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Abstract: In this paper, we propose a beamforming design method for
a cooperative NOMA downlink system wherein a relay node assisting a far
user operates in full-duplex mode to achieve high spectral efficiency. The
proposed method, based on the zero-forcing (ZF) principle, suppresses both
self-interference and inter-user interference. Simulation results show that the
proposed method is considerably superior to the conventional transmit ZF
method, achieving performance comparable to that of the optimum method
while reducing complexity.
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1 Introduction

Various promising technologies such as non-orthogonal multiple access (NOMA)
and cooperative relaying, have been extensively explored to fulfill the diverse de-
mands of future wireless systems. NOMA is a practical solution to improve the
spectral efficiency of a downlink multiuser system by accommodating multiple users
on the same frequency band and at the same time. On the contrary, cooperative relay-
ing effectively improves reception reliability and expands the communication area,
especially when there is no direct link between a base station (BS) and users owing to
obstacles or heavy shadowing. Combining NOMA and cooperative relaying can take
advantage of the benefits of both [1]. The spectral efficiency of relay-assisted co-
operative NOMA (RA-CNOMA) can be further improved by employing full-duplex
(FD) relaying [2]. FD relaying has the potential to double the spectral efficiency
compared with half-duplex (HD) relaying.

The performance of full-duplex RA-CNOMA (FD-RA-CNOMA) is mainly
bounded by two types of interference: self-interference (SI) at the relay and inter-
user interference (IUI) at the near user. In [3], they showed that FD-RA-CNOMA
is superior to half-duplex RA-CNOMA (HD-RA-CNOMA) if both SI and IUI can
be canceled perfectly. It was shown in [4] that FD-RA-CNOMA outperforms HD-
RA-CNOMA at low SNRs and that IUI has a greater impact on performance than
SI in the case of incomplete interference cancellation. In [5], they studied the ef-
fects of imperfect channel state information and power allocation at the BS. All the
above-mentioned studies considered FD-RA-CNOMA with a single-antenna relay.
If we employ a relay with multiple antennas, we can expect interference suppression
in spatial domain by beamforming (BF). In [6], the authors considered a subopti-
mum BF design method, called transmit zero-forcing (TZF) that cancels the SI by
projecting the transmit signal to the null space of the received signal at the relay.
Although this method is computationally efficient, its performance degrades owing
to IUI. In addition, the authors in [6] proposed an optimum BF design method that
can suppress both SI and IUI by maximizing the received SINR at the near user while
satisfying the target SINR at the far user. However, the drawback of this method is
its high computational costs.

In this study, we propose a new BF design method. The basic idea of the
proposed method is to suppress IUI by the transmit BF and SI by the receive BF. The
proposed method is based on the ZF criterion and is thus computationally efficient.
Through simulations, we demonstrate that the performance of the proposed method
is considerably superior to that of TZF and is comparable to that of the optimum BF.

2 Full-duplex relay-assisted CNOMA system model

Figure 1 shows the FD-RA-CNOMA system model using a relay with multiple an-
tennas. We consider a downlink system that supports two users, where the near user
Ul directly communicates with the BS, while the far user U2 requires the assistance
of an FD relay employing a decode-and-forward (DF) protocol. Successive inter-
ference cancellation (SIC) is adopted at Ul. We assume that BS, U1, and U2 are
equipped with a single antenna, and the relay is equipped with Nt transmit antennas
and NR receive antennas.
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Fig. 1. System model.

BS transmits a sum of information symbols to both users at time n, which is
given by s[n] = VPsa1xi[n] + VPsaax2[n], where Py is the BS transmit power,
and x;[n],i € {1,2} is the information symbol intended for Ui, and «; is the power
allocation coefficient that satisfies @1 + ap = 1.

The received signal at the relay can be written as y[n \/L(Tbr Yy, s[n
VupHx[n] + n [n], where L(d) is the path loss at distance d, u is the 1solat10n of
the transmit and receive antennas at the relay, p is the SI cancellation level including
analog and digital cancellations, r[n] is the transmit signal of the relay, n.[n] is the
additive white Gaussian noise (AWGN) at the relay with E{n,[n]nf[n]} = 021y,
H,, € CMR*NT js the SI channel at the relay, and hy, € CV*¥! and dy,, are the channel
coefficient and distance between BS and the relay, respectively. The relay employing
the DF protocol first estimates s[n] by applying a receive BF vector w, € CNRX! with

[lw:]|?> = 1 on y;[n] as follows
8[n] w Ye[n] = VL(dpr)W, Hhees[n] + \/,upw?Hrrr[n] + w?nr[n]. (D)

The second term on the right-hand side of (1) corresponds to SI. Next, the relay
decodes the information symbol x,[n] intended for U2. After decoding, the relay
forwards x2[n] to U2 by applying the transmit BF vector w; € CVN ™! with ||w||? = 1
as r[n] = VP;wxz[n — 7], where P; is the transmit power of the relay and 7 is the
time delay due to relay processing.

The received signal at U1 is given by

= VL(dy1)hv1s[n] + VBP:L(dr)h] wexa[n — 7] + my[n], 2

where 3 is the IUI cancellation level including analog and digital cancellations,
ni[n] is the AWGN at Ul with E{|n;[n]|*} = 0'12, hp1 and dp are the channel and
distance between the BS and U1, h,; € CN™! and d,; are the channel and distance
between the relay and U1, respectively. The second term on the right-hand side of
(2) corresponds to IUI. Ul carries out SIC, that is, U1 first decodes the symbol
xp[n] of U2 and then subtracts it from the received signal to detect its symbol x; [n].
Finally, the received signal at U2 can be written as

ya[n] = VP L(do)hwexa[n — 7] + na[n], 3)

where n,[n] is the AWGN at U2 with E{|n»[n]|*} = 02, hy, € CN™1! and d,, are the
channel and distance between the relay and U2, respectively. U2 decodes delayed
symbol x;[n — 7] from y;[n].
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From (1), the received SINR at the relay to decode x;[n] is given by

’}’xz _ PSQZL(dbr)|W£{hbr|2 (4)
R Pyar L(doe) Wi |2 + ppPr | WHH w2 + 0

From (2), the received SINR at U1 to decode x,[n] is given by

Vo = Py L(dy1) | ho1 | )
' Py L(dyy)| ot |2 + BP;L(dr) 0 wi[? + o

After U1 successfully adopts SIC, the received SINR at U1 to decode x is given by

Vo= Psa1 L(dpy)| o1 |2
U BPL(dn)h] w2 + 0

(6)

From (3), the received SNR at U2 is given by ygz = PrL(drz)lhrTzwtl2 /0'22. The
achievable rate at U1 is then given by R = log,(1 + yf ). In dual-hop DF relaying,
the weakest link determines the achievable rate. In addition, because x;[n] must be

decoded at U1 for SIC, we can write the achievable rate for U2 as R, = log,(1 +

min (Y%, %5% %, °)-

3 Proposed beamforming design method

The purpose of the BF design is to suppress both SI in (1) and IUI in (2). To this
end, we impose the following constraints.

hrlet =0 and W?Hrrwt =0. @)

Under these constraints, yfl in (6), hence Ry, is independent of the choice of BF
vectors. Now, we consider the following BF design problem.

T H
gla‘-;( Ry, s.t. hrlwt =0, w,Hyw =0, lwell = [[well = 1. (®)
t>Wr

Recall that y;? in (5) is also independent of the BF vectors and that y;> and yg’
depend only on w; and w;, respectively. We propose to decompose problem (8) into
the following two subproblem:s:

max |hrTth|2, s.t. h;rlwt =0, ||w] = 1. )
t

max |W?hbr|2, s.t. wiH,w =0, [|w,]| = 1. 10)

We obtain w; and w, by solving these problems in order.

To solve (9), we adopt the ZF approach [6] that cancels IUI by projecting the
transmit signal from the relay on the null space of the received signal at U1. Similarly,
problem (10) can be solved by nulling the SI at the receive antenna of the relay. The
resulting transmit and receive BF vectors can be represented as

* # T
w, o= Dhj}, D=1NT-h“h“2, (11)
[[Dh i [ ]
* W T mHIH
I H,,Dh’,h! D'H! 1
T - ’ - ’
[ Eh | ¢ |[H:Dh, |12

respectively.
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The computational complexity of the proposed method is evaluated. The num-
bers of multiplications required to obtain w and w; are SNt + 1 and N% + NTNR +
5NR + 1, respectively. This is slightly larger but comparable to the TZF method [6]
whose complexities are NyNg + SNt + 1 and 2Ny for w; and w;, respectively. By
contrast, the optimum BF design method [6] requires N% + N%NR + NI%NT + SNI% +
6N% + 3NtNRr + SNR + 22 multiplications and two Ng X Nr matrix inversions of
complexity O(NE). Moreover, the optimum method is based on the semidefinite
relaxation (SDR) approach, where SDR is solved with a worst-case complexity of
O(N}"5 loge™!) given a solution accuracy € > 0, and the principal eigenvector of
the SDR solution is computed with a complexity of O(N%).

4 Simulation results

We evaluated the FD-RA-CNOMA system using the proposed method by comparing
it with other methods through computer simulations. The transmission bandwidth
was 1.0 MHz, carrier frequency was 2.0 GHz, and noise power spectral density was
—169 dBm/Hz. The path loss model —128.1 — 37.6log;y(d;;) dB was used. The
distances dy1, dy, dr1, and dp, were 0.1, 0.15, 0.18, and 0.15 km, respectively. We
modeled the channel coefficients as CN(0, 1) random variables. We set a; = 0.1,
ar = 0.9, Nr = Nr =2, u = =30 dB, and p = —80 dB. Quality-of-service (QoS)
requirements for Ul and U2 were both 1.0 bps/Hz. We ran 10° simulations.

Figure 2 shows the outage probability (OP) and average achievable sum rate
(SR) of different BF methods as a function of IUI cancellation level 5. The OP
is the probability that the rate of Ul or U2 falls below the QoS requirement. The
transmit power at BS and relay were P; = P, = 30 dBm. The random BF method,
where BF vectors are randomly chosen, is the worst owing to the influence of SI and
IUIL. The performance of the TZF method [6] worsens as the IUI cancellation level
B increases because TZF does not suppress [UL In contrast, the performance of the
proposed BF method was unaffected by the IUI cancellation level. The proposed
method achieved almost the same performance as the optimum SDR method [6].

In Fig. 3(a), the performance of the FD-RA-CNOMA system using the proposed
method is compared with that of HD-RA-CNOMA using the maximum ratio com-
bining (MRC) BF at the receiver and maximal ratio transmission (MRT) BF at the
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Fig. 2. Performance comparison with different methods.
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Fig. 3. Performance evaluation.

transmitter, where IUI cancellation level was 8 = —30 dB. The total transmit power
P satisfied that P, = P, = P/2 in FD and P = P, = P in HD. In Fig. 3(a), as
with HD, the proposed method shows that the OP improves as the total transmission
power increases. FD with the proposed method can achieve approximately twice
the rate of HD. Figure 3(b) shows a computational time comparison between the
proposed method and the conventional methods [6]. Computer simulations were
performed using Python 3.8 on a computer with a 128 GB memory and an AMD
Ryzen Threadripper 3960X processor. We used CVXPY 1.2.2 as the solver for the
optimum SDR method. The computational time required by the proposed method
was almost the same as that of TZF and considerably reduced compared with that of
the optimum SDR method.

5 Conclusion

In this paper, we proposed a BF design method for FD-RA-CNOMA, where both
SI and IUI are suppressed. Simulation results show that the proposed method is

superior to the conventional method and achieves almost the same performance as
the optimum method while reducing complexity.
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