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Abstract—This work studies performance comparison on radio
frequency (RF) energy harvesting (EH) in power splitting (PS)
and time switching (TS) modes in reconfigurable intelligent
surfaces (RIS) aided cooperative spectrum sensing (CSS). CSS
model considers multiple primary user (PU) nodes and a single
PU emulation attacker (PUEA) node. A distant dependent model
of reflected channel gain in RIS antenna is developed for
calculating the harvested residual energy (RE). The primary
objective is to maximize the total RE while meeting a predefined
detection and false alarm probabilities of PU along with the
individual secondary user’s (SU’s) energy causality constraint.
Simulation results show the efficacy of the proposed work due to
the involvement of RIS antenna on total RE, as gain of about 45%
and 38.97% for PS and TS mode compared to the existing works
while maintaining the above mentioned constraints. Performance
of RE with the change in the placement of RIS antenna near/far
to PU is analyzed for both PS and TS mode.

Index Terms—Cognitive radio, CSS, RIS, EH-CRN, PUEA.

I. INTRODUCTION

Spectrum scarcity, energy crisis, low latency, higher band-
width, security are the few challenges for upcoming 6G
wireless communications [1]. Emergence of Internet of Things
(IoT) makes a paradigm shift of human centric mobile com-
munication to connectivity of things and smart devices that are
mostly driven by low power battery sources [2]-[4]. The big
challenges are power consumption and network connectivity
which in turn demand energy and spectrum efficient system
design [2], [4]. Spectrum scarcity problems can be addressed
using cognitive radio (CR) networks by opportunistically ac-
cessing the primary user (PU) spectrum usage [5], [6]. To
know about PU spectrum usage activity, cooperative spectrum
sensing (CSS), by distributed cognitive users (CRs) is made,
where the overall decision of PU transmit or not transmit state
over a spectrum band, is decided at fusion center (FC) [6].
Secondary users (SUs) either perform local sensing or may
send the amplified version of the PU signal samples to the FC
[6]. It is also reported that CSS is prone to several security
threats, a commonly used one is primary user emulation attack

(PUEA) [6], [7] where a selfish jammer sends a PU-like signal
to the FC in order to disrupt the CSS process for own interest
[6], [7]. However, PU or PUEA transmission, being broadcast
in nature (including jamming signal), radio frequency (RF)
signals of the same can be utilized by CR users to perform
energy harvesting (EH) [6], [8], [9].

In literature, two types of RF-EH techniques, namely power
splitting (PS) [6], [10] and time switching (TS) mode are
reported [6], [8]. In PS mode of CR network (CRN) operation,
spectrum sensing (SS) and EH are done simultaneously by
dividing the received power of PU signal proportionately [6],
[10]. In case of TS mode, full portion of the received signal
power is used for SS and EH over the non-overlapping time
slots [6], [8]. A note worthy results on EH performance com-
parison results due to PS and TS modes are reported in [6]. To
cater passive IoT communications, reconfigurable intelligent
surface (RIS) appears as a passive array of relay device to
support symbiotic radio (SR) using PU RF wave carrier signal
[11]-[13]. RIS possess artificial planar structures, reconfigured
and programmable to reflect electromagnetic (EM) waves in
a controlled manner [11], [13]. Furthermore, the structure of
RIS is handy and light in weight, hence can be deployed in
wide variety of environment, like facades of buildings, walls,
ceilings, etc [14]. RIS increases coverage of the cells, reduces
inter-user interference and improving the security of networks.
Although RIS act as passive relay system, it is also explored
for performance improvement on EH [11]-[14].

The work in [11] analysed the performance of ergodic
capacity considering two separate RISs along with an EH
based decode-and-forward (DF) relay. In [12], TS mode
based simultaneous wireless information and power transfer
(SWIPT) architecture is considered with non-linear (NL) EH
at the IoT node. Simulation results in [12] show improved EH
performance when the number of elements of RIS is increased.
The authors in [13] explored performance of RIS based EH for
both linear and NL models where the channels are assumed
to follow Nakagami-m fading.



A. Motivation, Scope and Contributions of the Present Work

This paper is an extended version of [6], where a compara-
tive analysis, due to the placement of RIS, on residual energy
(RE) for PS and TS based EH operation is done. The major
contributions of the paper along with the difference between
the present work and [6] are as follows:

o Performance of RE in presence of RIS, multiple PUs and
single PUEA is studied here whereas in [6] a single PU
and absence of RIS was considered.

o RIS placement on EH performance is studied between
the PU transmitter and the receiver (CR node).

o Comparative analysis of PS and TS mode for calculation
of RE is analyzed with the change in position of RIS
antenna near/far to PU in absence of PUEA.

o Closed form expressions for amplifying gain, total num-
ber of SUs, SS duration, and PS ratio (for PS mode) are
derived taking RIS sensing channels into consideration
and about 45% and 38.97% gain in overall RE for PS
and TS mode, respectively are found over [6].

The remainder of the paper is organized as follows: Section

IT illustrates the system model and frame structure, while
RE calculation and problem formulation are done in Section
III. Section IV presents numerical results and the paper is
concluded in Section V.

II. SYSTEM MODEL AND FRAME STRUCTURE
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Fig. 1: (a) System model of RIS enabled EH-CSS, Frame
structure, for (b) PS and (¢) TS mode

Fig. 1 (a) shows the system model for EH-CSS based CR
network using RIS antenna where multiple PU transmitter-

receiver pairs, K collocated AF SUs/cognitive relays (R;s)
[6], one unfriendly jammer in the form of PUEA and a fusion
center (FC) are present. PU network consists of ‘K’ number
of transmit-receive pairs and is governed by a central base
station (CBS) as shown in Fig. 1 (a). Although, multiple PU
transmitter-receiver pair are considered, only one pair seems
to be operative equi-probably at a time slot governed by CBS
for simplicity of mathematical analysis.

Fig. 1 (b) and Fig. 1(c) show the frame structure of PS
and TS mode, respectively. In PS mode (in Fig. 1(b)), the
communication time line is divided into two different non-
overlapping time slots, a SS/sampling slot (7ps) and a reporting
slot (1'y — 7ps). Within 7pg, each SU; senses ‘N’ number
of samples of both PU and PUEA signal received via RIS.
RIS antenna basically acts like a relay between the PU and/or
PUEA and SU. RIS reflects the signals with some desired
angles that can be tuned by FC. In PS mode of operation, the
received signal from RIS to the SUs are divided into power
ratio of B; : (1 — B;), where 3; and (1 — 3;) are used to
facilitate EH and SS processes, respectively [6].

TS scheme, as shown in Fig. 1(c), operates in three sequen-
tial slots, one for SS (7rs), reporting slot (1T — 7ps), and an
EH slot (7ps — 7rs) [6]. In both PS and TS modes, during the
reporting slot (I'y — 7pg), SUs (SU; ¢ € [1,k]) amplify and
forward the received signal from RIS with a gain factor (o) to
the FC. This facilitates the synthesis of a global CSS decision
like in [6]. Notably, EH at ‘SUs’ within the TS configuration
exclusively occurs during PU transmission intervals, once the
global CSS decision is finalized [6].

A. Signal Analysis and Channel Modeling using RIS
The received signal at SU; during 7ps can be written as

Yeui (n) = @hpnhm,sui X;m“(n) + hmr,- hmri,suier (’I’L)

+ Vg, (n) (1)

Here, n=1 to N. The symbols ‘N’ and * f’ denote the number
of samples and sampling frequency, respectively. The channel
fading coefficients, mentioned as h;, s, and Ap,r, su, 10 Eq.
(1), show the impact of RIS antenna at the receiver of SU;.
Probabilities of PU’s transmit and non-transmit states are
given by P(H1) = P(p = 1) and P(Ho) = P(p = 0),
respectively [10]. In PS mode, the signal received at each
SU; is divided as Yiup,(n) = BYay,(n) and Yius, (n) =
(1 = B)Ysu, (n), respectively, for EH and SS purposes, where
Bi = B [10]. For TS mode (Fig. 1 (c)), entire portion of
You, (nl) is used for SS, where n’' = 1to N and N = 718 fs-
Symbols X,,.(n) and X,,,,(n) denote the signal of PU and
PUEA, respectively and their analysis is similar as reported
in [6], [10]. PU and PUEA power for transmitting their
signals are denoted by P, and FP,,, respectively. Additive
noise signal and its Variance at each SU; are denoted by the
symbols vg,,(n) and o2, respectively. Modeling of noise is
done similarly as done in [10]. In Eq. (1), PUEA signal is
transmitted over PU band and is impaired by the channel gain
(second term) unlike the total noise term at the receiver of
SU; (third term), [6]. Furthermore, P, and P, values are



comparable and relatively larger than the noise variance. Thus
PUEA signal acts an interfering RF signal at SU; to the desired
PU signal [6] and can be utilized for the purpose of harvesting
as done using the PU signal. FC finally combines the total
signal received during (T's-7ps) for both PS and TS mode and
mentioned respectively as given below

Z\/ah You, (1) + ve(n) 2)

’

Z@hsu,,c You,(0)) +ve(n’), (3

i=1

YTS

Here n = 1 to 7psfs and n =1to 71s fs. The noise at the FC
is denoted by v. with zero mean and variance af [6].

B. Distant dependent fading model between PU/PUEA and
SU via RIS antenna

Let hpr;s Pnrss Brs suis Rmrg su; and hgy, o be the fading
channel coefficients considering the links from PU to the
it" RIS element (PU — R;), PUEA to the i*" RIS element
(PUEA — R;), the i'" RIS element to the i*" SU (r; — su;)
for reflecting the PU signals, the i** RIS element to the i'"
SU (mr; — su;) for reflecting the PUEA signals, and the
it SU to fusion center (su; — c), respectively. The fading
coefficient is modeled as h,, ~ CN(0,d, %), where the
distance between any two nodes and the coefficient of path loss
are denoted by the symbols ‘d’ and ‘«a’, respectively with m €
{pri,mri, (ri, su;), (mry, su;)(su;, ¢)}. Furthermore, Ay, sy,
and Ny, sy, are given by Ae=99risui and Be IOmrissus
respectively where A, B, Oy, s, and O,,,, s, represent the
amplitude of RIS reflected path from PU, amplitude for PUEA,
phase part for PU and phase part from PUEA, respectively.

Due to mathematical tractability, the present work models
the channel fading coefficients as |h,., gu,|? = [Ae™7O7isui|?
~ CN(0,d,, 5i"") and P s |> = |[Be™€mrisui |2~
CN(0, dm(:f;’f su. ). Here the fading gain is developed as zero
mean and variance in the form d.“™ which is dependent on
distance between PU/PUEA to RIS and RIS to SU. Hence the
placement of RIS in between PU/PUEA transmitter and SU
plays a pivotal role in the calculation of overall RE.

C. CSS and Energy Consumption using RIS

The symbols T5% and T represent the test statistics at FC
for PS and TS mode, respectively and are evaluated similarly
as in [6]. Here dpm = dpr» dmn = dmr, dn,sui = drsu, dmri7sui
= dmrsu dsui,c = dsycs 0i =0 Vi= 1,..K) as in [10].

Mean values of T for hypotheses Ho and Hi, re
spectively are given as E(1p) = 7psfspo and E(1y) =
Tpsfspu1 respectively, and the same for 7% considering
hypotheses Hy and #H; are E( T(/) ) = Trs fsué) and E(Tl/ )
= TTsfS,LL/l, respectively [6]. Here 1= (1 — B)Kor, —I—

2’ Ho = (1 - B)KQTO + 0-97 :ul = KQ’/‘l + U

O_KQTO + 0'('7 ro= dm?fmrdm?fzfsudeuoéwcp +dsuoésucg and
r1= dpr " d; Sreud %o Py + 1. The variance of 75 under
Hy and Ho are Var(Ty) =~ 7psfopd, Var(To) =~ Tpsfspd,

respectively and the same for 7% under hypotheses o and
Hy are Var(Ty) ~ 7psfs(ug)? and Var(T,) =~ 7rsfs(i)2,
respectively [6].

The detection and false alarm probabilities considring
the test statistics for both PS and TS based EH are cal-
culated similarly as reported in [6]. In order to func-
tion SS and/or EH, some small power is required in the
internal circuit of SUs and is given by P;,. The to-
tal energy consumption for PS during 7rg is given by
EES=K P;rps. The same for TS mode, during 7rs and
(Tps-Trs). are given by EL2 =K Py7rs and EL7 =K Py(7ps-
7rs)D, respectively, where P;,=P, (Vi=1 to K) and
D=P;P(H1)+PsP(Ho). All K SUs forward their received
signal samples to the FC during 7ps and 7rs, using energies
EES=(1-B)KoSTes and EL =K 9S7rs, respectively, where

S={ P ™ dr e Py + dmrdii e Py + 02 ).

rTsu mrsu

III. RE CALCULATION AND PROBLEM FORMULATION

Here also we adopted NL-EH model as mentioned in [6]. K
number of SUs harvest energy during 7ps and 71g and are given
by ELS=K®mps and EL=K®L3 (ps-71s), respectively
[61, where PFY and @[3 are determined by putting P (in
Eq. (5) [6]) as AS and S'= {PdP(Hl)( 2 d-Crsu P,

rsu
d Oé,,” d-&mrsu

mrsu m+0—’r27,) +Pf,P(HO) (d a"”dm%gﬂéup +
)

- }, respectively. Here EH is done from the received RF
signal power of PU and PUEA.
Total RE calculated considering PS and TS modes are
shown in Egs. (9) and (10), respectively, where A; = (®L3, —
P,D)7ps and By = (L3, + Ps(1 — D)).

2

A. Problem Formulation with Optimal Solutions

The symbol C; denotes the constraint for detection of the
PU and is given by Py > P4, Py < Py, where P, and
Py are the predefined detection and false alarm probabilities,
respectively. Each SU maintains an energy causality constraint.
This ensures non-negative RE at individual SU;. The energy
causality constraint, considering PS and TS based EH opera-
tions, are given by C¥S :(®F — ((1 — B)oS + P;))ps > 0
and CTS :(A; — (B, —l—QS)TTs) > 0, respectively (." dpp,=dpr,
dmm_dmr» dr“suz - drsua dmn,su, - dmrsu’ dsuz,c - dsua
0i=0, Ps,=P; Vi=1,2...K) [10].

Inclusion of RIS aided EH operation for PS and TS modes,
lead to the optimization problems as mentioned below

max (CIJE% —((1—=p)oS+ Ps))KTPS st. C1,C5° (4)
K,0,7ps,5
Jnax K(A1 — (B + 05)71s) st. C1,C3° (5)
0, TTS

Following the argument in [6], P; = P4 and Py = Ff are

made for both in PS and TS mode, as given below
BKo(Q+ (ro—r)Vrshs) +02B=0 (6)
cTs :KQ(Q ¥ (ro— rl)\/ﬁ) Yo?B=0 (7
H(Py)-r1Q ! (Pa), B=Q7'(Py)-Q7 ! (Pa).

Clljs (11—

where Q=r,Q~



B. Objective Function using RIS and its Solution

The objective functions using RIS-EH, considering both PS
and TS mode, are expressed as OZ5 and OLF (in Eqs. (4) and
(5)), respectively. Since ®Fp in Eq 4)is a functlon of 3, for
mathematical tractability and obtaining its optimal value, (’)P &
needs to be modified. Following the same argument reported

in [6] as P: = S and exp(—a(P; —b))=exp(—a(8S —0)) =
1—a(BS—0) (. |a(8S—b)| < 1 and ignoring the rest higher
order terms) in Eq. (4), we can write
A _ A A _F
PS 2—a(BS-0) 1+exp(ab) (2+ab)—apBS 1
oF5 () = D Brab-ess
" T1+exp(ab) 2
A 1 Fi F3
—_—— | =) = ——— - F4 (13)
F2 (1 — Bgz) <}_2> (@1 — Bq2) !

where, the symbols P: and A denote the total RF power
received and the constant maximum harvested power at each
SU when saturation condition occurs for EH, respectively [6].
Furthermore, F3 = %2, Fi= %, g1 = (2+ab) and g2 = aS.

Using Eq. (13), energy causality constraint as mentioned in
Eq. (4) and the objective function can be re-written as CE5, :
((qlf% —((1=p)oS+C))mps > 0 and 0£S=((q1fgq2) —
((1 = B)oS + C))Kps, respectively where, C=(F, + Fs).
Henceforth considering the PS mode, the optimization problem
as given in Eq. (4) can be rewritten as

F3
— — (1= S+C) K
K,rg,?,fs(,g ((611 — Bqs) (( B)oS + )) S
s.t. 1) C’lljsv 1) ans,l (14)

Using Lagrange method, the analytical solutions of opti-
mization problems in Eqs. (5) and (14) are made. £ and
LTS, respectively are the Lagrangian functions for both PS
and TS modes as mentioned in Eq. (10). The symbols 4
and o are the Lagrange multiplier. Optimal solutions to Eq.
(10) using both PS and TS modes of EH are evaluated using
Karush-Kuhn-Tucker (KKT) conditions as mentioned in Egs.
(11) and (12) respectively [6] where, a; = (ro — 1)V [

b] = m C c1 = 39(1 - BPS)al — O, B d] =
A(1 — Big)otBS?, e = 30(1— 265)(n 7o) + 025, f =
b1 —(1 BPS)QPSS g1 = 2(9)2038(981—Ala%)—Ala%fSS,

hi = 3Qa1, X11 = 4hiCq2, Y11 = hi(2F3 + 3Cq2),
Z11 = h1(2]:3 + qu) + O'S.B(C(ql — QQ) — 2.73) Here the

symbols D and Sl, mentioned in A; and B, are calculated
using Py = Py, Py = P;. Kjs and K7 are rounded off to
the nearest integer in order to obtain a tractable solution.

1) Analysis on RE without PUEA: In PUEA absence, SU;
forwards the reflected signal from PU to RIS as given below

Y;;/ui (n) = ©hpr hr; su; Xpr(n) + Vsu,; (1) (15)

In absence of PUEA, all mathematical expressions, for finding
the solutions to the optimization problems in Eqgs. (5) and (14)
are similar; however, the expressions of rg, .S and S are mod-

Ao g2, S—{P(Hl) e Py 62 }
S’:{Pdp(m)(dpfprd;szvsup to )—I—Pﬂ)(’Ho)Jn}.

ified as rg=

IV. NUMERICAL RESULTS

Simulation results are obtained by taking average over
10000 independent iterations. The parameters involved in sim-
ulation are mentioned as [6]: Py = 0.95, Py = 0., Ty = 10
ms, fs = 150 KHz, P(Ho) = 0.7, P(H1) = 03 P, =
4 mW, Ps=1mW, P,, =25 mW, U% = og =0.00 mW,
dpr = 1.58 M, dpr = 1.2 m, dpgyy = 1.6m, dpprsy = 1.4m,
dsuc = 1.4 m, Apr = Opsy = QUmrsy = Omy = OQgye = 4,
a = 1500, b = 0.0022, A = 24 mW, [6], [10].

In Fig. 2 (a), the impact of the total number of SUs (/') on
RIS based EFS and ETS along with the comparative study
over [6] is reported in presence of PUEA. The nature of the
graph and the explanation for concavity is similar as mentioned
in [6]. Here also, as reported in [6], we can see that ET?
[with PUEA] > E,eé [with PUEA] i.e. performance of TS
based RIS-EH is found superior to that of PS mode w.r.t
RE. However, the values of EX5 and EFS in presence of
PUEA using RIS antenna are significantly larger compared
to that of [6]. EZ;*Z [with PUEA] attains a maximum value
of 2.862 mJ (almost more than 10 times compared to [6]) at
{K}s = 17, B = 0.6523, ofs = 1.3915, 755 = 0.3719 ms},
whereas Ef;f [with PUEA] is 2.786 mJ at {K{fg = 18, 0} =
3.4553, 7 = 0.1684 ms}. Simulation and analytical results
match well and values found of opg, 07 > 1. At K = 12,
about 45% and 38.97% gain for both PS and TS mode,
respectively are observed in the proposed RIS based E,.s as
compared to the same reported in [6].

A comparative analysis on total RE for both PS and TS

LS = BR® = (BE® + BER) = (K@fims — (1 - B)KoSms + KPorvs) ) = (O — (1 -

BlS = B - BE® - B3, - BEE, = (KOBi(rs —715) — (KoSris + K Pu(7rs + (s = 715)D))

BeS+P))Kms  (®)
= K(Ai — (Bi+0S)r1s) )
K (A

— (B + 0S)7rs) + 1 CT° + p2Cy°>  (10)

(1 - Bis) (28 — %))

f
£ = (m —((1-B)eS +C))KTPS + G + p2Cay,, L7 =
L=
b
Vit + Y3 —4XuZn . 2bici +dy * 2a1(§1 B
Bes = 25X 10 = T % s Kos =
11 (1 — Bps)Ser

. =91+ /97 +8(Q)*02BS A Bia fs

392(935)3(1 - 655)20'26

Thg = [(1 — Brs) Kpsops2 + 033]2
’ (1 — Bps) Kpsopsar
an

o1s = 2(Q)402BS , K15 =

ois (2055 + B1) — AT )

20°02B(gfsS + Ba) . [W]Q

— (12)
s = Kisoism



TABLE I: Comparative analysis on total RE (F,.s) using RIS for PS and TS modes over [6]

EH PUEA Optimal Parameter Set P(H) Total Harvested | Total Energy Total RE Total RE
mode | power mW) | K* [ o | | 75/ i (ms) ! Energy (mJ) Consm. (mJ) | Proposed (mJ) | in [6] (m])
PS no PUEA 8 1.152 | 0.6526 Tps=0.6521 0.25 2.3456 0.8963 1.4493 0.0925
TS no PUEA 10 | 3.5852 - Trg=0.1752 0.25 2.2568 0.9664 1.2904 0.0639
PS P,=25mW 9 2.7591 | 0.6213 Tps=0.6842 0.25 2.4458 1.1254 1.3204 0.0756
TS Po=25mW | 9 | 48521 - Trs=0.1954 0.25 2.3954 1.1452 1.2502 0.0435
PS no PUEA 8 1.0598 | 0.6851 Tps=0.6194 0.35 3.0492 1.1651 1.8841 0.1341
PS
TS no PUEA 10 | 3.2983 - T15=0.1664 0.35 2.9338 1.2563 1.6775 0.9265
PS Po=25mW | 9 | 25374 | 0.6652 Tps=0.6495 0.35 3.1795 1.4631 1.7164 0.1096
TS Pp=25mW 9 4.4589 - Ts=0.1797 0.35 3.1142 1.4887 1.6253 0.0631
Jx10? ] ] aple . . e . 3pde? T
GaininE \M‘ i OpforTs . E >E. -El—Effs [with PUEAT (P )—035]
o 297 res = /7, duetoRIS over[6] - . 0, for PS mode PUEA) E 1 P(H))=035  |-#-E [with PUEA] [P(H,) =0.35]
2 A 2 25 (without PUEA) | | > = ~ f —{)-E"® [with PUEA] [P(H,) =0.25]||
= 2sf i 2 RIS based EH P £ ™ '
g T 4 L ) -O-E™ [with PUEA] [P(H,) =0.25]
% 27 o g - [without PUEA] ' & 2
g 26 f ~ o--=fF 0L g 2t +Ef§s [without PUEA] ::: EPS 5 TS
= & 2 o-- - o ~e : -0 -EXS [with PUEA] = . N Tes  res
E 25F ‘3’ Q’ = o | -0-E® [with PUEA] :E 1'3; ‘ P(H)) =035 1
3 % EPS [with PUEA] g 1sh § &0 - X
é 24F ,d ; -E-[Proposed . Eﬂ C;n \ T s \°~ (,:ossover Point
22l Vs I g EXS [vith PUEA] E g — T~
res ~ -
E (. [Pl:npm;ed work] E ot ; AE, increases ~e - . ‘Os L
§ 226 EBSEPS _ES [with PUEAI[6]H 2 F 05 ~e T 3
(P(H_) = 0.4) [Normal scale*1.52] 2 = B o
& ! _O_ET:i [with PUEA][6] ] ~ '0"’"/ RIS, Effs E . Iﬁ;‘.’,f.s over Erea >E P(H )=025 \ e~
2l : - [Normal scale* .48 S s s 0% oa os oS s 6 e 7 s s 85 9
5 10 Total Nu::her SUs (21(0) 25 Probability of PUs presence (P(H ) Transmit power of PUEA (P ) mW
Fig. 2: Total average residual energy (Eesidue) versus a) K; b) P(Hi); ¢) Py, (mW)

mode of EH for the proposed RIS based approach and the same
reported in [6] at P(H1) = 0.25 and P(H1) = 0.4, in absence
and presence of PUEA, are mentioned in Table I. It is clearly
observed that though energy consumption (to meet target SS
reliabilities), is increased using RIS antenna compared to [6],
the total harvested energy is significantly more which in turn
gives an overall benefit in total RE over [6]. For RIS based
PS mode of EH, in absence of PUEA at P(H;) = 0.25 and
P(H1) = 0.35, total RE are ~15.67 and ~14.05 times more
compared to [6]. On the contrary, considering TS mode in
presence of PUEA (P,, = 2.5mW), at P(H;) = 0.25 and
P(H1) = 0.35, total RE are ~28.74 and ~25.76 times more
compared to [6].

Fig. 2 (b) illustrates the operating region of both PS and TS
modes by clearly depicting the crossing points considering
the cases of absence and presence of PUEA as in [6]. ‘A’ and
‘B’ are the crossing points observed at P(H1) = 0.42 and
P(H1) = 0.44, respectively considering the cases of absence
and presence of the PUEA. The main aim of these results is
to claim the benefit of using RIS over [6]. A gain ~11.31%
in ELS over ELS at P(H1) = 0.3 in absence of PUEA,
whereas ~10.85% in EL5 over EXS in presence of PUEA at
P(H1) = 0.4 are found using RIS. Hence it can be concluded
that the favorable operating region using RIS antenna for PS
mode without and with PUEA are found to be P(#;) =0.15 to
0.42 and 0.15 to 0.44, respectively. On the contrary favorable
operating region for TS mode without and with PUEA are
found to be P(H;) =0.42 to 0.5 and 0.44 to 0.5, respectively.

Fig. 2 (c) shows the impact of PUEA transmit power (P,,)

on E,., for PS and TS mode. Here also a crossing point is
observed at P,, = 7.65 mW and after that it is seen that E1J
> EZ;*Z When the value of P, is increased, both 7ps and 7rg
values also increase. With the increment in the value of 7pg,
RIS facilitates in EH process (as shown in Fig. 1 (b)), however,
for the same increment in 7rg, the possibility of harvesting
reduces (as shown in Fig. 1 (c)). For P(H;) = 0.25, ELS
> ET5 a gradual increment in the gap is observed with the

increase in P, value.

A. Impact on RE value with change in the placement of RIS
antenna near/far to PU in absence of PUEA

Adpr

[
[©0.0) | 2,0) (4 o) W
PU RIS T1a B SU\V
A A Mid-point J

Fig. 3: Impact on E,.; with change in placement of RIS
antenna near/far w.rt. PU in absence of PUEA

The impact on E,.., value for PS and TS mode in absence
of PUEA with the change in RIS antenna near/far to PU is
discussed here. It is assumed initially that the RIS antenna is
placed in the middle of PU and SU transmitter (‘B’ point) as
shown in Fig. 3. The total distance between PU and SU i.e.
D, is fixed to 4 meters such that D, = dp, + dys, = 4mit.
It is assumed that PU, RIS and SU; are placed at coordinates
(0,0), (2,0) and (4,0), respectively. Since all SUs are assumed



to be collocated and dp,, = dpr, dr; su; = Arsus dous,e = dsue
[6], [10], the location of all the SUs are considered to be
fixed at point ‘C’ i.e approx (4,0). Let us now assume that
the RIS antenna is placed to a new position A’. Here d,,, < 2
implies RIS antenna is placed near to PU and far from SU
transmitter. Simulation for Fig. 4 is done for P, = 5mW and
P, = 10mW and by setting P(Ho) = 0.75, P(H1) = 0.25,
Qpr = 3.5, gy = gy = 4 while other remaining parameters
are kept same as mentioned earlier.
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Fig. 4: E,.s without PUEA using RIS versus d,

It is observed in Fig. 4 that with the increase in dj, value
from 0.5 meters to 3.5 meters, F,.., value increases for both PS
and TS mode. Another interesting fact in the observation from
Fig. 4 is that the maximum value of EX? is not exactly at the
middle i.e. d,,, = 2 meters, rather the same for P, = 3.5mW,
P, = 4mW and P, = 4.5mW are found to be 2.714 mJ,
271 mJ and 2.7 mJ at dp, = 1.75 meters, dp, = 2.03 meters
and d,,, = 2.25 meters, respectively. Crossing points A, B and
C are observed at x, = 1.82 meters, d,, = 1.95 meters and
dpr = 2.1 meters, respectively. This implies that EPS value is
more (EH is more) for low transmit power i.e. P, = 3.5mW
compared to higher transmit power i.e. P, = 4.5mW when
RIS antenna is placed near to PU transmitter. Furthermore
it also implies that if RIS antenna is placed away from PU
ie. dy. > 2.5 meters, EI'S value is more for P, = 4.5mW
compared to the case for P, = 4mW and P, = 3.5mW.
When d,, value is increased beyond 1.5 meters, the values
of B and p both reduce. This is turn reduces the harvested
energy (less value in /) and increases the energy consumption
for lower P, i.e. 3.5 mW relative to higher value of the same
i.e for 45 mW (about 34.83% less at d,. = 3 meters). It
is observed that the maximum values of EZL5 are found to
be 0.7405 mJ, 1.434 mJ and 2.08 mJ at dp, = 2.25 meters
and are 72.71%, 47.08%, 22.96% less compared to ELS for

P, = 3.5mW, P, = 4mW and P, = 4.5mW, respectively
for P(H1) = 0.25.

V. CONCLUSION AND FUTURE WORKS

This paper aims to enhance the network lifetime of the
cognitive users by proposing a switch mode RIS-EH operation

in CSS in presence of multiple PUs. The optimal solutions
for amplifying gain, total number of SUs, time duration for
sensing of PS and TS mode and PS ratio (for PS mode) are
derived to maximize the total RE while maintaining a target
detection and false alarm probability alongwith individual
energy causality constraints. At K = 12, the present work
using RIS-EH achieved a gain in E,.; of about 45% and
38.97% for PS and TS mode compared to [6]. It is observed

that the value of ELS is more for P, = 3.5mW compared

to P, = 4.5mW when RIS antenna is placed near to PU

transmitter. The maximum value of E’S in absence of PUEA

for P, = 3.5mW, P, = 4mW and P, = 4.5mW are found
to be 2.714 mJ, 2.71 mJ and 2.7 mJ at d,, = 1.75 meters,
dpr = 2.03 meters and d,, = 2.25 meters, respectively. It is

also observed that the maximum values of EXS are found to

be 0.7405 mJ, 1.434 mJ and 2.08 mJ at dp,, = 2.25 meters
and are 72.71%, 47.08%, 22.96% less compared to EPS for

Tes

P, = 3.5mW, P, = 4mW and P, = 4.5mW, respectively
for P(H1) = 0.25.
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