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Abstract: In this manuscript, two novel multi-hop relay-assisted hybrid Free Space Optical / Radio Frequency (FSO / RF)
communication systems are presented and compared. In these structures, RF and FSO links, at each hop, are parallel and send
data simultaneously. This is the first time that in a multihop hybrid FSO / RF structure, Detect and Forward protocol is used. In the
first structure, at each hop, received signals with higher Signal to Noise Ratio (SNR) is selected. But in the second structure, at
each hop, received FSO and RF signals are separately detected and forwarded and selection is done only at the last hop.
Considering FSO link in Negative Exponential atmospheric turbulence and RF link in Rayleigh fading, for the first time, closed-
form expressions are derived for Outage Probability (P,,;) and Bit Error Rate (BER) of the proposed structures. MATLAB
simulations are provided to verify derived expressions. The main motivation of this work is to answer this question that how much
is the difference of selection at each hop and selection at the last hop. Results indicate that the structure with selection at each
hop has better performance than the structure with selection at the last hop. At different target Outage Probability, selection at the
last hop consumes about two times (~3dB) more power than selection at each hop. Both structures are particularly suitable for
long-range communications. However, selection at each hop, in the cost of more complexity, is recommended for applications

which have problem with supplying the required power for communication.

1 Introduction

FSO communication systems are considered as an appropriate
alternative for traditional RF communication systems. FSO system
has large bandwidth compared with RF systems. In addition,
because of a very narrow beam, FSO is highly secure and contains
no interference. Besides these advantages, constraints such as high
sensitivity to atmospheric turbulence and weather conditions,
severely limits FSO practical applications [1].

Various statistical distributions have been usedto model
atmospheric turbulence effects. Lognormal [2], Gamma-Gamma [3]
and Negative Exponential [4] distributions are respectively used to
model weak, moderate to strong and saturate atmospheric turbulence
regimes.

Effects of atmospheric turbulences on FSO and RF links are not
the same, in the sense that when atmospheric turbulences cause
outage in one of the FSO and RF links, the other link remains
available. For example, severe rain does not affect performance of
FSO link, but degrades the performance of RF link. Therefore
combination of FSO and RF links can significantly improve the
performance and reliability of the system [5].

Hybrid FSO / RF systems are available in series [6,7] and
parallel [8,9] structures. In parallel structure, FSO and RF links are
parallel and send data simultaneously [10] or by use of a switch
[11]. In simultaneous data transmission, both FSO and RF links are
always active, but in switching method, FSO link is always active
and RF link acts as a backup, i.e. when the received SNR comes
down below athreshold level, RF link starts transmitting data.
Series structure has lower power consumption, but suffers
performance degradation due to frequent switches when
atmospheric turbulence gets worse [12].

The so-called relay assisted hybrid FSO / RF systems improve
both performance and capacity of the system. Different relay
protocols have been studied for relay assisted systems; among them
Amplify and Forward [13], due to its simplicity is mostly used. In
this protocol, according to the existence or missing of Channel State
Information (CSI), the received signal is amplified and forwarded
by adaptive or fixed gain [14,15]. Also the case of outdated CSI is

studied in [16]. Amplify and Forward has high power consumption
and amplifies noise. When CSI is missed, amplification gain should
be adjusted according to the worst case scenario, therefore, it has
power loss. It is better to use other protocols such as Decode and
Forward [17], and Detect and Forward [18].

Works done about relay-assisted hybrid FSO / RF systems,
mostly considered one hop [19, 20] and two hop [21-24] structures.
Few works have been done about multihop hybrid FSO / RF systems
[25, 26]. To the best of the authors’ knowledge, this the first time a
multi hop relay-assisted hybrid FSO / RF system with parallel data
transmission on each hop, is being investigated at saturate
atmospheric turbulence.

In this paper two novel models are presented for multihop
hybrid FSO / RF system. At each hop of the proposed structures,
FSO and RF links are parallel and send data simultaneously. Detect
and forward protocol is used. At each relay input the first structure,
received signal with higher SNR is selected. But in the second
structure, the received signal at each relay input are detected and
forwarded separately, and selection is done only at the destination.
To the best of the authors’ knowledge, this is the first time that
Detect and Forward protocol is used for multihop hybrid FSO / RF
system. Also it is the first time that BER of a multihop hybrid
FSO/RF is investigated. Considering FSO link in Negative
Exponential atmospheric turbulence and RF link in Rayleigh fading,
for the first time, closed-form expressions are derived for
BER and P, of the proposed structures. Derived expressions are
validated trough MATLAB simulations. In proposed structures,
combination of FSO and RF links significantly increases link
reliability and accessibility. In addition, multihop relaying reduces
total power consumption and increases capacity of the system. Also
detect and forward relaying used in this work has low cost and easy
implementation. The proposed structures are particularly suitable
for long-range communications.

The rest of this work is organized as follows. In Section 2,
system model, P,,; and BER of the structure with selection at each
hop are discussed. System model, P,,; and BER of the structure
with selection at the destination are expressed in section 3. In
Section 4 analytical and simulation results are compared and
discussed. Section 5 is the conclusion of this work.
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Fig. 1: The structure with selection at each hop

2.1 System Model

The proposed multihop hybrid FSO / RF system is presented in Fig.
1. Assuming x as the generated signal at source Base Station; two
copies of this signal are transmitted through FSO and RF links.
Between received FSO and RF signals at the first relay, signal with
higher SNR is detected, then two copies of this signal are forwarded
through RF and FSO links. The same trend continues at each hop
until reaching the destination Base Station.

Received FSO and RF signals at the i-th; i = 1.2..... M relay are as:

Yrsoi = Nlidi—1 + epsoi (1)
Yrri = hidi_1 + egp, 2)

where d;_; is the detected signal at the (i — 1) — th relay, h; is
fading coefficient of i -th hop, I; is atmospheric turbulence
intensity of i -th hop, erso; is Additive White Gaussian Noise
(AWGN) with zero mean and o2, variance at the input of i — th
FSO receiver, egr;, is AWGN with zero mean and o2 variance at
the input of i — th RF receiver, and 7 is photo detector responsivity.
At each hop, between received FSO and RF signals, signal with the
highest SNR is selected for detection, i.e. y; = max(Yrso.i- Vrr.i)-
Assuming independence of FSO and RF links, the Cumulative
Distribution Function (CDF) of y; becomes as follows:

E,(v) = Pr(max(Ypso.i-Yrri) < V) = Pr(¥esoi <
Y-Yrei V) = Fypgo (N Fype, (), 3)

where yrso.; IS SNR at the input of i — th FSO receiver and ygg ;
is SNR at the input of i — th RF receiver.

2.2 Outage Probability

Outage occurs when the SNR comes below a threshold level, i.e. y <
Yn- Assuming that the detection done at each relay is independent
from the detection done at other relays, P,,,; of the first proposed
structure will be defined as follows [26]:

PoutWen) =1 — Papa(Yen) = 1 — Hi‘i1 Payai(yen) =1 -
911(1 - Pout.i(yth))x “)

where P,,,, = 1 — P, is probability of link availability. So, given
that Poy¢ (Yen) = F, (¥¢n), and that FSO link atmospheric turbulence
and RF link fading are independent and identically distributed, the
above statement becomes equal to:

Pouc(yen) =1 — (1 - Fyi(yth))M =1- (1 -

M
F;’Rp.i (}/fh)F;’Fso.i (yth)) ’ Q)

Therefore, in order to obtain P,,,; of the first proposed structure, it
is sufficient to calculate CDF of FSO and RF links, separately and
then substitute them at (5).

FSO link is described by Negative Exponential atmospheric
turbulence with 1/A4 mean and 1/A2 variance. The probability
density function (pdf) of I; is as follows:

fi, (1) = e, (6)

According to (1), instantancous SNR at the i — th FSO receiver
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iS aS Yrso; = Zz—" = Vrsol? , Where g, is average SNR. Using
FSo
[27] and (6), the pdf and CDF of ygsg ; are equal to:
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According to (2), instantaneous SNR at the i — th RF receiver
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Substituting (8) and (10) into (5), P,,: of the proposed
structure is as follows:
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P, of the proposed structure is related exponentially to 1/ygp
and 1/,/¥rso, therefore in order to improve performance of the
system, it is better to increase ygp, rather than yrg,. In the sense that
increasing the transmitted power in RF link brings more
improvement than that of FSO link.

2.3 Bit Error Rate

Though performance of MPSK modulations is better than DPSK,
but DPSK does not need the carrier phase estimation circuit and
therefore, its receiver has less complexity. Given that F,(y) =
P,.:(y), BER for DPSK modulation is obtained from the following
equation [28]:

P =305 eV E(dy =3 f)” e Pou(N)dy. (13)

Substituting (13) in (14), BER of DPSK modulation of the
proposed structure becomes equal to:
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07.34.21.0088.01] BER of DPSK modulation of the proposed
structure becomes equal to:
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Fig. 2: The structure with selection at the destination.

3.1 System model

In Fig. 2, a relay-assisted hybrid FSO / RF communication system
with M series hops is considered, in which FSO and RF links are
parallel and send data simultaneously and separately. Assuming x as
the generated signal at the source Base Station, two copies of the
signal are transmitted through FSO and RF links. The received
FSO and RF signals are then detected and forwarded separately.
This procedure continues until reaching the destination Base Station.
At the destination, between received FSO and RF signals, one with
higher SNR is used for detection.

The received FSO and RF signals at i — th relay are as follows:

Yrsoi = Midrso.i-1 + €rso.is (17)
Yrri = hidgri—1 + egp. (18)

where dgpi—q1 and dpgp;—, are respectively the detected
FSO and RF signals at (i — 1) — th relay.

3.2 Outage Probability

Assuming independent FSO and RF links and assuming independent
detection at each relay, P,,. of the second proposed structure
is defined as follows:

Pout(Ven) = Pout.FSO()/th)Pout.RF(}/th) = (1 -
Pava.FSO (Vth))(l - Pava.RF(}/th)) = (1 - f4=1(1 -
Pouerri(ven)) )(1 = TTHL1 (1 = Poutrsoi(ven)))- (19)

Given that Py, (ven) = F,(ver) » and independent identically
distributed FSO and RF links, (19) becomes equal to:

Pout(Yen) = (1 - (1 - FyRF_i(Vth))M) (1 -
(1 - FYFso_i(yth))M)- (20)

Substituting (8) and (10) into (21), P, of the second proposed
structure becomes equal to:
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3.3 Bit Error Rate
Substituting (21) in (14), and inserting Meijer-G equivalent

of e~ *MV¥/¥rso in it, BER of DPSK modulation of the second
proposed structure becomes as follows:
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Using [29, Eq. 07.34.21.0088.01] BER of DPSK modulation
of the second structure becomes equal to:
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4 Comparison between analytical and
simulation results

In this section mathematical analysis and MATLAB simulation
results are compared. FSO and RF links are described by Negative
Exponential atmospheric turbulence and Rayleigh fading,
respectively. Performances of the proposed structures are
investigated at various variances of Negative Exponential
atmospheric turbulence (1/42) and various numbers of hops (M).
FSO and RF links have equal average SNR (Vpso = Vrr = Yavg)-
Y 1S outage threshold SNR.

In Fig. 3, Outage Probability of the proposed structures is plotted
in terms of average SNR for various number of hops for Negative
Exponential atmospheric turbulence with unit variance (1 = 1) and
Y = 10dB. As can be seen, the performance of the proposed
structures degrades by increasing the number of hops. Because
according to the definition of P,,,,, and due to use of series relaying
structure, outage occurrence in the proposed structures is caused by
the outage even in one hop, therefore adding number of hops
increases P,,;. In fact, multihop structure replaces high power
consumption long-range link with some low power consumption
short-range links.

As can be seen, the structure with selection at each hop has better
performance than the other structure better than the other structure,
because in the structure with selection at each hop, between the
two received FSO and RF signals, the one with higher SNR is used
for detection at each hop but at the structure with selection at the
destination, each of the received FSO and RF signals are detected
and forwarded separately. Therefore P,,;. of the structure with
selection at each hop is less than the other structure. It can be
seen that at different target P,,;, in both proposed structures,
Yavg difference between the cases of M = 1and M = 3 is more than
the cases of M =3 and M = 5. Itis expected that when M — oo,
system performance reaches a steady state and increasing number of
hops does not degrade it any more.

In Fig. 4, Outage Probability of the proposed structures is plotted
in terms of average SNR for various variances of Negative
Exponential atmospheric turbulence when M =2 and vy =
10dB. As can be seen, the structure with selection at each relay has
better performance at various variances of Negative Exponential
atmospheric turbulence. It can be seen that at high intensity of
Negative Exponential atmospheric turbulence (A = 5), and different
target Py, there is slight y,,, difference between the proposed
structures. In each of the proposed structures, when Py, < 1072,
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Fig. 3: Outage Probability of the proposed structures in terms of
average SNR for various number of hops for Negative Exponential

atmospheric turbulence with unit variance (A = 1) and yy, = 10dB.
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Fig. 4: Outage Probability of the proposed structures in terms of
average SNR for various variances of Negative Exponential
atmospheric turbulence when M = 2 and y,, = 10dB.

Yavg difference between system performance at various variances of
Negative Exponential atmospheric turbulence is fixed. This is a kind
of stability, in the sense that addition of a constant fraction of
consuming power, maintains performance of the system and there is
no need to change this fraction at different situations. This feature
eliminates the need for an adaptive processor that changes additional
power fraction according to atmospheric turbulences. Therefore, the
proposed structures have less complexity, power consumption and
processing delay. Supplying the required power is the major issue in
the links with saturate atmospheric turbulence regime, hence the
proposed structures, due to their properties, are particularly suitable
for such links.

In Fig. 5, Bit Error Rate of the proposed structures is plotted in
terms of average SNR for various number of hops for Negative
Exponential atmospheric turbulence with unit variance (4 = 1). As
can be seen, at different target P, , Y.y difference between
cases of M = 2 and M = 1 in the structure with selection at each
hop is about 2dB and in the structure with selection at the
destination is about 4.5dB, meaning that the structure with selection
at the destination consumes about twice (~3dB) more power to
maintain the performance. It is also observed that performance
difference between the proposed structures increases by adding
number of hops. For example, at P, = 1073, Yavg difference
between the proposed structures in cases of M = 1, M = 2 andM =
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Fig. 5: Bit Error Rate of the proposed structures in terms of
average SNR for various number of hops, for Negative
Exponential atmospheric turbulence with unit variance (A = 1).
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3, are respectively about 0dB, 2dB, and 3dB. Because the structure
with selection at the destination makes only one decision, but the
other structure makes decision every hop, also detection of each
relay is independent from other relays. Therefore, increasing number
of hops, increases number of total decisions, thereby increases
number of total errors.

In Fig. 6, Bit Error Rate of the proposed structures is plotted in
terms of average SNR for various variances of Negative Exponential
atmospheric turbulence when M=2. As can be seen, at low yg,4, the
deference between performances of the proposed structures at
various atmospheric turbulence variances is not so much, but at
high y,yg this difference increases. Since at low g4, the noise
effect is dominant, i.e., performance degradation is mostly due to the
noise effect, but by increase of y,.,, the effect of atmospheric
turbulence overcomes the noise effect. At different target P,,
Yavg difference between the proposed structuresat various
atmospheric turbulence variances is the same. When number of hops
is constant, in fact number of made decisions is constant, thereby
performance difference between proposed structures, which
depends on the number of made decisions, is constant and does not
change by change in atmospheric turbulence variance.

5 Conclusion

Inthis paper, two novel models are presented for multihop
hybrid FSO / RF communication system. In both structures, a series
multi-hop relay assisted hybrid FSO / RF link, connects source and
destination Base Stations. It is the first time that in a multihop relay
assisted hybrid FSO / RF structure, Detect and Forward relaying
scheme is used. One of the proposed structures makes decisions at
each hop, but the other makes decision only at the last hop.
Considering FSO link in Negative Exponential atmospheric
turbulence and RF link in Rayleigh fading, for the first time, closed-
form expressions are derived for BER and P,,; of the proposed
structures and the derived expressions are verified through
MATLAB simulations. It has worth to mention that this is the first
time that BER of a multihop hybrid FSO / RF structure is being
investigated.

Performance of the proposed structures are compared
and investigated at various numbers of hops and different variances
of Negative Exponential atmospheric turbulence. It is observed that
increasing number of hops degrades performance of both structures.
But overall, performance of the first structure is better than the
second one, because in the first structure, each relay selects signal
with higher SNR for detection but in the second structure, each of
the FSO and RF signals are detected and forwarded separately.

Results indicate that at different target P,,., structure with
selection at the destination consumes about two times (~3dB) more
power than the first structure to maintain performance. At low y,,g,
the difference between performances of the proposed structures at
various atmospheric turbulence variances is negligible, therefore the
proposed structures are almost independent of atmospheric
turbulences and do not need adaptive processor or consuming much
more power to maintain performance, thusthey have low
complexity, power  consumption and  processing  delay.
The proposed structures, due to their properties, are particularly
suitable for saturate atmospheric turbulence and long-range links,
where supplying the required power is the major problem.
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