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On the Performance of Physically Constrained
Multi-Pair Two-Way Massive MIMO Relaying with
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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 e�ciency (SE) with the e↵ect of spatial
correlation generated by the constrained space. Furthermore,
we investigate the energy e�ciency (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 e�ciency and energy e�ciency, zero
forcing processing.

I. Introduction

MASSIVE 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 e�ciency loss [5]. Therefore,
two-way relaying is introduced which can improve the spectral
e�ciency (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 su↵er 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 e�ciency
(EE) of the proposed relaying system with respect to spatial
correlation.

Notation: We use HT , HH , H⇤ and H�1 to represent the
transpose, conjugate-transpose, conjugate and the inverse of
matrix H, respectively. Moreover, IM is an M ⇥ M identity
matrix. In addition, ||·|| and ||·||F denotes the Euclidian from and
Frobenius form, respectively. Finally, E{·} is the expectation
operator and var{·} is the variance operator.

II. SystemModel

A. Channel Model

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 TA,i and TB,i, i =
1, ...,K, can exchange information with each other through
the relay TR with M closely-spaced antennas, while M � K.
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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,i, X = A, B and TR are defined as hXR,i and hT

XR,i, i = 1, ...,K,
respectively. The relevant uplink propagation channel can be
expressed as [9], [14]

hXR,i = AH

i
g

XR,i, (1)

where gXR,i ⇠ CN(0, �XR,iIDi
) , Di represents the number of

signal propagation paths with di↵erent angles of departure,
�AR,i and �BR,i represent the large-scale e↵ect which are
assumed as constants in this paper for simplicity, and Ai

2 CDi⇥M is the transmit steering matrix at TX,i given by [15],
[16]

Ai =
1p
Di

[aT(✓i,1), ..., aT(✓i,Di
)]T. (2)

here, ✓i,k, k = 1, ...,Di 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(✓i,k) = [1, e j2⇡dsin(✓i,k), ..., e j2⇡(M�1)dsin(✓i,k)], (3)

where d = Dtotal

M�1 is the inter-antenna distance with Dtotal, the
total spacing length normalized by the carrier wavelength �.
We assume that there is no receive correlation since the inter-
antenna distance is greater than � [9]. Additionally, the channel
matrix can be formed as HXR =

⇥
hXR,1, ...,hXR,K

⇤ 2 CM⇥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]

yr =

KX

i=1

⇣p
pA,ihAR,i sAR,i +

p
pB,ihBR,i sBR,i

⌘
+ nR, (4)

where sXR,i is the Gaussian signal with zero mean and unit
power transmitted by the i-th user TX,i, pX,i is the average
transmit power of TX,i, X = A, B. nR 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

zr = FMACyr , (5)

here, FMAC 2 C2K⇥M is the linear receiver matrix in the MAC
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 FBC 2 CM⇥2K in the BC phase is
applied to obtain the transmit signal of the relay as

yt = ⇢DFFBCs, (6)

where s =
h
sT

A
, sT

B

iT

denotes the decoded signal and ⇢DF

specified in the following, is the normalization coe�cient de-
termined by the average relay power constraint E

n
||yt ||2

o
= pr.

In this case, the received signals at TX,i, X = A, B can be given
by

zX,i = hT

XR,iyt + nX,i, (7)

with the standard AWGN at TX,i, nX,i ⇠ 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
FMAC 2 C2K⇥M and FBC 2 CM⇥2K given above can be defined
as

FMAC =
✓h

ĤAR, ĤBR

iH h
ĤAR, ĤBR

i◆�1h
ĤAR, ĤBR

iH

, (8)

FBC =
h
ĤBR, ĤAR

i⇤✓h
ĤBR, ĤAR

iT h
ĤBR, ĤAR

i⇤◆�1
, (9)

respectively. In (8)-(9) above, ĤXR are the CSI estimates of the
respective channels, X = A, B. To simplify the expressions in
the following sections, we define that FAR

MAC
2 CK⇥M , FBR

MAC
2

CK⇥M representing the first K rows and the rest K rows of
FMAC , respectively. Meanwhile, FRB

BC
2 CM⇥K , FRA

BC
2 CM⇥K

are the first K columns of and the rest K columns of FBC ,
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

hXR,i = ĥXR,i + eXR,i = AH

i
ĝAR,i + AH

i
qAR,i, (10)

where ĥXR,i and eXR,i are the i-th columns of the estimated
matrices ĤXR and estimation error matrices EXR, X = A, B,
respectively. The elements in ĝXR,i and qXR,i are Gaussian
random variables with zero mean, variance �2

XR,i =
⌧p pp�2

XR,i

1+⌧p pp�XR,i

and �̃2
XR,i =

�XR,i

1+⌧p pp�XR,i
, X = A, B, respectively [4].

III. Performance Analysis
A. Exact results of Spectral E�ciency

In this section, we focus on the spectral e�ciency (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
FMAC to the received signals, the transformed signals can
be obtained by (5). Therefore, the interference power due to
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estimation error, inter-user interference power and compound
noise power of the post-processing signals zr for the i-th pair
of users can be obtained as

Ai = pA,i

⇣
|FAR

MAC,ieAR,i|2 + |FBR

MAC,ieAR,i|2
⌘

+ pB,i

⇣
|FAR

MAC,ieBR,i|2 + |FBR

MAC,ieBR,i|2
⌘
, (11)

Bi =
X

j,i

pA, j

⇣
|FAR

MAC,ihAR, j|2 + |FBR

MAC,ihAR, j|2
⌘

+
X

j,i

pB, j

⇣
|FAR

MAC,ihBR, j|2 + |FBR

MAC,ihBR, j|2
⌘
, (12)

Ci = ||FAR

MAC,i||2 + ||FBR

MAC,i||2, (13)

respectively. With the expressions of desired signals, the
SINRXR,i, X = A, B, can be given by

SINRXR,i =
pX,i(|FAR

MAC,iĥXR,i|2 + |FBR

MAC,iĥXR,i|2)
Ai + Bi +Ci

. (14)

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 TX,i to the relay, X = A, B, can be denoted
as

RXR,i =
⌧c � ⌧p

2⌧c

⇥ E
�
log2(1 + SINRXR,i)

 
. (16)

In the BC phase, with FBC applied to generate the relay’s
transmit signal, the received signals at TX,i can be calculated
by (6), and we can obtain the SE of the relay to the i-th user
TX,i, X = A, B,

RRX,i =
⌧c � ⌧p

2⌧c

⇥ E
�
log2(1 + SINRRX,i)

 
, (17)

where SINRRX,i 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 TA,i to
TB,i and the end-to-end SE from TB,i to TA,i,

R2,i = min
�
RAR,i,RRB,i

�
+min

�
RBR,i,RRA,i

�
. (19)

According to [4], [20], the sum SE of the multi-pair two-way
DF relaying system can be given by

R =

KX

i=1

Ri =

KX

i=1

min
�
R1,i,R2,i

�
. (20)

B. Approximations of Spectral E�ciency

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 ! 1.

Lemma 1: When M ! 1, ĜXR =
⇥
ĝXR,1, ..., ĝXR,K

⇤ 2 CM⇥D,
X = A, B and to simplify the model, we consider Di = D

with i = 1, ...,K. In this case, due to the uncorrelation of any
two columns in the estimated matrix ĜXR, X = A, B, the inner
product of any two columns can be defined as [2], [21]

1
M
· ĝH

XR,iĝXR, j !
(
�2

XR,i, i = j

0, i , j
. (21)

With increasing relay antenna number, the vectors in ĜXR be-
come asymptotically mutually orthogonal. Therefore, ĜH

XR
ĜXR

can be assumed to approach a diagonal matrix [8]. With the
assistance of Lemma 1, the linear processing matrices FMAC

and FBC can be simplified when M ! 1 as follows

FMAC !
2
6666664

⇣
ĤH

AR
ĤAR

⌘�1
ĤH

AR⇣
ĤH

BR
ĤBR

⌘�1
ĤH

BR

3
7777775, (22)

FBC !

Ĥ⇤

BR

⇣
ĤT

BR
Ĥ⇤

BR

⌘�1
, Ĥ⇤

AR

⇣
ĤT

AR
Ĥ⇤

AR

⌘�1
�
, (23)

respectively. The normalization coe�cient ⇢DF can be ex-
pressed as

⇢ZF

DF
=

s
pr

E

n
||FBC ||2F

o =

vuuuut M2 · pr

KP
i=1

✓
1
�2

AR,i
+ 1
�2

BR,i

◆
DP

m=1

MP
n=1
|Am,n|2

.

(24)
In the line with above, considering the DF protocol and

the properties of ZF processing [22], when M ! 1, the
approximations associated with R̂i (Ri � R̂i ! 0) can be given
by

R̂ =

KX

i=1

R̂i =

KX

i=1

min
⇣
R̂1,i, R̂2,i

⌘
. (25)

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

R̂2,i = min
⇣
R̂AR,i, R̂RB,i

⌘
+min

⇣
R̂BR,i, R̂RA,i

⌘
, (26)

Here, ⇥i = AiAH
i

with the assumption that Ai = A j, i, j =
1, ...,K. Based on (28)-(29), R̂BR,i and R̂RB,i can be obtained
by using the transmit powers pB,i, pA,i, and the subscripts
“BR”, “AR” to replace the transmit powers pA,i, pB,i, and the
subscripts “AR”, “BR” in R̂AR,i and R̂RA,i, respectively.

R1,i =
⌧c � ⌧p

2⌧c

⇥ E

⇢
log2

✓
1 +

pA,i(|FAR

MAC,iĥAR,i|2 + |FBR

MAC,iĥAR,i|2) + pB,i(|FAR

MAC,iĥBR,i|2 + |FBR

MAC,iĥBR,i|2)
Ai + Bi +Ci

◆�
. (15)

S INRRX,i =
|ĥT

XR,iFRX

BC,i|2

|eT

XR,iFRX

BC,i|2 +
KP

j=1

⇣
|hT

XR,iFRA

BC, j|2 + |hT

XR,iFRB

BC, j|2
⌘
� |hT

XR,iFRX

BC,i|2 + 1
⇢2

DF

. (18)
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R̂
ZF

1,i =
⌧c � ⌧p

2⌧c

log2

0
BBBBBBBBBBBBBBB@
1 +

pA,i + pB,i

KP
j=1

pA, j

✓
�̃2

AR, j

M2�2
AR,i
+

�̃2
AR, j

M2�2
BR,i

◆
DP

m=1

DP
n=1
|⇥m,n|2 +

KP
j=1

pB, j

✓
�̃2

BR, j

M2�2
AR,i
+

�̃2
BR, j

M2�2
BR,i

◆
DP

m=1

DP
n=1
|⇥m,n|2 +

✓
1

M�2
AR,i
+ 1

M�2
BR,i

◆

1
CCCCCCCCCCCCCCCA
,

(27)

R̂
ZF

AR,i =
⌧c � ⌧p

2⌧c

log2

0
BBBBBBBBBBBBBBB@
1 +

pA,i

KP
j=1

pA, j

✓
�̃2

AR, j

M2�2
AR,i
+

�̃2
AR, j

M2�2
BR,i

◆
DP

m=1

DP
n=1
|⇥m,n|2 +

KP
j=1

pB, j

✓
�̃2

BR, j

M2�2
AR,i
+

�̃2
BR, j

M2�2
BR,i

◆
DP

m=1

DP
n=1
|⇥m,n|2 +

✓
1

M�2
AR,i
+ 1

M�2
BR,i

◆

1
CCCCCCCCCCCCCCCA
,

(28)

R̂
ZF

RA,i =
⌧c � ⌧p

2⌧c

log2

0
BBBBBBBBBBBBBBB@
1 +

M
2
pr

pr

KP
j=1

✓
�̃2

AR,i

�2
AR, j
+
�AR,i

�2
BR, j

◆
DP

m=1

DP
n=1
|⇥m,n|2 +

KP
j=1

✓
1
�2

AR, j
+ 1
�2

BR, j

◆
MP

m=1

DP
n=1
|Am,n|2

1
CCCCCCCCCCCCCCCA
, (29)

C. Energy E�ciency

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

✏ =
R

Ptotal
, (30)

where R denotes the sum SE defined in (20), Ptotal 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],

Ptot,i =
1

2⌧c

[
(⌧c � ⌧p)pu + ⌧p pp

⇣i
+ ⌧c · PRF,i]

=
1
2

[
(⌧c � ⌧p)pu + ⌧p pp

⌧c⇣i
+ (PDAC,i + Pmix,i + Pf ilt,i + Psyn,i)],

(31)

Ptot,r =
1

2⌧c

[
⌧c pr

⇣r
+ ⌧c · PRF,r]

=
1
2

[
pr

⇣r
+ M(PDAC,r + Pmix,r + Pf ilt,r) + Psyn,r],

(32)

respectively. Here, Ptot,i is the total power of i-th user and
Ptot,r is the total power of the relay. ⇣i and ⇣r represents
the power amplifier e�ciency of the i-th user and the relay,
respectively. Psyn is the power consumption of the frequency
synthesizer, PDAC , Pmix and Pf ilt represent the power of the
digital-to-analog converters (DACs), signal mixers and filters
respectively [15]. In this case, the total power consumption
Ptotal for the system is

Ptotal = 2K · Ptot,i + Ptot,r + Pstatic, (33)

while Pstatic is the power of all the static circuits [18]. In order
to simplify the power consumption model in the simulation,
we assume that ⇣i = ⇣r = ⇣, PDAC,i = PDAC,r = PDAC , Pmix,i =
Pmix,r = Pmix, Pf ilt,i = Pf ilt,r = Pf ilt and Psyn,i = Psyn,r = Psyn

for i = 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 ⌧c = 196 (symbols) and the pilot sequence
length is ⌧p = 2K which is the minimum requirement. For
simplicity, we assume that the large-scale fading parameters
�AR,i = �BR,i = 1. For the power consumption model, we
consider that user transmit power pA,i = pB,i = pu, i = 1, ...,K,
PDAC = 7.8mW, Pmix = 15.2mW, Pf ilt = 10mW, Psyn = 25mW
and Pstatic = 2W [15].
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Fig. 2. Sum SE v.s. number of relay antennas M for K = 5, pp = pu = 5dB
and pr = 10dB.

Fig. 2 shows the sum SE vs the number of relay antennas M

with di↵erent settings of the signal propagation path number
D. Note that the ”Approx.” (Approximations) are obtained by
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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, pp = pu = 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 � 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, pp = pu = 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 e↵ect on EE when M is small.
Moreover, we can observe that when Dtotal = 100 normalized
by the carrier wavelength �, the optimal EE can be achieved
when M = 300 while d = Dtotal/M = 1

3 , similarly, when
Dtotal = 60, the optimal EE is achieved when M = 200 with
d = Dtotal/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. Conclusion

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 e↵ect 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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