair Two-Way Relay Channel Model

Consider a network in which K communication pairs (Ty x, T2.%), k = 1, ..., K, share
the same time-frequency resource. Two terminals T;; and T2 exchange their
information with the help of M relay nodes R,,, m = 1,2, ..., M. Typically, K < M.
All nodes are equipped with a single antenna and use half-duplex operation. We
assume that the distance between T; ; and Ty is large or that the link between
T1, and Ta i is blocked by obstacles so that there is no direct link between T; j and
Ta,; that can be exploited. Transmission will take place in both directions (from
the terminals to the relays and back) on the same frequency, and we assume that
the channels are reciprocal [9].

We further assume that the relay nodes have full CSI, while the terminals have
statistical but no instantaneous CSI. The CSI at the relay nodes could be obtained
by using training sequences transmitted from the terminals, at a cost of 2K symbols
per coherence interval. The assumption that the terminals do not have instanta-
neous CSI is reasonable for practical systems where the number of relay nodes is
large. To obtain instantaneous CSI at the terminals, we would have to spend at least
M symbols per coherence interval. We show below that due to hardening effects,
although the terminals do not have instantaneous CSI, they can near-coherently
detect the signals aided by the statistical distribution of the channels.

3 Distributed AF Transmission Scheme

The communication occurs in two phases, as detailed next and in Fig. 1. We
assume perfect time synchronization. In [3], the authors have shown that the lack
of synchronicity does not have much effect on the system performance.

3.1 Phasel

All terminals simultaneously broadcast their signals to all relay nodes. Let h,, ; and
gm.k be the channel coefficients from Ty j to Ry, and from R, to Ty, respectively.
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The channel model includes small-scale fading (Rayleigh fading) and large-scale

fading, i.e., Ay = ,/amykﬁm’k and gmk = \/Bm,kGm.k, Where lsz,k ~ CN(0,1),
Gm.k ~ CN (0,1). Here, oy, and S, represent the large-scale fading. Then, the
received signal at R, is given by

T = /Dshin®1 + \/PSG0Ts + Wi, (1)
where z; £ (i1 - xi’K]T, /Psi is the transmitted signal from T, (the av-

erage transmit power of each terminal is pg), Bm 2 [hmi - hmi]’s Gy 2

[gm,1 - gm’K]T, and w,, is AWGN at R,,. We assume that w,, ~ CN (0,1).

3.2 Phase II — Distributed AF Relaying

All relays broadcast scaled and phase-rotated versions of their received signals to
all terminals. The basic idea of distributed AF relaying is as follows. Consider the
two-way relay channel with K pairs as a one-way relay channel with 2K pairs where
the groups of sources and destinations are the same. Then, we apply the relaying
scheme for one-way relay channels in [3, Sec. V].! We propose to let R, transmit
the following phase-rotated version of the received signal:

T, = Y@ D@, T, (2)

A T T T A 0 IK . . oL
where a,, = {hm gm} , D= is used to permute the signal position to

I, O

ensure that the signal transmitted from T, j arrives at its destination Ty j and vice
versa, and 7, is a normalization factor which controls the transmit power at R,,,
chosen such that E {|z,, |} = pr. Hence,?

er:\/ H 2 pR2 2 (3)
E{lafiDa;, |? (ps|lhm* + psllgm > + 1)}

— pr/4
_ , 0
pSZj:l (am,j + Bm,j) (Qm,iBm,j + Cm) + Cm

where ¢, 2 Efil Q. ifBm.i, see Appendix A. Let ng ) be the CN (0,1) noise at
Ta,k. Then, the received signal at To j is

M
Yok = Z Im kTR, + N2 k- (5)

m=1

LConsidering a multipair one-way relay channel with K sources T1,x, K destinations Ta g,
k =1,..,K, and M relay nodes Ry, m = 1,..., M, the scaled version at Ry, proposed in [3] is
gih .

2Note that v, could alternatively be chosen depending on the instantaneous CSI which cor-
responds to a short-term power constraint. However, we choose to use (3) since: i) it yields a
tractable form of the achievable rate which enables us to further analyze the system performance;
and ii) the law of large numbers guarantees that the denominator of (3) is nearly deterministic
unless K is small. Thus, our choice does not affect the obtained insights.
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Figure 1: Multipair Two-Way Relaying Network.

When the number of relay nodes M is large, the received signal at Tz ;, is dominated
by the desired signal part (which includes z1). As a result, we can obtain noise-
free and interference-free communication links when M grows without bound. A
more detailed analysis is given in the next section.

3.3 Asymptotic (M — 0o, K < c0) Performance

In this section, we provide basic insights into the performance of our proposed
scheme when M — oo for fixed K and pr. We will show that our proposed scheme
performs well when M is large. From (1), (2), and (5), we have

M K M K M
Yok =VDSY_Pm kTR TVISY D Pm g1t VDSY Y Gm ja
m=1 Jj#Akm=1 g=1m=1
£1 £2
M
+ Z ’Y’mgm,kaﬁDa;knwm + N2 ks (6)
m=1

L3
A H A H
where D j = YmGm k@mDay, he j and ¢mj = YmGm k@, Da, gm ;. Here L1, Lo,

and L3 represent the desired signal, multi-terminal interference, and noise effects,
respectively. We have

K
E{pmi}t =2¥mE] gmx Zg;,ih;,i P e
i=1

= Q’Ymam,kﬁm,h (7)
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We assume that Var {p,, 1}, m = 1,..., M, are uniformly bounded, i.e., I¢ < o0 :
Var {pm i} < ¢, Ym, k [10]. Since pm ik, m = 1,2,..., M, are independent, it follows
from Tchebyshev’s theorem [10] that

M
1 1 P
— L - — E =
U Ly 27 VPs 2 29YmCm ke Bm b T1,k ads 0, (8)

R . e . . .
where — denotes convergence in probability. Similarly, since E{g,, ;} = 0 and
E {’Ymgm,karl,{@Da;knwm} = 0, we have

1 P 1 P
— = — = 0.
M £a M—o0 0, Mﬁ3 M—o0 0 )
We can see from (8) and (9) that, when M is large, the power of the desired signal
grows as M?, while the power of the interference and noise grows more slowly. As
a result, with an unlimited number of relay nodes, the effects of interference, noise,
and fast fading disappear. More precisely, as M — oo,

M
Y2,k Yt 2Ymm kB k P
Y2k e Zo. 1
M Vs M 16— 0 (10)

The received signal includes only the desired signal and hence, the capacity increases
without bound.

4 Achievable Rate for Finite M

In this section, we derive a closed-form expression of the achievable rate for fi-
nite M which can be used to draw more precise quantitative conclusions about the
performance of the distributed AF relaying scheme. The terminals do not have in-
stantaneous CSI, but they know the statistical distributions of the channels. Hence,
the terminals must use the mean of the effective channel gain to coherently detect
the desired signals [3].

Consider the link T; ;, — Relays — T2 . From (6), the received signal at T can

be rewritten as the desired signal /psE {Z%zl pmyk} 21, plus a remaining term

which is considered as the effective noise. This effective noise is uncorrelated with
the desired signal. Then, Gaussian noise represents the worst case, and we obtain
the following achievable rate:

2
M
ps ‘]E {Zmzl pm,k} ’

M
psVar {Zm:l pm7k} + MTj + AN

1
Ry = B logy | 1+ ; (11)
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where the pre-log factor of 1/2 is due to the half-duplex relaying, Var {z} denotes
the variance of a RV z, and

K M 2 K M 2
MT = ps Z E Z Pm,j| ¢ T Ps Z E Z Im.,j (12)
J#k m=1 j=1 m=1
M
v = S 2E {|gm,kagDa;; 2} Y (13)
m=1

We now derive a closed-form expression of the achievable rate which is easier to
evaluate and to obtain engineering insights from.

Proposition 14 With distributed AF relaying, the achievable rate of the commu-
nication link T1  — Relays — T, is given by

M 2
4PS Zm:l 'Vmam,kﬁm,k

1
Rop = ilog2 1+ Vi YA , (14)
PR Z ﬁm,k + 4PS Z Vgnam,kﬂgn,k (am,j +,6)m,j)+§k +1
m=1 m=1j=1
A M «
where g, = 4ps > V2, 72nk (2am7kﬁm,k+cm+;7;’k).
m=1

Proof: See Appendix B. O

4.1 Discussion of Results

For simplicity, we next consider a simplified case where the large-scale fading is
neglected, i.e., oy 1 = Bm,r = 1, for all m, k. The same insights will be straight-
forwardly obtained for the case when the large-scale fading is taken into account.
Substituting o = Bm.x = 1 into (14), we get

1 M/K
Ra = 3 log <1+ pspr M) )

pspr (2K +5+ %) + B (K +1) + 3¢ (K +1) + §;

We can see that Ry j increases with M, and decreases with K. When the number of
relay nodes goes to infinity, Ra ; — 0o. This lower bound on the rate coincides with
the asymptotic (but exact) rate obtained in Section 3.3 and hence, the achievable
rate (14) is very tight at large M.
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4.1.1 Achievability of the Network Capacity

If ps and Er = Mpg (total transmit power of all relays) are fixed regardless of
M, then Ry, = %logy M 4+ O (1), as M — oo. This result coincides with the one
which is obtained by using the cut-set upper bound on the network capacity of
MIMO relay networks where all terminals are equipped with a single antenna [11].
Note that the result obtained in [11] relies on the assumption that the relay and
destination nodes have instantaneous CSI. Here, we assume that only the relays
have instantaneous CSI. In particular, with our proposed technique, the sum rate
scales as K logo, M + O (1) at large M which is identical to the cut-set bound on
the sum capacity of our considered multipair two-way relay network.?

4.1.2 Power Scaling Laws

(i) If ps = Es/M and pr = Egr/M, where Eg and Eg are fixed regardless of M,
then

1 EsEg
R — 1 1
2k Og2< +ER(

_ DsBR M 15
K+1)+K>’as %% (15)

which implies that when M is large, we can cut the transmit power ps o 1/M
without any performance reduction.

ii) If ps and ER are fixed regardless o and pr = Er then
(i) If dFE fixed regardl f M, and Er/M?, th

psER
sK(K+1)+ K

1
Ry — B log, (l—i— ) , a8 M — oo. (16)

We can see that when M is large, the transmit power of each relay node can be
reduced proportionally to 1/M? with no performance degradation. As a result, the
transmit power of each relay node can be very small.

5 Numerical Results and Discussion

In this section, we examine the sum rate of our proposed scheme. For comparison,
we also consider the sum rate of multipair one-way relaying proposed in [3], and

3Suppose that all terminals T1,x can cooperate and all terminals T g can also cooperate. Then
we have a two-way relay network with two terminals each equipped with K antennas, and M
single-antenna relays. From [12], the network capacity of this resulting system is K log, M +O (1).
Clearly, this resulting system has greater capacity than the original one. Thus, an upper bound
on the sum capacity of our multipair network is K logy M + O (1).
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%  Two-Way, Digtributed AF, instantaneous CSl (genie) (17)
8,0 Two-Way, Distributed AF, statistical CSI (14) * 4
One-Way Relaying [3] *
=== Orthogona Scheme
N
Teot
2
g
(&)
£
4,0 +
£
)
2,0 —--’--
E
0,0 . . . . .
20 40 60 80 100 120 140
Number of Relay Nodes (M)

Figure 2: Sum rate versus the number of relay nodes (K = 5, ps = 10 dB, and
Am k = ﬂmk = 1)

the sum rate of the conventional orthogonal scheme where the transmission of each
pair is assigned different time slots or frequency bands. In addition, we consider
the sum rate of our scheme but with a genie receiver (instantaneous CSI) at the
terminals. For this case, the achievable rate of the link T; ; — Relays — Ty is

2

M

ps ‘Zmzl pm,k‘
MTy + ANg

1
Ryj= 5 E qlogy | 1+ (17)

We choose K = 5, ps = 10 dB, and oy i = Bm,x = 1. We assume that the total
transmit powers for the two phases are the same, i.e., 2Kpgs = Mpgr. Furthermore,
for fair comparison, the total transmit powers of all schemes are the same.

Figure 3 shows the sum rate versus the number of relay nodes for the different
transmission schemes. We can see that the number of relay nodes has a very strong
impact on the performance. The sum rate increases significantly when we increase
M. For small M (< 10), owing to inter-terminal interference, our proposed scheme
performs worse than the orthogonal scheme. However, when M grows large, the
effect of inter-terminal interference and noise dramatically reduces and hence, our
proposed scheme outperforms the orthogonal scheme. Compared with the one-way
relaying proposed in [3], our distributed AF relaying scheme is better, and the
advantage increases when M increases. The gain stems from the reduced pre-log
penalty (from 1/2 to 1), however, our scheme suffers from more interference and
therefore, the gain is somewhat less than a doubling. When M is small, the inter-
terminal interference cannot be notably reduced and hence, our scheme is not better
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than the one-way relaying scheme. Furthermore, the performance gap between the
cases with instantaneous (genie) and statistical CSI at the terminals is small. This
implies that using the mean of the effective channel gain for signal detection is fairly
good.



Appendix

A Derivation of (4)

To compute ¥, we need to compute E {|aZDa? |?}, E{|afDa}, |k |}, and
E {|aZDa;,|?|g,,|*}. We have

% 2
* *
E gm,ihm,ih”mk

=1

9 K
I} =43 E

E {|aﬂDafn

(@) K K 9
=4 Z Z E { |g:<n7ih;kn7ihm,k” }
k=11

K K K
@SZagnﬂkﬁm,k + 4zzam,kam,iﬁm,iv (18)

k=1 k=1 i#k

where (a) comes from the fact that gy, ;i ;hmk, @ = 1,..., K, are zero-mean mu-

tual uncorrelated RVs, and (b) follows by using the identity E{|z|2} = 02 and
E {m‘*} = 204, where z ~ CN (0,02). Similarly, we obtain E {|af Da, ||g,|*} =

42,[5:1 Bumge (Cm kBmk + ¢m), and E {|aflDa? >} = 42,[5:1 Qm kBm.k- Thus, we
get (4).

B Proof of Proposition 14

From (11), we need to compute Var{zig:lpm,k}, MTj, and ANg. Since pp, i,
m =1,..., M, are independent, we have

M M
Var { Z pm,k} = Z (IE {|pm7k|2} — 4’)/72710437;7]@672717]@) . (19)
m=1 m=1

219
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By using the same technique as in Appendix A, we obtain

M M
Var { Z pch} =4 Z fygqam,kﬁm,k <2am7kﬁm,k+cm) . (20)
m=1 m=1
Similarly, we obtain
K M
MT; = 4PS Z Z ’anam,jﬁm,k (am,kﬂm,k + am,jﬂm,j + Cm)
j#k m=1
K M
+ 4ps Z Z V%Lﬁm,jﬂm,k (Oém,kﬁm,k + O‘m,jﬂm,j + Cm)
j=1m=1
M
+4ps Y VB i (20m kB k + Cm) (21)
m=1
M
ANk =4 Z ’ngnﬂm,k: (am,kﬂm,k + Cm) + 1. (22)
m=1

Substituting (7), (20), (21), and (22) into (11), we obtain (14).
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Spectral Efficiency of the Multipair Two-Way Relay
Channel with Massive Arrays

Hien Quoc Ngo and Erik G. Larsson

Abstract

We consider a multipair two-way relay channel where multiple communication pairs
share the same time-frequency resource and a common relay node. We assume that
all users have a single antenna, while the relay node is equipped with a very large
antenna array. We consider two transmission schemes: (I) separate-lraining zero-
forcing (ZF) and (II) a new proposed coupled-training ZF. For both schemes, the
channels are estimated at the relay by using training sequences, assuming time-
division duplex operation. The relay processes the received signals using ZF. With
the separate-training ZF, the channels from all users are estimated separately. By
contrast, with the coupled-training ZF, the relay estimates the sum of the channels
from two users of a given communication pair. This reduces the amount of resources
spent in the training phase. Self-interference reduction is also proposed for these
schemes. When the number of relay antennas grows large, the effects of interpair
interference and self-interference can be neglected. The transmit power of each user
and of the relay can be made inversely proportional to the square root of the number
of relay antennas while maintaining a given quality-of-service. We derive a lower
bound on the capacity which enables us to evaluate the spectral efficiency. The
coupled-training ZF scheme is preferable for the high-mobility environment, while
the separate-training ZF scheme is preferable for the low-mobility environment.
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1 Introduction

Two-way relay channels (TWRCs) with multiple-antennas at the participating nodes
have been broadly investigated since they can reap all the benefits from two-way and
multiple-input multiple-output (MIMO) techniques [1,2]. With MIMO technology,
the TWRC has been extended to multipair two-way relay channels where several
pairs of users simultaneously communicate with the aid of relays [3]. The main chal-
lenge of this system is interpair interference (interference from other communication
pairs). A simple method to avoid interpair interference is to let different pairs com-
municate on orthogonal channels. This is bandwidth inefficient, and higher rates
can be achieved if multiple pairs share the same time-frequency resource. Many ad-
vanced techniques have been introduced to reduce the effect of interpair interference,
such as dirty-paper coding or interference alignment techniques. However, these
techniques significantly increase the complexity of the system. Simpler schemes,
such as linear processing, are more preferable from a complexity point of view but
typically offer somewhat inferior performance.

The MIMO multipair TWRC with linear processing at the relay has been studied
in [4-6]. One well known scheme is zero-forcing (ZF), which can eliminate the
interpair interference. In [4], the authors consider decode-and-forward protocols
where the relay decodes the transmitted signals in the multiple-access phase, and
then applies ZF precoding in the broadcast phase. A ZF scheme for amplify-and-
forward relaying is proposed in [5]. The papers [4-6] assumed that perfect channel
state information (CSI) is available at the relay and at the users. However, in reality,
all channels have to be estimated. Therefore, the CSI is not perfectly known which
may drastically degrade the system performance. More importantly, in the multipair
TWRC, many communication pairs are severed simultaneously and, hence, to obtain
CSI, substantial time-frequency resources have to be allocated to the transmission
of pilots, which reduces the overall spectral efficiency, especially in high mobility
environments.

Very recently, there has been a great deal of interest in large scale (a.k.a. mas-
sive) MIMO where the transceivers are equipped with very large antenna arrays
(a hundred or more antennas) [7,8]. With very large arrays, interpair interference
can be significantly reduced by using simple processing such as ZF, maximum-ratio
combining/transmission (MRC/MRT), even in the presence of poor-quality CSI,
due to the asymptotic orthogonality between the channel vectors. Furthermore, the
transmit power can be drastically reduced due to the array gain. Relay systems
where the relay node is equipped with a very large array were studied in [9]. Refer-
ence [9] considered multipair one-way relay channels with simple linear processing
at the relay, assuming that the relay and users have perfect CSI. It is shown that
by using a very large array at the relay, the transmit power of each user and of the
relay can be reduced inversely proportional to the number of relay antennas with
no performance degradation.



2. System Models and Transmission Schemes 227

Inspired by the above discussion, in this paper, we propose and analyze two trans-
mission schemes for multipair TWRCs with a very large antenna array at the relay.
These schemes are based on ZF processing, and estimates all channels using pi-
lots, relying on TDD operation and channel reciprocity. The analysis yields lower
bounds on the capacity, taking into account the errors and spectral efficiency loss
imposed by the pilot transmission and channel estimation. In the first scheme,
called (I) separate-training ZF, the relay estimates the channels from all users sepa-
rately and applies ZF precoding. In second scheme, called (II) coupled-training ZF,
the channels are not estimated individually, instead, the relay estimates the sum of
the channels from two users in a given pair. We show that, when the number of
relay antennas M is large, we can scale down the transmit powers of each user and
of the relay proportionally to 1/v/M and at the same time increase the spectral
efficiency K times by simultaneously serving K pairs of users. In this paper, some
derivations and proofs are omitted due to space constraints.

2 System Models and Transmission Schemes

Consider two groups of users U and Us, where each group includes K single-antenna
users. The kth user in group 1, Uk, wants to exchange information with the kth
user in group 2, Us i, k = 1,2, ..., K, with the help of a common relay, R. The relay
R is equipped with M antennas, see Fig. 1. We assume that M > K. We further
assume that all communication links share the same time-frequency resource. The
transmission is bidirectional and thus operates in TDD. Within each coherence
interval, the information exchange occurs in three phases: the training phase, the
payload multiple-access phase, and the payload broadcast phase, see Fig. 2. In
Fig. 2, and throughout, T is the length of the coherence interval and 7 is the part
of the coherence interval used for training.

We next introduce the transmission scheme for our considered system in general.
Then, in Sections 2.2.1 and 2.2.2, we specialize the description to the two proposed
schemes (I) separate-training ZF and (II) coupled-training ZF.

2.1 General Transmission Scheme
2.1.1 The First Phase — Training

The relay estimates the channels based on pilots transmitted from the users.! Let
G; € CM*K be the channel matrix between the relay and the K users in group i,

L Alternatively, CSI could first be acquired at each user via transmitted pilots from the relay
and then provided to the relay over a reverse (feedback) link. Clearly, since M > K, this would
be very inefficient since the channel estimation overhead will be proportional to M.
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Figure 1: Multipair two-way relay channel with K communication pairs, and an
M-antenna relay.

i = 1,2. We assume that G; has i.i.d. CAV/(0,1) elements. Here, for simplicity of
the presentation, we neglect the effects of large-scale fading and path loss.

Each user is assigned a (possibly non-unique in general) pilot sequence of length 7
symbols. Let \/p,®; € CKX7 be a matrix whose kth row contains the pilot sequence
used by U, 1, i = 1,2, where p, = Tp,, and py is the average transmit power of each
user. All users from both groups simultaneously transmit pilot sequences to the
relay. The received pilots at the relay can be stacked into a matrix as follows:

Yrp = vPpG1®1 + /DpG2®2 + Zg, (1)

where Zr € CM*7 is the AWGN at the relay, with i.i.d. CA/(0,1) elements. The
relay will use the above received pilot (1) to estimate the channels. The channel
estimate is then used for signal processing at the relay. The design of pilot sequences
as well as the channel estimation scheme will be addressed later for each specific
transmission scheme.

2.1.2 The Second Phase — Multiple-Access Transmission of Payload
Data

All users from both groups simultaneously transmit their data to the relay node.
The received signal at the relay node is given by

Yr = VPuG1Z1 + /DuG2Z2 + NR, (2)
where z; £ [2;1 ... xi,K]T, i = 1,2, \/pux;x is the transmitted signal from the
kth user in the ith group (the average transmitted power of each user is p,); and
ng € CM is the AWGN vector at the relay, distributed as ng ~ CN (0,1,).
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Figure 2: TDD transmission protocol. Here, T' is the coherence interval.

2.1.3 The Third Phase — Broadcast of Payload Data

The relay processes the received signal yg according to a linear processing strat-
egy, and then it broadcasts the processed version to all users. More precisely, the
relay sends xr = aWyg to all users, where W is a transformation matrix of di-
mension M X M, and « is a normalization constant. The normalization constant
« is chosen to satisfy a long-term total transmit power constraint at the relay, i.e.,
Tr (E{zrzf }) = pr. Hence,

Pr . (3)
\/ Tr (E {W (puGlG{{ GGl +IM) WH})

Equation (3) is obtained under the assumption that z; 5, ¢ = 1,2, k = 1,2, ..., K,
are independent. This assumption is reasonable since each user independently sends
its own data.

o =

The received vector at the K users in group i is given by
y; =G| zr +n; = oG] Wyg +n;, (4)

where n; is the AWGN vector at the K users in group 4, i = 1,2, distributed as
n; ~ C./\/ (O,IK).

2.1.4 Self-interference Reduction

After receiving signals, each user reduces self-interference prior to decoding. Self-
interference is the interference caused by relaying of the signal that the user trans-
mitted in the multiple-access phase. Without loss of generality, we consider the link
U, = R — Uy k. Let g;; be the kth column of G;. Then, from (4), the received
signal at user Uy i, is '

Y1,k = a\/pug{ngz,ka,k + Ozvpung,ngl,kka

K K
+oypa Y g1Wa a1+ ayba ¥ g1 Wes 2 + agl Wng +n1k, (5)
i%k itk
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where ny 1 is the kth element of n;. The second term of (5) includes user U 1’s own
transmitted signal, 1, so it represents self-interference. If user U/ , had full CSI,
it could completely remove the self-interference by subtracting a\/]Tugf W31 k1K
from y; 1. However, only approximate CSI is available at the relay from the channel
estimation in the training phase. So U cannot remove its self-interference. But
when M grows large, we have that

g1T,ng1,k — B, as M — oo, (6)

for some deterministic constant 5. The value of 8 will be provided later for each
specific transmission scheme. By using this fact, we propose the following simple
self-interference reduction scheme: subtract a./puBz1x from y;  prior to decod-
ing. From (6), as M grows large, the self-interference can be significantly reduced.
The received signal at user U j, after using our proposed self-interference reduction
scheme is

Y1,k = Oéx/Pug1T,kW92,kT/2,k + ay/Pu (91T,kW91,k - 5) 1,k

desired signal self-interference

K K
+ ay/pu ngngl,m,i + a@y/Pu Zg{ngZiwli +agl Wng+niy. (7)
i#k i#k

noise

interpair interference

Specific transmission schemes are proposed in the next section.

2.2 Specific Transmission Schemes
2.2.1 Transmission Scheme I — Separate-Training ZF

We consider separate-training ZF scheme. The relay treats the channel estimate as
the true channel and then applies ZF-based receive and transmit beamforming as
in [5]. This requires that M > 2K.? For this scheme, in the training phase, the
channels G; and G> are estimated separately. This means that the pilot sequences
assigned for all users in both groups are pairwisely orthogonal. More precisely, the
pilot matrices \/pp®;, © = 1,2, have to satisfy <I>i<I>jH = 0;;1 i, where 6;; = 1 when
i = j and 0 otherwise. This requires that 7 > 2K. From (1), the least-squares (LS)
channel estimates of G;, i = 1,2 are

. 1 = 1 -
Gi = 7YR,pq)i = Gz + 727;,
v Pp v/Pp
2Note that, in [5], the authors assumed that the relay and users have perfect CST. Only if CST is

perfect, this technique can completely remove the interference. However, in practice, CSI always
has to be estimated.

®)
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where Z; £ ZR<I>ZH, 1=1,2. Since <I>i<I>fI =1k, Z; hasiid. CN (0,1) elements.
In the third (broadcast) phase, the relay treats the channel estimates as the true
channels, and performs ZF as in [5]. Therefore, the transformation matrix W is
given by

W-we26 (6'¢") p("6) ¢ ()
where G 2 [Gl éz}, and D £ [ I(i( Ié( } .

Note that, due to the channel estimation error, interference cannot be removed
completely as in [5]. We next determine the value of the constant § in (6) for this
transmission scheme. By using the law of large numbers (LLN), we have

g{kWsngLk (Q)O, as M — o0, (10)

where “3" denotes almost sure convergence. Therefore, 5 = 0. This means that,
when M — oo, self-interference due to the channel estimate error is automatically
canceled out, hence, no subtraction of self-interference as in (7) is needed in this
case.

2.2.2 Transmission Scheme II — Coupled-Training ZF

The drawback of scheme I (separate-training ZF) is that G1 and G2 are estimated
separately and, thus, we have to spend at least 2K symbols for training. We now
propose a scheme in which the relay does not estimate G; and G2 separately. In-
stead, it estimates G1 + G2. This conserves resources: operationally, U; ;, and Us i
use the exact same resources for channel estimation. Therefore, we need to spend
only K symbols on training in each coherence interval. The intuition behind this
idea is that when the number of relay antennas is large, the columns of G; and
G- are asymptotically orthogonal and, hence, the system performance will not be
affected much when we use G1 + G5 instead of G; or G5 for the relay processing,.

With this scheme, in the training phase, K users in group 1 are assigned orthogonal
pilot sequences, and the same set, of orthogonal pilot sequences is reused in group 2.
More precisely, ®; = ®, = ® which satisfies ®®"” = I';. From (1), the LS channel
estimate of G1 + G> is given by

1

. 1 -
G, = FYR,pQH =G, +Gy+ ZR., (11)

pp pp

where Zg £ Zr®" has iid. CN (0,1) elements.
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We next use a transformation matrix at the relay which is based on the ZF principle.
In the first step, the relay uses ZF to combine the signals transmitted from users,
and then in the second step, it uses ZF precoding to forward data to all users. The
transformation matrix is
sk AT ax\ L /A H A -1 . H

W=We2G. (GS GS) (GS Gs) G, . (12)
We next determine S in (6) for self-interference reduction. By using the LLN, we
have

a.s

91 Wezg,, — (2+ 1/pp) "%, as M — oc. (13)

Therefore, 8 = (2+ 1/p,) >, hence the subtraction in (7) will take effect.

3 Asymptotic M — oo Analysis

In this section, we provide basic insights into the performance of our proposed
schemes with an unlimited number of relay antennas. We consider the received
signal at user U i prior to decoding as (7). By using the LLN and Lindeberg-Lévy
central limit theorem, we obtain the following results.

Proposition 15 Assume that the transmit powers of each user, py, and of the relay
node, pr, are fized. Then, we have

nx/VM 23 Jagzak, as M — oo, (14)
where g1, is given by (7), and

ao— {21{(113?1/%) for the separate-training ZF scheme (I)

Wﬁ/m for the coupled-training ZF' scheme (II).

Equation (14) implies that, when M — oo, the effects of channel estimation error,
self-interference, interpair interference, and noise disappear. Our proposed schemes
perform very well at large M. The received signal includes only the desired signal
and, hence, the capacity increases without bound as M — oc.

Proposition 16 Assume that the transmit powers of each user, py, and of the
relay node, pr, are py = Ey/VM and pr = Er/V M, where E, and Eg are fized
regardless of M. Then, as M — oo, we have

. d _
U1k — o1V TEuTo  + cufir  + N ks (15)
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d .
where — denotes convergence in distribution, and

TEWER

SR(rE2T) for the separate-training ZF scheme (I)

[
Ké%?il) for the coupled-training ZF scheme (II)

and where N is a CN (0,1) random variable.

We can see that when M — oo, the effects of interference and channel fading disap-
pear. The channel is equivalent to a deterministic Gaussian channel independently
of M. This implies that, by using large antenna arrays at the relay, the transmit
powers of each user and of the relay can be scaled down x 1/ VM and maintain a
nonzero asymptotic capacity:

CT% = logy (1 + T&%Eﬁ/ (a? + TEu)) . (16)

4 Lower Bound on the Capacity for Finite M

In this section, we derive a lower bound on the capacity which can be used to draw
more precise quantitative conclusions on our proposed transmission schemes for
finite M. This lower bound is obtained by using the technique of [10], assuming that
the interference plus noise has a Gaussian distribution. Consider the communication
link Us ), = R — Uy . The received signal at Uy 1 is given by (7). With our proposed
transmission schemes, the relay has knowledge of the channel estimates, while the
users do not have this information. However, it is reasonable to assume that user
Uy 1, does know the statistical properties of the channel. From (7), we have

~ T ~
Y1,k = ay/PuE {91,kW92,k;}x2,k+ N1,k ) (17)
~—~
desired signal effective noise

where 71 i is considered as an effective noise term, given by

i1k = ay/Pu (91T,kW92,zc —E {ng,ngz,k}) 22,k

K
+ ay/pu (ng,k-ng,k - ﬂ) T1,k + Q/Du Zg{ngl,iwl,i

ik
K
+ ay/pu Zng,ngz,imli + ang,kW'nR + 11k (18)
itk

We can easily show that the “desired signal” and the “effective noise” fq y in (17)
are uncorrelated. Therefore, the channel (17) is equivalent to a deterministic gain
channel with uncorrelated additive noise. By using the fact that the worst-case
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uncorrelated additive noise is independent (Gaussian noise of same variance, we
obtain the following lower on the capacity of the communication link Us ;, - R —
Z/Ilﬁk:

2
042pu E {g{kWQQ,k}‘

a?p,Var (ng’ngM) + SIj + IP) + AN,

Ry =log, | 1+ , (19)

where SIy, IPg, and ANy represent the self-interference, interpair interference, and
additive noise effects, respectively:

ST, 2 azpuE{|g{ng17k - ﬂf} , (20)
K

tpy £ o%p, Y E{|oT Waril” + ol Wan|} (21)
ik

a2 o%e {|gT, W "} + 1. (22)

Remark 12 If p, = Ey /VM and pr = Er/VM where E, and Er are fized
regardless of M, then as M — oo, Ry converges to the asymptotic capacity given
by (16). Hence, the bound is very tight at large M.

5 Numerical Results

In this section, we examine the spectral efficiency of our proposed schemes. The
spectral efficiency is defined as the sum-rate (in bits) per channel use. During a
coherence interval of T symbols, we spend 7 symbols for training, and the remaining
interval is used for the payload data exchange. Therefore, the spectral efficiency is
given by

T—71 a
Sb = T};(Rl7k+R27k)’

where Ry i, is given by (19), and Ry j, is the lower bound on the capacity of the link
Uy, — R — Uz, obtained by interchanging 1 and 2 in (19)—(22).

As a baseline for comparison, we also consider an orthogonal scheme that employs
orthogonal channel access to avoid interference. With this scheme, at least 7 = 2K
training symbols are used to estimate G; and G4 separately. The remaining duration
(i.e. T —7) is divided into 4K parts in which each transmission (from U; 1, to R, or
from R to Uz j, or the reverse directions) is performed. At the relay, MRC/MRT
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is employed as it maximizes the effective SNR. Therefore, the spectral efficiency is
given by

T—7 & 0 0
4KT Z (Rl,k + RQ,k) ’
k=1

Sy =
where

2
CoPu

E {91T,kW2:92,k} )2

2
2p.Var (g{kwggm) + 2E {Hgf,kWﬁiH } +1

RY ), = RS, =log, | 1+

)

and where W) £ g;kggfk, 9i x, is the kth column of G;, and

o A Pr
0~ x o H I - o1 )
Tr(E 91192k (Pug2,k92 ) + 101 ) 92,191 1

In all examples, we choose K = 20, 7 = 2K for the separate-training ZF and
orthogonal schemes, while 7 = K for the coupled-training ZF scheme. Furthermore,
for our proposed schemes, we assume that the total transmit powers during the
multiple-access phase and the broadcast phase are the same, i.e., pr = 2Kp,. For
our proposed schemes, we choose p, = 0 dB, while for the orthogonal scheme we
must have p, = 407T/(T + 7) to guarantee that the total transmitted energies in
one symbol interval for all schemes are the same.

Fig. 3 shows the spectral efficiency versus the number of relay antennas for the differ-
ent schemes, with 7' = 50. We can see that our proposed transmission schemes out-
perform the orthogonal scheme, especially for large M. For small M, the separate-
training ZF scheme is the best. However when M grows large, the coupled-training
ZF scheme is better. This is due to the fact that, the spectral efficiency is affected
by the pre-log factor and SINR. Compared with the separate-training ZF scheme,
the coupled-training ZF scheme has larger pre-log factor (since it uses less training
symbols to estimate the channels), but it has lower SINR since it surfers from larger
interference. When the number of relay antennas is large, interpair interference and
self-interference can be notably reduced; as a consequence, the pre-log factor has a
larger impact on the system performance.

Next, we consider the effect of the coherence interval length T on the system per-
formance for different transmission schemes. Figure 4 shows the spectral efficiency
versus the length of the coherence interval for M = 500. Again, our proposed
schemes outperform the orthogonal scheme for all T'. For short coherence intervals,
the coupled scheme performs better than the separate-training ZF scheme and vice
versa at large T'. The reason is that, at large T', the impact of the training duration
can be ignored and, hence, the pre-log factors for both schemes are the same, while
the separate-training ZF scheme has an advantage of larger SINR.
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Figure 3: Spectral efficiency versus the number of relay antennas for different trans-
mission schemes (K = 20 and 7' = 50).

6 Conclusion

We considered the multipair TWRC where the relay is equipped with a very large
antenna array. We proposed two specific transmission schemes: (I) separate-training
ZF and (II) coupled-training ZF, both based on ZF-precoding. In the first scheme,
the relay estimates the channels from all users separately. In the second scheme, the
relay estimates the sum of channels from two users of a given communication pair.
We provided closed-form lower bounds on the sum-capacity of the two schemes,
taking into account the effects of channel estimation.

Depending on the operating regime, scheme I is better than scheme II and vice versa.
Generally, in a high-mobility environment, the coupled-training scheme performs
better than the separate-training scheme and vice versa. The gain of our proposed
schemes over conventional orthogonal access is significant.
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Figure 4: Spectral efficiency versus the length of the coherence interval for different
transmission schemes (K = 20 and M = 500).
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Multipair Full-Duplex Relaying with Massive Arrays and
Linear Processing

Hien Quoc Ngo, Himal A. Suraweera, Michail Matthaiou, and Erik G.
Larsson

Abstract

We consider a multipair decode-and-forward relay channel, where multiple sources
transmit simultaneously their signals to multiple destinations with the help of a
full-duplex relay station. We assume that the relay station is equipped with mas-
swe arrays, while all sources and destinations have a single antenna. The relay
station uses channel estimates obtained from received pilots and zero-forcing (ZF)
or mazimum-ratio combining/mazimum-ratio transmission (MRC/MRT) to process
the signals. To reduce significantly the loop interference effect, we propose two tech-
niques: i) using a massive receive antenna array; or i) using a massive transmit
antenna array together with very low transmit power at the relay station. We derive
an exact achievable rate expression in closed-form for MRC/MRT processing and
an analytical approzimation of the achievable rate for ZF processing. This approzi-
mation is very tight, especially for a large number of relay station antennas. These
closed-form expressions enable us to determine the regions where the full-duplex
mode outperforms the half-duplex mode, as well as, to design an optimal power al-
location scheme. This optimal power allocation scheme aims to mazimize the energy
efficiency for a given sum spectral efficiency and under peak power constraints at
the relay station and sources. Numerical results verify the effectiveness of the opti-
mal power allocation scheme. Furthermore, we show that, by doubling the number
of transmil /receive antennas at the relay station, the transmit power of each source
and of the relay station can be reduced by 1.5dB if the pilot power is equal to the
signal power, and by 3dB if the pilot power is kept fized, while maintaining a given
quality-of-service.
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1 Introduction

Multiple-input multiple-output (MIMO) systems that use antenna arrays with a
few hundred antennas for multiuser operation (popularly called “Massive MIMO”)
is an emerging technology that can deliver all the attractive benefits of traditional
MIMO, but at a much larger scale [1-3]. Such systems can reduce substantially
the effects of noise, fast fading and interference and provide increased throughput.
Importantly, these attractive features of massive MIMO can be reaped using sim-
ple signal processing techniques and at a reduction of the total transmit power.
Not surprisingly, massive MIMO combined with cooperative relaying is a strong
candidate for the development of future energy-efficient cellular networks [3,4].

On a parallel avenue, full-duplex relaying has received a lot of research interest, for
its ability to recover the bandwidth loss induced by conventional half-duplex relay-
ing. With full-duplex relaying, the relay node receives and transmits simultaneously
on the same channel [5,6]. As such, full-duplex utilizes the spectrum resources more
efficiently. Over the recent years, rapid progress has been made on both theory and
experimental hardware platforms to make full-duplex wireless communication an
efficient practical solution [7—12]. The benefit of improved spectral efficiency in the
full-duplex mode comes at the price of loop interference due to signal leakage from
the relay’s output to the input [8,9]. A large amplitude difference between the
loop interference and the received signal coming from the source can exceed the
dynamic range of the analog-to-digital converter at the receiver side, and, thus, its
mitigation is crucial for full-duplex operation [12,13]. Note that how to overcome
the detrimental effects of loop interference is a highly active area in full-duplex
research.

Traditionally, loop interference suppression is performed in the antenna domain
using a variety of passive techniques that electromagnetically shield the transmit
antenna from the receive antenna. As an example, directional antennas can be used
to place a null at the receive antenna. Since the distance between the transmit and
receive arrays is short, such techniques require significant levels of loop interference
mitigation and, hence, are hard to realize. On the other hand, active time do-
main loop interference cancellation techniques use the knowledge of the interfering
signal to pre-cancel the loop interference in the radio frequency signal and achieve
higher levels of loop interference suppression. However, they require advanced noise
cancellation methods and sophisticated electronic implementation [7]. Yet, MIMO
processing provides an effective means of suppressing the loop interference in the
spatial domain. With multiple transmit or receive antennas at the full-duplex relay,
precoding solutions, such as zero-forcing (ZF), can be deployed to mitigate the loop
interference effects. Although sub-optimal in general, a simple ZF-based precoder
can completely cancel the loop interference and remove the closed-loop between
the relay’s input and output. Several papers have considered spatial loop inter-
ference suppression; for example, [9] proposes to direct the loop interference of a
full-duplex decode-and-forward (DF) relay to the least harmful spatial dimensions.
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In [7], assuming a multiple antenna relay, a range of spatial suppression techniques,
including precoding and antenna selection, is analyzed. In [14], several antenna
sub-set selection schemes are proposed aiming to suppress loop interference at the
relay’s transmit side. More recently, [15] analyzed several antenna selection schemes
for spatial loop interference suppression in a MIMO relay channel.

Different from the majority of existing works in the literature, which consider sys-
tems that deploy only few antennas, in this paper we consider a massive MIMO
full-duplex relay architecture. The large number of spatial dimensions available
in a massive MIMO system can be effectively used to suppress the loop interfer-
ence in the spatial domain. We assume that a group of K sources communicate
with a group of K destinations through a massive MIMO full-duplex relay station.
Specifically, in this multipair massive MIMO relay system, we deploy two process-
ing schemes, namely, ZF and maximum ratio combining (MRC)/maximal ratio
transmission (MRT) with full-duplex relay operation. Recall that linear processing
techniques, such as ZF or MRC/MRT processing, are low-complexity solutions that
are anticipated to be utilized in massive MIMO topologies. Their main advantage
is that in the large-antenna limit, they can perform as well as non-linear schemes
(e.g., maximum-likelihood) [1,4,16]. Our system setup could be applied in cellular
networks, where several users transmit simultaneously signals to several other users
with the help of a relay station (infrastructure-based relaying). Note that, newly
evolving wireless standards, such as LTE-Advanced, promote the use of relays (with
unique cell ID and right for radio resource management) to serve as low power base
stations [17,18].

We investigate the achievable rate and power efficiency of the aforementioned full-
duplex system setup. Moreover, we compare full-duplex and half-duplex modes and
show the benefit of choosing one over the other (depending on the loop interference
level of the full-duplex mode). Although the current work uses techniques related to
those in Massive MIMO, we investigate a substantially different setup. Specifically,
previous works related to Massive MIMO systems [1-3, 21] considered the uplink
or the downlink of multiuser MIMO channels. In contrast, we consider multipair
full-duplex relaying channels with massive arrays at the relay station. As a result,
our new contributions are very different from the existing works on Massive MIMO.
The main contributions of this paper are summarized as follows:

1. We show that the loop interference can be significantly reduced, if the relay
station is equipped with a large receive antenna array or/and is equipped with
a large transmit antenna array. At the same time, the inter-pair interference
and noise effects disappear. Furthermore, when the number of relay station
transmit antennas, Nix, and the number of relay station receive antennas,
Ny, are large, we can scale down the transmit powers of each source and of
the relay proportionally to 1/Nyx and 1/Niy, respectively, if the pilot power
is kept fixed, and proportionally to 1/v/Nyx and 1/v/Nix, respectively, if the
pilot power and the data power are the same.
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Figure 1: Multipair full-duplex relaying system.

2. We derive exact and approximate closed-form expressions for the end-to-end
(e2e) achievable rates of MRC/MRT and ZF processing, respectively. These
simple closed-form expressions enable us to obtain important insights as well
as to compare full-duplex and half-duplex operation and demonstrate which
mode yields better performance. As a general remark, the full-duplex mode
improves significantly the overall system performance when the loop interfer-
ence level is low. In addition, we propose the use of a hybrid mode for each
large-scale fading realization, which switches between the full-duplex and half-
duplex modes, to maximize the sum spectral efficiency.

3. We design an optimal power allocation algorithm for the data transmission
phase, which maximizes the energy efficiency for a desired sum spectral effi-
ciency and under peak power constraints at the relay station and sources. This
optimization problem can be approximately solved via a sequence of geomet-
ric programs (GPs). Our numerical results indicate that the proposed power
allocation improves notably the performance compared to uniform power al-
location.

Notation: We use boldface upper- and lower-case letters to denote matrices and
column vectors, respectively. The superscripts ()*, ()7, and ()¥ stand for the
conjugate, transpose, and conjugate-transpose, respectively. The Euclidean norm,
the trace, the expectation, and the variance operators are denoted by | - ||, tr (),

E{-}, and Var (-), respectively. The notation %2 means almost sure convergence,
oo d . - . .
while — means convergence in distribution. Finally, we use z ~ CA/ (0,X) to denote

a circularly symmetric complex Gaussian vector z with zero mean and covariance
matrix X.
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2 System Model

Figure 1 shows the considered multipair DF relaying system where K communi-
cation pairs (Sg,Dx), k = 1,..., K, share the same time-frequency resource and a
common relay station, R. The kth source, Sy, communicates with the kth desti-
nation, D, via the relay station, which operates in a full-duplex mode. All source
and destination nodes are equipped with a single antenna, while the relay station is
equipped with N,y receive antennas and N, transmit antennas. The total number
of antennas at the relay station is N = N,x + Nix. We assume that the hardware
chain calibration is perfect so that the channel from the relay station to the desti-
nation is reciprocal [3]. Further, the direct links among S;, and Dy do not exist due
to large path loss and heavy shadowing. Our network configuration is of practical
interest, for example, in a cellular setup, where inter-user communication is realized
with the help of a base station equipped with massive arrays.

At time instant 4, all K sources Sp, kK = 1,..., K, transmit simultaneously
their signals, /pszy [i], to the relay station, while the relay station broadcasts

prS [i] € CN=x1 to all K destinations. Here, we assume that E{|xk [z]|2} =1

and E {||s MH2} = 1 so that ps and pr are the average transmit powers of each

source and of the relay station. Since the relay station receives and transmits
at the same frequency, the received signal at the relay station is interfered by
its own transmitted signal, s[i]. This is called loop interference. Denote by

x[i] 2 [x1]i] x2[i] ... zx []]]". The received signals at the relay station and the
K destinations are given by [7]
Yulil = VPsGsaz [i] + /prGres [i] +1a [i], (1)
Yo [i] = VPRGros [i] +mo [i], (2)

respectively, where Ggg € CV»*K and GL, € CK*Nex are the channel matrices from
the K sources to the relay station’s receive antenna array and from the relay station’s
transmit antenna array to the K destinations, respectively. The channel matrices
account for both small-scale fading and large-scale fading. More precisely, Gsy and
Ghrp can be expressed as Gsg = H SRD;{Q and Ggp = H RDD%Q, where the small-scale
fading matrices Hsg and Hyp have independent and identically distributed (i.i.d.)
CN (0,1) elements, while Dgg and Dgp are the large-scale fading diagonal matrices
whose kth diagonal elements are denoted by Bsp i and Brp i, respectively. The
above channel models rely on the favorable propagation assumption, which assumes
that the channels from the relay station to different sources and destinations are
independent [3]. The validity of this assumption was demonstrated in practice,
even for massive arrays [19]. Also in (1), Ggg € CNx*Nix i5 the channel matrix
between the transmit and receive arrays which represents the loop interference.
We model the loop interference channel via the Rayleigh fading distribution, under
the assumptions that any line-of-sight component is efficiently reduced by antenna
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isolation and the major effect comes from scattering. Note that if hardware loop
interference cancellation is applied, G represents the residual interference due to
imperfect loop interference cancellation. The residual interfering link is also modeled
as a Rayleigh fading channel, which is a common assumption made in the existing
literature [7]. Therefore, the elements of Gre can be modeled as i.i.d. CA (0,02;)
random variables, where o2, can be understood as the level of loop interference,
which depends on the distance between the transmit and receive antenna arrays
or/and the capability of a hardware loop interference cancellation technique [8].
Here, we assume that the distance between the transmit array and the receive array
is much larger than the inter-element distance, such that the channels between
the transmit and receive antennas are i.i.d.;' also, ng[i] and np[i] are additive
white Gaussian noise (AWGN) vectors at the relay station and the K destinations,
respectively. The elements of ng [i] and nyp [i] are assumed to be i.i.d. CA (0, 1).

2.1 Channel Estimation

In practice, the channels Ggz and Gyp have to be estimated at the relay station.
The standard way of doing this is to utilize pilots [1]. To this end, a part of
the coherence interval is used for channel estimation. All sources and destinations
transmit simultaneously their pilot sequences of 7 symbols to the relay station. The
received pilot matrices at the relay receive and transmit antenna arrays are given
by

Y.ip = y/70pGs®s + /TPpGao® + N, (3)
Yio=v 7'JUI>G'SR¢‘S + VTPpGr®p + Ny, (4)

respectively, where Ggg € CNo*K and Gpp € CN>*K are the channel matrices
from the K sources to the relay station’s transmit antenna array and from the
K destinations to the relay station’s receive antenna array, respectively; p;, is the
transmit power of each pilot symbol, N,, and N, are AWGN matrices which
include i.i.d. CA (0, 1) elements, while the kth rows of ®s € CX*™ and &, € CK*~
are the pilot sequences transmitted from S and Dy, respectively. All pilot sequences
are assumed to be pairwisely orthogonal, i.e., <I>s<I>SH = Ig, <I>D<I>,§{ = Ik, and
<I>S<I>§I = 0x. This requires that 7 > 2K.

We assume that the relay station uses minimum mean-square-error (MMSE) esti-
mation to estimate Gigg and Gyp. The MMSE channel estimates of Gsg and Gyp are

I For example, consider two transmit and receive arrays which are located on the two sides of
a building with a distance of 3m. Assume that the system is operating at 2.6GHz. Then, to
guarantee uncorrelation between the antennas, the distance between adjacent antennas is about
6cm, which is half a wavelength. Clearly, 3m > 6cm. In addition, if each array is a cylindrical
array with 128 antennas, the physical size of each array is about 28cm x29cm [19] which is still
relatively small compared to the distance between the two arrays.
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given by [20]

N 1 ~ - 1 ~

GSR = 7er¢§1DSR = GSRDSR + NSDSRa (5)
TPp TPp

R 1 = ~ 1 >

Grp = \/TTthpQ]})LIDRD = GroDrp + \/TTPNDDRDa (6)

~ 1 -1 1 —1
respectively, where Dgg £ (Ds“ —i—IK) , Dypp 2 (DR" +IK) , Ng & Nrptbf

TPp TPp
and Np 2 thfbf. Since the rows of ®s and ®p are pairwisely orthogonal, the
elements of Ng and Ny are i.i.d. CA (0,1) random variables. Let Esz and Egp be
the estimation error matrices of Gsg and Ggp, respectively. Then,

Gsp = Gsr + Esz, (7)
GRD - GRD + gRD- (8)

From the property of MMSE channel estimation, GSR, Esr, GRD, and Exp are indepen-
dent [20]. Furthermore, we have that the rows of Gisg, €sr, Grp, and Egp are mutually

independent and distributed as CA (O, DSR), CN (0, Dg — bsa), CN (0, i)RD), and

CN <O,DRD — bRD), respectively, where 1533 and bRD are diagonal matrices whose

2
2 & TPpbBaok
and 9D,k = TPpBro,x+1°

2 & TPoBak

SR,k — TppPemktl respectively.

kth diagonal elements are o

2.2 Data Transmission

The relay station considers the channel estimates as the true channels and employs
linear processing. More precisely, the relay station uses a linear receiver to de-
code the signals transmitted from the K sources. Simultaneously, it uses a linear
precoding scheme to forward the signals to the K destinations.

2.2.1 Linear Receiver

With the linear receiver, the received signal yy [i] is separated into K streams by
multiplying it with a linear receiver matrix W7 (which is a function of the channel
estimates) as follows:

r[i] = Wy [i] = VpsW ' Gz [i] + /prW ' Gars [i] + W ng [i] . (9)

Then, the kth stream (kth element of r [i]) is used to decode the signal transmitted
from Sj. The kth element of r [i] can be expressed as

K
ri [i] = V/Dsw) ggn wk (1] + /DS Y w) gen ;75 [i] + /PR Gras [i] +wing [i], (10)

desired signal loop interference noise

interpair interference



250 Paper J. Multipair Full-Duplex Relaying with Massive Arrays

where ggg 1, Wy, are the kth columns of Gsr, W, respectively, and x [i] is the kth
element of z [i].

2.2.2 Linear Precoding

After detecting the signals transmitted from the K sources, the relay station uses
linear precoding to process these signals before broadcasting them to all K desti-
nations. Owing to the processing delay [7], the transmit vector s [i] is a precoded
version of z [i — d], where d is the processing delay. More precisely,

sli)=Ax[i—d], (11)

where A € CNex*K ig g linear precoding matrix which is a function of the channel
estimates. We assume that the processing delay d > 1 which guarantees that,
for a given time instant, the receive and transmit signals at the relay station are
uncorrelated. This is a common assumption for full-duplex systems in the existing
literature [8,10].

From (2) and (11), the received signal at Dy can be expressed as

K
Yok [i] = V/PRGao p@kTr [i — d) + /PR Y gap p@ix; [i — d] + mp i [i],  (12)
J#k
where ggp 1, @x are the kth columns of Grp, A, respectively, and np [] is the kth
element of np [i].

2.3 ZF and MRC/MRT Processing

In this work, we consider two common linear processing techniques: ZF and
MRC/MRT processing.

2.3.1 ZF Processing

In this case, the relay station uses the ZF receiver and ZF precoding to process
the signals. Due to the fact that all communication pairs share the same time-
frequency resource, the transmission of a given pair will be impaired by the trans-
missions of other pairs. This effect is called “interpair interference”. More explicitly,
for the transmission from Sg to the relay station, the interpair interference is rep-
resented by the term /ps Z;;k w ggp ;; [i], while for the transmission from the

relay station to Dy, the interpair interference is /pr Z;;k g£,7kajxj [i —d]. With
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ZF processing, interpair interference is nulled out by projecting each stream onto
the orthogonal complement of the interpair interference. This can be done if the
relay station has perfect channel state information (CSI). However, in practice, the
relay station knows only the estimates of CSI. Therefore, interpair interference and
loop interference still exist. We assume that Ny, Ny > K.

The ZF receiver and ZF precoding matrices are respectively given by [21,22]

H o \"Ll H
W =W 2 (GuGsi) G (13)
Ak AT A% -1
A= AZF £ aZFGRD (GRDGRD) , (14)

where agzr is a normalization constant, chosen to satisfy a long-term total transmit

power constraint at the relay, i.e., E { I|s [2]||2} = 1. Therefore, we have [22]

Nex — K
> k=1 ORrp, k

2.3.2 MRC/MRT Processing

The ZF processing neglects the effect of noise and, hence, it works poorly when the
signal-to-noise ratio (SNR) is low. By contrast, the MRC/MRT processing aims to
maximize the received SNR, by neglecting the interpair interference effect. Thus,
MRC/MRT processing works well at low SNRs, and works poorly at high SNRs.
With MRC/MRT processing, the relay station uses MRC to detect the signals
transmitted from the K sources. Then, it uses the MRT technique to transmit
signals towards the K destinations. The MRC receiver and MRT precoding matrices
are respectively given by [21,22]

wT =Wl 2 én (16)
A= AMRT = aMRTG;Dv (17)

where the normalization constant aygr is chosen to satisfy a long-term total transmit

power constraint at the relay, i.e., E { I|s [z]||2} =1, and we have [22]

1

A

Q\MRT — =K 5 (18)
\ Nex 21 Oho sk
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3 Loop Interference Cancellation with Large An-
tenna Arrays

In this section, we consider the potential of using massive MIMO technology to
cancel the loop interference due to the full-duplex operation at the relay station.
Some interesting insights are also presented.

3.1 Using a Large Receive Antenna Array (N, — o0)

The loop interference can be canceled out by projecting it onto its orthogonal com-
plement. However, this orthogonal projection may harm the desired signal. Yet,
when N is large, the subspace spanned by the loop interference is nearly orthog-
onal to the desired signal’s subspace and, hence, the orthogonal projection scheme
will perform very well. The next question is: “How to project the loop interference
component?” Tt is interesting to observe that, when N,y grows large, the channel
vectors of the desired signal and the loop interference become nearly orthogonal.
Therefore, the ZF or the MRC receiver can act as an orthogonal projection of the
loop interference. As a result, the loop interference can be reduced significantly
by using large N,x together with the ZF or MRC receiver. This observation is
summarized in the following proposition.

Proposition 17 Assume that the number of source-destination pairs, K, is fized.
For any finite Ny or for any Nix, such that Nix/Ni is fized, as Ny — 00, the
received signal at the relay station for decoding the signal transmitted from Sy is
given by

e [i) 53 /psay [i], for ZF, (19)
el s e li], for MRC/MRT. (20)
NixOgp
Proof: See Appendix A. O

The aforementioned results imply that, when N, grows to infinity, the loop in-
terference can be canceled out. Furthermore, the interpair interference and noise
effects also disappear. The received signal at the relay station after using ZF or
MRC receivers includes only the desired signal and, hence, the capacity of the com-
munication link S; — R grows without bound. As a result, the system performance
is limited only by the performance of the communication link R — Dg which does
not depend on the loop interference.
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3.2 Using a Large Transmit Antenna Array and Low Trans-
mit Power (pr = Er/Nix, where Ey is Fixed, and N, — o0)

The loop interference depends strongly on the transmit power at the relay station,
PR, and, hence, another way to reduce it is to use low transmit power. Unfor-
tunately, this will also reduce the quality of the transmission link R — D and,
hence, the e2e system performance will be degraded. However, with a large trans-
mit antenna array at the relay station, we can reduce the relay transmit power while
maintaining a desired quality-of-service (QoS) of the transmission link R — Dj. This
is due to the fact that, when the number of transmit antennas, N, is large, the
relay station can focus its emitted energy into the physical directions wherein the
destinations are located. At the same time, the relay station can purposely avoid
transmitting into physical directions where the receive antennas are located and,
hence, the loop interference can be significantly reduced. Therefore, we propose to
use a very large Niyx together with low transmit power at the relay station. With
this method, the loop interference in the transmission link S; — R becomes negli-
gible, while the quality of the transmission link R — Dy, is still fairly good. As a
result, we can obtain a good e2e performance.

Proposition 18 Assume that K is fized and the transmit power at the relay station
is pr = Er/Nix, where ER is fized regardless of Niy. For any finite Nix, as Nix —
00, the received signals at the relay station and Dy converge to

K
7 [1] = vpswkT-gsa,km: [i] + /Ps Zwkrgsn,jxj [4]

J#k
+wingli], for both ZF and MRC/MRT, (21)

/KEiRﬂxk [i —d] +npy i), for ZF,
a.s. j=1 %R,

Yook [i] = o (22)
TR i~ d) + o [i], for MRC/MRT,
j=1 %D, j
respectively.
Proof: With ZF processing, the loop interference is given by
( ) G (GG
Nix — K) E
T . tx R 1p,7 UrrGRp r0RD ;
VPRW Gggs [i] = w zli—d
S [1] Nee S 211 Uﬁfk: TN ( Nex ) [ ]
=g 0, as Ny — 00, (23)

where the convergence follows the law of large numbers. Thus, we obtain (21). By
using a similar method as in Appendiz A, we can obtain (22). The results for
MRC/MRT processing follow a similar line of reasoning. ]
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We can see that, by using a very low transmit power, i.e., scaled proportionally to
1/Nix, the loop interference effect at the receive antennas is negligible [see (21)].
Although the transmit power is low, the power level of the desired signal received
at each Dy is good enough thanks to the improved array gain, when Ny grows
large. At the same time, interpair interference at each Dy disappears due to the
orthogonality between the channel vectors [see (22)]. As a result, the quality of the
second hop R — Dy, is still good enough to provide a robust overall e2e performance.

4 Achievable Rate Analysis

In this section, we derive the e2e achievable rate of the transmission link S, —
R — Dy for ZF and MRC/MRT processing. The achievable rate is limited by the
weakest /bottleneck link, i.e., it is equal to the minimum of the achievable rates of
the transmissions from Sj to R and from R to Dy [9]. To obtain this achievable
rate, we use a technique from [23]. With this technique, the received signal is
rewritten as a known mean gain times the desired symbol, plus an uncorrelated
effective noise whose entropy is upper-bounded by the entropy of Gaussian noise.
This technique is widely used in the analysis of massive MIMO systems since: i)
it yields a simplified insightful rate expression, which is basically a lower bound
of what can be achieved in practice; and ii) it does not require instantaneous CSI
at the destination [22,24,25]. The e2e achievable rate of the transmission link
Sx — R — Dy is given by

Ry, = min {Rsp &, Rap.i } (24)

where Rgp 1 and Rpp  are the achievable rates of the transmission links S, — R and
R — Dy, respectively. We next compute Rgp ) and Rgp . To compute Rgpr, we
consider (10). From (10), the received signal used for detecting zy [i] at the relay
station can be written as

rx [i] = VpsE {wzgsm@} i+ nppli] (25)
——
desired signal effective noise

where 7ig 1, [7] is considered as the effective noise, given by

i [1] 2 /5 (0] gsn . — B {w gen 1} ) 1]
K
+/Ps nggsn,jfj 1] + \/PRw;}FGRRs [i] +wi e [i]. (26)
J#k

We can see that the “desired signal” and the “effective noise” in (25) are uncorre-
lated. Therefore, by using the fact that the worst-case uncorrelated additive noise
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is independent Gaussian noise of the same variance, we can obtain an achievable
rate as

(27)

E {w!gg }
Rgp ;. = log, (1 + ps |E {wigsn i}l ) 7

psVar (w} ggp 1) + MPy, + LI + ANy,

where MPy,, LI, and ANy represent the multipair interference, LI, and additive noise
effects, respectively, given by

K
MP;, £ ps Z E {|w£gsn,j|2} ) (28)
Jj#k
LIk 2 pR]E{ngGRRA’f} s (29)
AN, 2 ]E{HwkHQ}. (30)

To compute Rgp 1, we consider (12). Following a similar method as in the derivation
of Rsg i, we obtain

2
2 {o o)

Rep i, =logy [1+ K 2
prVar (gg;)ykak) +Pr ZE{ ga),ka‘j ‘ } +1
7k

Remark 13 The achievable rates in (27) and (31) are obtained by approzimating
the effective noise via an additive Gaussian noise. Since the effective noise is a sum
of many terms, the central limit theorem guarantees that this is a good approxima-
tion, especially in massive MIMO systems. Hence the rate bounds in (27) and (31)
are expected to be quite tight in practice.

Remark 14 The achievable rate (31) is obtained by assuming that the destination,
Dy uses only statistical knowledge of the channel gains (i.e., E {ggD,kak}) to decode

the transmitted signals and, hence, no time, frequency, and power resources need
to be allocated to the transmission of pilots for CSI acquisition. However, an in-
teresting question is: Are our achievable rate expressions accurate predictors of the
system performance? To answer this question, we compare our achievable rate (31)
with the ergodic achievable rate of the genie receiver, i.e., the relay station knows
wfgsm and Ggg, and the destination Dy knows perfectly ggmkaj, j=1,..,K. For
this case, the ergodic e2e achievable rate of the transmission link S — R — Dy, is

Rk? = min {RSR,k’v RRD,k’} ’ (32)
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where RSRJC and RRD’k are given by

T 2
~ ps (w9
RSR,k =K 10g2 1+ = ’ k SR,k| 7 (33)

Ds ;}waggsn,j ’2+pRHw£GRRA||2+ ||’w;g||2
J

2
T
Pr ‘gRD,ka'k ‘

RRD,k =E 10g2 1 -+ X 3
PR ‘glz:D,ka’j’ +1

In Section 6, it is demonstrated via simulations that the performance gap between
the achievable rates given by (24) and (32) is rather small, especially for large Ny«
and Nix. Note that the above ergodic achievable rate in (32) is obtained under the
assumption of perfect CSI which is idealistic in practice.

We next provide a new approximate closed-form expression for the e2e achievable
rate given by (24) for ZF, and a new exact one for MRC/MRT processing:

Theorem 3 With ZF processing, the e2e achievable rate of the transmission link
Sy — R — Dy, for a finite number of receive antennas at the relay station and
Nix > 1, can be approximated as

ps (Nex — K) OSR,k
K )
2D (ﬂSR,j - UgR,j) +protr (1= K/Ny)+1
i=1

Ry =~ R £log, |1+min

Nix — K PR
K 2
Zj:l Omp,j PR (5RD,k - Ugn,k) +1

Proof: See Appendix B. O

Note that, the above approximation is due to the approximation of the loop interfer-
ence. More specifically, to compute the loop interference term, LIy, we approximate

~T ~ % ~

G Gpp as NixDgp. This approximation follows the law of large numbers, and, hence,
becomes exact in the large-antenna limit. In fact, in Section 6, we will show that
this approximation is rather tight even for a finite number of antennas.
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Theorem 4 With MRC/MRT processing, the e2e achievable rate of the transmis-
ston link S, — R — Dy, for a finite number of antennas at the relay station, is given

by

Ny 02 oh N
Ry = Ri¥ £log, | 1+ min — ps SR,k - ’ KRD,kQ PRVt
Ps Zj:l Bsr,j +prof; +1 ijl Okp,;j PrBp,k + 1
(36)
Proof: See Appendix C. O

5 Performance Evaluation

To evaluate the system performance, we consider the sum spectral efficiency. The
sum spectral efficiency is defined as the sum-rate (in bits) per channel use. Let T be
the length of the coherence interval (in symbols). During each coherence interval,
we spend 7 symbols for training, and the remaining interval is used for the payload
data transmission. Therefore, the sum spectral efficiency is given by

T-7&
Stp & = D R}, (37)
k=1

where A € {ZF,MR} corresponds to ZF and MRC/MRT processing. Note that in
the case of ZF processing, R is an approximate result. However, in the numer-
ical results (see Section 6.1), we show that this approximation is very tight and
fairly accurate. For this reason, and without significant lack of clarity, we hereafter
consider the rate results of ZF processing as exact.

From Theorems 3, 4, and (37), the sum spectral efficiencies of ZF and MRC/MRT
processing for the full-duplex mode are, respectively, given by

SZ = r- Tilog 1 + min ps (NVox — K) agﬁ’k
FD = ~—m 2 )
At Ds f:l (BSR,J'*Uga,j)JFPRUEI (1-K/Nix)+1

Ntx_K Pr

i=1 j=1

38)
LI o
Zj:l Orp,j PR (5RDJ€ *Ugo,k) +1
K 2 4

T_ SNr o 0 . N,

g _ T—r log, |1+ min PSNixOgp i ’ RD,k PR Vix (39)
FD =~ 2 K K PRBro,k+1
k=1 ps Y Berj+profr+1 > Tt ,
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5.1 Power Efficiency

In this part, we study the potential for power savings by using very large antenna
arrays at the relay station.

1. Case I: We consider the case where p, is fixed, ps = Es/N\x, and pr =
ERr/Nix, where Es and Egr are fixed regardless of N,y and Ni.. This case
corresponds to the case where the channel estimation accuracy is fixed, and
we want to investigate the potential for power saving in the data transmission
phase. When Ny and Ny go to infinity with the same speed, the sum spectral
efficiencies of ZF and MRC/MRT processing can be expressed as

T—7 E
S%\Fb — TZlog2<1 +m1n (Esagmk, I(R_Q))’ (40)

k=1 j=17D,;
K 4
T—1 . ORD,kER
Spr — — Zlog2<1+mm (Esagﬁyk,K —~ ) (41)
k=1 j=198D,j

The expressions in (40) and (41) show that, with large antenna arrays, we can
reduce the transmitted power of each source and of the relay station propor-
tionally to 1/Nyy and 1/Niy, respectively, while maintaining a given QoS. If
we now assume that large-scale fading is neglected (i.e., Bsa k = Bap.x = 1, Vk),
then from (40) and (41), the asymptotic performances of ZF and MRC/MRT
processing are the same and given by:

T — E
Stp — TTKlogg (1 + o} min (Es7 I?)) ; (42)

A T
where o2 £ Tppil .
P

one of K parallel single-input single-output channels with transmit power
o2 min (Es, %), without interference and fast fading. We see that, by using
large antenna arrays, not only the transmit powers are reduced significantly,
but also the sum spectral efficiency is increased K times (since all K different

communication pairs are served simultaneously).

2. Case II: If p, = ps = Es/+/Nix and pr = Er/+/Nix, where Es and ER are
fixed regardless of Nyx and Niyx. When Ny, goes to infinity and Nix = KNy,
with k£ > 0, the sum spectral efficiencies converge to

K
T — EsE
SE — TT Z log, (1 + min <TE§B§R7,€, \/iTS_S)) , (43)
k=1 Zj:l Bro.
K 4
T — kTEsE )
Spry — T Z log, <1 + min <7’E§ﬂ§&k, \/W>> . (44)

K ,-2
T k=1 Zj:l ﬂRD,j

The sum spectral efficiency in (42) is equal to the
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We see that, if the transmit powers of the uplink training and data transmis-
sion are the same, (i.e., p, = pg), we cannot reduce the transmit powers of
each source and of the relay station as aggressively as in Case I where the
pilot power is kept fixed. Instead, we can scale down the transmit powers
of each source and of the relay station proportionally to only 1/v/Ny and
1/v/Nix, tespectively. This observation can be interpreted as, when we cut
the transmitted power of each source, both the data signal and the pilot signal
suffer from power reduction, which leads to the so-called “squaring effect" on
the spectral efficiency [23].

5.2 Comparison between Half-Duplex and Full-Duplex
Modes

In this section, we compare the performance of the half-duplex and full-duplex
modes. For the half-duplex mode, two orthogonal time slots are allocated for two
transmissions: sources to the relay station and the relay station to destinations [4].
The half-duplex mode does not induce loop interference at the cost of imposing
a pre-log factor 1/2 on the spectral efficiency. The sum spectral efficiency of the
half-duplex mode can be obtained directly from (38) and (39) by neglecting the
loop interference effect. Note that, with the half-duplex mode, the sources and the
relay station transmit only half of the time compared to the full-duplex mode. For
fair comparison, the total energies spent in a coherence interval for both modes are
set to be the same. As a result, the transmit powers of each source and of the relay
station used in the half-duplex mode are double the powers used in the full-duplex
mode and, hence, the sum spectral efficiencies of the half-duplex mode for ZF and
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MRC/MRT processing are respectively given by>

2ps (Nix — K) 0,
K ’
2ps Zj=1(ﬂSRvj *Uga,j) +1

Nix — K 2pR

T—r&
SHy = 72105;2 14+min
k=1

45)
w2 o
Zj:lURD,j 2pr (ﬂRD,k*Urzm,k-) +1
K 2 4
T— ) QPSerJ g 2 N x
Stib = = Zlogg 1+min K - ) KRD7k2 - (46)
T k=1 2PSZj:1BSRJ +1 Zj:lURDJ 2Pr o1

Depending on the transmit powers, channel gains, channel estimation accuracy,
and the loop interference level, the full-duplex mode is preferred over the half-
duplex modes and vice versa. The critical factor is the loop interference level. If all
other factors are fixed, the full-duplex mode outperforms the half-duplex mode if
of; < ofr o, where o7 is the root of S&,) = 84}, for the ZF processing or the root
of S = S for the MRC/MRT processing.

From the above observation, we propose to use a hybrid relaying mode as follows:

, , _ [Full — Duplex, if Spp>Shp
Hybrid Relaying Mode = {Half — Duplex, otherwise.
Note that, with hybrid relaying, the relaying mode is chosen for each large-scale
fading realization.

5.3 Power Allocation

In previous sections, we assumed that the transmit powers of all users are the
same. The system performance can be improved by optimally allocating different
powers to different sources. Thus, in this section, we assume that the transmit
powers of different sources are different. We assume that the design for training
phase is done in advance, i.e., the training duration, 7, and the pilot power, py,
were determined. We are interested in designing a power allocation algorithm in

2Here, we assume that the relay station in the half-duplex mode employs the same number of
transmit and receive antennas as in the full-duplex mode. This assumption corresponds to the “RF
chains conserved" condition, where an equal number of total RF chains are assumed [11, Section
III]. Note that, in order to receive the transmitted signals from the destinations during the channel
estimation phase, additional “receive RF chains” have to be used in the transmit array for both
the full-duplex and half-duplex cases. The comparison between half-duplex and full-duplex modes
can be also performed with the “number of antennas preserved” condition, where the number of
antennas at the relay station used in the half-duplex mode is equal to the total number of transmit
and receive antennas used in the FD mode, i.e., is equal to N¢x + Nyx. However, the cost of the
required RF chains is significant as opposed to adding an extra antenna. Thus, we choose the “RF
chains conserved” condition for our comparison.



5. Performance Evaluation 261

the data transmission phase that maximizes the energy efficiency, for each large-
scale realization, subject to a given sum spectral efficiency and the constraints
of maximum powers transmitted from sources and the relay station. The energy
efficiency (in bits/Joule) is defined as the sum spectral efficiency divided by the
total transmit power. Let the transmit power of the kth source be ps ;. Therefore,
the energy efficiency of the full-duplex mode is given by
A
EE* £ KSFD : (47)
= (Zkzl Ps.k +pR)

Mathematically, the optimization problem can be formulated as

maximize EE*

subject to St =8h (48)
0 S Ds,k S pOak = ]-7 vK
0<pr<mp

where S} is a required sum spectral efficiency, while py and p; are the peak power
constraints of ps ; and pr, respectively.

From (38), (39), and (47), the optimal power allocation problem in (48) can be
rewritten as

minimize Zle Ds.k + PR
subject to

T X arPs,k d A

—T : S,k ¢ L J—
T 10g2 1+m1n K ) ek;ﬁil _80 (49)
k=1 Zl b;ps,j+ckpr+1
i=
0 S Ps.k S vak = 17 7K
0<pr <pi

where ay, by, ¢k, di, and ey, are constant values (independent of the transmit powers)
which are different for ZF and MRC/MRT processing. More precisely,

. _ 2 _ 2 _ 2 _
e For ZF: ap, = (Nix — K) O3pks Ok = Bsek — O3p s Ck = Otr (1 - K/Nix), di, =
Nix— K _
——y, and e = BRD,k - 0'1%]) ke
j=1Ro,j ’

4
. _ 2 _ _ 2 _ IR0, k
e For MRC/MRT: a) = NixOgp ks br = Bsp.k, Ck = Of1, di, = KLUQNW, and
i=1%0,j
€L = 5RD,k~

The problem (49) is equivalent to

minimize Zle Ps,k + PR
subject to  THT Zkl.il logy (1+) = Sh
aKPs, k —
Ve < Z,I-(=1bjps,j+ckpR+1’k 1
< K= K
0 S Ds,k S p07k = 1a aK

0<pr <p1.

K

g ey
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Figure 2: Sum rate versus SNR for ZF and MRC/MRT processing (K = 10, 7 = 2K,
and o2; = 1).

Since ag, by, ck, di, and ey are positive, (50) can be equivalently written as

minimize Zszl Ds.k + DR
. K rsg
subject to  [[,_; (1 +v%) =27
K
b; _ _ _
Zlﬁps,ﬂkps,%%;pmkpsﬁ + =mpsy < 1,k (51)
J:

L+ gwpr <Lk=1,..,K
0<psk <po,k=1,. K,
0<pr <p1.

We can see that the objective function and the inequality constraints are posyn-
omial functions. If the equality constraint is a monomial function, the problem
(51) becomes a GP which can be reformulated as a convex problem, and can be
solved efficiently by using convex optimization tools, such as CVX [26]. However,
the equality constraint in (51) is a posynomial function, so we cannot solve (51)
directly using convex optimization tools. Yet, by using the technique in [27], we
can efliciently find an approximate solution of (51) by solving a sequence of GPs.
More precisely, from [27, Lemma 1], we can use fi;ﬂZ’“ to approximate 1 + 7, near
a point 4, where n, £ A (1 +’AYk)_l and k£ 4™ (1+4). As a consequence,
near a point 9, the left hand side of the equality constraint can be approximated
as

K

K
(1 +) =~ [ ™, (52)
k=1 k=1
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which is a monomial function. Thus, by using the local approximation given by
(52), the optimization problem (51) can be approximated by a GP. By using a
similar technique as in [27], we formulate the following algorithm to solve (51):

Algorithm 4 (Successive approximation algorithm for (51))

1. Initialization: set ¢ = 1, choose the initial values of v as yx1, k = 1,..., K.
Define a tolerance €, the maximum number of iterations L, and parameter o.

2. Iteration i: compute ng; = Vi (1 + %’1_)71 and Kp; = 71:?]” (4 k,i). Then,

solve the GP:

minimize Zszl Ds.k + PR
. K Nk ,i T—Sg
subject to [[j_q Kk, =277
K
b; 1, ¢ - -
> et DS VDS o S PRYEDS oty YePs g, < 1, VK
j=1

OSPS,k- Sp07k: 1a"'aK7 OSpR Spl
a My <k < an

Let vi, k=1,..., K be the solutions.
3. If maxy vk — il < € ori=L — Stop. Otherwise, go to step 4.

4. Seti =141, v5: = V5, go to step 2.

Note that the parameter a > 1 is used to control the approximation accuracy in
(52). If « is close to 1, the accuracy is high, but the convergence speed is low and
vice versa if « is large. As discussed in [27], & = 1.1 offers a good accuracy and
convergence speed tradeoff.

6 Numerical Results

In all illustrative examples, we choose the length of the coherence interval to be
T = 200 (symbols), the number of communication pairs K = 10, the training
length 7 = 2K, and Ny = N,x. Furthermore, we define SNR £ pg.
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Figure 3: Sum rate versus SNR for ZF processing (K = 10, 7 = 2K, and o2; = 1).

6.1 Validation of Achievable Rate Results

In this subsection, we evaluate the validity of our achievable rate given by (24)
as well as the approximation used to derive the closed-form expression given in
Theorem 3. We choose the loop interference level o7; = 1. We assume that p, = ps,
and that the total transmit power of the K sources is equal to the transmit power
of the relay station, i.e., pr = Kps.

We first compare our achievable rate given by (24), where the destination uses the
statistical distributions of the channels (i.e., the means of channel gains) to detect
the transmitted signal, with the one obtained by (32), where we assume that there
is a genie receiver (instantaneous CSI) at the destination. Figure 2 shows the sum
rate versus SNR for ZF and MRC/MRT processing. The dashed lines represent
the sum rates obtained numerically from (24), while the solid lines represent the
ergodic sum rates obtained from (32). We can see that the relative performance gap
between the cases with instantaneous (genie) and statistical CSI at the destinations
is small. For example, with Ny = Ny = 50, at SNR = 5dB, the sum-rate gaps are
0.65 bits/s/Hz and 0.9 bits/s/Hz for MRC/MRT and ZF processing, respectively.
This implies that using the mean of the effective channel gain for signal detection
is fairly reasonable, and the achievable rate given in (24) is a good predictor of the
system performance.

Next, we evaluate the validity of the approximation given by (35). Figure 3 shows
the sum rate versus SNR for different numbers of transmit (receive) antennas. The
“Analytical (approximation)” curves are obtained by using Theorem 3, and the “Sim-
ulation (exact)” curves are generated from the outputs of a Monte-Carlo simulator
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Figure 4: Transmit power, ps, required to achieve 1 bit/s/Hz per user for ZF and
MRC/MRT processing (K = 10, 7 = 2K, and pr = Kpg).

using (24), (27), and (31). We can see that the proposed approximation is very
tight, especially for large antenna arrays.

6.2 Power Efficiency

We now examine the power efficiency of using large antenna arrays for two cases: pp
is fixed (Case I) and p, = ps (Case IT). We will examine how much transmit power
is needed to reach a predetermined sum spectral efficiency. We set pr = Kps and
Bsrk = Ban,x = 1, k = 1,2,..., K. Figure 4 shows the required transmit power, ps,
to achieve 1 bit/s/Hz per communication pair. We can see that when the number
of antennas increases, the required transmit powers are significantly reduced. As
predicted by the analysis, in the large-antenna regime, we can cut back the power
by approximately 3dB and 1.5dB by doubling the number of antennas for Case
I and Clase II, respectively. When the loop interference is high and the number
of antennas is moderate, the power efficiency can benefit more by increasing the
number of antennas. For instance, for o2, = 10, increasing the number of antennas
from 120 to 240 yields a power reduction of 15dB and 13dB for Case I and Case
II, respectively. Regarding the loop interference effect, when o2} increases, we need
more transmit power. However, when o2 is high and the number of antennas is
small, even if we use infinite transmit power, we cannot achieve a required sum
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Figure 5: Sum spectral efficiency versus the loop interference levels for half-duplex
and full-duplex relaying (K = 10, 7 = 2K, pr = pp, = ps = 10dB, and Nyx = Nyx =
100).

spectral efficiency. Instead of this, we can add more antennas to reduce the loop
interference effect and achieve the required QoS. Furthermore, when the number
of antennas is large, the difference in performance between ZF and MRC/MRT
processing is negligible.

6.3 Full-Duplex Vs. Half-Duplex, Hybrid Relaying Mode

Firstly, we compare the performance between half-duplex and full-duplex relaying
for different loop interference levels, o7;. We choose pr = pp, = ps = 10dB, Bspx =
B, = 1, Yk, and Nix = Ny = 100. Figure 5 shows the sum spectral efficiency
versus the loop interference levels for ZF and MRC/MRT. As expected, at low
o?;, full-duplex relaying outperforms half-duplex relaying. This gain is due to the
larger pre-log factor (one) of the full-duplex mode. However, when o2 is high, loop
interference dominates the system performance of the full-duplex mode and, hence,
the performance of the half-duplex mode is superior. In this case, by using larger
antenna arrays at the relay station, we can reduce the effect of the loop interference
and exploit the larger pre-log factor of the full-duplex mode. This fact is illustrated
in Fig. 6 where the sum spectral efficiency is represented as a function of the number
of antennas, at o7; = 10dB.

We next consider a more practical scenario that incorporates small-scale fading and
large-scale fading. The large-scale fading is modeled by path loss, shadow fading,
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Figure 6: Sum spectral efficiency versus the number of transmit (receive) antennas
for half-duplex and full-duplex relaying (K = 10, 7 = 2K, pr = pp = ps = 10dB,
and oZ; = 10dB).

and random source and destination locations. More precisely, the large-scale fading
Bsr,k 18

2SR,k

BSR,k = Wa

where zgp 1, represents a log-normal random variable with standard deviation of odB,
v is the path loss exponent, ¢, denotes the distance between S and the receive array
of the relay station, and {j is a reference distance. We use the same channel model
for ﬁRD,k-

We assume that all sources and destinations are located at random inside a disk
with a diameter of 1000m so that ¢; is uniformly distributed between 0 and 500. For
our simulation, we choose 0 = 8dB, v = 3.8, {; = 200m, which are typical values in
an urban cellular environment [28]. Furthermore, we choose Ny = Nix = 200, pg =
pp = ps = 10dB, and o7; = 10dB. Figure 7 illustrates the cumulative distributions of
the sum spectral efficiencies for the half-duplex, full-duplex, and hybrid modes. The
ZF processing outperforms the MRC/MRT processing in this example, and the sum
spectral efficiency of MRC/MRT processing is more concentrated around its mean
compared to the ZF processing. Furthermore, we can see that, for MRC/MRT,
the full-duplex mode is always better than the half-duplex mode, while for ZF,
depending on the large-scale fading, full-duplex can be better than half-duplex
relaying and vice versa. In this example, it is also shown that hybrid relaying
provides a large gain for the ZF processing case.
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6.4 Power Allocation

In the following, we will examine the energy efficiency versus the sum spectral
efficiency under the optimal power allocation, as outlined in Section 5.3. In this
example, we choose p, = 10dB and o7, = 10dB. Furthermore, the large-scale fading
matrices are chosen as follows:

Dgy = diag [0.749 0.246 0.125 0.635 4.468 0.031 0.064 0.257 0.195 0.315],
Dy = diag [0.070 0.121 0.134 0.209 0.198 0.184 0.065 0.051 0.236 1.641].

Note that, the above large-scale coefficients are obtained by taking one snapshot of
the practical setup for Fig. 7.

Figure 8 shows the energy efliciency versus the sum spectral efficiency under uniform
and optimal power allocation. The “uniform power allocation" curves correspond
to the case where all sources and the relay station use their maximum powers, i.e.,
Dsk = Do, Yk =1,..., K, and pr = p1. The “optimal power allocation” curves are
obtained by using the optimal power allocation scheme via Algorithm 4. The initial
values of Algorithm 4 are chosen as follows: € = 0.01, L =5, a = 1.1, and ;1 =

Po >ty bj+erpi+1’ expitl
case. We can see that with optimal power allocation, the system performance
improves significantly, especially at low spectral efficiencies. For example, with

min{ Qi B0 dicp1 } which correspond to the uniform power allocation



7. Conclusion 269

10 T T :
— Optimal Power Allocation
=== Uniform Power Allocation
<
ju
5
) Nix = Nix = 50
8 L L L
m . — Optimal Power Allocation
& 10 - — = Uniform Power Allocation | 1
& S~
Lu -—-——
100 el
10"
\ \
\ \
, Nrx = Nix = 200 MRC/MRT ZF
107 L L L L . L L Tl
0 4 8 12 16 20 24 28

Sum Spectral Efficiency (bitss/Hz)
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Nyx = Nix = 200, to achieve the same sum spectral efficiency of 10bits/s/Hz,
optimal power allocation can improve the energy efficiency by factors of 2 and 3
for ZF and MRC/MRT processing, respectively, compared to the case of no power
allocation. This manifests that MRC/MRT processing benefits more from power
allocation. Furthermore, at low spectral efficiencies, MRC/MRT performs better
than ZF and vice versa at high spectral efliciencies. The results also demonstrate
the significant benefit of using large antenna arrays at the relay station. With
ZF processing, by increasing the number of antennas from 50 to 200, the energy
efficiency can be increased by 14 times, when each pair has a throughput of about
one bit per channel use.

7 Conclusion

In this paper, we introduced and analyzed a multipair full-duplex relaying system,
where the relay station is equipped with massive arrays, while each source and
destination have a single antenna. We assume that the relay station employs ZF
and MRC/MRT to process the signals. Our analysis took the energy and bandwidth
costs of channel estimation into account. We show that, by using massive arrays at
the relay station, loop interference can be canceled out. Furthermore, the interpair
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interference and noise disappear. As a result, massive MIMO can increase the sum
spectral efficiency by 2K times compared to the conventional orthogonal half-duplex
relaying, and simultaneously reduce the transmit power significantly. We derived
closed-form expressions for the achievable rates and compared the performance of
the full-duplex and half-duplex modes. In addition, we proposed a power allocation
scheme which chooses optimally the transmit powers of the K sources and relay
station to maximize the energy efficiency, subject to a given sum spectral efficiency
and peak power constraints. With the proposed optimal power allocation, the
energy efficiency can be significantly improved.



Appendix

A Proof of Proposition 17

1. For ZF processing:

Here, we first provide the proof for ZF processing. From (7) and (13), we have

VIsW ' Gz [i] = /PsW 3 (G’SR + gSR)  [1]

= /psz [i] + /PsW g€ [i] . (53)
By using the law of large numbers, we obtain?
~H 4 -1 . H
VIsW s [i] = /s (%{i“) Gj{;i“w[]
“30, as Ny — oo. (54)
Therefore, as Nyx — 00, we have
VW Gz [i] “3 \/psr [i] - (55)

From (55), we can see that, when N,x goes to infinity, the desired signal
converges to a deterministic value, while multi-pair interference is cancelled
out. More precisely, as N;x — o0,

VPSWE g ke [1] = \/Dsw [i] (56)
VDSWE gsp ;%5 (1] ©30, Vi # k. (57)

3The law of large numbers: Let p and q be mutually independent n x 1 vectors. Suppose that
the elements of p are i.i.d. zero-mean random variables with variance 012,, and that the elements

of g are i.i.d. zero-mean random variables with variance O'g. Then, we have

1 5. 1
prpa—i O’g, and 7qua—é> 0, as n — co.
n n
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Next, we consider the loop interference term. With ZF processing, we have
GhGs) GaGuGYH (Cata) .
R TGRRS [ ] ziv/PR SR SR SRRRRD RDMTRD | o [i—d] ) (58)
rx erNtx Ntx
If Niy is fixed, then it is obvious that /prW GRRs [i]] = 0, as Nyx — 00. We
now consider the case where Ny and N,y tend to infinity with a fixed ratio.
The (m, n)th element of the K x K matrix QZFM can be written as
ggi.waRg;D n ~H GRRg;D n (59)
QzF— —= ﬂ mw—_—
erNtx NtXZk 10'72 S VNtx
We can see that the vector % includes i.i.d. zero-mean random variables
with variance agDﬁnafI. This vector is independent of the vector ggg ,,,- Thus,
by using the law of large numbers, we can obtain
G a.s.
azpw =0, as Ny — 00, Nyy /Niy is fixed. (60)
erNtx
Therefore, the loop interference converges to 0 when NV, grows without bound.
Similarly, we can show that
Whng [i] =3 0. (61)
Substituting (56), (57), (60), and (61) into (10), we arrive at (19).
2. For MRC/MRT processing:

We next provide the proof for MRC/MRT processing. From (7) and (16), and
by using the law of large numbers, as N,x — 0o, we have that

[i] = \ﬁ!JSR k9s,k Tk [1] = \/70511 g (i, (62)
= sl = N—ﬁsam,kgsa,jxk G0 VAR (6

We next consider the loop interference term. For any finite Ny, or any Ny
where Nyy/Nix is fixed, as Ny — 00, we have

GSRGRRGRD - [’L a.s

[i] = ampr/PR— d] =0, (64)

where the convergence follows a similar argument as in the proof for ZF pro-
cessing. Similarly, we can show that

1 1 Q.S.

Substituting (62), (63), (64), and (65) into (10), we obtain (20).

I‘X
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B Proof of Theorem 3

B.1 Derive Rg,
From (27), we need to compute E {w] g, 1.}, Var (w] ggg 1), MPx, LI, and ANy

e Compute E {w{ ggy ;. }:

~H 4 -1
Since, W' = (G’;GSR) Gg, from (7), we have

WTGSR =w’ (GSR + £SR) =1y, + WT£SR~ (66)
Therefore,
w;‘cpgsn,k =1+ wjesp, (67)

where egp 1, is the kth column of Egg. Since egp 1, and wy, are uncorrelated, and
Esr,k 1S a zero-mean random variable, I {wzesﬁ’k} = 0. Thus,

E{wjgsn} =L (68)

e Compute Var ('wggsmk):

From (67) and (68), the variance of w} ggp 5, is given by
2
Var (w;‘ggSR’k) =E { |w;€ssR7k‘ }

= (Bsnx — o) E { Jou |}
= (BSRykfogR,k)E {[(G:};GSR) _1} }
kk

Bs.k — Tan i 1
= —— " Eitr (X
O—gR,kK { ( )}

2
BSR,]C - USR,k 1
= 5 ,
TSRk N — K

for Ny > K, (69)

where X is a K x K central Wishart matrix with Ny degrees of freedom
and covariance matrix Ix, and the last equality is obtained by using [29,
Lemma 2.10].

e Compute MPy:
From (66), we have that w] g, ; = W] €sp ;, for j # k. Since wy, and €gp ; are

uncorrelated, we obtain

Bsnj — 0y 1
B {Jwfesns|"} = (Bsns — ofa,) B { o]} = =L = (70)

OgR,k
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Therefore,

P ZK: Bsmj — 0, 1 (1)
kE=DPs = .
J£K UgR,k er -K

e Compute LI:
From (29), with ZF, the LI can be rewritten as

LI, = PRr E {’IUEGRRAZFA%GPI;‘WZ} . (72)
From (14), we have
Ak AT Ax -1 AT A% 71AT
Az Al = 036G (GuGro)  (GuGro)  Gro: (73)
When Nix > K, we can use the law of large numbers to obtain the following
approximation:

AT ~x% .
GuGrp = NixDro, (74)

where DRD is a K x K diagonal matrix whose (k, k)th element is [IA)RD} o

2
Ogp - Lherefore,

Q2 % A—2.T
AZFAgF ~ NizzFGRDDRD Ghrp- (75)

tx

Substituting (75) into (72) we obtain

LT ~ pi O2 B 0] GuaGip Dy GGl
kNpRW Wi, GrrlppJpp GppUppWy
tx
K
L S Y e
= PR32 Z 3 Wi, GrrUppWy
tx \ j=1 9RD,j
OZp 0t 1 2 of1pr (Nix — K)
— ]E{ wi }: X . 76
b Nex ;UI%D,J‘ [[we J§R7thx (Npx — K) (76)

e Compute ANg:

Similarly, we obtain

AN = —— ——.
TSRk Ny — K
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Substituting (68), (69), (71), (76), and (77) into (27), we obtain

ps (Nex — K) UgR,k

K
Ps 3 (Bons—0%,) +protc (1-75) +1
Jj=1

RSR,k %10g2 14+ (78)

B.2 Derive Rppy

From (31), to derive Rgpk, we need to compute E {g;ﬁ,’kak}, Var (ggkak), and
={
E{w{gsn s}, Var (w]gg ), and MPy, we obtain

K {ggn,kak} = agr, (79)

2 2
(BRDJC - URD,k) Qzp

2
ggD’kaj’ } Following the same methodology as the one used to compute

Var (gg; = , 80
ar (gRD,ka'k) ng’k (Ntx _ K) ( )
Bro,k — UELD k) aZp
E{Ta-z}—< ’ : , for j # k. 81
|9RD,I~: J| UI%D,]' (Nex — K) J# (81)
Substituting (79)—(81) into (31), we obtain a closed-form expression for Rgp :
Nixy — K
Rupe = log, | 1+ 25— i (82)
> =100, PR (BRD,k- - U§D7k> +1
Then, using (24), (78), and (82), we arrive at (35).
C Proof of Theorem 4
~H Ak
With MRC/MRT processing, W' = Gg and A = oyprGp-
1. Compute E {w{ ggy ;. }:
We have
. . 2, .
wfgsa,k = ggz,kgsa,k = HgSR,kH "‘gg,kESR,k- (83)
Therefore,
. 2
E {'w£gsmk} = E{ QSR,kH } = UgR,kNI"X' (84)
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2. Compute Var (w} ggg 1)

From (83) and (84), the variance of w} ggp ;. is given by

Var ('wl{gsa,k-) =E { |w£gSR,k|2} - UgR,kNrQX

—IE:{
:IE{

By using [29, Lemma 2.9], we obtain

N H2+ ~H 2 4 N2
9sr. Kk 9sr kESR,k OsRr,k4Vrx

. 4 R 2
gSR,kH } +E { ’g;,kas&k’ } - UgR,kerr (85)

Var (wggsmk) = OéR,kNFX (Nix +1) + og&k (533,1« - U§R7k) Nix — Uga,kax
= UgR,kBSR,kNrw (86)

3. Compute MPg:
For j # k, we have

9 . 2
E{|"”£95R,j| } = E{ gg’u,kgSR,j } = UgR,kﬂsR,erx- (87)
Therefore,
K
MPk = psagR’kNrX Z BSR,j' (88)
J#k

4. Compute LI:

Since ggp 1, Gar, and Grp are independent, we obtain

~H ~x AT .
LI = al‘?[RTpR E {gSRA,kGRRGRDGRDGR.Rg;R,k}

K

2 2 ~H H ~x

= QyrTPR E ORp,;j E{QSR,kGRRGRRQSR,k}
i=1

K
_ 2 2 2 ~H  ax
= QypTPR Z ORp,j o1 Nix E {gsa,kgsa,k}
j=1

pRUEI”%R,kNrw (89)

5. Compute ANg:

Similarly, we obtain

ANk = UgR,k‘,Nl'X' (90)
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Substituting (84), (86), (88), (89), and (90) into (27), we obtain

pSeragRJg )
7 .
Ps 2j—1 Bsrj + PrOfr + 1

RSR,k = 10g2 (1 —|— (91)

Similarly, we obtain a closed-form expression for Rgp 1, and then we arrive at (36).
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