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Multipair Two-Way Half-Duplex DF Relaying with
Massive Arrays and Imperfect CSI

Chuili Kong, Student MembelEEE, Caijun Zhong,Senior MemberlEEE, Michail Matthaiou,Senior Member
IEEE, Emil Bjornson,Senior MemberlEEE, and Zhaoyang Zhandyember IEEE

Abstract—This paper considers a two-way half-duplex decode-

and-forward relaying system where multiple pairs of single
antenna users exchange information via a multiple-antenneelay.
Assuming that the channel knowledge is non-ideal and the ray

employs maximum ratio processing, we derive a large-scale

approximation of the sum spectral efficiency (SE) that is tigt
when the number of relay antennas,M, becomes very large.
Furthermore, we study how the transmit power scales withM
to maintain a desired SE. In particular, three special power
scaling cases are discussed and the corresponding asymjtdbE
is deduced with clear insights. Our elegant power-scalingaws
reveal a tradeoff between the transmit powers of the user/iay
and pilot symbol. Finally, we formulate a power allocation
problem in terms of maximizing the sum SE and obtain a
local optimum by solving a sequence of geometric programmin
problems.

Index Terms—Decode-and-forward, geometric programming,
massive MIMO, power-scaling law, two-way relaying.

|. INTRODUCTION

Massive multiple-input multiple-output (MIMO) is one of

the key technologies for the next-generation wireless cam

the technigue has been analyzed in other applications, such
as cognitive radio, heterogeneous networks, energy harges
units, and relaying systems, etc. [1]-[4].

The massive MIMO technique also finds an important
application in the multipair relaying system, where muéip
pairs of users simultaneously establish communicatiokslin
with the aid of a shared relay with large antenna arrays.
The resulting multipair massive MIMO relaying system has
attracted substantial attention from both academia andsing
because of its ability to enhance the coverage and servide qu
ity for cell edge users [5]-[8]. The initial works on multipa
massive MIMO relaying mainly focus on the one-way relaying
systems. For one-way multipair massive MIMO amplify-and-
forward (AF) relaying systems, the work [9] studied the max-
min user selection problem and the power allocation issue.
Later in [10], taking into account the semi-blind gain cohtr
and relay oscillation, the authors proposed a low-complexi
power control scheme. In contrast, for the decode-anddmmw
(DF) protocol, [5] compared the achievable spectral efficje
(SE) of two linear processing techniques, i.e., zero-fayci
ZF) and maximume-ratio (MR) in Rayleigh fading channels.

nications due to its distinctive features and advantages ov . [11] extended the analysis to the Ricean fading cdse. T

conventional MIMO systems. Some key benefits include:
very narrow beams and little inter-user interference due Fr‘?echanism incurs a 50%

?e)nergy efficiency was optimized in [12]. Yet, such one-way
SE loss. To reduce this loss, two-

the asymptotic channel orthogonality; 2) low computatlon@Vay relaying becomes a potential solution [13]-[16], whéee

complexny since .I|near signal processing is asymptdycaltwo communicating nodes execute bidirectional simultaiseo
optimal; 3) transmit power can be made extremely low, SINCe4ta transmission

scales down inversely proportional to the number of antenna Recently, there has been intensive research on two-way

when perfect channel state information (CSI) is availabie. massive MIMO relaying. For example, the power-scaling laws

addition to the use of massive MIMO in cellular networksof MR and/or ZF processing methods are characterized for
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half-duplex [17], [18] and full-duplex [19], [20] schemes,
respectively. The work [21] considered the maximizatiothef
energy efficiency of the system subject to maximum power and
minimum SE constraints. Nevertheless, one major limitatio
of the above works is that perfect CSI is assumed. Since
obtaining perfect CSI is very challenging in the context of
massive MIMO, it is important to look into the realistic
scenario with imperfect CSI. By employing the minimum
mean-square-error (MMSE) estimation at the relay, [223] [2
studied the impact of pilot power on the SE, [24] maximizes
the energy efficiency using the max-min approach, while [25]
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the pilot overhead by half and demonstrated that this agproa
outperforms the individual channel estimation scheme 2j,[2
[23] when the coherence interval is smaller. However, &l th
aforementioned two-way massive MIMO relaying works focus
on the AF protocol, and the DF case is largely overlooked.



Unlike AF relaying, DF relaying does not suffer from thel,..., N, exchange information with each other, under the
problem of noise amplification. Thus, DF two-way relayingssistance of a shared relay, Bquipped withA/ antennas,
may achieve better performance than AF two-way relay, esgrown in Fig. 1. We assume that the direct links between
cially at low signal-to-noise ratios (SNRs) [26]. Besidast T, ,; and Tg; do not exist due to shadowing. Also, the relay
DF two-way relaying has the flexibility of performing sept@ra operates in the half-duplex mode, i.e., it cannot transmit a
power allocation/precoding for relaying the communicatioreceive simultaneously.

on each direction. Therefore, it is of great interest to ytud

the performance of two-way massive MIMO relaying systems

-~ g : g 1 Bl
adopting the DF protocol. T&.@ L oM - @
Motivated by this, in the current work, we consider a : B B 3
multipair two-way DF relaying system, taking into account _ B o B _ T
channel estimation errors, and present a comprehensite ana ‘ @ 2 g, @ >
ysis of the achievable SE and power-scaling law of MR g - < Zusn
: o ! Lo . RN~ 2=
processing. Specifically, the main contributions of thipgra = T \
are summarized as follows: T @ B " Bron @ Ty
« We propose a general multipair massive MIMO two- ~  --—--- > —
MAC phase BC phase

way relaying system employing the DF protocol, and

present a large-scale approximation of the SE undgfg. 1: lllustration of the multipair two-way relaying sgsh.
the imperfect CSI when the number of relay antennas
approaches infinity. . . It is assumed that the system works under a time division
« We characterize new power-scaling laws, which genergluplex (TDD) protocol and channel reciprocity holds. Astsuc
ize the results presented in [5], [17], [18]. It tuns OUfhe uplink and downlink channels between jTand Tz can be
that there exists a trade-off between the transmit powefgnoted ag 4z ; ~ CA' (0, Bar,dn) andg’ , ,;, respectively.
of each user, pilot symbol and the relay; in other wordssimilarly, the channels betweensT and T are denoted
the same SE can be achieved with different combinatioR ., ; ~ CN (0, Bzp 1) and gloni =1,...,N,
of power-scaling parameters, which offers great flexiilitrespectively. This model is known as uncorrelated Rayleigh
in the design of practical systems. _fading, andBar; and Brp,; model the large-scale effect,
« To improve the sum SE, we study the power allocatiofhich are assumed to be constant over many coherence
problem subject to a sum power constraint. Local Opntervals and known a priori. For notational convenienbe, t
timum solutions are obtained by solving a sequence ghannel vectors can be collected together in a matrix form

geometric programming (GP) problems. Our numericak G,z £ [gap1,....84arn] € CM*N and Grp £
results suggest that the proposed power allocation syrateg,. ... ... .grp N]’ c CMXN
significantly improves the sum SE. For the considered multipair two-way relaying system, the

The remainder of the paper is organized as follows: Sectiorformation transmission process consists of two separate
Il introduces the multipair two-way half-duplex DF relagin phases. In the first phase, i.e., multiple-access chann&C{jM
system model. Section Ill presents a large-scale apprdidma phase, theéV user pairs T, ; and Tz ; simultaneously transmit
of the SE, with imperfect CSI, while Section IV studies thé¢heir respective signals togl Thus, the received signal azT
power-scaling laws of different system configurations. Thie given by
power allocation problem is discussed in Section V. The N

numerical results are verified in Section VI. Finally, Seunti _
. . : yr = E VPABAR,iTA,i + \/DPB,i8RB,iTB,) + nr, (1)
VIl provides some concluding remarks. " P ( ' e ’ @5.) ’

Notatiornn We use bold upper case letters to denote matric . . .
PP %ﬁﬁerem_i andz ; are Gaussian signals with zero mean and
bold lower case letters to denote vectors and lower caszdett ’ ’

to denote scalars. Moreovér), (-)*, (-7, and(-)~! repre- unit power transmitted by théth user pair,p4,; and pp ;

. . are the average transmit power of 7 and Tg ;, respectively,
sent the conjugate transpose operator, the conjugatetoper%nan is a vector of additive white Gaussian noise (AWGN)

,t:\]lzotrﬁnﬁpi(s)stieolgﬁzzitdoi;naggrrmf |r|mﬁ2)r§oltne \;e:r?g,FrrisbpeerﬁE\; t Tr, whose elements are identically and independently dis-
' F tributed (i.i.d.)CA (0, 1). Note that to keep the notation clean

norm, and .| IS the absolute valge. In additior,~ CN(O’ %) and without loss of generality, we take the noise variance to
denotes a circularly symmetric complex Gaussian randgm

. ; . ! ) ) : 1in thi r.Tor h mplexi ingle- r linear
vector x with covariance matrix®, while I is the identity de this paper. To reduce the complexity, single-user linea

. . . - . etection is considered at the relay. As such, the trangdrm
matrix of sizek. Finally, the statistical expectation operator is. y

. . Signal after linear processing can be expressed as
represented bg{-}, the variance operator is Véi}, and the 9 P ¢ P
notation”¥ means almost sure convergence. F = Wy, (2)

whereW? e C2N*M g the linear receiver matrix, which will
be specified shortly.

Consider a multipair two-way relaying system, whe¥e In the second phase, i.e., broadcasting (BC) phase, the rela
pairs of single-antenna users, denoted as &nd Tz ,, ¢ = first decodes the received information, and then re-encodes

Il. SYSTEM MODEL



and broadcasts it to the users. A linear precoding mathXith the MR method, the processing matritv” ¢ C2VxM
J € CM*2N js applied to the decoded signal As such, andJ € CM*2N are given by
the transmit signal of % is given by

H
W' = {GARaéRB} ) (8)
ye' = pordx, (3) .

_ 3= |Gy, Gan| 9
wherex = [xg,xg}T with x4 = [z41,...,74n]|" and RB, AR ©)
xp = [zp1,...,25 n]T, andppr is the normalization coeffi- respectively, whileppr is given by
cient, which is determined by the average power constraint a
the relay, i.e.E {||yPF||*} = p,. Hence, the signals received e = /L~ = Pr . (10)
at Tx,; (WhereX € {A, B}) can be expressed as E{|[J][&} Nl 5

xa ( +Bh P M > (%0t Then
n=1 : ’
Z)D(',:i = giR,thDF +nxi, 4) '

whereny ; ~ CN(0,1) represents the AWGN atJ;. Please
note that, to simplify notation, we introduggsr,; which is
defined agpr £ grp,; due to the channel reciprocity.
Ill. SPECTRAL EFFICIENCY

A. Channel Estimation

Since we consider a block fading system, the chanBels  |n this section, we investigate the SE (in bit/s/Hz) of the

in every coherence interval. The typical way of doing this igcale approximation of the SE is deduced whdn— oo.
TDD systems is to transmit pilots [27]. To this end, during

each coherence interval of length (in symbols),7, symbols
are used for channel training. In this casey ;Tand Tp . . .
simultaneously transmit mutually orthogonal pilot seqresn post-processing signals at the relay are given by

to Tg. Thus, the received pilot matrix atgTis rPF — (11)

In the MAC phase, a linear processing maWx’ is applied
to the received signals prior to signal detection, hence, th

Y, = ‘/TpppGAR‘I’g + s/TpppGRB‘I’g + N, (5) G{L_XIR <12V: (\/mgAR,ixA,i + \/ngB,ixB,i) + IIR>
wherep, is the transmit power of each pilot symb¥, is X o :
AWGN matrix including i.i.d.CA(0,1) elements, while the | G#, <Z (\/PA.i8ARiTA,i + \/DB.i8RB,iTB,i) + nR>
i-th columns of® 4 € C™»* and®pz € C™»*V are the pilot =1
sequences transmitted fromy T and Tz ;, respectively. Since where the topN elements ofr®F stand for the signals from
all pilot sequences are assumed to be mutually orthogoriBl;, (i = 1,...,N), while the bottomN elements ofrP"

7, > 2N is required, and we have tha@’®% = Iy, represent the signals fromgT; (i = 1,..., N). Without loss
®LP =1y, and®L &% = 0y. of generality, we focus only on thieth pair of users, i.e., T;
As in [5], [28], we assume that F uses the MMSE and Tg,, which is given by (12). Since the relay has imperfect
estimator to estimaté& 4z and Gip. As such, we have CSl, it treats the channel estimates as the true channels to
R decode the signals. To this end, using a standard lower itgapac
BAR,i = BAR,i T CAR, (6)  bound based on the worst-case uncorrelated additive ref§e [
gRB.,i = 8RB,i T €RB.i, (7)  yields the sum achievable SE of th¢h user pair in the MAC
phase:

X2

wheregar. i, 8rB,i, €4r,i, andegp,; are thei-th columns of
the estimated matrice& 4r, Grp, and the estimation error »pF _ 7c — Tp

. . . . 10— - X (13)
matriceskE 4z and Eg, respectively, which are mutually in- ’ 27,
dependent. The elements@®ir ;, ear,; are Gaussian random ADF | BDF
variables with zero mean, variane€, , ; andé% ;, respec- E{ log, [ 1+ . :

DF DF DF A A
H 2 A TpppﬂiR,q, ~2 A BaR,i E { C; + D; + E; |GAR; GRB}
tively, WhereaARﬂ- = Trrop A and OAR: = Trmpbans: ( ¢ ¢ ¢ )

Similarly, the elements ogrp,:, and erp,; are complex where the inner and outer expectations are taken over the
Gaussian random variables with zero mean, variangg ;

2
A TpppﬂRB,q,

=2 i 2 A
and 6% ;, ;espectlvely, whereryp ; = 55,5 and
~2 A RB,i . - . .
9RB,i = T+1pppPro.i’ INote that MR is a very attractive linear processing techaiiuthe context

of massive MIMO systems due to its low complexity. Most imtpatly, it
can be implemented in a distributed manner [27], [29]. Lagérg on the
properties of long Gaussian vectors, the extensions to fhead MMSE
processing can be easily made by using the same technique the IMR
. ethod. In addition, to simplify the notations, we have assd that the
To keep the complexny costs at the relay to reasona C and BC phases take place in the same coherence interosievér,

levels, a simple linear processing scheme is used at the retais is not necessary.

B. Linear Processing Matrices



PP =P+ R = P (8HRBar: + 8hip Bari) Tai + /DB (84R8rB, + 81ip.8RB) TB. (12)

desired signal
~H ~H ~H aH
+V/PA,i (gAR7ieAR,i + gRBJ'eAR,i) TAi+ /PB,i (gARJ'eRB,i + gRBﬂ'eRB,i) TB,i
estimation error

+ Z (VPa; (84 ri8aR, + 8Hp.8ar;) Taj + VDB, (84ri8rB + &hip.i8rB;) TB;) + (B8R + &hip.) DR -
Iy

compound noise

inter-user interference

estimation errors and channel estimates, respectivetl, an be re-expressed as

AP =pai (184R Baril® + |85p Baril®) (14) 2375 =235 — porE {8hRi8hp,if Ta. (21)
B =pp; (1885.8rpi° + 1825 8rp.|* (15) = porE {gh 8 n TR
i PB,i\|8AR,i8RB,i 8RrB,i8RB,i ) ) PDFEN\EAR,i8AR,if TB,i
CZDF =pa (|§§RJBARJ|2 + |ggB7ieARﬂ-|2) (16) desired signal
+pp,i (184r erp.il* + |8Hp ierpal*) + poF (8hri€ir: —E{ghri&ir.}) T8
D?F = ZPA’j (|ng7igAR,j|2 + |ggB7igAR,j|2) a7) gain uncertainty
i . , . , + PoF (ng,ig’}k%B,i —E {ggR,igEB,i}) TA
+ ZPB,]' (|gAR=igRB’j| + |gRBvigRB’j| ) ’ residual self-interference
J#i T A~k T A~ %
4 5 + porF 8AR,8RBjTA,j T 8AR8AR jTB,j) T A,
EY" = ||garall® + llgra.ill* (18) 2 (&inhn 7, &injtes) Nl

J#i

noise

inter-user interference

and the post-processing signals at;Tis obtained by replacing
A and B in (21) with B and A.

In addition, the SE of the ¥, — Tr (X € {4, B}) link
can be obtained as

ROF. .= TC; ™ (19)  Therefore, the SE of the 7— Ty, link is expressed as
: -
1 O R =15 log, (L+ SINRY ), (22)
Edlog, [ 1+ L - - . c
E {(CPF + DPF + EPF) |Gar, GRB} where SINR ; is given by (23) (on the top of the next page).

Now, according to [32]-[36], the sum SE of tlwth user
H%ir over both MAC and BC phases for the considered two-

In the BC phase, the relay broadcasts to all users usin .
P y 9 way DF relaying can be expressed as

MR principle; hence the received signal a T is given by

N RYF = min (RYS, RYY) (24)
DF __ T A sk . T Ak . ) i . L.
ZX.,i = PDF Z (8Xr,i8hp %45+ 8xRi8AR,XB,) +nx.i. whereRE¥, is the sum SE of theth user pair in the BC phase,
=1 (20) which is given by the sum of the end-to-end SE from,Tto

Tp,: (i.e., min(R5% ;. RYY ;) and the end-to-end SE from
Tp: to Ta; (i.e., min(RY, ,, B2, ),

As in [5], [25], [30], we consider the realistic case where th ’ '

users do not have any instantaneous CSI and instead only havés; = min (R3% ;, RY5 ;) +min (R, R2L ;) . (25)
statisftical CSl since the acquisition of .instantaneousalme Thus, the sum SE of the multipair two-way DF relaying
user is extremely costly. Note that this type of lower bou”%?/stem is

has already been proved to be very good due to the channel

hardening [31]. Therefore, after performing the partial self- DF N DF
interference cancellation according to the statisticaMidedge R™ = Z R
of the channel gains, the post-processing signals st dan

(26)
i=1
When Tr employs a very large antenna array, i/d.,— oo,
a large-scale approximation of the SE of ikt user pair is
presented in the following theorem.
Theorem 1:With the DF protocol, as the number of relay

antennas grows to infinity, then we hai®®" — RPF =5° o,
where RPF is given by
2Note that there are two typical ways to obtain the instariaseCS|, i.e.,
downlink training and feedback. However, both methodsiifeige overheads, R!L?F 2 min (RIDI; RQDIj) , (27)
hence they are not scalable in the massive MIMO ecosystem. ’ ’



E T e 2
SINRRX = | {gXR,igXR,i} | . (23)
Ver {68 | Vo (& i )+ 3 ({6 i P 2 b B, )
JFT

pDF

where with M while retaining a desired SE. In the case where
the users have different power levels from the beginning th
RPF 2 Te —Tp log, | 1+ taitip,i (28) differences can be absorbed into thg, ; and o} ; terms

’ 27 (gim + 025 Z) 4 without loss of generality. Thus, we assume that all thewuser
- _ ’_ have the same transmit power, i.4;, = ps,; = p,. Then,
R3% £ min (RAR i RY5 i) +min (RBR i B3 z) , (29) we can characterize the interplay between the relay’s mméns

power p,, the user’s transmit powep,, and the transmit

with power of each pilot symbaql,, as M grows to infinity. More
I Ty s precisely, we consider three different scenarios:
Rir: = Llog, | 1+ - ; (30)
27 (U%R,i + UJQQB,i) qi
R e T g, [ 14 P hns ,
' 27, N
(prBari +1) 3 (U,24R,j + UJQ%B,J‘)

=t 31) » Scenario A: Fixegh,, andp,, while p, = % with v > 0,

and £, being a constant. Such a scenario represents the

tai = pag (MUiR,i + UE&RJ”IQ%BJ) ’ (32) potential of power saving in the channel training stage.
ti £ ppi (Mohp, + 0ARiOhB.) (33)  « Scenario B: Fixedh,, while p, = £, p, = L= with
g L pA,i&iR,i +pB,i612%B,i (34) o >0 and ﬁ_ > 0_, andE,, E, are c_onstants Hence, the
channel estimation accuracy remains unchanged, and the
+Y (pa;Bar; +pBiBrj) + 1, objective is to study the potential power savings in the
J#i data transmission stage.

and RY; ; and RDF; ; are obtained by replacing the transmit Scenario C: This is the most general case where=

powersp..i, pp.i, and the subscripts “AR”, “RB” with the {4, pr = 475, andp, = 3£, with a > 0, 8 > 0, and
transmit powerg ;, pa,;, and the subscripts “RB”, “AR” in v >0, By, E., and E, are constants.
R, ; and RYF, |, respectively.

Proof: See Appendix A. [ ]

Theorem 1 provides a large- scale apprOX|mat|0n ofithe
th user pair's SE. More specificalls2%, RS, ., and R2f, ;
are computed by utilizing Lemma 1in Appendix A, while
RRAZ and R}, are the exact expressions féty, , and
R%’} - We can see that all the signal-to-interference- plusm0|s 1) Scenario A:We present the following power-scaling law
ratio (SINR) of RD, kDY, ., RBRZ, RYF, , and RYf, . can for Scenario A.
be expressed in the form d%, wherea > 0, b > 0 ¢ > 0,

d > 0, and z denotes the transmit power, i.@ ;, pg.,
or p,.. Since ‘C‘jj;s increases withz and converges t¢: as
x — oo, we conclude that 1)RPF is an increasing function
of pa, pm,, andp,; and 2) whenps; — oo, pp; — 00,
and/orp, — oo, RPF converges to a non-zero limit, due to
strong inter-user interference. Moreover, we observe Ryt

increases with the number of relay antenddsindicating the where

Theorem 2 With the DF protocol, for fixeg,,, p, andE,,
whenp, = W with v > 0, as M — oo, we have

RPF — min (R, RSY) M=% 0, (35)

strong advantage of employing massive antenna arrays at the A Te—Tp
relay, while decreases with the number of user pairsvhich Ry, = Tor. X (36)
is expected since larger number of users increases the amoun
of inter-user interference.
1 Puts (BAri + Bhpi)
ogy | 1+ ~ 5
IV. POWER-SCALING Laws (5,243,1- J’_BIQ%B,Z') (m S (Bar, + Brpy) + 1)
In this section, we pursue a detailed investigation of the =1

power-scaling laws; that is, how the powers can be reduc&§? = min (R3 ;. RY5,) + min (RY %, RYL,) (37)



with and RY ;, suggesting that the bottleneck of SE appears in
a Te—Tp the BC phase In contrast, when the relay’s transmit power
RAR i or, X (38) becomes large, i.eL, — oo, the large-scale approximation
of RP" is determined only byRP%, RO, ., RP% ;. indicating

that the bottleneck of SE occurs in the MAC phase.
Also, when we cut down the transmit powers of the relay
N and/or of each user too much, namely,d)}> 1, andg > 0,
(5,243,1- +ﬂ12:“3=i) <p“J; (Bar,j + Brp,j) + 1) 2)a>0,andB > 1,3)a > 1, andg > 1, RPF converges
to zero. On the contrary, when we cut down both the transmit
(39) powers of the relay and of each user moderately, des

ToEp 4
Pusfi1BAR,

logy | 1+

)

SDF o Te — Tp
RRa; = X

27
T a < 1and0 < B < 1, RPF grows unboundedly. So the most
By a4 important task is how to select the parametersand g to
log, | 1+ Praf=rPan make RPF converge to a non-zero finite limit. We discuss this
N ) . . .
in the following corollaries.
(eBani+ 1) Y (Biry + sy ‘

j=1 Corollary 1: With the DF protocol, for fixec;op, E,, and
whena = 3 = 1, namely,p, = £+, p, = £2, asM —

, the SE of the-th user pair has the limit

and R2, . and RP; ; are obtained by replacing the subscrlpts " M
BR,i B

“AR”, “RB” in RARZ and R}, ; with the subscripts “RB”,
“AR”, respectively. RPF — min (RYF, RYY), (45)
As can be seen, the large-scale approximation of the Slf_1 ;
RPF in Scenario A depends on the choicesofWhen we cut ere
down p,, too much, i.e.; 1, R°F converges to zero. On - . — T, E.(04p: +0kp
e IS 5 R =5t Tplog?(” Ganc ! Tho ) e
Te

the other hand, whefi < v < 1, RPF grows unboundedly.

0'2 .+ 0'2 .
. DE . AR,i RB,i
Finally, wheny = 1, R?" converges to a non-zero limit.

»DF
2) Scenario B:Next, we turn our attention to Scenario B R3S = min (R ., Ryp,;) + min (RY% ; R ). (47)
and present the following result. with
Theorem 3:With the DF protocol, for fixeg,, E,, andE,., B o
E E : Tc —Tp wI AR,
whenp, = 475, pr = 375, With a >0, 3 >0, asM — oo, RARZ: log, +7 , (48)
we have 27 ohrit Ohp
RPF — min (RYY, RYF) M=zeo ) (40) £ ot
' — Te — rOAR,i
where REa, = 57 ®log, [ 1+ ~ , (49)
¢ 04p i+ 02 )
ROF = Te =T 0, < E, UARZ+URBL> (a1) ng( A T RE
i — 2 a—1 ) _
i 27e Mot 0l + Ohp, andRYf; ; and k2, ; are obtained by replacing the subscripts
RY% = min(RY%,, RYs.) + min (RY%,, R%YA,), (42) “AR”, “RB” in R ; and RPF, ; with the subscripts “RB”,
. “AR”, respectlvely
with .
. Corollary 1 reveals that when both the transmit powers of
ROF _Te = Tp 14 E, OAR,i 43) the relay and of each user are scaled down with the same
AR Mate Meto?p +0hp, )’ speed, i.e.] /M, RPF converges to a non-zero limit. Moreover,
this non-zero limit is an increasing function with respecti,
4 andE,, while a decreasing function with respect to the number
RO = T oy | 1 A . of user pairsV.
Te (02 42 ) Corollary 2: With the DF protocol, for flxecjup, Ey, and
. AR,j RB,j
j=1 E,,whena =1 and0 < 5 < 1, namely,p, = M,pr = 13,

(44) asM — oo, the SE of thd-th user pair has the limit

andRBR , and B2, . are obtained by replacing the subscripts To—T, Ey(04r, +0hp
“AR”, “RB" in RARZ and B2, . with the subscripts “RB”, [0 = —5—"log <1 + U<2 e )> - (50)
“AR”, respectively. ‘ ARy T URB/

Theorem 3 indicates that when both the transmit power of Corollary 2 suggests that when we cut down the transmit
each usep,, and the transmit power of the relay are scaled power of each user too much, i.é,< g < a = 1, the
down inversely proportional td/ (as M — o0), the effects large-scale approximation of the SE is determined by the
of estimation error, residual self-interference, and riniger performance in the MAC phase, i.&kD" » which depends only
interference vanish, and the only remaining impairmente®mon £, and is independent df,.. This result is expected since
from the noise at users and the relay. Moreover, when eaghen the transmit power of each user is much less than the
user’s transmit power is sufficiently large, i.é7, — oo, the transmit power of the relay, the bottleneck of SE occurs @ th
large-scale approximation @tPF is determined only by%RA ;,  MAC phase. On the other hand, when the transmit power of




the relay is cut down more compared with that of each userhere

i.e.,,0 < a < B =1, the bottleneck of SE appears in the BC
phase, thusP" is determined by?Y, ; and kY, ; as shown

in the followmg corollary.

Corollary 3: With the DF protocol, for fixedp,, £,, and
E,,when0 < a < 1 andg = 1, namelyp, = 4%, p, =
asM — oo, the SE of tha-th user pair has the limit

Lr
M

=T E.o% ..
ROF 5 e " Tpe |14 T AR (51)
Te SR 2
a; (UARJ to RB,j)
- E,.o
+ Te log, | 1+ T RB,i
27, N 5
321 (UAR,J +0gp g)

TELEp (ﬁiR,i + 5??,3,1')
Bari T+ Bhp.i

)

_ To — T,
RIIDE = 627_ P 1Og2 <1 —+

c

(58)
RQ = min (RAR - RY5 z) + min (RBR R z) , (59)
with
Te — Tp BAR i
ROF, . — log, | 14 2Z4PPAR: (60)
A 27 ’ < 5AR i T Pk, z)
i o BB
DF _ Tc—Tp PP AR,
R = o7 logy | 1+ N , (61)

Z (5,43] + B, g)

=

and R%, ; and RYf; ; are obtained by replacing the subscripts
“AR", “RB" in RD,, and RS, , with the subscripts “RB",
“AR”, respectively.

3) Scenario C:Finally, a corresponding power-scaling law Corollary 4 presents a trade-off between the transmit pgwer

for Scenario C is obtained as follows.

Theorem 4:With the DF protocol, for fixedt,, E,., and
E,, whenp, = £« p. = Lo andp, = L2, with a > 0,
£ >0,andy > 0, asM — oo, we have

RPF — min (RPF, REF) M=% 0, (52)
where
5DF _ Te — Tp Tp L Fyp /BARL+/6RB1
— 1 53
RL@ 27_0 Og2 < M‘)‘+7 1 BAR,L + BRB ; ( )
R3% =min (R, Ry ;) + min (R, RYL ), (54)
with
T —T o EuEp 64 )
RPF i = ¢ 4 log, [ 1+ MoF 7 —TFAR (55)
A 27 ’ < Biri + Bhp.
. 7, B By g
pDF e ™ Ip MB+v—1MAR,i
Ry = o logy | 1+ N , (56)

> (i + Phs.s)

Jj=

andR% ; andRRB , are obtained by replacing the subscnpt;; whenO <a< 5 and 3 +~ = 1, namely,p, = £«

"AR”, “RB” in RAR , and RRA ; with the subscripts “RB”,
“AR”, respectively.

As expected, the large-scale approximation of the ISt

depends on the relationship betweengs, and~. Moreover,
the terma + v determines the SE in the MAC phase, while R,
5+~ determines the SE in the BC phase, as elaborated in the

following corollaries.

Corollary 4: With the DF protocol, for fixed®,, E.., and
E,, whena = 3 > 0 anda + v = 1, namely,p, =
p'r‘ - %1 andpp M'y!
thei-th user pair has the limit

RYF — min (RYY, RYY)

M(xa

(57)

with v > 0, as M — oo, the SE of

of each pilot symbol and of each user/the relay. In other
words, if we cut down the transmit power of each pilot
symbol too much, which causes poor channel estimation
accuracy, the transmit power of each user/the relay shaaild b
increased to compensate this imperfection and maintain the
same asymptotic SE.

Corollary 5: With the DF protocaol, for fixedt,, E,., and
E,, whena > 3 > 0 anda + v = 1, namely,p, = £«
pr = ==, andp, = W, with v > 0, asM — oo, the SE of
thei-th user pair has the limit

T EuEp (Bari + Brp.s)
Bari T Bhp.i

R o T g, <1 ;
c
(62)

From Corollary 5, we can see that the limit &F is an
increasing function with respect #, and E,,, indicating that
we can boost the SE by increasing the transmit power of each
user and of each pilot symbol. In addition, the limit BP" is
independent ofV, indicating that the sum SE of the system
is an increasing function with respect .

Corollary 6: With the DF protocol, for fixedt,, E,., and

Mal
Dy = Mﬁ, andp, = W, with v > 0, asM — oo, the SE of
thei-th user pair has the limit

=T ,E.E,5% .
DF Te 7 Tp log, | 1+ ~ b pﬁAR’l (63)
Te 2 2
Zl Bar; + Brp,
‘7:
4
+ T T 10g, | 14 2P PePRa
27T, N ) 5
j; (BARJ + BRBJ)

Corollary 6 provides the trade-off between the transmit
powers of the relay and of each pilot symbol.
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V. POWERALLOCATION MU%B Z (0124R,j +012%B,j)’ anddE?, ézDF' szF are obtained
i

Power allocation is an effective means to enhance the sl replacing the subscripts “AR”, “RB” with “RB”, "AR” in
SE of the system. In this section, we assume that the desi§h. €5 /-7, respectively.
for channel training stage is done in advance, i.e., thet pilo The above problemPPF is identified as a comple-
power p, is determined. We are interested in designing entary geometric programming (CGP) problem, which
power allocation algorithm in the data transmission stag® honconvex. Also,vPF, ~37, and 437, are considered
maximizing the sum SE subject to a total power constrairts the SINR of mi{RP%, R2Y), min(RY% ;. RR;,), and
min (R ;, RY, ;). respectively. In addition, we have re-

N
€. 2 (pai+psi)+pr < P. For notational simplicity, placed the equality=" with “ <" in the first four constraints

i=1
we defineN 2 {1,....N}, pa 2 [pas1.....pan]", and of problem PP%; however, this does not change or relax
ps 2 psa,...,pe.N]". the original problem (64), since the objective function is

i it DF
For analytical tractability, we use the large-scale approf€creasing withy;™. Therefore, we can guarantee that these

imation (27) in Theorem 1 instead of the exact expressidfur constraints must be active at any optimal solutioBF.

(24). Hence, the power allocation optimization problem is Although the CGP problem is nonconvex, we can obtain
formulated as its local optimum solution by jointly solving a sequence

of convex GP problems; this is a technique that has been

N
. = idely used in the resource allocation literature, such5s [
maximize RPF 64) W . .
PAPBDr ; ¢ (64) [22], [37]-[40]. Next, we are dedicated to transformifg"™
N into a standard GP problem that can be solved efficiently
subject to Z(pAi+pBi) tp. <P with standard optimization tools such as CVX or ggplab.
= ' N Since the objective function + ~PF can be approximated
L ~DF
pa>0,pp >0,p, >0 by a monomial functiono?" (v°F)"* , where uPF = lzgpp
5 , —J5F . .
R > Ruin,i € N and wP® = (3PF)7"" (1+4PF) (which are obtained by

where Ruin is the minimum SE requirement of theth guaranteeing that both the values and the first gradients of
min . . .« . .

user pair. Sincéog(-) is an increasing function, (64) can bene approximations _and _Of th? original fur_lct|ons are equal
equivalently reformulated aBPF: at the same specific points, i.e., by soI\Qan the equations

R DF R R DF _ 1
w?': (VPF)HL =1+ %DF and w?FuZ—DF( DF)HL = 1), the

N . . H .
minimize H(1+ DF)A main challenge to converPPF into a GP problem is to
PAPE P vy i transform the first two inequality constraints into the form
) N 1= - . .

T TA B - o of posynomials. According to [40], [41], the geometric mean
subject to 7PF < a; pa,i + b7 B ie N is no larger than the arithmetic mean for any set of positive

TN o DF ’ numbers; thus we have

-21 (Ciyij,i + diyjpB,i) +1
1= DF Ai DF Byi
A <485+ + AR € N @i+ V% > ( p) ( p) . (69)
DF Ai B,i
DF . a; PAi Dr .
Yau < mln{ —  DF DF} ieN DF DFj DF BoF
sz e pr+ f; vAvhereAyAﬂ. :tw uBii = ., and
.| bPFps Dr DA, Pp.i are the initialization values.

DF 2 T - ’ ’ . R . .

VB = mm{ - 5 D, 4 O i €N As a result, the first inequality constraint iR can be

N e approximated by [40]

Z (pai+ppi) +pr <P apai )\ A (s \ VB

. (3 .
P4 >0,pp>0,p. >0 B ’
i > (¢Pipai +dFps) + 1
(W) (2 S 1) <LieN ~
Now, we focus on the approximation of the second inequal-

wherePF 2 [0F . pF\T _pF & (or  pF 1T ity constraint. FoIIowing the ide:-a proposed in [37, Lemma
7 Slas T’7N ] oA 2] 1], we use a monomial functiog(z,y) = nz y* to

VB E B BN g = X0 (Ppai +dppa) + 1,  approximatef(z,y) = x 4+ y + xy near an arbitrary point

Mot io? o2 J=1 Mod | to? o2 Z,y > 0. To make the approximation accurate, we need to

e ST O ea ; (e . TO Fxe i . . . .
abF = e e P Mo op—fEL, ensure that the following equations hold and then obtain its
AR, RB,i AR, RB,i .
o . solution:

CDF = UAR’“ J="0 ~ ~ ~ A~ ANy AN z(1+9)
J BAR,j; j;ﬁi’, l‘+y+l‘y:7}x ly 2 )\1:—;&_"_’9_"_@’9’

L4+ §=npaih1ghe = {0, = 2040

N
DF = BRB.i 2 2 DF — T+G+Ig’

(o = i g . g -,y ; - ~ ~ Ao — ~ ~ A AN A ~
i Mol ., j;( AR, T RB,]) fi 14 & = pho@tighe! n= (343 +29) 3 M9




To this end, the second inequality constrain?if™ can be
approximated by

DF < pPF (’735)A

Algorithm 1 Successive approximation algorithm fBP"

1) Initialization. Define a tolerance and parametef. Setk =
1, the initial values ofy?", 457 and43; are chosen according

DF
("B z) ieN, (67) {0 the SINR in Theorem 1. Also, we Sph; = ppi = %&’
o~ _)\ 7 ~ _ADF- i DF f— L
Whereni (Vm +VB . +'7,E4)Ff71%':1) (725) A, (%35_) , 2) lteration k[;a Compute  p; - e
S+, DF  _ a; Pa.i DF _ DL
3',:1' = %, VA @ aFpa,i+0 P, - DB'; i )\Dg pADl;-b I;B i
— B.i
PP = VB ‘(IHA ‘) o and45%, 437, are the initialization o= <7A i+ B+ VALY (VADZF) DF(VBJ) ’
)i +VB L+7A B )i i \DF 40 l(1+’yB i DF __ 'yB 1(1+’YA P Th
values A T FFE BT AT AT VB T I Ay A, e
We now outline the steps to solve the original probBR  solve the following GP problerVP
in Algorithm 1. N
F H R : DF
Note that we have removed’” in the objective function, minimize H (4PF)
since they do not affect the optimization problem. Also, five paps»r b

VALVBL

extra inequalities as trust region constraints are mcdudev
which limit how much the variables are allowed to differ subject to
from the current gues$P™, 437, and437;. The limit of any

convergent sequence generated by Algonthm 1 is a Karush-
Kuhn-Tucker point, and the detailed proof can be found in

[42]. The result holds provided Slater’s constraint quedifion

0~ ﬁDF <p3Fl SGpAZ,ZE./\/'
0~ ﬁDF <p%':Z < 913%':1,2 eN
6~ 140F < AOF < 3PF e A/
0
0~

’YDF <%'?1F <O iEN

condition holds. The parametér > 1 controls the desired 15 BJ <45 g 973 w1 EN
accuracy. More precisely, whéhis close to 1 it provides good oF B,
accuracy for the monomial approximation but with slower ol WA 22X <1lieN
. . . Yi (UA,z) DF g9i > 1,1 S
convergence speed, and vice versé i large. As discussed VB
in [41], # = 1.1 offers a good tradeoff between the accuracy BF / DFy—1 / DE\-A%F,  DEy A ,
and convergence speed. w () (%4 ) (VB,i) PrLLieN
.Algorithm 1 focuses on the case where each_user transmits M?i. (a?F)_ pA,z'gi <lieN
with a different power, and yields a local optimum of the 1
o bF : oF (bPF Lo <lieN
original problemPPF by solving a sequence of GPs. Now, we ’VB,i i Pp9i = 4

turn our attention to the scenario where all the users triansm ARt (2 p + fPF) <1lieN
with the same power, i.epa; = pp; = pu and Ruyin iS DE —1 [ ~DE “DE .
i = DB, _ _ _ DF) <
very low such that the constraitit®® > Ry, i € N can be VB,iPr (eZ prt i ) sLieN
neglected; hence, the problem (64) reduces to the following N
special case: > (pai+ppi)tp <P
1=1

p4a>0,pp>0,p, >0

PDF . maximize ZRDF

Pu,Pr =1

subjectto 2Np, +pr < P,p, > 0,p, > 0.

Tc Riin

(v2F) ™ (2 e —1) <LieN

Theorem S:P?'?F is a convex optimization problem. whereu s ; = “DF#
Proof: See Appendix B. [ YA )DF  (k),DF _(k)DF
Since the optimization problefF is convex, the optimal DENOte the optimal solutions by(t "% i A
DF.opt P DF, opf (k),DF _ (k),DF N,
solutionspy ™ € (0, 7] andpy " € (0, P maximizingthe Va;" »7Bi ¢ €

» 9N
sum SE can be obtained efficiently by adopting some stand&)dStopping criterion If max; [p};

techniques, such as the bisection method with respeét,to (k),DF ADF| < e and/ormaxz !
due to the convexity of the optimization probleR¥F. F

(k).DF — p%,| < e andlor

(k).DF ADF| < ¢
(k)DF ADF|<

max; [py;

al’ld/OI’maXZ |7A,z' )P Esz| < e and/ormax; |5
€, stop; otherwise, go to step 4).

VI. NUMERICAL RESULTS
4) Update initial values Setpbf; = pff)t bF ﬁ%ﬂ = pi;F,
We now present numerical results to validate the aboy%F (k) DF .pF (k),DF +DF (k)
’,)/AZ ’yAz "sz ’sz andk—k+1

analytical results. Unless otherwise specified, the fathgw .
set of parameters are used in simulation. The length of tﬁtQ to step 2).

coherence interval is, 196 (symbols), chosen by the

LTE standard. The different large-scale fading parameters

are arbitrarily generated byir; = =z (rari/ro)" and which specifies the nearest distance between the users and
Bre,i = zi(rrB,i/r0)”, Wherez; is a log-normal random the relay. The relay is located at the center of a cell with
variable with standard deviatio® dB, rar; andrgp,; are a radius of1000 meters andr, = 100 meters. We choose
the locations of Tir,; and Tgp,; from the relay,a = 3.8 N =5, S4r = [0.2688,0.0368, 0.00025,0.1398, 0.0047], and

is the path loss exponent, ang denotes the guard interval Sz = [0.0003,0.00025,0.0050,0.0794, 0.0001]. The length
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of the pilot sequences is, = 2N which is the minimum
requirement. We assume that each user has the same transmit
power, i.e.,pa; = PB.i = Pu-

ol
13

w
T

N
[
T

A. Validation of analytical expressions and evaluating the
impact ofr,

N
T

|
o
T

We assume that, = p,,, and that the total transmit power
of the V user pairs is equal to the transmit power of the relay,
i.e., p, = 2Np,.

Fig. 2(a) shows the sum SE versus the transmit power of
each usep,, for different number of relay antennas. Note that L T e T R
the “Approximations” curves are obtained by using (27), and P, (@8)
the “Numerical results” curves are generated according4d (
by averaging ove0* independent channel realizations. As
can be readily observed, the large-scale approximatioas ar
very accurate, especially for large antenna arrays. Magov
we can see that increasing the number of relay antennas
significantly yields higher SE, as expected.

Fig. 2(b) studies the impact of, on the sum SE. We
can see that at moderate and Iy, there is an optimal
T, Maximizing the sum SE. Also, the optimal length of pilot
sequence decreases with the transmit power of pilot sequenc
pp- In contrast, at highp,, i.e.,p, = 10 dB, the sum SE is a
decreasing function with respect 19, which means that the
optimal 7, is equal to2N.

-
T

Sum spectral efficiency (bit/s/Hz)

O Numerical results: M = 200
. Approximations: M = 200
X *  Numerical results: M = 50
— — — Approximations: M = 50

T T T

05

(a) Validation of analytical expressions

Sum spectral efficiency (bit/s/Hz)

B. Power-scaling laws

(b) Impact of

In this subsection, we provide numerical simulation result
to verify the power-scaling laws presented in the previousig. 2: Validation of analytical expressions and impactrpf
subsections, and investigate the potential for power gavin for N =5, p, = p, andp, = 2Np,,.
when employing large number of antennas at the relay. Since
our goal is to show the general power saving behavior and it

-
~

is unnecessary to pay much attention to one particularsiser’ Ll o ,‘,ééééééééé—g&;@g;@@@f
location, here we seBar; = Prp: = 1. Note that the - QO,WWOO
“ H H /n H H or :
curves labeled as “Approximations” are obtained according 18 o7
61 — © — Approximations

1) Scenario A: Fig. 3 verifies the analytical results for
Scenario A. The curves labelled as “Scenario A’, are plotted
according to Theorem 2. It can be readily observed that in
the large M regime, the asymptotic curves converge to the

500 1000 1500 2000 2500 3000
Number of relay antennas M

[
o

[ 5 o(Feo000D00096 &6 EEOEO000066E

Sum spectral efficiency (bit/s/Hz)

exact curves, demonstrating the accuracy of the asymptotic 5t y=1 1

analysis. In addition, wheny > 1, i.e., v = 2, the SE yo2

gradually approaches zero. In contrast, whea v < 1, i.e., o FEooee o =

v = 0.8, the SE of both schemes grows unbounded. Finally, N e ol oty oM %00

when~ = 1, the SE converges to a non-zero limit for both

schemes. Fig. 3: Sum SE versus the number of relay antenhagor
2) Scenario B:Fig. 4 investigates how the scaling of the N =5, pu = 10 dB, p, = 20 dB, andp, = E,/M" with

transmit power of each user, = £« and the transmit power E, =10 dB.

of the relayp, = % affects the achievable SE. Note that

the curves labelled as “Scenario B” are generated by using

Theorem 3, while the curves labelled as “Scenario B-Case Xases. As readily observed, Case | and Case Il achieve the

with X € {I,1l,111'} are plotted according to Corollaries 1-3same performance due to the settingi)f= 2N E,.

respectively. Fig. 4(b) illustrates the other two extreme scenarios where
Fig. 4(a) studies three different cases according to theegal the transmit power down-scaling is either too aggressitemr

of a and 5. In agreement with Corollaries 1-3, the sum SEhoderate. For the former scenario, three different cases ar

saturates in the asymptotical largé regime for all the three studied, i.e.a > 1,5>0,a > 0,5 > 1, anda > 1,8 > 1.
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over-reduced compared to the= 1 case, which suggests that

500 1000 1500 2000 2500 3000 2t N=5 -~ -a=08p=06y=1
Number of relay antennas M

20

Ll I R AP A,
e/eﬁé — * — Scenario B-Case III
10p a=04,8=1 —e— Approximations

9 : : : : ;
i B85 -t bttt it is of crucial importance to improve the channel estinmatio
L N B — % — Scenario B-Case | .
) (73 o=Lp=1 | —=—Approximations accuracy. The same behavior appears for the unbounded SE
g 500 1000 1500 2000 2500 3000 scenario wherey + v=0.6 andﬂ +v= 0.7.
E=) Number of relay antennas M
3 9 :
c
O g kAR ko K o e e skt ok ok 2 2
§ — % — Scenario B-Case Il 3 ; ;
iﬂ: 7 a=1,p=02 —o— Approximations ~%-a=13p=11y=05
g
a
2
E
@

&%%%@@bﬁ@jﬂﬂ****** * K ok ¥ kb
0 i il ol ol ol e e e e e A
500 1000 1500 2000 2500 3000

Number of relay antennas M

500 1000 1500 2000 2500 3000
Number of relay antennas M

Sum spectral efficiency (bit/s/Hz)

%o N=10 3® *—%W%**%******‘%
* de
(a) Case | I, and IlI 20l ****** ; |
***%*’ e T
10F +* ~ % -a=053=0.6 y=0.1[]

10E % a=06,p=12 |- * —ScenarioB | N=5 ~ ~ ~a=04,p=05y=02
- 0 i i
e bproXimations 500 1000 1500 2000 2500 3000
a=13,8=08 ” Number of relay antennas M

a=15p=12
i Fig. 5: Sum SE versus the number of relay antenhasor

500 1000 1500 2000 2500 3000 pu = E,/M® with E,, = 10 dB, p, = E,/M* with

Number of relay antennas M E. =15 dB, andpp — p/M’Y with Ep =0 dB.

gk ok ok K K KOk B I

e

Sum spectral efficiency (bit/s/Hz)

@ C. Power allocation

— * —Scenario B
‘ —° Approximations Fig. 6(a) illustrates the impact of the optimal power al-
0 Nwber of ey aneanaem 0 20 location scheme on the sum SE when all users’ large-scale
fading are different. The optimal power allocation curves
are generated by Algorithm 1. As a benchmark scheme for
Fig. 4: Sum SE versus the number of relay antenhagor ~ cOMparison, we also plot the sum SE with uniform power
N =5, p, = 10 dB, p, = E,/M* with E, = 10 dB, and allocation, e, the relay transmit power equals t(_) the sum
pr = E,/MP with E, = 20 dB. user transmit power. As can be observed, the optimal power
allocation policy respectively provide®).11% and 82.67%
SE enhancement fop, = 10 dB andp, = 20 dB when
As expected, when the number of relay antennas increases, _ 300, indicating that high channel_ (_astimation accuracy
[S |ghtly boosts the power allocation efficiency. Moreovay,

the sum SE gradually reduces to zero. However, the sp(? ing on th where ever r has th me transmit
of reduction varies significantly depending on the scalin cusing on the case where every user has the same trans
ower, i.e,pa; = pp,; = pu, We can see that the optimal

parameters. The larger the scaling parameters, the fdster . . ) . .
decay SE. On the other hand, when we cut down the trans?gr transmit power is a decreasing function with respect to

(b) Zero limit and unbounded

powers of each user and of the relay moderately, the sum number of user pait¥, for a given power budgef = 10

grows unboundedly. Fig. 6(b) further examines the impact of key system pa-

3) Scenario C:Fig. 5 dempnstrates the tradeoff b?tween.tn%meters such as/, andp, on the optimal power allocation
user/relay power and the pilot symbol power. For illustrati scheme. As can be seen, with fixed number of user pairs
purposes, two extreme scenarios where the transmit power !

R B ) — 5, the optimal user transmit powgf°* with A/ = 100
down-scaling is either too aggressive or too moderate "’}éelarger than that with\/ = 50, suggesting that we should
considered. For the former scenario, two sets of curves '

q ding oy — 1.3 8 — 1.1 ~ — 0.5 anda — 0.8 H&rease the transmit power of each user when the number of
rawn according tax = 1.5, p=11v=05anda =028, relay antennas is large. In addition, when the pilot trainin
£ = 0.6, v =1, which satisfya + v = 1.8 and + v = 1.6.

When the number of rel ntenn rows large. th m % er increases, i.e., from, = —20 dB to p, = 0 dB, the
en the number of relay antennas grows 1arge, the su gimal user transmit powep{fm”t also increases, indicating

of aI_I system configurations smoothly converges to zero, fhat when the channel estimation accuracy is improved, we
predicted. Moreover, the gaps between the two sets of curves

reduce withM and eventually vanish. This indicates that ars1eed to use a higher transmit power for each user.
long asa + v and g + ~ are the same, the asymptotic sum

SE remains unchanged. Now, let us focus on the two curves VII. CONCLUSION

associated withV = 5. Interestingly, we see that the curve The paper studied the sum SE of a multipair two-way DF
associated withy = 0.5 yields better sum SE in the finiterelaying system with the MR processing by taking realistic

antenna regime, despite the fact that the user or relay pgwe€SI| assumption into account. In particular, a closed-form
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First, we focus on (13), which consists of five terms: 1)

5 T T T T T T
ol ~—#— Optimal power allocation: p = 10 dB % — desired signal power of J; APF; 2) desired signal power of
| B —4—| —o— Uniform power allocation: pp=10 dB | DE. 3 . . ’ CDF' 4 . . f
3 //Q/W 7 optmatpower ot - 201204 Ta: BY; 3) estimation erroC;™; ) inter-user interference
2 M ~ & Uniform power alloation: p, =20 3| | DPF; 5) compound nois&PF. For each of these five terms, we
& ] will subsequently derive a deterministic equivalent espren.
100 200 300 400 500 600 700 GO0 900 1000 Before proceeding, we first review some useful results,

Number of relay antennas M

which are given in the following lemma.

Sum spectral efficiency (bit/s/Hz)

s} Lemma 1:Let x ~ CN(0,021y) andy ~ CN(0,071xs).
6f Assume thak andy are mutually independent. Then, we have
oF
1 a.s.
2f | | | | MXTX 202, M — oo, (68)
-010 -8 -6 -4 -2 0 1 a.s.
b, (€8) MxTy 200, M — oo, (69)
Benefits of optimal llocati di t16f 1 1 a.s.
(a) Benefits of optimal power allocation and impac W|Xfy|2 _ Maiaj 30, M — oo. (70)
10 Now, we compute the five terms one by one.
_ 1) Deterministic equivalent foP": we have > APF =
£ PAi (16H 4 12 ~H 4 2
3 M2 (lgAR,ig_AR,zl_ + |gRB,¢gAR7z| )
& Then, by invoking Lemma 1, we have
§ -10 -8 s -4 -2 0 1 1 a.s.
5 P, (48) WA?F —PA,i (UjR,i + MUiR,iU?%B,i) = 0. (71)
€ 8
2 6 2) Deterministic equivalents faBP", CPF, DPF and EPF:
s 4 Similarly, we obtain
2r 1 DF 4 ]. 2 2 a.s.
9 WB'L' ~PBi\%rBit [OARORB | 0, (72)
1
—5 07 = (73)
(b) Impact of M andp, M
- - i(02 4 0%p,) (Pa,ithR; +PBi0EE,) = 0
Fig. 6: Sum SE for a given power budget= 10 dB. M \CARi T 9RB,i) \PAiCAR,i T PBiTRB,i ’
1
WDEF— (74)

large-scale approximation of the SE was obtained that is 1 ) ) as.
tight when the number of relay antennas is large. Basedﬁz(pAJﬂARJ +p5,BrB;) (Tari + ke =5 0,
on the approximation, the system’s power-scaling laws were  77°

characterized, which demo_nstrated that the transmit power _QEPF _ L (Jim + 0}2?/]3714) %0, (75)
of the users, relay, and pilot symbol can be substantially M M

reduced to maintain the desired SE. In addition, it was dedea Substituting (71), (72), (73), (74), and (75) into (13) and
that there exists a tradeoff between the user/relay transidi9), and after some algebraic manipulations, we obiih,
power and pilot symbol power, which provides great flexipili Raﬁm, RDB%,L..

for the design of practical systems. Finally, the transmit Now, we turn our attention to derive%’, ..

powers of each user and the relay were jointly optimized in 1) Computet {g’ ; .8% » , }:

terms of maximizing the sum SE, which substantially enhance o . ) ——

the performance compared to the uniform power allocationE {8ar.&iri} =E{l|8arill’} +E{ehr&ir:} (76)
scheme. For the special case where all users have the same- Mo7 ;.

transmit power, it turns out that the users should decrédese t T oas ]

transmit power when the number of user pairs becomes Iarge.z) Compute Va'{gARvigARﬂ}'

On the other hand, the users should increase their transmit Var{gﬁR &rit (77)
power when the number of relay antennas increases or when £l " 4 4’1 Eflel . &% |2 M2
the channel estimation accuracy improves. =E{llganill'; +E{lein &hnil"} = M i,

2
= Mg Bar-

APPENDIXA A
3) Compute Vafgl , g%, .1
PROOF OFTHEOREM 1 ) pu Rehri8hp.i )
Here we only present the detailed derivation féf; and Var{ghr &rp.i} (78)

RY, 5, since R, ; and kP, ; can be obtained in a straight- = E {|g£R,ig}<%B,i|2} — E {g£R7ig§B7i} > = Mo%p Bar.-

forward way, whileR%}; , can be derived in the same fashion . . )
as 2OF RB, 4) Compute%;_ (E{lghr &rp;I*} +E{lghr.&ar, I*}):
RAi" J7F



For j # ¢, we obtain
E {|g£R,¢g§B,j|2} = MUIQ%B,jﬁAR,i,
E {|g£R,ig*AR,j|2} = MO—IQLXR,]'ﬂAR,i-
Thus, we have

Z (E {|g£R,¢g§B,j|2} +E {|g£R,ig,*43,j *}) (81)

i (12]
= MﬁAR,iZ (0hr, + 0hp;) -
i# 13]
Combining (76), (77), (78), and (81) completes the proof.

[14]
APPENDIXB

PROOF OFTHEOREM5 [15]

Using the same argument as in the proof of Theorem 5, it
can be proved that the objective function9" is maximized
when2Np, + p, = P.

Before studying the properties 6t°F, we first present the
following useful lemma.

Lemma 2:The functionsg; () = log, (1 +

[17]

a1

Bt +c1) and
g2(z) = log, g_‘l + %) are all strictly concave with
respect tar whenay, by, c1,ag, ba, ca,ds > 0.

Now, focusing oniP" and substitutin®?Np,, + p, = P
into RPF, it is easy to show thakDf, RO, ;, and RY}; ; can
be reformulated ag; (p..), while k2F, ;, and R, ; can be
reformulated asy»(p.), hence, RS, RB%, ., k2, .. RPY ..
and Rl%'}’i are all concave functions with respectjip. 21]

Due to the convexity preservation property of point[-
wise maximum and nonnegative weighted sums operations
3], 897 = win (R, i) + i (R, )
is also a concave function with respect tq. Therefore,
gfi?ﬁ-, Rg’f) is a concave function, which completes th&!

(18]

[29]

[20]

min
proo
[24]
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