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Abstract—In this paper, we consider a physically con-
strained multi-pair two-way massive multiple-input multiple-
output (MIMO) decode-and-forward (DF) half-duplex relay sys-
tem, where multiple single-antenna user pairs exchange infor-
mation through a massive MIMO relay, and we employ zero-
forcing reception/zero-forcing transmission (ZFR/ZFT) at the
relay. When the number of relay antennas M becomes very large
and tends to be infinite, we study the large-scale approximation
of the sum spectral efficiency (SE) with the effect of spatial
correlation generated by the constrained space. Furthermore,
we investigate the energy efficiency (EE) with a practical power
consumption model, and demonstrate the impact of the relay
antenna number and the size of constrained space on the EE
performance.

Index Terms—Decode-and-forward relaying, massive MIMO,
spatial correlation, spectral efficiency and energy efficiency, zero
forcing processing.

I. INTRODUCTION

ASSIVE multiple-input multiple-output (MIMO) has

become one of the key technologies for the next-
generation wireless communications towards achieving higher
system capacity and data rate demands by serving a great
number of users simultaneously [1].

With the application of massive MIMO in the multi-pair
relaying system, the proposed system has attracted great
attention due to its ability to improve the system capacity,
cellular coverage and system throughput, even enhance the
service quality for cell edge users [2]-[4]. Originally, one-
way relaying system has been studied for multi-pair massive
MIMO relaying. Based on the previous studies, one-way
relaying might incur spectral efficiency loss [5]. Therefore,
two-way relaying is introduced which can improve the spectral
efficiency (SE) [6]. To this end, multi-pair two-way relaying is
considered where more than one pair of users exchange infor-
mation, by a shared relay [4], [6]. Generally, the amplify-and-
forward (AF) protocol is addressed in most previous studies
on multi-pair two-way massive MIMO relaying. However, the
AF relaying might suffer from noise amplification problem [4].
To this end, decode-and-forward (DF) two-way relaying has
been considered as it can achieve better performance than AF
scenarios at low signal-to-noise ratios (SNRs) [7]. Moreover,
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DF two-way relaying has the potential to perform separate
linear precoding on each relaying communication direction [4].

In the light of the above, we investigate a multi-pair two-
way half-duplex DF massive MIMO relaying system with
imperfect channel state information (CSI) and zero-forcing
(ZF) processing. Moreover, when employing large antenna
arrays in constrained physical space, the spatial correlation
becomes determinant for the resulting performance [8]-[10],
the consideration of spatial correlation is crucial in the multi-
pair relaying system. In this case, based on the studies in [4],
a detailed analysis of the achievable sum SE of a physically
constrained system is presented and we study a practical
power consumption model to analyze the energy efficiency
(EE) of the proposed relaying system with respect to spatial
correlation.

Notation: We use H', H”, H* and H™! to represent the
transpose, conjugate-transpose, conjugate and the inverse of
matrix H, respectively. Moreover, I, is an M X M identity
matrix. In addition, ||-|| and ||-|| denotes the Euclidian from and
Frobenius form, respectively. Finally, E{-} is the expectation
operator and var{-} is the variance operator.
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Fig. 1. Multi-pair two-way DF relaying system.

The proposed physically-constrained multi-pair two-way
half-duplex DF relaying system is shown in Fig. 1, where
K pairs of single-antenna users, defined as T4; and Tg;,i =
1,..., K, can exchange information with each other through
the relay Tx with M closely-spaced antennas, while M > K.



Moreover, there is no direct link between user pairs as as-
sumption. Generally, massive MIMO system is assumed to be
performed in a time-division duplexing (TDD) mode [11], [12]
while in the same frequency band [13]. Therefore, we assume
that the proposed system is modeled as spatially-correlated
Rayleigh fading under TDD protocol and channel reciprocity
works. To this end, the uplink and downlink channels between
Tx,;, X = A, B and Ty are defined as hyg; and h}, . i = 1,.... K,
respectively. The relevant uplink propagation channel can be
expressed as [9], [14]

hyr; = Afgyp ¢))

where gxr; ~ CN(0, BxrIp,), D; represents the number of
signal propagation paths with different angles of departure,
Bar; and PBpr; represent the large-scale effect which are
assumed as constants in this paper for simplicity, and A;
€ CP*M s the transmit steering matrix at Ty; given by [15],
[16]

A= %‘[aT(Qi,l)’ @ (0 p)]T. )

here, 6, k = 1, ..., D; represents the spreading angle describ-
ing the directions of departure. The corresponding steering
vectors a for the uniform linear array (ULA) topology are in
terms of [9]

a(eik) — [1 ej2ndsin(9,_k) ej27r(M—l)dsin(9,gk)] (3)
where d = % is the inter-antenna distance with D, the

total spacing length normalized by the carrier wavelength A.
We assume that there is no receive correlation since the inter-
antenna distance is greater than A [9]. Additionally, the channel
matrix can be formed as Hxz = [hxgy,....,hxgx] € CY*K,
X=A,B.

For the proposed relaying system, the data transmission
process are divided into two phases with equal time slots.
Generally, this two-phase protocol is called the Multiple
Access Broadcast (MABC) protocol [7]. In the first MAC
phase, all users transmit their respective signals to the relay
simultaneously. Therefore, the received signal at the relay can
be expressed as [4], [17]

K

yr= Z( VPaharisari + VDB BR,iSBR,i) + ng, 4)

i=1

where sygr; is the Gaussian signal with zero mean and unit
power transmitted by the i-th user Ty;, px; is the average
transmit power of Tyx;, X = A, B. ng is a vector of additive
white Gaussian noise (AWGN) at the relay whose elements
satisfying (i.i.d) CN (0, 1). For low-complexity transmission,
linear processing is applied at the relay and the transformed
signal can be obtained as

Z, = FMACyI‘ > (5)

C2KxM is the linear receiver matrix in the MAC

here, Fyac €
phase.
In the second BC phase, the relay decodes the received

information and then re-encodes and broadcasts it to users [4].

The linear precoding matrix Fpe € CM**2K in the BC phase is

applied to obtain the transmit signal of the relay as
¥: = pprFpcs, (6)

where s = [s/f, SE]T denotes the decoded signal and ppr
specified in the following, is the normalization coefficient de-
termined by the average relay power constraint E {Ily,llz} = pr.
In this case, the received signals at Tx;, X = A, B can be given
by

xi = h)T(R,,-Yr + Ny, @)

with the standard AWGN at Tx;, nx; ~ CN(0, 1), X = A, B.

B. Linear Processing and Channel Estimation

Generally, both inter-pair interference and inter-user inter-
ference can be eliminated by linear processing in massive
MIMO system [18]. In order to achieve low-complexity trans-
mission, a basic linear processing scheme, ZF processing is
applied at the relay. Therefore, the linear processing matrix
Fyuc € C2FM and Fpe € CY2K given above can be defined
as

Fuyac = ([ﬁAR,ﬁBR]H [ﬁAR,ﬁBR])_I[ﬁAR’ ﬁBR]H, 3

Fpe = [ﬁBR,ﬁAR]*([ﬁBR,ﬁAR]T[ﬁBR,ﬁAR]*)_I, ©

respectively. In (8)-(9) above, Hyy are the CSI estimates of the
respective channels, X = A, B. To simplify the expressions in
the following sections, we define that F4X, . € CKM FBR ¢
CKXM representing the first K rows and the rest K rows of
Fuac, respectively. Meanwhile, FR8 e CMxK FRL ¢ cMxK
are the first K columns of and the rest K columns of Fpc,
respectively.

Moreover, imperfect CSI is employed in this paper. In
TDD systems, transmitting pilots is the basic way to estimate
channels at the relay [4], [15]. We assume that the channels are
estimated by using the minimum mean square error (MMSE)
estimator [3], [15], [19]. Thus, we can have the channel
estimates as

n Ha H
hyr; =hyxp; +exg; = A 8ari + A" Qur,, (10)

where hyxp; and exg; are the i-th columns of the estimated
matrices Hyg and estimation error matrices Exgz, X = A, B,
respectively. The elements in 8xg; and qxg; are Gaussian

: . . TpDpBor s
random variables with zero mean, variance o2, , = —obARi_
5 XR,i 147, ppBxri
~2 _ XR.i _ :
and OxRi = Toeyp,fom? X = A, B, respectively [4].

III. PERFORMANCE ANALYSIS
A. Exact results of Spectral Efficiency

In this section, we focus on the spectral efficiency (SE) of
the proposed system. To avoid repetition, we refer the reader
to [4] for a more systematic study of the process of calculating
the SE.

In the MAC phase, via applying the linear processing matrix
Fuyac to the received signals, the transformed signals can
be obtained by (5). Therefore, the interference power due to



estimation error, inter-user interference power and compound
noise power of the post-processing signals z, for the i-th pair
of users can be obtained as

AR 2, bR 2
Ai = pai (|FMAc,ieAR,i| + [Fyac€aril )

+ poi (P esril® + [Fyyc esril’) (1)
B; = ZPAJ Fytchar i + Fijchar )

J#i

+ > pwi (e P + I e ), (12)

J#

= By cll” + Pl (13)
respectively. With the expressions of desired signals, the
SINRyg;, X = A, B, can be given by

(B4R e hxrl® + IF5R - g i)
SINRXR’,‘ _ Px.i MAC,iV' XR,i MAC,i " XR,i . (14)

A,'+B,'+C,‘

Moreover, we consider the standard lower capacity bound
associated with the worst-case uncorrelated additive noise [4];
therefore, the sum achievable SE of the i-th user pair in the
MAC phase is given by (15) on the bottom of this page and
the SE of the user T; to the relay, X = A, B, can be denoted
as
Te—Tp

27, %

RXR,i = E{10g2(1 + SINRXR,)} (16)
In the BC phase, with Fpc applied to generate the relay’s
transmit signal, the received signals at Tx; can be calculated
by (6), and we can obtain the SE of the relay to the i-th user

Tx;, X =A,B,
Te—T
¢ P %
27,

RRX,[ = E{10g2(1 + SINRRx,)}, (17)
where SINRgy; is given by (18), shown on the bottom of this
page. Furthermore, the sum SE of the i-th user pair in the BC
phase is defined as the sum of the end-to-end SE from 74 ; to
Tp,; and the end-to-end SE from Tg; to Ty,

Ry ; = min (Rag;, Rrp,) + min (Rpg i, Rra.i)- (19)
According to [4], [20], the sum SE of the multi-pair two-way
DF relaying system can be given by

K K
R = ZR, Z min (Rl,i’RZ,i)'

B. Approximations of Spectral Efficiency

In practical, the large-scale approximation of the SE for the
i-th user pair can be derived when the relay employs a great
number of antennas, i.e., M — oo.

Lemma 1: When M — o, GXR = [gXR,l’ --ngR,K] € CMXD,
X = A,B and to simplify the model, we consider D; = D
with i = 1, ..., K. In this case, due to the uncorrelation of any
two columns in the estimated matrix GXR, X = A, B, the inner
product of any two columns can be defined as [2], [21]

1 0—2 .
s & XR,i>

—_ g ‘gXR,A —_ H

M XR,i J 0’

With increasing relay antenna number, the vectors in Gy be-
come asymptotically mutually orthogonal. Therefore, (A}gR(A}XR
can be assumed to approach a diagonal matrix [8]. With the
assistance of Lemma I, the linear processing matrices Fac
and Fpe can be simplified when M — oo as follows

i=j

e (21)

JNS IR

Fiac = [ (IA{ZR}AIAR)_IIA{ZR ] (22)
(HBRHBR) HBR

Fpe — [ﬁzk(ﬁgkﬁZR)_lvﬁZR<ﬁ£RﬁZR)_I]» (23)

respectively. The normalization coeflicient ppr can be ex-
pressed as

r b M2 - p,
DF = 2| K
E {IFgl} Z(+ )z 3 Al
i=1 \Tari BR: m=1n=1

(24)
In the line with above, considering the DF protocol and
the properties of ZF processing [22], when M — oo, the
approximations associated with R; (R, — R; — 0) can be given
by
K K

R= Z f me RI,,RZ,

i=1 i=1

The approximations of the achievable SE in the MAC and BC
phases, and the SE of the user pair/relay to the relay/user pair
can be given by (27)-(29) on the top of next page while

(25)

Ry; = min (RAR,hRRB,i> + min (RBRJ, RRA,;), (26)
Here, ©; = AiAfI with the assumption that A; = A}, i,j =
1,..., K. Based on (28)-(29), Rpr; and Rgp; can be obtained
by using the transmit powers pg;, pa;, and the subscripts
“BR”, “AR” to replace the transmit POWers pa.i, Pg.» and the

20
e — (20) subscripts “AR”, “BR” in RAR, and RRA,, respectively.
R = Te—T % E{]O (1 + Pa, 1(|FMAClhAR1|2 + |FMAClhAR1| ) + PBz(|FMAC,hBRz|2 + IFMAC hBRzl ))} (15)
L 27, 2 A;+ B+ C;
|hXRlF§él|2
S IR = RX. | & RA |2 RB |2 RX |2 (18)
le XRLFBCI + El( XRIFBle + |hXR1FBC]| ) |hXRzFBCz| + E



RZr log, |1+ PAi ™ PBi
e i R == T e Y
. . / )
2 ) (e + 55) 3 3 100 + 2 pB,(Ma - (,ERI)mzl 3 100 + (57 + 77
27
A PA,i
RF = = Plog, |1+ ,
AR ZTC g2 § ( &ik,j + ~2 ) §: g: |® |2 + Z ( BR] ) § §: |® | +( + 1 )
j=]pA’j MZ(TE‘RJ MZO%R‘ m=1 n=1 i Pe.j Mo M7”2 m=1n=1 " MU%R"
(28)
pzF _ ¢ Tp Mp
Rga; = 27 log, |1+ X o D - , 29)
c a i
P2 (B4 22) 55100 + z( - )z 3 Apl?
Jj=1 \ AR BRj/ m=1 n=1 BR.j/ m=1 n=1

C. Energy Efficiency

Generally, the energy efficiency is the ratio of the achievable
sum SE to the total system power consumption [18]. Then, the
system energy efficiency is defined as [2], [15], [18]

R

b
P total

€= (30)
where R denotes the sum SE defined in (20), Py, represents
the total power consumption. In practical terms, the total power
consumption consists of the transmit signal power, the powers
of the operating static circuits and the RF components in each
RF chain, while each antenna is connected to one RF chain
[18]. Thus, the power consumption model of the users and the
relay in this proposed system can be given by [15], [17],

1 (Tc -7 )pu +7 14
Piori = —I - PP 4 70 - Prryl
( ) ZTL‘ gi
1 Te = Tp)Put+ TpD
=5 pT Z P22 4 (Ppaci + Pmivi + Pritei + Psyni)],
c6i 31)
L Tepr
Ptot,r = 2_[ + Te - PRF,r]
1 p T ¢ (32)
= E[é’_ + M(PDACr + Pmtx,r + Pfilt,r) + Psyn,r],

respectively. Here, Py, is the total power of i-th user and
Py is the total power of the relay. {; and ¢, represents
the power amplifier efficiency of the i-th user and the relay,
respectively. Py, is the power consumption of the frequency
synthesizer, Ppac, Ppix and Py, represent the power of the
digital-to-analog converters (DACs), signal mixers and filters
respectively [15]. In this case, the total power consumption
Piorqr for the system is

Ptotal =2K- Ptot,i + Prot.r + thatic: (33)

while Py is the power of all the static circuits [18]. In order
to simplify the power consumption model in the simulation,
we assume that §; = ¢, = ¢, Ppaci = Ppacr = Ppac, Pmix,i =
Pmix,r = Pmixv Pfilt,i = Pfilt,r = Pfilt and P.&‘yn,i = P.&‘yn,r = Psyn
fori=1,2,...K

IV. NumEricaL REsuLTs

In this section, simulation results are presented to validate
the analysis for the performance of SE and EE of the physi-
cally constrained multi-pair two-way half-duplex DF relaying
system. Generally, the following parameters are employed in
the simulation. According to the LTE standard, the coherence
interval length is 7. = 196 (symbols) and the pilot sequence
length is 7, = 2K which is the minimum requirement. For
simplicity, we assume that the large-scale fading parameters
Bari = PBpri; = 1. For the power consumption model, we
consider that user transmit power ps; = pp; = pu. 1 = 1, ..., K,
PDAC = 78mW, Pmix = 152mW, P_ﬁ]t = 10mW, Psyn = 25mW
and Pgyic = 2W [15].
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Fig. 2. Sum SE v.s. number of relay antennas M for K =5, p, = p, = 5dB
and p, = 10dB.

Fig. 2 shows the sum SE vs the number of relay antennas M
with different settings of the signal propagation path number
D. Note that the ”Approx.” (Approximations) are obtained by



applying (25)-(29), and the “Exact” (Numerical results) are
generated according to (11)-(20). We can observe that the
sum SE grows unbounded with respect to M, Moreover, larger
number of D can help to achieve better sum SE, especially
when M is small.
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Fig. 3. Sum SE v.s. inter-antenna distance for K = 5, p, = p, = 5dB and
pr = 10dB.

As shown in Fig.3, simulation results are presented to
display the relationship between the sum SE and the inter-
antenna distance of the proposed physically constrained sys-
tem. Similar with Fig.2, larger D can help to achieve a better
SE performance; moreover, d = 0.5 normalized by the carrier
wavelength A can be selected to make better use of spatial
correlation to achieve greater sum SE while antennas are
closely spaced.
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Fig. 4. EE v.s. number of relay antennas M for K = 5, p, = p, = 5dB and
pr = 10dB.

Fig. 4 represents the relationship between EE and the
number of antennas M. It is clearly shown that after achieving
an optimal EE performance, EE would decrease with respect to
M, and larger D has a positive effect on EE when M is small.
Moreover, we can observe that when D;,,,; = 100 normalized
by the carrier wavelength A, the optimal EE can be achieved
when M = 300 while d = D;yy/M = %, similarly, when
Do = 60, the optimal EE is achieved when M = 200 with
d = Dyi/M = 0.3. In this specific case we considered here,
d ~ 0.3 can be determined to achieve an optimal EE in the
proposed physically spaced system.

V. ConNcLusioN

In this paper, we have studied the sum SE and EE perfor-
mance of a physically constrained multi-pair two-way half-
duplex DF relaying system with ZF processing and imperfect
CSI. Particularly, a closed-form large-scale approximation of
the SE is investigated with the effect of spatial correlation
between closely spaced relay antennas. With the assistance
of the approximations, the relationships between the Sum SE
with number of antennas and the inter-antenna distance are
studied. Moreover, a practical power consumption model is
characterized to study the system EE which can benefit from
the spatial correlation to achieve an optimal EE performance
with an optimal inter-antenna distance in the physically con-
strained system.
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