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Abstract—This paper investigates a massive MIMO multi-pair
two-way relay system, where K-pair users exchange information
within communication pair, with the help of a shared amplify-
and-forward (AF) relay station (RS). Large scale antenna array
is equipped at the RS and each user has a signal antenna.
The RS adopts the zero-forcing reception/zero-forcing trans-
mission (ZFR/ZFT) beamforming. The imperfect channel state
information (CSI) is considered, and the impact of channel
estimation errors on system performances is investigated. Based
on two power scaling schemes, we obtain the asymptotic spectral
efficiency and asymptotic energy efficiency of the considered
system. Our results reveal that when the number of RS antennas
grows without bound, the small-fading can be averaged out;
the additional noise and residual self-interference generated by
channel estimation errors will completely disappear; and inter-
pair interference will also vanish. Consequently, the simulation
results will be confirmed by Monte-Carlo simulation method.

Keywords–Massive MIMO, Two-way relaying, Imperfect CSI,
Energy efficiency, Spectral efficiency

I. INTRODUCTION

For future “5G” wireless communication systems, massive
MIMO has attracted much attention for significantly boosting
capacity and reducing the total transmit power, where a base
station using antenna arrays with a few hundred antennas
serves tens of users [1] [2]. Such system can efficiently reduce
the effect of noise, intra-cell interference and fast fading
just using simple linear signal processing approaches [3] [4].
Therefore, massive MIMO has been extensively investigated
for its significant advantages [5]–[7]. In [5], the user ergodic
achievable uplink data rate with linear detectors was discussed,
as well as the spectral efficiency (SE) and energy efficiency
(EE) tradeoff. In [6], the power scaling law for massive MIMO
systems in Ricean fading channels were proposed and then the
uplink rates with unlimited number of the base station antennas
were studied. An efficient channel estimation scheme called
beamforming training and precoding techniques to evaluate
the SE were considered in [7].

On the other hand, cooperative relaying has been extensively
explored for expanding coverage and increasing diversity gain
without any power increase [8] [9]. Amongst them, two-way
relaying has gained great research interest due to the high
EE. In a two-way relaying system, two users synchronously
transmit their individual signals to the relay station (RS) during

the multiple-access (MA) phase and the RS broadcasts the
received signals to the two users during the broadcast (BC)
phase. Not surprisingly, massive MIMO introduced into the
two-way relaying system can be regarded as a strong candidate
for improving the system performance, such as SE and EE [5]
[10]. In [11], the system average ergodic achievable rates in
four power allocation scenarios were conducted with a large
relay antenna array. In [12], both asymptotic SE and EE were
compared with two classical beamforming and three power
scale schemes.

However, in the practical relaying system, we cannot obtain
the perfect CSI because of the estimation error, feedback delay,
and so on. Fortunately, some researches with imperfect CSI
in the massive MIMO relaying network have been emerged
during these decades [8], [13], [14]. With the imperfect CSI,
[8] presented an optimal power allocation scheme for the
maximum EE with a given SE. In [13], the average system bit
error rate and system outage probability were derived based
on the channel estimation error. The asymptotic system outage
probability with a high SNR under the impact of imperfect CSI
was derived in [14].

In this paper, we investigate the SE and EE of the multi-
pair massive MIMO two-way relaying system with imperfect
CSI, where K-pair single-antenna users communicate within
user-pair by a RS with N antennas, where N ≫ 2K. In our
system, AF protocol and zero-forcing reception/zero-forcing
transmission (ZFR/ZFT) beamforming are adopted. Addition-
ally, because of the antenna array gain, the power of each user
or both all users and RS can be inversely proportional to N
with no reduction in the system performance, thus two power
scaling schemes are considered. Based on the aforementioned
conditions, the asymptotic signal to inference and noise ratio
(SINR) is firstly deduced and thus the asymptotic SE and
EE can be obtained. Our analysis results show that when
the relaying antenna number approaches to infinity, the small-
scale fading will be averaged out; the residual interference,
self-interference and additional noise caused by the channel
estimation will pass away. In addition, imperfect CSI will
degrade the asymptotic SE and EE of the considered system.
Finally, Monte-Carlo simulations are employed to verify our
results.
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Notation: (·)H , (·)T , (·)∗, (·)−1
,Tr (·) and ∥·∥ denote the

conjugate transpose, the transpose, the conjugate, the inverse,
the trace and the Euclidean norm of a matrix, respectively.
E{x} represents the expectation of a random variable x.
IN denotes an N ×N identity matrix. CN

(
µ, σ2

n

)
is the

complex-Gaussian distribution with mean µ and variance σ2
n.

The notation a.s.−−−−→
N→∞

and notation d−−−−→
N→∞

denote the almost
sure convergence and the convergence in distribution with the
unlimited number N , respectively.

II. SYSTEM MODEL

In a massive MIMO multi-pair two-way relaying system,
2K users making up K communication pairs exchange in-
formation within pair by a shared AF RS. In such a system,
each user has a single antenna while the RS is equipped with
hundreds of antennas. The user k and user k′ are considered
as a communication pair (k, k′), in which two users exchange
information with each other. Therefore, we can denote the
ith communication pair (2i− 1, 2i), i = 1, . . . ,K. The whole
communication transmission occupies two phases, i.e., the MA
phase and the BC phase.

In the first MA phase, all 2K users synchronously transmit
their individual signals to the RS, then the received signal
vector can be written as

yr =
2K∑
i=1

gi

√
PUxi + nr =

√
PUGx+ nr, (1)

where yr∈CN×1, x = [x1, . . . , x2K ]
T represents transmitted

symbols with E{xxH} = I2K . Furthermore, nr ∈ CN×1

denotes the additive white Gaussian noise (AWGN) with
zero-mean at the RS with E{nrn

H
r } = σ2

nIN , and PU is
the transmit power constraint of each user. The channel
matrix between the RS and all 2K users is expressed as
G = [g1, . . . ,g2K ] =HD1/2 ∈ CN×2K , where H ∈ CN×2K

represents the normalized small-scale fading channel matrix
between the RS and all users, and D ∈ C2K×2K is the
diagonal large-scale fading channel matrix with [D]kk = ηk.
The kth column of the channel matrix G, i.e., gk satisfies
the distribution of CN (0, ηkIN ) . Here we assume that all
channels between the RS and 2K users will follow i.i.d.
Rayleigh fading. The channel reciprocity is also assumed.

During the second BC phase, the RS amplifies the received
signal which is given by y = Fyr, where F ∈ CN×N is the
beamforming matrix. Then the RS broadcasts the processed
signal back to 2K users. Besides, the RS should satisfy the
transmit power constraint, i.e., PR = Tr

(
E{yyH}

)
.

Therefore, the received signal at the k′th user, yk′ , is
expressed as

yk′ = gT
k′y + nk′

= gT
k′Fgk

√
PUxk + gT

k′Fgk′

√
PUxk′

+ gT
k′F

2K∑
i ̸=k,k′

gi

√
PUxi + gT

k′Fnr + nk′ ,

(2)

where nk′ ∼CN (0, σ2
n) denotes the AWGN at the k′ user.

In Practice, the CSIs at RS may always be imperfect due to
channel estimation errors and feedback delay, and so on. In this
paper, we adopt the ZFR/ZFT beamforming at the RS which
is expressed by the channel estimation matrix. The relation
between actual channel gk and its estimator ĝk is written as
[15]

gk = ĝk + ek, (3)

where ek ∼ CN
(
0, σ2

ek
IN

)
is the channel estimation error

vector independent of ĝk and ĝk ∼ CN
(
0,
(
ηk − σ2

ek

)
IN

)
.

According to the channel estimations, the ZFR/ZFT beam-
forming matrix is given by [16]

F = βzfĜ
∗(ĜT Ĝ∗)−1P(ĜHĜ)−1ĜH (4)

where βzf is the amplification factor to satisfy the relaying
transmit power constraint; the superscript “−1” denotes the
inverse of matrix; P is the block diagonal matrix, i.e., P =
diag{P1, . . . ,PK} and Pi = [0 1; 1 0] , i = 1, . . . ,K.

The k′th user will cancel the self-interference term
ĝT
k′Fĝk′

√
PUxk′ . However, due to the existence of the channel

estimation error, the residual self-interference and additional
noise will remain at the k′th user. After the self-interference
cancelation, the remaining received signal at the k′th user is
written in (5) in the top of next page.

Consequently, the SINR at the k′th user is

γk′ =
PU |ĝT

k′Fĝk|2

PN + PA + PII + PSI
, (6)

where
PN = σ2

n

(
∥ĝT

k′F∥2 + ∥eTk′F∥2
)
+σ2

n,

PA=PU

(
|ĝT

k′Fek|2+|eTk′Fĝk|2+|eTk′Fek|2
)
,

PII=PU

2K∑
i ̸=k,k′

(
|ĝT

k′Fĝi|2+|ĝT
k′Fei|2+|eTk′Fĝi|2+|eTk′Fei|2

)
,

PSI = PU

(
|ĝT

k′Fek′ |2+|eTk′Fĝk′ |2+|eTk′Fek′ |2
)
,

represent the power of AWGN, the power of additional noise,
the power of inter-pair interference and the power of residual
self-interference, respectively.

From (6), the SE of the multi-pair large-scale MIMO two-
way relaying system is defined as

R =
1

2
E

[
2K∑
i=1

log2 (1 + γi)

]
, (7)

where the coefficient 1/2 means the communication transmis-
sion within a user pair occupies two phases. Therefore, the EE
of the considered system is expressed as

ρ =
R

2KPU + PR
, (8)

where 2KPU + PR denotes the total power consumption of
all 2K users and the RS.
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yc,k′ = yk′ − ĝT
k′Fĝk′

√
PUxk′

= ĝT
k′Fĝk

√
PUxk︸ ︷︷ ︸

signal

+ ĝT
k′Fek

√
PUxk + eTk′Fĝk

√
PUxk + eTk′Fek

√
PUxk︸ ︷︷ ︸

(additional noise)

+
(
ĝT
k′ + eTk′

)
Fnr + nk′︸ ︷︷ ︸

(noise)

+ ĝT
k′Fek′

√
PUxk′ + eTk′Fĝk′

√
PUxk′ + eTk′Fek′

√
PUxk′︸ ︷︷ ︸

(residual self−interference)

+
(
ĝT
k′ + eTk′

)
F

2K∑
i ̸=k,k′

(ĝi + ei)
√
PUxi︸ ︷︷ ︸

(inter−pair interference)

. (5)

III. ASYMPTOTIC SPECTRAL AND ENERGY EFFICIENCIES
FOR LARGE N

In this section, we consider two power scaling schemes for
power saving. When N→∞, we firstly obtain the asymptotic
SINR, then the asymptotic SE and EE can be immediately
derived based on (7) and (8).

Theorem 1. In Case I (PU = EU/N, PR = ER, EU and
ER are fixed), when the number of RS antennas N → ∞, the
asymptotic SINR at user k′ is presented as follows:

γzf1,k′
a.s.−−−−→

N→∞
γzfasm1,k′ (9)

where

γzfasm1,k′ =
EU

(
ηk − σ2

ek

)
σ2
n

.

Proof:
Denoting p , [p1, . . . , pN ]

T and q , [q1, . . . , qN ]
T are the

zero-mean i.i.d. complex Gaussian vectors with E{|pi|2} = σ2
p

and E{|qi|2} = σ2
q , and we have

1

N
pHq

a.s.−−−−→
N→∞

{
0 if p ̸= q,

σ2
p if p = q.

(10)

Due to the Lindeberg-Lévy central limit theorem, we obtain

1√
N

pHq
d−−−−→

N→∞
CN

(
0, σ2

pσ
2
q

)
, (11)

After some calculation using the properties of (10) and (11),
we have

yc,k′
√
N

a.s.−−−−→
N→∞

βzf
N

√
EUxk+

βzf
N

(
ηk−σ2

ek

)−1 ĝH
k nr√
N

+
nk′
√
N
(12)

d−−−−→
N→∞

βzf
N

√
EUxk+

βzf
N

(
ηk−σ2

ek

)−1
ñg+

nk′
√
N
,

where ñg ∼ CN
(
0,
(
ηk − σ2

ek

)
σ2
n

)
.

Therefore, the asymptotic SINR for Case I can be derived.

Theorem 1 reveals that the transmit power of the users
can be scaled down by 1/N without reduction in system
performance due to the antenna array gain. When the number
of RS antennas goes to infinity, the asymptotic SINR goes
to deterministic. Additionally, the small-scaling fading can be

averaged out because of the diversity gain of N antennas.
Based on the large number law in (10), the inter-pair inter-
ference disappears because all channels of different pairs ap-
proach pairwise orthogonal; the residual self-interference and
additional noise both diminish. Moreover, the term nk′/

√
N

disappears as N runs to infinity. As a consequence, the
asymptotic SINR for Case I is only limited by the average SNR
EU/σ

2
n, the channel estimation error and large-scale fading.

Theorem 2. In case II (PU = EU/N,PR = ER/N, EU and
ER are fixed ), when the number of RS antennas N → ∞,
the asymptotic SINR at user k′ is presented as follows:

γzf2,k′
a.s.−−−−→

N→∞

γzfasm1,k′ φ

γzfasm1,k′ + φ+ ψ
, (13)

where

φ =
ER

σ2
n

2K∑
i=1

(ηi − σ2
ei)

−1

,

ψ=2
(
ηk−σ2

ek

) K∑
i=1

(
η2i−1−σ2

e2i−1

)−1(
η2i−σ2

e2i

)−1
/
2K∑
i=1

(
ηi−σ2

ei

)−1
.

Proof: According to (10) and (11), when N → ∞, we
obtain
βzf√
N

a.s.−−−−→
N→∞

(14)√√√√√ ER

EUTr

((
ĜT Ĝ∗

N

)−1
)
+ σ2

nTr

((
ĜT Ĝ∗

N

)−1

P
(

ĜHĜ
N

)−1

P

)

And the asymptotic received signal at the k′th user can be
written as

yc,k′
a.s.−−−−→

N→∞

βzf√
N

√
EUxk +

βzf√
N

(ηk − σ2
ek
)−1ñg + nk′

(15)

After some simple mathematical calculation, Theorem 2 can
be deduced.

From Theorem 2, we conclude that the transmit power of
both the RS and users can be scaled down by 1/N without
comprising the system performance because of the array gain
of N antennas. Again, in the very large N regime, the SINR
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Fig. 1. Case I: The SE versus the number of antennas at RS N where
K = 2, 4 and σ2

e = 0.001, 0.1.

for Case II becomes deterministic. In addition, the small-
scaling fading can be averaged out due to the diversity gain of
large scale antenna system; and the additional noise, inter-pair
interference and residual self-interference eliminate due to the
law of large number. However, different from Case I, it can be
calculated that the asymptotic EE in Case II increases linearly
with N ; and the AWGN at the RS and users does not tend to
zero when N→∞.

Remark: Assuming ηi ≫ σ2
ei , i = 1, 2, · · · , 2K. With the

fact that ab
a+b+c <

ab
a+b ≤ min{a, b}, where a, b, c > 0, the

asymptotic SINR of γzf2,k′ is smaller than γzfasm1,k′ . Therefore,
the asymptotic EE in Case II is higher, whist Case I has the
greater asymptotic SE between the two power scaling schemes.

IV. SIMULATION RESULTS

In this section, the SE and EE of the massive MIMO multi-
pair two-way relaying system are conducted by using Monte-
Carlo simulations and then compared with our asymptotic
analytical results. Assume that the system structure is sym-
metric, i.e., ηi=1, σ2

ei =σ
2
e , i=1, . . . , 2K. We consider that

EU =ER =10, the number of user pairs K =2, 4, the noise
variance σ2

n = 1 and the channel estimation error variance
σ2
e =0.001, 0.1 in all simulations.
The SE and EE versus the number of RS antennas N

for Case I are plotted in Fig. 1 and 2, respectively. When
N → ∞, all the curves increase and tend to the corresponding
high asymptotic constants since the small-scale fading is
averaged out; the additional noise, residual self-interference
and inter-pair interference eliminate, which is consistent with
the mathematical analysis. Additionally, when σ2

e is set, both
the asymptotic SE and EE will double by increasing K from
2 to 4. When we fix K, increasing σ2

e will degrade both SE
and EE.
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Fig. 2. Case I: The EE versus the number of antennas at RS N where
K = 2, 4 and σ2

e = 0.001, 0.1.
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Fig. 3. Case II: The SE versus the number of antennas at RS N where
K = 2, 4 and σ2

e = 0.001, 0.1.

For Case II, the SE and EE versus the number of RS
antennas N are plotted in Fig. 3 and 4, respectively. From
Fig. 3, the SE will converge to the high value without com-
prising the system performance with the unlimited antennas
at the RS. Notably, When N → ∞, the EE for Case II will
increase linearly with N . These figures for Case II confirm
that allocating large scale antennas at RS will improve the
performance, because the small-scale fading can be averaged
out; the additional noise, residual self-interference and inter-
pair interference will go away with the unlimited RS antennas.
Compared with above two power scaling schemes, Case I has
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Fig. 4. Case II: The EE versus the number of antennas at RS N where
K = 2, 4 and σ2

e = 0.001, 0.1.

the greater SE but the smaller EE.

V. CONCLUSION

In this paper, we have investigated the SE and EE of multi-
pair two-way relaying system with large RS antennas under
imperfect CSI. Based on AF protocol, we consider the classical
beamforming ZFR/ZFT as well as two schemes of power-
scaling. The analysis results of the system have been confirmed
by Monte-Carlo simulation. Our study reveals that we can cut
down the transmit power of the users or both the users and
RS with the steady SE and the great EE. Additionally, the
channel estimation error has a negative effect on the system
performance. In the very large number of relay antennas
regime, the small-scale fading can be averaged out because of
the diversity gain of the large scale RS antennas; the additional
noise, inter-pair interference and residual self-interference all
disappear due to the law of large numbers.
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