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Abstract—In this paper, the feasibility of boosting the perfor-
mance of simultaneous wireless information and power transfer
(SWIPT) via distributed intelligent reflecting surfaces (IRSs) is
investigated. The performance bounds of a distributed IRSs-
assisted SWIPT set-up are derived by adopting practically viable
discrete phase-shifts for time-switching and power-splitting pro-
tocols with non-linear energy harvesting circuitry. The optimal
received signal power and optimal signal-to-noise ratio (SNR)
are derived by controlling the phase-shifts of passive reflectors
at each IRS. Thereby, closed-form approximations/bounds for
the achievable rate, harvested energy, and rate-energy trade-
off are derived for Nakagami-m fading. The accuracy of our
analysis is validated by presenting a rigorous set of Monte-Carlo
simulations. Our numerical results reveal that the distributed
IRSs-assisted communication set-ups can boost the performance
of SWIPT in the next-generation wireless systems.

Index Terms—Distributed IRSs, SWIPT, Performance analysis

I. INTRODUCTION

Intelligent reflecting surfaces (IRSs) are made of artificially
engineered electromagnetic (EM) meta-materials and which
consist of a large number of tiny passive reflectors [1], [2].
These reflectors can introduce distinct yet controllable delays
to their impinging EM waves, and this in turn results in
smartly adjustable phase-shifts. With the aid of IRSs, the
propagation properties of EM waves can be reconfigured to
enable a smart propagation environment. Towards this end,
IRSs can be used to boost the signal-to-noise ratio (SNR)
of a communication channel by enabling constructive EM
wave combining at a desired destination [3], [4]. When the
physical objects surrounding a receiver are coated with IRSs,
the received signal power can similarly be boosted, and this
paves a way to effectively harness the benefits of simultaneous
wireless information and power transfer (SWIPT) [5]-[7].

By exploiting the broadcast nature of EM wave propagation,
the concept of SWIPT has recently emerged [5], [6]. In
particular, SWIPT techniques can be leveraged to prolong the
battery life of low-power wireless nodes such as Internet-of-
things [5], [6]. Instead of having conventional separated infor-
mation/energy receiver architectures [5], two low-complexity
co-located receiver schemes, namely the power-splitting (PS)
and the time-switching (TS) receivers have been proposed for
enabling SWIPT in wireless systems [6].

In [1], [2], architectural and theoretical foundations of
IRS-assisted communication are discussed. References [3],
[4] study the feasibility of deploying distributed IRSs by
deriving the fundamental performance metrics over Nakagami-
m fading. In [7], a low-complexity iterative algorithm based on
the classical block coordinate descent (BCD) technique is pro-
posed for optimizing the transmit precoding at a base-station
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and the phase-shifts at the IRS to enhance the performance of
energy and information receivers in an IRS-assisted SWIPT
multiple-input multiple-output (MIMO) system. Reference [§]
proposes solutions to critical design challenges associated with
IRS, and future research directions are discussed. In [9],
a survey on IRS-assisted SWIPT is presented for tackling
the operational challenges, including passive beamforming,
channel estimation, and deployment. In [10], the secrecy sum
rate maximization of IRS-assisted SWIPT MIMO channel
is investigated by jointly optimizing the precoder matrix,
artificial noise covariance, and phase-shifts at IRSs. Thereby,
the majorization-minimization and complex circle manifold
methods are proposed based on an inexact-BCD algorithm to
improve the system performance. Reference [11] investigates
the weighted sum rate maximization of IRS-SWIPT commu-
nication by investigating the performance of a single IRS-
assisted system. In [12], the energy efficiency for a secure
IRS-assisted SWIPT system is investigated by exploiting an
alternative optimization method. Reference [13] investigates
the performance of a single IRS-assisted SWIPT system for
both quantized and continuous phase-shifts at the IRS over
Rayleigh fading.

The concept of IRS is originally envisioned for coating
geographically distributed objects within a propagation en-
vironment, and this enables smart wireless communications
through distributed IRSs. However, a common attribute of the
aforementioned/related prior research on IRS-assisted SWIPT
[7], [10]-[13] is that the corresponding system models consist
of a single IRS set-up. Although the notion of distributed IRSs
is explored in [3], [4] for the sole purpose of information
transmission, to the best of our knowledge, the fundamental
performance bounds of a distributed IRSs-assisted SWIPT
set-up have not yet been investigated in the open literature.
Towards this end, we fill this important gap in the literature by
establishing the fundamental performance metrics pertaining
to a SWIPT-enabled distributed IRSs set-up over Nakagami-
m fading. Specifically, the harvested energy (HE) with a
non-linear circuitry, achievable rate bounds, and energy-rate
trade-off are derived for TS and PS protocols by adopting
discrete phase-shift adjustments at the distributed IRSs. We
validate the accuracy of our analysis by comparing the exact
performance metrics through Monte-Carlo simulations and
our analytical counterparts. We investigate the feasibility of
deploying distributed IRSs for enhancing the performance of
SWIPT for the next-generation wireless systems by presenting
insightful numerical results.

Notation: For a random variable (RV) X, E[X] and Var[X]
denote the expectation and variance. A complex-valued circu-
larly symmetric Gaussian distributed RV X with ;1 x mean and
0% variance is denoted by X ~ CN (ux,0%). The notation
xT" represents the transpose of x and C"={0,1,--- ,n}.
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Fig. 1. System model - A distributed IRS-assisted SWIPT set-up.
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Fig. 2. A generalized transmission frame structure for TS and PS protocols.

II. SYSTEM, CHANNEL AND SIGNAL MODELS

A. System and channel model

We consider a distributed IRSs-assisted SWIPT set-up. A
single-antenna source (S) serves a single-antenna destination
(D) with information and power through the direct channel
and reflected channels of N distributed IRSs, each having
L passive reflectors (see Fig. 1). We generalize the energy
harvesting model at D by adopting both TS and PS protocols
(see Fig. 2). It is assumed that the phase-shifts of incident
EM waves at the reflectors of IRSs can be smartly adjusted to
enable a constructive combining of the received signals at D.
For the sake of notation brevity, we denote the set of IRSs as
N={1,--- N}, and the set of reflectors as £L={1,---,L}.
The direct channel between S and D is represented by h.
The channel between S and the [th reflector of the nth IRS
is represented by u,;. The channel between the I/th reflector
of the nth IRS and D is denoted by v,;. The envelopes
of these channels are modeled to be independent Nakagami-
m distributed so that a myriad of fading conditions can be
realized by varying the shape parameter (m). The polar form
of complex channel coefficients is given by

g = Byel%, (1)

where g € {h, un;, v, } and neN, I € L. Moreover, 3, denotes
the envelope and 6, is the phase of g. The probability distri-
bution function (PDF) of 3, follows Nakagami-m distribution
and is given as f5, () =2myg"? 2™~ 1T (m,)€g"* )e ™Mo /S
[14], where m, and {; = m4(, denote the shape parameter
and scaling parameter, respectively, while ¢, accounts for the
path-attenuation/large-scale fading of the channel (g) in (1).
Moreover, for the reflective channels u,,; and v,,, Mg =My
and {y = mg (= &, where ¢’ € {u,v}. Since the
reflectors are co-located, the large-scale fading parameters are
assumed to be the same for a given IRS. However, different
IRSs have distinct large-scale fading parameters.

SWIPT is performed by using TS and/or PS receiver struc-
tures. The coherence interval (7.) is allocated for S-to-D
(downlink) transmission (74). To harvest energy and receive
payload data, 74 is further divided into two orthogonal portions
depending on the TS factors (a) (see Fig. 2). The first aty
portion is allocated for S-to-D power transfer via the TS
protocol. In the remaining (1—«)74 portion, the PS protocol
is adopted, and hence, the received signal power is split into
two streams by using a power splitter having a PS ratio of

0:1—6. Then, the received signal is passed through the energy
harvester and the information decoder.

B. Non-linear energy harvesting model

It has been shown that the HE at a rectenna is a non-linear
function of its received power [15]. To capture this non-linear
operating characteristic, the HE is modeled as [15]

pw (P) = A1 —e ) /(14 e9)] " )

where Uy (P,) is the HE, which is a non-linear function
of P,., and [z]+ = max (0, z). Moreover, A, y, and w are
used to model the corresponding non-linearities of the energy
harvesting circuitry. Following [15], these parameters are set
as A=20mW, ©=6400/uW, and w=2.9 uW.

C. Signal model

The received signal at D is a combination of the transmitted
signal at S through the direct channel and reflected channels
of N distributed IRSs. The signal received at D is written as

r=+vP (h + ZneN vf@nun) T+ w, 3)

where the transmitted signal at S is denoted by x, which
satisfies Eﬂxﬂ = 1, P represents the transmit power, and
w~CN(0,02) is an additive white Gaussian noise (AWGN)
at D. Here, the channel vector between S and the nth IRS
is denoted by W, =[Un1, " ,Uni, -+, upr]t €CLXL, while
vI=[va1, - ,Unt, -+, vnr] € CY¥F represents the channel
vector between the nth IRS and D. The reflective properties
of the nth IRS is captured by a diagonal matrix, ®, =
diag gnnlejem, coe et JynLej‘g"L) e CL*L | where
Nnelfnt denotes the complex-valued reflection coefficient at
the [th reflector of the nth IRS. Moreover, 7,,; and 6,,; are the
magnitude of attenuation and phase-shift, respectively. Thus,
by exploiting the properties of ®,,, the signal received at D
in (3) is rearranged as

'GL j n
TZ\/E(BheJ ! +Zn€NZl€L77nlﬁvnz6unlej¢ I)x—i_w’ “)
where ¢y = Op + 0, + 04,

D. The received signal power

The received signal power at D is computed by using the
received signal (4) as

. X 2
Po=Plae™ +3° 3 iBunune®| )

Thereby, the received signal power at D is maximized by
allowing a constructive combining of NL signal terms in-
side the summation of (5) and the signal received through
the direct channel [16]. Toward this end, the phases of the
double summation in (5) can be smartly adjusted to have a
constructive combining of the received signals through the
direct and reflected channels. Thus, the optimal choice of 6,
to enable a constructive addition at D is given by [16]

0r,= argmax P,.=0,— (0, ,+0,.,), forn e N,l € L(6)

—m<O0 <7

The optimal received signal power at D is derived as

2
P::c =P ’Bh + ZHEN Zle[, nnlﬂvnlﬁunl . (7)



E. Effect of discrete phase-shits

In practice, adopting continuous phase-shifts at the IRSs can
be infeasible due to hardware limitations. To circumvent this,
we adopt discrete phase-shifts through phase-shift quantiza-
tion. It is assumed that the IRS controller can select discrete
phases from a limited number of quantized phases. Thus, the
selected discrete phase for the Ith reflector of the nth IRS is
given as 0%, =r /251, where B represents the number of
quantization bits, k= argmax  |0%,—7q/287!|, and 67,

qe{0,+1,.-- ,£25-1}
is the optimal phase-shift (6). Then, the error in continuous
and quantized phase-shifts is defined as €,; = 6, — é;l' Here,
€n; converges to a uniform distribution in the regime of large
quantization levels: €,; ~ U [~7,7), where 7 = 7/28 [17].
Thus, the optimal received signal power at D (7) is rewritten
with discrete phase-shifts as

B.*:P}mz S B

neNleL

2
=Pp (@h +AR’ +A21> ,(8)

where Ap = > > icr MiBoy Bu,, cos(€nr) and Ay =
ZnEN Zze/; Nt Boyy Buy S (€nt).

III. PERFORMANCE ANALYSIS
A. The harvested energy

During the ary portion of S-to-D transmission, D harvests
energy based on the TS protocol. Similarly, during the (1—a7y)
portion of S-to-D transmission, D also uses the PS protocol
to harvest energy (see Fig. 2). The total HE at D is given as
ED = aTd\I’EH (Pf)"‘(l - O[)Td\I/EH (QP:), where \I/EH()
is in (2), and P is the received power at D (8). The average
HE at D is given by

ED = aTd]E[\I/EH (P:)] + (1 - Oé)TdE[\I/EH (HP:)] . (9)

Since the exact closed-form evaluation of (9) is mathematically
intractable, we invoke Jensen’s inequality to derive a tight
upper bound in order to obtain useful insights as

Ep <EW=aryVpy(E[P])+(1—a)ma¥gm(0E[P), (10)
where E[P*] can be derived as
E[P;]=P(E[8;] +2E[B] E[Ar]+E[AR] +E[AT]), (1D
where E[ﬂﬂ is derived as (see Appendix A)
E[BE] = (6n/mn)"/ T (my, + k/2)/T (mn) £ B}, (12)

where T'(s) = [~ y*e~¥dy is the Gamma function [18, Eqn.
8.310.1]. Moreover, E[A’;] £ A’; for ¢ € {R,I} and k €
{1,2} is computed as (see Appendix B)

Ap=2 > du(1)sin(r)/7,

AR =D Do, TmPni(2) (1/2 4+ sin(27)/(47)) ,(13b)

M= > miw(2) (12 = sin(2r)/(47)) ,(130)
where ¥, (k) is given as

Eun o ) 2T (my, + k/2)T (my, + k/2)
My My F (mu) F (mv)

(13a)

(k) = ( (14)

B. Average achievable rate

The optimal SNR at D is derived from (4) by following a
similar technique to one we used in (8) as

2
Y= |Bn +Z Znnlﬁv,ﬂﬁun,eﬂfnl] =ﬁ((ﬁh +A R)2+A2,> (15)
neNleL

where 4 = (1 —0), and ¥ = P/o,, is the transmit SNR. The
average achievable rate is defined as R = QE[log, (1 + v*)],
where the pre-log factor, Q@ = (1 — a)74/7., captures the
effective potion of the coherence interval (7.) for data trans-
mission. The exact derivation of R appears mathematically
intractable, and thus, we resort to tight upper and lower bounds
by invoking Jensen’s inequality as R;p < R < Rup [19],
where R, and R, are given as

Ry =Qlogy (1+(E[1/7°])") ~ Qlog, (1+(B[1/5°]) ) (162)
Rup=Sog,(1 + E[y"]) ~ Qlog, (1 + E[7]) - (16b)
The expectation term in (16b) is derived as
E["] =74 (E[8] +2E[8] E[AR]+E[AZ] +E[AT]), (17)
where E[)] and E[A¥] for ge{R, I} and ke{1,2} are com-
puted in (12) and (13), respectively. Next, the expectation term
in (16a) is written as E[1/7*]=1/E[y*]+ Var[y*] (E[y*])*,
where E[y*] is computed in (17). Furthermore, Var[vy*]
: : *] _ 22 4 (4—F) k
is derived as Var[y*] = 423, cca () E| B, E[AF] +
. —k . «
292 Y pecs (DE[B7 ™| B[AK) B[AZ] +42B[AY] - (B1))”,
where E[AF] £ A forge {R, I} and k€ {3,4} is computed as

AR—Zne NZZE Mt Oni(3) ( - 5 ) (8

n Z Z 3 sin(27)  sin(47)
4 4 B

A= neN leﬁnnlﬂ"l (4) (8 + AT +

1
327 )’( 8b)
- 3 sin(27)

4_2 Z 4 S

AI=2 en leznnlﬂ"lw (8 Ea

sin(47)
(18

321 ) (18¢)
By substituting (12), (13), (17), and (18) into (16a) and (16b),
tight achievable rate upper/lower can be obtained.

C. Energy-rate trade-off for PS protocol

By referring to Fig. 2, we observe that data transfer and
energy harvesting occur in the same time-slot for the PS
protocol. By first solving for 6 in (10) with & = 0, and then
substituting 6 into (16a) and (16b), the lower and upper bounds
for the energy-rate trade-off for the PS protocol are obtained
as in (19) and (20), respectively, where U’ ;; (2) is defined as

pa (2) =w—1/pln (M (2(1 =)+ X)) = 1), (2D
where ¢ = 1/(1 + eH¥).

D. Energy-rate trade-off for TS protocol

In the TS protocol, the transfer of power and information
occurs in two orthogonal time-slots. The energy-rate trade-off
upper/lower bounds for the TS protocol are derived by first
solving for a in (10) with 6 = 0, and then substituting « into
(16a) and (16b). Then, the lower and upper bounds for the
energy-rate trade-off for the TS protocol are derived as shown
in (22) and (23), respectively.



Td
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(1+ 3 (1~ Wy (B ps/7a) [ELPY) (ﬁﬁ+2ﬂhf\R+5?z+A?)3>

e s i g — (19)
ZnEC“ (i) f(L4 )Arl% +2 z:nEC2 (721)6;12 )A%A% + AZ}
Rub,ps ~ Ta/Tclog, (1 +7 (1 - ‘I’/EH (E}Sb,Ps/Td) /E[P:]) (Bi% + 2Bh]\R + [\%% + ]\%)) (20)

Riv,rs =~ -
C

D = * ~ Fu - * 3 Y A 1213
(1— EYrs Uy (EIPF]) /7a) Ta log (1 L7 (1-EYpsVpy EBIP]) /1a) (B2 + 28nAr + A% + AF) )(22)
2 ~A—n)7n Y - -
Znec4 (i) 1(14 )AR +2 Zn602 (i) Bi(f )ARA% + A%

Rubrs ~ (1 = ERrs Wiy (EIP]) /7a) Ta/7logs (1474 (Bh + 2BnAr + A% + A7)

(23)
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Fig. 3. The effect of discrete phase-shift on the achievable rate for o« = 0.5,
6 =0.5,and L = 32.

IV. NUMERICAL RESULTS

In simulation, we model the large-scale fading as (;; =
(do/d;j)" x 10¥:3/10, where i € {S,n} and j € {n, D}. The
distance between nodes ¢ and j is denoted by d;;, dg =1 m rep-
resents a reference distance, »=2.8 denotes the path-loss ex-
ponent, and log-normal shadow fading is captured by 10¥:i/10
with ;; ~ (0,8) [20]. The AWGN variance o2 is modeled
as 02 = 101og[10] Ny B,, N dB, where Ny = —174dBm/Hz,
B,,=20MHz is the transmission bandwidth, and Ny =7dB is
the noise figure. In the simulation set-up, S and D are placed
at fixed locations and separated by 120m, while the IRSs
are uniformly distributed over 100 x 200 m? range. Moreover,
N =0.9 for neN, I€ L, and my, =m,=m,=3.

In Fig. 3, the effects of discrete phase-shifts and the
number of quantization bits (B) are investigated by plotting
the percentage rate ratio (R,) as a function of the average
transmit SNR (%) for different number of IRSs defined by
N={1,3,5}. We define the percentage rate ration as follows:
Rp=Rup/RE;, x100%, where Ry, is the upper bound of the
achievable rate with discrete phase-shift (16b) and R, de-
notes the achievable rate upper bound with continuous phase-
shifts. We plot Monte-Carlo simulation curves to validate
our analysis. Fig. 3 depicts that the effect of discrete phase-
shifts at the IRSs can be minimized by adopting a higher B.
For example, more than 99% of the achievable rate can be
recovered when B =4 compared to the continuous phase-shift
adjustments at the IRSs. Moreover, a higher number of IRSs
is beneficial for improving R,. For instance, N =3 provides
a percentage rate ratio gain of 5.5% compared to N =1 case
for B=1 at a transmit SNR of 0 dB. Fig. 3 also shows that
‘R, improves in the high transmit SNR regime.

In Fig. 4, the impact of the number of IRSs (/V) and number

Achievable Rate [bits/s/Hz]

0 0.05 0.1 0.15 02
Harvested Energy [mJ]

Fig. 4. A comparison of the energy-rate trade-off with different N and L
for B =4 bits. The combinations of N and L for Case 1 to Case 5 are set
to {N=3,L=64}, {N=5,L=32}, {N=3,L=32}, {N=3,L=16},
and {N=1, L=32}.
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Fig. 5. The achievable rate as a function of the TS and PS ratios for B = 4
bits, L = 32, and 4 = 10 dB.

of reflectors (L) on the energy-rate trade-offs of the TS and PS
receiver structures is investigated. The trade-off curves for the
TS mode are plotted from our analysis in (22) and (23). The
trade-off curves for the PS mode are plotted using (19) and
(20). Fig. 4 clearly shows that for large combinations of N and
L, the energy-rate trade-off can be improved. For example, at a
sum rate of 5.0 bits/s/Hz, case-1 and case-2 provide HE gains
of 38.0% and 28.4%, respectively, compared the case-3 for
the TS mode. Specifically, when the whole time-slot allocated
for downlink transmission is used only for data transfer, the
achievable rate is maximized as both the TS and PS factors
approach zero. Therefore, in this operating point, the HE at
D is infinitesimal. As the TS and PS factors approach unity,
the HE reaches a maximum, and consequently, the achievable
rate vanishes. Thus, Fig. 4 reveals that our analysis is useful
in quantifying the fundamental trade-off between the HE and
the rate for IRS-assisted SWIPT.

In Fig. 5 and Fig. 6, the joint effects of the hybrid TS and
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Fig. 6. The total HE as a function of the TS and PS ratios for B = 4 bits,
L =32, and 4 = 10 dB.

PS receiver structure are studied by plotting the achievable rate
bounds in (16) and the HE in (10), respectively, as functions of
TS («) and PS (0) factors. Three sets of rate and HE curves are
plotted for N ={1,3,5}. Both Fig. 5 and Fig. 6 reveal that
the distributed IRSs deployment outperforms the single IRS
set-up in terms of both the achievable rate and the HE. When
both a and @ approach unity, the achievable rate becomes
infinitesimal (see Fig. 5), whereas the HE becomes maximum
(see Fig. 6). Fig. 5 and Fig. 6 are useful in quantifying the
performance of distributed IRS-assisted SWIPT with hybrid
TS/PS receiver architectures.

V. CONCLUSION

The feasibility of leveraging distributed IRSs for enhancing
the performance gains of SWIPT has been investigated. The
optimal received signal/SNR, which is achievable through a
distributed IRSs-assisted set-up, has been derived. By adopting
a non-linear model and discrete phase-shifts, tight approxi-
mations/bounds for the HE, achievable rates, and energy-rate
trade-off have been derived in closed-form for Nakagami-m
fading. A rigorous set of Monte-Carlo simulations has been
presented to validate the accuracy of our theoretical analysis.
Our numerical results reveal that a distributed IRSs set-up can
be used to improve the performance of SWIPT in the next-
generation wireless systems.

APPENDIX A
THE DERIVATION OF E[SF] IN (12)

The ith moment of 3, is denoted by E[3]] and can be
computed by using the PDF of 3, as

k “k 2my™" > o1 —
]E[ﬁh] :/ox fh(w)dxzw/o R L S TR
(a)

D ek/2D (1, + k:/2)/ (r(mh)m’;/2) ,

where the step (a) is evaluated by using [18, Eqn. 2.33.10].

(24)

APPENDIX B_
THE DERIVATION OF E[AX] £ A¥ For ¢ € {R, I}

Since f3,,,, and (3, , are independent Nakagami-m variables,
the E[AR] is derived as

AR =K [ZnEN Zleﬁ Nt Boy By COS(enl):| (25)
N S (1) sin(r)/,

where 9,,;(k) is defined in (14) and the step (b) is obtained
from the fact that €,; is uniformly distributed as €, ~
U [—7, 7). Similarly, we compute E[A]] as

Ar=D D ep MEB BBy, Elsin(en)] = 0.(26)
Then, E[A%] is derived as

A% —E |:(Zn€/\f Zleﬁ nnlﬂvnlﬂum COS(enl)) 2:| 27
- Zne/\f Zle[, 772119”1(2) (1/2 4+ sin(27)/(47)) .

Next, we can evaluate E[Aﬂ by following the similar steps
those used in (27) as follows:

M= > (2 (1/2 - sin(2r)/(47)) . ©8)
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