Energy Efficiency-Delay Tradeoff for a Cooperative
NOMA System

Bing Ning, Wanming Hao, Aihua Zhang, Jiankang Zhang, Guan Gui

Abstract—The tradeoff between the energy efficiency (EE)
and delay problem in cooperative relaying system is studied by
using Non-orthogonal multiple access (NOMA) in this paper. To
obtain an efficiency tradeoff between EE and delay, a stochastic-
based EE optimization problem is formulated by considering
the system queue stability. Then, the fractional programming
and control parameter-based Lyapunov optimization method is
proposed to solve the formulated problem. Furthermore, we
derive the analytical bounds of EE and delay based on the control
parameter. Finally, simulation results verify that the proposed
cooperative NOMA system performs better than the traditional
orthogonal multiple access (OMA) cooperative system.

Index Terms—NOMA, cooperative relaying system, EE, delay

1. INTRODUCTION

NOMA technique has recently been included into the 3GPP
long term evolution advanced (LTE-A) standard, owing to its
enormous potential in improving system spectrum efficien-
cy [1]. Different from the traditional OMA, the users are
allowed to share the same time/frequency resource in NOMA.
Meanwhile, the success interference cancellation (SIC) is
applied at the receivers to reduce the co-channel interference
and extract desired components from the received signals.

Recently, cooperative NOMA is further proposed to improve
the transmission reliability of the system, by exploiting the
spatial diversity gain [2]-[6]. The power allocation strategy is
optimized based on the closed form expressions for the base
station’s outage probability and sum rate in [2]. [3] derives
the sum rate region in the cooperative NOMA system with
compress-and-forward relaying by using the noisy network
coding. In [4], the achievable rate is calculated approxima-
tively through the Gauss-Chebyshev Integration method in a
Rician fading channel. [5] proposes a two-stage selection s-
trategy under different quality of services (QoSs) for the users,
and then the closed-form expression of the outage probability
is obtained. However, recent studies mainly focus on the rate
and outage probability for the cooperative NOMA system.
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Fig. 1. The NOMA cooperative system model.

In fact, there lacks studies on delay, an important indicator
for stabilization and reliability in cooperative systems. In
addition, energy efficiency (EE), as a crucial criteria in the
next generation wireless communication systems [7] [8], has
not been investigated.

Towards filling the research gap, the EE-delay tradeoff prob-
lem for a cooperative NOMA system is studied, where a user
with good channel condition acts as a relay to assist another
user with bad channel condition. Specifically, we formulate
a stochastic-based EE optimization problem by considering
the system queue stability. Next, we transform the original
formulated problem into two independent subproblems by
using fractional programming and control parameter-based
Lyapunove method, namely users (relay) and base satation
transmission power optimization problem. The former belongs
to a convex optimization problem, while the latter can also
be transformed into a convex optimization problem by our
proposed scheme. Next, we derive the analytical bounds of
EE and delay, and then analyze the relation between them.

II. SystEm MoODEL AND PROBLEM FORMULATION

A downlink cooperative NOMA system that consists of a
base station (BS) and two pre-paired users, i.e., User a and
User b is shown in Fig. 1. It is assumed that any direct
link between the BS and User b doesn’t exist due to the
heavy shadowing or physical obstacles. As a result, User a
has to act as relay for User b. To improve the transmission
efficiency, User a operates on the full-duplex model, and the
perfect self-interference cancellation is assumed to be available
for User a. However, the focus of this letter is to investigate
the fundamental tradeoff between EE and delay in a NOMA
cooperative system. The developed analytical results in this
letter not only provide insight for the case of perfect self-
interference, but also can be used as a baseline for future
research under imperfect self-interference. The slotted time
mode is employed for the NOMA cooperative system with
slots normalized to integral units, where slot 7 refers to the
time interval [7,7 + 1),7 € {0,1,---}. The data of User a or
b randomly arrives at the BS in each slot, which are queued
separately. As depicted in Fig. 2, A(17) = {A,(7), Ap(7)} denotes
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Fig. 2. The actual queuing process at BS and User a .

the process of random data arrivals of Users a and b, where
Ai(t) (i € {a,b}) is independent and identically distributed
(i.i.d.) over time with arrival rate A;, ie., E{A;(7)} = A,
Q1) = {Q.(1), Qp(1)} denotes the number of data stored for
Users a and b at BS at slot 7, whereas Z(r) represents the
number of data stored for User b at User a at slot 7.

The message of User a and b, x,(7) and x,(7), is superim-
posed at BS, as a downlink NOMA signal x(7) = VP, (T)x,(T)+
VP, (7)x,(1), where P,(t) and Py() denote the transmit power
for x,(7) and x,(7), respectively. Then, the received signal of
User a at slot 7 can be formulated as

Ya(T) = ga(D)X(T) + 14 (7), (D

where g,(7) represents the channel gain from the BS to User
a, na(t) follows nu(t) ~ CN(0, 52). After receiving y,(7), User
a first decodes x,(7) and then decodes its own signal x,(7)
after removing x,(7). As a result, the SINR of x,(7) and
xp(7) at User a are y,4(1) = —P"(T)gé“(ﬂ‘z s Yap(T) = —piigfg)ﬁigﬁ)faz-
Meanwhile, User a will transmit encoded x,(7) to User b, and
the received signal at User b can be written as follows

Yp(1) = VPH(T)gp(T)2p(T) + 1y (7), 2

where P,(7) denotes the transmit power of User a, g,(7) is
the coefficient of channel fading from User a to User b, and
np(7) follows n,(t) ~ CN(0, 6%). The SINR of x,(r) at User b
can be written as y,(7) = P,(‘r)lg;,(‘r)l2 /62. Next, as depicted
in Fig. 2, the queuing process at BS can be modeled as

On(T+ 1) = max [Qu(1) = Rym(7),0] + Ap(1),m € {a, b}, (3)

where R, (1) = 1og,(1+V4m(7)), Rao(T) and R, ;,(7) denote the
data rates of Users a and b at User a, respectively. Similarly,
at User a, we have

Z(t + 1) = max [Z(7) — Rp(7),0] + R, (1), 4)

where R, (7) = log,(1+7y2(7)) denotes the data rates of User b.
Then, we model the total power consumption at BS and User a
as P (7) = E(Pu(7) + Pyp(7) + P (7)) + Pc, where & and Pc
are the constants accounting for the inefficiency of the power
amplify and the circuit power consumption at BS and User a,
respectively. Accordingly, the sum rate can be represented as
Ram(7) = R,4(7t) + Ry(7). Next, we define the long-term EE
[9] as

_ Rum(®P) _ lim7f 3150 E[Raum(7)]
Poa(P)  limy e g 2720 E[Prora(T)]
where P = {P,(7), Py(7), P, (D)} € {1,2,---}, and E[-] de-

notes the expectation.

Here, we focus on the EE problem in a steady-state network.

The system queue stability means that all data can be trans-
mitted to the users within the limited time. We define a single
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discrete-time queue Q(r) = lim sup% Zf;ol E[Q(1T)] < oo.

Then, the system queue is stronggfmstable if all discrete-time
queues are strongly stable. Since the average queue length
is proportional to average delay, we can evaluate the system
average delay by queue length, and then investigate the EE-
delay tradeoff problem. Motivated by this, we formulate the
following optimization problem

max  7ee (6a)
S.t. Rym(7) = RM™ Ry(7) > RI™, Vm, (6b)
P,+ P, < P, P, < P, (6¢)
P (1) + Py(7) < PX, P(7) < PY, (6d)

Queue Q,,(1) and Z(1) are mean rate stable, Ym, (6¢)

where P,, = limwl 3750 E[P,()] (m € {a,b}) and P, =
limT_,(x,% ;‘01 E[P,(t)]. (6b) denotes the minimal rate require-
ments for Users a and b, and (6¢) and (6d), respectively, denote
the average and instantaneous power constraints for the BS and

User a, whereas (6e) guarantees the stability of queues.

III. PROBLEM SOLUTION AND ANALYSIS

A. Problem Solution

It is obvious that the objective function is nonlinear fraction,
thus (6) could not employ convex optimization to slove. Ac-
cording to fractional programming theory [10], the fractional
objective function can be transformed into the subtract form,

. t . . .

the optimal 77); can be obtained if and only if
max{Raum(P) =7y, Piota(P)} = Raum PP =17 Piora PP) =0, (7)

{Ped}

where @ is the set of all feasible solutions. The detailed proof
can be found in [10]. Therefore, the original problem (6) can
be equivalently transformed into the following problem

max Raum(P) = npp Prow(P),  s.t. (6b) — (6¢). ®)

It is still difficult to solve the above problem for these two
reasons: 1) the time average expectations for the objective
function, and 2) ng‘g cannot be obtained in advance. Based
on this, we define ngg(7) as
3120 Ram (1)

=0 Pow(®)’
where ngg(0) = 0. Then, (6) can be transformed into the
following by replacing ng’; with ngg(?) in (8) at each slot ¢

max Roum(P) = () Proal(P), s.t. (6b) — (6e). (10)

nee(7T) = €{1,2,---}, )

Due to the stochastic optimization problem in (10), we
will propose an iterative method to solve it. According to
the Lyapunov method [11], the average power constraints (6¢)
can be transformed into queue stability problems by defining
virtual power queues as

Ou(t + 1) = max [ 04(r)+ Pu(1)+ Py(r) - Pi5. 0
Op(t + 1) = max [Op(7) + P.(1) — P¥,0].

(11a)
(11b)

where O,(t) and Op(t), respectively, denote the virtu-
al power queues at BS and User a. Next, let Q(1) =



[Q4(7), Qp(7), Z(7), O4(T), Op(7)] denote the combined matrix
of the traffic queues and virtual power queues. Accordingly,
the Lyapunov function can be defined as

L@@ =) (0 + Op()/2+ 2 (@)]2.

Then, the upper bound of the Lyapunov drift-plus-penalty
at slot 7 can be writen as:

EAALQ(T)IQ(T)} + VE {178E(T) Protat (T) — Reum (7T)1€2(7)}
<B + E{U(Pu(7), Py(1), P (7))} + Qu(T)Au(7)
+0p(DA(T) = Ou(T)Pgg — Op ()P,
where U(P(7), Py(7), Pr(7)) = Viee(T)(Pu(T)+Pp(T)+ P (7)) —
V(R4,a(7) + Rp(1)) = Qa(T)R0,a(T) = Op(T)Ra,p(T) + Z(T)(Ry p(T) —
Rp(1))+Ou(T)(Pa(7) + Pp(7)) + Op(T)P(7), AL((7)) = L(Q(7+
1)) — L((1)). V > 0 is a correlation coefficient for controlling

the tradeoff between the EE and delay, while B is a positive
constant satisfying the following condition

B > E{AX(T) + A2(7) + Z*(1) + T2(1) + TE(T)IQ(1)}/2,  (14)

where T,(7) = Pu(7) + Pp(7) — Pgg and Ty(7) = P.(7) — P}'.
Therefore, we can obtain the optimal power allocation in slot T

by minimizing the right-hand-side of (13) as follows
U(Pa(7), Pp(7), P(7)) s.t. (6b), (6d).

(12)

13)

min (15)
{Pu(7),Py(1),P,(7)}

(15) can be divided into two independent problems, i.e.,
the BS power optimization problem and User a power opti-
mization problem. The BS power optimization problem can
be formulated as

min

(Po(7),Py(T)} (VREe(T) + Ou(T))(Pa(7)+ Pp(7))

-(V+ Qa(T))Ra,u(T) - (Op(7) - Z(T))Ra’b(T)
5.t Ran(1) 2 R™, Po(7) + Py(7) < PESS, Vim.

m

(16a)
(16b)
Next, we propose a scheme to equivalently transform (16)
in a convex optimization problem. According to the rate
expression of R, ,(r) and R, ,(7), we have
Py(1) = 287 — )8 /lga ()P, (17a)
Py(1) = 2547 — D(Pa(0)lga(DP +6°)/lga(0F. (17b)
In the expression of P,(7), we substitute P,(7) with
(2Raa(1) — 1)6%/|go(T)* and obtain Py(r) = 2R (QRw® _
D6 /lga().
Finally, we transform (16) into the following problem
| (Vr]EE(T) + Oa(T))f(Ra,a(T)’ Ra,b(T))

~(V + Qu(0)R4a(t) = (Op(7) = Z(t))Rup(7)  (18a)
S.t. Rypn(T) = RE® NV, f(Rya(T), Rap(1)) < PR,
(18b)

where  f(Raa(7), Rup(7)) = Pu(7) + Py(r) = (2Rea@Rar(0) _
1)6%/1g4(7)1%. Since (18a) is convex W.r.t. {R,.(7), Ry p(T)}, (18)
is a convex optimization problem, which can be solved by
standard convex technique (e.g., inter-point method). User a
power optimization problem can be formulated as

‘g}(ig] Viee(DP (1) = (V + Z(1)Rp(7) + Op(7) P (7)

min
{Ra,a(T),Rap(T)

(19a)

s.t. Ry(1) > RI™, P,(1) < P™. (19b)

Algorithm 1: Dynamic power allocation algorithm

1 Inmitialize Q,,(0) < 0, 0,,(0) < 0, Z(0) « 0, m = {a, b}
nee(0) < 0, 7« 0.

repeat

Obtain the power P;(7) and P,(7) by solving (18).

Obtain the power P,(7) by solving (19).

Update 7 < 7 + 1.

Update queue length Q,,(7) with (3).

Update queue length Z(7) with (4).

Update virtual power queue length O,,(7) with (11).
Update ngg(7) according to (9)

o until 7 = T, where T is the total number of time slots;

2
3
4
5
6
7
8
9

—

It is obvious that (19) is a convex optimization problem,
which can be solved by standard water-filling algorithm.
Finally, we summarize the overall algorithm as Algorithm 1.

B. The Analysis of The EE and Delay
In the following, we analyze the relation between EE and
delay. We assume that 7 is the obtained optimal EE, and we

have the following conditions

E{Rn(0)} 2 E{P}, (D)1 — w)),
E{P}(1)+P}(1) - P |Q(1)} = E{P}(1)+ P(1) - P} <,
E{P{(r) - P} =E(P!(7) - P{'}<w,
E(RS (1)~ An(D)| Q1)) = E{RG,, (1)~ A(T)} 2 ,
E{R)(1) =R p(D)|Q0)} = R} (1) =R ()} 2 7,

(20)

where w and 7 are positive constants, and ¢ denotes any
feasible power allocation strategy. The detailed proof can be
found in [11]. Then, we have

E{(ALQ()IQ)} + VEEE(T)Poa(T) — Rum(DIR(D)} (21)
<B+Qu(T)E{Al(T) =R} (D)} + Qp(DEAL (1)~ RS (1IQ(T))
+Z(1)E(R] (1)~ R} (1)|Q(1)}+ Ou(1) E{P} (1) + P} (1)~ P | Q1))
+0,(T)E{ P (1) = P |Q(0)}+ VE{ner(T) P (1)~ Rium(DIQ(T)}

Plugging (20) into (21), taking w — 0 and summing (21)
with T € {0,1,--- ,T — 1}, we can obtain

EILQUT))~EILQOM+V Y (e Pa(0)~ ElRuum (1))

<TB+VE(P, (7)) ZTOI Elnee(0) = VT EP, (1)

- ZTT;OI Q.(D)+0p(1)+Z(7)). 22)

Dividing (22) by Tx and taking a limit as 7 — oo,
rearranging terms with the fact that E{L(Q(T))} < oo yields

1 —
Jim = 3 Q)+ 0y(1)+2(r)

B V ES Voo
) . .
<o+ EP () lim ; Elnes(0))+— lim — ZO E{Ryum (7))

T
max ,,max max
- B+ VPtmalnEE + VRGh
—_ b

T

(23)
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Fig. 3. (a) EE versus V. (b) Average delay versus V. (c) EE versus Delay.

where 11m Zr_o Q.(1)+ Op(1) + Z(1)) denotes the average
Pmax

total”
< Rim» and E{neg(7)} < pgg* with Py, RGE and
Nge. being some finite constants.

FSlnce the last term of (22) is positive, dividing (22) by VT

and taking a limit as 7 — oo, we can obtain

B 1 T-1
7 +E(P},, (D)} lim - ZTZO

Where the zero at the
Lim £ 372 (E{ee(7) Proar(7)} -

queue length while the last step follows E{ tmdl(?')}
E{Rqm(D)}

max

ee(O} =g ENPlgy (D)2 (24)
right-hand side is due to

E{Rgum(7)}) = 0. We have

(25)

. B
2 Ujo VP mln

total

B
Mg = lim — Ef{ner(1)} 215
=i 2L Fr) 2 VE(P,, ()

We can observe that EE increases with V. Since the average
queue length also grows with V' (as shown in (23)), increase
in V also brings larger delay. Therefore, there is a tradeoff
between EE and delay, and it is important to choose a proper
V to obtain the required performance in realistic systems.

IV. SmmuLatiON RESuULTS

Simulation results are provided to show the EE and delay
of the proposed algorithm. For comparison, we also provide
the results for an OMA system, where the time division mul-
tiple access (TDMA) is adopted. For the TDMA cooperative
system, two time slots are needed. In the first time slot, the
BS only serves User a while in the second time slot, User a
acts as a full-duplex relay for the transmission from the BS
to User b. Then, we formulate the same optimization problem
and apply the same algorithm as in NOMA system to obtain
the EE and delay of the TDMA cooperative system. The
path-loss model between two nodes is given by d~%, where d
denotes the distance between the transmitter and the receiver
and « is the path-loss exponent. The fast-fading coefficients
are all generated as i.i.d. Rayleigh random variables with unit
variances. We assume that the distance between BS and User a
is 100 m, whereas that between User a and User b is 20 m. We
set the minimal rate requirement of Users a and b to 2 bit/Hz.
The noise power is -100 dBm, and the pass loss exponent is
3.8. Pc =6 W, P§ = PL&* = 46 dBm, PY = PP™ = 20 dBm,
and & = 0.38. The arrival rate for Users a and b in each time
slot ¢ is assumed to be uniformly distributed in [0, 21], i.e.,
Adq = A = A. 10,000 slots is used to approximate ¢ — co.

Fig. 3(a) shows the EE versus V under different arrival rates.
It is clear that the EE first increases with V and then tends
to become stable. In addition, the EE is higher under lower

(b)

arrival rates. This is because that the BS and User a need to
consume more power to compensate for the delay under higher
arrival rates. Moreover, we can see that NOMA outperforms
OMA in term of the EE. Fig. 3(b) shows the average delay
versus V under different arrival rates. It can be observed that
the average delay increases with V. Meanwhile, we find that
the average delay increases with the arrival rates which is due
to that a higher arrival rate contributes to a larger delay for a
given transmit power. Also, the average delay is lower under
NOMA than that under OMA. Fig. 3(c) shows the relation
between EE and delay under NOMA scheme. It is clear that
the EE increases with delay, which indicates that a high EE
can only be achieved at the cost of large delay, and vice verse.

V. CONCLUSIONS

In this letter, we investigated the EE and delay tradeoff
in a NOMA cooperative system. We formed a long-term EE
maximization problem under guaranteeing the stability of the
system. The formulated problem was solved by the Lyapunov
optimization approach. On this basis, we analyzed the EE-
delay tradeoff. The results demonstrated that the performance
of the NOMA cooperative system is better than OMA one.
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