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Abstract

Downlink multi-user non-orthogonal multiple access (NOMA) relay systems, that are wirelessly powered by harvesting energy from radio
frequency, are taken into consideration. To enhance the performance of the NOMA multiuser systems, the base station (BS) is equipped with
multiple antennas to make a beamforming for transmitting information signal and energy. The close-form outage probability expressions of
proposed system over Rayleigh fading channels are derived and the analytical analysis is verified by computer simulations.
c⃝ 2019 The Korean Institute of Communications and Information Sciences (KICS). Publishing services by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The non-orthogonal multiple access (NOMA) systems
which combine radio frequencies (RF) energy harvesting (EH)
are investigated in [1,2]. In those research works, simultaneous
wireless information and power transfer (SWIPT) of NOMA
networks with randomly located users are studied. The authors
in [3] analyzed the system, in which near NOMA users that are
close to the source act as energy harvesting relays to help far
NOMA users. Meanwhile, the EH from the RF has emerged as
a suitable solution for energy-constrained electronic devices,
which are often supported by limited power sources such as
batteries.

On the other hand, the relay communication and RF EH
topics have been widely studied in both academics and re-
search institute. Consequently, there have been many works
that have been published. The authors in [4] derive a closed-
form expression of the outage probability of the dual-hop
decode-and-forward (DF) relaying network, where utilizing
the time switching (TS)-based relaying mechanism. The out-
age probability of the dual hop multiple antennas relying
system transferring wireless power is investigated. In [5],
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the authors proposed a dual-hop multiple antennas amplify-
and-forward relaying system with interference for both the
fixed-gain and variable-gain relaying schemes. The optimal
throughput of MIMO full duplex system is proposed in [6].
In this work, the antennas are configured at the relay, lead-
ing to the fact that the energy consumption at the relay is
increased with the number of antennas. To the best of author’s
knowledge, there is a lack of study in the combination of TS
with NOMA relaying network systems, consequently, in this
paper, we propose combination of TS with NOMA. Moreover,
in order to cancel the inter-cluster interference, a beamforming
method is proposed to combine with TS and NOMA method
for downlink multi-user system. The contributions of the paper
are summarized as follows.

• To prolong the time-life of the system and improve
spectrum coefficient, we focus on the downlink NOMA
system with multiple antennas at the base station (BS).
Several users are clustered to become a group based on
the their location. To mitigate the crisscross interference
from the other clusters, the zero-forcing beamforming
method is applied to the BS.

• The system performance is analyzed theoretically, and
close-form expressions of outage probability for each
user at an arbitrary group are derived in order to evaluate
the proposed system model. We compare the simulation
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Fig. 1. System model.

result with calculation result to confirm the close-form
expressions.

The rest of the paper is organized as follows. Section 2
presents the multi-user NOMA system model and channel
model. The performance analysis is given in Section 3. Nu-
merical results are presented in Section 4. Finally, Section 5
concludes the work.

2. System model

2.1. Combination of beamforming and NOMA for the first
hop

We consider a downlink multi-user (MU) relay commu-
nication network, where a BS communicates with users by
assistance of M relays (R) as shown in Fig. 1. The relays
perform the EH from the RF to forward the received signal
from the BS to users. The BS and every relay are respectively
configured by Nt and Nr antennas with condition that Nt ≥

(M − 1). It is considered as massive antenna at the BS, while
the users have a single antenna due to the size limitation. Let
xS,m denote the transmit signal for all users in the mth cluster.
Before transmission, the symbol xS,m must be multiplied by an
Nt × 1 normalized beamforming vector wm , ∥wm∥

2
= 1.

The perfect CSI at the BS is difficult due to both causes,
i.e., channel estimation error and feedback delay. Hence, the
relation between the estimated channel matrix ĥm and the
actual channel matrix hm can be given as

hm = ĥm + e, (1)

where e is the channel estimation error vector with indepen-
dent and identically distributed (i.i.d.) zero mean and unit
variance complex Gaussian distributed entries.

To keep a balance between complexity of implementation
and performance of system, we use zero-force beamforming
(ZFBF) at the BS. We design a weight wm for the mth cluster
to mitigate the interference from the other clusters.

The channel matrix between the BS and the mth cluster is
denoted by hm ∈ CNr ×Nt The channel coefficients are denoted
by hm ∼ CN (0,Ωm), where E{|hm |

2
} = Ωm are variance of

channel gains, and E{·} denotes the average operator. wm can
be represented as the projection of hm in the null space of
the interference channels related to the mth cluster in order
to maximize the channel gain while canceling the inter-cluster
interference. Mathematically, wm is given as

wm =
Πmhm

∥Πmhm∥
, (2)

where Πm = IN − Hm(HH
m Hm)−1HH

m , and Hm is an extended
channel matrix that excludes hm .

Hm = [h1, h2, . . . , hm−1, hm+1, . . . , hM ]T , (3)

The signals can be transmitted to the mth relay in case the
null space of Hm has one dimension greater than zero. Thus
we have

hH
m w j = 0, ∀m ̸= j. (4)

Moreover, we assume that the number of sensors in ev-
ery cluster is the same as N , and hence every antenna of
the BS transmits the superposition code, which includes N
signals of all users in the mth cluster, it can be described
by xS,m = [xm,1, . . . , xm,N ]T , where xm,n is the signal of the
nth user in the mth cluster, (hereafter called (m, n)th user),
E{|xS,m |

2
} = PS and [· · · ]T denotes the transpose matrix. The

superposition signals are constructed with beam vector, wm , at
the output antenna based on the principle of ZFBF. Hence the
signals intended to the mth cluster are given by

xS,m = wm

N∑
n=1

√
am,n PSxm,n, (5)

where am,n denotes the power allocation coefficient for the
(m, n)th user and

∑N
n=1 am,n = 1.

The M × 1 vector xS is broadcast over single cell to all
relays. The signal received at the mth relay can be given as

yR = hmwm

N∑
n=1

√
am,n PSxS,m  

mth beam

+

M∑
j=1̸=m

hmw j

N∑
n=1

√
a j,n PSxS, j  

other beam

+nm . (6)

Without loss of generality, we assume that beam is perfect,
therefore the inter-cluster interference is canceled, and then the
received signal at the mth relay is given as

ym,R = hmwm

N∑
n=1

√
am,n PSxS,m + nm,n

= hmwm
√

am,n PSxm,n  
desired signal of (m, n)th user

+ hmwm

N∑
i=n+1

√
am,i PSxm,i  

interference of other users

+ hmwm

n−1∑
k=1

√
ξ1am,k PSxm,k  

interference of imperfect SIC

+nm, (7)
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Fig. 2. Time Switching-based Relaying (TSR) protocol.

where nm = [n1, . . . , nNr ] ∈ C1×Nr with nm ∼ CN (0, σ 2
m) is

an i.i.d. additive white Gaussian noise (AWGN) at the mth re-
lay. In case of perfect SIC, the term hmwm

∑n−1
k=1

√
am,k PSxm,k

is equal to zero.

2.2. Signal processing at user site

The authors in [7] have shown that, the TS scheme is not
only more easily implemented but performs better than the
power splitting (PS) scheme for EH-enabled multi-user MIMO
networks. Hence, in this work we apply the TS scheme for EH.
The details of TS architecture for relay systems are illustrated
in Fig. 2. In this figure, T is a block time which is split into
three time slots. The first slot, αT (0 ≤ α ≤ 1) is used for
energy harvesting at relays. The remaining block time, (1 −

α)T , is divided into two equal slots, the first half, (1−α)T/2, is
used for the S-to-R information transmission, while the second
half is used for the R-to-D information transmission.

We assume that the energy is only harvested from the re-
ceived signal during αT in each period, and total of harvested
energy is immediately used to transfer the received signal.
Hence, the harvested energy is given by [8, Eq. (2)].

Eh = αT ηPS|hmwm |
2, (8)

where η is the energy conversion efficiency whose value
depends on the quality of the harvester, 0 < η < 1.

Consequently, the transmit power of relays is given by

PR =
2αηPS

(1 − α)
|hmwm |

2
= φPS|hmwm |

2, (9)

where φ = 2αη/(1 − α).
Because the transmission power of the relays is according

to quantity of EH, it is always smaller than transmission power
of the source. Hence, the transmit power for every user is re-
allocated to keep the fairness for all users. The allocated power
of relay for the (m, n) user is denoted by bm,n , and the received
signal of the (m, n)th user is given as

yDn = gn

√
bn PRxm  

desired signal of (m, n)th user

+ gn

N∑
i=n+1

√
bi PRxi  

interference of other users

+

n−1∑
k=1

√
ξ2bk PRgn xk  

interference of imperfect SIC

+nm,n. (10)

3. Performance analysis

3.1. Signal to interference plus noise ratio

At the relays, the SIC is applied to remove the interference
from the other users which have stronger power, i.e., the
interference signal of (i = 1, . . . , n − 1)th users is removed.
The signal interference noise ratio (SINR) of (m, n)th user at
the relay is denoted by γm,n , and from (7), the SINR is given
as

γm,n =
PSam,n|hmwm |

2∑N
i=n+1 PSai |hmwm |2 + σ 2

m

. (11)

Similarly, from (10), the SINR of (m, n)th user in the case
of perfect SIC can be given as

γDn =
PRbn|gn|

2∑N
i=n+1 bi PR|gn|

2 + σ 2
Dn

. (12)

For the DF protocol, the end-to-end SINR of the system is
the minimum value between two hops BS → R and R → Dn ,
that means

γe2e = min(γm,n, γDn ). (13)

3.2. Outage probability

The OP is defined as the probability that makes the trans-
mission rate of the system fall below the minimum required
data rate. Let rm, rm,n bit/s/Hz be the minimum required data
rate from BS → Rm and Rm → Dn , respectively. For
simplicity, we set rm = rm,n = r , thus the OP of the system is
calculated as

OPDn = Pr
[1 − α

2
log2

(
1 + γe2e

)]
= Pr

(
γe2e < 2

2r
1−α − 1

)
(14)

Substituting γe2e in (13) into (14) we have OP of (m, n)th user
as

OPDn = Pr
[
min(γRn , γDn ) < γth

]
= 1 − Pr

(
γRn ≥ γth, γDn ≥ γth

)
, (15)

where γth = 2
2r

1−α − 1. From SNR equations that are given in
(11) and (12) we have the outage probability in case of perfect
SIC as in (16), it is shown in Box I.

Based on the cumulative distribution function (CDF) and
probability density function (PDF) of both hops, we derive the
outage probability as follows. From (16) we can rewrite as

OPDn
∆
= 1−Pr

(
X ≥

γthσ
2
R

PS(an − γthã)
, XY ≥

γthσ
2
D,n

PSφ(bn − γthb̃)

)
,

(17)

where φ =
2αη

1−α
, ã =

∑N
i=n+1 ai and b̃ =

∑N
i=n+1 bi . The ∆

=

has mean that, the an > γthã and bn > γthb̃ need to satisfy.
Otherwise, an ≤ γthã and bn ≤ γthb̃ the outage always occurs.
Hence the allocated power for Dn is more than the others.
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OPDn = 1 − Pr
(

PSan|hmwm |
2∑N

i=n+1 PSai |hmwm |2 + σ 2
R

≥ γth,
PRbn|gn|

2∑N
i=n+1 bi PR|gn|

2 + σ 2
D,n

≥ γth

)
, (16)

Box I.

Thank to the help of the property of joint two random
variable probability [9], we have

OPDn = 1 −

∫
∞

u

[
1 − FY

(v

x

)]
fX (x)dx

= 1 −

∫
∞

u
fX (x)dx +

∫
∞

u
FY

(v

x

)
fX (x)dx, (18)

where u =
γthσ 2

R
PS(an−γthã) and v =

γthσ 2
D,n

PSφ(bn−γthb̃)
.

Thank to the help of [10, Eq. (3.471.9)] we obtain approx-
imation as

OPDn ≈
N !

(N − n)!(n − 1)!

N−n∑
j=0

(−1) j

n + j

(
N − n

j

)

×

n+ j∑
ℓ=0

(−1)ℓ
(

n + j
ℓ

)
1

Γ (K )[(1 − ρ)ΩSR]K

× 2
(

ℓvΩSR

ΩRD j

) K
2

KK

(√
4ℓv

(1 − ρ)2ΩSRΩRD j

)
, (19)

where KK denote the modified Bessel function of the second
kind order K .

4. Numerical results

In this section, typical numerical results are provided to
analyze the performance of the SWIPT-NOMA system in
terms of the outage probability. The simulation parameters are
set as follows. The threshold data rates of Dn are r1 = r2 =

r3 = 1 [b/s/Hz]. The energy conversion efficiency coefficient
of relays η = 0.85. The number of relay nodes M = 3 and
each cluster has three users. The power allocation coefficient
of the (m, n)th user am,n = (N − n + 1)/µ, where µ is chosen
such that

∑N
n=1

√
an PS = 1. To simplify the system design

and settings, we select the power allocation coefficient at the
BS and the relay nodes are the same.

In Fig. 3, we present the outage probability of each user
versus SNR in dB. In this figure, we can recognize that the
performance of the user 3 is the best among users, although
the power allocated for the user 3 is the lowest. This reason
is the user 3 is closest to the relay, i.e., the channel gain from
the relay to the user 3 is the largest. The interference from
other users is canceled completely by SIC scheme, hence the
SNR of the user 3 is much higher than SINR of other users.
Moreover, the approximation result is close to the simulation
at the mean and high SNR, it is justifiable with our assumption
above. The approximation of user 1 is the best, because
the power allocation for user 1 is the largest. The perfect
match between simulation and theoretical results verifies our
analysis.

Fig. 3. Outage probability versus SNRs of each user with fraction energy
harvesting α = 0.3, η = 0.85, a1 = 0.6, a2 = 0.3, a3 = 0.1.

Fig. 4. Outage probability versus SINRs with difference in the number of
received antennas, α = 0.3, η = 0.85, a1 = 0.6, a2 = 0.3, a3 = 0.1.

Fig. 4 represents the performance of user 1 with varying
the number of receive antennas. We can see that increasing
the number of antennas leads to improving the performance,
the reason is the diversity gains of the first hop are improved.
We also see that the analysis results are in excellent agreement
with the simulation ones, it confirms the correctness of our
proposed analysis approach.



Please cite this article as: P.T. Hiep and T.M. Hoang, Non-orthogonal multiple access and beamforming for relay network with RF energy harvesting, ICT Express (2019),
https://doi.org/10.1016/j.icte.2019.05.004.

P.T. Hiep and T.M. Hoang / ICT Express xxx (xxxx) xxx 5

5. Conclusions

In this paper, the downlink NOMA multi-user network with
RF EH was analyzed. The multi-antennas were considered,
and then the ZFBF method was applied to cancel the inter-
cluster interference. On the other hand, the SIC technology
also was applied to cancel the intra-cluster interference. The
closed-form expression of outage probability was derived, and
the simulation results verified our theoretical analysis.

However, both ZFBF and SIC methods were assumed to
be implemented perfectly, hence the inter-cluster and intra-
cluster interference were clearly canceled. We will consider
the imperfect CSI due to channel estimation error, and then
the effect of intra-cluster and inter-cluster interference will be
discussed in our future works.
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