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Abstract

In this paper we investigate the power allocation optimization for spectrum
efficient multi-pair two-way massive MIMO (TWMM) amplify-and-forward
(AF) full-duplex (FD) relay over Ricean fading channels, where multiple us-
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er-pairs exchange information within pair through a AF-FD relay with very
large number of antennas, while each user equipped with a single antenna.
First,
mum-ratio combining/maximum ratio transmission processing matrices with

the zero-forcing reception/zeroforcing transmission and maxi-

imperfect channel state information at the relay are presented. Then, the uni-
fied asymptotic signal-to-interference-plus-noise ratio (SINR) expression of
the system at general power scaling schemes are investigates. Finally, the joint
user-relay power allocation (JURPA) scheme is proposed to improve the
spectral efficiency of TWMM-AF-FD relay system. Simulation results show
that the proposed JURPA scheme outperforms traditional user-side only
power allocation scheme.
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1. Introduction

The ever growing challenges for significant traffic growth driven by mobile In-
ternet and Internet of things have made system capacity enhancement one of the
most important features in next generation wireless communication systems.

The general consensus is that the aggregate data rate will increase by roughly
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1000X by 2020. Massive multiple-input multiple output (MIMO) [1] is identified
as one of the key enabling technologies to achieve this goal due to its strong po-
tential in boosting the spectral efficiency (SE) of wireless networks [1] [2].

The term massive MIMO indicates that the base station (BS) or relay employs
a number of antennas much larger than the number of active data streams per
time-frequency resource. Massive MIMO was originally designed for time divi-
sion duplex (TDD) system [1]-[7], since by exploiting the channel reciprocity in
TDD setting, the required channel state information (CSI) for downlink trans-
mission at the BS can be easily obtained via uplink training [1]. The training
overhead scales linearly with the number of user equipments (UEs) and is inde-
pendent with the number of BS antennas. As frequency division duplex (FDD)
dominates the current wireless cellular systems, the application of massive MIMO
in FDD system is even more desirable. In FDD massive MIMO, the downlink
training and corresponding CSI feedback yield an unacceptably high overhead.
One attempt of practical FDD massive MIMO is called joint spatial division and
multiplexing (JSDM) [8], where the correlation between channels is exploited to
reduce the training and feedback dimensions. Another scheme is called beam divi-
sion multiple access (BDMA) [9], which gets rid of the need of CSI at transmitter
and provides strong potential to realize massive MIMO gain in FDD system.

In TDD and FDD massive MIMO systems (namely halfduplex (HD) massive
MIMO systems), the uplink and downlink UEs must be allocated with ortho-
gonal time slots or frequency bands, which results in insufficient utilization of
time-frequency resources. Inspired by the recent development of full-duplex (FD)
communication [10], co-time co-frequency uplink and downlink (CCUD) trans-
mission becomes another option in the cellular system. Although attractive in SE,
CCUD transmission is considered challenging due to the strong self interference
(SI) caused by the signal leakage between BS/relay transmitter and receiver, es-
pecially when the BS is equipped with large-scale antenna arrays. To support the
CCUD transmission, the BS employs a separate antenna configuration where
two separate large-scale antenna arrays are used for transmission and reception,
respectively [11]. In this case, the downlink channel reciprocity is commonly
considered as unavailable [12]. Without reciprocity, the training overhead to
obtain the downlink CSI scales linearly with the number of BS antennas, which
poses another big challenge.

Note that the CCUD transmission in the cellular system with massive MIMO
BS/relay has been investigated recently in several works (See [13] [14] [15] and
the references therein). The authors in [13] studied the SE performance of
CCUD transmission in both macro-cell and small-cell environments. The linear
beamforming design of the BS for CCUD transmission has been considered in
[14]. The power allocation scheme for user-side only has considered in [15] to
optimize the system spectral efficiency.

In this paper, we investigate the power allocation optimization for spectrum
efficient multi-pair two-way massive MIMO (TWMM) amplify-and-forward
(AF) FD relay over Ricean fading channels. The unified asymptotic signal-to-
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interferenceplus-noise ratio (SINR) expression of the system based on the be-
amforming matrixes of MRC/MRT and ZFR/ZFT at the relay, at the pow-
er-scaling (P,, =E;, /M?* P, =E¢, /M ®, 0<ab<l E, and Eg, are fixed)
are investigates. Moreover, the joint user-relay power allocation scheme is pro-
posed to improve the spectral efficiency of TWMM-AEF-FD relay system.
Notation: X'; X"; X"5 X™; Tr(X) to denote the transpose, conju-
gate-transpose, conjugate, inverse and the trace of X . respectively. I,, de-
notes an M xM identity matrix. E{-} is the expectation operator, | repre-

sents the Euclidean norm.

2. System Model

We consider the K(K >2) user-pairs two-way AF relay system, where K
pairs of single-antenna users (U, ;,U,)(I=1...,K) on two sides try to ex-
change information within pair through a massive antenna relay (R) with M
antennas, as is illustrated in Figure 1. Without loss of generality, a pair of source
nodes U, , and U, are too far apart to communicate directly. Meanwhile,

one source can be inevitably interfered by others on the same side.

2.1. Channel Model

Let GeC"? and F'eC?™ denote the channel from all users transmit
antennas to relay R receive antenna array and the channel from the relay R
transmit antennas to all users receive antennas, respectively. Specifically, G
and F can be expressed as G=H,D”* and F=H,D,”*, H, eC"*(i=12)
is the channel matrix representing fast fading and D, e C****"(i=1,2) is the
diagonal matrix representing large-scale fading with [D,],, =/,

[D, ]KK B« - The fast fadmg matrix can be wrltten as [4],

H, =H[ Q@+ |2K)-1] Hiw [QQ+15) ] ,where Q isa 2Kx2K
Ricean K-factor diagonal matrix with Q; =K;. H,;  contains the independent
identically distributed (i.i.d.) CN(0,1) entries. H_I denotes the deterministic

component, and let H, = 1("HC70sn% “\where @, denotes the arrival angle
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Figure 1. Illustration of the TWMM-AF-FD relay system.
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of the &th user, A is the wavelength, and d is the antenna spacing. For con-
venience, weset d=4/2.

Let Gp, €C"™ denote the echo interference (EI) channel matrix between
the relay transmit and receive arrays with (iid.) CN(0,0%) elements. W,
and YW,; represent the self-loop interference coefficient at U, and the in-
ter-user interference channel coefficient from U; to U,. S, ={1,3,:--,2K -1}
or {2,4,---,2K} denotes the set of users on the same side. ¥, , and ¥,
can be modeled asi.i.d CN(0,®,,) and CN(0,®,;) random variables.

2.2. Channel Estimation and Data Transmission

Since it is impossible for the relay to obtain the complete channel state informa-
tion from all the channels, so it is necessary to estimate the channel matrix. For
the Ricean fading channel model, the Ricean K factor matrix and the LOS
transmission signal component are fully known in the relay and the user. So we
only need to estimate G, = HleDlﬂ2 and F, = HZYWDZJJ2 , since G, and F,
are i.i.d, we can use minimum mean square error (MMSE) estimator. Let T be
the length of the coherence interval and let be 7 the number of symbols used
for uplink pilots. In the training part of the coherent interval, all users receive
and transmit antennas simultaneously send symbols of length 7z to the relay.
The received pilots matrices at the R’s receive and transmit antenna arrays are
given by Y, =\[tP,GD, +,[zP, F®, + N, and Y, =[P, Gd, +,zP, FO, +N,,
among them ®, e C**"(i=1,2). are pilot sequences transmitted from all users
transmit antennas and all users receive antennas, respectively. F eC"? s the
channel matrices from all users transmit antennas to R’s transmit antenna array
and F eC™?K s from all users receive antennas to R’s receive antenna array.
N, and N, are additive white Gaussian noise (AWGN) matrices with (i.i.d.)
CN(0,0) elements. And R is the transmit power of each pilot symbol. All
pilot sequences are assumed to be paired and distributed independently,
ﬁH =1, and ﬁH =0, (i#]) where aié[(Q+ IZK)’I]H2 ®, . This
requires 7=4K . and we set 7=4K in this paper. We consider the LOS com-
ponent assumed to be known and can be removed, the remaining terms of the
received matrices are Y, = ﬁGWdTl+ R IE\;CITZ+ N,,and
Yiw = ﬁé\\;i+ R Fwaz+ N,. The MMSE estimate of G, and F, are

Gu =W/ TP Y, @, (L +(1/{7P)D*)™ and
Fu = (/TR )Y, @, (I, +@/7P)D, )

According to MMSE estimates, the actual channel can be expressed as
G=G+4G and F=F +aF R G (IE) and aG (aF ) denote the available
channel estimate and estimation error, respectively. The elements of the ith
column of oG and aF are RVs with zero means and variances
g5 =P /(0 +PB K +1) and &, =p;,0/(c+P,p)(K +1)  where
P, =P, . In addition, due to the nature of MMSE estimates, aG is indepen-
dentof G and sF is independent of F.

At time instant ¢ all sources transmit their symbols to R and R forwards the
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amplified signal to destinations. The received signals at the relay and the £'th

user are given by:

Yo (t) = GX(1) + GgaXq (1) + g (1) - (1)
Y = f %O+ 2w ) +n (1) (2)

where  X(t) =[X (1), %, (1) X, (1)] and E{x(t)" x(t)} =diag(Py,..P, 5 )=~ ,
X5 (t) denotes the transmit vector of R. ny(t) and n,(t) represent the noise
vector at Rand U, . the elements of n.(t) and n,(t) are assumed to be (i.i.d.)
CN(0,0,) and CN(0,0,).

The transmit vector of R at time instant t can be expressed as:

Xg (1) =Wyg (t—d) 3)
where W e C™" is the beamforming matrix, and d denotes the processing
delay at R In this paper, some loop interference cancellation methods [16] can
be adopted at the relay before carrying out (3), so we can regard the residual
loop interference at R as additional noise. So, we replace X;(t) in the loop in-
terference term in (1) by a Gaussian noise source X;(t) with the same power

limitation to represent the residual loop interference signal. Then (2) can be ex-

pressed as:
Y () = (£ + AFW(G + AG)X(t — d) + GpoRq (t — d)
NG EDWARIORING! @

3. Beamforming Design and SINR Anlysis

In this section, we introduce the ZFR/ZFT-based and MRC/MRT-based beam-
forming design, the end-to-end SINR of the proposed transceiver schemes for
multi-pair two-way MM-AFFDR system are analyzed.

Lemma 1: By the law of large numbers, if M is large enough, the inner

product of any two columns in the estimate channel matrix G can be expressed

as [17]:
AH A ﬁg,n (K i Ppﬁg,n )_ i_n
GG as gt c+Pp ~ o= (5)
M M -0 n p/~g.n
0, i#n
and
" B, P.B, :
an fi a.s. Kfnl(Kn—'—prn):nf'n’I:n
VAN o+P.pi, (6)
0, i=n
According to Lemma 1, it can be easily obtained that:
G'G .. .
Wdlag{ﬂgm’7g,2'""7g,2k}:Ql (7)
and
F'F e
M —w=—diag{m 1,755 M b= Q; (8)
39
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Yk

3.1. ZFR/ZFT Beamforming
The ZFR/ZFT beamforming matrix can be expressed as [18]:

W, =a,F (F F)'P@G G)'G" )
01

here P=diag(P,--,P), P
e a0 [0

j I=1---,K. a, is the amplification

factor, which can be expressed as:

a.s. I PR,k

a, M
ZI —® 1 2k -
\/szs,inf’linf,i"— O_+G P k+z s, j gJ)Z’]TlUGI

i=1

(10)

where (i,i") isa pair of user.

Theorem 1: Using ZFR/ZFT beamforming matrix with imperfect CSI from
MMSE estimation, the end-to-end SINR at the £'th user can be expressed asym-
ptotically (in M) as:

P a2
7k: s,k Pz (11)

E[ ysez]"E[ ysi }"‘70'77 Zp,icbk,i"'o'n

and power for echo interfe-

rence can E[ v 2} be expressed asymptotically (in M) as:
B yee 2 %) zfngk Z y g| azzf,\‘;l:?,k ipsﬁ;l.
i=1
azfgf K Z g;.jZﬂ;,lﬁ:i‘ + zf -1 (12)
< .
o o P—

Using ZFR/ZFT beamforming matrix with imperfect CSI from MMSE estima-
« = Eg IM?, Py =Eq /M®,0<a,b<1), the asymptotic
SINR when M — o can be expressed as:

tion, at the power (P,

.S, E k'
Majoo b . : b -1 2K a+b-1 2K (13)
(ER,kM76 +0)Ma 77 )+(M ZE q)k|+6) ZESIan 0'0277“77
i=Sy R k i=l Rk i=1
3.2. MRC/MRT Beamforing
The MRC/MRT beamforming matrix can be expressed as [18]:
W . =a.,. Fpg" (14)

01
where P =diag(P,---,F), P :( j I=1--,K. a,. is the amplification

10)
factor, which can be expressed as:
a.s. I PR,k
mrc [V 2K
\/M z 77f|77f| +M (G+GrrPRk+z s,j gj)znf,iﬂg’i‘
=

a (15)
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a.s.

Theorem 2: Using MRC/MRT beamforming matrix with imperfect CSI from
MMSE estimation, the end-to-end SINR at the £th user can be expressed asym-
ptotically (in M) as:

2 2 2 4
Ps,k'amrcﬂf ,kng,k'M

(16)

B[y

ei |2 2 3_ 2
Ye | 1+ a5 M ons 77y, + Z R0 +o,
i=5,

2
o } and power for echo interfe-

rence can E[

v 2} be expressed asymptotically (in M) as:

[ ] Maw M 3a§1rc’7f,k77§’k'z Ps |gg i + M mrcgf kz Ps Jgg ,zm |77g i
+Msarirc5sz77f.’79,PS, +M?a; Ugka'lf.ﬂ (17)
IE‘[ yE M—>oc mrc rrnf k77 -t PR,kM mrcgf ko- znf |77

Using MRC/MRT beamforming matrix with imperfect CSI from MMSE esti-
mation, at the power (P, =E;, /M?® P, =E,, /M® 0<a,b<1), the asymp-
totic SINR when M — o can be expressed as:

AN
7/k M >

Es,k"ﬁ,kﬂgz,k'
b 2 L Mb -1 2K a+h-2 2K (18)
(EgxM~ Grr+O—)Ma777f,k77g,k'+(M7azEs,iq)k,i+O— ) —— E Zm |77 E ot O'sz iy ;
ieSy Rk i=l R,k i=1

Specially, when 7,; =7,; =7, the deterministic equivalent for y, of ZFR/
ZFT becomes the same as that of MRC/MRT.

4. Spectral Efficiency Optimization by Power Allocation

In the previous sections, we have assumed that all the sources and relay use the
same transmit power. However, the spectral efficiency achieved in reality may
not be optimal since each source-destination pair suffers from different fading
environments. As a result, power control scheme at sources and relay is need to
improve the system performance and optimize the SE subject to the maximum

power constrains P}™ at U, and Pg™ at R The SE is defined as:

SE =

@+7] (19)

For convenience to analysis, we rewrite the end-to-end SINR in 7heorem 1, 2

under ZFR/ZFT and MRC/MRT beamforming schemes as a unified expression

as:
K;P.
Tk =% 2K - 2K (20)
ZAkl 5|+Zak,ips,i+BkPR,k+zc P +ZCK|P +Z¢k Z T
i= ieSy i=1 Ri  ieSg Ri  JeSg i= ,.
For ZFR/ZFT beamforming scheme, we have:
-1 2 2 -
N, €oi i k77 77 g’
_ gk 79 Kg i fkCg,i -1 -1
A(,i - M + M Mz éﬂf,jng’j‘
41
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D, GZZm i,
& = M 2
2 2 1o
gf,karrznf,jng j' o'rzrn_l.
B, = i=1 B 9k
M? M
IR TR
-1 ggio-nznf_jn_ it
C = nnfl ' i=1 el
M M?
2 3K -1 -1
e S
Cpi = —+ 2
’ M M
2
77f| 8| 1. -1
i M Mz 4 177f,||779,||
K
oS
i=L '
e = M2
o G O, znf |77 077;(
i=1 )
fi= Mzgkam.Ugl M2 + M
For MRC/MRT beamforming scheme, we have
2 2 11
-1 .2 e &5, n .
A =ng,k'89vi +77f,i8$,kg§,i + hk g"ém"ng"

Mgt Mo g ME

2K
(Dk,iarzrznf,jng’j'

’7fk77 M?

&, =

gf ko-rrznf .779, ofrﬂgi

B, = —+
77f ,kﬂgyk' M M

2K
2 11
£4i0, 2,77 i
2 gi~n f.j
Ot iy, = 9

ma Mo g M

2K
(Dk,io-znf,jng’j'
=
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rr nznf |77 0'77_1k‘
fi=—"——> =1 +— 22
K 77 7 M2 kanflngl 77f,k Zk‘MZ M (22)

The SE optimization problem can be written as (23). By introducing auxiliary
variables v, <1+ y,,(23) can be written as (24).

. 1
1+ = min 2K
Poao P21 PRl ‘Prak Hk 1( % )= Poar PP Prak Hk:ll"" Yy
K|P k'
C o~ > 27y
zAkl 5|+_zak,ips‘i+BkPR,k'+ZC P +ZCk.P +Z¢kj s;Zd +ek Rk +fk (23)
S.t. ieSy i=1 R,i ieSy R.i ieSy
k —1 2 -, 2K
c, O<P5ksPS”}fX,k 1,2,--,2K
C,:0<P,, <P™ k=12,2K
. x 1
min —
Ps1Ps 2k iPR 1 PR 2K k:1Vk
C.iv, <14y k=12-,2K
SIPSk SI Skj/
C zAklm k7k+zak|PS|P 7k+BPRkP 7k+z +z K,i
ieSy PR,l ieSy PR,k (24)

st S|Psk7k _
+Z¢kJPSJZd P +& Pk Pk7k+fpk7k<1

ieSy R,i
C, '0<Psk§Ps"‘kaX,k=12--- 2K
C,:0<P, <P™ k=12,-2K

Since the target function is not in the posynomial form, the similar method in
[19] for solving geometric programming (GP) can be used. For any y, >0,
1+y, can be approximated by a posynomial function 6, (y,)™ near 7A/k ,
where o, = ;A/k /1+7A/k , 6, = ;/k_% (1+7A/k). Then the SE optimization problem
can be solved by using several GPs, Algorithm1 is in the following description.

Algorithm 1 The PC Strategy by GP:

~(0) '
Input: The initial value y, , ¢, P~, Py, i=1.

Export: The optimal 7A/,{ ,and its corresponding F,, and 7.
while < i Limited Iteration Number do
* solve the GP problem:

min (P, P, ZK;PR1"'PR2K)H2K]6’_17/,:"'* St C,C,,C,,C, where
~Gi-1) AGD A
we=y, /(+ N, 6, _(1+}/k Y (e ™.
if  max(k=1,", -7 )<g then
break
else
i=i+1
end if
end while

%%
035: Scientific Research Publishing

43



C.Y.Wuetal.

5. Simulations Results

In this section, we examine the SE of the multipair two-way MM-AF-FDR sys-
tem when its uplink power and downlink power are distribution at the same
time. Without loss of generality, welet o =0, ;= 0,2 =1, and all users have the
same Ricean K-factor. Under such assignments, the asymptotic SE of MRC/MRT
and ZFR/ZFT are equal. Then welet 7=4K, P. =-3.8dB, T =196.

Figure 2 shows the SE v.s. v. We can see from Figure 2 that the achievable
SE is improved significantly by using the proposed JURPA scheme, which op-
timize the uplink power and downlink power at the same time. Compared with
the user-side only power allocation scheme in [15], the proposed JURPA scheme
can obtain significantly SE improvement, and the SE gain increases with the de-
creasing of v.

Figure 3 shows the SE v.s. the number of the relay antennas. The proposed
JURPA scheme obtains the optimum SE performance when compared with the
user-side only power allocation scheme in [15] and the no power allocation
scheme. The SE performance of TWMM-AF-FD system with ZFR/ZFT beam-
forming outperforms MRC/MRT beamforming.

Figure 4 shows the SE performance v.s. o7,.

It is seen from Figure 4 that the
proposed JURPA scheme outperforms the userside only power allocation
scheme in [15] and the no power allocation scheme on the system SE perfor-

mance. Moreover, the SE gain increases with the increasing of o7 .

6. Conclusion

In this paper we investigate the power allocation optimization for spectrum effi-
cient TWMM-AF-FD relay over Ricean fading channels. First, the ZFR/ZFT and
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MRC/MRT processing matrices with imperfect channel state information at the
relay are presented. Then, the unified asymptotic SINR expression of the system
at general power scaling schemes are investigates. Finally, the JURPA scheme is
proposed to improve the spectral efficiency of TWMM-AF-ED relay system. Si-
mulation results show that the proposed JURPA scheme outperforms traditional

user-side only power allocation scheme.
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