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Abstract—This letter investigates an energy harvesting
(EH)-assisted coordinated direct and relay transmission in an
overlay cognitive non-orthogonal multiple access (NOMA) system
assuming perfect and imperfect successive interference cancella-
tion. Specifically, we derive analytical expressions of the outage
probability (OP) which include an infinite series, system through-
put, and energy efficiency. Moreover, an asymptotic analysis of
the OP in the high signal-to-noise ratio is carried out. Closed-
form expressions of the exact OP and the ergodic sum capacity
(ESC) are intractable owing to the complexity of the proposed
scheme. To tackle this problem, we propose a deep learning (DL)
framework to predict both the OP and ESC performances. The
predicted results through the DL framework are shown to be
consistent with the numerical results.

Index Terms— Cognitive radio, coordinated direct and relay
transmission, deep learning, energy harvesting, NOMA, SWIPT.

I. INTRODUCTION

HE integration of device-to-device communication and the

internet of things (IoT) into contemporary communication
systems has demonstrated the necessity for efficient spectrum
and energy utilisation. In this regard, non-orthogonal multiple
access (NOMA) and simultaneous wireless information and power
transmission (SWIPT) are envisioned as promising technologies
for improving the spectral efficiency (SE) and energy efficiency
(EE) in future wireless systems [1]. In the former, the transmit-
ter uses superposition coding while the receiver uses successive
interference cancellation (SIC) to accommodate multiple users
over the same code, frequency, and time resources that yields
SE improvement. In the latter, both energy and information are
retrieved simultaneously from the radio frequency (RF) signal
being delivered at the energy-constrained receiver node.

To further enhance the SE and network coverage, cooperative
relaying with NOMA was incorporated in [2] where users with
stronger channels act as relays to communicate with users with
weaker channels. The authors in [3] examined the full/half-duplex
relaying for cooperative NOMA to analyze the outage perfor-
mance, diversity order and ergodic rate. Moreover, a NOMA-based
coordinated direct and relay transmission (CDRT) technique has
been proposed in [4] and subsequently explored in [5], [6], [7],
and [8]. Specifically, the authors in [5] investigated a device-to-
device aided NOMA-based CDRT network which has shown to
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outperform the conventional CDRT network in terms of ergodic
sum capacity (ESC) and sum throughput. The system performance
of an IoT-based CDRT with NOMA-assisted network was eval-
uated in [6]. In [7], the authors examined the performance of a
CDRT-NOMA system by considering direct links with far and
near users along with amplify-and-forward (AF) and decode-and-
forward (DF) relaying protocols. A deepneuralnetwork (DNN)was
designed in [8] to evaluate the performance of underlay cognitive
NOMA-based CDRT networks. On another front, a series of works
have investigated SWIPT-assisted NOMA networks using a time-
switching (TS)based energy harvesting (EH)relaying protocol [9],
[10]. A particle swarm optimization algorithm was proposed to
optimize the TS and power allocation factors for a SWIPT-assisted
NOMA network in [9]. In [10], a SWIPT assisted NOMA-based
CDRT network was investigated to improve the outage perfor-
mance by optimizing the TS factor.

Most of the above-mentioned works using the NOMA-based
CDRT scheme have employed cooperative relaying to communi-
cate with its weak users assuming perfect SIC (pSIC). However,
pSIC is not realistic in practical systems; it is therefore crucial
to investigate the limitations that the non-idealities of SIC may
pose on the proposed scheme. More recently, the adoption of the
underlay [8] or overlay [10] cognitive radio (CR) technology in
NOMA-based CDRT networks has shown significant improvement
in the network performance. However, the stringent restrictions
imposed on the transmit power in the underlay CR make its over-
lay counterpart more attractive. Yet, its incorporation in the EH-
aided NOMA-based CDRT networks remains vastly unexplored.
Inspired by the preceding discussion, we propose a novel system
that integrates a power-splitting (PS)-based EH receiver architec-
ture in an overlay CR NOMA-based CDRT network. Although
the work in [10] studies an overlay CR NOMA-based CDRT
scheme, it does not investigate the performance of the ESC and
no data-driven approach on the performance evaluation is pro-
vided. In this letter, we derive novel analytical expressions of the
outage probability (OP), system throughput, and EE under both
the pSIC and imperfect SIC (ipSIC) cases. Moreover, we obtain
asymptotic OP expressions at high signal-to-noise ratio (SNR) to
provide useful insights. However, the derivation of the closed-form
expression of the OP is intractable, let alone the ergodic capacity
(EC)/ESC. This is due to the high complexity and variability of
the proposed system model as characterized by emerging com-
munications system requirements. To address these limitations,
we propose a data-driven approach through deep learning (DL) to
estimate the exact ergodic capacity (EC)/ESC along with OP with
a high accuracy and low latency.

II. SYSTEM MODEL

As shown in Fig. 1, we propose an EH-based CDRT system
with an overlay cognitive NOMA scheme, wherein the primary
network consists of a source node S, a near-user D and a far-user
D3, while the secondary network consists of an energy-constrained
IoT-transmitter node I (which acts as a PS-based EH DF relay) and
an JoT-receiver node R. All the nodes are assumed to be equipped
with a single antenna. Here, node S directly communicates with
node D;. It is assumed that the direct link between node S and
Dy is absent [6]. Thus, S seeks relay cooperation from node [
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Fig. 1. System model.

to communicate with its far-user Ds. As the IoT-transmitter node
I is energy-constrained, it first harvests energy from the received
RF signal from node S and then splits the corresponding received
power to relay the primary signal and to transmit its own signal.
The channel coefficient and distance between any two nodes j and
k are represented by h;;, and d;i, respectively, with j € (S,I),
k € (D1,1,D2,R), and j # k. It is assumed that all the chan-
nels experience Rayleigh fading except the channel hgp, which
follows a Rician distribution due to the viability of a line-of-sight
link. Therefore, \hjk|2, forj € (S,I),k € (I,Da,R), j # k,is an
exponential random variable (RV) with mean A;;, = dJ & » Where
v denotes the path-loss exponent and |hgp, |2 is a non-central chi-
square distributed RV with mean Agp, = dggl. Under statistical
channel state information, it is assumed that the average channel
powers associated with links j — k, j € (S,I), k € (I,D2, R),
J # kareordered as Agr < Agp, and A\;p, < A\rr < Arp,, with-
out loss of generality [11]." The probability density function (PDF)
and cumulative distribution function (CDF) of W £ |hgp, |* are
given, respectively, by fi(w) = pe (GUtK) 1y (2s/¢K ) and
Fyy(w) = 1- @1 (\/7 \/2¢w) where ¢ = (;JFK) K is the
Rician K-factor, Io(-) is the modified Bessel function of the first
kind [12, eq. 8.447], and Q1 (-,-) is the Marcum-@ function [13,
eq. 4.10]. All the links are inflicted by additive white Gaussian
noise (AWGN) with mean zero and variance o2. The overall
communication occurs in two phases over a transmlssmn block of
duration T as described in the sequel.

A. First Phase Transmission

For the first phase transmission of duration 7'/2 (denoted by
t1), source node S broadcasts the superimposed signal Xg =
an 1 am Psxm towards Dq and node I. Here, Ps denotes the
source’s transmit power, ., is the intended signal for D, am is
the power allocation factor (PAF), m € (1, 2), with Z qom=1
and ag > «g. Thus, the signal received at node k, k € (D1,1),
can be given by yglk = hsikXs + ngk, where ngy is the AWGN
variable. Following the NOMA principle, D; first decodes signal
a9 assuming x1 as noise, and then applies SIC to decode signal x7.
Thus, the signal-to-interference-plus-noise ratios (SINRs) at D; to
decode z2 and z1, respectively, are given by

Tast1 M )
S=D1 " aypslhgp, |2+ 17
2
o aips|hsp, |
Vb, = I )

Yragps|lhsp, |2+ 17

where ps = P3/0'2 is the transmit SNR, 1 (0 < 91 < 1) is the
residual interference parameter and ;1 = 0 denotes the pSIC case.
However, the received signal at [ is bifurcated as \/Bygll for EH
and /(1 — ﬁ)yg}l for information transmission, where 0 < ( <
1 represents the PS factor. The received signal for EH at node I
can be expressed as

VB4 = /BhsiXs +\/Bnsr. 3)

The decoding method adopted in this work is based on the average power
/\jk, i.e., on the distance. Although, this is not a standard approach, it may
have some practical feasibility [11].
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From (3), the harvested energy at node I can be given by
Ep, = B (Pson + Psa) hst|*T/2 = BuPslhst*T/2,  (4)

where 1 (0 < p < 1)indicates the energy conversion efficiency,
and the noise statistic is ignored [14]. Thus, the transmit power
of node I for the remaining 7'/2 period can be given as P =
L = Bulhs [|2PS while the received base-band signal at node
R is given by

T/2
2
VB =Bt (Y VanPeen ) +Nsr,
m=1

where Ng; = /(1 — B)ns;r + ngrp, and ngp is the sampled
AWGN due to RF to base-band signal conversion. Thus, the SINR
at I to decode z2 can be expressed as

OLQ(]. —,3)/)3|h5'1|2 (6)
ar(l—B)pslhsr|> +1°

To,b1 _
S—I —

B. Second Phase Transmission

In the next 7'/2 time period (denoted by t2), upon successful
decoding of z2, node I combines its own signal x; with z2 as
X; = VoazPrz; + \/ayPrxs, where z; and xo are intended
signals for R and Dy respectively, as and a4 are PAFs. Here,
we assume that dig > dp,, yielding az > a4 and a3z + ag =1.
Thus, the signal received at node p, p € (R, D2), can be written as
yﬁ = hrp X1 + nyp. Herein, signal z; is directly decoded at node
R and SIC is conducted at Do to decode zo. Thus, the received
SINR to decode z; at node R can be given as

wits _ _ a3Bppslhst|’|hirl® )
=R ayBupslhsr?|hrr|? + 1

After applying the SIC, the end-to-end SINRs to decode z; and
x9 at Do can be expressed, respectively, as

’yx“tz _ a35MPS|hSI|2‘hID2‘2 (8)
=02 ayBups|hsi|?|hrp, |2 + 17
2 2
i aygfupslhsr|®|hip

YaazBups|hsr?lhrp,|? +1°

where ¥2 (0 < 12 < 1) is the residual interference parameter.

In order to maximize spectrum utilization, source S simulta-
neously transmits the new signal #; to D; with transmit power
\/ai Ps, for a] € (0, 1), during the second phase. However, during
the second phase transmission, D; experiences some interference
from node 7, which can be estimated and partially eliminated
by using the side information of x5 that is obtained during the
SIC process in the first phase transmission. Therefore, the signal

received during the second phase at D; can be given as yt2 =

Va7 Pshsp, 21 +hrp, X1 +ngsp,, and the corresponding SINR,
after partial interference cancellation can be expressed as

aips|hsp, |
aspBps|hs?|lhrp, |2 +1

Z1,t2

Ys—D, = (10)

III. PERFORMANCE ANALYSIS
Considering the target data rates rq,,74,, and r for D1, Da,

and R, respectively, we execute the performance analysis of the
proposed EH-based CDRT-NOMA system as follows.

A. OP Analysis

1) Near-User Dj: In the first phase, D1 is said to be in outage
if it is unable to decode either of the symbols x; or z2. Hence, its
OP expression is given by

r1,t1

Lt ot
Pfjul P=1-Pr [’Yg:bl > ’YD27’YS—>D1 > VDJ s

an
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where 4 = 2271 — 1 and 4% = 2?72 — 1. By substituting
the 1nv01ved SINRs from (1) and (2) in (11), and performing some
algebraic manipulations, P"”lt 41 can be expressed as

max{A;, A2}

S

PRt =1 Pr [‘hSDJQ > } 7 (12)

th th

5 ~
Do and Ay, = Dy

az—a1y, Dy al 1oy Dy
L 2 th «
conditions o > D, and wulxz > 'YD1! (12) can be further

re-expressed and evaluated as

P Pr(W < Ay /ps] =1 - @ (\/ﬁ \/m),
(13)

where Ay £ max{A;, A>}. At high SNR (ps — ©0), the
asymptotic expression for Pg’lt’tl can be obtained by making use

where A, = . Under the

of [15, eq. 9.6.7] and the following approximation e % ~ 1 — z for
small = in (13). It can be given by
oy = de A1/ ps. (14)

In the second phase transmission, the OP for D is given by
t b
Py = Pr[yggfj < ’YDl} (15)
By substituting (10) in (15), and after doing some mathematical
re-arrangement, Pg’][’tg can be written as

Pout,tz

=Pr[W < BiXV + By], (16)

. A 2 2 7 E ¥
WlthV*‘h]Dl‘ ‘h51| Bl—DlT and By = 1Dp15.

Theorem 1: TheexpressmnofP‘““t2 in(16) canbe givenby

0 m m—n 7l n K
poutta _ 1 _ Z Z Z m\ By "K'n!Bf¢™e
=0 m=0n=0 \ " Im!AsrArp,
7¢B2 6761 @2 n
X

W;} (1;) (=©9)" 7 {(_1)”*j+16?_j

n—j—1
76192 2 (—DF(0102)F k!
ey’ (n—j—k)

El(@1@2)
(n—j)!

] an

k=0

where ©1 = W Oy = ﬁ, and Ei(-) is the exponential
integral function [12, eq. 8.211].

Proof: See Appendix A. ]
By following the same steps of derivation used to compute (17)
in Appendix A, and by making use of [15, eq. 9.6.7] and the
approximation e~ * ~ 1 — z for small =, we derive the asymptotic
expression for PI"D"I"t"‘ in the high-SNR regime as

th
-k ( 7Dy 1

= ¢e +——).

¢ (ai‘Ps ASIAID, )

2) Far-User D,: The outage event for Do takes place either
when the IoT-transmitter node I is unable to decode the symbol
z2 or when the node Dy is unable to detect any symbol in
conjunction with the successful detection of x2 at node /. Hence,
the OP expression for D2 can be given as

out,to
Di,asy

18)

PRt = Pr 952 < b1+ Prig 298, Pon, | (19)

where Pgp, signifies the probability of failure to detect any
symbol at D5 and can be given as

B it t
Psp, =1—Pr [Wf_,sz > pArnE, > ’YDQ} ;0
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with 4% = 22" _1_ After substituting the respective SINRs in (20)
and with some mathematical re-arrangement, we get
2 > maX{Ag,A4}:| Pr |:Y< AQ :|7

P =1—Pr||h
5Dz ‘ ID2| |hSI|2Ps Xps

max{As, A4}, A3 = b

(ca—tp2asyD) B’ As =

where Ay 2

’Y%Q . .. ay th
(a—aun b, )9n’ with condition Taog 73
and g—z > 'y}gz. One can deduce a permissible range of PAF from

these imposed constraints to maintain the quality of service for

th

and Y £ |hID2‘2

. ~
the primary users as H—L‘%

into (19), one can derive the expression for P
following theorem.

< a3 < ﬁ By inserting (21)
oLtz a5 given in the

out,to

Theorem 2: The analytical expression for Pp ", conditioned
over o2 > fyD2, can be given by
l 1-1
poutta_ 17%(—1% Ay V' 1 (A5 E, As
D — U \Ap,ps) Asr \ps Asips)’
(22)
’YD .
where A5 = @@= atz S5 and E;(-) is the I-th order exponen-
tial integral function 1% eq. 5.1.1].
Proof: See Appendix B. |

Furthermore, with the use of approximation e ™% ~ 1 — z for small
x and following the similar steps used to derive (22) in Appendix
(B), the asymptotic expression for Pom’ * at high SNR can be

obtained as
A Ao . As
Pout’tQ, _ 5 ( ) Ei (- ) . 23
Dasasy ™ Ngpps AID,ASIPs As1ps @)

3) IoT-Receiver R: The OP for R can be formulated as

T2,t1 Ti,t2

it ,t
PR = Pr {754 <A+ PvE > 4D, A7 < ’YR}
(24)

By invoking the respectwe SINRs in (24) with some algebraic
manipulations, P"""* can be expressed as

PR = Pr [X < ﬁ} + Pr [X > ﬁ,z < Ao } , (25
Ps Ps Xps
h A 2 o ~ .
where Z = |hygp|° and A = (s—as®BL" The analytlcal
out,to -

expressmn for P in (25), under the conditions 0‘2 > 7 , and
O“ > 7 R, can be derived as given in the subsequent theorem

Theorem 3: The analytical expression for POul 2 derived over
Rayleigh fading channel can be given by

l 1-1
Pou[,t2_1_z°° D' As )L (A T (A
R~ WY p\ LA ‘
= I IRPs SI \ Ps SIp

(26)

Proof: By following the similar steps used to obtain (22) in
Appendix (B), one can derive (26). |
By following the analogous steps used to derive (23), one can
obtain the asymptotic expression for Pj"" at high SNR as

Pout,tg _ -AS _ < -A6 >El< A5 )
Rasy = Xgrps AIRASIPs Asrps )’
Remarks: Despite the fact that final OP expressions in (17), (22),
and (26) contain an infinite series, the numerical results elucidate
that it converges to the exact solution with the first 40 terms.
Moreover, using the definition of the diversity gain, the asymptotic
OP expressions in (14) and (18) imply that the diversity order of

27
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D; is one in the first phase and zero in the second phase (this
can be explained intuitively by the fact that D; faces interference
from the secondary transmission during the second phase). As for
the asymptotic OP expressions in (23) and (27), with the aid of
the following approximation Ei(x) ~ C + In(—x) + z for small
x (where C' is the Euler’s constant), it can be inferred that the
diversity order is one for both Dy and R.

B. System Throughput

For a relay based wireless network, the system throughput is
a measure of the average SE. The system throughput for the
proposed EH-based CDRT-NOMA system is evaluated as the total
of individual target rates for both primary and secondary commu-
nications that can be attained successfully over Rician/Rayleigh
fading channels. It can be formulated as

1 t it
Sr =3 [(1 o 1) ra, + (1 .y 2) ra,

+ (1 - P]‘g";t?) ra, + (1 - PI‘;“W) rr] .

C. Energy Efficiency

The EE is measured as theratio of total data delivered to the
total power consumed by the proposed system. It can be given by
e = 1;532, where St is the achievable throughput as expressed

in (28).

(28)

IV. DEEP LEARNING ARCHITECTURE
Here, we develop a DNN model to predict the OP and ESC of the
system. As the conventional approaches and Monte-Carlo simula-
tions to calculate the OP and ESC are intractable and cumbersome,
respectively, this DNN model will help to predict OP and ESC in a
short time and with less computational complexity.

A. Description of DNN Model

The proposed DNN model consists of training and prediction
phases. In the training phase, the model is trained to learn the
input-output relationship of the proposed CDRT-NOMA system
using an adaptive moment estimation optimization algorithm in
order to lower the loss function during a back-propagation oper-
ation offline. Thetrained DNN'modelisusedfortheonline estimation
of the OP/ESC value whenever a new data set is available at the
inputof the DL model in the prediction phase. Asthetraining phase
takes place offline, the network design can lower computational
complexity and execution time.

The proposed DNN model has one input layer, multiple hidden
layers, and one output layer. The input layer has nine neurons with
nine parameters (i.e., Ps, 3, a1, a3, ¥1,%2,74,,"d,, 7r). There are
four hidden layers, each with 100 neurons with an exponential
linear unit (ELU) as the activation function. The output layer
comprises one neuron that exploitsthe linear activation to compute
thepredicted value.

B. Dataset Generation

The following set of parameters have been taken as input for the
proposed DNN model: source power Ps € [0,40] dB, PS factor
B € [0.01,0.99], dual PAFs a1 € [0,0.49] and a3 € [0.5,0.99],
the corresponding residual interference coefficients 1 € [0,0.1]
and 92 € [0,0.1], and the target data rates rq, € [0.25,1], rgq, €
[0.25,0.8], and 7 € [0.25,0.8]. From these setups, we generate a
dataset with 120,000 samples i.e., (V = 120, 000), where 80% is
used for training, and the remaining 20% is used for validation and
testing. To check the performance of the proposed DNN model,
we use the root mean squared error (RMSE) to determine the
difference between the natural OP/ESC values and the predicted
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Fig. 2. OP of D1, D2 and R versus SNR.

ones across the entire test set. The data set generation is solely
accountable for the complexity of the proposed model, while the
number of floating-point operations determines the computational
cost incurred during the prediction process. Our model has a
computation cost of 31,101 trainable parameters.

V. NUMERICAL RESULTS

This section presents the numerical findings illustrating the
performance of the proposed system. The analytical results are
verified by Monte-Carlo simulations. We have also included the
DNN model results here. The following set of parameters [6] is
used throughout this section, unless stated otherwise [10]: oy =
03, a3 = 08, a} = 1,8 = 03, p = 07, and 0> = 1.
Considering the 2-dimensional (x, y) plane, the positions for nodes
S, D1, I, D2, and R are given as (0, 0), (0, —0.3), (0.4, 0), (0.5, 0),
and (—0.2, —0.45), respectively.

Fig. 2 depicts the OP performance versus the transmit SNR
(ps) for D1, Do, and R under the pSIC and ipSIC cases. Herein,
we set the parameters as rq, = 1 bps/Hz, r4, = r» = {0.5,0.8}
bps/Hz. It can be seen from the curves that our simulation results
are well aligned with the analytical ones as well as the DNN
predictions. For D;, when we increase the Rician-K factor from
0 to 3, the OP performance improves. This is expected since the
viability of the line-of-sight increases with K. For D, and R,
as the target rate (rg, = 7v) increases from 0.5 to 0.8 bps/Hz,
the outage performance degrades. It is also worth noting that
when we increase the level of residual interference parameter,
the performance of D; and D deteriorates. It indicates that the
decoding capability of D and D2 decreases with an increase in the
ipSIC level. Furthermore, the OP of the proposed EH-based CDRT-
NOMA system model is compared with the OMA equivalent,
which clearly shows the superiority of the former over the latter. In
addition, for all the users, the asymptotic curves attained from the
derived expressions and the corresponding simulated ones overlap
in high-SNR regions, which corroborates the proposed asymptotic
analysis.

Fig. 3(a) depicts the EC versus transmit SNR (ps) curves for
D1, D2, and R under both the pSIC and ipSIC cases. We observe
that as SNR increases, the EC of the system improves. The results
demonstrate that the ESC of our proposed system achieves better
performance in comparison to its OMA equivalent in the case
of pSIC. In addition, it demonstrates that the simulation and
DNN prediction results are highly congruent, validating our DL
framework.

In Fig. 3(b), we plot the throughput of the proposed system as a
function of ps for both pSIC and ipSIC cases under the parameter
settings 74, = 1 bps/Hz, rq, = r» = {0.5,0.8} bps/Hz, K = 3,
with different values of PS factor 8 = 0.2,0.5. We can see that
the system throughput increases from lower to medium range of
the SNR, and subsequently gets saturated, reflecting the maximum
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attainable throughput for the specific data rate. For the higher data
rate, it attains its maximum at relatively high SNR. It happens
because the outage performance at a higher target rate is relatively
poorer than the lower target rate.

In Fig. 3(c), we plot the EE of the proposed system as a
function of ps for both pSIC and ipSIC cases with the same set
of parameters as the ones used in Fig. 3(c). We observe that the EE
first increases as ps increases from low- to medium- SNR region.
For higher SNR values, the EE of both pSIC and ipSIC starts to
decay and to converge because of the higher power consumption
of the network.

Moreover, we compare the execution time taken by the
Monte-Carlo simulation and the DNN for ESC evaluation. It is
noted that the DNN prediction takes 0.0175 seconds, compared to
4.95 seconds for the Monte-Carlo simulation. Also, the proposed
DL framework has the lowest RMSE of 1.43 x 1073, One can
observe hereby that the DL framework exhibits a low execution
time as compared to the Monte-Carlo simulation to evaluate the
ESC, which helps to explore real-time configurations for the pro-
posed system.

APPENDIX A
We can evaluate Pgllt’tz in (16) as
Pt [7( [T i s s @) . @9)
0 0

By substituting the CDF of W in infinite series form utilizing [12,
eq. 8.445] and [13, eq. 4.35], (29) can be expressed as

e} 0o o l Lyom_ —K m
out,to K ¢’ € (Blmv+62)
e[ [T-X % s

=0 m=0

« e—(81m1%2)>fx (x)da?) fv(v)dv.

(30)

By substituting the respective PDFs and utilizing the binomial
expansion [12, eq. 1.111] and [12, eq. 3.351.1] to solve (29)
rigourously, one can obtain the result as given in (17).

APPENDIX B

By substituting (6) and (21) in (19) and with some mathematical
out,to
re-arrangement, PD2 can be evaluated as

A
Pybt = pr X < 25| 4pr Xzﬁ,yg 2
2 Ps Ps Xps
1 0o _ Ay x
=1-— e MD2PsT T X1 dg.
Asr JAs
Ps

(G
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(a) EC/ESC versus SNR; (b) System throughput versus SNR; (c¢) Energy efficiency versus SNR.

Since the integral in (31) is intractgble, we utilize the Maclaurin
2

series expansion for the term e MD2f<T to simplify (31) as

oo 1 l 0o — 52—
—1) Ag 1 e *s1
Pout,t2 -1 ( de.
D2 Z ' \Arp,ps) Asr J4s ‘
Ps

(32)
1=0

By solving the integral term in (32), (22) can be obtained.
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