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Abstract—This paper investigates the impact of co-channel in-
terference (CCI), imperfect channel state information (CSI) and
pilot contamination for multi-pair massive multiple-input multiple-
output (MIMO) two-way relay networks (TWRNs). We consider
a multi-cell TWRN system consisting of single-antenna user nodes
and amplify-and-forward (AF) relay nodes having very large an-
tenna arrays. Under the aforementioned channel imperfections, the
asymptotic signal-to-interference-noise ratio and asymptotic sum
rate expressions are derived in closed-form whenever the number
of relay antennas grows unbounded with respect to the number of
user nodes. For perfect CSI case, the transmit power at the user
nodes and the relay can be scaled down inversely proportional to
the number of antennas at the relay. Moreover, for the imperfect
CSI case, these transmit powers can only be scaled down inversely
proportional to the square-root of the relay antenna count. Thus,
even with imperfect CSI, the benefits of employing a massive MIMO-
enabled relay on transmit power savings are significant. Moreover,
our analysis shows that although the detrimental effect of CCI can be
asymptotically negated completely, the residual interference due to
pilot contamination cannot be mitigated even in the limit of infinitely
many relay antennas.

I. INTRODUCTION

Massive MIMO or large scale antenna systems are consid-
ered as one of the main enabling technologies for future 5G
implementations [1], [2]. Research on Massive MIMO have
shown very high spectral efficiencies, low transmit powers per
bit and high energy efficiencies [3]. Pilot contamination is the
residual interference caused by the reuse of non-orthogonal pilot
sequences in adjacent cells. It has been identified as the main
performance limiting factor in massive MIMO systems [3], [4].

Two-way relay networks (TWRNSs) are one of the impor-
tant research directions in cooperative wireless communications.
TWRNs offer two fold increase in the achievable data rate
compared to the one-way relay networks (OWRNS) [5]. Multi-pair
TWRNs offer mutual data transmissions between pairs of nodes
with the aid of intermediate relays [6]. Beamforming techniques
based on zero forcing (ZF), minimum mean square error (MMSE)
and maximum ratio combining (MRC) can be used at the relay to
mitigate the interferences among the user node pairs [7]. Having
a massive MIMO relay in a multi-pair TWRN will combine the
performance gains provided by both massive MIMO and TWRNS.
Previous research on single-hop massive MIMO systems:
In [3], the performance of multi-user massive MIMO in non-
cooperative cellular networks is investigated by deriving asymp-
totic performance metrics. Specifically, [3] concludes that when-
ever the number of base-station antennas grow unbounded, the
simple linear precoders and decoders become asymptotically
optimal. Pilot contamination in multi-cell multi-user massive
MIMO systems is investigated by deriving rigorous asymptotic

signal-to-interference-plus-noise ratio (SINR) expressions [4].
The relative energy efficiency versus spectral efficiency trade-off
is investigated for massive MIMO cellular systems with linear
precoding and detection [8].
Previous research on dual-hop massive MIMO systems: In
[9], the asymptotic performance of multi-pair OWRNs with very
large relay antenna arrays is investigated for the case of perfect
CSI and co-channel interference (CCI) free scenario. To this end,
the asymptotic SINR and sum rate expressions are derived by
considering three transmit power scaling laws. In [10], the multi-
pair TWRNs with massive MIMO is investigated by employing
linear precoders and detectors. Moreover, in [11], the asymptotic
performance of AF TWRNs with single-antenna user-nodes and
infinitely many relays by employing distributed beamforming is
analyzed. It is worth noting that again in [10] and [11], the genie-
aided perfect CSI and CCl/pilot contamination free scenario is
assumed.
Motivation and our contribution: With the emergence of dense
deployment of wireless systems, the effect of CCI and pilot
contamination are becoming the primary performance limiting
factors. Further, in practice, CSI must be estimated for con-
structing precoders/detectors, and hence, the system performance
degrades due to the detrimental impact of the channel estimation
errors (imperfect CSI). Nevertheless, none of the impacts of CCI
or the imperfect CSI or pilot contamination has been investigated
for multi-pair TWRNs with massive MIMO. Thus, this paper fills
this gap by investigating the performance of such systems under
the effects of CCI, imperfect CSI and pilot contamination.
Specifically, the asymptotic SINR and sum-rate expressions are
derived for three transmit power scaling laws namely (i) power
scaling at the user nodes, (ii) power scaling at the relay, and
(iii) power scaling at both the relay and user nodes. Our analysis
reveals that the transmit power at the user nodes and the relay
can be scaled down inversely proportional to the number of relay
antennas for CCI case with perfect CSI. Nevertheless, for the
imperfect CSI case, the transmit power at the user nodes can
only be scaled down inversely proportional to the square-root of
the relay antenna count. For the CCI case, the asymptotic SINR
expressions asymptotically become independent of the number of
co-channel interferers (L), and consequently, the corresponding
detrimental impact can be cancelled asymptotically, whenever
the relay antenna count grows unbounded. Nevertheless, the
asymptotic performance is limited by the residual interference in-
curred due to pilot contamination, and the corresponding adverse
performance impact cannot be completely mitigated even in the
limit of infinitely many relay antennas. Notably, the asymptotic



performance metrics are independent of the fast fading component
of the wireless channel, and hence, the cross-layer resource
scheduling becomes simple. Our analysis and Monte-Carlo sim-
ulations reveal that substantial sum rate performance gains can
be achieved by using very large relay antenna arrays in TWRNS,
while allowing the transmit power to become infinitesimal as well.
It is important to identify the practical use of this system model.
The discussed TWRN can be used as a heterogeneous wireless
entity for the existing cellular network architecture for reducing
the workload of the base-stations. If two user groups within a cell
are communicating with each other, system designers can bypass
the base-station and use the two-way relaying instead. Service
providers can use TWRNSs to improve the data throughput without
making drastic changes to their existing infrastructure.
Moreover, with the emergence of internet of things (IoT), most
of the items in our day-to-day life will become connected devices
and there will be hundreds of sensors in our environment [12].
Thus the direct communications between these nodes will be im-
portant. As an example in a home IoT network, the cooling system
will require data from temperature sensors while security system
may require data from the motion sensors. In this case, a multi-
pair relay network with a central relay node can accommodate
the required communications. Thus the proposed system model
becomes useful in future wireless communication scenarios. Since
there will be several IoT networks within a certain area, it is
interesting to identify the effect of co-channel interferences on
multi-pair TWRNS.
Notation: Z and [Z];. denote the Hermitian-transpose and the
kth diagonal element of the matrix, Z, respectively. I, and
O« are the M x M Identity matrix and M x N matrix of all
zeros, respectively. A complex Gaussian random variable X with
mean 4 and standard deviation o is denoted as X ~ CN (u, 0?).

II. SYSTEM, CHANNEL AND SIGNAL MODEL

This section presents the system, channel, and signal models
for the multi-pair massive MIMO TWRNSs in the presence of CCIL.

A. System and channel model

The system model consists of L adjacent TWRNs each having
2K number of users. The users in the /th TWRN is denoted
as (Up1,- -+ ,Up2Kx), where a particular user node U, ;, exchange
data signals with its paired-user node Uj s via the half-duplex
AF relay node R; for k, k' € {1,--- ,2K} and | € {1,--- ,L}.
User nodes are single-antenna terminals, and the relay node is
equipped with N antennas. The number of relay antennas can
grow unbounded with respect to the total number of user nodes
(N >> 2K). The channel matrix from 2K users ir} the jth
TWRN to the Ith relay is defined as Gj; = Flefl, where
Fj, ~ CNnxokx (Onxak,In @ Izk) accounts for the small-
scale fading, and Dj; = diag (.1, ,7j,1,2K) Tepresents the
large-scale fading. The channel coefficients are assumed to be
fixed during two consecutive time-slots, and hence, the relay-
to-user channel matrix can be defined by using the channel
reciprocity property as G;Fl The CCI on the I/th TWRN occurs
due to the data transmissions of the other L — 1 TWRNs with
relay R;, where j € {1,---,L} and j # 1.

B. Signal model

During two time-slots, 2K user nodes in each TWRN exchange
their information pair-wisely via their assigned relay node. Specif-
ically, the paired users (Uj 2;—1, Uj 2;) exchange their data signals
(®1,2i—1,%1,2:), where ¢ € {1,--- K} and [ € {1,---,L}. In
the first time-slot, user nodes transmit 2K X 1 signal vector
x;, which is the combined data signals of 2K users in the [th
TWRN, towards the relay R;. The signal vector x; satisfies
£ [xle{ } = Iyx. The received signal at the relay node R; can

be written as L
Yr =V Ps Z G;ix; +ng,, (D

where np, is the V x 1 addit]ivel: white Gaussian noise (AWGN)
vector at the relay satisfying € [ngnjl | = Iyo%,. Here, Ps
is the transmit power of the user nodes. During the second-
time slot, the relay first amplifies and then forwards its received
signal towards the end-users. The transmitted signal from the
relay can thus be written as y’Rl = [iW,yR,, where W, is
the concatenated beamforming-and-amplification matrix at the
relay and f; is the amplification factor to satisfy the relay power
constraint which will be presented in the sequel. Here, W;
is designed to cancel sub-channel interference within a given
TWRN, and hence, it can be constructed by using the receive-ZF
and transmit-ZF precoding and detection concepts as follows:'

W = Gji(GiiGi) ™ 'P(Gi{ Gu) "' G/, )
where P is the block diagonal permutation matrix represent-
ing the user pairing format. Thus, it is constructed as P =

diag(Pq,--- ,Pg)and P; = ((1) (1)> fori € {1,---, K}. Further,

the relay power constraint can be written as
H
Pr="Tr (YY) - 3)
The received signal at the user node U j/ can next be written as
¢ ;

Y= Y r 1w =BV Psgi Wiy _Gjix; + Bigi Win g+, i (4)

where U, and Uj ;- are the paiggci-users exchanging their data
signals for (k, k') = (2i—1,2¢) fori € {1,--- , K'}. Further, g
is the k’th row vector of the matrix Gy; for k € {1,--- , K} and
ny s the AWGN term at the user nodes with variance 072” o
By using the fact that gﬂngM = 0p,; where 5 ; = 1 when
k =1 and zero otherwise, (4) caane further simplified to yield

Yi k! :ﬂl\/PiSIl,kﬂ‘ﬂl\/Pisglj);Wl ZGlej +g17;;fWLHRL +ny 5. (5)
C. Calculation of value 5,  7="77!
By using (1) and y’Rl = [iW;yR,, the power constraint (3)
can be derived as followsi

Pr = ﬁ?Tr <Wl Ps Z Gleﬁ + 0'12?11]\]) WZH>

j=1

L

— B2PsTr (Wl 3 Gjlcﬁwf’> +B20% Tr (WlWlH). 6)
J=1

By substituting W, into (6), 8; can be derived as shown in (7)

at the top of next page.

I'The results obtained in Sections III, IV, and V can also be obtained for other
detection and precoding methods such as matched filter and MMSE. However
due to the page restrictions we have only included results for ZF detection and
ZF precoding.
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ITII. IMPACT OF CO-CHANNEL INTERFERENCE (CCI)

In this section, the asymptotic performance metrics are derived
for TWRNs with CCI by considering transmit power scaling at
user nodes whenever the relay antenna count grows unbounded.

A. Transmit power scaling at user nodes

In this case, the transmit power at users is scaled inversely pro-
portional to the number of relay antennas. Thus, by substituting
Ps = Eg/N into (5), the received signal can be re-written as

) VEsgh W, &
% = %\/FSI‘ZIC + BivEsg Wi S]\%lk ! ._; Gjix;
J=1,5#1
T
/W n, /
+5lglk INR; Lk , ®)
VN VN

where Fg is a constant defined to keep the product Pg/N fixed
for variable NV and Pg. Also we have assumed Pr = ER, where
E'r is a constant. The asymptotic value of the normalized relay
gain, §;/N, can be derived as (see appendix A for the proof)

lim @ = Er
- 2K —1 2 K -1 -1
N
—oo N Esy ;0 M T 20%, dim1 Mi,2i—1"M1,24

©)

By using similar techniques used for the derivation of (9), the
asymptotic value of 3;g}, Wing, /v/N can be derived as

) (10)

T
ﬁngk/Wlan d Er
2K  —1 2 K -1 —1
ESZi:lnl,l,i—’_?URlZi:lnl,Z,Qi—lnl,l,%/m’l’k

VN

N — oo

where n; ~ CN (07171’1,;6012%). Next, the asymptotic value of

Bigk WG ix;/N for j # i can be derived as
lim Bigl W,Gjix;/N = 0. (11)
N —o00

By using (9), (10) and (11) , the asymptotic SINR at the user

node U ;s for case of transmit power scaling at the user nodes

under the effects of CCI and perfect CSI can be written as

lim 5 = Esmuik/ok,- (12)
N—o0

B. Transmit power scaling at the relay

For transmit power scaling at the relay node, it can be shown
that the relay transmit power can be scaled inversely proportional
to the number of relay antennas. Thus, we can define Pr =
Er/N and Ps = Eg, where Er and Eg are constants. The
asymptotic SINR at the user node Uj ;- for relay transmit power
scaling case can be derived as

Er

_ . (13)
2K —
0%17,6/ >ic nl,ll,i

lim =
Nﬁoo%’k

C. Transmit power scaling at both user nodes and relay

The asymptotic SINR at the user node U; ;s for CCI under
the transmit power scaling at the relay and user nodes (where
Ps = Eg/N and Pr = Er/N) can be derived as

Esmi,ik ERr
2 2 2K —1
TRy TRy g i1 ML
—1

=
200, ke Mi,2e—1"1,0,24

2K -1
i Mty

.(14)

lim v, 5 =
N—oco Egr

2 2K 1
g"rl’klzizl M1

Esni,ik +
-2
Ry

Remark IIL.1: Notably, the asymptotic SINRs at the nodes of
Ith TWRN (12), (13), and (14) are independent of the parameters
of other j TWRNs, where j € {1,---L} and j # [. Thus,
the impact of CCI can be asymptotically cancelled by using a
relay with massive MIMO. Moreover, these asymptotic SINRs
are independent of the fast fading component of the wireless
channels.

D. Asymptotic sum rate analysis for CCI case

The average sum rate for the /th 2/ -user TWRN with genie-
aided perfect CSI can be defined as [10]
2K

1
R, = B ];5 [log (1 4+ 1,x)] -

5)

Then, the asymptotic sum rate for three power scaling laws can
readily be obtained by substituting the corresponding asymptotic
SINR expressions in (12), (13), and (14) into (15).

IV. IMPACT OF CHANNEL ESTIMATION ERRORS
In this section, the impact of channel estimation errors (im-
perfect CSI) on the performance of multi-pair TWRNS is inves-
tigated. The system and channel model is assumed to be similar
as in the Section II-A.

A. Channel Estimation

In practice, the users-to-relay channel (Gy;) is estimated at the
relay node by using the pilot sequences transmitted by the user
nodes. To this end, 2K user nodes transmit mutually orthogonal
pilot sequences of length 7. The corresponding MMSE estimation
of the users-to-relay channel can be written as [8]

Gy = (Gu + Vl/\/ﬁp) Dy,

where P, is the transmit power of the pilot sequence that can
be represented as P, = 7Pg. The matrix V; consists of i.i.d.

_ -1
CN(0,1) elements and Dy = (P%le_ll —|—IK) . Thus, the

estimation error can be written as E; = G — Gy;. The receive-ZF
detector and transmit-ZF precoder is assumed to be constructed
at the relay by using the CSI with estimation errors. The elements
of the columns of E; is Gaussian distributed with mean zero and
variance 7;;;/(Ppmi1,: + 1). Due to the MMSE properties, the
matrices E; and Gy; are statistically independent.

(16)
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B. Signal model with imperfect CSI
In this subsection, the signal for imperfect CSI is presented, A 3
and thereby, the corresponding SINR is derived. In this context, < B ) _ Er @1
. . . - —1 —1]"
the received signal at the relay R; can be written as VN)_ SZ?fl(TESUZQ,l,i)+20}2%l25:1(7-2Eg77l2,l,2i—1nl2,l,2i>

L
Yr, =V PsGux;++v Ps Z Gjix;+ng,,

=1,j#1

where np, is the N x 1 AWGNJ Veéfor at the relay satisfying
E[anngl] = INJ%l. Similar to Section II-B, the relay first
amplifies and then forwards its received signal to the end users.
Thus, the transmitted signal by the relay can be written as
Y}zl = BZWZle, where Bz is the amplification factor to satisfy
the relay power constraint and W, is the beamforming-and-
amplification matrix at the relay constructed by using imperfect
CSI and can be defined as

Wi = Gj(GG)"P(G{{ Gu) "G,

a7

(18)

where P is the permutation matrix defined under (2). The power
constraint is designed by using same techniques in (3). By using
the similar steps to those in Section II-B, (3; can be written as

shown in (19) on the top of this page.
The received signal at the user node U; j» can be written as

Yk = ngk'y;%l + e = Biv/Psgi WiGux,

L
+ BV Psgly W, Z Gix; + bigb Wing, + 1y, (20)
J=1,5#

where g/, and n;;, are same as in Section II-B. By using the

aforementioned signal model, the asymptotic SINRs for estimated
CSI are derived for three cases of transmit power scaling at the
user nodes and relay in the following subsections.

C. Asymptotic performance analysis for imperfect CSI

In this subsection, the detrimental impact of imperfect CSI
is investigated by deriving the asymptotic SINR and sum rate
expressions in closed-form for three transmit power scaling laws.

1) Transmit power scaling at the user nodes: Whenever the
transmit power at the user nodes is scaled inversely proportional
to the relay antenna count, the power of the pilot sequence is also
scaled accordingly. Thus, the overall transmit power can only
be scaled inversely proportional to the square-root of the relay
antenna count (v/N) for estimated CSI case. By letting Ps =
Es/V'N, Pp = TEs/v/N and Pr = Egr while keeping Eg and
ER fixed, the asymptotic value of the normalized relay gain for

unlimited number of relay antennas (ﬂ L

B) B
\/ﬁ)oo = limy_so0 N can

be obtained as:?

2The proofs have been omitted in this section due to the page limitations and
the similarity to the proofs in Section III.

By dividing both sides of (20) by /N, the expression for the
received signal can be rewritten as

A 5 L
Yu,k B A B 5
é/ﬁ = ﬁ\/ Esgﬁ/WlGqu —‘rﬁ\/ Esgﬂ/Wl ZGlej

J=1,j#

(22)

4

3 . 1
+% VNglWing, +—n .

The asymptotic value of the third term in (22) can be written as

d ny

\/4 Nngk.,Wlan
N —o0 (TESnl%l,k)

) (23)

where 1, ~ CN (0, TEsﬂlzJ, ka%lg. All the other terms except the
first term and the third term in the equation (22) asymptotically
vanish as N — oo. Thus, the asymptotic SINR for imperfect
CSI case under transmit power scaling at the user nodes can be
derived as

lim v =707, , BS /0%, (24)
N—o00 ’

2) Transmit power scaling at the relay: In this section, the
asymptotic SINR is provided for transmit power scaling at the
relay node. Here, it can be shown that the relay transmit power
can be scaled inversely proportional to the number of relay
antennas. Thus, we can define P = Er/N, P, = 7Es and
Ps = Eg. The asymptotic SINR for relay transmit power scaling
case under the imperfect CSI assumption can be derived as

Eg

TEsn?, . -1
02 L (Tt )
3) Transmit power scaling at the user nodes and relay: The
asymptotic SINR for imperfect CSI under the transmit power
scaling at the relay and user nodes (where Ps = FEg/ VN,
Pp = TEs/\/N and Pr = ER/\/N) can be derived as shown
in (26) on the top of this page.

lim Yk = (25)

N—00

D. Asymptotic sum rate analysis for imperfect CSI case

In this subsection, the asymptotic sum rate analysis is presented
for imperfect CSI case. To this end, the average sum rate for the
lth 2K -user TWRN with imperfect CSI can be defined as [3]
(Te =7) N~ ¢ 110w (1

9T ; [log (1 + 1)1,
where T and 7 are the coherence time of the wireless channel
and length of the pilot sequence used for channel estimation.

Ri = 27
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Er
( ) hm Bl) - —1 (M0 ok ) (35)
i1,2k—1 1,2k
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In particular, the pre-log factor (T — 7)/T¢ accounts for the
pilot overhead [3]. Next, the asymptotic sum rate for three power
scaling laws under imperfect CSI can readily be obtained by
substituting the corresponding asymptotic SINR expressions in
(24), (25), and (26) into (27).

V. IMPACT OF PILOT CONTAMINATION

In this section, the impact of pilot contamination on the
performance of multi-pair TWRNSs is investigated. The system
and channel model is assumed to be similar as in the Section II-A.
For the sake of exposition, we assume that the channel estimation
at the relay is error-free, nevertheless, it is contaminated with pilot
sequences transmitted by L adjacent TWRNs. This assumption
allows us to isolate the effect of pilot contamination on the
performance of the system.

Let us now revisit the system, channel, and signal models
corresponding to the pilot contamination case. Due to reuse of
non-orthogonal pilot sequences at the L adjacent co-channel
TWRNSs, the users-to-relay channel estimation at the relay not
only contains the desired channel, but also the undesired channels
belonging to 2K users in each of the adjacent L TWRNSs. Thus,
the corresponding channel estimate can be written as

Gll—ZG]l; lE{l,-~-L},

where Gj; is deﬁned in Section II-A.

For the pilot contamination case, the received signal at the
relay can also be written as shown in (1). By following steps
similar to those in Section II-B, the relay first amplifies and then
forwards the signal to the end users. Thus, the transmitted signal
by the relay can be written as yhl = Blwule, where Bl is the
relay amplification factor. Further, W, is the beamforming-and-
amplification matrix at the relay constructed by using the pilot
contaminated CSI (28) and can be defined as

W, = G (GG 'P(G{Gu) G, (29)
where P is the permutation matrix defined under (2). The power
constraint is designed by using same techniques in (3). By using
(3), a closed-form expression for the relay gain ﬁl can be derived
as shown in (30) at the top of this page. Under this channel model,
the received signal at the U, ;th user is given as

for (28)

Ykt = ngk'YQQZ + i = BivVPsghey WiGux
L
+5iVPsgi Wi Y Gux; + Bigiy Wing, +ni. (1)
i=Ll

where the g};, and n; ;- are defined in Section II-A. By using the

aforementioned signal model, the asymptotic SINR can be derived
for three cases of transmit power scaling at the user nodes and
relay in the following subsections.

A. Asymptotic performance analysis for pilot contamination

In this subsection, asymptotic performance metrics are derived
for pilot contamination case by considering three power scaling
laws at the user nodes and relay.

1) Transmit power scaling at the user nodes: In this case, the
transmit power at users is scaled inversely proportional to the
number of relay antennas. Thus, by substituting Ps = Eg/N
and Pr = Eg into (31), the received signal can be re-written as

- 5 L
Yi VE < VEsgh W
\}kﬁ _ BJN s ﬁ/WszzXH-/Bl S]\'[gm ] Z Gyix;
Jj=1,5#1
+51ng;c/WlIlRl nl,k" (32)
VN VN

By evaluating the asymptotic values of each term in (32), the
asymptotic SINR for transmit power scaling at the users for pilot
contamination case can be written as (see appendix B for the
proof)

2
nl,l,kES

lim Vi k' = (33)

N—oco 77le 2

Sk B

2) Transmit power scaling at the relay: In this case, the
asymptotic SINR is derived by scaling the transmit power at
the relay inversely proportional to the number of relay antennas.
Thus, by substituting Pr = Er/N and Ps = Eg into (31),
the asymptotic SINR for relay transmit power scaling under pilot
contamination can be derived as

(/BZ) 771 1els

L 2
Es 3 i1+

]Vlgnoo Tk =72 P 2 ) (34)
(ﬁl)oo Zj:Lj;ﬂ 77]2',1,kES + (Ej:1 77j,l,k> U%l,k’
where (Bl) is the asymptotic value of B as N — oo and is

written in (30§) at the top of this page. For (35) and for the sequel,
1, 1s defined as L
Ak = D 751k
j=1

3) Transmit power scaling at the user nodes and relay: The
asymptotic SINR for pilot contamination case under transmit
power scaling at both relay and user nodes (i.e., Ps = Eg/N
and Pr = Er/N) can be derived as

Al7712 1 wEs

(36)

lim v = ,(37)

N—o00

n? .9
Ay Z] 1,57l 77] LeEs+ M - kURL—i_U%I k”rllvk
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Fig. 1. Spectral efficiency versus the number of relay antennas of an 20-user
TWRN with perfect CSI. The channels G ; is assumed to be independently dis-
tributed Rayleigh with Dy, = Iog and Dj; = 115k, where 5,1 € {1,--, L}
and j # [.
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Fig. 2. Spectral efficiency versus the number of relay antennas of an 12-user

TWRN with imperfect (estimated) CSI. Simulation parameters are taken as L = 0,
K =6,Tc =196, and 7 = K.

where A; is given in (38) at the top of the previous page.

The sum-rates of the system for the above three cases can be

obtained by substituting SINR values (33), (34), and (37) into
(15).
Remark V.1: Notably, the asymptotic SINRs (33), (34), and (37)
are significantly lower than the asymptotic SINR obtained without
the pilot contamination in Section III. Interestingly, whenever
n;1,k = 0 for j # [, the asymptotic SINR results in (33), (34),
and (37) approaches the same SINRs in Section III.

VI. SIMULATION RESULTS

In Fig. 1, the impact of CCI is investigated for multi-pair
TWRNSs with perfect CSI. To this end, sum rate curves for three
CCI cases (i.e., L = 0 L = 5 and L = 10) and for three
power scaling laws are plotted. Specifically, the sum rate curves
corresponding to L = 0 represent the CCI free case and plotted
for comparison purposes. Fig. 1 reveals the sum rate curves
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Fig. 3. Spectral efficiency versus the number of relay antennas of an 8-user
TWRN with perfect CSI under pilot contamination. The channels G ; is assumed
to be independently distributed Rayleigh with Dy; = Iz and Dj; = %IZK,
where j,0 € {1,---,L} and j # [.

approach to a fixed asymptotic value irrespective of L when the
relay antenna count grows unbounded. This observation clearly
suggests that the impact of CCI can be effectively negated at
the asymptotic regime of relay antenna count. Nevertheless, for
lower number of relay antennas, the CCI causes substantial sum
rate loses (see curves pertinent to 0 < N < 50 regime). The
transmit power scaling at the user nodes (Case-1) provide the
highest sum rate, while the transmit power scaling at both user
nodes and relay (Case-3) performs the worst. For example, Case-
1 provides almost 21 bits/channel-use and 24 bits/channel-use
asymptotic sum rate gains over Case-2 and Case-3, respectively.

In Fig. 2, the sum rate curves are plotted for an 6-user TWRN
with imperfect CSI under the transmit power scaling at the
user nodes. For the imperfect CSI case, the spectral efficiency
asymptotically approaches to a non-zero (finite and constant)
value only when the transmit powers at the user nodes are scaled
down inversely proportional to square-root of the relay antenna
count (v/N). Fig. 2 clearly shows that the spectral efficiency
asymptotically decays to zero whenever the transmit power at the
user nodes are scaled down inversely proportional to the number
of relay antennas (IN). Thus, for imperfect CSI case, the fastest
rate that the transmit powers at the user nodes can be scaled
down is according to 1/ V/N. Fig. 2 clearly reveals that two-
way relaying with massive MIMO yields a substantial sum rate
performance even with imperfect CSI.

In Fig. 3, the impact of pilot contamination is investigated
for transmit power scaling at the user nodes by plotting sum
rate curves pertinent to three cases; i.e, L = 0 L = 5 and
L = 10. The asymptotic sum rate curves are plotted by using
(33). In particular, the sum rate curve for L = 0 case corresponds
to pilot contamination free case and is plotted for comparison
purposes. Fig. 3 clearly reveals that the pilot contamination
significantly degrades the sum rate performance. For instance,
the asymptotic sum rate is degraded by 5.5 bits/s/Hz and 6.1
bits/s/Hz, respectively, when the channel estimation is impaired
by pilots transmitted by 5 and 10 adjacent TWRNSs. Thus, even in
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the limit of infinitely many relay antennas, the detrimental impact
of pilot contamination cannot be eliminated, and consequently,
the asymptotic performance is limited by residual interference
incurred due to pilot contamination.

VII. CONCLUSION

The impact of CCI, imperfect CSI, and pilot contamination is
investigated for multi-pair massive MIMO TWRNs. The asymp-
totic SINR and sum rate expressions are derived for three transmit
power scaling laws at the user nodes and relay. Importantly, the
transmit power at the user nodes and the relay can be scaled
down inversely proportional to the number of relay antennas
for the perfect CSI case. Notably, even for the imperfect CSI
case, the transmit power at the user nodes can be scaled down
inversely proportional to the square-root of the relay antenna
count without any performance penalty. For the CCI case, the
asymptotic performance metrics become independent of the num-
ber of co-channel interferers (L) whenever the relay antenna
count grows unbounded, and consequently, the corresponding
detrimental impact can be asymptotically cancelled. However, the
residual interference incurred due to pilot contamination cannot
be mitigated completely even by using a massive MIMO enabled
relay. Our analytical and simulation results reveal that substantial
sum rate performance gains can be achieved by using a very
large antenna array at the relay, while allowing the transmit
power to become infinitesimal. Massive MIMO helps to mitigate
the detrimental impact of channel estimation errors and CCI.
Nevertheless, separate methods need to be devised for mitigating
the effects of pilot contamination in massive MIMO TWRNSs.

APPENDIX A

PRQOF OF LIMITS FOR POWER SCALING AT THE USERS
In this section, several important limit results are provided.

We begin with expressing the following three results [13].
For two independent vectors, p ~ CN nx1 (O,afj) and q ~

CN'nx1 (0,02), the following identities are valid.

p'p/N N:—OJ op and p'q/N NZ—@J 0, (39)
p"a/VN —— N (0,0707) (40)

where subscripts a.s. and d stands for almost sure convergence
and the convergence of distributions, respectively. By using the
aforementioned identities, it can be shown that

G/ GiGu _ 1 FFy 1 as
N B\ N U Nosoo

By first substituting Ps and Pg into (7) and then dividing by N,
we obtain (42) shown on top of this page. In (42)

Dy. 41

Aj =G;GHGy [Gﬁ’G”rP [GﬁGfer [G{l’G”rGﬁ. (43)

The last term of the denominator of (42), Tr (NAj;) 2% 40
for j # [. Thus by substituting values for W, the asflvmp%tlc
value of 3;/N, when N — oo can be derived as in (9).

APPENDIX B
PROOF OF LIMITS FOR PILOT CONTAMINATION
This section provides a proof sketch of SINR for pilot contam-
ination under the transmit power scaling at users. The received
signal at the users is given in (32). By using techniques similar
to those used in appendix A, the value of limy_ o Bl /N can be
written as in (44) at the top of this page. Next, the asymptotic
value of the desired signal component can be derived as
Bigly WiGux1  a B
N N—oo \ N 7712,1@
where 7; ~ CN (0,1). Further the asymptotic values of the
interference term in (32) can be derived as follows:
Blgﬁ/WlGlej d @ U?,z,ki
N N \N ) gz
where Z; ~ CN (0,1). The asymptotic Values of the noise terms
in (32) can be derived as
Blglq;clwlan d é
VN N w Mk
where 72 ~ CN (0,7),10%,) . By using the (45), (46), and (47)
the desired asymptotic SINR can be written as shown in (33).

2
RLha, (45)

(46)

Nk ~ Nk’ a.s.
oS and

0, 47

N — o0

REFERENCES

[1] F. Boccardi et al., “Five disruptive technology directions for 5G,” IEEE
Commun. Mag., vol. 52, no. 2, pp. 74-80, Feb. 2014.

[2] J. Andrews et al., “What will 5G be?” IEEE J. Sel. Areas Commun., vol. 32,
no. 6, pp. 1065-1082, Jun. 2014.

[3] T. Marzetta, “Noncooperative cellular wireless with unlimited numbers of
base station antennas,” IEEE Trans. Wireless Commun., vol. 9, no. 11, pp.
3590-3600, Nov. 2010.

[4] J. Jose, A. Ashikhmin, T. Marzetta, and S. Vishwanath, ‘Pilot contamination
and precoding in multi-cell TDD systems,” IEEE Trans. Wireless Commun.,
vol. 10, no. 8, pp. 2640-2651, Aug. 2011.

[5] B. Rankov and A. Wittneben, “Spectral efficient protocols for half-duplex
fading relay channels,” IEEE J. Sel. Areas Commun., vol. 25, no. 2, pp.
379-389, Feb. 2007.

[6] M. Chen and A. Yener, “Multiuser two-way relaying: detection and interfer-
ence management strategies,” IEEE Trans. Wireless Commun., vol. 8, no. 8,
pp. 4296-4305, Aug. 2009.

[71 M. Tao and R. Wang, “Linear precoding for multi-pair two-way mimo
relay systems with max-min fairness,” IEEE Trans. Signal Process., vol. 60,
no. 10, pp. 5361-5370, Oct. 2012.

[8] H. Q. Ngo, E. Larsson, and T. Marzetta, “Energy and spectral efficiency of
very large multiuser MIMO systems,” IEEE Trans. Commun., vol. 61, no. 4,
pp. 1436-1449, Apr. 2013.

[9]1 H. Suraweera et al., “Multi-pair amplify-and-forward relaying with very
large antenna arrays,” in Proc. IEEE Int. Conf. Commun. (ICC), 2013, Jun.
2013, pp. 4635-4640.

[10] H. Cui, L. Song, and B. Jiao, “Multi-pair two-way amplify-and-forward
relaying with very large number of relay antennas,” IEEE Trans. Wireless
Commun., vol. 13, no. 5, pp. 26362645, May 2014.

[11] H. Q. Ngo and E. Larsson, “Large-scale multipair two-way relay networks
with distributed AF beamforming,” IEEE Commun. Lett., vol. 17, no. 12,
pp. 1-4, Dec. 2013.

[12] C. Perera, C. Liu, S. Jayawardena, and M. Chen, “A survey on internet of
things from industrial market perspective,” IEEE Access, vol. 2, pp. 1660—
1679, 2014.

[13] H. Cramér, Random variables and probability distributions.
University Press, 1970.

Cambridge



