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Abstract—This paper presents an ergodic capacity analysis
of a hybrid free-space optical (FSO)/Radio-Frequency (RF)
communication system with hard-switching scheme. The RF
transmission is assisted by an intelligent reflecting surface
(IRS). The larger bandwidth FSO link is considered as the
primary communication link and the RF link having lower
bandwidth is considered as the secondary communication link.
When the signal-to-noise ratio (SNR) of the FSO link drops
below an acceptable level, the communication link switches
from the primary FSO link to the secondary RF link, and the
RF transmission is assisted by an IRS. The ergodic capacity of
the mixed IRS-aided RF/FSO system is derived and validated
via Monte Carlo simulations. The influence of IRS element
count on ergodic capacity has been elucidated, particularly at
the lower SNR of the FSO link for both moderate and strong
turbulences. The variation of ergodic capacity with source-
destination link distance is also presented.

Index Terms—Free-space optical, Hard-switching, Meijer G-
function, Capacity.

I. INTRODUCTION

REE-space optical (FSO) communication is a fast
emerging and cost-effective communication technology
that can be easily deployed [1]. It uses an unregulated fre-
quency band near-infrared radiation (IR) band. In addition,
it is immune to interference and noise due to the non-
broadcasting characteristic of the optical beam. Despite these
compelling features of FSO communication, data transmis-
sion through FSO link suffers from signal degradation due
to turbulence in the atmosphere along with adverse weather
conditions such as fog and haze. The Gamma-Gamma
(GG) distribution is widely used to characterize the optical
channel under moderate and strong turbulence conditions
[2]. Further, misalignment between transmitter and receiver
due to building sway and weak earthquake gives rise to an
impairment in FSO communication referred to as pointing
error [3]. On the other hand, the communication through the
lower bandwidth RF link is robust to atmospheric turbulence.
These complementary characteristics of FSO and RF can be
exploited in hybrid RF/FSO communication system to better
extract desirable features of both the links.
Several schemes to combine RF and FSO links such as
series combination [4], parallel combination [5], adaptive
combining [6], and hard-switching [7] have been discussed
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in the recent research articles. The combination of RF
and FSO links in the series may suffer if either of the
two links is poor [4]. This limitation can be mitigated by
having both the FSO and the RF links connected in parallel
and by simultaneously deploying both links [5]. Further,
several diversity scheme like selection combining (SC) [8],
maximal ratio combining (MRC) [5] schemes are utilized
to improve performance at the cost of multiple antennas.
The adverse effects of a lower bandwidth RF link is diluted
if the link quality of the larger bandwidth FSO link is
good. However, this can be considered as under-utilization
of the RF link. Recently, an adaptive diversity scheme has
been adopted in a hybrid RF/FSO communication where
the FSO link is always available for transmission [6]. The
RF backup link is triggered only if the FSO link fails to
meet the required threshold quality. The basic disadvantage
of this scheme is that the FSO link continues to operate
and draw power, even under poor channel conditions. The
aforementioned issues are resolved in hard-switching where
only one of the links is allowed to transmit a signal at any
point in time depending on the signal-to-noise ratio (SNR).
To be specific, under low complexity hard-switching, the
data transmission is carried out through a primary FSO link
as long as its SNR is above a specific threshold and the
RF link is activated if its SNR falls below that threshold
[7]1. An RF backup link is used for communication in a
two-hop network [9], however, this system model is limited
to a single antenna or single aperture setup. Recently, hard
switching has been implemented between FSO and THz for
terrestrial communication [10].

However, blockages severely affect communication
through any RF link. The loss in performance due to block-
ages can be compensated by utilizing alternate propagation
links via metamaterial-based passive surfaces known as
intelligent reconfigurable surfaces (IRS) [11]. Each element
of IRS is programmed in such a way that all the reflecting
waves combine coherently at the destination yielding passive
beamforming gains and boost in the receive signal strength
[12]'. The performance of a hybrid relay and IRS-assisted
wireless network has been studied in [14]. The IRS was
introduced to assist RF transmission in hybrid FSO/RF
system first in [15], the links are placed in series. The

I The phases at each element of IRS can be programmed from the source
using an FPGA based controller and a dedicated control link [12], [13].



similar system model as in [15] is extended with multiple
transmit optical apertures for minimizing turbulence effects
and outage and the bit error rate has been evaluated with
co-channel interference [16]. In [17], the authors studied
a hybrid backhaul-fronthaul system for NOMA network,
where backhaul communication uses an FSO link, and
fronthaul relies on an RF link assisted by an active IRS.
However, the work is limited to a single-input single-output
scenario. Furthermore, this network has been extended to a
multiple-input single-output setup in [18].

The above-mentioned work related to hybrid FSO and
IRS-aided RF communication [15], [16] has considered that
FSO and RF link are in series arrangement. Hence, disrup-
tion in any link may disrupt the end-to-end connectivity.
Specifically, disruption of RF links due to blockage may
waste the high-speed FSO link resource. The severity of
blockage of RF signal can be mitigated with IRS technol-
ogy. This motivates us to analyze the ergodic capacity of
hybrid FSO and IRS-assisted RF transmission under hard-
switching. To the authors’ knowledge, noprior studies have
yet analyzed the ergodic capacity of a hybrid FSO and IRS-
assisted RF system based on a hard-switching scheme. To
this end, in this work, a novel closed-form expression for
ergodic capacity has been derived for the FSO/IRS-aided
RF communication system under hard-switching scheme
and expressed in terms of MeijerG function. The primary
contributions of this paper are outlined below:

o An analytical expression in closed-form for ergodic
capacity has been derived for hard-switching based
hybrid FSO/RF system considering Gamma-Gamma
and Rayleigh distributions for characterizing FSO and
RF links, respectively.

o The impact of the number of phase-shifter elements at
IRS on ergodic capacity has been presented.

o The role of atmospheric turbulence and the source-
destination link distance on the ergodic capacity have
been presented.

The rest of the paper is structured as follows: Section
II introduces the system model, including optical and RF
channel modeling. The ergodic capacity analysis is presented
in Section III. The findings and associated discussions are
outlined in Section IV. Section V provides the conclusions
of the paper.

II. SYSTEM AND CHANNEL MODELING

A hybrid IRS-aided RF/FSO communication-based net-
work, in which an IRS with N passive elements assists RF
transmission under hard-switching is considered as depicted
in Fig. 1. The source (s) and destination (d) each feature a
single RF antenna and a single optical aperture.

Under the hard-switching system model, the larger band-
width primary FSO link switches to a back-up RF link, when
the optical received signal strength drops below a threshold.
On the contrary, when the optical received signal strength is
above an acceptable level, the primary FSO link is restored
and RF link is idle. In practice, it is the receiver that monitors
the SNR and conveys the information to the transmitter via
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Fig. 1: System Model.

a feedback loop in case the SNR goes above/below the
threshold so that the transmitter may switch to the FSO/RF
link.

Under hard-switching configuration, signal is transmitted
through FSO link, if the link quality of the optical channel
is above an acceptable level and RF link is idle. On the
contrary, when FSO link quality drops below the acceptable
level, the secondary RF channel is activated. Thus, under
hard-switching configuration, the destination receives either
optical signal or RF signal at any point in time.

Optical Channel Modeling: The intensity of the optical
signal fluctuates due to atmospheric fading-induced tur-
bulence. The reason behind the fluctuation in the optical
signal intensity is the variation of refractive index due to
variations in temperature, humidity, etc. The received SNR
at the destination through an optical link can be expressed as
Yop = Fop|gsal?, where Yo, = ZP%. The optical-to-electrical
transformation coefficient is 7 (6 <n<1), P,y and ng
denote the transmit power and noise variance of optical link,
respectively.

Considering ideal alignment between the optical transmitter
and receiver, the probability density function (PDF) of v,
modeled by GG distribution can be written as [2]
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where, I'(-) denotes complete Gamma function and

f'yop (Z) =

G__ (z ;:;) denotes Meijer G-function [19]. The scintilla-
tion parameters « and (3 are given by [1].
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Furthermore, 02 = 1.23C2k7/ Gd; i/ % denotes the Rytov
variance, k = 27/ Aop denotes the optical wave number, C’fl
captures the strength of the turbulence and Lgq represents the
distance between source and destination. The corresponding

cumulative distribution function (CDF) can be derived using



the identity in [20, Eq. 07.34.21.0084.01] as
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where, x1 = %,O‘Tﬂ,g,%,()}. The CDF of ~y,, can

be derived in an alternate form from Eq. (1) using [20, Eq.
07.34.21.0085.01] and expressed as
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RF Channel modeling: The signal received through RF

link considering both the source-destination direct channel
(hsq) and the channels via the IRS is given by

vt = v/ Prt (hsa + D5 @hea) @ + wir, ©

where P.¢ is the RF transmit power. The IRS-destination
channel vector h,q = [hrd’l,...,hrdW]Te CN*1 ) and the
receiver noise wy¢ ~ CN(0,0%) where 0% = NoBy + Np
is the variance of the AWGN and N, denotes the noise
power spectral density, N is the noise figure of the RF link
and B,¢ is the bandwidth of the RF link. Furthermore, the
source-IRS channel vector h!, = [hg 1, ..., her y] € CPV,
Note that h.q, and hg, denote the channel between the
nih phase-shifter at the IRS and destination, and the source
and the n™ phase-shifter at the IRS, respectively. All the
individual channels are assumed to be uncorrelated Rayleigh
faded. Thus, hsq ~ CAN(0, pisa), hgy ~ CN (0, peIn), and
h.q ~ CN (0, pqIN), where pisq, fisr, and ppq capture the
path-loss of the corresponding links. The path-loss has been
characterized based on the 3GPP urban micro model (UMi)
at 3GHz [13, Eq. 23].

f1i = Gt + Gy — 35.1 — 36.7log, o (L;), )

where, L; is the link distance between source and destina-
tion, G; and G, denote antenna gain at the transmitter and
the receiver (dBi), respectively, and ¢ € {sr,rd,sd}. The
IRS phase-shift matrix ® = diag (e/%1, ..., e79N) € CN*V,
where ¢,, € [0,27). The received SNR over the RF link is
expressed as

_ 2
Tref = ’er’hsd + hz;(I)hrd

, (®)
where 7, = f it. The optimal ¢,, that maximizes the receive
SNR is 7, = arg(hea) — arg(horn) — arg(hra,n) = Gua —
(@sen + Pran) [131.

¢y, = arg(hsa) — arg(hse n) — arg(hra n)
= ¢sd - (¢sr,n + (brd,n)-

The SNR of RF link assuming optimal phase shift can be
expressed as [13]

)
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The CDF of SNR of the RF link is expressed as [21],
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where T'(-,-) denotes upper incomplete Gamma function,
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III. ERGODIC CAPACITY ANALYSIS

f’er (Z) (12)

In hard-switching scheme, the transmission link switches
from FSO to RF link when 7, falls below the threshold
level (v,}) and the SNR at the destination is represented by

Yops Yop = Vips Case-I: FSO Link,
Ye2e = op . (13)
Yoty Yop < Yy Case-II: RF Link.
Based on Eq. (13), the ergodic capacity is given by
CTOtal = C:YOP + PT{PYOP < YE)I'E)}Crfv (14)

= op + F’Yop (7?5)01f7

where C,, represents the capacity when the FSO link is
active (Yop > F) and Cy¢ represents the capacity when
the RF link is active (Yo, < 7,p). The ergodic capacity
when the FSO link is active equals

(15)
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To simply Eq. (15), the integration by parts and some
algebraic rearrangement are applied in step (a).
The term I; can be derived using the expression F, (z)
given in Eq. (4). The identities in [20, Eq. 07.34.03.0271.01]
and [23, Eq. 2.24.1.3] are applied in step (b) and step
(c), respectively, and through a change of limit in step

(b). use of identity L5 = G171 ( %] 8 [20, Eq.

07.34.03.0271.01], change of variable, and through the ap-
plication of identity [23, Eq. 2.24.1.3] in step (c).
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Table I: Values of I; for different summation limits.

Table II: Optical channel Parameters

K P,p = 30dBm P,, = 40dBm Krq Turbulence  Link distance C2(m=2/3) «a B
49 3.2702463793997 5.5728077604400 Strong 600 m 1x10~13 4.789 3.070
51 3.2702447637846 5.5728077374576 5 Moderate 600m 3x 107 10232 8719
53 3.2702443161798 5.5728077169719 Strong 800m 1x 10718 4123 2.135
57 3.2702440138382 5.5728076986327
Table III: System Parameters
o 3 B+1 Parameter Symbol Value
where, x2 = {07 0,k k- 2 k— 5=, Lok — 2 k— 2 }’ Source-destination link distance Lgq 600 m
X3 = {0 E—1 k’} and B = a?p? Source-IRS link distance Ly 560 m
Meanwh’ile T ’can be ex ressle(gy‘gs IRS-destination link distance Lyq 60 m
> 42 p Optical wavelength Aop 1550 nm
[2 — ln(l + '75}}1)) (1 _ FX ('7?}11)))7 Optical transmit power Pop 0 — 40dBm
gatB—2 (17) Noise variance in optical link ng 10-7
— ln(l + OP) G5~,0 o°r p 1 Optical-to-electrical transfer coefficient 7 0.5
“Vth 1.5 | Yth ;
mT()D(5) X1 RF wavelength Ar 10cm
8 841 RF carrier frequency fe 3GHz
where, x1 = {3‘, ;r 5 ; ,0¢. RF antenna gain Gt, G- 10dBi
Using the expression of F, (z) in Eq.(11), [20, Eq. RF receiver antenna gain Gr 10dBi
07.34.03.0613.01, Eq. 07.34.21.0086.01], the analytical ex- ~ RF transmit power P 10.5dBm
pression for the ergodic capacity of the RF link can be RF,nmSe figure . N 10dB
derived Noise power spectral density No —114dBm/MHz
erved as Strong turbulence strength c2 1x10~13m—=2/3
Moderate turbulence strength c2 3x10~14m—2/3
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0
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Substituting Eqs. (4), (16), (17), and (18) into (14), closed-
form expression of ergodic capacity is obtained and given
in Eq. (19) at the top of next page.

The Cauchy ratio test (CRT) has been applied for conver-
gence test of the infinite series of [; in Eq. (16). As per CRT,

. . . . . . T
the infinite series is convergent if ’}1m ’%’ < 1. Here,
—00 ’

op )k (k)
7, = (0mB) g - X2 is the k" term of
k el 7,3 (,Y“l) +1) Xék) 1
Lo = {0,008k = 5 k= 25t k= 8k — 251}, and
k) = {0,k — 1, k}. Therefore,
T, B 2 2
k+1 _ 7th rl = fYth 6 r 7 (20)
Ty k+1 16’yop(k: +1)
where
1,7 1 ;k_‘—l) 1,7 1 (k)
I'=Grg B | ) /G733 o) (k)
Note that I' represents the ratio of two Meijer G-functlon is

always a non-zero-real number [24]. As k— oo, Fl’:—:l —0

because the rate of decrease by (k + 1) in Eq. (20)
dominates over rate of increase of I'" with k [24].

In order to reduce computation time, the summation of
infinite terms in I; in Eq. (16) can be truncated into a
summation of finite terms (K,q) with negligible loss of the
order of 107 as shown in Table 1. The effective value of
Cop in Eq. (16) and corresponding C'rotal in Eq. (19) is not

affected upto sixth decimal points. The Fig. 2 shows the
values of I; as a function of number of terms in [;. It is
noticeable from Fig. 2 that values of I; remains unaltered
upto sixth digit after K,, = 51 for P,, = 30dBm and
K,q <49 for P,, = 40dBm. The value of the ~;} is set at
40 dB, the source-destination link distance is considered as
600 m under strong turbulence environment. The values of
I, is tabulated for different values of K,,. For generating
the analytical results, we have taken K,, = 80.

IV. RESULTS AND DISCUSSIONS

In this section, results are presented to evaluate ergodic
capacity under hard-switching configurations with different
turbulences and different link distances. The parameters used
for the analysis are given in Table II and Table III.

Fig. 3 shows the ergodic capacity of hybrid RF/FSO
system as a function of the transmit power of FSO link (F,p)
for different numbers of reflected elements at IRS under
strong turbulence. The dyq, ds, and d,.4 are considered as
500 m, 460 m, and 60 m, respectively. The ergodic capacity
for the transmission through a single FSO link only is very

. low for lower values of F,, and monotonically increases

as P, increases. In hybrid RF/FSO system, the RF link
is active for transmission at lower F,,. All the parameters
involved in RF link is kept fixed, thus, the ergodic capacity
remains constant for lower values of F,,. It is observed that
the ergodic capacity increases marginally as the number of
IRS elements increases in this regime. With increase of the
FSO transmit power, RF link having a higher SNR switches
to higher bandwidth FSO link having a lower SNR if the
received SNR of FSO link is above a switching threshold.
So, the normalized capacity decreases upto a certain optical
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Fig. 2: The value of I; as a function of number of terms in ;.
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Fig. 3: Impact of P,¢ and number of IRS elements on the ergodic
capacity with v’=40dB.

transmit power. During the transition period, the transmis-
sion link can be either RF link or FSO link depending on
FSO link condition even if the FSO transmission power is
fixed. With a further increase in the FSO transmit power,
it becomes the dominant link, leading to an increase in
capacity as the transmit power of the FSO link rises and
the value is independent of the number of phase-shifter
elements at IRS. For example, the ergodic capacity increases
from 18.91 bits/sec/Hz to 19.11 bits/sec/Hz as IRS elements
increases from 16 to 400 at P,, = —5 dBm. After a certain
transmit power of FSO link, transmission link switches from
higher SNR RF link to lower SNR FSO link, if the received
SNR of FSO link is above a switching threshold. At this

60
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———N=16, Strong Turb., Ana.
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Fig. 4: The ergodic capacity for different numbers of phase shift
elements at IRS under strong and moderate turbulence standards
with ;¢ = 40dB, and Py = 10dBm.

transition period, transmission link can be either RF link or
FSO link depending on FSO link condition even if the FSO
transmission power is fixed.

Fig. 4 shows the ergodic capacity of hybrid RF/FSO sys-
tem under moderate and strong turbulence for N = 16, 1024.
The dsq, dsr, and d.q are considered as 1200 m, 1160 m,
and 60 m, respectively. The («, 3) vary with the severity of
turbulence and their values are computed based on (2) and
(3) and given in Table II. In this setup, the RF link is the
main transmission link at lower P, and the atmospheric
turbulence has minimal affect on RF channel. Thus the
ergodic capacity at the lower regime of transmit power of the
FSO link is unaffected by turbulence. In the transition region,
the number of phase-shifter elements at IRS and atmospheric
turbulence both affect the ergodic capacity. However, at
higher values of F,,, the primary transmission link is the
FSO link, which is significantly impacted by atmospheric
turbulence and is unaffected by the IRS elements count. The
ergodic capacity achieved under moderate turbulence and
strong turbulence are different. The impact of number of
phase-shifter elements at IRS is insignificant in this regime
since active transmission link is the FSO one.

Fig. 5 presents the ergodic capacity for different link
distances between the source-destination for two different
numbers of reflected elements at the IRS, namely, N
16,400. The dyq, ds and d.q are considered as 500 m,
460m, 60m, and 1000 m, 960 m, 60 m, respectively. The
link distances have significant effects on the large scale (o)
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Fig. 5: The ergodic capacity for different source-destination link
distances with ~, = 40dB, and P, = 10dBm.

and small scale () scintillation parameters, governed by (2)
and (3). In this setup, the RF link is the main transmission
link in the lower transmit power regime with the FSO link
being active in the higher transmit power regime. Thus, the
impact of a number of reflecting elements at IRS in the
RF link is noticeable for the lower transmit power of the
FSO link. However the performance becomes independent
of N at higher transmit power. The effects of the number
of phase-shifter elements gradually decrease as the FSO
transmit power increases. However, the impact of distance
is noticeable throughout the transmit power regime of FSO
link as distance affects both RF and FSO transmissions.

V. CONCLUSION

In this paper, the ergodic capacity of a hybrid RF/FSO
system with hard-switching scheme is investigated. The
closed-form expression for the ergodic capacity is derived.
Validation of the derived closed-form expression is per-
formed using Monte-Carlo simulation. The influence of
IRS element count on ergodic capacity has been presented,
specifically at lower transmit power of the FSO link. The
effects of moderate and strong turbulences and link distances
on ergodic capacity have also been presented.
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