MANCHESTER

1824
The University of Manchester

The University of Manchester Research

Full-Duplex Decode-and-Forward Cooperative Non-
Orthogonal Multiple Access

DOl:
10.1109/VTCSpring.2018.8417519

Document Version
Accepted author manuscript

Link to publication record in Manchester Research Explorer

Citation for published version (APA):

Alharbi, T. E. A., & So, D. K. C. (2018). Full-Duplex Decode-and-Forward Cooperative Non-Orthogonal Multiple
Access. In IEEE Vehicular Technology Conference Spring 2018 (pp. 1-6)
https://doi.org/10.1109/VTCSpring.2018.8417519

Published in:
IEEE Vehicular Technology Conference Spring 2018

Citing this paper

Please note that where the full-text provided on Manchester Research Explorer is the Author Accepted Manuscript
or Proof version this may differ from the final Published version. If citing, it is advised that you check and use the
publisher's definitive version.

General rights

Copyright and moral rights for the publications made accessible in the Research Explorer are retained by the
authors and/or other copyright owners and it is a condition of accessing publications that users recognise and
abide by the legal requirements associated with these rights.

Takedown policy

If you believe that this document breaches copyright please refer to the University of Manchester’s Takedown
Procedures [http://man.ac.uk/04Y6Bo] or contact uml.scholarlycommunications@manchester.ac.uk providing
relevant details, so we can investigate your claim.

OPEN ACCESS

Download date:09. Aug. 2022


https://doi.org/10.1109/VTCSpring.2018.8417519
https://www.research.manchester.ac.uk/portal/en/publications/fullduplex-decodeandforward-cooperative-nonorthogonal-multiple-access(7e07110b-6b4d-4665-bbfa-ab81a7de9e0c).html
/portal/d.so.html
https://www.research.manchester.ac.uk/portal/en/publications/fullduplex-decodeandforward-cooperative-nonorthogonal-multiple-access(7e07110b-6b4d-4665-bbfa-ab81a7de9e0c).html
https://www.research.manchester.ac.uk/portal/en/publications/fullduplex-decodeandforward-cooperative-nonorthogonal-multiple-access(7e07110b-6b4d-4665-bbfa-ab81a7de9e0c).html
https://doi.org/10.1109/VTCSpring.2018.8417519

Full-Duplex Decode-and-Forward Cooperative
Non-Orthogonal Multiple Access

Turki Essa A Alharbi and Daniel K. C. So
School of Electrical and Electronic Engineering
The University of Manchester, United Kingdom
Email: turki.alharbi@manchester.ac.uk and d.so@manchester.ac.uk

Abstract—Non-orthogonal multiple access (NOMA) scheme is
considered as a promising technology for 5G networks due
to its ability to increase the spectral efficiency. In this paper,
by combining the principle of NOMA and full-duplex (FD)
transmission, a downlink FD cooperative NOMA (C-NOMA)
scheme is proposed to enhance the system performance. We
consider a practical approach where the weak user’s signal
is only forwarded in the second timeslot after it is decoded,
while at the same time the base station (BS) retransmits the
weak user’s signal again and new information to the strong
user. The analytical expressions for the sum rate using maximal
ratio combining (MRC) and maximum ratio transmission (MRT)
are formulated to investigate the performance of the proposed
schemes. Also, in contrary to the conventional C-NOMA method
of assuming the two signals from both the BS and strong user
can be resolved at the weak user, we assume that the two signals
are not resolvable, and hence, accurate analytical sum rates for
half-duplex (HD) C-NOMA with MRC and MRT are derived.
Numerical simulation results demonstrate that the proposed FD
C-NOMA system using MRT offers better sum rate performance
than FD C-NOMA using MRC, the HD C-NOMA schemes.
Furthermore, the proposed scheme attains a close sum rate
performance compared to NOMA and a superior fairness for
the weak user.

Index Terms—Non-Orthogonal Multiple Access (NOMA), Co-
operative NOMA (C-NOMA), full-duplex (FD), sum rate.

I. INRODUCTION

T 1is expected that Fifth-generation (5G) wireless
Icommunication will incur a remarkable change in data
speed and latency due to the high demand of data traffic from
industry and consumers, and the dramatic growth for both
the mobile internet as well as the internet of things (IoT) [1].
However, 5G requires a new future radio access technology
that is reliable, efficient and flexible. Non-orthogonal multiple
access (NOMA) has emerged as an enabling radio access in
5G technology, since it can offer high spectral efficiency [2].
It also provides better user fairness, low latency, throughput
gain and unique capability to utilize a huge number of
simultaneous signal transmission with limited resources
[3]-[5]. Research within NOMA indicates that NOMA has
a superior performance compared to other multiple access
schemes [6]-[10]. In [7], the performance of the outage
probability and ergodic sum rate in downlink (DL) NOMA
scenario with randomly deployed user was investigated. In
[8], a sum rate optimization of an uplink NOMA scheme
was proposed. The impact of user pairing of two NOMA
scenarios was studied in [9] by considering the sum rate of

a fixed power allocation (FPA) and a cognitive radio inspired
power allocation (CR-NOMA). The resource allocation and
an optimization method to maximize the sum rate of a DL
NOMA system were considered in [10].

Cooperative communication has received a lot of interests, as
it can offer spatial diversity to minimize fading [11], [12].
The key feature of NOMA is that the strong user is aware
of the information of other users; therefore, the integration
of cooperative communication can be applied with NOMA.
Cooperative NOMA (C-NOMA) leads to enhanced system
capacity and reliability, especially for the weak user. Studies
on C-NOMA was started with half-duplex (HD) relaying [13].
In [13] the performance of the outage probability in HD user
cooperation NOMA was firstly investigated, and it was proved
that the outage probability can obtain the maximum diversity
gains for all multiplexed users. The capacity analysis and
the achievable average rate of relaying system using NOMA
was explored in [14]. In [15], the performance analysis of
outage probability in C-NOMA with SWIPT was proposed.
The impact of power allocation on C-NOMA with SWIPT
was studied in [16]. In [17], a C-NOMA multiple-input
single-output (MISO) with SWIPT was proposed, in which
the BS power ratio and beamforming vectors was jointly
optimized.

By using C-NOMA with HD relaying, the rate of the
strong user will drop significantly due to the additional
timeslots. C-NOMA with full-duplex (FD) relaying can
double the spectral efficiency and potentially overcome
this problem by assuming that the strong user can transmit
and receive simultaneously [18]-[20]. In [18], the outage
probability and capacity analysis of out-band FD C-NOMA
relaying were studied. [19] considered the achievable rate
region of in-band FD relaying in NOMA system with perfect
self-interference cancellation. The outage performance of FD
user cooperation C-NOMA was investigated in [20]. The
outage probability and ergodic capacity of a DL FD C-NOMA
were proposed in [21]. In [22], the maximum achievable
rate region in a FD C-NOMA was optimized. Existing work
assume that the two signals from the strong user and the
BS are fully resolvable; hence, they can be co-phased and
combined by applying MRC [13], [15], [17], [20]. However,
they often are not the case because SIC process requires
either the strong user’s signal is much stronger or weaker



than the signal from the BS.

A. Motivation and Contributions

In this work, considering the practical issue of decoding,
we do not assume the strong user can relay the weak user’s
signal simultaneously in the same timeslot. Instead, we
consider two timeslots in the transmission, and the full duplex
transmission is only implemented in the second timeslot
after the weak user’s signal is completely decoded. We
propose several transmission schemes and derive their sum
rate expressions. In addition, different from the conventional
FD C-NOMA assumption where the two signals from the BS
and strong user can be resolved [13], [15], [17], [20], we
consider that the two signals are not resolvable. The main
reason is that it is not usually the case when the signal from
the strong user is much stronger or weaker than the signal
from the BS. In this work, the capacity analysis of C-NOMA
with HD, FD using MRC is derived. Furthermore, the use of
maximum ratio transmission (MRT) [23] is used in C-NOMA
with FD and C-NOMA with HD, and the rate equations for
both strong and weak user are analysed.

B. Organization

The remainder of this paper is organized as follows. In
Section II, the system model considering FD C-NOMA is
proposed. In Section III, new analytically expressions for the
rate are derived for different C-NOMA schemes. In Section IV,
numerical simulation results are presented, which is followed
by the conclusion in Section V.

II. SYSTEM MODEL

Consider a downlink C-NOMA system with a BS that serves
two paired users U; and Us, as illustrated in Figure 1. The
near user Uy acts as a FD relay to forward the information to
the far user Uy and receive new information from the BS. The
far user U; receives its information three times (twice from the
BS and one from the strong user). We assume U7 is uniformly
distributed within a distance of Rps to Rp; from the BS,
and Us is uniformly distributed within radius Rp2. The total
BS power P, is divided between the two transmission phases.
The total system bandwidth B, is divided between N resource
blocks (RBs) of equal bandwidth B. Each RB experiences flat
fading as the coherence bandwidth is assumed to be larger than
the RB bandwidth B. Nevertheless, all channels are assumed
to experience independent and identically distributed (i.i.d.)
frequency selective fading. The channel gain for both users are
denoted as |h;|* = %, where ¢ € {1,2,3}, J; is the log-
normal shadowing, PL; is the path loss, and H; is the effect
of frequency selective fading. The channels are also to be
slowly varying and remain static for two consecutive timeslots.
Without lost of generality and for brevity, the following system
model and derivations consider one RB only, which can easily
be extended to multiple RBs in the simulation. It must be noted
that we do use multiple RBs in the simulation to evaluate the
performance. The decode-and-forward (DF) protocol strategy
is applied at the user relay and the FD C-NOMA includes two
phases, detailed in the following.
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Figure 1. System Model.

A. Phase 1: Direct Transmission

The BS transmits a superposed signal X1 = pix1 + paxo
using NOMA to U; and U, simultaneously at the first timeslot,
in which x; is the information symbol for Uy, where k €
{1,2}. The channel gains are sorted as 0 < |h1|* < |ha|?. p1
is the allocated power for U; and ps is the allocated power
for Us. The received signal at U; is given as

r1 = hiy/pray + hiy/paza + nq, (1)

where n, represents the additive Gaussian noise (AWGN) at
the reception with power spectral density Ny. Similarly, the
received signal at U, is expressed as

Yo(1) = hav/p121 + hoy/Da2 + ny. 2

With NOMA, U, applies SIC to decode the signal of U;
and subtract it from the combined signal. So in the first phase,
the received SINR at U, to detect x; is expressed as

N |ha|”
2L, |ho|* + BNy

The received SNR at Uy to detect its own information is
expressed as

3)

2
T2 _ P2 |z
s,Ua(1) — BNO

“4)

B. Phase 2: Direct Transmission + Cooperative Transmission

Due to superposition coding, the weak user’s signal x; can
only be decoded after the entire packet is received. Therefore,
the strong user can only forward x; in the second timeslot. To
enhance the sum rate, the BS also transmits new information to
the strong user together with x; for the weak user in the same
timeslot, denoted as Xo = pix1 + pax3, where x3 denotes
the new information symbol to Us. Hence the strong user



is operating in FD mode by simultaneously transmitting x
while receiving the new signal X» from the BS. Therefore, U
receives two signals from the BS and from Us. The received
signal at U; at the second phase is given as

ro = hiy/P171 + hiy/p2w3 + h3\/D371 + N2,

=21 [hl\/ﬁ + hg\/}Tg] + h1y/paw3 + na.

where ps is the power allocated to U; to apply the cooperative
transmission. The received signal at U, is expressed as

&)

Yo2) = hav/p171 + hay/Da3 + h3 2y/p31 + 12,  (6)

where hg,g\/[Tg.fCl is the self-interference due to the use of
full-duplex. As the strong user receives x; again in the second
phase, the self-interference will be combined with the x; part
of the received signal. Therefore, we can assume the SIC
process in the strong user can also remove the self-interference
due to FD. Thus, the received SNR at U, to detect its own
information is expressed as

z3 D2 |h2|2
Ys,Ux(2) = BN,

)

From (4) and (7), the rate equation for the strong user (Us)
can be written as

1 €T 1 xT
Ry = 3 Blogs (1 n YSfU2(1))+§Blog2 (1 n stUQ(Q)). )

III. PERFORMANCE ANALYSIS

In this section, the capacity equation of the weak user
(U1) using MRC and MRT is derived. Furthermore, the rate
expressions of HD C-NOMA using MRC and a new HD
scheme with MRT are formulated.

A. MRC

At Uy, it receives ry in the first phase and r9 in the second
phase. MRC is performed by multiplying these signals with
the conjugate of the channel gains. Hence, the MRC combined
signal at U; is given as

hiri + B*ra,

Yimre

= X [hx{hl\/ﬁ-i- B*ﬁ] =+ hﬁ{}h\/ping
+ S hiv/paxs + hing + S ng, )

where 3 = hi./p1 + h3\/D3.
The instantaneous SINR is given as
2
[Pihay/D1 + BB
a2 Jha [ +BF ]|+ BN [l + 18P

| pr+ |BI* +2 |ha | /1 |81
(12 +18F] [17a? p2+-B o

MRC
Yu, =

(10)

So, the capacity equation of U; can be written as

Y

MRC works best when the multiple received signals are
completely independent. However from (5), it can be seen
that in the second phase, the signal from the BS and from U,
will be combined at the receive antenna, and hence optimal
weighting cannot be applied. Therefore, from (10), it is evident
that the conventional approach of summing the SNRs from
each observation does not hold in FD C-NOMA.

Ry = 1Blog, (1 + vy ) .

B. MRT

With the limitations of MRC in FD C-NOMA, we explore
the use of MRT as different transmit weighting can be applied
to the signal from the BS and Us,. The received signal at U
at the first phase is given as

r1 = wihiy/pix1 + wihiy/Daz2 + Ny (12)

where w; = HZ—f”, which is the weight used by the BS. The
received signal at U at the second phase is presented as

ry = wihiy/p1r1 + wihi\/paxs + wshs/P3r1 + N2,
= x1 [wih1/P1 + wshsy/P3| + wihi\/Paxs + na,
(13)
where w3 = ”Z—gu, which is the weight used by Us.

Let ¢ = 2wihy+/P1 + wshs/P3, the combined received
signal at U; becomes

Yiprgr = T19 + wihiy/paza

+wihiy/paz3 +ny + na. (14)
The instantaneous SINR is expressed as
Y}\/IRT — 5 ¢)2 5
U [wih1y/P2] "+ [wih1y/P2] +2BNy
4py [l P +ps [ha|* +4|ha V1 |h3| /3 15)
- 2[p2 | |* +BNo |
The rate expression of U; using MRT is given as
Ry = $Blogy (1 +v}#") . (16)

By comparing (10) with (15), it can be seen that the
interference term is reduced when MRT is applied.

C. HD C-NOMA with MRC

In order to compare our proposed scheme with more con-
ventional C-NOMA approaches but with the correct SINR
expression, we derive the SINR equation for the HD C-NOMA
with MRC. In this case, the BS sends a superposed NOMA
signal at the first timeslot to both users and the strong user Us



will relay the weak user’s signal in the second time slot. The
received signal at U, at the direct phase is expressed as

r1 = hiy/D121 + hiy/Daz2 + . (17)

The received signal at the cooperative phase is given as

ro = hg\/p>3171 + no. (18)

Therefore, the combined receive signal for both direct and
cooperative transmission is

Yivre = h*frl + h§7'2~ (19)

The instantaneous SINR is given as

2 2 2
(11?1 + sl /7
|| pa+ [|h1|2 + |h3|2} BNy

7  p1 + |ha)* o3 + 2|l | |ha|* /B1+/P3
|h1|4]92+[\h1\2 + \hs\Q]BNO

HD-MRC
Ui

(20)

Since the strong user only receives its signal in the first
phase, it is expected that this conventional HD C-NOMA
scheme will have a lower sum rate than the proposed ones,
where new information is sent to the strong user in the second
phase as well.

D. HD C-NOMA with MRT

For the previous HD case, the BS is idle in the second
timeslot. To enhance the performance but maintaining the use
of HD relay, the BS can also transmit the same signal again to
the weak user in the second phase. Since the transmitted signal
from the BS and the strong user will combine at the antenna,
it is best to perform MRT. Therefore, similar to the previous
case, the first phase consists of NOMA transmission to U; and
U,. At the second phase, Us forwards the information x; to
U1, and at the same time the BS retransmits z; to U;. The
received observation at U; at the first phase using MRT is
similar to (12). the received observation at U; at the second
phase using MRT is expressed as

ry = wihi,/P12)T1 + wshs\/Psr1 + na,
21

= x1 |wihi1,/P1(2) + wshs\/P3| + na,
where p;(2) is the allocated power for the weak user at the

second phase. the recevied signal at U; after combining is
given as

Y1 =11+ 72 (22)

Let ¢ = wihyy/p1 +w1h, /D1(2) +wshs3./p3 , the received
observation is obtained as

Yinrr = x11/1+w1h1\/p2132 +nq + na. (23)

The instantaneous SINR is

1/)2
HD—-MRT —
v [wihiy/Ba]" + 2BNy
_ Il [py+ pigy)] +s b’ +@ 24)
pa |h1|? +2BN, ’
where
O =2h | VP1y/Pi2) + 2 bl [hs| Vps [V + i) -
(25)

As we can see from (24), the interference part has been
reduced compared to (15). The main reason is that the second
phase transmission does not include any new information to
the strong user, which reduces the interference to the weak
user. However at the same time, the strong user only receives
one packet of information and hence will have a lower rate.

It is clear that the allocated power for the weak user at
the first and second phase is different in this case, while
it is the same in the FD C-NOMA with MRC and MRT
schemes. The main reason is that the BS only retransmits
the information to the weak user in the second timeslot
in HD C-NOMA with MRT scheme. Therefore, the power
of the BS at the second phase is totally allocated to the
weak user. This leads to enhance the rate of the weak user
further. The allocated power p; and po at the first phase
as well as ps are similar to FD C-NOMA with MRC and MRT.

Note that the SNR for Us in case C' and D is given as
T2 _ P2 |hz|2
s,Us(1) — BN, :

(26)

IV. SIMULATION RESULTS

In this section, numerical simulation results of the sum
rate for the proposed FD C-NOMA with MRC and MRT as
well as HD C-NOMA with MRC and MRT are presented to
facilitate the performance evaluations. The power allocation
in all NOMA schemes is Fixed Power Allocation (FPA), with
p1 = a1 Pps and ps = as Pps. Ppg is the BS transmit power
for each phase which is equal Pgg = 0.4P;. a1 and as is the
power ratio for U; and U, respectively with o; = 0.8 and
ag = 0.2. p3 denotes the power allocated to Uy to apply
the cooperative transmission which is 0.2F;. In the HD C-
NOMA with MRC scheme, the value of p; and p- are doubled
as the BS only transmits in the first phase. For the HD C-
NOMA with MRT, the allocated power for the weak user at
the second phase is py(2) = 0.4F%, while the power allocation
at the first phase is same as in FD C-NOMA for both users.
It must be noted that the power allocation here is fixed to
provide a fair comparison of different schemes, and can be
optimized to enhance the performance. All existing schemes
are compared with NOMA with the same total transmitted
power. In the considered network, U; and Uy are uniformly
distributed within a circular cell diameter of 300m with the



BS at the centre. The cooperative transmission is made when
the distance between U; and Us is less than the distance
between the BS and U;. The channel is affected by path
loss, shadowing effect, and frequency selective fading. The
simulation parameters are illustrated in Table 1.

Table I
SIMULATION PARAMETERS
[ Parameters [ Value/Model |
Total Bandwidth, B; 5 MHz
No. of RB 25
Bandwidth per RB, B 200 kHz
Path Loss at 2 GHz band , Pr, 15.3 + 37.6log10(d;)
Shadowing standard deviation, o 8dB
Noise Power Density ,No —174dBm/Hz
Frequency Selective Fading ITU Pedestrian B

In Figure 2, the sum rate is evaluated for the proposed
schemes against NOMA. It is clear the two proposed FD
C-NOMA with MRC and MRT schemes perform significantly
better than the two HD C-NOMA schemes. This is because in
HD C-NOMA, the use of an additional timeslot significantly
reduces the rate for the strong user. Although the performance
for the weak user is enhanced, the sum rate is still significantly
lower. On the other hand for the proposed FD schemes, as new
information is sent to the strong user in the second timeslot,
the strong user can maintain a high rate while cooperation
improves the rate of the weak user; thus achieving a much
better sum rate. The figure also shows that FD C-NOMA with
MRT performs better than the FD C-NOMA with MRC. On
the contrary, the HD C-NOMA with MRC performs slightly
better than the HD C-NOMA with MRT. The main reason is
that in FD C-NOMA with MRC, the received signal in the
second phase is equally combined at the antenna rather than
optimally combined. Therefore, the performance is worse
than the MRT scheme. On the other hand in HD C-NOMA
with MRT, although the weak user’s signal is retransmitted
in the second phase by the BS, it reduces the allocated
power to the strong user in order to enhance the weak user’s
rate by increasing the power allocation of the weak user in
the second phase. Therefore, this result in a slightly lower
sum rate. Finally, the conventional NOMA schemes slightly
outperform the proposed FD C-NOMA schemes because it
does not require a second timeslot. However as shown in
the next two figures, the proposed FD C-NOMA schemes
achieves better fairness between the two users.

Figure 3 shows the performance of the strong user Us, and
it can be noticed that the rate of the FD proposed schemes
have better capacity than HD C-NOMA. This is because in
our proposed schemes the problem of the additional timeslot
at the strong user is eliminated by sending new information to
the strong user at the second phase. In this figure, because of
the power splitting in FD, NOMA gives better result than FD
C-NOMA. FD C-NOMA with MRT and MRC have the same
capacity performance, since the MRC and MRT only affects
how the weak user combines the signal and obtain diversity,
and as such do not affect the strong user’s capacity. Moreover,

160
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Figure 2. Sum rate performance versus total transmission power.

the results of HD C-NOMA with MRC is better than MRT,
since the allocated power for the strong user in MRT case is
lower.
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Figure 3. Capacity for strong user Us.

In Figure 4, the capacity performance of the weak user
Uy versus the total power is presented. HD C-NOMA with
MRC obtains the best result compared with other schemes.
The reasons are that, in the HD C-NOMA with MRC, there
is no interference in the second transmission phase, and the
the BS is idle in the second phase which means the allocated
power is not divided between the two phases. HD C-NOMA
with MRT performs close to HD C-NOMA with MRC. Figure
4 also indicates that FD C-NOMA with MRT provides better
result compared to FD C-NOMA-MRC and NOMA. 1t is
worse than the HD schemes because the second transmission
phase from the BS includes new information to the strong
user, which causes significant interference to the weak user.
Nonetheless, it outperforms the conventional NOMA schemes
and thus provides a better fairness for the weak user while
achieving a sum rate that is close to the conventional NOMA
scheme.
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A downlink FD C-NOMA system is proposed

V. CONCLUSIONS

in this

paper to enhance the rate of the weak user without
significantly degrading the performance of the strong user as
in conventional cooperative scheme. A practical scenario is
considered where the two signals from the BS and strong user
cannot be resolved at the weak user. The rate expressions for
FD C-NOMA with MRT and MRC, as well as HD C-NOMA
with MRC and MRT are derived. Numerical simulation
results show that FD C-NOMA with MRT achieve a good
degree of fairness and obtain better performance than FD
C-NOMA with MRC and the HD C-NOMA.
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