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Abstract—We propose a novel transmission protocol for multi-
way relay networks (MWRNs) in which the number of time-
slots required for full mutual multi-way data exchange among K
user nodes can be reduced to just two from d(K − 1)/2e + 1
in the current state-of-the-art. The proposed MWRN adopts
superposition-coded transmission, successive interference cancel-
lation (SIC) reception, power-domain non-orthogonal multiple-
access (NOMA) and linear detection/precoding facilitated by
massive multiple-input multiple-output (MIMO). First, the user
nodes transmit their signals to a massive MIMO-enabled relay,
where a linear detector based on maximal ratio combining
criterion is used for signal reception. Next, the relay composes
a superposition-coded signal for each user node and transmits
towards the user nodes by using a linear precoder based on
maximal ratio transmission criterion. User nodes perform SIC-
based decoding for retrieving symbols sent by the remaining K
user nodes. Thus, our proposed MWRN protocol completes the
full mutual multi-way data exchange among all users within two
time-slots. We derive the achievable sum rate of it via the so-called
worst-case Gaussian approximation and show that a significant
spectral efficiency gain can be achieved over the existing MWRN
counterparts.

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) [1] has been iden-
tified as one of the main enabling components of future
5G wireless systems. The main idea of NOMA is to use
the same frequency-time resources to accommodate multiple
access. NOMA can be categorized into power-domain NOMA
and code-domain NOMA [2]–[4]. In power-domain NOMA,
different power levels are used to differentiate the signals
transmitted by different users in the same time-frequency-
space resource. The transmitter superimposes the signal and the
receiver uses successive interference cancellations to decode
the data. NOMA offers improved spectral efficiencies, reduced
latency, and massive connectivity [5].

Sub-6 GHz massive multiple-input multiple-output (MIMO)
has also identified as a key enabling technology for next
generation wireless standards [6]. In massive MIMO, an un-
precedented amount of spatial degrees-of-freedom provided by
massive antenna arrays are exploited to serve many user nodes
simultaneously in the same time-frequency resource by virtue
of spatial multiplexing [7]. The higher number of base-station
antennas (between 128 − 256) provides higher spectral effi-
ciencies and significantly improved energy efficiencies. Multi-
way relay networks (MWRNs) are used in scenarios, where
a set of users need to mutually exchange their own data [8].

In this case, a relay node will act as the intermediate node to
accommodate the data transfer. With the emergence of Internet-
of-Things (IoT) for 5G systems, the practical applications for
MWRN systems will increase. MWRNs can be identified as a
natural extension of two-way relay networks [9].

Prior related research: The fundamental performance lim-
its of MIMO-enabled MWRNs have been established in [?].
This analysis reveals that the K user nodes can mutually
exchange their symbols within K orthogonal time-slots via an
intermediate MIMO-enabled relay. The coexistence of massive
MIMO and MWRNs has already been explored in [10]–
[12]. Reference [10] adopts the MWRN transmission protocol
proposed in [8] and computes the achievable rates in the
presence of imperfectly estimated channels at the relay in a
multi-cell set-up. In [11], an efficient transmit power allocation
scheme has been proposed for the same massive MIMO system
model proposed in [10]. Although the MWRN transmission
protocol studied in [10], [11] accomplishes the multi-way
mutual symbol exchange with low probability of bit errors, it
requires K time-slots when the system is comprised of K user
nodes. Thus, the overall spectral efficiency is low due to the
fractional pre-log factor, which is introduced by K time-slots,
in achievable rate expressions. As a remedy, [12] proposes
a new transmission protocol for massive MIMO MWRNs in
which the required number of time-slots for full mutual data
exchange is reduced from K to d(K − 1)/2e+1. The MWRN
transmission protocol in [12] reduces the number of time-slots
by approximately a half by adopting linear processing, self-
interference cancellation, and successive cancellation decoding.
However, the achievable sum rate of this MWRN protocol still
suffers by a low/fractional pre-log factor.

Our contribution: Having been motivated by the afore-
mentioned studies on massive MIMO MWRNs, in this paper,
we propose a novel MWRN protocol, which can reduce the
number of time-slots from d(K − 1)/2e+ 1 (or approximately
K/2) in [12] to just 2 by adopting the concept of power-
domain NOMA into MWRNs. Thus, our proposed MWRN
protocol can provide a significant gain in spectral efficiency
over the previously proposed massive MIMO MWRN protocols
in [10]–[12]. Specifically, we achieve a time-slot reduction of
(1 − 4/K) × 100% over the current state-of-the-art MWRN
protocol [12]. This reduction of time-slots directly translates
into a significant spectral efficiency gain over all existing
MWRN counterparts [10]–[12]. The proposed MWRN protocol



leverages the benefits of power-domain NOMA and massive
MIMO by adopting superposition coding, successive interfer-
ence cancellation (SIC) and linear detection/precoding.

We analyze a system with multiple users that exchange
their data among themselves. Massive MIMO enabled relay
facilitates this data transfer during two time slots. In the first
time-slot, all user nodes transmit simultaneously to the massive
MIMO relay, which in turn applies a linear detector designed
based on the maximal ratio combining (MRC) for reception of a
superimposed signal. Then, the relay generates a superposition-
coded signal, applies an amplification factor, and transmits back
to the user nodes by using a linear precoder designed based
on maximal ratio transmission (MRT) criterion. Then each
user node performs SIC to decode the symbols belonging to
remaining K − 1 users messages. Thus, this proposed MWRN
transmission protocol accomplishes full mutual multi-way data
exchange in just two time-slots. As well, we investigate the
performance of this NOMA-aided massive MIMO MWRN
protocol by deriving the achievable sum rate in closed-form.
Thereby, we show that it achieves a sum rate gain of K/2
(approximately) over the current state-of-the-art counterpart in
[12]. Interestingly, this spectral-efficiency gain scales-up with
the number of user nodes (K). Moreover, in order to enable an
efficient SIC operation at each user node, a simple, suboptimal
transmit power allocation scheme is proposed for generating
the superposition-coded signal at the massive MIMO relay.
A set of rigorous numerical results are presented to compare
the achievable sum rate performance of the proposed MWRN
protocol with competing counterparts. Thereby, we show that
the proposed NOMA-aided massive MIMO MWRN achieves
a spectral efficiency gain, which scales-up with the number
of user nodes. On the contrary, the spectrum efficiency of
all related prior research [10]–[12] exhibits a demising return
when the number of user nodes increases. Thus, our proposed
system model can be used to support massive connectivity with
growing spectral efficiency gains.

Notation: ZH , ZT , [Z]k, and [Z]k,k denote the Hermitian-
transpose, transpose, the kth row, and the kth diagonal element
of the matrix, Z, respectively. A complex Gaussian random
variable X with mean µ and standard deviation σ is denoted
as X ∼ CN

(
µ, σ2

)
.

II. SYSTEM, CHANNEL, AND SIGNAL MODEL

A. System and channel model

Our system model consists of K users which are represented
as Sk where k ∈ {1, · · · ,K}. All the users are single antenna
terminals. The user node Sk needs to transmit its data to the
remaining K − 1 users and needs to receive data from all
the K − 1 users. The relay is represented by R consists of
M antennas and is massive MIMO enabled (i.e. M � K).
The direct channels between the users are not available due to
heavy fading [9], [13] or not utilized in-order to control the
interferences among the users. Thus, R will accommodate the
data transfer between the users.

The M × 1 channel between Sk and R is represented as
hk =

√
βkh̃k where βk is the path-loss component and the

small scale fading h̃k is given as

h̃k ∼ CN (0, IM ) . (1)

The M × K matrix H̃ = [h̃1, · · · , h̃K ] represent combined
small scale fading channel matrix from all the users towards
the relay. Thus, the channel from the users to the relay can be
written as

H = H̃D1/2, (2)

where D = diag(β1, . . . , βK).

B. Signal model

The data transmission between the users is done using two
time-slots. In the first time-slot, all the users transmit to the
relay and R receives the data by using receive beamforming.
User Sk transmit

xt,k =
√
αkPxk, (3)

where xk is the data that it needs to transmit, P is the available
maximum power (assumed to be equal for all the users) and
0 < αk ≤ 1 is the power scaling factor. The received signal at
the relay is given as

yr =
√
PHα1/2x + nR, (4)

where x = [x1, · · · , xK ]
T , α = diag(α1, . . . , αK), and nr is

M × 1 additive white Gaussian noise (AWGN) vector at the
relay satisfying E

[
nHRnR

]
= IMσ

2
R. The received signal after

the combining at the relay can be given as

yp = WRyr

= WR

(√
PHα1/2x + nR

)
, (5)

where WR is the beamforming matrix at the relay. Then, the
relay will make a superimposed signal to be transmitted to the
users as follows:

yt = βWTΛyp = βWT


λ1,1 λ1,2 · · ·
λ1,2 λ2,2 · · ·

...
. . .

λK,1 · · · λK,K

WRyr. (6)

where WT is the precoding matrix at the relay, Λ is the K×K
power allocation matrix at the relay, and β is the power control
factor. The total power constraint at the relay is given as

PR =Tr
(
yty

H
t

)
= β2PTr

(
VHαHHVH

)
+β2σ2

RTr
(
VVH

)
, (7)

where we define V = WTΛWR as the total precod-
ing/beamforming vector at the relay, and the relay gain β is
computed to constrain the average transmit power as

β =

√
PR

PE [Tr (VHαHHVH)] + σ2
RE [Tr (VVH)]

. (8)



Rfk(n),k=
1

2
log

1+ β2Pαfk(n)|E
[
hT
k Vhfk(n)xfk(n)

]
|2

β2Pαfk(n)Var
[
hT
k Vhfk(n)xfk(n)

]
+β2P

K−1∑
m=n+1

αfk(m)E
[
|hT

k Vhfk(m)|2
]
+β2σ2

RE [‖hT
k V‖2] + σ2

k

 (13)

β=

√
PR

PTr (E [H∗ΛHHHαHHHΛHHT ]) + σ2
RTr (E [H∗ΛHHHΛHHT ])

=

√
PR

PL1 + σ2
RL2

. (18)

Based on (6), the intended transmitted signal for Sk is given
as [yt]k, which is the kth row of yt. The received signal at Sk
is given as

yk = hTk yt + nk

= βhTkV

K∑
m=1

√
Pαmhmxm + βhTkVnR + nk, (9)

where nk is the AWGN at Sk with power σ2
k.

III. ACHIEVABLE SUM RATE ANALYSIS FOR MRC/MRT

We next obtain the achievable sum rate between each user
pairs by using the worst-case Gaussian approximation [14] for
a system with MRC/MRT beamforming. The received signal
at Sk before after decoding n− 1 users is written as

yk,n = β
√
Pαfk(n)h

T
kVhfk(n)xfk(n)

+ βhTkV

K−1∑
m=n+1

√
Pαfk(m)hfk(m)xfk(m) + βhTkVnR + nk

= β
√
Pαfk(n)E

[
hTkVhfk(n)xfk(n)

]
+ n̂k,n, (10)

where n̂k,n is the effective noise and the first term is the desired
signal. The function fk(n) contains the index of the user that
will be decoded in the nth order. For MRC/MRT beamforming,
V is given as

V = H∗ΛHH . (11)

The noise term in (10) can be expressed as

n̂k,n=β
√
Pαfk(n)

(
hT
k Vhfk(n)xfk(n)−E

[
hT
k Vhfk(n)xfk(n)

])
︸ ︷︷ ︸

detection uncertainty

+βhT
k V

K−1∑
m=n+1

√
Pαfk(m)hfk(m)xfk(m)︸ ︷︷ ︸

interference from other users

+βhT
k VnR︸ ︷︷ ︸

amplified noise

+ nk︸︷︷︸
AWGN noise at the receiver

. (12)

Based on (10) and (12), and by assuming additive noise
as independently distributed Gaussian noise having the same
variance [14], a tight approximation for the achievable sum rate
can be given as (13) at the top of this page. By evaluating the
variance and expectation terms in (13), the achievable rate can
be computed as (see Appendix A for derivation)

Rfk(n),k=
1

2
log

 Pαfk(n)β
2M2

k,m

Pαfk(n)β2Nk,m+β2
K−1∑

m=n+1

Pk,m+β2Qk+σ2
k

. (14)

where Mk,m, Nk,m, Pk,m, and Qk are given as

Mk,m = E
[
hTkH∗ΛHHhfk(m)

]
, (15a)

Nk,m = Var
[
hTkH∗ΛHHhfk(m)

]
, (15b)

Pk,m = Pαfk(m)E
[
|hTkH∗ΛHHhfk(m)|2

]
, (15c)

Qk = σ2
RE
[
‖hTkH∗ΛHH‖2

]
. (15d)

The closed-form evaluations of (15) are provided in Appendix
A. Based on (14), the total achievable sum rate at Sk is given
as

Rk =

K−1∑
n=1

Rfk(n),k. (16)

The total achievable sum rate of the system is obtained as

R =

K∑
k=1

K−1∑
n=1

Rfk(n),k. (17)

A. Calculation of β

By using (8), the value for β, when perfect CSI is available,
can be rewritten as (18) at the top of this page and values of
L1 and L2 is given in Appendix B.

IV. COMPARISON WITH MWRN OPERATIONS IN [10], [12]

We next analyze a normal MWRN for comparison purposes.
We consider a system model which requires K time slots to
transmit the data of all the users to all other users. The use of
time-slots can be listed as follows [10].

1) Time-slot 1 All the users transmit to the relay. This step
is similar to the first step in NOMA protocol.

2) Time-slot 2 to K In this time slot, relay transmits to all
the users using digital beamforming. However, instead of
sending a superimposed signal of all the other received
signals, data of a single user is transmitted to each user.
Thus, K − 1 time slots are required to send the data of
all the users to all other users.

The beamforming matrix at the relay for the jth time slot (2 ≤
j ≤ K) is given as

Vj = H∗ΛjH
H . (19)



here in (19), Λj is a permutation matrix in which each row
consists of a single one and all zeros. The location of the
number one, decides the transmitted signal of the initial set of
users. We can obtain the approximation for the end-to-end data
rate between each pair of users by using the same steps as the
previous case. However, when calculating the achievable data
rate, we have to use the pre-log factor 1

K , as K total time slots
are required for the data transmission. Moreover, we compare
the performance of the proposed MWRN with that of [12],
which utilizes d(K − 1)/2e+1 time-slots. These two references
[10], [12] are used as a benchmark to test the performance of
the proposed NOMA-aided massive MIMO MWRN.

V. SUM RATE MAXIMIZATION

We next focus on designing Λ and fk(n) to maximize
the achievable sum rate while satisfying the relay power
constraints. The optimization problem can be formulated as

maximize
Λ,fk(n),α

K∑
k=1

K−1∑
n=1

Rfk(n),k (20)

Basically, (20) requires SIC order function fk(n) and the
power allocation coefficient matrix at the relay. Due to space
limitations, we only consider a sub-optimal power allocation
matrix and a decoding order. Without the loss generality, we
assume that users are ordered according to the descending order
of path-loss between them and the relay (i.e. β1 ≥ β2 ≥ · · · ≥
βK). Thus, first we order the users according to the average
path-loss (i.e. βk) and use this order to decide the function
fk(x). The decoding order is decided as decoding the users
according to their natural order. This can be mathematically
defined as

fk(n) =

{
n n < k

n+ 1 n ≥ k
(21)

Regarding power allocation matrix, we observe the following.
• Each row in Λ corresponds to the power allocation factors

to each user. Thus, to compensate for the downlink path-
losses, we allocate more power to the users which have
the highest path-loss by multiplying each row of Λ by the
inverse of the path-loss component of each user.

• Diagonal entries of Λ should be zeros to avoid the self
interference.

• The ratios between the non-zero coefficients in a sin-
gle row determines the data rate between the users.
In this paper, we designed the ratios in the form of√

1
K ,
√

2
K , · · · ,

√
K−1
K .

Based on these points, a suboptimal power allocation matrix is
designed and used as

Λ = D−1


0
√

1
K · · ·

√
K−1
K√

1
K 0 · · ·

√
K−1
K

...
. . .

...√
1
K · · ·

√
K−1
K 0

 . (22)
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Fig. 1: Total sum rate for K = 8 against the number of relay antennas.

Remark 1: Our simulations show that the design of Λ, fk(n),
and α affects the achievable sum rate between each user pair.
By manipulating these three degrees of freedoms, various data
rate combinations can be achieved between the users. Further
analysis on the design of these parameters will be forthcoming
in an extended version of this paper.

VI. NUMERICAL RESULTS

Here, we present simulation results to demonstrate the per-
formance gains of proposed NOMA scheme. We use the power
allocation matrix defined in the previous section with K = 8,
D = diag(1, 0.875, 0.75, 0.625, 0.5, 0.375, 0.25, 0.125), and
αk = 1 for 1 ≤ k ≤ K.

In Fig. 1, we plot the achievable sum rate of the proposed
system and schemes in [10], [12] against the number of relay
antennas. As evident from the figure, the proposed scheme
provides a higher achievable sum rate compared to other two
schemes. As an example with 100 relay antennas, the proposed
scheme provides a sum rate of 24 bps/Hz while the sum rates
of [10] and [12] are only 14 bps/Hz and 19 bps/Hz. This is
an increase of 71% and 26% respectively. Furthermore, it can
be seen that increasing the number of relay antennas results in
increased sum rates of the system. In Fig. 2 we plot the received
sum rates for S2 against the number of relay antennas. This
shows the same performance improvements in sum rate for a
single user and also justifies our closed form solutions.

In Fig. 3, we plot the achievable sum rate against the number
of users (K). As K increases, the proposed NOMA MWRN
provides higher data rate compared to other two schemes. The
achievable sum rate gap between our method and those two
increases as the number of users are increased. As an example
with 6 users, the gap is 4 bps/Hz which is a 21% increase while
the gap at 20 users is 12 bps/Hz which corresponds to a 31%
increase compared to [12]. This justifies the use of proposed
NOMA MWRN with large numbers of users.

In Fig. 4, we plot achievable sum rate per user (R/K) for
the proposed system and two other MWRN schemes. While the
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Fig. 2: Sum rate of S2 for K = 8 against the number of relay
antennas.
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Fig. 3: Total sum rate versus K for M = 128.

achievable sum rate per user decreases, our method outperforms
[10] and [12]. With 10 users, it provides 3.4 bps/Hz achievable
sum rate per user, while the [10] and [12] can only provide sum
rates of 2.1 bps/Hz and 2.5 bps/Hz per user. Of course, the sum
rate per user decreases with K, but due to different reasons.
In our method, the decrease of the achievable sum rate per
user is due to the increased interferences among the users as
K increases, while in other two schemes the decrease is due
to the increased number of time slots used in the data transfer
process.

VII. CONCLUSION

We proposed a NOMA-aided massive MIMO MWRN,
which enables full mutual multi-way data exchange between
K users within only two time slots. This is a drastic reduction
of d(K − 1)/2e−1 time-slots with respect to the current state-
of-the-art solution for MWRN. This in turn translates directly
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Fig. 4: Average sum rate per user versus K for M = 128.

into a significant spectral efficiency gain. In the first time-
slot, all user nodes transmit simultaneously to the relay, which
in turn applies a linear MRC detector. In the second time-
slot, relay constructs a superposition-coded signal consisting
of data symbols belonging to all other users to be transmitted
by using linear MRT precoding to each user. Upon receiving
this superposition-coded signal, users adopt SIC to decode the
data from each user. We derived the the achievable sum rate
in closed-form and compared the underlying performance gains
with competing MWRN literature. Numerical results show that
our proposed MWRN provides a significantly higher achiev-
able sum rate (approximately a gain of (1 − 4/K) × 100%)
compared to a typical MWRN. This performance increase is
more significant when the number of users (K) is increased.
This is the key benefit of our proposed MWRN because all
the related prior results achieve diminishing spectral efficiency
gains with the increasing number of users. Thus, our proposed
scheme may enable high-speed massive connectivity in next-
generation wireless applications.

APPENDIX A
PROOF OF LIMITS FOR SINR

A. Derivation of Mk,m

To calculate Mk,m, we first rewrite the term inside the
expected value by using basic matrix multiplication steps as

hTkH∗ΛHHhfk(m) =

K∑
i=1

K∑
j=1

λi,jh
T
k h∗ih

H
j hfk(m). (23)

Next, by considering different i and j combinations (i.e. i = k,
j = fk(m) and j = k, i = fk(m) and by using the fact that
k 6= fk(m)) in the double summation in (23), the expected
value can be written as

E

 K∑
i=1

K∑
j=1

λi,jh
T
k h∗ih

H
j hfk(m)

= λk,fk(m)‖hk‖2‖hfk(m)‖2

+λfk(m),k|hkhfk(m)|2. (24)



Φi = βi
[
λ2i,iβi + 2λk,iλi,kβk + 2λm,iλi,mβm +Mλ2k,iβk + λ2m,iβm + λ2i,kβk + (M + 2)λ2i,mβm

]
. (27a)

Θi,j = λ2i,jβiβj + (M + 1)
(
(M + 2)

(
λ2k,kβ

2
k+λ2m,mβ

2
m

)
+λk,mλm,k(M+1)βmβk+λ2k,mM(M+1)βmβk+2λ2m,kβmβk

)
. (27b)

Qk =Mβk

(M + 1)

K∑
i=1,i6=k,m

λ2i,iβ
2
i + (M + 1)(M + 2)λ2k,kβ

2
k +M

K∑
i=1,i6=k

K∑
j=1,j 6=k,i

(
Mλ2i,j + λi,jλj,i

)
βiβj

+(M + 1)βk

K∑
i=1,i6=k

(
2λk,iλi,k +Mλ2k,i + λ2i,k

)
βi

 . (29)

L1 =M

(M + 1)

K∑
i=1

K∑
j=1,j 6=i

(
αjλ

2
i,iβi + αiλ

2
i,jβi + αiλi,jλj,iβi + αjλi,jλj,iβj +Mαjλ

2
i,jβj

)
βjβi

+(M + 1)(M + 2)

K∑
i=1

αiλ
2
i,iβ

3
i +

K∑
i=1

K∑
j=1,j 6=i

K∑
m=1,m 6=i,j

αmλ
2
i,jMβiβjβm

 . (30)

Finally, by using the expected value results M1 is given as

Mk,m =
(
λk,fk(m)M + λfk(m),k

)
Mβkβfk(m). (25)

B. Derivation of Nk,m
In order to calculate Nk,m, we first look at N̄k,m =

E
[
|hTkH∗ΛHHhfk(m)|2

]
, where the argument of the expec-

tation operator can be expanded as∣∣hTkH∗ΛHHhfk(m)

∣∣2 =
K∑
i=1

K∑
j=1

K∑
l=1

K∑
n=1

λi,jλn,lh
T
k h∗ih

H
j hfk(m)h

H
fk(m)hlh

T
nh∗k. (26)

The expected value of (26) or N̄k,m can be calculated by
considering different parameter settings for i, j, l, and n and
is given i as

N̄k,m =Mβkβm

(
(M + 1)

K∑
i=1
i 6=k,m

Φi +M

K∑
i=1
i 6=k,m

K∑
j=1

j 6=k,m,i

Θij

)
, (27)

where Φi and Θij in (27) are given by (27a) and (27b),
respectively at the top of this page. Due to space limitations
we have omitted the intermediate steps of this calculation. The
value of Nk,m is obtained as

Nk,m = N̄k,m −M2
k,m. (28)

C. Derivation of Pk,m and Qk
Pk,m can be calculated by using the results obtained in (27)

and Qk is calculated by using similar steps as in N
k,m

. Value
for Qk is written as (29) at the top of this page.

APPENDIX B
CALCULATION OF β

By using similar steps as in Appendix A, L1 is obtained in
(30) at the top of this page and L2 is given as

L2 =

K∑
i=1

K∑
j=1

(λi,jM + λj,i)Mλi,jβiβj . (31)
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