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Abstract In this work, we investigate the spectral efficiency (SE) and energy efficiency (EE) for a massive
multiple-input multiple-output multi-pair two-way amplify-and-forward relaying system, where multi-pair users
exchange information via a relay station equipped with large scale antennas. We assume that imperfect chan-
nel state information is available and maximum-ratio combining/maximum-ratio transmission beamforming is
adopted at the relay station. Considering constant or scaled transmit power of pilot sequences, we quantify
the asymptotic SE and EE under general power scaling schemes, in which the transmit power at each user
and relay station can both be scaled down, as the number of relay antennas tends to infinity. In addition, a
closed-form expression of the SE has been obtained approximately. Our results show that by using massive relay
antennas, the transmit power at each user and the relay station can be scaled down, with a non-vanishing signal
to interference and noise ratio (SINR). Finally, simulation results confirm the validity of our analysis.
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1 Introduction

In the massive multiple-input multiple-output (MIMO) systems, the base station (BS) deployed hundreds
or more antennas can serve tens of user terminals in the same time-frequency resource, achieving higher
dramatic data rate and power efficiency [1-3]. It was shown that when the antenna number at BS,
i.e., N, increases sufficiently large, the detrimental effects in the conventional wireless systems, such as
inter-pair interference, small-scale fading and noise, will totally clear away through some simple linear
processing approaches [3,4]. Furthermore, massive MIMO can remarkably boost the energy efficiency
(EE) of the system, for instance, the transmit power of each antenna can be scaled down by 1/N or
1/ VN maintaining a desirable rate, depending on availability of the channel state information (CSI)
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at the BS [3,5-7]. These attractive features make massive MIMO gain significant interest from both
academia and industry, and understanding the fundamental performance limits of the massive MIMO
systems has become a hot topic.

On the other hand, the two-way relaying inherits the benefits of the one-way relaying for capturing
higher capacity, longer network lifetime and so on, meanwhile it effectively utilizes the spectrum resources
[8,9]. Two-way relaying system combined with massive MIMO can be regarded as a promising technique
to remarkably improve the performance, e.g., spectral efficiency (SE) and EE [10-13]. With variable gain
AF relaying adopted, Cui et al. [10] investigated the asymptotic SE and EE for the specific power-scaling
schemes. With fixed gain amplify-and-forward (AF) relaying utilized, Jin et al. [11] studied the ergodic
rates and EE for a massive MIMO two-way relaying system. In [12], a power allocation scheme was
proposed to maximize the sum SE in the massive MIMO two-way AF relaying system. Achievable rate
was studied for the massive MIMO two-way decode-and-forward relaying system [13]. The above works
assumed perfect CSI is available.

However, massive MIMO still has many challenges we have to deal with. A fundamental one is to
acquire accurate CSI at the BS [14]. In [15], the authors investigated the resource allocation problem
for a pilot-assisted multi-user massive MIMO uplink with linear minimum mean-squared error (MMSE)
channel estimation and detection. Moreover, some studies on massive MIMO with imperfect CSI have
been presented [16-21]. Considering the multiuser massive MIMO downlink transmission, Khansefid
et al. [16] maximized the sum-rate lower bound with an asymptotic optimal power allocation, and Dong
et al. [17] derived a closed-form lower bound on the area spectral efficiency. Considering the uplink
massive MIMO systems, considering the most dominant factor of large-scale fading, Yang et al. [18]
obtained a novel expression on the asymptotic ergodic achievable rate; the authors in [20] investigated
the achievable sum-rate with aged CSI. For the massive MIMO two-way relaying system, we studied
the asymptotic signal to inference and noise ratio (SINR) with zero-forcing beamforming adopted at the
relay station with imperfect CSI; and the authors in [21] studied the impact of co-channel interference
and the pilot contamination. However, in the above studies [10,13,16-19,21], only specific power scaling
schemes for the transmit power at each user, i.e., Py and at the relay station, i.e., Pg, are considered,
for example, Py = Ey/N,Pgr = Egr/N, where Ey and ER are constant values, and N is the antenna
number at the relay station [21]. Focusing on the uplink massive system, the authors in [20] investigated
a general power scaling scheme.

Different from the existing works, i.e., [10,13,16-19,21], we investigate the SE and EE in a massive
MIMO two-way AF relaying system, assuming the general power scaling schemes are used at the each
user and the relay station. Specifically, we define Py = %, Pr = %, and a > 0, b > 0, indicating the
power scaling laws at the each user and relay station, respectively. Furthermore, we consider two cases for
the transmit power of pilot sequences Pp, i.e., Pp = ¢ where ¢ is a constant, and Pp = 7Py indicating Pp
is scaled down proportionally to N®. The first case is called fixed Pp case, and the latter is called variable
Pp case in this paper. In addition, we assume maximum-ratio combining/maximum-ratio transmission
(MRC/MRT) beamforming is adopted at the relay station, and imperfect CSI is available. We derive
the general asymptotic SINR at the k’th user when N — oo, from which the asymptotic SE and EE is
obtained analytically. Additionally, the approximate closed-form expression on the SE in the considered
system is also obtained. It is shown that the analytical results in [10] are the special cases of our results.
Our analytical results in this paper show that the transmit power at each user, i.e., Py, and at the relay
transmit power, i.e., Pg, and/or the transmit power of pilot sequences Pp, can be dramatically reduced
without the loss in the system performance. Finally, Monte-Carlo simulations are employed to verify
these results.

Notation. [|-], ()", ()", (O™, ()" and Tr(-) represent the Euclidean norm, the transpose, the con-
jugate, the conjugate transpose, the inverse, and the trace of a matrix, respectively. E{x} stands for
the expectation of a random variable © and Iy denotes an N x N identity matrix. 1;,(i =1,...,2K)
represents the ith entry is 1 in a 1 x 2K vector, and the others are 0; d; = 1 if &k = ¢, and Jx; = 0,
otherwise. Osxx1 is a zero 2K x 1 vector. 1y is a N x 1 vector where all elements are 1. CN (u, cf%)
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Figure 1 The system model of the multi-pair massive MIMO two-way AF relaying system.
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is the complex-Gaussian distribution with mean p and variance o;,. N“;‘» represents the almost sure

—00

convergence, when N approaches to infinity, and Nd" denotes the convergence in distribution, when N
— 00

approaches to infinity.

2 System model

As illustrated in Figure 1, in a multi-pair two-way relaying system, 2K users comprising X communication
pairs exchange information with each other within a pair, with the help of a shared AF relay station. The
relay station is equipped with N (N > 2K) antennas while each user has a single antenna. Consider users
k and k' as a communication pair (k, k'), in which they exchange information with each other. Thus,
the ith communication pair can be denoted by (2i — 1,2i),i = 1,..., K. The channel matrix between
the relay station and 2K users is denoted by G = [g1,...,g2k] € CV*2K with g, ~ CN (0,mx1n)
representing the channel between the kth user and the relay station. Furthermore, the channel matrix is
modeled as G = HD'? where H € CN*2K denotes the normalized small-scale fading matrix between
the relay station and all users, following independent identically distributed (i.i.d.) Rayleigh fading, and
D € C?K*2K ig the diagonal large-scale fading matrix with [D],, = nw, representing the large-scale
fading coefficient. Channel reciprocity is assumed in this paper.

2.1 Channel estimation

Before data transmission, channel estimation is performed during the training part of the coherence inter-
val. Assume that the relay station performs minimum mean squared error (MMSE) channel estimation by
transmitting the orthogonal pilot sequences [13,22]. Thus, the received pilot matrix at the relay station
is given by

Ye = /PrGPT + N, (1)

where Pp denotes the transmit power, @ € C™*2K represents the pilot sequences from all the users to
the relay station satisfing #® = Lir, 7 (1 > 2K) is the length of the pilot sequences, and N € CV*7
denotes the additive white AWGN matrix with i.i.d. CA (0, 1) elements.

Then, the MMSE channel estimation G of G, which is the true channel matrix, is expressed as [13]

1

GA:
VP

Yp® D = (G + \/%DW) D, (2)
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where W = N&*, and D £ (PLPD*1 + L)~ Since 1@ = Ik, the elements of W follow CA (0, 1).
Recalling g, ~ CN (0, mx1n), gr ~ CN (0,11 1x) and according to the large number law [23], we have

]. H a.s. ]- H a.s.

NIRRT e ke 5T 0, ®)
yielding

1AHA a.s. ~H ~ 1 AH7A A

~ 2 2
where [A]gx = Pff]:il. Therefore, the elements of g, ~ CN(0, Pff]:il).

Let E be the error matrix and assume the orthogonality between Gand E. T hus, we have [13]

G=G+E, (5)
where ej, ~ CN (0, ng 1 N) is the kth column of E which is independent of the kth column of G. Recalling

2
gr ~ CN (0,m,1y) and gx ~ CN(0, Pff]:illgv), one can obtain

2 Mk
O'ek PPnk + 1 ( )

2.2 Data transmission

The whole data transmission takes place in two phases, i.e., the multiple-access (MA) phase and the
broadcast (BC) phase. During the MA phase, all 2K users simultaneously transmit their respective
information to the relay station. Thus, the received signal y, € CN*! at the relay station can be
expressed as

2K
Yr = Y giv/Puri+n = VPG +my, (7)
i=1
where ¢ = |21, ..., JUQK]T stands for the transmitted symbols with E{zz"} = Iy, n, € CV*! represents

the zero-mean AWGN at the relay station with E{n,n'} = 02Ty, and Py is the transmit power at each
user.

During the BC phase, the relay station broadcasts the amplified signal y = Fy, to the 2K users,
where F € CV*N denotes the MRC/MRT beamforming matrix at the relay station. Utilizing the
channel estimate G, the beamforming matrix F is given as follows [10]:

F = BG*PGY, (8)

where f3 is the amplification factor to satisfy power constraint at the relay station, and P = diag{ P,
..., Pr} is the block diagonal matrix, following P; = [01;10],i = 1,..., K. Specifically, 5 is given
by [11]

— PR
= \/PUTI' (Z1)+0'721TI‘ (ZQ), (9)

where Z, = G*PGUGPG™ and Zy = G*PGY(G + E)(G" + E®)GPG™. Therefore, the received
signal at the k’th user is given by

2K
Yo = gy + = g Fge/ Puar, + g Fgiw/Poaw + g F Z givV/Puzi + gh Fng +np,  (10)
ik k!

where ng ~ CN(0,02) is the AWGN at the k’th user.
After canceling the self-interference term g, Fgy v/ Pyxy in (10), and substituting (5) into (10), the
remaining received signal at the k’th user is given by

Yerr = Gp Fgi/ Poxy, + g Fer/ Pozi, + el Fgip/ Poxy, (11)

signal (additional noise)
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+eE/F6k\/PUl‘k +QE/F6]€/ Py +eE/ng/ Py +eE/Fek/ Pyxy

(additional noise) (residual self-interference)
2K
+ (g +ep) F Z (9; + e) VPuxi+ (90 + ep) Fn, +ny
ik K .
(noise)

(inter-pair interference)

From (11), it can be seen that the residual self-interference and additional noise are introduced due to
the channel estimation errors.
Consequently, the received SINR at the k’th user is expressed as

o = = Lol gl (12)
Pa + Psp + P+ Py’

where

Pa = Py (|94 Fer* + e Fgi|* + el Fex|?)

Psi = Py (|gi Few [* + e Fgi [* + |ep Few[*)

2K
Pu="Py Y (lghFgil* +ghFeil* + el Fg;|* + e, Feil?)
ik, k!

and

Px =02 (|gaF|? + |lep FII?) + o2

represent the power of the additional noise, the residual self-interference, the inter-pair interference and
AWGN, respectively.
From (12), the SE of the massive MIMO multi-pair two-way relaying system is defined as [11]

T—71 2K
Rsum = oT E §1Og2 (1 + ’71) ) (13)

where T denotes the coherence interval time, and the coefficient 1/2 is because the data transmission
within a communication pair takes place in two phases. Therefore, the EE of the considered system is
defined as [11]

RSU.III

_ 14
2K Py + P’ (14)

p

where 2K Py + Pr denotes the total power consumption at all users and the relay station.

3 Asymptotic SINR for different power scaling cases

In this section, we investigate how much power can be scaled down at each user and the relay station
with a non-vanishing SINR, as N — co. Rewrite Py = %, Pr = %, where Ey and ER are constants,
a > 0 and b > 0 indicate the power scaling laws at the each user and the relay station, respectively. For
variable Pp, Pp = 7Py indicates that the transmit power of pilot sequences is also scaled down by 1/N%;
for fixed Pp, Pp = ¢, where c is a constant. The asymptotic SINR at the k’th user is firstly derived for

fixed and variable Pp, respectively, from which the asymptotic SE and EE can be obtained analytically.
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3.1 Asymptotic SINR at the k’th User with Fixed Pp, Pp = c

With the fixed transmit power of pilot sequences, i.e., Pp = ¢, the asymptotic SINR at the k’th user is
presented in the following Theorem 1.

Theorem 1. With the fixed transmit power of pilot sequences, i.e., Pp = ¢, and Py = £¢ Py = £
a,b > 0, for fixed Ey and ER, the asymptotic SINR at the k’th user is given by

o 2 By Ex (e~ 02,)" (mw — 02, )"N*~ (15)
F N Seo Er (nk —o? ) (ﬂk' — ng,) 02N1=t + FEypoc2 N1i-a + 901(7%,
where
K
Z i1 = 02, ,) (i = 02,,) (16)
and
K
2 = Z (1i-1 — 02, ) (m2i — 02, {(7721'—1 —oZ )+ (i — 0521_)} . (17)
i=1

Proof.  See Appendix A.

Remark 1. Theorem 1 implies that for a non-vanishing v, as N — oo, we should have 2 —a — b >
max(1 —b,0,1—a), or equivalently 0 < a,b < 1. As such, v, increases as N grows without bound. With
Pp = ¢, the transmit power at each user and relay station can be both further scaled down by 1/N,
maintaining a constant v as N — oo. In particular, v converges to the constant for the following three
cases: 2—a—b=3-b>max(0,1—a),2—a—b=1—a>max(1—-5b,0)and2—a—b=1-b=0=1—a,
or equivalently (a = 1,0 < b< 1), (0 <a< 1,b=1), and (a = b = 1), respectively. Specially, we have
the cases as follows.
e Case A-I (a=1,0<b< 1):

EU (nk 02 )
a.s. asm €k
’ 5 — . 18
Vk N Vi1, k D) ( )

n

e Case A-II (0<a<1,b=1):

asm ER (nk/ - O—gk/ )2 (nk - O—gk)Q

» - 19
v —> Y12,k po02 (19)
e Case A-IIl (a =b=1):
a.s. 7?1“1?’ 7?2“12’
fyk/ asm (20)

N—oo i + i +¢1/e2

In Case A-I, the asymptotic SINR is only limited by the channel estimation error, the average signal
noise ratio (SNR) and the large-scale fading. In addition, with the increase of N, the AWGN at the k’th
user converges to zero. While in Case A-II and Case A-I11, the AWGNSs at each user and the relay station

do not tend to zero when N — co. Moreover, when Er — 0o, 75" runs to the asymptotic SINR in Case

A-1, ie., Vg in (18); and when Ey — oo, Y3 & runs to the asymptotic SINR in Case A-11, i.e., Vs kr
n (19).

Remark 2. In particular, when the system structure is symmetric, i.e., n; = 1, 02, =02, i =1,...,2K,
and Ey = Er = E, the asymptotic SINR 7y in (15) becomes

os. E2 (1 - 02)° N2-a~b
Nooo F(1—02)°02N1=t 4 2KE (1 - 02) 02 N1=0 + 2Kg4’

Vk!
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Accordingly, Eqgs. (18)—(20) become

2 2
,y%rn _ E(]_*O’e) asm __ E<170—6)
) = , = ——
f1,k 0_7% ’ 2,k 2KO'%
and asm asm
,yasm . Vst1, k' Vsf2,k’
£3,k’ asm asm 2\
o+ + 1/ (1—0?)
respectively.

Comparing i)y, sy and i3y, and considering the fact that +y - < ;—fy < min{x,y}, where
x,y,z > 0, it can be concluded that in the symmetric system, the asymptotic SINR in Case A-I is the
maximal, while in Case A-III is the minimal among the three cases. Thus, the asymptotic SE in Case
A-T is the greatest, and in Case A-III is the smallest. In addition, from (14), it can be observed that
the asymptotic EE in Case A-III increases linearly with N. So, the asymptotic EE in Case A-III is the

maximal in the above three cases.

Remark 3. With perfect CSI, we have Jgk = P_pZﬁ — 0. In this case, v, in (15) becomes
o 2 B P N )

N=voo B2 o2 N1=b + By S5 maim1m2i (ai—1 +112) 02N1=0 + 2570 oy
Furthermore, we note that, with perfect CSIL, i.e., 02 = ek/ = 0, it Yo r and i in (18)-(20)

reduce to the previously known results, i.e., [10, Egs. (13), (20), (24)], respectively.
3.2 Asymptotic SINR at the k’th User with variable Pp, Pp = TEy/N%a >0

For variable Pp, i.e., Pp = 7Py, the asymptotic SINR at the k’th user is presented in the following
Theorem 2.

Theorem 2. With the variable Pp, i.e., Pp = 7Py, and Py = N—‘j, and Pr = Nb’
are fixed, and a > 0, b > 0, as N — oo, the asymptotic SINR at the k’th user is given by

where Fy and Eg

as. Erm?Ednint N2-3a-b
i K = .
N=roo TEREUUQW% Ni-a=b 4 TE%U% Doim1 77%1‘—17731‘ (ngi—l + 77%1‘) Ni=2e 42557, ngi—ﬂ?%ﬂ%
(23)
Proof.  Recalling (6), ¢1 and @2 in (16) and (17) can be re-expressed as
PEn3i_ 13
oy = 22 P21 (24)
— (Pprai—1 + 1) (Pprai + 1)
and .
0o = Z Pﬁngi_mii ( 77%1‘—1 + ﬂgi ) (25)
— (Ppmzi—1 +1) (Ppn2i +1) \ Penmzi-1 +1  Perpi+1)
respectively.

Due to (6), we have n, — gk = Ppi—n’“ Let Pp = 7Py, Py = NG,PR N,,, a,b >0, thus Ppy, < 1

as N — oo. Substituting (24) and (25) into (15), Theorem 2 can be easily achieved.
Remark 4. Theorem 2 implies that with a non-vanishing v as N — oo, we should have 2 —3a — b >
max(1l —a — b,1 — 2a,0), or equivalently, 0 < a < 1/2 and a + b < 1. In particular, as N — oo, i
converges to the constant if 2 —3a—b = max(1—a—b,1—2a,0), and equivalently (a = 1/2,0 < b < 1/2),
(0<a<1/2, a+b=1), or (a =b=1/2). Specially, we have the cases as follows.

e Case B-I (a=1/2,0<b<1/2):

2 .,2
TEGN
asm __ U'lk
Yk Vvl k' — o2 .
n
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e Case B-II (0<a<1/2,a+b=1):

4,4
a.s. asm TEREU??WM

e O W K : (27)
N=oo 02 3 ey M3 a3 (131 +13;)
e Case B-III (a =b=1/2):
) E 2E3 4 4/
Vo —Z 2T = BT 20T - (28)
N—oco

K K
TEREuonning + TEGoR 301 151703 (7731'71 + 77%1) + 200 D20 M3
Remark 5. With a constant v, as N — oo, the transmit power for the pilot sequences and data signal

at each user can be scaled down simultaneously up to by 1/ VN, which leads to the so-called “squaring
effect” [5,6].

Remark 6. When the system structure is symmetric, ie., n; = 1, 02, = o2, i = 1,...,2K, and
Ey = Er = E, the asymptotic SINR 7, in (23) becomes
) 2E4N273a7b
"}/k/ -5 T (29)

N—oo TE202N1-0=b 4 9KTE202N1-20 + 2K o4’
Therefore, Egs. (26)—(28) become
TE? TE? 2Bt

asm asm asm

Lk = 02’ T2k = @’ sk = TE202 + 2KTE2%02 + 2Ko}’

n

respectively.

Comparing 751%/, 19ok and 793%,, it can be clearly observed that the asymptotic SINR in Case B-I
is the highest, but in Case B-III is the lowest. Thus, the greatest asymptotic SE is observed in Case B-I,
but the worst asymptotic SE is observed in Case B-III.

Remark 7. With perfect CSI, recalling gy ~ CN (0,7:1x) and g ~ CN (0 M—IN), we have

’ Ppﬁk-‘rl
2
g = Pfg:j_l. Therefore, the asymptotic SINR 7y in (23) becomes (22).

4 Approximation of spectral efficiency

In this section, we present the approximate expression on the SE in the considered system. The achievable
rate at user k' in pair (k, k') is given by

T—-1

Ry = ——F {logy (1 +vkr)} - (30)
Using the Jansen inequality, we obtain
~ — T ]
;= — /
Ry = Ry, o7 1082 (1 + [Ex/] ) ) (31)
where

B 2 Bl ). (32)

Recalling that the ith communication pair is represented by (2i—1,2i),i = 1,..., K, we have the following
Theorem 3.

Theorem 3. An approximation of the spectral efficiency in the considered system is given by

K 2 2
- T—7 NPy(n2i-1 —02,,_,) NPy(n2i —02,,)
Reum = — |lo 1+ 2l + lo <1 + —621) , 33
; 2T g2< o2(1+ Az 1) 82 o2(1+ Ag) (33)
t=1,...,2K is given in (6),

where o2,
Pyps + p102 /N

Pr(n2i — 02,,)(2i1 — 02, )%

Pyps + 102 /N

Ay = :
st Pr(n2i1 — 02, | )(n2i —02,,)?

Ag; = (34)

1 and ¢y are given as in (16) and (17), respectively.
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Figure 2 The SE Pp versus N with imperfect CSI. Figure 3 The EE versus N with imperfect CSI.

Proof.  See Appendix B.

Theorem 3 presents the approximate expression on the SE in the considered system. It can be observed
that Rgum increases as N increases or as the channel estimation error in all links reduces, but decreases
as Ag;_1 or Ag; increases.

5 Numerical and simulation results

In this section, the numerical and Monte-Carlo simulation results are presented to evaluate the SE and
EE in the considered system. In Figures 2-8, “Sim” denotes the abbreviation of simulation, “Asym”
represents the asymptotic results obtained from Theorems 1 and 2, and “Analy” is short for the approx-
imate results obtained from Theorem 3. We assume that Ey = Er = 10, all noise variance 02 = 1, the
coherence interval T' = 200, the number of communication pairs K = 2. We also assume that the system
structure is symmetric, i.e., 7; = 1, qu, =02=0.1,i=1,...,2K. For variable Pp, the length of pilot
sequences 7 = 2K, and Pp = 7Py.

Firstly, we consider Case A (a = 1/2, b = 1/2) for fixed Pp and Case B (a = 1/4, b = 1/3) for
variable Pp. With imperfect CSI, Figures 2 and 3 compare the simulated SE and EE with the analytical
and asymptotic results for the fixed Pp and variable Pp, respectively. From Figures 2 and 3, it can be
observed for fixed and variable Pp, the SE and EE both increase as N — oo, which is reasonable since the
asymptotic yx/s grow with the increase of N. In addition, as N — oo, it shows that our asymptotic and
analytical SE/EE become very tight, indicating the validity of our analysis. Furthermore, as expected,
it can be seen that for the deeper power scaling, the SE in Case A for fixed Pp is lower than that in
Case B for variable Pp, while the EE in Case A for fixed Pp is comparatively greater than that in Case
B for variable Pp. For example, when N = 2000, the SE in Case A is about 2.2 bps/Hz less than that in
Case B, while the EE in Case A is about 8.6 bits/J greater than that in Case B.

In Figures 4-6, we consider three power scaling cases for fixed Pp, i.e., Case A-I (a = 1,b = 0), Case
A-II (a = 0,b = 1) and Case A-III (¢ = 1,b = 1). Figure 4 shows the SE versus the number of relay
antennas N for fixed Pp with perfect/imperfect CSI. From Figure 4, it can be seen that when N increases,
the SE tends to a certain constant value for perfect/imperfect CSI, respectively, which is consistent with
our analysis, since the asymptotic v; converges to a constant. For example, considering Case A with
a=1,b =0, SE converges to 6.7 bps/Hz with perfect CSI and 6.3 bps/Hz with imperfect CSI. We can
also clearly observe that all analytical and asymptotic results are very tight at large N. As expected,
the SE with perfect CSI performs better than that with imperfect CSI. For example, there is about
0.4 bps/Hz gap in SE between perfect and imperfect CSI cases in Case A with a = 1,0 = 0. Besides, it
can be seen that the SE in Case A-I is the maximal among the above three power scaling cases for fixed
Pp, which is consistent with Remark 2. From Remarks 3 and 7, it is shown that the asymptotic ¢ for
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Figure 5 Case A-I and A-II: The EE versus N with perfect/imperfect CSI.

fixed Pp is identical with the one for variable Pp with perfect CSI. Thus, due to the space limitation,
here, we only compare the SE and EE with perfect/imperfect CSI for fixed Pp, which is reasonable.
Figure 5 compares the EE for perfect/imperfect CSI in Case A-T and Case A-II. It can be clearly seen
that when N — oo, the EE approaches to a constant value, which is consistent with the conclusion in (14).
For example, considering Case A-I with a = 1,b = 0, the EE converges to 0.66 bits/J with perfect CSI
while 0.64 bits/J with imperfect CSI. It can be seen that for both perfect/imperfect CSI, the analytical
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Figure 6 (Color online) Case A-III: The EE versus N with perfect/imperfect CSI.
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Figure 7 The SE versus N with imperfect CSI. Figure 8 The EE versus N with imperfect CSI.

EE is very close to the simulated ones when N is very large. Moreover, Figure 6 shows the EE for
perfect /imperfect CST in Case A-III. Again, it can be observed that the analytical and asymptotic results
are very tight, as N — oo. Notably, the EE grows linearly with N for perfect/imperfect CSI, which is
also reasonable due to (14). From Figures 5 and 6, it is shown that the EE with perfect CSI outperforms
the counterpart with imperfect CSI, that is to say, the EE is impaired by the channel estimation errors.

Next, in Figures 7 and 8, we consider the three power scaling cases for variable Pp with imperfect
CSI, i.e., Case B-I (a = 1/2,b = 1/3), Case B-IT (a = 1/3,b = 2/3) and Case B-III (a = 1/2,b = 1/2).
In Figure 7, it is illustrated that the analytical SE results approximate the simulated ones very well,
especially when N is large. Additionally, all simulation results approach to their asymptotic results, as
N — oco. Furthermore, it is easily observed that Case B-I performs the best among the three power cases,
which is consistent with Remark 6. In Figure 8, the simulated EE also approaches to the fixed value as
N becomes large. Thus, the tightness of analytical results is verified.

6 Conclusion

In this paper, considering the fixed Pp and the variable Pp, the SE and the EE performance were inves-
tigated for a massive MIMO multi-pair two-way AF relaying system, with general power scaling schemes
and imperfect CSI. In a large relaying antenna regime, we firstly obtained the asymptotic expression of
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the SINR, from which the asymptotic SE and EE were deduced. Furthermore, we derived an approximate
closed-form expression of the SE. As the antenna number of relay station grows without bound, our anal-
ysis results revealed that the transmit power at each user and relay station can be scaled down by 1/N

with fixed Pp, but can be further cut down by 1/ VN with variable Pp. Numerical results accompanied

with Monte-Carlo simulations verified the accuracy of the proposed mathematical analysis.
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Appendix A Proof of Theorem 1

According to the law of large numbers, we obtain

il gTe a-s.
NIRTE

.S, a.s.
0, —egek/ —— 0.
N—oo N N—oo
As such, we have

(A1)
Pa L) 0, Prr L} 0, PSI L} 0, and Py L} O'ZHgE/F”Q =+ 0‘%. (A2)
N—o0 N — oo N—o0 N—o00
Utilizing (A2), we have
a.s. PU\QEIFQHQ
V! 26T FII2 + o2 (A3)
N—oo UnllgleII +o3
e Ppn} .
Rewriting g ~ CN(O, prz:il 1) due to (6), we obtain
~T a.s. 2 ~H
gk/F N—>oo} ﬁN(nk’ - Uek/)gk (A4)
and

91 Fai %’ BN?(myr —o2,,) (i — 02,) bki-

(A5)
Additionally, using the property Tr (AB) = Tr (BA) and rewriting [A]xr = (7 — ng) due to (6), Tr(Z1) and Tr(Z2)
in (9) are given by
T (Z1) % Tr (NGTG* PGHGP)
N —o0 N—o0

_as Ly (NAPAP)

K
:22(7721'—1 —o2, ) (m2
i=1

€21 _Jg2i)N2 =@1N?, (A6)
Tr (Z2) —25 Tr (NQGTC:*PC:H(;GHC:P) ATy (NQAPA2P>
N—o0 N — o0
K
= Z (m2i—1 — 0321;1) (n2: — 0521.) [(7721'71 - 0321;1) + (n2: — 0521.)] N3 = paN3. (A7)
i=1
Therefore, we get
P
52 a.s. R ) (A8)
N—oo  PypaN3 + o102 N2
Substituting (A4) and (A5) into (A3), we have
2
v a.s. PyB*N* (nk’ - ng/) (e — ng)Q (A9)
k' .
N=voo' g2 B2N3 (n — 02, ) (ny — 02,) + 03
Let Py = Ey/N%, Pr = Er/NY, a,b > 0, substituting (A8) into (A9), Theorem 2 can be deduced.
Appendix B Proof of Theorem 3
Recalling that the SINR at the k’th user, we have
_ Pa+Pn+Psi+ Prp
E{lw] ™'} =E e (B1)
Pulg}, Farl
Due to (4), one can obtain
9 F —— Bg g1 1w PGM = Bllgw [}, (B2)
N— o0
and

GEFGi —=2— Bllgw |12119: 11> 6xs.-
N—oo

(B3)
Consequently, recalling (A2) and substituting (B2) and (B3) into (B1) we have

E{['Y]g’}_l} a.s. E{J%52llgklll4llgkll2+og }
N—ro0 PuB?( g |1*1gx I
0.2

1 2 1 1
-2l me ) e
Py llg% 1| Pyp llg% 1|

llgw I
Utilizing the properties of Wishart matrix, we obtain

E{ng;P}:(Nfl)(l ~ N

e —02,) N —o2,)

(B4)

(B5)
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E{||gi||4}'E{||g:/||4}:(N_l)Q(N_g) :

2 2
(= 02,)? (e — 02,,)

and

1
S 5
N4(ny, — 02,)? (mr — 02,,)
Substituting (B5), (B6) and (A8) into (B4), we have

2

1, as O 1 o2 1
E{[Wc’] 1} - By n2 2 2
N=oo Py (N —=1)(nk —02,)  PuB? (N—1)°(N —2)% (nx — 02, )2(m — 02,,)?
1 a2 1 1 1 o2 1
N Py(m—o2) N B2 Py (g —02)2(np —02,)
as. 02 1 (PupaN3 + 0102 N?)

N—oo NPy | (m —02)  Pr(ns — o2 )2 (gt — a2 )2N3

eg €ps
_ o 14 Pugp2 + 102 /N
NPy(n, —02,) Pr(me — 02, ) (e — 02,,)?

Substituting (B7) into (32) and using (13), Theorem 3 can be deduced.

(B6)

(B7)
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