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This paper introduces a novel statistical model for the performance analysis of hybrid RF/FSO (ra-
dio frequency/free-space optics) communication systems. The RF channel is modeled using the
Nakagami-m fading distribution, while the FSO channel is characterized by a Chi-square–inverse
Gamma distribution to account for atmospheric turbulence and pointing errors. A closed-form ex-
pression for the cumulative distribution function (CDF) of a one-hop hybrid RF/FSO system is de-
rived under a selective combining scheme, formulated as a function of the average signal-to-noise
ratio (SNR). The resulting CDF is expressed in terms of the extended generalized bivariate
Meijer-G function (EGBMGF). Furthermore, new analytical expressions for the average bit error
rate (ABER) are obtained for both the hybrid RF/FSO system and its FSO-only counterpart under
coherent binary phase-shift keying (CBPSK) modulation. A detailed comparative analysis is per-
formed across varying channel parameters and turbulence conditions. Numerical results, presented
graphically, demonstrate the superior robustness of the proposed hybrid scheme under severe tur-
bulence and misalignment effects.
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1. Introduction

Free-space optical (FSO) communication systems have gained significant attention
due to their high bandwidth, low deployment cost, and compatibility with optical fiber
networks. However, their performance is highly susceptible to adverse weather condi-
tions and temporary loss of  line-of-sight (LOS). Numerous studies [1-3] have demon-
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strated that fog has the most detrimental effect on optical signal propagation, while
rain introduces negligible attenuation. This is attributed to the particle sizes in fog and
mist being comparable to optical wavelengths, leading to considerable scattering. At-
mospheric attenuation in FSO links is thus primarily caused by scattering, with ab-
sorption playing a secondary role, ultimately limiting the channel bandwidth and
degrading transmission quality.

To enhance system reliability under such impairments, hybrid architectures have
been proposed [4-6]. These systems combine the strengths of radio frequency (RF) and
FSO communication. The RF link operates in millimeter-wave bands and remains
largely unaffected by fog, while the FSO link offers high data rates in clear weather.
In foggy conditions where FSO performance degrades, the RF link ensures communi-
cation continuity. Conversely, RF performance degrades under heavy rain, in which
case the FSO link takes over [7-10]. This switching mechanism enhances overall link
robustness by leveraging the complementary characteristics of RF and FSO channels.

Two main configurations are used in hybrid RF/FSO systems:
1) Simultaneous transmission, where both links operate concurrently, providing

high reliability but at the cost of spectral inefficiency.
2) Handover-based transmission, where transmission dynamically switches be-

tween RF and FSO links based on channel quality, offering better resource utilization
but increased sensitivity to rapid environmental changes [11].

Diversity combining techniques, originally developed for RF systems, have also
been adapted for hybrid RF/FSO links to mitigate fading and improve signal robust-
ness [12, 13]. In particular, handover strategies that activate the RF link when the
FSO signal-to-noise ratio (SNR) drops below a predefined threshold have proven ef-
fective for maintaining link availability.

A one-hop hybrid RF/FSO system, where data is transmitted directly from source to
destination without intermediate relays, requires accurate statistical modeling to assess
performance. Due to the variability and complexity of weather-induced channel effects,
a universal model is not feasible. Therefore, composite statistical models are employed
to separately model the RF and FSO components. Prior work [14] used a Gamma-Gamma
model for the FSO link and Nakagami-m fading for the RF link, demonstrating improve-
ments in average bit error rate (ABER) and outage probability. Similarly, [15] adopted
a Málaga distribution for FSO fading and a generalized α-η-k-μ model for RF, showing
improved resilience to turbulence and pointing errors.

In this study, we analyze a hybrid one-hop RF/FSO communication system in which
the RF fading is modeled using the Nakagami-m distribution, and the FSO turbulence
is characterized using the Chi-square–inverse Gamma distribution. We derive the cu-
mulative distribution function (CDF) for the composite system based on the product
of the independent CDFs of both channels. Furthermore, we propose a new analytical
expression for the ABER using coherent binary phase-shift keying (CBPSK) modula-
tion. The performance of  the hybrid model is compared to the standalone FSO system
under varying turbulence levels and system parameters, illustrating the advantages of
the hybrid approach in mitigating atmospheric impairments and misalignment effects.
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2. System and channel model

The hybrid RF/FSO system consists of two links, RF and FSO, which use the same digital
modulation scheme. At the transmitter, the signal is sent to both the RF and FSO links,
where transmission occurs simultaneously over both links. The Nakagami-m distribu-
tion is used for modeling RF channel fading. The PDF of the Nakagami-m distribution,
depending on the SNR, can be represented by the expression [14]

(1)

where the fading statistic factor m ≥ 0.5 represents the relative strength of the fading
coefficient, γ1 denotes the SNR of the RF system, μ1 represents the average SNR, and
Г denotes the Gamma function.

(2)

By substituting expression (1) into (2) and applying the rule (07.34.21.0084.01) from
Ref. [16], the integral is solved, and the resulting expression represents the CDF:

(3)

For modeling the turbulence of the FSO link, the Chi-square–inverse Gamma distri-
bution was used. The expression for the PDF when IM/DD is applied under the influ-
ence of  pointing error, in relation to the SNR, is given by the following expression [17]:

(4)

where K denotes the Rician factor, which defines the ratio between the direct compo-
nent and the components resulting from scattering, γ2 is the SNR of the FSO system,
and ξ  represents the laser pointing error, calculated as

(5)

where σs is the standard deviation of the pointing error (jitter) at the receiver, and
wL_eq is the equivalent radius of the received beam 
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(6)

where  A0 = [erf (v )]2, with erf (ꞏ) denoting the error function. The dis-
tribution parameter b can be calculated using the following expression:

(7)

and  can be obtained from the expression:

(8)

and represents the log-variance of the irradiance, where  and  are the
effects of large-scale and small-scale eddy fluctuations, respectively.

(9)

where:

(10)

(11)

while k denotes the wave number, λ is the wavelength, l0 represents small-scale eddies
(expressed in mm), and  represents the Rytov variance, here

 is the refractive index structure parameter used to define the intensity of turbu-
lence, and L is the propagation distance. 
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and  is the equivalent aperture diameter, where a denotes the re-
ceiver aperture radius, while L0 represents large-scale eddies.

The expression for determining the CDF is given by the equation:

(15)

By substituting Eq. (4) into (15) and applying the integral solving rule (07.34.21.
0084.01) from Ref. [16], the expression for the CDF is obtained:

(16)

2.1. Statistical characteristics of the one-hop hybrid RF/FSO system 
based on selective combining

In the RF/FSO system, a selective combining scheme is adopted, which is imple-
mented by comparing the SNR of  the RF/FSO link with the output signal of  the max-
imum SNR [14]:

(17)

where γ1 and γ2 are the SNRs of the RF and FSO links, respectively. According to this,
assuming statistical independence between the RF and FSO channels, the CDF of the
hybrid RF/FSO system under is obtained as the product of the individual CDFs [18]:

(18)

By substituting Eqs. (3) and (16) into Eq. (18) and applying the product rule of Meijer’s
functions, the generalized extended form of the bivariate Meijer-G function (EGBMGF
– extended generalized bivariate Meijer-G function; rule (07.34.16.0003.01) from
Ref. [16]) is obtained, which represents the CDF of the hybrid RF/FSO system.
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2.2. ABER of the one-hop hybrid RF/FSO system

For the hybrid RF/FSO system, the expression for determining the ABER is derived
from the following expression:

(20)

where x and y represent the ABER parameters for the binary modulation scheme. Table 1
shows the values of x and y parameters depending on the modulation. 

By substituting Eq. (19) into Eq. (20), implementing the CBPSK modulation tech-
nique, and applying the rule (01.03.26.0004.01) from Ref. [16], where 

 and then applying the rule (07.34.21.0081.01) from Ref. [16], the ex-
pression for the ABER of the hybrid RF/FSO one-hop transmission system is obtained:

(21)

By substituting Eq. (16) into Eq. (20), applying the CBPSK modulation technique,
and solving the integral using the rule (07.34.21.0088.01) from Ref. [16], the expres-
sion for the ABER from the source to the receiver node for FSO only is obtained:
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3. Results and discussion

The performance of the proposed hybrid RF/FSO system and the standalone FSO sys-
tem was analyzed using the ABER expressions derived in Eqs. (21) and (22). The sim-
ulation parameters are listed in Table 2. All results were obtained under the assumption
that both links share the same average SNR ( μ1 = μ2).  

By analyzing the graphs, it can be concluded that the ABER level is significantly
lower for the hybrid RF/FSO system compared to the FSO system, indicating that the
application of  the hybrid model improves system performance. It can also be observed
that the ABER value decreases as the electrical SNR value increases. Additionally,
ABER can be further reduced by increasing the K-factor value, which improves the
performance of both the FSO and hybrid systems.

Figure 1 illustrates the ABER performance of the hybrid RF/FSO system under
strong turbulence for various values of the Rician K-factor. It is evident that increasing
the K-factor significantly improves performance due to the strengthening of the direct
signal component. Figure 2, presenting the FSO-only counterpart, shows noticeably
higher ABER under the same conditions, confirming the hybrid system’s robustness.

Figures 3 and 4 compare ABER performance under weak, moderate, and strong
turbulence. Although the Chi-square–inverse Gamma turbulence model was originally
derived under an IM/DD detection assumption, the CDF-based performance behavior
shown in Fig. 4 remains representative for coherent detection as well. The ABER anal-
ysis in this work, including Figs. 1–3, uses CBPSK-specific parameters in the integra-
tion framework (Eq. (20)), which ensures consistency with coherent transmission
assumptions. Therefore, Fig. 4 serves to illustrate the impact of turbulence regimes on
the FSO channel, regardless of the detection method.

T a b l e 2.  Parameter values used for numerical calculations. 

Parameter description Notation Value

Refractive index – the strength of turbulence  [m–2/3] 6 × 10–15 (weak)
2 × 10–14 (moderate)
1.2 × 10–13 (strong)

Wavelength λ [nm] 1000

Distance between transmitter and receiver L [m] 1200

Received power at the receiver Ω 1

Receiver sensitivity R [A/W] 1 

Noise variance σN 10 –7

Radius of the circular detector a [m] 0.05

Radius of the optical beam at distance wL [m] 0.5

Large-scale eddies L0 [m] 0.8

Small-scale eddies l0 [mm] 6

C n
2
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The hybrid system consistently outperforms the FSO link across all regimes. This
improvement is attributed to the selective combining scheme, where the RF link com-
pensates for performance degradation in the FSO path. The gap widens with increas-
ing turbulence, highlighting the hybrid system’s adaptability to severe atmospheric
conditions. 

From the graph, it can be observed that for weaker turbulence conditions, the
ABER value is lower for both the hybrid and the FSO system. The hybrid RF/FSO sys-
tem shows slightly higher resistance to atmospheric turbulence compared to the FSO link,

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

=1000 nm
m=2

strong turbulence - Cn
2=1.2x10-13

L=1200m

[dB]

 K=1  
 K=2
 K=3
 K=4

AB
ER

Fig. 1. ABER for the hybrid one-hop RF/FSO system under strong turbulence conditions for different val-
ues of the K-factor when the CBPSK modulation technique is applied. 
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Fig. 2. ABER for the FSO system under strong turbulence conditions for different values of the K-factor
when the CBPSK modulation technique is applied. 
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which was expected. In the hybrid RF/FSO system, when FSO performance degrades
due to turbulence effects, the RF link takes over the transmission, and since RF is
minimally affected by turbulence, the overall transmission characteristics remain
better.

In Fig. 5, the ABER is evaluated as a function of pointing error (quantified via
parameter ξ ). A smaller ξ implies higher jitter and misalignment, which degrades per-
formance. As ξ increases, both systems benefit, but the hybrid model maintains a con-
sistent advantage, particularly at higher SNR values, where misalignment has a more
pronounced effect. 
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Fig. 3. ABER for the hybrid one-hop RF/FSO system under weak, moderate, and strong turbulence con-
ditions for values K = 2 and m = 2 when applying the CBPSK modulation technique.
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Fig. 4. ABER for the FSO system under weak, moderate, and strong turbulence conditions for K = 2 when
applying the CBPSK modulation technique.
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Figure 6 investigates the influence of the Nakagami-m fading parameter on the
hybrid system under weak turbulence. As expected, increasing mm yields better per-
formance, since higher values correspond to less severe fading. The hybrid system
demonstrates considerable sensitivity to mm, particularly in low-to-moderate SNR re-
gimes.

For the initial and lowest value of this parameter, the value m = 0.5 was selected,
which is also the boundary (lowest) value of  this parameter. What can be observed from
the graph is that for m = 0.5, the ABER level is the highest, and as the value of the
parameter m increases, the ABER value decreases, leading to improved system per-
formance. Increasing the electrical SNR further reduces the ABER values, thereby en-
hancing the system’s performance. 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

K=2
=1000 nm

m=2

strong turbulence - Cn
2=1.2x10-13

L=1200m

[dB]

  RF/FSO =1.25
  RF/FSO =5
  FSO =1.25
  FSO =5

AB
ER

Fig. 5. ABER for the hybrid one-hop RF/FSO and FSO systems as a function of pointing error.
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Fig. 6. ABER for the one-hop hybrid RF/FSO system under weak turbulence conditions for different
fading statistics values when using the CBPSK modulation technique.
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Overall, the results validate that the proposed hybrid RF/FSO model exhibits superior
performance across diverse turbulence strengths, pointing error levels, and fading con-
ditions. Its resilience stems from the complementary characteristics of RF and optical
links, and the effectiveness of selective combining in mitigating link impairments.

4. Conclusion 

In order to enhance FSO communication systems, this paper presented a new hybrid
RF/FSO model for performance analysis, which combines two independent statistical
models. In this process, new expressions for ABER were introduced, determining the
performance of  the hybrid RF/FSO system and the performance of the FSO system
with direct line-of-sight signal propagation when applying CBPSK modulation. A com-
parative analysis of  the performance of  these two systems was conducted for different
system parameter values, misalignment errors, and levels of atmospheric turbulence.

Thanks to the analysis and research, several very important conclusions have been
established. Proposed hybrid one-hop RF/FSO system significantly outperforms the
FSO-only system under all evaluated scenarios. Notably, the hybrid scheme exhibits
strong resilience to atmospheric turbulence and pointing errors, maintaining reliable
transmission by adaptively switching between RF and FSO links based on instantane-
ous SNR conditions. This dynamic switching mechanism ensures continuous data flow
and minimal outage probability, making the system particularly effective in urban en-
vironments, high-altitude platforms, and emergency communication.

It can also be concluded that the K-factor has a significant impact on improving
the performance of both the FSO and hybrid RF/FSO systems. Additionally, the hybrid
RF/FSO system is characterized by the m parameter, the increase of which can have
a major impact on improving the performance of the hybrid RF/FSO system. These
findings validate the effectiveness of the proposed statistical model and highlight the
practical viability of hybrid RF/FSO links in real-world deployments.
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