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Abstract

In this paper, we derive the throughput of cognitive radio networks (CRN) where the secondary source S harvests energy
and adapts its power to generate an interference at primary destination Pp less than 7. Sg transmits a linear combination
of symbols to K nonorthogonal multiple access (NOMA) users. Intelligent reflecting surfaces (IRS) are placed between the
secondary source and NOMA users. A set [; of reflectors of IRS is dedicated to user U; so that all reflections are in phase
at U;. We derive the throughput at each user and the total throughput when IRS are used in CRN-NOMA. We optimize the
NOMA powers as well as the harvesting duration . When N; = 8, 32 reflectors per user are employed, we obtain 24 and
41dB gain with respect to CRN-NOMA with adaptive transmit power, energy harvesting and without IRS.

Keywords IRS - Energy harvesting - Adaptive transmit power - Cognitive radio networks

1 Introduction

Intelligent reflecting surfaces (IRS) improve the throughput
of wireless systems as all reflections are in phase at the desti-
nation [1-5]. The phase shift of kth reflector depends on the
phase of channel gain between the source and kth IRS reflec-
tor as well as the phase of channel gain between IRS and
destination [6—8]. IRS for NOMA systems and fixed trans-
mit power was recently analyzed in [9]. A set I; of reflectors
are dedicated to user U; so that all reflections are in phase
at U;. In [9], there is a single network without energy har-
vesting and the results cannot be applied to CRN-NOMA
where the secondary source harvests energy and transmits
with an adaptive transmit power. IRS have been deployed
to enhance the throughput of millimeter wave communica-
tions [10,11] as well as optical communications [12]. IRS
with finite phase shifts were suggested in [13]. Asymptotic
performance analysis of wireless networks using IRS was
discussed in [14]. When the number of reflectors is doubled,
a6 dB enhancement in throughput was observed in [1,15,16].
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Antenna design, prototyping and experimental results of IRS
were provided in [17]. Deep and machine learning algorithms
were applied to wireless networks equipped with IRS [18,19].

In this paper, we suggest the use of IRS for CRN-NOMA
where the secondary source Sg harvests energy from RF
received signal from node A. Sg adapts its transmit power
so that the interference at secondary destination is less than
T. S transmits a linear combination of K symbols to NOMA
users. A set I; of IRS reflectors are dedicated to user U; so
that all reflections are in phase at U;. We derive and improve
the total throughput by optimizing the harvesting process
and NOMA powers. When N; = 8§, 32 reflectors per user are
employed, we obtain 24 and 41 dB gain with respect to CRN-
NOMA with adaptive transmit power, energy harvesting and
without IRS [20,21]. NOMA for multi-carrier code division
multiple access (MC-CDMA) has been recently suggested
in [22]. The results of [22] study NOMA for MC-CDMA
system with fixed powers and without IRS.

Next section describes the system model. The energy har-
vesting process is analyzed in Sect. 3. The throughput is
derived and optimized in Sect. 4. Section 5 gives the numeri-
cal results while last section concludes the paper and suggests
some perspectives.
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Fig. 1 IRS with adaptive transmit power and energy harvesting for
NOMA systems

2 System model

Figure 1 depicts the system model containing a secondary
source Sg transmitting a signal to K NOMA secondary users
Uy, U, ..., Uk. Ssharvests energy using the received signal
fromnode A. Then, Sg transmits a combination of K symbols
to K NOMA users using an adaptive transmit power so that
the generated interference at secondary destination Sp is less
than threshold 7. We make the analysis in the presence and
absence of primary interference from primary source Ps to
allusers U;,i =1,2,..., K

3 Energy harvesting model
The harvested energy at Sg is equal to [20]
E = PaaFepolhl®, M

where F is frame duration, 0 < o < 1is harvesting duration,
P, is the power of node A, ¢ is the efficiency of energy
conversion and ,//1oh is channel gain between A and Sg and
Mo is the average power of ,/ioh.

The available symbol energy of Sg is written as

E

Es,available = m = .B|h|27 (2)
where
noEaca
B=—" 3)
l—«

where E4 = PuTy.
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The adaptive symbol energy of Sg is expressed as

. T
E; = min (—2, Es,availab]e) “)
|hsgppl

where hggp,, is the channel gain between Sg and Pp. The
generate interference at Pp is less than T: E|hs,p, |2 <T.
The CDF of E; is given by

. T
Pg,(x)=1-P (mln (m7 Es,available) > x) (5)
sPp

We deduce

T
P (x)=1-P <—|2 > x) P (Ej, available > X)

|hSSPD

_ T x
=1- [1 —e”)SSPD:|e/5 (6)

where psop, = E(|hsSpD|2) and E(.) is the expectation
operator.

4 SINR and throughput analysis
4.1 Received signal model

In Fig. 1, the users are ranked as follows: U is the strongest
user, U; is the ith strong user and Uk is the weakest user.
The transmitted NOMA symbol by Sy is equal to

K
s = JESZ\/F[SI‘, @)
i=1

s; is the symbol of user U; and 0 < P; < 1 is the power
allocated to U; suchthat 0 < P} < P < .. < Py < 1 and
ZiK:l P =1

As shown in Fig. 1, let ./t fi be the channel coefficient
between Ss and kth reflector of IRS where u = ﬁ =
E(|l /1 f¢1?), ple is the path loss exponent and D is the
distance between Sg and IRS. Let ,/u;gx be the channel
coefﬁcient between kth reflector of IRS and user U; where

Wi = D”” = E(|/migk|?) and D is the distance between

IRS and U;. The received signal at user U; is written as

r=sVii ) fugke™ +n ®)

kel;

where I; is the set of reflectors dedicated to user U; and n is
a Gaussian noise with variance Njy.
O is the phase shift of kth reflector given by [1]

Ok = b +dy 9
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where by, di are the phase of f;r = age™/% and gk =
cke % ap = | fi| and cx = |gxl.
Using (8) and (9), we obtain

r=hﬂ¢m§:wq+n=MMVMm+m (10)

kEh

A = Zakck, (11)

kEh
We define
Xi = ppiA;, (12)

Therefore, the received signal at U; can be written as

K
r=sJpiAi +n = EgX; Z\/Fis[ +n
i=1

K
= V%Y VPisi 4+, (13)
i=1

where
Y; = E;X; (14)

4.2 SINR analysis

U; performs successive interference cancelation (SIC) and
detects first s since Px > P;, Vi # K. The corresponding
SINR is

ri—-k _ Y; Px

No+Yi Y52\ Py

15)

The contribution of the detected symbol sk is removed and
U; detects sg_; with SINR

: Y Px_
[ﬂ—éK—J — ! K’;_z (16)
No+Yi} ,2i Pp
The process is continued by detecting s; for I = K,
K —1,...,i with SINR
i—1 _ yE]ﬁ (17)

No+Y; le_:11 Py

There is no outage at U; if all SINR "'~/ are larger than
threshold x for/ =K, K —1,...,1i:

Poyri(x) =1— P(Fi_’K >x, 7K1 o x  rizis x)

= Py, | max LH (18)
ISISK\ P —x)0, 5 Py

where Py, (y) is the CDF of Y; provided Sect. 4.4.
The packet error probability (PEP) at U; is deduced from
the outage probability as follows [23]

PEPi(a9P1’P27"'7PK)§P()Ml,i(wo)7 (19)
where [23]
+00
wo =f [1 — SEP(x)]"dx, (20)
0

pl is packet length and SE P (x) is the symbol error proba-
bility (SEP) of 0-QAM [24]

SEP(x) =2<1 _ %) erfc( Q3f 1) 1)

The throughput at U; is computed as

Thri(aa P17P27-"7PK) = (1 _a)logZ(Q)
x[1 — PEP;i(a, Py, P>, ..., Px)]. (22)

The total throughput of NOMA network is equal to

K
Thr(a, P, Py,.... Px) =Y Thri(a, Pi. P2, ...
i=1

, Pg).
(23)

We propose to optimize numerically the power allocated
(OPA) to NOMA users as well as the harvesting duration
o to maximize the total throughput (23):

Thr™ = max Thr(a, Py, P, ..., Px). 24

O<a<1,0<Pi<Py<--<Pg
under constraint ZZK: P=1
4.3 Effects of primary interference

In the presence of interference from primary source Ps, the
SINR at user U; todetects; / = K, K — 1, ..., i becomes

Y, P

I—vi—>l —
No+1i+Y Y0 P,

(25)
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where I; = Epg|hpgy, |2 is the interference at U; due to the
signal of Pg, Epg is the transmitted energy per symbol of
Ps and hpgy; is the channel gain between Pg and U;. For
Rayleigh channels, /; has an exponential distribution written
as

1 -2
pr(y)==e . (26)
I;
where I; = E(I;) is the average interference at Uj;.
The outage probability at U; becomes
oo (No + y)x
Pouri(x) = f Py, | max | —————
0 isI<K \ Py —x2p=1 P,
xpr(y)dy. 27

The PEP and throughput are evaluated using Eqs. (19-23).
4.4 CDF of Y;
Let N; = |I;| be the number of reflectors dedicated to U;.
For N; > 8, A; fg)llows a Gaussian distribution with variance
oﬁi = N;(1 — Fz) and mean m 4, = E(A;) = %.

We have
Xi = upiA?, (28)

The cumulative distribution function (CDF) of X is equal
to

Px,(x) = P(X; <x) = P (— | =< < i)
oy LI
~ M

~ 0.5erfc
! V20,
Nox
L T Mma;
K !
—0.5erfc| ——— (29)
T\ Vaon
where
2 +00 2
erfc(z) = —/ e " du. 30)
NEE

By a derivative, the probability density function (PDF) of
X; is given by

@ Springer

— N‘:s Theory
10+ o N=8Sim
- — - N‘=16 Theory

+ N‘:16 Sim

4 — . — N=32 Theory
10 F i Strong user. . N

% N‘=32 Sim N\

Fig.2 PEP of strong user
The CDF of Y; = EX; is evaluated as

+0o0 y
Py, () = /0 P, () py (), (32)

where Pg, (x) is given in (6) and py, (x) is provided in (31).

5 Numerical results

Figures 2 and 3 show the PEP at strong and weak users for
Pir=11u=1e6=05K=2,D=15,D1=1,D; =
1.5, Py = 0.3, P, = 0.7, ple = 3, pl = 300 and harvesting
duration o = 0.5. The interference threshold is T = 1, the
distance between Sg and Pp is 1.5 and the distance between
primary source and users U; and U are 2 and 2.5. These
results correspond to 16 QAM modulation. The number of
reflectors per user is Ny = No = 8§, 16, 32. We observe that
the PEP decreases as the number of reflectors per user Ny
and N, increases.

Figures 4 and 5 depict the throughput at strong and weak
users for the same parameters as Figs. 2 and 3. We notice that
the throughput increases as the number of reflectors increases
N1 = Ny = 8,16, 32. Besides, the simulation results are
close to theoretical derivations (22). Figure 6 depicts the total
throughput as the sum of throughput of strong and weak
users. Harvesting duration optimization allows significant
throughput enhancement.

Figure 7 depicts the total throughput in the presence of
K = 3 NOMA users for D; = 1, D, = 1.5, D3 = 1.8.
The allocated powers are P; = 0.2, P, = 0.3 and P; = 0.5.
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Fig.4 Throughput at strong user

The distances between Ps and users U;, U, and Uj are 2,
2.5 and 3. The other parameters are the same as Figs. 2 and
3. When the number of reflector per user is N; = 32 we
obtained 6,12dB gain with respect to N; = 16, 8. When
powers allocated to NOMA users are optimized we obtained
up to 5dB gain with respectto Py = 0.2, P, = 0.3 and P3 =
0.5. When harvesting duration « is optimized as well as the
allocated NOMA powers, we obtained the largest throughput.

E/N,(dB)

Fig.5 Throughput at weak user
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Fig.6 Total throughput in the presence of 2 NOMA users for 16QAM
modulation

Figure 8 depicts the throughput of NOMA and orthogonal
multiple access (OMA) when IRS are used and without IRS
[20,21]. The parameters are the same as Figs. 2 and 3. When
N; = 8, 32 reflectors per user are employed, we obtained 24
and 41 dB gain with respect to NOMA with adaptive transmit
power, energy harvesting and without IRS [20,21]. OMA
without IRS offers a better throughput than NOMA without
IRS at low average SNR per bit. At high average SNR per
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Fig. 7 Total throughput in the presence of 3 NOMA users for QPSK
modulation
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Fig.8 Total throughput of OMA and NOMA with and without IRS in
the presence of 2 NOMA users for 16QAM modulation

bit, NOMA without IRS offers a better throughput than OMA
without IRS.

Figure 9 shows the effects of interference 7' = 1, 5 thresh-
old on secondary throughput for the same parameters as
Figs. 2 and 3. The number of reflectors per user is N; = 8.
When T increases, Sg can increase its power since there is
less interference constraints and the throughput increases.
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Fig. 9 Effects of interference threshold on total throughput for QPSK
modulation and two users: @ = 0.5

6 Conclusion and perspectives

In this paper, we computed the throughput of cognitive
radio networks using NOMA and intelligent reflecting sur-
faces where the secondary source harvests energy from the
received RF signal from node A. Besides, the secondary
source adapts its power to reduce the generated interference
at primary destination. The secondary source transmits a lin-
ear combination of K symbols dedicated to K secondary
users. The transmitted signal is reflected by a set I; of reflec-
tors dedicated to user U; so that all reflections are in phase
at U;. When N; = 8, 32 reflectors per user are employed,
we obtained 24 and 41 dB gain with respect to NOMA with
adaptive transmit power, energy harvesting and without IRS
[20,21]. We also optimized NOMA powers and the harvest-
ing duration. As a perspective, we can consider other source
of energy such as wind and solar.
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