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ABSTRACT Bearing in mind the high data rate and volume requirements of 5G and beyond networks,
millimeter wave (mmWave) systems can be utilized with the assistance of free-space optical (FSO) systems
since both technologies exhibit distinctive behaviors under different weather conditions. Therefore, in this
study, we investigate a relay-based dual-hop hybrid FSO-mmWave systems from an outage performance
point of view, where the communication in each hop is established on both FSO and mmWave links simulta-
neously. Specifically, Nakagami-m distribution is used for mmWave fading channels, while gamma-gamma
distribution is assumed for FSO turbulence channels. Two well-known amplify-and-forward (AF) relaying
schemes are examined during data transmission, in which the power amplification operation is based on
partial and full channel state information of the system, namely, fixed-gain and variable-gain AF relaying
methods. The effects of fundamental system variables on the outage analysis of the relay-based hybrid
transmissions are investigated by obtaining exact closed-form derivations of the outage probability and
effective throughput. Based upon the results, it is shown that the proposed closed-form expressions are in
good match with the Monte-Carlo simulations.

INDEX TERMS Dual-hop relay, free space optical, hybrid FSO-mmWave systems, millimeter wave, outage

performance.

I. INTRODUCTION

The constant increase of wireless data rate and volume of 5G
and beyond networks push academia and industry to research
on higher frequency spectrum. Based on the current studies
and reports, it is predicted that the average data volume will
be at least thousand times higher than 4G requirements [1].
Free-space optical (FSO) systems as an optical wireless com-
munications are proposed as an optimistic solution for high
speed wireless systems due to its natural benefits like robust-
ness to interference, low power consumption, and as well as
higher security level than traditional radio frequency (RF)
transmissions [2]. However, an FSO link is highly depen-
dent on line-of-sight (LOS) adjustments and is dramatically
influenced by different turbulence circumstances including
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temperature, wind strength, and foggy atmosphere [3], [4].
As an alternative solution, researchers show that millimeter
waves (mmWave) bands also support multi-gigabit wireless
data transmissions with very low latency [5]. Additionally,
the environment conditions that dramatically decrease the
reliability of FSO systems have trivial effects on mmWave
transmissions. However, mmWave bands are heavily affected
by rainy conditions and oxygen absorbance, and considered
as more susceptible to security assaults [6], where FSO
links have very high strength. The complementary behav-
iors of both transmission technology against different con-
ditions pave the way for parallel employment of mmWave
and FSO links to satisfy quality of service requirements of
5G and beyond networks [7]. Furthermore, wireless data
rates supported by each transmission are compatible to each
other, which enable the parallel employment of both links
to increase spectral efficiency or transmit diversity [8]-[10].

2895


https://orcid.org/0000-0002-8643-7080
https://orcid.org/0000-0002-5017-5007
https://orcid.org/0000-0002-0766-9212
https://orcid.org/0000-0002-7827-5448

IEEE Access

S. C. Tokgoz et al.: Outage Analysis of Relay-Based Dual-Hop Hybrid FSO-mmWave Systems

By other means, multi-hop relaying schemes are widely used
as energy efficient techniques to increase the system reliabil-
ity, coverage area, and capacity [11]. Therefore, considering
high demands/requirements of 5G and beyond era, relay-
based methods have been extensively employed to improve
quality of services. In such systems, the message signal is
transmitted over either FSO or RF link from source to relay
node which is then forwards this message over other link to
the destination node.

A. RELATED WORKS

In the light of motivations explained above, related studies
has been significantly boosted in the open literature during
the last few years. For example, mixed dual- and multi-hop
relaying methods are extensively investigated in [12]-[20] for
FSO and RF systems considering both fixed- and variable-
gain amplift-and-forward (AF) relaying schemes taking sev-
eral fundamental physical layer parameters into account
under various scenarios and configurations. The authors in
[21]-[24] examine a partial AF relay selection is assumed
for mixed system, in which the channel state information
is considered as outdated. Further, a detailed performance
analysis of mixed RF-FSO systems is examined in [25]—[28]
considering cooperative transmissions, in which the impact
of co-channel interference is assumed at each hop, threshold-
based selective switching schemes, moment generating func-
tion, amount of fading and higher order moments are also
taken into account. On the other hand, in the works [29]-[34],
dual-hop mixed FSO and RF wireless communication sys-
tems are studied for both fixed- and variable-gain AF relaying
methods considering single eavesdropper which only wire-
taps on RF links. The authors then investigated the secrecy
performance of the system by using the analytical derivations
of the secrecy outage probability and capacity metrics.

B. MOTIVATION

In the open literature, majority of the studies discussed above
examines relay-based dual-hop mixed FSO and RF systems
under various configurations and scenarios, in which either
RF or FSO transmission is employed in one of the hops. How-
ever, as previously explained, the service quality of relay-
based dual-hop mixed systems are significantly decreased
under particular atmospheric environments. To eliminate this
issue, a promising remedy is to utilize both FSO and RF
systems with parallel/simultaneous transmissions since both
technology has complementary characteristics with respect to
distinct environments. Additionally, low latency, high relia-
bility, and high throughput are needed to satisfy the demand-
ing requirements of 5G and beyond era, in comparison with
4G, in which the traditional RF back-haul networks are gen-
erally limited by low capacity. Therefore, single hop hybrid
FSO-RF parallel transmissions are examined in [35]-[42]
under various scenarios. Thus, with these motivations, in this
study, dual-hop relaying techniques is combined with hybrid
FSO-RF systems to extend the communication distance,
and to satisfy the reliability, low latency and high capacity
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requirements of 5G and beyond era. The main difference
between this study and the other studies is the use of both
FSO and RF links in each hop of the transmission. In par-
ticular, we examine two well-known AF relaying schemes
during data transmission, in which the power amplification
operation is made by using either partial or full system’s
channel state information, namely, fixed-gain and variable-
gain AF relaying methods, respectively, where the commu-
nication in each hop is carried over both RF and FSO links
simultaneously.

C. CONTRIBUTIONS
The major contributions of this work can be enumerated as
follows:

1) Although hybrid FSO-RF transmissions are very opti-
mistic remedies for back-haul networks of 5G and
beyond era, outage analysis of dual-hop hybrid FSO-
RF systems have not yet been addressed in open
literature to the best of authors’ knowledge. There-
fore, we investigate a hybrid FSO-RF system with
relaying methods, where the communication in each
hop is established through both FSO and RF systems
simultaneously.

2) To make more insightful findings about relay-based
dual-hop hybrid FSO-RF systems, we take various fun-
damental physical layer parameters into account and
present detailed discussions and conclusions.

3) To provide the main impacts for practical scenarios of
interest, FSO links are subject to Gamma-Gamma dis-
tributed atmospheric turbulence including two different
detection techniques, i.e, intensity-modulation/direct-
detection (IM/DD) and heterodyne detection, in the
presence of pointing errors, while RF link are consid-
ered as Nakagami-m distributed fading channels.

4) Novel exact closed-form derivations are provided
for the metrics of outage probability and effective
throughout, considering fixed- and variable-gain AF
relaying methods. Additionally, asymptotic deriva-
tion are also presented to illustrate system perfor-
mance in high average signal-to-noise ratio (SNR)
regions.

5) To illustrate the correctness of the proposed analytical
derivations, Monte-Carlo based simulation results are
given along with related theoretical findings including
various fundamental physical layer parameters.

D. PAPER ORGANIZATION

The organization of this manuscript can be summarized as:
System model of hybrid FSO-mmWave communications is
described in Section II including the channel characteristics,
and definitions of signal-to-noise ratios. Section III presents
the outage analysis of dual-hop hybrid FSO-mmWave system
fixed- and variable-gain AF relaying schemes. The finding
are given in Section IV along with a detailed discussions.
Finally, the manuscript is concluded in Section V.
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FIGURE 1. System block model of relay-based dual hop hybrid FSO-mmWave communications.

Il. SYSTEM MODEL

A scenario is taken into consideration in which dual-hop
relaying systems are considered for data transmissions. The
source wants to send an information signal to the destination
by the use of a relay, as illustrated in Fig. 1. The communica-
tion in first hop (from source to relay) and second hop (from
relay to destination) are established over two parallel links,
called as, FSO and RF links. Therefore, it is presumed that
transmitter nodes (source and relay) have a single transmit-
ting antenna and laser, while receiver nodes (relay and des-
tination) have a single receiving antenna and photodetector.
Information bits to be transmitted are divided into log, (=)
bit chunks, where @ denotes the modulation order, and then,
each chunk is emitted and modulated over FSO and RF links,
respectively. Additionally, the RF systems are operated on
the mmWave bands to provide equal bandwidth to exploit
the diversity. Furthermore, we employ two well-known AF
relaying schemes during data transmission. In the AF relay
methods, the power amplification operation is on the basis of
partial and full channel state information of the source-relay
and relay-destination channels, called as, fixed- and variable-
gain AF relaying methods, respectively.

A. CHANNEL CHARACTERISTICS

The captured optical irradiance of FSO links can statistically
be characterized with the aid of Gamma-Gamma atmospheric
turbulence model. This distribution has been extensively con-
sidered to characterize the behavior of FSO communication
channels in the open literature. This is because of its dou-
ble random scintillation structure, where the captured laser
intensity consists of multiplication of two Gamma random
variables (RVs) to model the irradiation variation resulting
from small-scale and large-scale atmospheric behavior [2],
[43], [44]. Therefore, the RV [ is used to present the instan-
taneous FSO turbulence gain which has Gamma-Gamma dis-
tribution. Taking the pointing error impairments into account,
the related probability density function (PDF) is given as
(43, 57)]

N g2 3,0 | E2+1
S = rar (“’3 : ‘ £2,0,p > W
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where i is greater than zero by definition, I'(-) depicts the
Gamma function, Gj:j(~) represents the Meijer’s G function,
and £ denotes the ratio between the equivalent beam radius
and the pointing error displacement standard deviation, called
as jitter. Notice that the impact of pointing errors is considered
as negligible when & — oo0. The variables « and § present the
small-scale and large-scale coefficients, respectively, which
can be obtained as [43, (58)-(59)]

- -1
exp | exp 0.49¢2 1
o= — ,
| (1+0.6592 + 1.11£12/5)"/
2

~ _ —1
0.5122(1 4 0.69¢12/5) >/ |
14 0.992 4 0.62192¢12/5 ’

B = exp jexp

(€)

where the Rytov variance is given by ¢? = 1.23 C,%A’//6dl 176,
and © = /AA2?/4d. Additionally, A = 2m/A, depicts
the optical wave number, X, is the optical carrier wave-
length, d stands for the communication link distance, A rep-
resents the aperture diameter of the lens, and C2 denotes
the atmospheric deflective indicator (also called as turbu-
lence strength), which is generally obtained by the Hufnagel-
Valley (HV5/7) profile [44]. It is worthy to note that another
widely used atmospheric turbulence model for FSO systems
is well-known Madlaga distribution. Since the density func-
tions of Gamma-Gamma and Mdlaga distributions are in the
same form with different parameters, the analytical method
adopted in this study can be directly applied for an FSO
system that is modeled by the Mélaga distribution [35], [45].

The statistical behavior of small-scale fading of mmWave'
bands has not been extensively investigated in the open lit-
erature, in comparison with the large-scale path loss model
[48]-[50]. Higher (beyond 6 GHz) mmWave channel mod-
els that are provided by the 3GPP organization for the 5G
standard are considered as mathematically intractable [51].

n the current literature, more complex channel models have been pro-
posed for mmWave systems [20], [46], [47]. However, Nakagami-m distri-
bution is also widely adopted in modeling the mmWave channel characteris-
tics [48]-[54].
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The experimental studies have lighten that small-scale fading
behavior of mmWave bands are highly depended on inter-
ference caused by temporal and spatial fading of multipath.
Therefore, after a detailed literature search, Nakagami-m
distribution is the most extensively used channel model to
estimate the small-scale behavior of the mmWave link [52].
Especially, 28 GHz and 60 GHz frequency bands can be
accurately modeled by Nakagami-m distribution for several
environmental and atmosphere condition, including clean and
rainy weather conditions [52]-[54]. Therefore, the RV H is
used to present the instantaneous RF fading gain which has
Nakagami-m distribution. The related PDF is well-known and
given as
2m™ o1 —mh?
Ju(h) = T (m)h e, “)

where m stands for the fading severity (order).

B. SIGNAL-TO-NOISE RATIOS

Relay and destination nodes uses the maximum ratio com-
bining (MRC) diversity technique on the captured signals
through RF and FSO systems, where the subscript x € {1, 2}
represents receiver node, i.e., x = 1 for the first hop, and
x = 2 for the second hop. Therefore, in each hop, the total
electrical SNR is calculated by summing the instantaneous
electrical SNRs for MRC receiver

Y = Vxo + Vaf> (5)

where yx o, and y, s are the instantaneous electrical SNR of
FSO and RF links, respectively.
The expression of yy , is given as

Vx,0 = T‘L’,Xlxzs (6)

where I, depicts the normalized irradiation, Y., denotes
the average electrical SNR received from the FSO link, and
the parameter t € {1, 2} defines the optical signal detec-
tion technique, i.e., T = 1 indicates the heterodyne detection
(Y1,x = YHeterodyne) While T = 2 indicates the IM/DD detec-
tion (Y2 x = Ymwpp), defined as

Tix = Vi for T =1, @)
= 2
o +2
Yy, = Vx,0%Br(Ey - ) - for T =2, (8)
(ax + DB+ DEF+D
where
2
_ nl;Ly,
Vo= (T) : ©)

n is the conversion ratio from optical to electrical, I; repre-
sents the radiant emittance, and L, , is the intensity attenua-
tion loss

Lo A2
N AWdy )
where 1 depicts the beam divergence of the laser, A denotes

the aperture diameter of photodetector, d, stands for the
link distance, and ¢, is the attenuation extinction coefficient.

exp [ — @ody ], (10)
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Afterwards, by using a change of variable on the RV [ in (1),
the PDF of y, is obtained as

1
Po(x o\
JvoVx,0) = %G?g (axﬂx (%)

X,0

2
Fulh )

then, its cumulative density function (CDF) is expressed as

37,1 (O[xﬂx)t 17 P2(X)
Fy,(¥x.0) = Pl(x)GrT+1,3r+1 (_Term P3(x),0 |-

Yx,0

(12)

where the parameters Py(x), P1(x), P2(x) and P3(x) are given
as
Po(x) = (£7)/(tT (@) (B)).
Pi(x) = (x> 72E2) /() ' T @) (BY),
Pr(x) = A(t, £2 + 1),
P3(x) = At £D), A(t, ax), Az, By).

Likewise, the expression of yy s is given as

Vs = VupHy, (13)
where H, stands for the instantaneous channel power, 7x’f

represents the average electrical SNR of the RF link

_ PtL S
yx,f = >

, 14
p (14)
where P; depicts the transmitting power, and L, s denotes the
path loss which is given as [52]

Gr GR)»fz
Les = ,
T G d )X (9o,dy) (grdy)

where Gr and Gg represent transmitting and receiving
antenna gains, respectively. As is the wavelength of RF car-
rier, and @0, and ¢ denotes the oxygen and rain attenuation
variables, respectively. As a rule of thumb, the instantaneous
SNR of Nakagami-m channel gain given in (4) has a Gamma
distribution, expressed as in [55, (2.21)]

15)

My
my my—1 my
Hy W) = ——=mr Vef XP|—=—vxs |, (160)
(R O A Ver !
then, its CDF is expressed as
Vx.f
Fy(yrgf) = FL(m _—> 17
WS Pmyy 0

where I'L (-, -) denotes the lower incomplete Gamma function,
and alternatively, the CDF of SNR is re-expressed as

o0 k
1 [ my k my
Fyf(yxf) =1- - <_ > Vx f €XP |:___)/x,f:|,
' ]{2:(:) k! Vxf - Vxf
(13)
L Ve ‘ 1
= —G;, | = . 19)
C(my) 12 (nyf my, 0
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The asymptotic behavior of the CDF of RF link can be
obtained by approximating the lower incomplete Gamma
function as [56]

1 2 \m
_— . 20
Fom 71 ") 20
1) MIXED SNR OF A HOP

Since the overall SNR for each hop is given in (5), we can
obtain the CDF of the overall SNR in each hop by using

a simple variable transformation as follows. If we let A =
Yx,0 T+ Vxf» the CDF of A is expressed as

Fyf(Vx,f) ~

00 S=Yxf
Fa®®) = / / Fro oV () - dvsodyay.
—00 —00

_ /0 Fuu(8 = vy () - dyags 1)

the integral in (21) is re-expressed by using (12) and (16)

mx ) -
FA() = Pl(x)W/ yrs e Ta T
37,1 (otx Br)” 1, Pa(x)
X Goil 3041 (W( V) | Py, 0
dyxy, (22)

then, by letting u = § — yx - the integral is re-expressed as

( e V:If / (5 _ u)m lev;nf
37,1 (orx Br)* 1, Pa(x)
x Gr+l,3r+l <T27TT xu P3(x), 0 rdu, (23)

here, the polynomial expression is re-organized by the aid of
binomial expansion

FAQ) = —P1(X) =——=-— T

m—1

@—w""'=3" (mz_ 1)8’”“(—@{, (24)

=0
since the summation is upper limited by the parameter m, of
Nakagami-m distribution because of the binomial expansion,
only the integer values of m, are used in the results. Then, the
integral is re-expressed as

my™ ms " i — 1
- - ij X
e T ()
o0 =—U
x(—l)eamx*“‘/ ule?~s
0

(leﬂx)r 1, Pa(x)
(ﬂrn,x “IPyw.0 ) e 2D
and the integral is solved by using [57, (7.813-1)]

Fa(8)

Fa@8) = =Pi(x)

37,1
Gr+1 3r+1

me S |
=P (x)——— T VxS x 5m)r—@—1
1O x—’”*e Z( ¢ >

=0

(TN g (@B Ty
my 7+2,3t+1 TzrmxTr,x

—£, 1, Par(x)
P3x),0 )
(26)
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further, by using a change of variable, (26) can be re-
expressed as

my—1
Fa®) = Con Y. Ciwsm—1e 7 @)
=0
where
Colx) = PI(X)W,

X -1 X ok
- (%) )

G (LT

T+2,3t+1 TzrmxTr,x P3(x), 0

Accordingly, the PDF of the overall SNR in each hop is
calculated as

—£, 1, Pr(x) )

d
8) = —Fa(S
Ia(d) 75 A(8),
d my—1
J— sz 1 X
= <C0(x) > G ¢ 7o )
£=0
my—1 e
= Co) Y. Crle)me — € — D™ 2
£=0
= I gt e, 28)
Vx,f

Ill. PERFORMANCE ANALYSIS

In this section outage probability and effective throughput are
derived for the fixed-gain (FG) and variable-gain (VG) dual-
hop relaying schemes.

A. OUTAGE PROBABILITY

The outage probability Py is widely used to statistically
characterize outage performance of a system when the overall
end-to-end SNR of the system is lower than a predefined
threshold value R. It is defined as

Pouw(R) = Prob(C < R),
= Prob(B log, (1 4+ y) < R),
= Prob(y, < 2R/5 —1), (29)
where the bandwidth is considered as unity, B = 1, and there-

fore, the outage probability can be expressed in terms of the
CDF of overall end-to-end system SNR

Pou(R) = F), (2R - 1). (30)

1) FIXED-GAIN RELAYING
In the fixed-gain relaying scheme, the received SNR at desti-
nation is expressed as

FG _ V12
= , 31
s + A (31

2899



IEEE Access

S. C. Tokgoz et al.: Outage Analysis of Relay-Based Dual-Hop Hybrid FSO-mmWave Systems

where A denotes the gain of relaying scheme. Accordingly,
the CDF of the SNR at destination is expressed as

Y1yY2
FFS(y,) = Prob. <),
Vs (VS) ro ()/2+A = yS)

o A
Z/O y1(<1+ >V¥>fy2()’2) dy>. (32)

the integral (32) is re-expressed by using (27) and (28)

mp— 1
Fyo(y) = / Co(1) Y i)
0 6=0
my—£1—1 Amyys m
X <Vv+Ayv> s 6‘_71’]1012_71;%
N
my—1
xCo2) Y Cl<2>[(mz—zz— Dy, 272
£,=0
_71,2 mz

xe T

_"m
n e ”"fn]dn, (33)
Yaf

by using binomial theorem, the polynomial term can be re-
expressed as

—f— —0—1
Ays )’"1 b=t <m1—£1—1>
Vs + — = Z
( Y2 P k
xym=hlgky Tk (34

further, the integral (33) is re-expressed as

FyO(ys)
mp— -1
=e y'f *Co(1) Z Ci(1H)Co(2)
;=0

—1
)Aky;nl—el—l

my—1 my—€1—1
X ch(z) Z (

mAys
- 5 V2
[(mz—ﬂz—l)/ =k 2 TR T L gy,

thereafter, by using [58, (2.5.37-2)], the resultant integrals can
be solved as in (36), as shown at the bottom of the page.

2) VARIABLE-GAIN RELAYING

shln the variable-gain relaying scheme, the relay part exploits
the channel state information and the received SNR at desti-
nation is expressed as

VG _ Yiy2

= ——""— ~min(y, y2), 37
s it (v1.12) 37

and, the CDF of the SNR at destination is given as

F)S(yy) = Prob.(min(y1, y2 < »1))
= Fy,(¥s) + Fy,(¥s) — Fy, (¥)Fp, (v5),  (38)

then, by substituting (26) into (38), the CDF of the SNR at
destination for variable-gain relaying is expressed as in (39),
as shown at the bottom of the page.

B. ASYMPTOTIC OUTAGE PROBABILITY

1) FIXED-GAIN RELAYING

The asymptotic behavior of the outage probability for
fixed-gain relaying scheme, given in (36), can be obtained
as follows. It is well known that the modified Bessel function
of the second kind can be approximated as [59]

o)< (g @

Therefore, the asymptotic outage probability is expressed
in (41), as given in the top of next page.

2) VARIABLE-GAIN RELAYING

The asymptotic behavior of the outage probability for
variable-gain relaying scheme, given in (39), can be obtained
as follows. The asymptote of a function of the form f(x) =
x%eb* is obtained by the term fio(x) = x¢, as given in [60].

_om my—t—k=1,~ ;"]1;’;;7},%)/ -dy, (35) Therefore, the asymptotic outage probability is expressed
Vor 2 ’ in (42), as given in the top of next page.
my—Ly—k—1
mi—1 my—1 mi—£1—1 _ Ps)
-0 =1 _oi_1 [Am1V2,
FiS(y) =20 ) 3. cihco Y. €12) Z ( ) )A"y;’“ “ 1<ffys
£6,=0 £=0 myy s
my . Amimy my Amimy
X [(mz—ﬂz— 1) = Kny—t3—k—2|2 | =——Vs)| = = Km—ta—k—1|2, | =——=—¥s } (36)
Am1Yo Vs YifYaf Vaf YVifYof
mml mp—1 my mm2 my—1
FySlr) = P - iy le Py QY Gy e o
L)y, =5 Lm)yyr =
m1 mp—1 mz my—1
xPl(l)W > aymtle P — Py (2)W Yo a@yrmtle 7" (39)
Yif =0 Yaf =0
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C. EFFECTIVE THROUGHPUT

While conveying the information from source to destination
over a relay, the system needs to satisfy a specific reliability
level. To characterize this behavior of the system, we consider
a metric called effective throughput Tgg, which defined in
terms of the outage probability, and it can be expressed as

Tei(R) = R x (1 = Pou(R)). (43)
1) FIXED-GAIN RELAYING

For the fixed-gain relaying scheme, the effective throughput
is calculated by using overall end-to-end SNR

TEE(R) =R x (1 — FSSQR —1).

where F)ig(ys) is given in (36).

(44)

2) VARIABLE-GAIN RELAYING
For the variable-gain relaying scheme, the effective through-
put is calculated by using overall end-to-end SNR

TEF(R) =R x (1 — F)9@R —1)).

where F}XG()/X) is given in (39).

(45)

IV. RESULTS AND DISCUSSIONS

To present the analytical correctness of the proposed mathe-
matical expressions in Section III, Monte-Carlo based sim-
ulations are given including related theoretical findings.
Specifically, detailed investigations of the outage perfor-
mance of dual-hop relaying hybrid FSO-mmWave transmis-
sions are presented in terms of the outage probability and
effective throughput with the aid of PDFs and CDFs of over-
all end-to-end instantaneous SNRs. The results provided in
this section include several cases which consists of different
fundamental system variables like atmospheric conditions,
relaying methods, link distances, and average SNRs. The
Monte-Carlo simulation variables of the hybrid system and
channel characteristics are presented in Table 1 and Table 2

TABLE 1. Physical layer parameters of FSO and mmWave systems.

FSO System
Variable Symbol Value
FSO Wavelength Ao 1550 mm
FSO Power I 40 mW
Diameter of Aperture A 0.2m
Divergence of Beam P 10 mrad
Photo-sensitivity n 0.5 A/W
mmWave System
Variable Symbol Value
RF Wavelength s ¢/60nm
RF Power P 10 mW
Gain of Transmitting Antenna Gr 44 dBi
Gain of Receiving Antenna Gr 44 dBi
Oxygen Absorption 00, 15.1dB/km
* ¢ denotes the speed of light.
TABLE 2. Parameters for different weather conditions.
Weather-Dependent Parameters
Weather Conditions Vo (dB/km) | @rain (dB/km) C,Ql
Clean Air 0.43 0 5x 10~ 14
Haze 4.2 0 1.7x 10714
Moderate Rain (12.5 mm/h) 5.8 5.6 5x 10715

[51], [52], [61]. For all finding, it is worthy to note that the
average electrical SNR of each system is considered to be
equal, where the electrical transmit power of the mmWave
system are fixed, and the optical transmit power of the FSO
system are calculated.

A comparison of the outage performance of a relay-based
dual-hop hybrid FSO-RF system as a function of the average
SNR at first- and second-hop is illustrated in Figs. 2 and 3
for heterodyne and IM/DD detection techniques, respectively.
The performance results of single-hop hybrid and dual-hop
mixed FSO-RF system are also included as a benchmark.
The performance of two well-known AF relaying scheme are

my mi—1 my—1 my—L£)— mr — 0 — 1 m Am17 mpfhe]
FES (y) = ¢ 717" Co(1) Z C1(1)Co(2) Z C1(2) Z ( e )A"_—2 —
0= =0 k Vor \"2V 1y
|my—Ly—k—2|
Imy — €y —k = 2|(my — €y — Dy p 2utm20-bkS [y (yy ¢
X = Vs : e
miA Amymyys
my—~L€y—k—1
YY) 2my —mpy =201 +Ly+k—1
—m —ty—k — 1) [ L2 o } 41
Am1m2
ml m1—1 m2 my— 1
Fpler) = Pl _m. > aymt 1+7><2> _mz > iyt
Yir o Yar 1o
m] mp—1 my—1
X Pl _ml > iyt - P2 _mz > @yt (42)
T'(m Yir =0 ( Y25 =0
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FIGURE 2. A comparison of outage probability as a function of overall
system SNR for proposed and reference studies. (Clean weather, § = 1.1,
R =1bit, d; =dy =1.25km, m; =my =1, 0y = a, = 3.58,

By =Py =3.33,A=0.5.)
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FIGURE 3. A comparison of outage probability as a function of overall
system SNR for proposed and reference studies. (Clean weather, § = 1.1,
R =1bit, d; =dy =1.25km, m; =my =1, 0y = a, = 3.58,

By =By =3.33,A=0.5.)

illustrated in clean weather conditions, where the distance in
first hop d; and second hop d; is assumed to be the same as
1.25 km. Additionally, the gain A is set to 0.5 for fixed-gain
relaying scheme. Since we consider the same distance and
weather condition in each hop, the turbulence parameters
are calculated as o = ap = 3.58, B1 = B» = 3.33, where
the Nakagami-m parameter is set to m; = my = 1. Also, the
threshold of outage probability is considered as R = 1 bit.
As expected, the fixed-gain scheme performs better than the
variable-gain, since fixed-gain scheme exploits the full chan-
nel state information. Additionally, it can easily seen from
the figure that the proposed dual-hop system outperforms the
single-hop parallel and dual-hop mixed hybrid systems for
both fixed-gain and variable-gain relay methods including
heterodyne and IM/DD detection techniques. For instance,
considering the heterodyne detection in FSO link, at a fixed
end-to-end SNR of 15dB, the proposed system experience
outage with probabilities of 2 x 107> and 5 x 107> for
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fixed-gain and variable-gain, respectively, where these proba-
bilities are 3 x 1072 and 3 x 10~3 for dual-hop mixed system.
Additionally, single-hop parallel system provides an outage
probability of 5 x 10~*. It is clear from the figures that the
proposed relay-based dual-hop hybrid system outperforms
both benchmark systems for heterodyne and IM/DD detec-
tion techniques.

In Figs. 4 and 5, the outage probability of the proposed
dual-hop hybrid system is investigated for the fixed average
SNR of each link, i.e., the average SNR of the first-hop
is fixed at 12dB in Fig. 4, and the average SNR of the
second-hop is fixed at 12dB in Fig. 5. In the figures, the
impact of different weather conditions on the outage perfor-
mance is examined for both fixed- and variable-gain relaying
schemes over a distance of 1.5 km in each hop, considering
a pointing error of £ = 6.7 in FSO links, and the outage
threshold is set to R = 2bits. It obvious that the weather
conditions have significant effects on the system’s outage
performance for both detection techniques. When the weather

10° == v T T T T Simulation, FG
E — — — Simulation, VG
'.\T W Theoretical
\‘:5 N e Asymptotic
107 ¢ S \¥ 3
. FaEs IM/DD
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FIGURE 4. The probability of outage as a function of overall system SNR
for different weather conditions. (¢ = 6.7, d; =d, = 1.5km,
myp=m=1,A=05R= 2 bits, V1= lde).
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FIGURE 5. The probability of outage as a function of overall system SNR
for different weather conditions. (§ = 6.7, d; =d, = 1.5km,
m; =m, =1,A=0.5 R =2bits, 7, = 12dB).
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conditions become more severe, i.e., from clean to moderate
rain, the transmission reliability decreases significantly. For
example, in Fig. 4, considering a fixed average SNR of
¥, = 20dB, the expected outage probabilities are 2 x 107,
8 x 1073 and 5 x 10~ for clean, hazy and moderate rain
weather conditions, respectively, with heterodyne detection.
These number are, in turn, approximately 5 x 1073, 8 x 1073
and 2 x 1072 for IM/DD detection technique. Furthermore,
in comparison between Figs. 4 and 5, one can easily observe
the importance of the average SNR in the first-hop for fixed-
gain AF relaying scheme. Since the amplification process
directly depends on the received SNR at the relay node,
the SNR of first-hop plays an important role on the outage
performance for fixed-gain scheme. For instance, limiting the
SNR in the first-hop creates a kind of noise floor, which
results in a saturation in the reliability, and therefore, the
outage performance cannot be improved beyond 10> for
heterodyne detection in a clean weather condition, as seen
in Fig. 4. However, increasing the SNR in the first-hop and
limiting the SNR in the second-hop does not result in the
same outage behavior for fixed-gain but for variable-gain
AF relaying scheme. This is because of the variable-scheme
technique always utilizes the lowest SNR of both hops.

The outage probability of the proposed dual-hop hybrid
system is illustrated for the fixed distance in each link con-
sidering different pointing errors, i.e., the distance in the
first-hop is fixed at 1 km in Fig. 6, and the distance in the
second-hop is fixed at 1 km in Fig. 7. The effect of pointing
errors in FSO links on the outage performance is investigated
for both fixed- and variable-gain schemes at fixed average
SNR of | =¥, = 10dB in hazy weather conditions, and
the outage threshold is set to R = 2bits. From the figures,
it can be observed that the pointing errors have remarkable
influence on the outage probability for heterodyne technique.
Recalling that & — oo implies no pointing errors in the sys-
tem, a decrease in the value of &£, which means an increase in
the pointing error, dramatically reduce the overall reliability
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FIGURE 6. The impact of pointing error on the outage performance as a

function of distance in second-hop. (Hazy weather, m; =m, =1,A=0.5,
‘R = 2bits, y; =y, = 10dB, d; = 1km.)
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FIGURE 7. The impact of pointing error on the outage performance as a
function of distance in first-hop. (Hazy weather, m; =m, =1,A=0.5,
‘R = 2bits, y; =y, = 15dB, d; = 1.5km.)

of the transmission. It is worth to note that the values of the
pointing errors are adopted from reference studies [21], [33].
For instance, in Fig. 6, considering a distance of d» = 1km,
the probabilities of transmission outage with fixed-gain relay
scheme are 2 x 10™*, 1 x 1073 and 4 x 1073 for the pointing
errors of 6.7, 1.1 and 0.33, respectively. On the other hand,
in Fig.7, considering a distance of d; = 1 km, these probabil-
ities can be obtained as 5x 107, 1 x 1073 and 4 x 1073 for the
pointing errors of 6.7, 1.1 and 0.33, respectively. Notice that
the both scenarios provides approximately identical outage
probabilities, however, when we look at the fixed distance
lower than 1 km, we observe that the outage performance is
not saturated and can be lower in comparison with higher
distances. As in the previous two figures, this behavior, also,
directly related with average SNR in the first-hop, since
lowering the distance results in a higher SNR value.

The outage performance as a function of the overall end-
to-end SNR at destination is represented in Fig. 8, consider-
ing the impact of several atmospheric circumstances on the
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FIGURE 8. The probability of outage as a function of overall system SNR
for different weather conditions. (¢ = 6.7, d; = 1km, d; = 1.25km,
my; =my =1,A=0.5, R = 2bits).
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system, with distance of dj = 1km in the first hop and
of dp = 1.25km in the second hop. Nakagami-m parame-
ters are set to m; = myp = 1. The turbulence parameters in
the first hop are calculated as {o; = 5.0096, 81 = 4.7489},
{o; = 14.6608, 81 = 14.0573} and {«; = 50.7685, 81 =
48.7564} for clean, hazy and moderate rain weather condi-
tions, where they are, in turn, calculated as {@» = 3.5848,
Br = 3.3349}, {apr =9.6652, B = 9.2504} and {op =
33.5727, 8, = 32.2337} for the second hop. As it is
seen from the figure, the reliability performance is heavily
degraded for weather conditions when it goes from clean
to moderate rain for both schemes. For each weather sce-
nario, the variable-gain relaying scheme mostly performs
lower outage probability compared to fixed-gain scheme.
To express it in a different way, regardless of a weather
condition, variable-gain relaying provides better quality of
service since it exploits the full channel state information.
For instance, if we want to achieve a reliable communication
with a probability of 1072, the minimum overall end-to-
end SNR pair for variable- and fixed-gain schemes needs to
approximately be {9, 16}, {9, 16} and {9, 16} dB for clean,
hazy and moderate rain weather conditions, respectively.

10° 1
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T =7 =3dB
/
S .a2l |
as 10 7
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FIGURE 9. The probability of outage as a function of distances in the
first- and second-hops for different fixed average SNRs with heterodyne.
(Hazy weather, § = 6.7, m; =m, =1,A = 0.5, R = 1bit.)

Alternatively, in Fig. 9, the probability of outage as a
function of the distance is illustrated for different fixed overall
end-to-end SNR in hazy weather conditions. The distance in
first hop d; and in second hop d is assumed to be the same as
variable, and the threshold of outage probability is considered
as R = 1bit. Since the distances d; and d change for each
case, the turbulence parameters «1, 1, a2 and 8, needs to be
calculated separately based on (2) and (3), where Nakagami-
m parameters are set to m; = mp = 1. The impact of end-to-
end SNR can be easily observed from the figure, in which the
higher overall SNR results in more reliable communication
system for each fixed- and variable-gain relaying schemes.
For example, if we are required to satisfy at most 10~2 outage
performance, the distance pair for fixed- and variable-gain
schemes in each hop approximately needs to be {600, 700} m,
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FIGURE 10. A comparison of effective throughput as a function of outage
probability threshold with heterodyne detection for the proposed and the
reference studies. (Haze weather, § = 1.1, d; = 1km, d, = 1.25km,

71 =10dB, y, = 15dB, oy = 14.6608, §; = 14.0573, ap = 10.4284,
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{800, 950} m, and {900, 1050} m for the fixed end-to-end
SNRs of 3, 6 and 10 dB, respectively.

A comparison of the effective throughput metric as a
function of the outage probability threshold is illustrated
in Figs. 10 and 11 for two different relaying schemes to
illustrate the outage performance of the proposed and the
benchmark systems in hazy weather conditions. The distance
in first hop d; and second hop d; is assumed to be 1km
and 1.25km, respectively, while the Nakagami-m parame-
ters are set to m; = my = 1. Additionally, the turbulence
parameters are calculated as o] = 14.6608, 81 = 14.0573,
oy = 10.4284, and B = 9.9853. From the figure, we can
easily observe that the proposed relaying system outperforms
the benchmark system for both fixed-gain and variable-gain
relaying schemes. For instance, if we consider an outage
threshold of R = 2 bits, for fixed- and variable-gain schemes,
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FIGURE 11. A comparison of effective throughput as a function of outage
probability threshold with IM/DD detection for the proposed and the
reference studies. (Haze weather, ¢ = 1.1, dy = 1km, d, = 1.25km,

»1 =10dB, y, = 15dB, oy = 14.6608, 8; = 14.0573, o = 10.4284,

By =9.9853, m; =my =1,A=0.5)
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FIGURE 12. The effective throughput as a function of distances in the
first- and second-hops for different fixed average SNRs with heterodyne.
(Clean weather, £ = 1.1, m; =m, =2,A =0.5, R = 3 bits.)

the proposed and benchmark systems are able to satisfy
the pair of effective throughput {1.6072, 1.7345}bits and
{0.2823, 0.8118} bits, respectively, and additionally, if we
consider an outage threshold of R = 3 bits, these numbers
are {1.7037,2.1528} bits and {0.0519, 0.4218} bits, respec-
tively. Moreover, we can observe that the effective throughput
illustrates a non-monotonic behavior with the increase of
outage threshold R. In other words, when we increase the
outage threshold, the effective throughput starts increasing,
and then, it begins decreasing. We can explain this behavior
as follows: the increment in outage threshold is higher than
the increase in probability of outage, and therefore, effective
throughput increases with the increase in threshold. However,
after a specific value of threshold, the outage probability
becomes dominant, and it dramatically increase the effective
throughput.

Effective throughput as a function of link distances is rep-
resented in Fig. 12 for different fixed overall end-to-end SNR
in clean weather conditions. The distance in first hop d1 and in
second hop d; is assumed to be the same as variable, and the
threshold of outage probability is considered as R = 3 bits,
where Nakagami-m parameters are set to m; = my = 2. The
impact of end-to-end SNR on the effective throughput can be
easily observed from the figure. For instance, if we need to
satisfy an effective throughput of 2 bits, the distance pair for
fixed- and variable-gain schemes in each hop approximately
needs to be {650, 800} m and {1200, 1450} m for the fixed
end-to-end SNRs of 5 and 15 dB, respectively.

V. CONCLUSION

In this study, the outage performance of relay-based dual-
hop hybrid FSO-mmWave systems is investigated for fixed-
and variable-gain relaying transmissions. Specifically, the
transmissions in each hop is established through opti-
cal gamma-gamma atmospheric turbulence and mmWave
Nakagami-m fading channels at the same time, and the
MRC diversity combining method is used at the relay and
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destination receivers. As performance metrics, the outage
probability and effective throughput are derived for fixed-
and variable-gain relaying schemes. Additionally, the impact
of different fundamental physical layer parameters on the
transmission reliability are examined for two relay methods.
As explained previously, the nature of relay-based dual-hop
mixed FSO-RF systems demonstrate that the overall system
performance can be significantly degraded by either FSO
and/or RF links due to the adverse weather conditions. How-
ever, the utilization of hybrid FSO-RF links in each data
transmission hop can overcome this problem due to the com-
plementary properties of RF and FSO systems. Analytical
findings which are discussed allow us to explain how reliable
transmission and reception can be made in several cases
of interest in the context of hybrid FSO-mmWave systems.
In view of the findings, relay-based dual-hop hybrid FSO-
mmWave transmissions can be considered for the design of
more reliable communication systems due to their distinc-
tive behavior under different atmospheric conditions. Fur-
thermore, by illustrating the effects of various atmospheric
turbulence conditions on each hop and link, the utiliza-
tion of a hybrid transmission remarkably decrease the out-
age performance of dual-hop relays. Moreover, both FSO
and mmWave systems are able to satisfy the low latency,
ultra reliability, and high capacity requirements of 5G and
beyond networks. As a conclusion, the examination pro-
vided in this work can be useful in the process of system
design to build more reliable data transmission under several
scenarios.
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