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Abstract

Reconfigurable intelligent surfaces (RISs) have been viewed as a vital physical-
layer transmission technology for next-generation wireless systems. While the
current state-of-art wireless standard is the fifth generation (5G), the RISs have
emerged as a novel option to satisfy the rising demands for higher data rates,
improved network coverage, increased reliability, and energy efficiency in wire-
less communications for sixth-generation (6G) and beyond. The need for greener
communication technologies for wireless networks has laid the groundwork for
many innovative wireless power transfer methods. Because radio-frequency (RF)
signals can convey both information and energy simultaneously, there has been
much research interest in designing novel technologies for simultaneous wireless
information and power transmission (SWIPT) and energy harvesting (EH).

First, an RIS-assisted relay system model is proposed to improve the wireless
system performance. By characterizing the optimal signal-to-noise ratio (SNR)
attained through intelligent phase-shift controlling, the performance of the RIS-
assisted relay system is investigated. Then, the performance of simultaneous wi-
reless information and power transfer (SWIPT) is explored for the proposed RIS-
assisted relay system. Also, the performance of linear EH models and non-linear
EH models are compared via analytical and Monte-Carlo simulation results.
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Introduction
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Motivation

B Spectral and energy efficiencies are two fundamental aspects of wireless
communication system designs.

B Reconfigurable intelligent surfaces (RISs) have been identified as a key
enabler for massive connectivity in the next-generation wireless systems
standards.

® Controllable environment: Allows to control phase-shifts of incident EM
waves via passive reflective elements

® Enhancing energy efficiency: Enables recycling of EM waves without
generating additional signals via radio-frequency (RF) chains/amplifiers

® High achievable rates: Enables to have constructive addition of EM waves
at a desired destination

B Relaying can effectively reduce the end-to-end path-loss in terms of
shorter-hop distances and amplify-and-forward (AF) or decode-and-forward
(DF) operations at intermediate relays.
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Motivation

¢ Radio-frequency (RF) signals can concurrently convey both information
and energy.

® wireless nodes in the emerging Internet-of-Things (loTs) many be able to
perform data transmission, while supporting energy harvesting (EH)
capabilities through the novel concept of simultaneous wireless
information and power transfer (SWIPT)

® SWIPT technology relieve the energy consumption burden at the
energy-constraint wireless devices.

® Prolonges the battery life of low-powered wireless nodes, which will be
beneficial in powering billions of devices in the upcoming loT era.
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Reconfigurable intelligent surface (RIS)

¢ An Reconfigurable intelligent surface (RIS) having a large number of
tiny passive reflectors can enable a controllable wireless propagation
environment by introducing distinct delays to the reflected electromagnetic
(EM) waves.

® These delays in turn result in controllable phase-shifts, which can be used
to intelligently reconfigure propagation properties of EM waves through
the wireless medium.

® This feature of RISs can be utilized to improve the signal-to-noise ratio
(SNR) of an end-to-end communication between a transmitter and a
receiver by enabling constructive additions of EM waves at a desired
destination.
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RIS in a single-hop communication scenario
RIS-aided single hop set-up

® System model:
o A single-antenna source (5)
o A single-antenna destination
(D)
o An RIS having N reflectors
® Channel model:
© At the channel between S and Figure: System and channel models for an
the RIS RIS-aided Communication system.
© gm: the channel between the e (3, denotes the envelop of u, and 6,
mth RIS and D .
is the phase of w.
® The polar-form of these channels * 3, is assumed to be independent
Rayleigh distributed as

o (@) = (2/&) exp (=2°/ (264)) ,

where &, = (, /2 is the Rayleigh
parameter, and (,, accounts for the

large-scale fading/path-loss of the
channel u.

Destination (D)
Source (S)

V.

0.
u = B,e"",

where u € {hy, gm } and m € M.
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Signal Model

e If x is the signal transmitted by S, then the baseband signal received at D
can be expressed as,

M
Yo VP gmnmem b + np
m=1

= =VPg'eh+np,

where np is the additive white Gaussian noise (AWGN) at the destination
such that np ~ CN(0,0%). Moreover, P, is the transmit power at S, and
Nm and 0, = are the reflection coefficient and phase-shifts introduced by
the myy, reflecting element of RIS, respectively.

h=[hy, -+ ,hm, -+ ,har]T is the channel vector between S and RIS, and
g=lg, - yGmy cau)T is'the channel vector between RIS and D.
© = diag ((me?m, -+, pmel%m - mprel¥nr)) is a diagonal matrix

that captures the reflection properties of M reflecting elements of RIS.



Performance analysis of RIS-Assisted Relay Systems

Signal to noise ratio (SNR)

® The signal-to-noise ratio (SNR) at the destination can be written as

Py Yoo g€ hy [
L .
D

® Since the RIS provides an adjustable phase shift, we can co-phase the
signals reflected by RIS setting 0,, = 05, + 6,, to maximize the SNR.
Upon optimizing the phase-shift matrix at the RIS, the optimal SNR is
given by

M 2
=7 (Z 5hm77mﬂgm> 5

m=1

where ¥ = P, /02, is the average transmit SNR.
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Energy harvesting protocol for single-hop networks

RIS-aided single hop set-up

® In TS, the receiver structure

changes between energy harvesting _ ate (1—a)7e _
and information decoding modes > oD
on a regular basis. I:snergy Information

o o€ {07 1} is the TS factor at Tc = Coherence interval

. . a) Time switching (TS) protocol
the receivers for periodically (2) Time switching (TS) protoco

switching between two separate

S-D Energy ¢ P
modes. S-D Information ¢ 1—-9
® In PS, the receiver power is split = Coherence terval >
into two portions by PS factor. (b) Power splitting (PS) protocol
o ¢ € {0,1} is the power
switching factor. < aTe (= )7
° H H H H D S-D Energy P
Hybrid Protocol is the combination Encrey D T %1 C
of TS and PS protocol.
. Tc = Coherence interval
o At a = 0, Hybrid protocol — (c) Hybrid protocol
TS protocol.

Figure: Single-hop energy harvesting

o At ¥ = 0, Hybrid protocol — protocol.

PS protocol.
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Motivation and contribution

The fundamental performance metrics of the RIS-relay cascaded
communication systems have not yet been investigated in the open
literature.

Our objective is to develop an analytical framework of an RIS-assisted
relay system by deriving the performance bounds pertaining to the
proposed RIS-relay cascaded system.

First, the end-to-end optimal SNR is probabilistically characterized by
tightly approximating it by a mathematically tractable counterpart by
invoking the central limit theorem (CLT).

Thereby, a tight upper bound for the cumulative distribution function
(CDF) of this approximated optimal SNR is derived.

By using this CDF, tight bounds/approximations for the average
achievable rate, SNR/rate outage probability, and average SER are derived
in closed-form.

Then, the tightness of our performance bounds/approximations is
validated through Monte-Carlo simulations.

Finally, a set of insightful numerical results is presented to explore the
performance gains of the proposed RIS-assisted relay system.

13
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System and channel model

® System model:
o A single-antenna source (S) RIS-aided cell-free set-up
o A single-antenna destination
(D)
o A single-antenna relay (R)
o An RIS having N reflectors

nP

® Channel model:

o hl: the channel between S and F Source (S)

Relay (R) Destination (D)

the nth reflector of the RIS
o hZ: the channel between the
nth reflector and R

® 73, denotes the envelop of u, and 0,
is the phase of .

o hP: the channel between R and ® 73, is assumed to be independent
D Rayleigh distributed as
® The polar-form of these channels fs. (@) = (x/€u) exp (—22/ (2&4))
u = Byelf, where &, = (,,/2 is the Rayleigh
R oD parameter, and (, accounts for the
where u € {h;,, by, h”} and large-scale fading/path-loss of the

necN. channel w.

14
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Signal model

® The signal transmitted by S reaches D through the RIS-R cascaded
channel.

® The signal received at R during the first time-slot as

yr = VP(HL"TOW z + wg,

o

: the transmit signal from S satisfying E[|z|*] =1
P: the transmit power at S
wr ~ CN (0,0%,,):: AWGN at R

o

o

o bl =i, Bl AL eCN!
o (hT = [hf‘,»_.- SR ,_hﬁ] c (clxN.
o O = diag (n1e7917~~~ Mnelfn ,nNejeN) € CV*N: the reflective

properties of the RIS, nneje", represents the complex-valued reflection
coefficient of the nth reflector of the RIS.

® By exploiting the properties of ®, the rearranged received signal at R

YR = \/ﬁzneN hEn,el%hlz + wp.

15
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Signal model continued

During the second time-slot, R first amplifies its received signal and then
forwards it towards D.
the signal received at D can be written as

Yyp = GhDyR +wp = VPGHP Z N hﬁnneje"hfbx + GthR + wp,

where wp ~ CN (0,02 ) is an AWGN at D.
G denotes the relay amplification factor, which is designed to constraint
the instantaneous transmit power (Pg) at R

G= PR/ <P ‘ZnEN N Bnr Bz €7%n

where ¢, = 0, + Opr + O .
the received SNR at D as
_ PIGHP S, e Ml ®h

IGhP 02, + 02,

2 2
+0is )

16



Performance analysis of RIS-Assisted Relay Systems

Signal model continued

® This SNR in terms of the channel phases

P|GBypen? 3 i Bur B e¥n

o2
|GBroet®r " 02+ 02

’ 2

v

® We maximize the received SNR at D by smartly adjusting the phase-shifts (6,,)
at each reflector to enable constructive addition of the signal terms inside the
summation.

® The optimal choice of #,, to maximize the received SNR

0; = argmax y=— (Opr +0,1), for neN.
—n<0, <m n n

® The optimal SNR at D

« 2 _ 2 _
o P(G*) B2p (Cpen mBrnbBu)” AR (Cpen mBurbur)” 408o
= 2 = 2 ’
(G*) ﬂ}%DUﬁ;R + 0120D TR (Znej\/ nnﬁhgﬂhfl) + ’YDﬂ;le +1

2
WR

where yp=Pg/o2  and yp=P/o2, .

17
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Preliminary analysis

® The optimal received SNR is probabilistically characterized by deriving a
tight approximate to its CDF.

® First, we define Z ="\ 1 BpeBhr -

® By using the fact that the envelops (,r and 3),: are independent Rayleigh
distributed random variables, Z is closely approximated by an one-sided
Gaussian distributed random variable (Z) by invoking the CLT

Y 2
fZ(y)sz(y): \/;fTT%exp ( (yQUgZ) ), for y>0.

o ¥ £1/Q(—pz/oz): normalization factor, [ fy (z)dx =1

1/2
° pz = Zne/\/ T (Ehﬁghi) /2
o oy = ZnEN Wiéh;?&hg (16 - 7"2) /4
® We define v to be

2
YR =TRZ? =R (Z%N nnﬁhﬁﬁh{l) :

18
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Preliminary analysis continued

® A tight approximation for the PDF of g
_ _ 2
Jyn(x) 2 exp ( Ve 2,UR) ) , for . >0,

2\/mo%x 20p

where ir = \/Arpz and 0% = Jros.
® An approximated CDF for yg

Fop(z)~1—vQ((vz— pr)/or) , for z > 0.
® Next, we define vp to be vp = "yDﬂ}QLD. The CDF of vp
F,,(z) =1—exp(—z/0}), for z > 0,

where 0% = Yp(pp.
® Since the exact derivation of the CDF of v* appears to be mathematically
involved, we resort to an asymptotically exact upper bound

2
7" ~ " =min (yg,7p) = min (71%: (ZneN Unﬁhgﬁhg) 7'YD/8}2LD> -
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Preliminary analysis continued

® By noticing that #* = min (yg,vyp), the approximated CDF of * (or the

exact CDF of 4*)

Fr(y) = Fy(y)=1-(1-F,)[1-F,(y)
1—-9Q((vy — pr)/or)exp (—y/oD) -

F(y)

Simulation
— Analysis

2 3 4
Figure: The CDF of SNR (y*) for
N € {64,128,256,512} and 7 = 10 dB.

Figure illustrates that our analytical
CDF approximation is accurate for
medium-to-large numbers of reflective
elements (V) at the RIS. A relatively
larger N is practically feasible and cost
effective for RISs, and hence, our
probabilistic characterization of the
optimal SNR is useful in deriving
performance bounds for the cascaded
RIS-relay channels.
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Average Achievable Rate

® The average achievable rate of the proposed system

1
R=E |:210g2 1+ ’y*)] ,

where the pre-log factor of 1/2 is due to the fact that half-duplex relay
mode requires two time-slots for end-to-end data transmission for the
proposed system model.

® The exact derivation of R seems mathematically intractable, and hence, a
tight upper bound by invoking the Jensen's inequality

1 ~
R < Rup = logy (1 +E[y"]) ~ Slogy (1 +E[77]).

[N

® The closed-form expressions of R

1
Rup = §log2 (1 + 21/}0123Q (—,uR/aR)) .

21
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The SNR/rate outage probability

® For the proposed system, the probability that the instantaneous SNR (%)
falls below a threshold SNR (~,,) is referred as the SNR outage
probability.

® An approximation to this SNR outage probability

Pout = Pr(v" < i) = Fy- (y1n)-
® The rate outage probability can also be readily obtained as

Pout = Pr(R'<Ryn) =Pr(y* <27 —1)
P (22 1),

where R’ = 1log, (1 +7*) is the achievable rate, and Ry, denotes a
threshold rate.

22
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The average symbol error rate (SER)

® The average SER of the proposed systems is defined as the expectation of
conditional error probability (F,),-) over the probability distribution of ~v*.

® P~ is given for a broad range of coherent modulation schemes by
P.|« = wQ (v/J7*), where the modulation scheme determines the values
of fixed parameters w and 9.

® Thus, the average SER: P, = E[wQ (\/W)]

® A tight approximation for P, can be given as

_ 9 [ AN
P~ wVD 2 2exp <x) Fi (z)da,
2 2v2r Jo 2

where F5.(z) = 1 — Fs-(x) is the CCDF of ~*.
® The closed-form solution to P,

_ by —rh 1——1
Po ~ 5200 (~ur/on)+ = (i)
™

i+1 )
1€C% IR 2 2apoy )’

23



Performance analysis of RIS-Assisted Relay Systems

Effects of Phase Quantization

® In practice, an RIS reflecting element only uses a set of discrete
phase-shifts due to the associated hardware limitations.
® We investigate the impact of phase-shift quantization assuming that a
limited number of discrete phase-shift is available for selection at the nth
RIS element as 07 = 7G/20~1,
o b is the number of quantization bits
o 4= argmin 67 — mq/2°7
q€{0,£1,-- ,£20-1}
o 6% is the optimal phase-shift

® The difference between unquantized and quantized phase-shift is defined
as the phase quantization error: ¢, = 0 — 0.

® When the number of quantization levels increases, €, converges to a
uniform distribution as €, ~ U[—7 /2%, 7/2%).

® The optimal SNR with discrete phase-shift

_ e \2

4 = VRVD/B;ZLD (ZnEN MnBnr Bp1 € "’)
=- o '
Y (X nen MBrrBrrein)” +Apfis +1

24
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Simulation: Qutage probability

([N >
1 . = :
0 o <~ Without IRS
\x\
« N=61 &
By g e
E 10 1L
2 N = 25
)
<
o
—~
A N =512 5
[}
g 2
s 107}
o -¢-Simulation - Exact
— Analysis - Upper bound
103; ]
-10 0 10 20 30

Average Transmit SNR [ dB]

Figure: The outage probability for N € {64, 128,256,512} and the threshold SNR is
Yth = 0 dB .
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Simulation: Average achievable rate

7F /
——Simulation - Exact
- - -Analysis - Upper bound

(o2}

(62}

w

N

N
o)
~
2]
~
wn
=1
2,
5}
3
<
~
=4
<
=
&
=]
[}
<4
)
o0
<
—
[
>
<4

[

0¢
-10 0 10 20 30

Average Transmit SNR [y dB]
Figure: The average achievable rate for N € {64,128,256,512}.
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Simulation: Average BER

10°
107}
fat
A
© N=12
)
<
g
-2
1
<10 N =25
~¢-Simulation - Exact
—— Analysis - Approximation
N =512
103} ,
-10 0 10 20 30

Average Transmit SNR [y dB]
Figure: The average BER of BPSK for N € {64,128,256,512}, w =1, and ¢ = 2.
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Simulation: Phase-shift quantization

100 L

90

80

70+

60

-30 -20 -10 0 10 20 30

Average Transmit SNR [y dB]
Figure: The effect of phase shift quantization on the average achievable rate for
N € {64,128,256,512}.

Percentage of Achievable Rate Ratio [RP*" %]
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Energy Harvesting in RIS-Assisted
Relay Networks
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Motivation and Contribution

® Energy harvesting aspects and Simultaneous Wireless Information and
Power Transfer (SWIPT) for RIS-relay cascaded communication systems
have not been studied in the previous studies

® We aim to present an analytical approach to characterize the performance
bounds of SWIPT technology for the RIS-relay cascaded systems adopting
hybrid protocol.

® First, the optimal SNR expression is derived by optimizing the phase-shifts
at the reflecting coefficients of the RIS.

® Then, we perform statistical characterization of the end-to-end SNR and
derive tight bounds in closed-form for the average achievable rate and
harvested energy for the hybrid SWIPT protocol.

® Moreover, we derive the achievable rate-energy trade-off, which is
fundamental for SWIPT-enabled systems.

® Finally, the performance degradation of the proposed system model due to
practical impairments is investigated by capturing the discrete phase-shift
adjustments at the RIS.

30
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System and channel model

® System model:
o A single-antenna source (5)
o A single-antenna destination
(D) equipped with SWIPT
receiver
o A single-antenna relay (R)
o An RIS having N reflectors

® Channel model:

o hl: the channel between S and
the nth reflector of the RIS

o hE: the channel between the
nth reflector and R

o hP: the channel between R and
D

RIS-aided cell-free set-up

SWIPT Receiver

IF Decode

Energy Harvgst

(|
Relay (R)Destination (D)

Figure: System model-RIS-assisted relay
network with SWIPT at the receiver.

aTe/2 (1 —a)re/2
R-D R-D Energy i v
Energy R-D Information i 1-— 0

T¢ /2 fraction of block time

Figure: Time frame for 7./2 fraction of
coherence interval.
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Signal model

® The half-duplex relay mode requires 7./2 fraction of channel coherence
time to receive the signal for the proposed system model.

® The signal received at R during this fraction of channel coherence time
can be expressed as

yr = VP(LH)TOW! z 4 wg,

o

: the transmit signal from S satisfying E[|z|*] =1
P: the transmit power at S
wr ~ CN (0,0%,,):: AWGN at R

o

[}

o bl =i, hL - AL)T eCN?
o (h®T = [nf, JRE ,_hﬁ] c (ClxN.
o © = diag (n1e7917~~~ Mnelfn ,nNeJON) € CV*N: the reflective

properties of the RIS, nneje", represents the complex-valued reflection
coefficient of the nth reflector of the RIS.

® By exploiting the properties of ®, the rearranged received signal at R

YR = \/IBZ%N hEn,e?? bl x4+ wp.
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Signal model continued

® During the next 7./2 fraction of block time, R first amplifies its received
signal and then forwards it towards D.

® the signal received at D can be written as
yp = GhDyR +wp = VvV PGHP Z o hfnneﬂ"hix + GhPwr + wp,

where wp ~ CN (0,02 ) is an AWGN at D.

® (G denotes the relay amplification factor, which is designed to constraint
the instantaneous transmit power (Pr) at R. If we use fixed gain relaying
using only statistical channel information, then G can be expressed as

) 2
o = [ C[Smbenerf] i)

where ¢,, = 0, + 0,r + 051 Here G is constant average relay gain.

33
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Energy Harvesting for linear model

e After S-R transmission during 7./2 fraction of coherence time following
the relay amplification process, the next a./2 fraction of the coherence
time is utilized only for energy harvesting from the received signal.

® In the remaining (1 — «)7./2 fraction of coherence time, a ¥ portion of
the power from the received signal is used for energy harvesting. Thus, for
the linear model, the harvested energy can be expressed as

2

Ern = AP‘G»BhDethDZ ENBhﬁnnej(%Bh{L are/2

2

+ATP )GﬁhDejehD Z N BhRnnej(ﬁnﬁhI (1-a)r/2,
n " n

where A is the RF to direct current conversion efficiency.

® We maximize the harvested energy at D using by smartly adjusting the
phase-shifts (0,,) at each reflector to allow constructive addition of the
signal terms inside the summation term of above equation.
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Energy Harvesting for linear model

® The optimal choice of 6,, to maximize the harvested energy at D is given
by

0 = argmax v = — (Or +01), for neN.
—n<6,<m " "

® Thus, the optimal relay gain is given by

G* = \|Pr / (EUZ%N%BM% Q]Pw%m)
= \/Pr/ EVIP+02,),

where, V. =37 -1 fBrrfpr, and E[V?] is derived as

E[V?] = (1-x%/16) Y _ 67 +7°/16 (Z 5n>

neN neN
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Effects of Phase Quantization

® In order to maximize the harvested energy, we assume that each RIS
element provides a continuous phase-shift.

® However in practice, an RIS element only uses a set of discrete
phase-shifts due to the hardware limitations associated with it.
® Thus, we investigate the impact of phase-shift quantization assuming that
a limited number of discrete phase-shift is available for selection at the
nth RIS element as 0 = /2"
o b is the number of quantization bits
o 4= argmin 67 — mq/2°7
qe{0,£1,--- ,£2b-1}
o % is the optimal phase-shift
® The difference between unquantized and quantized phase-shift is defined
as the phase quantization error: ¢, = 6 — é;;.
® When the number of quantization levels increases, €, converges to a
uniform distribution as €, ~ U[—7/2° 7/2°).
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Harvested Energy with discrete quantization

® Thus, the optimal relay gain with discrete phase-shift can be given as

N 2
G* PR/ (E[)ZneNnnﬁthh,ge“" ]P+U?UR)

= \/Pa/ (EWZ +EW) P +02,),

where Wg =37\ BnrBri cosen, and Wr =37 - nBrr By siney,.

® Thus, the optimal harvested energy with discrete phase-shift can be given
as

. . . 2
E%\Z AP ‘GﬁhDejehD Zne./\/ ﬁhﬁnne](bnﬁhieﬁn aTc/2

+AVP ‘GﬁhnejahD Z o Brrnne’® By el
n b S

2(1 —a)71./2

Te Ak
o+ (1= ) WIAZ PG |0 W + W,

37



Performance analysis of RIS-Assisted Relay Systems

Average Harvested Energy

® The average optimal harvested energy using the linear model via
mathematical and probabilistic derivation would be

Efy = E[B]

[a+(1- a)\Il]A%P(CJ*)QChD
(") ne e (3) |

where 07 = (W%Ch;4h5)2-

X
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Harvested Energy via non-linear model

® The harvested energy via non-linear model can be expressed as

K 1 +
H(PD): |:1w(1+ea(PDb)—o.)):| )

o [Y]" = max(0,Y)
o w=1/(1+e")
Here Pp is the incident power.

® The non-linear effects of energy harvesting circuits are captured by
parameters a, b, and K.

® For practical energy harvesters, these parameters have values:
a=47.083 x 1073, b =2.9uW K = 9.079uW.

® We can quantify the total harvested energy for our system as

Enp = aTcH(PD) + (1 — OA)TH(\IJPD).
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Received Power via non-linear model

® The power received by the destination antenna in can be expressed as

2

Pp = P|GBo Z Bur Bt e

neN

® As the function H(Pp) is non-decreasing, optimizing Pp would maximize
the energy harvested by the non-linear model.

® Using optimizing procedure for the phase-shifts at the RISs, we obtain the
optimum Pp as
2

ngt - p G*BhD Z IBhf}Bh{Lnnejen

neN
P [IG* 8o P (W5 + W)

40



Performance analysis of RIS-Assisted Relay Systems

Optimal received Energy

® Then, we can obtain the optimal harvested energy for non-linear model by
invoking Jensen’s inequality as

B =E[BY] < TH (PF7) + (1 — )5 H (vPy'),

® where the average optimal received power can be found by taking
expectation in (1) as

P =E[PF'] = PIG'PE[|8y0 2] (E[WE] + E[W7F]).
® Mathematical manipulation gives us
2

s 2 2 2 2
opt Ar 2 72 sin“(7) 5 msin®(7)
PP = P(G*)*Chy <1 ST ) > on+ BT R > bn

neN neN
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Optimal received SNR

® During the (1 — a)7./2 fraction of the channel coherence time, a 1 — ¥
portion of the received signal at the R is transmitted through the decoder.
® The SNR of the received signal at D can be derived as

P|GBypelnr 3 T Bpi Bt €70

: 2
|GﬁhDeJGhD | aﬁ)R + 02,

| 2

y=(01-Y)

at each reflector to enable constructive addition of the signal terms inside the

® We maximize the received SNR at D by smartly adjusting the phase-shifts (6,)
summation.

P (G*)2 5213 (Zne/\/ nnﬂh,@ﬂhgf
(G*) Brood,, + 0%,
ﬁRﬁDﬁiD (Znej\/ ﬁnﬁhgﬁh,ﬁf
TR (Xnen nnﬂh,’fﬁh{lf + 067 + 1
YrRYDBio (WE + WE)
TR (WE+WE) + 0850 +1

o= (1)

— (1-v)

- (1-v)
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Preliminary analysis

® A tight approximation for the PDF of g
Y (—(xf — 1r)?
x) ~ ex
f'YR( ) 2\/@‘% p 20_2R

where ir = \/Arpz and 0% = Jros.
® An approximated CDF for yg

Fop(z)~1—vQ((vz— pr)/or) , for z > 0.
® Next, we define vp to be vp = "yDﬂ}QLD. The CDF of vp

),forxzo7

F,,(z) =1—exp(—z/0}), for z > 0,

where 0% = Yp(pp.
® Since the exact derivation of the CDF of v* appears to be mathematically
involved, we resort to an asymptotically exact upper bound

* ~ % : — 2 — 2
y* ~4* = min <7R (ZneN nnﬁhgﬂh,g) 7'YD/8hD> -
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The CDF of received SNR

® since the exact derivation of the CDF of v* appears to be mathematically
involved, we resort to an asymptotically exact upper bound as

2
7 A" = (1= ¥) x min (m (32, BBy ,vDﬁ,%D> :

® Using transformation of random variable technique, we obtain the SNR of
7" = (1= ¥)min (yr,7p) as

Fo(y)~Fy(y) — Fx (13@)
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Average Achievable Rate

® The average achievable rate can be defined as follows:

R=(152) Ellogs (1477

where the pre-log factor of (1 — «)/2 captures the effective portion of
coherence time for end-to-end data transmission for the proposed system
model.

® The exact derivation of R appears mathematically intractable, and
therefore, we again resort to a tight upper bound by using the Jensen's
inequality as

R < Rup = (1;‘“) logy (1 + E[y"]) ~ (1;a> log, (1 +E[57]).

® Then, by evaluating the expectation term, an achievable rate upper bound
is computed as

Rup = (1;“) logy (1+2(1 — ¥)¢o}Q (—pr/or)) .
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Energy-Rate Trade-offs

® A tight upper bound for the optimal energy-rate trade-off of the TS
protocol is determined for the linear energy harvesting model by allowing
¥ = (, then solving for «, and finally replacing it in rate expression as

B E7v/?
A 72 sin? (1 72 sin? (7
NG PGP (1 ZBEE) Sy 82+ 23250 (S n)”

x  log, (1 +2¢0DQ< Z’*’)) ,
R

® Similarly, a tight upper bound optimal energy-rate trade-off for the PS
protocol with a linear energy harvesting model may be achieved by setting
a =0 to find ¥ and finally inserting it into the rate expression as

TS __
Rub

ERy/ (A3 P(G)h )

72 sin? (1 N 72 sin? (1 N
(1 - Tz())zn:o5i+T2() (Zn:o5n)

RES

—HR
b= 210g2 1+21/10%Q<0R> 1—
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Energy-Rate Trade-offs for non-linear models

e Similarly, a tight upper bound optimal energy-rate trade-off for non-linear
harvesting model can also be found from similar mathematical procedures
as

opt
ELM

(RE) n1 = 1—W

)ne

1
(Rid) np = §log2 <1 + 2002, Q ( UR) (1 —In

aonpt + KTC opt
—opt aPp
Kr. - Ey,
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Continuous phase-shifts

® When b — oo, the phase-shift error (€, — 0). Therefore, we can derive the
average harvested energy for the linear model by setting 7 = 0 in (1) as

Efy = E[B]

= [a + (1 — Q)W]A%P(é*)2<hD

2
772> w2 ( )
1—— )Y a2+ — (> 6
( 16 neN 16 neN

X

e Similarly,

2 2 2
ngt _ P(é*)QChD <1 _ 71T6’> Z 52 + % (Z 5n> . (1)
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Simulation: Harvested Energy
22

o b=1- Sim (Linear)
---------- b=1- Ana (Linear)

> b=1- Sim (Non-Linear)
-%-b=1- Ana (Non-Linear)

0 b=2- Sim (Linear)
——b =2 - Ana (Linecar)

20

18

= 16 + b=2- Sim (Non-Linear)
=S 1l —b=2- Ana (Non-Linear)
% + b=4- Sim (Linear)

2 il b =4 - Ana (Linear)

% ¢ b=4- Sim (Non-Linear)
< 1ol! ---b=4- Ana (Non-Linear)
2

Z ‘ 4
z 8

<

=

0 10 20 30 40 50 60 70
Transmit power [mW]
Figure: The Harvested Energy for linear and non linear model for ¢ € {1,2,4}.
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Simulationé Average achievable rate

O N =512 - Sim D
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Figure: The average achievable rate for N € {64, 128,256,512}.
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Simulation: Phase-shift quantization

=
o
o

©
o

Percentage of achievable rate ratio [RP*" %]

-25 -15 -5 5 15 25 35
Average transmit SNR [§ dB]

51



Performance analysis of RIS-Assisted Relay Systems

Conclusions

® The performance of an RIS-assisted relay system has been investigated.
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Conclusions

® The performance of an RIS-assisted relay system has been investigated.

® The optimal SNR that is attained through intelligent phase-shift
controlling of the RIS elements has been probabilistically characterized by
deriving a tight CDF approximation.

® Thereby, tight approximations/bounds for the fundamental performance
metrics, including the average achievable rate, SNR/rate outage
probability, and average SER have been derived.

® The optimal phase-shift matrix, which maximizes the end-to-end SNR has
been derived, and thereby, maximizing the achievable rate-energy
trade-off.

® The achievable rate, harvested energy and fundamental energy-rate
trade-offs for the proposed RIS assisted relay systems for SWIPT has been
derived.

® The accuracy of our analysis has been validated through the Monte-Carlo
simulation.

® A rigorous set of numerical results has been presented to investigate the
performance of the proposed RIS-assisted relay system.

® From our numerical results, we reveal that the RIS-assisted relay systems
can enhance the end-to-end wireless communication performance.
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Thank you for your attention!

Questions ?7
alandevkota@gmail.com
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