QUEEN’S

UNIVERSITY
’aJ BELFAST

ESTP1845

Multipair Full-Duplex Relaying with Massive Arrays and Linear
Processing

Ngo, H. Q., A. Suraweera, H., Matthaiou, M., & G. Larsson, E. (2014). Multipair Full-Duplex Relaying with
Massive Arrays and Linear Processing. IEEE Journal on Selected Areas in Communications, 32(9), 1721-1737.
DOI: 10.1109/JSAC.2014.2330091

Published in:
IEEE Journal on Selected Areas in Communications

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights

© 2014 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future
media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or
redistribution to servers or lists, or reuse of any copyrighted component of this work in other works

General rights

Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy

The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:19. Jul. 2018


https://pure.qub.ac.uk/portal/en/publications/multipair-fullduplex-relaying-with-massive-arrays-and-linear-processing(f8ad6554-b818-465f-93c7-e8168003c7f3).html

1405.1063v1 [cs.IT] 5 May 2014

arXiv

Multipair Full-Duplex

Relaying with Massive

Arrays and Linear Processing

Hien Quoc Ngo, Himal A. Suraweera, Michail Matthaiou, anikEs. Larsson

Abstract—We consider a multipair decode-and-forward relay
channel, where multiple sources transmit simultaneously Heir
signals to multiple destinations with the help of a full-dugdex
relay station. We assume that the relay station is equipped
with massive arrays, while all sources and destinations hava
single antenna. The relay station uses channel estimatestaimed
from received pilots and zero-forcing (ZF) or maximum-ratio
combining/maximum-ratio transmission (MRC/MRT) to process
the signals. To reduce significantly the loop interference féect,
we propose two techniques: i) using a massive receive antemn
array; or i) using a massive transmit antenna array togethe
with very low transmit power at the relay station. We derive an
exact achievable rate in closed-form for MRC/MRT processig
and an analytical approximation of the achievable rate for Z=
processing. This approximation is very tight, especiallydr large
number of relay station antennas. These closed-form exprs®ns
enable us to determine the regions where the full-duplex maal
outperforms the half-duplex mode, as well as, to design an
optimal power allocation scheme. This optimal power allocéon

these attractive features of massive MIMO can be reaped usin
simple signal processing techniques and at a reductioneof th
total transmit power. As a result, not surprisingly, massiv
MIMO combined with cooperative relaying is a strong can-
didate for the development of future energy-efficient datiu
networks [4], [5].

On a parallel avenue, full-duplex relaying has receivedta lo
of research interest, for its ability to recover the bandiwvidss
induced by conventional half-duplex relaying. With fulljaglex
relaying, the relay node receives and transmits simultasigo
on the same channéll[6].][7]. As such, full-duplex utilizbe t
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 communi-
cation an efficient practical solutiol[8]=[13]. The benefit
improved spectral efficiency in the full-duplex mode comes

scheme aims to maximize the energy efficiency for a given sum at the price of loop interference due to signal leakage from

spectral efficiency and under peak power constraints at theealay
station and sources. Numerical results verify the effectieness
of the optimal power allocation scheme. Furthermore, we sho
that, by doubling the number of transmit/receive antennas &the
relay station, the transmit power of each source and of the ray
station can be reduced byl.5dB if the pilot power is equal to the
signal power, and by 3dB if the pilot power is kept fixed, while
maintaining a given quality-of-service.

Index Terms—Decode-and-forward relay channel, full-duplex,
massive MIMO, maximum-ratio combining (MRC), maximum-
ratio transmission (MRT), zero-forcing (ZF).

I. INTRODUCTION

the relay’s output to the inpuf][9][[10]. 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 sidel, &mus,
its mitigation is crucial for full-duplex operation [13]14].
Note that how to overcome the detrimental effects of loop
interference is a highly active area in full-duplex resbarc
Traditionally, loop interference suppression is perfodme
in the antenna domain using a variety of passive techniques
that electromagnetically shield the transmit antenna ftben
receive antenna. As an example, directional antennas can be
used to place a null at the receive antenna. Since the déstanc

Multiple-input multiple-output (MIMO) systems that usebetween the transmit and receive arrays is short, such tech-
antenna arrays with a few hundred antennas for multiuggitjues require significant levels of loop interference gaition
operation (popularly called “Massive MIMO”) is an emergingand, hence, are hard to realize. On the other hand, active

technology that can deliver all the attractive benefits aélitr

time domain loop interference cancellation techniquestiise

tional MIMO, but at a much larger scalel [2]+-[4]. Such systemiowledge of the interfering signal to pre-cancel the loop
can reduce substantially the effects of noise, fast fadimd) ainterference in the radio frequency signal and achievedrigh
interference and provide increased throughput. Impdstantievels of loop interference suppression. However, theyatem
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advanced noise cancellation methods and sophisticated ele
tronic implementation [8]. Yet, MIMO processing provides a
effective means of suppressing the loop interference in the
spatial domain. With multiple transmit or receive antenags
the full-duplex relay, precoding solutions, such as zen@ihg
(ZF), can be deployed to mitigate the loop interferencectste
Although sub-optimal in general, simple ZF-based precoder
can completely cancel the loop interference and remove the

The work of H. Q. Ngo and E. G. Larsson was supported in part bglosed-loop between the relay’s input and output. Several

the Swedish Research Council (VR), the Swedish FoundatiorStrategic
Research (SSF), and ELLIIT.

Part of this work will be presented at the 2014 IEEE Inteoral
Conference on Communications (ICC) [1].

papers have considered spatial loop interference suppness
for example,[[1D] proposes to direct the loop interferenfca o
full-duplex decode-and-forward (DF) relay to the leasthhfa


http://arxiv.org/abs/1405.1063v1

spatial dimensions. I [8], assuming a multiple antennayrel
a range of spatial suppression techniques including piegod (+
and antenna selection is analyzed[In [15], several antsuina

set selection schemes are proposed aiming to suppress |00[s,

interference at the relay’s transmit side. More recenfl@] [ :

analyzed several antenna selection schemes for spatial Id

interference suppression in a MIMO relay channel. @
Different from the majority of existing works in the litera-

in this paper we consider a massive MIMO full-duplex rela
architecture. The large number of spatial dimensions alvksl

in a massive MIMO system can be effectively used to suppress Sk
the loop interference in the spatial domain. We assume tf}zlagt 1

a group of K sources communicate with a group &f
destinations using a massive MIMO full-duplex relay statio
Specifically, in this multipair massive MIMO relay systeme w
deploy two processing schemes, namely, ZF and maximum
ratio combining (MRC)/maximal ratio transmission (MRT)
with full-duplex relay operation. Recall that linear presiang
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 noealin
schemes (e.g., maximume-likelihoo) [2]] [5].]17]. Our ®&s

setup could be applied in cellular networks, where several
users transmit simultaneously signals to several othersuse
with the help of a relay station (infrastructure-basedyielg).

Note that, newly evolving wireless standards, such as LTE—3)
Advanced, promote the use of relays (with unique cell ID and
right for radio resource management) to serve as low power
base stations [18][[19].

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 Massiv
MIMO, we investigate a substantially different setup. Sfiec
cally, previous works related to Massive MIMO systeimis [2]=
[4], [22] considered the uplink or the downlink of multiuser,

S
ture, which consider systems that deploy only few antennf;li _

G RR

1
- Relay Station /
< L &8
RN - D
—————
: —
D D,
// . .‘ .. I
GSR GRD Q
Ny receive Ny transmit N
antennas antennas Dgk
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sions for the end-to-end (e2e) achievable rates of
MRC/MRT and ZF processing, respectively. These sim-
ple closed-form expressions enable us to obtain impor-
tant insights as well as to compare full-duplex and half-
duplex operation and demonstrate which mode vyields
better performance. As a general remark, the full-duplex
mode improves significantly the overall system per-
formance when the loop interference 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.

We design an optimal power allocation algorithm for the
data transmission phase, which maximizes the energy
efficiency for a desired sum spectral efficiency and under
peak power constraints at the relay station and sources.
This optimization problem can be approximately solved
via a sequence of geometric programs (GPs). Our nu-
merical results indicate that the proposed power allo-
cation improves notably the performance compared to
uniform power allocation.

Notation: We use boldface upper- and lower-case letters to
denote matrices and column vectors, respectively. Thersupe
scripts ()*, ()T, and ()¥ stand for the conjugate, transpose,
and conjugate-transpose, respectively. The Euclidean rtbe

MlMC.) channels. In cpntrast, we consider multipair full-desp trace, the expectation, and the variance operators argeaténo

relaying channels with massive arrays at the relay statsn. . . a.s.
S . by |||, tr (), E{-}, andVar (-), respectively. The notatior*

a result, our new contributions are very different from the d

existing works on Massive MIMO. The main contributions of'€@ns almost sure convergence, whittmeans convergence

this paper are summarized as follows: in distribution. Finally, we usez ~ CN (0,X) to denote a

1) We show that the loop interference can be significantfjrcularly symmetric complex Gaussian vecterwith zero
reduced, if the relay station is equipped with a larg&€an and covariance matri.
receive antenna array or/and is equipped with a large
transmit antenna array. At the same time, the inter-pair Il. SYSTEM MODEL
interference and noise effects disappear. FurthermoreFigure[d shows the considered multipair DF relaying system
when the number of relay station transmit anten®as, where K communication pair§Sg,Dx), k = 1,..., K, share
and the number of relay station receive antenigg, the same time-frequency resource and a common relay station
are large, we can scale down the transmit powers Bf Thekth sources;, communicates with théth destination,
each source and of the relay proportionally V., and D, via the relay station, which operates in a full-duplex
1/Nix, respectively, if the pilot power is kept fixed, andnode. All source and destination nodes are equipped with
proportionally to1/1/N,, and1//Ni, respectively, if a single antenna, while the relay station is equipped with
the pilot power and the data power are the same. N, receive antennas aniy;, transmit antennas. The total
2) We derive exact and approximate closed-form exprasamber of antennas at the relay stationNis= N, + Nix.



We assume that the hardware chain calibration is perfect distance, such that the channels between the transmit and
that the channel from the relay station to the destination rieceive antennas are i.ifialso, ng [i] andnp [¢] are additive
reciprocal [[4]. Further, the direct links amoisg andD, do white Gaussian noise (AWGN) vectors at the relay station and
not exist due to large path loss and heavy shadowing. Ghe K destinations, respectively. The elementsmgf]i] and
network configuration is of practical interest, for exampte ny [:] are assumed to be i.i.dN (0, 1).
a cellular setup, where inter-user communication is redliz
with the help of a base station equipped with massive arrays. L

At time instanti, all K sourcesSg, k = 1,..., K, transmit A Chann.el Estimation _
simultaneously their signals,/pszx [i], to the relay station, N practice, the channelSsy and Grp have to be estimated
while the relay station broadcastgpgs [i] € CN=*! to all at the relay station. The standard way of doing this is tazetil

K destinations. Here, we assume th‘a@xk wz} — 1 and pilots [2]. To th|§ en_d, a part of the coherencg mt_erval |e_djs
for channel estimation. All sources and destinations trans

E{Hs [z’]|2} = 1 so thatps andpr are the average transmitsimultaneously their pilot sequencesmoymbols to the relay
powers of each source and of the relay station. Since thigtion. The received pilot matrices at the relay receivé an
relay station receives and transmits at the same frequertegnsmit antenna arrays are given by

the received signal at the relay station is interfered by its

own transmitted signak [i]. This is calledloop interference Yip = TPpGsr®s + /7Pp Gro®o + Ny, ®)
Denote byx[i] £ [x1]i] 22[i] ... 2k [i]]". The received Yo = /7PpGsa®s + /7Py Gao®p + Ny, 4)
signals at the relay station and tlié destinations are given

respectively, wher&Ggy € CNe*K and Ggp € CV=*K are

by [8] the channel matrices from thi§ sources to the relay station’s
v [i] = /DsGsax [i] + /DrGras [i] + 0z [i] 1) transmit gnt’enna array and from thé destlnafuons._ to the

L . . 5 relay station’s receive antenna array, respectively;is the

¥o [i] = PrGros [i] + mo [i], @ transmit power of each pilot symbd¥,, andN,, are AWGN

respectively, whereGs, € CNe*K and GL e CK*Ne matrices whlchil(nxclude |.|.d2/\/(9{,x1) elementsz while théth
. rows of &g € C**™ and®, € C**7 are the pilot sequences

are the channel matrices from th€ sources to the relay . . )
- . ~ transmitted froms; andDy, respectively. All pilot sequences
station’s receive antenna array and from the relay statior N ! o
; S . are assumed to be pairwisely orthogonal, i®s®g = Ik,
transmit antenna array to th& destinations, respectlvely.(P SH — T and®B — 0. This requires that > 25
The channel matrices account for both small-scale fading’, Ko S D K- d = '

and large-scale fading. More precisee, and Ggp can be We assume that the r_elay_ station uses minimum mean-
1/2 1/2 square-error (MMSE) estimation to estimafag and Ggp.

expressed agis, = HsDgy™ and Gr = HwDyy', where The MMSE channel estimates @fsz and Gy are given b

the small-scale fading matricéksy andHgp have independent 2] SR RD 9 y

and identically distributed (i.i.d.YA (0,1) elements, while

Dgsr and Dyp are the large-scale fading diagonal matricescj} 1 1

: = Y., /Dy = GerD NsDg, (5
whosekth diagonal elements are denoted B . and Bgp i, SR /TDp P~ SR srDsa + /TPp sDse, (5)
respectively. The above channel models rely on the faverabl . 1 . . 1 ~
propagation assumption, which assumes that the channel@® = —thpi’n Dgp = GroDrp + mNDDRm (6)

from the relay station to different sources and destination

. . . . . -1 -1 -
are |ndepende_nﬂ:[4]. _The validity of thl_s assumption W%spectively, whereDgy 2 (DSR +IK) . Dup
demonstrated in practice, even for massive arrays [20p Als . Pp
in (M), Ggg € CV=xNex is the channel matrix between! ?TM’ +1Ix) ,Ng=2N,®andN, £ N, @ . Since the

. . . P

the transmit and receive arrays which represents the logiivs of &5 and ®;, are pairwisely orthogonal, the elements
interference. We model the loop interference channel Vi@ Ng and N, are i.i.d.CA (0,1) random variables. Lefsy

the Rayleigh fading distribution, under the assumptior& thand £z, be the estimation error matrices 6sz and Gy,

any line-of-sight component is efficiently reduced by anten respectively. Then,

isolation and the major effect comes from scattering. Note )

that if hardware loop interference cancellation is applied Gsp = Gsp + €, (7)

Ggg represents the residual interference due to imperfect loop Gap = Grp + Erp. (8)

interference cancellation. The residual interfering liskalso X

modeled as a Rayleigh fading channel, which is a commé&nom the property of MMSE channel estimatio@sg, sz,

assumption made in the existing literatut€é [8]. Therefor&rp, and€yxp are independeni[21]. Furthermore, we have that

the elements oiGgz can be modeled as i.i.dN (O,UEI)

random variables, wherefl can be understood as the level ‘For example, consider two transmit and receive arrays waiehlocated
£l interference. which depends on the distance betw on the two sides of a building with a distance &fm. Assume that the

orloop in g » p System is operating at 2.6GHz. Then, to guarantee unctiorelaetween the

the transmit and receive antenna arrays or/and the capabilintennas, the distance between adjacent antennas iséapoutvhich is half

of the hardware |00p interference cancellation techni@]e [a Wavel_ength. Clearly3m > 6cm. 'In ad_dition, if each array is a cylindrical

Here. we assume that the distance between the transmit aarra with 128 antennas, the physical size of each arrayoist&gcm x29cm

) " . which is still relatively small compared to the distanbetween the two
and the receive array is much larger than the inter-elementys.




the rows of Gsg, Esp, Gap, and Exp are mutually indepen- C. ZF and MRC/MRT Processing

dent and distributed as\ (O’DSR)' CN (O’DSR - DSR)’ In this work, we consider two common linear processing

CN (O,ﬁRD), andCN (o,DRD — ]5RD), respectively, where techniques: ZF and MRC/MRT processing.
Ds: and Dy, are diagonal matrices whoskth diagonal 1) ZF_ Processing:In this case, the relay stat!on uses the
clements arer? . 2 TPp B and o2 A _TPoBwu ZF receiver and ZF precoding to process the signals. Due to
. SRk T TppBa et RDE T Tppfwitl’  the fact that all communication pairs share the same time-
respectively. . . L
frequency resource, the transmission of a given pair will
o be impaired by the transmissions of other pairs. This effect
B. Data Transmission is called “interpair interference”. More explicitly, forhé
The relay station considers the channel estimates as tlensmission frong, to the relay station, the interpair inter-
true channels_ and employs linear processing. More prtyc_iséér(_ence is represent(_ed .by the tegps Z;;k wf.gSR,jxj [i],
the relay station uses a linear receiver to decode the signahile for the transmission from the relay station g, the
t_ransmitted frpm theX sources. Simultanequsly, it uses mterpair.inte.rferenc_e i§/pa Z;;k gRT.D_’kaj:vj [i — d]. With ZF
linear precoding scheme to forward the signals to #kie processing, interpair interference is nulled out by prijec
destinations. each stream onto the orthogonal complement of the interpair
1) Linear Receiver:With the linear receiver, the receivedinterference. This can be done if the relay station has perfe
signal y [i] is separated intdX streams by multiplying it channel state information (CSI). However, in practice, the
with a linear receiver matri®? (which is a function of the relay station knows only the estimates of CSI. Therefore,
channel estimates) as follows: interpair interference and loop interference still exigie

. . ) . thatV,y, Nix > K.
— WT _ WTG WTG WT asﬁ: me Xy 4 Vtx
dd yalil = vps X [1] + v s [i] + Ry e ZF receiver and ZF precoding matrices are respectively

9 .
o given by [22], [23]
Then, thekth stream fth element ofr [i]) is used to decode
; . . N A
the signal transmitted frorg,. The kth element ofr [{] can wl = wL 2 (GﬁGSR) G (13)
be expressed as
. - , K . ' A = Az 2 Gy (G%G;D) , (14)
T [i] = /PsWi; 8sr 6k [i] + v/Ps Z Wy, 8sr ;T [1]
desired signal J#k where azr is a normalization constant, chosen to satisfy a
interpair interference long-term total transmit power constraint at the relay,, i.e
12
+ /Paw! Gras [i] + wng [i], (10) E{Hs [4]l } = 1. Therefore, we have [23]
—_—— N —
loop interference noise
. Ntx - K
whereggy 1, wy are thekth columns ofGsz, W, respectively, azF = | =g (15)
andzy, [i] is the kth element ofx [4]. 2 k=1

2) Linear Precoding:After detecting the signals transmit- o .
ted from theK sources, the relay station uses linear precodin 2) MRC/MRT Processmg'.l_‘he ZF processing neglectg the
to process these signals before broadcasting them tax all €TECt of noise and, hence, it works poorly when the signal-

destinations. Owing to the processing delay [8], the trahsrﬁo'mise_ ratic_) (SNR) is_ I_OW' By con_trast, the MRC/MRT
vectors [i] is a precoded version of i — d], whered is the processing aims to maximize the received SNR, by neglecting
processing delay. More precisely the interpair interference effect. Thus, MRC/MRT procegsi

works well at low SNRs, and works poorly at high SNRs.
s[i] = Ax[i —d], (11) with MRC/MRT processing, the relay station uses MRC to
h detect the signals transmitted from tti€ sources. Then, it

where A € CVNexK is a linear precoding matrix whic the MRT techni 0 t it signals t ds A
is a function of the channel estimates. We assume that > 1€ echnique 1o transmit signals towards nhe

processing delay > 1 which guarantees that the receive angestinationts_. 'I}he _MRCbreceZiver ‘;nd MRT precoding matrices

transmit signals at the relay station, for a given time insta are respectively given by [22[. 73]

are uncorrelated. This is a common assumption for full-epl T ~xxiT A AH

systems in the existing literaturiel [9],]11]. W= WMRCA_ GSRL (16)
From [2) and[(Tl), the received signabatcan be expressed A = Awr = aurrGyp, 17)

as
where the normalization constaniyr is chosen to satisfy

. T . . . .
Yo,k [i] = \/Pr&rp k@K Tk [1 — d] a long-term total transmit power constraint at the relag, i.

K L an '
+\/p_RX:ggj,kajaz:j[i—al]4_%_’]6[1-]7 (12) E{”SHH} 1, and we have[[23]

s

1
whereggp 1, a;, are thekth columns ofGyp, A, respectively, Qupr = /NT- (18)
andnp i, [7] is the kth element ofny, [i]. tx 2 k=1 TR0,



I1l. L oOPINTERFERENCECANCELLATION WITH LARGE  into physical directions where the receive antennas asgédoc
ANTENNA ARRAYS and, hence, the loop interference can be significantly redluc

In this section, we consider the potential of using massiv&'€réfore, we propose to use a very lafyg. together with

MIMO technology to cancel the loop interference due to tH@W transmit power at the relay station. With this methoe, th
full-duplex operation at the relay station. Some intergti 100P interference in the transmission liig% — R becomes
insights are also presented. negligible, while the quality of the transmission likk— Dy,

A. Using a Large Receive Antenna Array,( — o) is still fairly good. As a result, we can obtain a good e2e
performance.

The loop interference can be canceled out by projectingproposition 2: Assume thatk is fixed and the transmit
it onto its orthogonal complement. However, this orthogongower at the relay station iz = Fgr/Ni, Where Ex is
projection may harm the desired signal. Yet, whdi is  fixed regardless ofVi.. For any finite Ny, as Nix — 00,
large, the subspace spanned by the loop interference i/negie received signals at the relay station apdconverge to
orthogonal to the desired signal’'s subspace and, hence, the

K
orthogonal projection scheme will perform very well. Thexne qa.s. T ) T .
. . . . — ./ / L
guestion is how to project the loop interference component’sk ] PsWi sn kT [i] + V/ps ; Wi gsn. i [1]
J

It is interesting to observe that, whe¥,, grows large, the _
channel vectors of the desired signal and the loop intattere +wj,ng [i], for both ZF and MRC/MRT, (21)
become nearly orthogonal. Therefore, the ZF or the MRC | =22y [i — d] + np i [i], for ZF,
receiver can act as an orthogonal projection of the Iogjng€ [i] =3 ;4:1 2““’
interference. As a result, the loop interferencel can baced 5?7’“0;% [i —d] + npy [i], for MRC/MRT,
significantly by using largéV, together with the ZF or MRC o (22)
receiver. This observation is summarized in the following
proposition. respectively.

Proposition 1: Assume that the number of source-  Proof: With ZF processing, the loop interference is given
destination pairsk, is fixed. For any finiteN,, or for any by
Nix, such thatV,. /Ny is fixed, asN,x — oo, the received

signal at the relay station for decoding the signal trarteahit VIRW T Ggs [i] = (N _KK) l?g WL GraGiap
from s is given by Nixc 21 Oro Nex
~ ~ —1
re i) psaeli], for ZF, (19) . (GT7G> wli—d
) a.s NX
el e [, for MRCIMRT.  (20) N
NixOgp 1 “20, as Ny — 00, (23)
Proof: See Appendik A. I where the convergence follows the law of large numbers. Thus

The aforementioned results imply that, wh&p, grows to in-  \ye obtain [21). By using a similar method as in Apperidix A,

finity, the loop interference can be canceled out. Furtheenoe can obtain[[22). The results for MRC/MRT processing
the interpair interference and noise effects also disapp&@ tg|1ow a similar line of reasoning. 0

received s.ignal at the relay stati.on aft_er using ZF or MRC e can see that, by using a very low transmit power, i.e.,
receivers includes only the desired signal and, hence, §i&ed proportionally ta /Ny, the loop interference effect
capacity of the communication link;, — R grows _Wlthout at the receive antennas is negligible [S€8 (21)]. Although t
bound. As a result, the system performance is limited only Byansmit power is low, the power level of the desired signal
the performance of the communication lisk— D which  recejved at each;, is good enough thanks to the improved
does not depend on the loop interference. array gain, whenV,, grows large. At the same time, interpair
interference at eachb, disappears due to the orthogonality
B. Using a Large Transmit Antenna Array and Low Transmhetween the channel vectors [sE€] (22)]. As a result, thetgual
Power pr = Er/Ni, Where Eg is Fixed, andN;, — oo) of the second hop — Dy, is still good enough to provide a

The loop interference depends strongly on the transnrﬁ}buSt overall e2e performance.
power at the relay statiopg and, hence, another way to reduce
it is to use low transmit power,. Unfortunately, this will also IV. ACHIEVABLE RATE ANALYSIS
reduce the quality of the transmission liRk— D, and, hence, In this section, we derive the e2e achievable rate of thes{ran
the e2e system performance will be degraded. However, withission linkS;, — R — Dy, for ZF and MRC/MRT processing.
a large relay station transmit antenna array, we can redigce The achievable rate is limited by the weakest/bottlenedk, li
relay transmit power while maintaining a desired qualify-oi.e., it is equal to the minimum of the achievable rates of the
service (QoS) of the transmission liBk— D;,. This is due to transmissions frons, to R and fromR to D, [10]. To obtain
the fact that, when the number of transmit antenég, is this achievable rate, we use a technique froni [24]. With this
large, the relay station can focus its emitted energy into tkechnique, the received signal is rewritten as a known mean
physical directions wherein the destinations are locai¢the gain times the desired symbol, plus an uncorrelated eftecti
same time, the relay station can purposely avoid transmittinoise whose entropy is upper-bounded by the entropy of



Gaussian noise. This technique is widely used in the arsalysie rate bounds il (27) and {31) are expected to be quite tight
of massive MIMO systems since: i) it yields a simplifiedn practice.
insightful rate expression, which is basically a lower bdun Remark 2: The achievable raté (B1) is obtained by assum-
of what can be achieved in practice; and ii) it does not requiing that the destinatior, uses only statistical knowledge of
instantaneous CSl at the destinatibn| [2B].] [25]. [26]. TBe ethe channel gaindi.e., E{gm La ) to decode the trans-
achievable rate of the transmission ligk — R — Dy is given mitted signals and, hence, no time, frequency, and power
by resources need to be allocated to the transmission of pilots
Ry = min { Rsa ., Rao.x } (24) for CSI gcquisition. However,_ an interesting question e a
our achievable rate expressions accurate predictors of the
whereRsg 1, and Ryp 5, are the achievable rates of the transmissystem performance? To answer this question, we compare
sion linksS;, — R andR — Dy, respectively. We next computeour achievable rate[ [(B1) with the ergodic achievable rate
Rgr i, and Ryp . TO computeRgg 5, we consider[(Z0). From of the genie receiver, i.e., the relay station knowggSRJ
(I0), the received signal used for detecting[i] at the relay and Ggs, and the destinatiom; knows perfectlygy; ,a;,

station can be written as j = 1,..., K. For this case, the ergodic e2e achievable rate
of the transm|SS|on link, — R — Dy is
=./p E{WkgSRk}xk 1+ 7wk li], (25) ) . .
N—— o
desired signal effective noise Ry, = min {RSRJC’ RRDJC} ) (32)

whereng i [7] is considered as the effective noise, given by whereRSR r and RRD , are given by

i (1] 2 /s (Wi gonk — E {wl goni} )i li] R
K " 9
+/ps nggsp%jxj [i] + /PawWi Gras [i] + Wi ng [i] . —E dlog, |1+ s |Wi gsn i
i#k K ’
(26) psZ|Wk gon i | +pa||WE Gan A"+ |l wi||®
We can see that the “desired signal” and the “effective rioise (33)
in (28) are uncorrelated. Therefore, by using the fact that t T 2
Pr |8 ak‘
worst-case uncorrelated additive noise is independens&bamu 5 _ o log, | 1+ RD, k (34)
noise of the same variance, we can obtain an achievable raf‘e 2 K T . 2 1
as PRk Brok@i| T

Ds |E{W£gSRk}|2 : -
T ’ performance gap between the achievable rates give By (24)
ps Var (Wi gsn i) +MPy, + LIy + ANy and [32) is rather small, especially for larlyg, and Ni,. Note
(27)  that the above ergodic achievable ratedd (32) is obtaineun

whereMP,,, LI, andAN, represent the multipair mterferencethe assumption of perfect CSI which is idealistic in pragtic

LI, and additive noise effects, respectively, given by We next provide a new approximate closed-form expression
for the e2e achievable rate given hy1(24) for ZF, and a new

In Section[V], it is demonstrated via simulations that the
RSR,k = 10g2 (1 + ) )

a K T 2 exact one for MRC/MRT processing:
MPx = Ds Z E { ’Wk gSRJ‘ } ’ (28) Theorem 1:With ZF processing, the e2e achievable rate of
7k the transmission links, — R — D, for a finite number of
LI, épRE{waGRRAHQ}, (29) receive antennas at the relay station aig > 1, can be
approximated as
AN, 2 E {Hwk||2} . (30)

Rk ~ RiF
To compute Ryp i, we consider [(12). Following a similar
method as in the derivation dfsg 5, We obtain

Ny — K) o2
élog2 1+min s ( ) SR,k

K )
2
e {gh )] P 2 Bons =) +aots (- K /N 1

Pr

RRD,k = 10g2 1+

K 2 ’
prVar (g;{D_’ kak) +pr ;E{ Y }+ 1 Nix = K Pr (35)
j K-
(31) Z =1 GRD?J Pr (ﬂRD k— }%D,k) +1
Remark 1:The achievable rates il (27) arld(31) are ob- Proof: See AppendikB. .

tained by approximating the effective noise via an additive Note that, the above approximation is due to the approxi-
Gaussian noise. Since the effective noise is a sum of mamgtion of the loop interference. More specifically, to cortepu
terms, the central limit theorem guarantees that this isalgathe loop interference ternLI,, we approxmateGRDGRD as
approximation, especially in massive MIMO systems. Hend¥,,Dgyp. This approximation follows the law of large numbers,



and, hence, becomes exact in the large-antenna limit. In fac
in Sectior[V], we will show that this approximation is rather
tight even for finite number of antennas.

Theorem 2:With MRC/MRT processing, the e2e achiev-
able rate of the transmission lirlg, — R — D;,, for a finite
number of antennas at the relay station, is given by

Ry = R%R £ log, <1 + min < 7
Ps Zj:
C’é}) k PrNVex

. (36
Zgl(laRDijﬁRDk+1>> %)
Proof: See Appendix . 0

PserUgmk
1 Bsr,j + proty + 1

V. PERFORMANCEEVALUATION

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. [Iebe the length of
the coherence interval (in symbols). During each coherence

interval, we spend- symbols for training, and the remaining 2)

interval is used for the payload data transmission. Theeefo
the sum spectral efficiency is given by

T—71 K
k=1

where A € {ZF,MR} corresponds to ZF and MRC/MRT
processing. Note that in the case of ZF processiRff, is

an approximate result. However, in the numerical resulte (s
Section[VI-A), we show that this approximation is very tight
and fairly accurate. For this reason, and without significan
lack of clarity, we hereafter consider the rate results of ZF
processing as exact.

From Theoremd, [2, and[(3)7), the sum spectral efficiencies
of ZF and MRC/MRT processing for the full-duplex mode are,
respectively, given by[(38) an@(39) shown at the top of the
next page.

(37)

A. Power Efficiency

In this part, we study the potential for power savings by

using very large antenna arrays at the relay station.

1) Case t We consider the case whepg is fixed, ps =
Es/Nyx, and pr = Er/N:ix, Where Es and Er are
fixed regardless ofV,, and N,. 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. WhéR and
N, go to infinity with the same speed, the sum spectral

The expressions i _(#0) and_{41) show that, with large
antenna arrays, we can reduce the transmitted power
of each source and of the relay station proportionally
to 1/N,x and 1/N;y, respectively, while maintaining a
given QoS. If we now assume that large-scale fading
is neglected (i.e.fBsp,x = Pap,x = 1,VEk), then from
(40) and [(41L), the asymptotic performances of ZF and
MRC/MRT processing are the same and given by:

Sho = LT K log, (1 + 02 min (Es, @» . (42)
T K
whereo? T; . The sum spectral efficiency i (42)
is equal to the one of{ parallel single-input smgle-
output channels with transmit powe# 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{ times (since allK different
communication pairs are served simultaneously).
Case It If p, = ps = Es/v/Nix andpy = Er/v/Nix,
where Es and Eg are fixed regardless a¥,, and Ni.
When N, goes to infinity andNy, = kN, the sum
spectral efficiencies converge to

SEp
K
T—r . VKTEsER
T sz )
T k=1 Zj:l ﬂRD?j
(43)
S¥b
K 4
T—71 \/ETESER['}RD k
TS sl )
r k=1 ijl BRD?J'
(44)

We see that, if the transmit powers of the uplink training
and data transmission are the same, (pg.= ps), we
cannot reduce the transmit powers of each source and of
the relay station as aggressively asdase Iwhere the
pilot power is kept fixed. Instead, we can scale down
the transmit powers of each source and of the relay
station proportionally to onlyl/\/N,x and 1//Ni,
respectively. 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 [24].

efficiencies of ZF and MRC/MRT processing can b8. Comparison between Half-Duplex and Full-Duplex Modes

expressed as

T— E
SE — 2:log2 <1—|—In1n <E50'3R s 7R_2>>
k=1 Z; 19D, j

(d0)
. 4
T—T1 i z ’kER
s T;logg <1+m1n (ESUgR,ka %))
(41)

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 dégtima
[5]. The half-duplex mode does not induce the loop interfer-
ence at the cost of imposing a pre-log fact@? on the spectral
efficiency. The sum spectral efficiency of the half-duplexd@o
can be obtained directly frorh (38) arf{d [39) by neglecting the
loop interference effect. Note that, with the half-dupleads,



K 2

T — Ny — K)o N — K

SE = TTZlogg 1 4 min i s ( 5 ) QSR’k , ; — Pr , (38)
k=1 pst:l (ﬁSRJ_O'SR,j)—i_pRULI (1_K/Ntx)+1 Zj:l ORp,j pa(ﬁRD,k—OﬁDyk)‘f'l
K 2 4

T— era 0, N, <

SI = S Z log, [ 1+min 7 bs SR,k 5 , KRD’k2 PRt . (39)
T k=1 Ds Zj:l Bsw,j + propr + 1 Zj:l ORp, j Prfro + 1

the sources and the relay station transmit only half of timeti C. Power Allocation

compared to the full-duplex mode. For fair comparison, the In previous sections, we assumed that the transmit powers
total energies spent in a coherence interval for both mod@sall users are the same. The system performance can be
are set to be the same. As a result, the transmit powersi®roved by optimally allocating different powers to diféat
each source and of the relay station used in the half-dupfgurces. Thus, in this section, we assume that the transmit
mode are double the powers used in the full-duplex mode aR@Wers of different sources are different. We assume theat th
hence, the sum spectral efficiencies of the half-duplex mo€lgsign for training phase is done in advance, i.e., theitrgin

for ZF and MRC/MRT processing are respectively give[d byduration,r, and the pilot powerp,,, were determined. We are
interested in designing a power allocation algorithm in the

T+ K . s (Nex — K) 02, data_l transmisgion phase that maximizes the energy eff';ciepc
Stip = —Zlogg 1+min e 5 ; subject to a given sum spectral efficiency and the conssraint
2= Ps ijl(ﬁsw_”sw) +1 of maximum powers transmitted from sources and the relay
Niy — K 2n station, for each large-scale realization. The energyieffay
FC - , (45) (in bits/Joule) is defined as the sum spectral efficiencydditti
> _i—1%%k0,; 2Pr (BRD,I@_UI%DJC) +1 by the total transmit power. Let the transmit power of thk
AL s Noeo2, source beszc._ Therefore, the energy efficiency of the full-
SiR = ——— ZlogQ <1 + min ( — , duplex mode is given by
2T = 2ps Y i1 Psny + 1 ;" Sty )
ol EE" = .
S ) ) w0 7 (S )
j=1 YRD,j )

Mathematically, the optimization problem can be formulate
Depending on the transmit powers, channel gains, changél

estimation accuracy, and the loop interference level, tile f maximize EE

duplex mode is preferred over the half-duplex modes and vice  subject to Spp =S¢ (48)
versa. The critical factor is the loop interference levélall 0<psk<po,k=1,..,K

other factors are fixed, the full-duplex mode outperformes th 0<pr<pmp

half-duplex mode ifo?; < of; ,, Whereo?; , is the root of
SE = SE, for the ZF processing or the root &) = ST,
for the MRC/MRT processing.

From the above observation, we propose to use a hybH'
relaying mode as follows:

where S} is a required sum spectral efficiency, whilg and

p1 are the peak power constraintsygf;, andpg, respectively.
rom [38), [39), and[{47), the optimal power allocation
blem in [48) can be rewritten as

minimize Z,ﬁil Ds.k + Pr
Full — Dupl if Sh,>Sh subject to
Hybrid Relaying Mode=14. - UP-€%, 3% OFD = OHD J
Half — Duplex, otherwise. K
L23" log,|1+min § Pk 7ej;£1 =8}
Note that, with hybrid relaying, the relaying mode is chosen k=1 > bips,jterpatl
. . . J=
for each large-scale fading realization. 0<psk<pok=1..,K
0<pr<p
2 Here, we assume that the relay station in the half-duplexenadploys (49)

the same number of transmit and receive antennas as in thaufilex mode. )
This assumption corresponds to the “RF chains conserveatiiton, where where ax, by, ¢k, di, and e, are constant values (indepen-
an equal number of total RF chains are assurhefl [12, Sectiotte that, - dent of the transmit powers) which are different for ZF and
in order to receive the transmitted signals from the destina during the MRC/MRT . M isel
channel estimation phase, additional “receive RF chaims/eho be used in processing. More precisely,
the transmit array for both full-duplex and half-duplex &asThe com_parison o ForZF:.a;, = (er — K) a'gR ko b = ﬁsn,k — ggR_k, CL =
between half-duplex and full-duplex modes can be also pedd with the 2 N — K ’

e 0% (1= K/Ny), d, = Dx=K_ ande, = Baws —
“number of antennas preserved” condition, where the nurobantennas at LI tx)r Gk K o’ k RD, K
the relay station used in the half-duplex mode is equal tadte number of o2 N = 7
transmit and receive antennas used in the FD mode, i.e.y&@ &n/Vix + Nyx. RD,k* ) 9 9
However, the cost of the required RF chains is significantpp®sed to adding + For MRC/MRT: a), = erUSR,kv b = Bseks Ck = 011,
an extra antenna. Thus, we choose the “RF chains consereediition for o

_ IR0, k _
our comparison. dy = = Nix, andey = Bep k-
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which is a monomial function. Thus, by using the local
approximation given by[(32), the optimization problelm](51)
can be approximated by a GP. By using a similar technique as
in [28], we formulate the following algorithm to solve {51):

The problem[(4B) is equivalent to

K
Zk:l p?(,k + Pr
Ty i logs (1+m) = S8

minimize
subject to

a
Tk S EK:I bj;::’:‘ckpn'i'l ’ k - 1’ Y K (50) . . . . .
v < ek;ﬁrl k=1,.. K Algorithm 1 (Successive approximation algorithm {&l):
8 Egz’iifo’ k=1..K 1. Initialization: seti = 1, chooge the initial values of
- vk asvyk1, kK = 1,..., K. Define a tolerance, the
Sinceay, b, cx, di, andey are positive,[(50) can be equiva- maximum number of iteration, and parametet.
lently written as 2. lteration i: computen; = k(1 +7k:) " and

—Nk,i

minimize S5 ps + pr ki =Yeq" " (1+7k4). Then, solve the GP:
TS} L
subject to Hszl (1+~) =277 minimize Zszl Ps.k + DR
K . ) TS
subject to  [[i, kgt = 27+

b, — _ _
Xaips,jvkps,i+2—ﬁpavkps,i + amps < LYk (51)
J=

L+ gnpe <Lk=1,..,K
0<psk <po,k=1,..,K,
0<pr<p1.

K

b; —1 —1 —1
2 PSS kG PRPs kg s g < 1V
=

Z_’;’Wc + %Vkplzl < 1ak = 17 7K
ngs,k Spoak: 11"'1K7 0 SpR Spl

We can see that the objective function and the inequality
constraints are posynomial functions. If the equality ¢@ist

is @ monomial function, the probleni_(51) becomes a GP3.
which can be reformulated as a convex problem, and can be

a vy < < avky

Let~;, kK =1,..., K be the solutions.
If maxy, |vx,: — 75| < eori = L — Stop. Otherwise,

go to step 4.

solved efficiently by using convex optimization tools, such Seti =i+ 1, s = 7}, 9O to step 2.

as CVX [27]. However, the equality constraint in_{51) is a
posynomial_ fu_ncti_on, SO0 we cannot sol_\EI(Sl) directly usiqg Note that the parameter > 1 is used to control the
convex optimization tools. Yet, by using the technique i, imation accuracy ifi{52). df is close tol, the accuracy
[28], we can efficiently find an approximate solution BII(SL)s high byt the convergence speed is low and vice versa if
by solving a sequence of GPs. Mor(_a precisely, froml [2% large. As discussed in [28) = 1.1 offers a good accuracy
Lemma 1], we can use;~,* to approximatel + -, near a and convergence speed tradeoff.

point 4, wheren, £ 4, (1+4x) " andrg £ 4, ™ (1 + 4y).
As a consequence, near a point the left hand side of the
equality constraint can be approximated as

K

VI. NUMERICAL RESULTS

In all illustrative examples, we choose the length of the
coherence interval to b& = 200 (symbols), the number of
communication pairdX’ = 10, the training lengthr = 2K,
and Ny = N,. Furthermore, we definBNR £ ps.

K
(1 +v) = ] s, (52)
k=1

k=1
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Fig. 4. Transmit powerpgs, required to achieve 1 bit/channel use per user
for ZF and MRC/MRT processingi = 10, 7 = 2K, andpr = Kps). B. Power Efficiency
We now examine the power efficiency of using large antenna
o . arrays for two casesp, is fixed Case ) and p, = ps
A. Validation of Achievable Rate Results (Case I). We will examine how much transmit power is

In this subsection, we evaluate the validity of our achi¢wab"€€ded to reach a predetermined sum spectral efficiency. We

rate given by[[24) as well as the approximation used to deri9gtPr = Kps andfsa i = fwp =1,k = 1,2, .., K. Figurel3

the closed-form expression given in TheorEm 1. We chooSaoWs the required transmit powgs, to achievel bits/s/Hz

the loop interference levet?, = 1. We assume that, = ps, PE' communication pair. We can see that when the number
LI — - P 1 : . . .

and that the total transmit power of th sources is equal to of antennas increases, the required transmit powers are sig

the transmit power of the relay station, i.es, = K ps. nificantly reduced. As predicted by the analysis, in thedarg

We first compare our achievable rate given Byl (24), whe tenna regime, we can cut back the power by approximately

the destination uses the statistical distributions of thenoels dB and1.5dB by dogbling the number of_antennas mse.
I 8nd Case | respectively. When the loop interference is high

(i.e., the means of channel gains) to detect the transmitte } -
signal, with the one obtained by {32), where we assu d the number of antennas is moderate, the power efficiency
: ' an benefit more by increasing the number of antennas. For

that there is a genie receiver (instantaneous CSI) at M&tance, foro?, — 10, increasing the number of antennas
destination. Figuré]2 shows the sum rate veIlSN& for ZF » D101 = .
quré] m 120 to 240 yields a power reduction af5dB and13dB

and MRC/MRT processing. The dashed lines represent c | and C " ivelv. R dina the |

sum rates obtained numerically frorh 124), while the soliaotr fase anff taseh 2r_espec IVETy. ega:j ng te oopt
lines represent the ergodic sum rates obtained from (3 erierence efiect, W 92%1 Increases, we need more transmi
We can see that the relative performance gap between Qver. However, when; is high and the number of antennas

cases with instantaneous (genie) and statistical CSI at ﬁei‘:‘.ma”’ even .'f \(/jve use 'nf'?'t? t;fe_\n_smlt plowter, (;/vef ;ﬁ;nm
destinations is small. For example, wifki,, = Ny = 50, achieve a required sum spectral efliciency. Instead o '

at SNR = 5dB, the sum-rate gaps are 0.65 bits/s/Hz and 0" add more antennas to reduce the loop interference effect

bits/s/Hz for MRC/MRT and ZF processing, respectively.sThiand achieve t_he required Q(.)S' Furthe_rmore, when the number
implies that using the mean of the effective channel gain f antznnas '/S large, the (1!|ﬁerence Im .Elerformance between
signal detection is fairly reasonable, and the achievadte r Fand MRC/MRT processing is negligible.
given in [23) is a good predictor of the system performance.

Next, we evaluate the validity of the approximation givefy- Full-Duplex Vs. Half-Duplex, Hybrid Relaying Mode
by (33). Figurd B shows the sum rate verShR for different Firstly, we compare the performance between half-duplex
numbers of transmit (receive) antennas. The “Analytical (aand full-duplex relaying for different loop interferencaveéls,
proximation)” curves are obtained by using Theofdm 1, ang;. We choosepr = p, = ps = 10dB, Bszr = Brok = 1,
the “Simulation (exact)” curves are generated from the oistp Vk, and N,x = Ny = 100. Figure[® shows the sum
of a Monte-Carlo simulator using (R4), (27), and](31). We caspectral efficiency versus the loop interference levelszZiér
see that the proposed approximation is very tight, espggciahind MRC/MRT. As expected, at low?;, full-duplex relaying
for large antenna arrays. outperforms half-duplex relaying. This gain is due to thegédm
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scale fadinggy 1, is

23R,k

1+ (0 /o)

where zgy ;, represents a log-normal random variable with
standard deviation o&dB, v is the path loss exponent;
denotes the distance betwegp and the receive array of the
relay station, and, is a reference distance. We use the same
channel model fofgp .

We assume that all sources and destinations are located
uniformly at random inside a disk with a diameter1®00m.
For our simulation, we choose= 8dB, v = 3.8, {; = 200m,
which are typical values in an urban cellular environment
[29]. Furthermore, we choos&,, = Ny = 200, pg =
pp = ps = 10dB, ando? = 10dB. FigurelT illustrates the
cumulative distributions of the sum spectral efficiencsthie
half-duplex, full-duplex, and hybrid modes. The ZF proaegs
outperforms the MRC/MRT processing in this example, and
the sum spectral efficiency of MRC/MRT processing is more

Bspx =

pre-log factor (one) of the full-duplex mode. However, whefoncentrated around its mean compared to the ZF processing.
UEI is high, loop interference dominates the system perfd-Furthermore, we can see that, for MRC/MRT, the full-duplex
mance of the full-duplex mode and, hence, the performan@@de is always better than the half-duplex mode, while far ZF
of the half-duplex mode is superior. In this case, by usirdgpending on the large-scale fading, full-duplex can béebet
larger antenna arrays at the relay station, we can reduce #h@n half-duplex relaying and vice versa. In this examgle, i
effect of the loop interference and exploit the larger urg-l is also shown that relaying using the hybrid mode provides a

factor of the full-duplex mode. This fact is illustrated iigH@

large gain for the ZF processing case.

where the sum spectral efficiency is represented as a functio

of the number of antennas, af; = 10dB.

We next consider a more practical scenario that incorpsra{%

Power Allocation

small-scale fading and large-scale fading. The largeescal In the following, we will examine the energy efficiency
fading is modeled by path loss, shadow fading, and randararsus the sum spectral efficiency under the optimal power
source and destination locations. More precisely, theelarcpllocation, as outlined in Sectidn_W-C. In this example, we
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choosep, = 10dB ando?; = 10dB. Furthermore, the large-
scale fading matrices are chosen as follows:
Dsr = diag[0.749 0.246 0.125 0.635 4.468

0.031 0.064 0.257 0.195 0.315],
Dyp = diag[0.070 0.121 0.134 0.209 0.198

0.184 0.065 0.051 0.236 1.641].

1)

Note that, the above large-scale coefficients are obtaiyed b
taking one snapshot of the practical setup for Elg. 7.

Figurel8 shows the energy efficiency versus sum the 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.psk = po, Vk = 1,...,K, andpy = p;. The
“optimal power allocation” curves are obtained by using the
optimal power allocation scheme via Algoritiih 1. The iditia
values of AlgorithniL are chosen as follows= 0.01, L = 5,

akPo dip1
Po Zle bj+crp1+17 exp1+1

correspond to the uniform power allocation case. We can see
that with optimal power allocation, the system performance
improves significantly, especially at low spectral efficdms.

For example, withV,, = Ny = 200, to achieve the same sum
spectral efficiency oflObits/s/Hz, optimal power allocation
can improve the energy efficiency by factors 2fnd 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. Furtheemor
at low spectral efficiencies, MRC/MRT performs better than
ZF and vice versa at high spectral efficiencies. The results
also demonstrate the significant benefit of using large aaten
arrays at the relay station. With ZF processing, by incregsi
the number of antennas froft to 200, the energy efficiency
can be increased hit times, when each pair has a throughput
of about one bit per channel use.

which

a = 1.1, andvy; = min

VII. 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. The analysis takes
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. Furthezntioe
interpair interference and noise disappear. As a resulisiva
MIMO can increase the sum spectral efficiency ¥y times
compared to the conventional orthogonal half-duplex rialgy
and simultaneously reduce the transmit power significawey
derived closed-form expressions for the achievable rates a

APPENDIX

A. Proof of Propositiori 11

For ZF processing:
Here, we first provide the proof for ZF processing. From

(@ and [(IB), we have
VrsWT Gerx [i] = /ps W (GSR n 5SR) x [i]
= /Dsx [i]+/PsWieEsrx [i] . (53)

By using the law of large numbers, we obBhin

A -1
VEWhEsx(i] = Vs <G2G> G
%30, as Ny — 0o. (54)
Therefore, asV,x — oo, we have
VsW Gepx [i] “% \/psx [i] . (55)

From [55%), we can see that, whé¥, goes to infinity,
the desired signal converges to a deterministic value,
while the multi-pair interference is cancelled out. More
precisely, asV,, — oo,

VPsWi s ki [i] 3 /D [i] (56)
VPswigs iz [i] =30, Vi # k. (57)

Next, we consider the loop interference. With ZF pro-
cessing, we have

SN -1
T g Gé{aGSR
\/pRW Grgs [Z] = Qzr\/Pr 7]\]

GHGGh (GhGL)
SR “*RR gD RD ~*RD .
—d]. (58

. erNtx < Ntx ) X[’L ] ( )
If N is fixed, then it is obvious that
VIRWTGres[i] — 0, as Nix — oo. We now
consider the case whem¥, and N, tend to infinity
with a fixed ratio. The(m,n)th element of thek’ x K
GHGnG;

matrix orzg =5 N2 can be written as

Nix — K

K
NtXZURD.k
k=1 )

1 ~H GRR@;D,n

gg{,mGRRg;D,n o
er Sk, V Ntx

erNtx B

(€%43

(59)

Gl - .

We can see that the vecter% includes i.i.d. zero-
tx

mean random variables with varianeg, ,o2. This

compared the pgrformance of the full-duplex and half-o&aple 3 The law of large numbers: Lgh andq be mutually independent x 1
modes. In addition, we proposed a power allocation schemgtors. Suppose that the elementspadre i.i.d. zero-mean random variables
which chooses optimally the transmit powers of fiesources Wwith variancea]%, and that the elements ef are i.i.d. zero-mean random

and of the relay station to maximize the energy efficien
subject to a given sum spectral efficiency and peak power
constraints. With the optimal power allocation, the energy
efficiency can be significantly improved.

) ; . 2
Cv:\nables with variance;. Then, we have

1 g as

—p p—>0'2
n

1
2, and —pq™30, asn — co.
n



vector is independent of the vecigy ,,,. Thus, by using
the law of large numbers, we can obtain

G a.s.
8sh.n Grniv.n a.g 0, @S Nyx— 00, Ny /Ny is fixed
erNtx

(60)

Therefore, the loop interference convergesOtavhen
N grows without bound. Similarly, we can show that

QzF

Wng [i] 5 0. (61)

Substituting[(56),[(87)[(80), and (61) infa {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, asV,, — oo, we have that

. 1 . .
[i] = N—\/psgg,kgsa,kxk [4]
rx

X /Psog ki li] (62)
gk ] = N 3k 7]
20, Vj # k. (63)

We next consider the loop interference. For any finite
Nix, or any Ny, where N, /Ny is fixed, asN,, — oo,
we have

[i] = aMRT\/Z)—RM

g 0, (64)

where the convergence follows a similar argument as in
the proof for ZF processing. Similarly, we can show that

1 q Q.8.

Substituting [(6R), [(63),[(64), and_(65) inté_{10), we
obtain [20).

B. Proof of Theorerhll

1) Derive Rg,: From [2T), we need to compute
E{wlgsrr}, Var (W] gsp ), MPg, LI, andANy.
« ComputeE {w} gsp 1 }:

AN I
Since, WT = (G%GSR) G/L, from (@), we have
WG = W (Gon + Esa ) = In. + W Exn. (66)
Therefore,

wigsar =1+ Wiesrk (67)

whereegg i, is the kth column ofEgg. Sinceegy ,, and
wy, are uncorrelated, angkg , is a zero-mean random
variable,E {w} esp 1} = 0. Thus,

E{w/gsi} =1 (68)

o ComputeVar (ngsmk) :

13
From [67) and[(88), the variance of! gg; ;. is given by

Var (Wg‘gSR,k) =E { ‘WgESRﬂk ’2}
= (Bsa — 0%i) E {||wk|\2}

= (Bsek—0ga 1) E {{(Gﬁém) _1} kk}

ﬁSR k — O-gR k
= — T E{tr (X!
e (X))
s Y for Ny > K
UgRyk er — Ka rx )
(69)

whereX is a K x K central Wishart matrix withV,
degrees of freedom and covariance mairjx, and the
last equality is obtained by using [30, Lemma 2.10].
ComputeMPy:

From [66), we have thaw] gsp j = wies ;, for j # k.
Sincew,, andegg ; are uncorrelated, we obtain

B {[wiewm,|"} = (Bsns — o, E{Iwell*}

BSR,] USR .J 1

. 70
UgRyk Ny — K (70)
Therefore,
Bsr, j — 03 1
MPy, = ps Z L (7T0)
JEK SR k rx
ComputeLI:

From [29), with ZF, the LI can be rewritten as

From [13), we have

AZFAZF aZFG;D (GQG;{D) (Gﬁaé;{n) G;{D-
When Ny > K, we can use the law of large numbers
to obtain the following approximation:

sz;)é;D ~ Ntxf)RD7 (74)

whereDyp is a K x K diagonal matrix whosék, k)th
element is{]f)RD} ., = Ot i Therefore,

AzpAL NZ; GiDi?GL. (75)

Substituting [(7b) into[{42) we obtain
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2) ComputeVar (W} gsp):
From [83) and[(84), the variance off gg . is given

LIj ~ pp ot N2 E {Wk GGyl RDQGRTDngWZ} by
2 2
02 . Var (w{gsm) =E { }ngsmk} } USR K Vix
NZ2F 0 E {WgGRRG}éwk} 9
j=1 “BD,j —F || ~ 2 ~H _ N2
= Esrkl” + 8sR, kESR, k USR k
K
a o - 4 . 2
w0 (S B ) = E{llgonil'} + B {|&lh o]} — ol i N2
ety (85)
(Nix — . .
= ULIpR £x _ (76) By using [30, Lemma 2.9], we obtain

0% o Nex (Nex — K)

o ComputeANy:
Similarly, we obtain

Var (ngsa,k) = C’ga,ker (Nix + 1)
+ Ugn,k (BSRJC - Ugn,k) Nix — UgR,kax

=03 Nix. 86
AN, = LNilK (77) O,k DsR.k (86)
Ogak Vix = 3) ComputeMP;,:

Substituting [(6B), [(69),[{71)[{¥6), anB_{77) infcX27), we For j # k, we have
obtain

2 . 2
E{|W£gsm| } = E{|gg{,kgSR,j| } = U§R7kﬂSR,erx-
ps (N — K) 02, , 87)

R, ~logy | 1+

K ) ) X Therefore,
Ds Zl(ﬁSRJ _USR,j) +poir (1 - N_tx) +1 %
J:
(78) MP), = Psogn  Nex Y Bon.j- (88)
2) Derive Ryp : From [31), to deriveRyp i, we need to 7k

‘2 4) ComputeLIy: X
Sincegsr 1, Grr, and Gyp are independent, we obtain

computeE {g%kak}, Var (gl%_’kak), andE { ip kA
Following the same methodology as the one used to compute
E {ngSR,k}a Var (wggsﬁ,k), andMP;., we obtain

E {ggp,kak} = Qgzr, (79)
(ﬁRD kE— UI%D k) O‘%F

(Ntx_K) '

LI, = algm'rpﬁ E {gSR kGRRGRDGRDGRRgSR k}

K
_ 2 2
= QypTPR E ORD,j
=1

E {gg,k GRRG}{{ig;R,k }

Var (gpgkak) = (80)

RD k K
) (ﬁRD_k _ a'gD k) O‘%F = O‘I?’IRTpR Za.gD,j UEINtXE {gglkg;llk}
E{\ggmaj] }: v Ak 6D P
o R_DJ tx _ = pRUEIU§R7kNrX. (89)
Substituting [[7P)£(81) into[(31), we obtain a closed-form
expression forRgp j:

5) ComputeANy:
Similarly, we obtain

Ny — K
RRD,k = 1Og2 1+ Z}t( ) & 5 | ANy = UgR.,ker- (90)
. Onn 5 —
J=1 R I (ﬁ ROk ”RDv’“) * Substituting [84), [(86),[188) [189), anA{90) in@¥27), we

(82 obtain

Then, using[(24),[(78), an@ (B2), we arrive @fl(35).

C. Proof of Theorerfil2
With MRC/MRT processing W = Gf and A
aMRTG;D-
1) ComputeE {w] gsp }:
We have
Wi gsnk = Gah 1 Esrk = | &sn.ill” + ik ESRK-

Therefore,

E{wlgsn} = E{lgsnil”} = o Nox.

pserUgR_,k
_ g (o)
Ps Zj:l ﬂSR,j + proi7 + 1

R 1, = log, (1 +

Similarly, we obtain a closed-form expression ®fp », and
then we arrive at[(36).
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