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Abstract—This paper considers a multi-way massive multiple-input
multiple-output amplify-and-forward relaying system, where single-
antenna users exchange their information-bearing signals with the
assistance of one relay station equipped with unconventionally many
antennas. The relay first estimates the channels to all users through the
pilot signals transmitted from them. Then, the relay uses maximum-
ratio processing (i.e. maximum-ratio combining in the multiple-access
phase and maximume-ratio transmission in the broadcast phase) to process
the signals. A rigorous closed-form expression for the spectral efficiency
is derived. We show that by deploying massive antenna arrays at the
relay and simple maximum-ratio processing, we can serve many users in
the same time-frequency resource, while maintaining a given quality-of-
service for each user.

Index Terms—Channel state information, massive MIMO, multi-way
relay networks.

I. INTRODUCTION

In multi-way relay networks, many users simultaneously exchange
their bearing information among them via the help of a single
sharing relay at the same time-frequency resource [1]. Multi-way
relay networks provide spatial diversity, and hence, they can scale up
the spectral efficiency of the system without increasing the system
complexity. In [2], the authors showed that the spectral efficiency of
multi-way relay networks is much higher than that of one-way or
two-way networks. Hence, these systems have been considered for
diverse applications, such as wireless conference and power control
in heterogeneous cellular networks, to name a few

Massive multiple-input multiple-output (MIMO), where a base
station equipped with hundreds of antennas serves many active users
in the same time-frequency resource, is considered as one of the
key candidates for next-generation wireless systems [3], [4]. In [3],
the authors showed that massive MIMO can substantially reduce
the effects of noise, small-scale fading and inter-user interference
by using simple linear processing, including maximum-ratio (MR)
or/and zero-forcing (ZF) techniques. In particular, the transmit power
of each user can be made inversely proportional to the number of
antennas at the base station. Furthermore, the performance of the
system can be scaled up noticeably without increasing the system
complexity.

Multi-way massive MIMO relay networks, which combine massive
MIMO and multi-way relaying technologies, have received research
interest recently [5]. This is because they can leverage the benefits
of both massive MIMO and multi-way relaying. Therefore, they are
considered as a strong candidate to offer a noticeable improvement
of spectral and energy efficiency [6], [7]. However, these works
consider ZF processing at the relay which involves a complicated
matrix inversion. Moreover, in massive MIMO, channel acquisition
is a critical problem, and hence, the issue of imperfect channel state
information should be taken into account.

Inspired by the above discussion, in this paper we consider a
multi-way massive MIMO with MR processing and imperfect channel
state information (CSI) under the amplify-and-forward (AF) protocol.
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We note that when the number of antennas is large, ZF processing
scheme is much more complicated than MR processing technique
[8]. Most importantly, MR processing can be performed in in a
distributed fashion without large backhaul requirements. A complete
transmission protocol under time-division duplex (TDD) operation
is proposed. We derive a corresponding expression for the spectral
efficiency in closed-form. Based on this closed-form expression, the
effect of the number of relay antennas, imperfect channel estimation,
and the number of users is analyzed.

Notations: The superscripts ()7, (-)*, and (-)¥ denote the trans-
pose, conjugate, and Hermitian, respectively. The symbol || - ||
indicates the norm of a vector. The notations E{-} and Var{-} are
the expectation and the variance operators, respectively; [X] or
Zmn denotes the (m, n)-th entry of matrix X, and I is the K x K
identity matrix. Moreover, [X], or x; denotes the k-th column of
matrix X.

II. SYSTEM MODEL

We consider a multi-way relaying massive MIMO system which
consists of one relay equipped with M antennas, and K single-
antenna users (M >> K). The K users exchange information with
each other with the help of the relay by sharing the same time-
frequency resource. The k-th user wants to decode all K — 1 signals
transmitted from other users. We make the assumption that all nodes
operate in the half-duplex mode and the direct links (user-to-user
links) do not exist due to the large obstacles and/or severe shadowing.
Denote by G the M x K channel matrix between the relay and
the K users. In addition, G models independent small-scale fading
(Rayleigh fading) and large-scale fading (geometric attenuation and
log-normal shadow fading). Also, we have that the channel coefficient
between the m-th antenna of the relay and the k-th user is defined
as

Bk, (1)

where A, ~ CN(0,1) represents the small-scale fading, and Sy
represents the large-scale fading. In matrix form,

dmk = hmk

G = HD'/?, )

where H is an M x K matrix, [H]nkx = hmi and D is a K X K
diagonal matrix, where [D]xr = B.

The transmission leverages TDD operation, and is divided into
three phases: i) channel estimation; ii) multiple-access (MA); and iii)
broadcast (BC) phases.

A. Channel Estimation Phase

The relay node needs to know the channel for performing digital
signal processing. To do this, a part of coherence interval is used for
channel estimation. For each coherence interval of length 7" symbols,
all users simultaneously transmit pilot sequences of length 7 symbols
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to the relay. Let ¢, € C™*! be the pilot sequence sent from the k-
th user. We assume that ¢1,¢2,...,¢x are unit norm vectors and
pairwisely orthogonal, i.e., 5 ¢;» = O for k # k’. This requires that
T2> K.

The M x T received pilot matrix at relay is given by

K
Yo=Y Thedi + N, =/7F, G®" +N,, (3

k=1

where @ 2 [¢1, o, . ..,dx], P, is the transmit power of each pilot
symbol, g is the k-th column of G, and N, is the additive white
Gaussian noise (AWGN) matrix with i.i.d. CA/(0,1) components.

At the relay, we apply the minimum mean-square-error (MMSE)
technique to estimate the channel matrix G [10]. The MMSE channel
estimate of G is

A 1 ~ 1 - _
G= Y#D= |G+ ~_N,|D, 4
SR < Na *’) @

where D £ (E’;: +1 K) and N, 2 N,®. From the property of
P, the elements of N, are i.i.d. CAV(0,1) random variables (RVs).
Let E be the estimation error matrix. Then,

G=G+E. 5)

From the property of MMSE estimation, G and E are independent.
We have G ~ CN(0,D) and E ~ CN(0,Dg), where D and Dg
are diagonal matrices with

, and [Dg,, =0l = B — ot (6)

B. Multiple-Access Phase

In this phase, data is transmitted to the relay in the same time-
frequency resource from all users. The M X 1 received vector at the
relay is

yr = VP.Gx +n, @)

where x = [z1,...,2x]7, with E{|xk|2} =1, is the K x 1 signal
vector transmitted from the K users, n is an M x 1 AWGN vector
with i.i.d. CN(0,1) components, and P, is the transmit power of
each user. Then, the relay uses the channel estimate in the channel
estimation phase and employs the MR combining scheme as:

¥r = G yx. (8)

C. Broadcast Phase

In this phase, the relay spends K — 1 time-slots to transmit all
signals to K users. The relay employs the MR scheme to broadcast
a permuted version of yr at each time-slot [6]. The transmit signal
vector at the relay for the ¢-th (¢ = 1,2,..., K — 1) time-slot can
be expressed as

=VaO G M Ygr=/Pa®WAYx+Va®Bn, (9)

where H(t> € C**X is the permutation matrix for time slot ¢ given
as [6],

t

AW = ¢IWGHa, BY =G TYG. I (9), o is the
normalization factor, chosen to satisfy a long-term power constraint

at the relay,
2
RGIE

From (7), (8), (9), and (11) the normalization factor o can be
expressed as

ot = B

R E{jia0) |+ 35 B {mon, [}

an

(12)

Then, the K x 1 received signal vector at the K users in the ¢-th
time slot can be described as follows:

(t) = gTg (f) w(t), (13)
and substituting (9) into (13), we obtain
v = /a®PGTAYx + Va®WGTBYn + w. 14)

III. SPECTRAL EFFICIENCY ANALYSIS

In this section, we analyse the spectral efficiency of the system.
More specifically, we derive a closed-form expression for the spectral
efficiency. Without loss of generality, we analyze the performance
of the system in the first time-slot. The performance analysis for
other time-slots follows the same methodology. Note that, hereafter,
if k= K,thenweset k+1=1and k+2=2;if k =1, then we
set k—1=K;andif k=2, wesetk—2=K.

In the first time-slot, the k-th user wants to detect the signal xx41
transmitted from the (k + 1)-th user. From (14), the received signal
in the first time slot for the k-th user is described by

y (1)P gk ak+1$k+l + (1)P Z gTa(l ;

i (o 1)
M
+Va® > gl bl n, + wy” (15)
=1
=VaRE {ngaS+)1} i+ N (16)
——

desired signal effective noise

where N, Igl) is considered as the effective noise and given by

N = aWR, (shal), - B{glal,}) o

beamforming uncertainty

M
+v P, oV ZgT (l)x-—|—\/a(t>ngTbg,ll)nm—Fw,il).
me1

(k1)

noise

inter-user interference

From (16), it can be clearly seen that the “desired signal” term is
uncorrelated with the “effective noise” term. Therefore, the signal-

o1 0 .- 00 to-interference-plus-noise ratio (SINR) for the k-th user in the first
0 0 1 -+ 0 0 . .
time-slot can be written as
o®—|: 7 (10) o® @
o o0 --- 1 0 (1) — B ‘E {gkak+1}) 17
00 0 1 a® PVar (glal), ) + T0x + AN + 1
1 0 0 0
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o) —

P

K K K K
MR 3 oot 3t (8 abop ) (R X pu 1)+ MR S abot
k

k=1 k=1

; (20)

=1 k'=1

where
K 2
10, =aVR > E{‘ggaﬁl)] } , (18)
i#(k+1)
M 2
A =a® 3" E{‘g{bﬁ) } . (19)
m=1

In (17), a® is given by (12), and it can be represented in closed-
form via (20) shown on the top of the page. The detailed derivation
of (20) is shown in Appendix VI-A. Then, the spectral efficiency of
the k-th user in bit/s/Hz is given by

T—-71 K-1
SE](:) = (T) (?> log, (1 + ’y,il)) .

The pre-log factor in (21) includes: i) T,;T which comes from the

fact that during a coherence interval of 7' symbols, we spend T
symbols for the training; and ii) % since we need K time slots to
transfer i — 1 signals to a given user. We next provide a closed-form
expression for the spectral efficiency given in (21).

Theorem 1: The closed-form expression for the spectral efficiency
(21) is

a®MPp, M4U,§U;i+l

2n

x logy | 1+ T (22)
o) P,Var {g,{a;jl} + TU) + ANy +1
where
Var {nga;(clll}:Msak,kH +M2bk,k+1 + Mcg k41, (23)
K
1U, = a(l)Pu Z (Mgak,i + Mzbk,i + Mck,i)
(k1)
+ a(l)PuMzaé,loi +aVPM [2020i+1 + 20;?0,3,1
K
+ (200 + B2 — 28102) 3 202,02,+1}7 24)
k'=1
K
ANy, = o'V <M30;az+l + MGy ai/aif+1> .25
k'=1
where
aki = 0k0hs1 i + 00071 B, (26)
K
bri = BrBi Y Oni0is, 27
k/=1
Chyi = Onor_1Bi + 010711 Bk (28)

Proof 1: See Appendix VI-B.

Result (22) yields some important remarks:

e As M — oo, the numerator of the SINR of (22) scales as M
while the denominator converges to a constant, and hence, the
spectral efficiency grows without bound.
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o If the transmit power of each user is scaled with 1/M, i.e.
P, = Ey/M, where E, is fixed, then as M — oo, the spectral
efficiency converges to

SEECI)%(%) <%) log, (1+ Buo?yr) . (29)

The result in (29) implies that by utilizing very large number of
antennas M at the relay, the transmit power of each user can be
scaled down proportionally to 1 /M without reducing the system
performance.

o If the transmit power at the relay is scaled with 1/M, i.e., P =
E./M, where E; is fixed, then as M — oo, we obtain

4_4
@ (T—-7\(K-1 Ei01.0541
SE, %(7)(7 logo\l+ =75, G0
T K D= 1T

which showcases that the transmit power at the relay can be
reduced proportionally to 1/M, for large M.

o If the transmit power of the relay and each user are scaled with
1/M, ie. P, = E;/M, and P, = E,/M, where E, and F, are
fixed, then as M — oo, the spectral efficiency converges to

4 4

@ (T—-17\(K-1 EBWOL0
SE — [ —— )1 1+—F7F—— 31
k—>< T )( % >°g2<+gagaz+l+1 , 3D

Ex 32)

£=x

3 (Bt ol +oboi,)
We can see that, when M is large, the transmit power at the
relay and each user can be cut down proportionally 1/M, while
maintaining a non-zero spectral efficiency.

IV. NUMERICAL RESULTS

In this section, numerical results are presented to verify our
analysis. For all examples, we choose T' = 200, and define SNR = P,
(expressed in dB). We examine the sum spectral efficiency as follows:

K
SEam = Y SEL.
k=1

We first consider a simple case where the large-scale fading 5 = 1
for all k. Figure 1 shows the sum spectral efficiency versus M
for different K. The solid and circle lines present the Monte-Carlo
simulations using (21) and analytical results using (22), respectively.
From the figure, we can see that the analytical results match the
simulation results which validates the correctness of our closed-
form expression. As expected, when M increases the sum spectral
efficiency increases. Furthermore, for low numbers of antennas, for
example M = 20, the gaps of the sum spectral efficiency between
the three cases (K = 5, 10, and 20) are very small. However, these
gaps grow considerably when the number of antennas is large, i.e., at
M = 500, the sum spectral efficiency with K = 10 is nearly double
compared to the one with K = 5. This is due to the fact that when
M increases, inter-user interference and noise effects are canceled
out.

(33)
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Fig. 1. Sum spectral efficiency against the number of relay antennas. We
choose T'= 200, 7 = K, B, = P, =0dB, F, =10 dB, and 8 = 1.
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Fig. 2. Cumulative distribution of the sum spectral efficiency. We choose
Dg=1000m, T'=200,7 =K, Py =P =F, =0dB.

Next, we examine a more practical scenario that takes into account
a realistic large-scale fading model. More precisely, the large-scale
fading, is modeled by path loss and shadowing, given by [8]

- dk v
1+ (%)
where zj, is the log-normal random variable with standard deviations
of o, dB, v represents the path loss exponent, dj is the distance
between user k£ and the relay, and do denotes a reference distance.

Here, we assume that users are located uniformly at random inside
a disk with a diameter Dg.

Br (34)

For our comparison, we also consider two-way massive MIMO
relaying systems where the K users are grouped into K (K — 1)/2
pairs, and each user is assigned different time-slots and uses the two-
way relaying scheme to exchange data.' Since each pair requires two
time-slots for information exchange, we need, in total, K (K — 1)
time-slots to exchange all information among the K users. As a result,

! Alternatively, one could consider a multi-pair two-way relaying protocol
as in [11], where K sources exchange data with K destinations over two
orthogonal time-slots (i.e., the number of users is always an even number).
For this case, the pre-log factor is 1/2. Compared with our multi-way relaying
protocol, the multi-pair two-way relaying protocol has a smaller pre-log factor
(when K > 2), but suffers a similar interference effect since multiple users
transmit their data in the same time-frequency resource.
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the spectral efficiency of the two-way massive MIMO relaying system
is given by

(1) (T —-7 K-1
SEiwo-way,k = ( T ) (K(K — 1)) log, (1 + SINRg)
T—71 1
= ( T ) (?) log, (1 4+ SINR),

where SINRj corresponds to the SINR in (22) for K = 2.

In this example, we choose Dy, = 1000 m, 0, = 8 dB, v =
4, do = 200 m, P, = B, = B, = 0 dB. Figure 2 demonstrates
the cumulative distribution of the sum spectral efficiencies for two
cases: (K = 20, M = 200) and (K = 10, M = 50). Compared to
the two-way massive MIMO system, the multi-way massive MIMO
system reduces the pre-log penalty (from % to %), however, it
exhibits more interference since many users simultaneously transmit
data in the same frequency band. When M is large, the interference is
small. Therefore, the multi-way massive MIMO system outperforms

the two-way massive MIMO system, especially at large M.

(35)

V. CONCLUSION

We studied multi-way massive MIMO relay networks with MR
processing and imperfect CSI. We derived a closed-form expression
for the spectral efficiency. Our work showed that, by using a large an-
tenna array at the relay, many users can simultaneously exchange their
information in the same frequency band without any performance
degradation for each user. As a result, multi-way massive MIMO
offers much higher sum spectral efficiency than conventional multi-
way MIMO or two-way massive MIMO systems do. Furthermore,
as the number of relay antennas grows large, we can reduce the
transmitted power at the relay and/or each user proportionally to
1/M, while maintaining a given quality-of-service.

VI. APPENDICES
A. Derivation of (20)

The normalization factor a*) in (12) can be rewritten as

P
o = F, Zi{:l Qi + P Zle Q2p + Zﬁle Qam’ 36)
where
wosfllemoere ) o
Qp =E {H [eRiialelds] ) 2} : (38)

= femve

2
} . (39)

m

First, we compute Q1;. We have,

0 =5 {[envere] )

~H A 2
8r+18k |~ (jax o ~
—E{H LBl e g7 }+E{||gk_1||2|gk|4}

&l
K 2
+3{ Jevetn}
k/=1
k' #(k,k—1)
= ok B {lgel"} + Mok 1E{llge]"}
K 2
~x ~H ~
+ Z {Hgkfgk'+1ng } )

K/=1

k' (k,k—1)

(40)
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~ H ~
where in the last equality we have used the fact that g’ﬁg;ﬁk ~
CN (0,07, ) is independent of g [3]. By using Lemma 2.9 in [9],
(40) becomes

Q1k =

M(M + l)aéai_H + M2(M + 1)0,3_10;3
K
+ M2Oi

2 2
O/ Ok +1

k=1
k' #(k,k—1)

K
3 2 4 2 2 22 : 2 2
=M Oj— 1O'k+MO'kO'k+1+M [ O/ O/ 41-
k'=1

(41)

Similarly, we obtain Qz, = M?(Bx — 07) Sm_, ow0on 4, and
ng = MZé(’:l O—I%/O-]%LFl'

Substituting Q1, Q25 and Qs,,, into (12), we obtain (20).
B. Proof of Theorem 1

1) Compute E {g,{aﬁl}: Since G and E are independent. Then,
we obtain

{atait} -2 {e [enoera], )

— B (1P )+ 3 B {el el )

k/=1
K £k
= M’0}0p 1. (42)
2) Compute Var (gk a, +1) From (42), the variance of gj, a,(:ll

is given by
2
Var (gga}(cil) = E{ Sk aklll‘ } - ‘E {gfa,(clﬁl}‘
=FE { ’gk a,(:ll’ } — M4aﬁai+1

~ ~ 2
=E { |(8F +ef) GG (g1 +eri)] }

— Mooty (43)
Since G and E are independent, (43) can be rewritten as
Var (gfa,?jl) STy 4 Ta 4 Ta 4+ Ta— Miotol,,,  (44)
where
2
~E { W& g | } : @5)
2
E{ TG GH em’ } (46)
2
_E {\ GG g } , @7
N N 2
T.=E { ’eZG*H“)GHekH‘ } (48)

To compute Ti, we rewrite (45) as
K

T1:ZE

k'=1

=Eﬂ@mﬂﬁﬂgﬂﬂﬂ+E{A

AT ~x ~H A 2
{‘gkgk’gk’+1gk+l‘ }
)
2
‘HE{‘gkgk 18k gk+1‘ }+Z {‘éfé?éﬁﬂém‘ } (49)

#(k, et k1)
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Again, by using Lemma 2.9 in [9], we get
T, = M3(M + 2)Jﬁaﬁ+1 + Mai_la%ai_,_l
K

2 4 2 2 2 2 2 2
+ Moyokt10kt2 + M 0,011 E Ok Okt 41
k=1

(50)

Similarly, we obtain

= MSUS,kHUéUiH + MU?,kJrlUI%—loé
+ M20iol ki D TRk, (51)
k'=1
Ts = M30§,k0i0§+1 + Ma?,k0ﬁ+1ai+2
K
+ M20240%41 ) ORi 0k, (52)
k'=1
K
Ta = MZUS,kUz,k+1 Z 0']3/0']%/4,14
k/=1
By using (6), and substituting (50), (51), (52) and (53) into (43),
we arrive at the desired result as in (23).
3) Compute IU; and ANg:
Following a similar methodological approach as in 1) and 2), we
obtain IU; and ANy given in (24) and (25), respectively.

(53)
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