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Three-User Cooperative NOMA Transmission

Zhaoxi Fang

Abstract—This letter presents a new downlink cooperative non-
orthogonal multiple access (NOMA) transmission scheme to serve
three users within only two time slots. The scheme involves a base
station (BS), two direct-link users and one indirect-link user. The
BS sends superposed signals to the two direct-link users which
decode and forward the signals to the indirect-link user in an
alternating fashion. Closed-form expression is derived for the
sum-rate of the proposed scheme and a simple expression of
sum-rate is also derived in the high signal-to-noise ratio (SNR)
region. In the presence of strong inter-user interference (IUI),
the proposed scheme can be applied by having each direct-link
user to detect the IUI first and then cancel the IUI to decode the
signals destined for the indirect-link user and itself. Simulation
results show that the scheme with configurable decoding orders
at the users is able to achieve a higher sum-rate than existing
orthogonal multiple access (OMA) based alternatives.

Index Terms—Cooperative NOMA, decode-and-forward,

asymptotic analysis.

I. INTRODUCTION

ON-ORTHOGONAL multiple access (NOMA) is a

promising multiple access technique for the fifth-
generation (5G) mobile communication systems, and has
increasingly received attentions [1]-[5]. In a NOMA system,
multiple users (devices) can be served at the same time and/or
frequency resource by appropriately assigning the transmit
powers for the users, and the spectral efficiency can be sub-
stantially improved, as compared with conventional orthogonal
multiple access (OMA) schemes [6], [7].

Recently, the NOMA technique has been extended to coop-
erative and relay-assisted communication systems [8]-[10].
In [5], the authors proposed a cooperative NOMA scheme
with a dedicated half-duplex decode-and-forward (DF) relay,
where a base station (BS) broadcasts superposition coded sig-
nals to a direct-link user and a dedicated relay in the first
phase, and the half-duplex relay forwards re-encoded signals
to both the direct-link user and an indirect-link user, which
is further away from the BS, in the second phase. A similar
cooperative NOMA scheme with an amplify-and-forward (AF)
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Fig. 1. The proposed cooperative NOMA transmission scheme for a three-
user downlink system, where the left-hand side (LHS) and the right-hand side
(RHS) depict the operations of the BS and users at the odd and even time
slots, respectively.

relay was considered in [8], and a closed-form expression for
the exact outage probability was derived.

For cooperative NOMA with multiple half-duplex relays, a
two-stage relay selection algorithm was proposed in [9] and
the corresponding achievable diversity order was analyzed.
Instead of dedicated relays, the users with better channel con-
ditions were selected as relays to help the other users [10].
However, these existing NOMA transmission schemes suffer
from rate losses, as the half-duplex relays cannot receive and
transmit signals at the same time. Additional time slots are
required for the relays to forward signals to the users with
poor channel conditions.

Motivated to improve the spectral efficiency of half-duplex
relay assisted NOMA systems, we propose a new coopera-
tive NOMA transmission scheme to accomplish transmitting
to three users in TWO time slots. (In contrast, existing coop-
erative NOMA systems [5] can only serve two users in two
time slots due to the half-duplex constraint.) In the proposed
scheme, a BS transmits packets to two direct-link users and,
through which, to an indirect-link user beyond the coverage of
the BS. The two direct-link users receive superposition coded
signals from the BS, while acting as the relays to forward
re-encoded signals to the indirect user in an alternating man-
ner. With such cooperative NOMA transmission, each of the
three users is able to receive its own data within the two time
slots, as shown in Fig. 1. A closed-form expression is derived
for the sum-rate of the proposed scheme with a much simpler
asymptotic expression of sum-rate provided in high signal-to-
noise ratio (SNR) regions. In the presence of strong inter-user
interference (IUI), the proposed can also be applied by having
each direct-link user to detect the IUI first and then cancel the
IUI to decode the signals destined for the indirect-link user
and itself one after the other. Numerical results confirm that
the proposed cooperative NOMA scheme with configurable
decoding orders at the users can outperform the OMA based
alternatives markedly in terms of sum-rate.

II. PROPOSED THREE-USER COOPERATIVE NOMA

Fig. 1 depicts the proposed downlink cooperative NOMA
scheme, where there are a BS and three users T,k = 1,2, 3,
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all operating in a half-duplex mode. We assume users 77 and
T9 are close to the BS and can receive signals form the BS
directly; while the third user T3 is far from the BS with no
direct link, as considered as in [5], [8]. The channel from the
BS to user T}, is h; (k = 1, 2). The channel between users T}
and T} is g;;,i,j € {1,2,3}. All the channels are independent
Rayleigh fading channels with &(|h]?) = Gy, k = 1,2, and
E(lgij|*) = Gyj. 4,5 € {1,2,3}. In this letter, we consider the
case that the BS only has the knowledge of the large-scale
fading of every radio link involved; or in other words, the
average channel gain or the channel quality indicator (CQI),
as considered in many practical systems.

In the proposed scheme, during the odd-numbered time
slots 2t +1,¢t = 0,1,2,..., the BS transmits superposition
coded signals to user 77, while user 7> forwards signals to
the indirect-link user 73. In the even-numbered time slots
2t,t = 1,2,..., the BS transmits superposition coded sig-
nals to user 7o, and user T forwards the signals received in
the previous time slot to user T3.

1) Odd-Numbered Time Slots: At the odd-numbered time
slot 2¢ 4 1, the superposition coded transmit signal of the BS
is given by

zp(2t +1) = /a1 Pps1(2t +1) +

where s1(2¢t+ 1) and s3(2¢ + 1) denote the unit-power signal
destined for users 77 and T3, respectively, «; and ag are the
power allocation factors for the two users with oy + g = 1
and o < g, and Pp is the transmission power of the BS.

At the odd-numbered time slot 2¢ + 1, user T also acts as
a relay and forwards the decoded signal to user 753. As will be
shown later in (7), user T has received mixed signals from
the BS and T4 at the previous time slot 2¢. Suppose that the
signals from the BS are successfully decoded. The transmit
signal of user 75 is given by

agPpss(2t+1), (1)

12(2t + 1) = / P233(2t), 2
where Ps is the transmit power of user 75, and $3(2¢) denotes
the signals destined for 73 and correctly detected by user T5.
Therefore, the received signals at users 77 and 73 can be
respectively expressed as

y1(2t + 1) = h1$B(2t + 1) + 921$2(2t + 1) + 1’L1(2t + 1); 3)
y3(2t + 1) = ga3z2(2t + 1) + ng(2t + 1), “4)

where n;(2¢t + 1), & = 1,3, denotes the additive white
Gaussian noise (AWGN) at user 7}, with variance o2

By substituting (1) and (2) into (3), the received signal at
user 74 at the odd-numbered time slots can be expressed as

y1(2t+1) = /a1 Pgh1s1(2t + 1) + /a2 Pph

X s3(2t +1) + v/ Pago153(2t) + n1(2¢ + 1), (5)

where the first and second terms on the right-hand side (RHS)
of (5) are the desired signals. The third term is the IUI which
can degrade the performance. Based on the received signal
in (5), successive interference cancellation (SIC) can be used
to detect the desired signals. Assuming that the two direct-link
users have better channel conditions than the indirect-link user,
then the decoding order is s3(2¢t + 1) — s1(2¢ + 1) at user
Ty. Specifically, user T first decodes s3(2t + 1), and then
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subtracts it from the received signal to detect its own signal
51(2t + 1) by treating $3(2t) as interference.!

2) Even-Numbered Time Slots: The signal transmission and
detection processes at the even-numbered time slots are similar
to those at the odd-numbered time slots. At the even-numbered
time slot 2¢, the transmit signal of the BS is given by

1p(2t) = /a1 Ppsa(2t) + v/ a2 Pps3(2t), (6)

where s3(2t) is the signal destined for user T3, detected by
user T5 at the current time slot, and will be forwarded to user
T3 at the next time slot.

The transmit signal of user T4 is z1(2t) = /P153(2t —
1), where $3(2¢ — 1) denotes the detected signal at user T}
based on the received signal at the previous odd-numbered
time slot 2t — 1. The received signals at users 75 and T3 are
respectively given by

y2(2t) = /a1 Pphasa(2t) + \/ a2 Pphys3(2t)

+ /Prg1283(2t — 1) 4 np(21); (7
y3(2t) = g1321(2t) + n3(2t), ®)

where ny(2t), k = 2,3, is the AWGN with variance 2.

The decoding and re-encoding operations of user 7> at the
even-numbered time slots are similar to those of user 77 at the
odd-numbered time slots. Based on (7), user 75 first decodes
s3(2t), and then subtracts the decoded signal from the received
signal to detect the desired signal so(2¢). $3(2¢ — 1) is treated
as interference. The detected and re-encoded signal 33(2¢) will
be forwarded to user T3 at the next odd-numbered time slot,
as shown in (2).

III. PERFORMANCE ANALYSIS

A. Achievable Rates

Define pg = Pg/o? and pj, = P}, /02, k = 1,2. From (5)
and (7), we see that the direct-link user T (or T5) receives
superposition coded signals from the BS and interference from
user To (or T7). At user T}, k = 1,2, we assume the signal
destined for user T3 is decoded and canceled successfully,
by exploiting the merit of NOMA techniques [1]. Then, the
achievable rate for the direct-link user 7} is given by

a1lhy*pp )

9
1+ ‘QEIJZP;}

1
Ry = 3 logs (1 +
where k =3 —k, and k = 1, 2.
Note that T3 receives the signals at both the odd- and
even-numbered time slots. Consider the transmission from the
BS to user 73 via user T7. From (5), the received signal-

to-interference-plus-noise ratio (SINR) at user 77 for the
detection of s3(2¢ + 1) is given by

aslhi|?pp
a1|h2pp + |g211%p2 + 1

V3,B—Ty = (10)

For the relayed transmission from user 77 to user T3, the
received SINR at user T3 is given by v3 7, 1, = lg13]2p1.
As user T7 operates in the DF mode for forwarding the signal

Ut is possible that the IUI is strong when the two direct-link users are close.
In such case, the proposed scheme can be applied by changing the decoding
order at the two direct-link users, as will be discussed in Section III-C.
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s3(2t + 1), the achievable rate from the BS to user T3 via
user 77 is given by

(11

Likewise, the achievable data rate for the relayed transmission
from the BS to user T3 via user T3 is given by

1 .
R3,Odd = 5 10g2(1 + mln(’y3,B—>T17’Y3,T1—>T3))'

1
R3 even = b 10g2<1 + min(VB,BHTQ7V3,T2HT3))7 (12)

where 3 17,7, = | g23|%p2 is the received SINR at user
T3, and v3 p_, 1, denotes the received SINR at user 7% for
decoding the signal s3(2t), as given by

aslha|?pp
a1|h2|?pp + |g12]?p1 + 1

The sum-rate for the proposed three-user cooperative
NOMA system can be given by

V3,B—Ty = (13)

Rsum = Ry + R + R3,odd + R3,even- (14)

B. Sum-Rate Performance

Theorem 1: The closed-form expression for the sum-rate of
the proposed cooperative NOMA scheme is given by

2. logy(e)

2(1—02) [Fl (Oél G}kPB ) - < G;«p;; )}
2

—1 1 1
E Pk | E —-E|———— )|, 15
=1 et { 1([’ka3) 1<041Pka3>} ()

where £k = 3 — k c1 = Gaipa/a1Gipp, ¢ =
Giop1 /a1 Gopp, E1(z f+°° t/t dt is the exponential
integral function, and F1( ) = eTEy(x).

Proof: First, consider the transmission rate of user T1 The

S(Rsum) -

CDF of the received SINR of user T4, v1 = % is
given by
Py (z) = P(h1|2 < MM)
a1pB
=1- L eialglf’B . (16)
14+ cqz

Next, the achievable rate of user 77 is given by

“+o00
&R = [ Flom(1+a)f ()

“+oo T
_ logy(e) / L __a \, 5%
2(1—c1) Jo 1+z 14z
| L erer Rl Gl
=s7 il —F— ) F1 ;a7
2(1—«) a1G1pp Ga1p2
where fy, (z) is the PDF of 71, and the last step is due to
the fact that f0+°o =% /(b 4+ z)dz = e®E(ab) ([11, eq.

(5.1.28)]).
Likewise, the rate of user 7% can be obtained in closed

form, as given by
)} . (18)

loga(€) [ ( 1 ) ( 1
F - F
2(1— ca) | "\ a1 Gapp "\ Grap

We proceed to analyze the rate of user 73. Given that the
IUI is much weaker than the received signal power at users

E(R2) =

467

Ty and T3 in practice, v3 g,y can be approximated by
V3,B—T; = % As a result, R3,Odd in (11) in the high SNR
region can be approximated by

1 . [ as
R3.0dd =~ 3 logy (1 + mln(m”YTl—)Tii))'

The corresponding rate of user 73 in the odd-numbered
time slots can be evaluated as

1 . a9
E(R30dd) =€ [2 logy (1 + mln(al7 VTﬁTg))}

@
o 1
= [ Jlora(t + 2y, (o)
0
+o00o 1
+/ —logo (1 +
agy 2

a2
OTl)f’YTlﬂT3 (x)dx
al

et a( o) -5 (e
= 2829 oo | B —B(———]],0
2 "\ 163 "\ a1p1Gis 20

— 1 —z/p1Gi3
where fy. .. (z) = G € / is the PDF of
Likewise, for the data rate of user 73 in the even-numbered
time slots, we have

19)

1
E(R3.even) = log;(e*) er2G23
1 1
x |E —EBl—|. 2D
[ 1(/’2@23) 1<a1p2023)]
By adding up (17), (18), (20) and (12), we
obtain (15).
|

C. Asymptotic Performance Under High SNR

In the following, we analyze the asymptotic performance
in the high SNR region, i.e., pg,p1 and po — +oo. From
[11, eq. (5.1.11)], when x — 0, Eq(z) can be approximated
by Fi(z) ~ —Co — In(z), where Cy = 0.5772 is the Euler
constant. Hence, £(R7) in (17) can be approximated by

The high-SNR approximations of &£(Rz), £(R3,qq) and
E(R3even) can be derived in a similar way: £(Rz) =~

1
2?%3(662)) ln( ) and 8(R3 odd) g(R?),even) = %IOgQ(O%)'
Then, the sum -rate in the high SNR region can be approx-

imated by

2
Rsum Z

Remark 1: Recall that ¢, = Gy;.pj/01 Ggpp. From (23),
it can be seen that the IUI has a dominating impact on the
sum-rate in the high SNR region. When the transmit power of
the BS is much higher than the users, i.e., pp > pg, k = 1,2,

the sum-rate in (23) can be further approximated by Rsum ~

G1 G
1 log, (@—IG%) which suggests that the sum-rate in the

h1gh SNR region is independent of the power allocation factors
a;, © = 1,2, in the proposed scheme.

Remark 2: In the presence of strong IUI, we can change
the decoding orders at the two direct-link users to improve

E(R1) (22)
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Fig. 2.  Sum-rate versus BS’s Tx power for the proposed scheme.

the sum-rate of the proposed approach. Specifically, when the
IUI between the direct-link users 74 and T5 is weak (i.e., the
average inter-user channel gain is lower than a threshold), the
decoding orders at the users are as described in Section II.
When the IUI is strong (i.e., the average inter-user channel
gain is higher than the threshold), each direct-link user decodes
the IUI from the other direct-link user first, and then cancels
the IUI to decode the signals destined for the indirect-link
user 73 and itself one after the other. Given the new decoding
orders and the average channel gains of the links involved, the
sum-rate of the proposed scheme can be analyzed in the same
way as in Section III-B.

IV. SIMULATION RESULT

We consider a symmetric system that the channel gains from
the BS to the direct-link users are set to be G; = G, =
—30 dB, while the channel gains between the users are set to
be G13 = G23 = —40 dB and G12 = G21 = —50 dB. The
noise power is —60 dBm, and different transmit powers of the
BS and the users are tested. The power allocation factors at
the BS are vy = 0.1 and ag = 0.9.

Fig. 2 shows the sum-rate of the proposed NOMA scheme
under various BS power budgets. The transmit power of the
two direct-link users are set to Py = P, = 0 dBm. The
decoding orders at the two direct-link users remain unchanged
in this figure, as described in Section III-A. The proposed
schemes are compared with a NOMA based benchmark
scheme extended from [5] (labeled as “NOMA benchmark”)
and a conventional TDMA based DF relaying scheme. For the
NOMA benchmark scheme, at the first time slot, the BS sends
superposition coded signals to user 77, which forwards signal
to user T3 at the second slot. At the third slot, the BS com-
municates with 75 directly. The transmit power and the power
allocation factors of the BS in the NOMA benchmark scheme
are set up in the same way as they are in the proposed coop-
erative NOMA transmission scheme. The transmit power of
the user 77 doubles that in the cooperative NOMA scheme,
so that the total energy consumptions of the NOMA-based
mechanism and the proposed cooperative NOMA scheme are
consistent. In the TDMA relaying scheme, the two direct-link
users 717 and 7% receive signals from the BS and forward
their decoded signals to the indirect-link user T3 at differ-
ent time slots. Fig. 2 shows that the analytical result (15) can
accurately quantify the proposed cooperative NOMA scheme.
The proposed scheme outperforms the other two schemes, and
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Fig. 3. Sum-rate versus the inter-user channel gain.

the gaps become increasingly large with the growth of the BS
power.

Fig. 3 shows the sum-rates of the proposed cooperative
NOMA schemes, where the inter-user channel gain between
the direct-link users 77 and 75 grows from —80 dB to
—20dB. The transmit powers of the BS and the users are
set to be Pp = 30 dBm and P; = P, = 0 dBm, respec-
tively. The sum-rates of the cooperative NOMA scheme with
fixed decoding order (as described in Section III-A.) and with
configurable decoding order (as described in Remark 2) are
both plotted in the figure. The threshold for the change of
the decoding order is —50 dBm in the latter, which is spec-
ified in the way to be described shortly. We can see that
the performance of the proposed cooperative NOMA scheme
degrades as the IUI grows. The cooperative NOMA transmis-
sion scheme with fixed decoding order can be worse than other
two benchmark schemes if the IUI between users 77 and To
is strong (i.e., G1p > —35 dB). Among all these schemes, the
cooperative NOMA scheme with configurable decoding orders
achieves the best performance and outperforms the bench-
marks markedly, by changing the decoding order to cancel
the IUI when the received IUI is strong. It is noteworthy that
we keep a1 and oo unchanged when changing the decoding
orders, in order to decouple the gain of changing the orders
(or canceling the strong IUI) from the gain of power alloca-
tion. The sum-rate of the proposed algorithm can be further
improved by optimizing the value of o1 (and ag = 1 — 1)
given the average channel gains of the links, e.g., based on
one-dimensional search.

In Fig. 3, we also plot the sum-rate of the proposed cooper-
ative NOMA scheme, when each direct-link user always starts
by decoding the IUI, followed by the signals destined for the
indirect-link user 773 and itself. This is referred to as “Coop.
NOMA with IUI first”. The intersection of this curve with the
curve of the cooperative NOMA scheme with fixed decoding
orders helps specify the threshold of the IUI, i.e., —50 dBm, at
which the proposed cooperative NOMA scheme changes the
decoding orders.

In Fig. 4, we investigate the impact of the users’ transmit
powers on the sum-rates of the proposed cooperative NOMA
transmission scheme. The total transmit power of the BS and
the users is P = 2Pg + Py + P, = 40 dBm. The transmit
powers of the two users are set equal: Py = Po = P. In the
figure, we see that the achievable sum-rate of the cooperative
NOMA scheme with fixed decoding orders decreases with the
transmit power of the users when P > —10 dBm. This is
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due to the fact that the achievable rate of the indirect-link
user 73 is subjected to the channels from the BS to the two
direct-link users 77 and 75, especially when P is large. The
increasing transmit powers of the direct-link users can degrade
the data rates of the users, due to the increasingly strong IUI.
Nevertheless, the proposed cooperative NOMA transmission
scheme is still able to achieve a higher sum-rate by changing
the decoding order at the direct-link users.

Finally, we simulate the proposed cooperative NOMA
scheme under different power allocation factors, as shown in
Fig. 5. The transmit powers of the BS and the users are set
to be Pp = 30 dBm and P; = P, = 0 dBm, respectively.
The other simulation parameters remain the same as those in
Fig. 2. It is shown in Fig. 5 that the achievable sum-rates
of all the tested NOMA techniques remain almost unchanged
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across a wide range of the power allocation factors in high
SNR regions, which confirms our analysis.

V. CONCLUSION

This letter proposed a new cooperative NOMA transmis-
sion scheme for a three-user downlink system. Closed-form
expressions were derived for the sum-rate of the proposed
scheme and the asymptotic behavior was studied in high SNR
regions. By configuring the decoding order of the direct-link
users, the proposed cooperative NOMA scheme can operate in
the presence of strong IUI and outperform existing techniques
markedly in terms of sum-rate.
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