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Abstract: All-optical amplify-and-forward (OAF) relaying technique can amplify and filter
the attenuated optical signal in optical domain, and thus is regarded as a simple way to
extend the transmission distance of free-space optical (FSO) communication systems. At the
relaying node, however, the incident background radiation and the amplified spontaneous
emission noise of the deployed erbium-doped fiber amplifier will deteriorate the optical
signal-to-noise, therefore causing the degradation of the system’s bit error ratio (BER). In
this paper, we perform simulations and experiments on FSO system with on-off keying (OOK)
and differential phase-shift keying (DPSK) signals, focusing on the receiving sensitivity loss
(RSL) of the OAF-assisted dual-hop system. Taking the BER level of 10−7 as the reference,
we find that the DPSK system suffers more than 8 dB RSL at the data rate of 5 Gb/s in
simulation, while the OOK system gets less than 1 dB RSL at the same data rate. In the
following experiments, the obtained results exhibit that RSL of DPSK system is nearly 10 dB,
which of OOK system is less than 1.5 dB, shown similarly property to the simulations.

Index Terms: Free-space optical communication, all-optical relaying, receiving sensitivity
loss, OOK, DPSK.

1. Introduction

Free-Space optical (FSO) communication has many advantages such as high bandwidth, licenses-

free and robustness to electromagnetic interference, making it an effective alternative to lots of

applications [1]–[5], especially to long-haul high-data-rate transmissions [6]–[8]. However, the con-

ditions of the atmospheric channel limit the reliability of FSO links. The major problem is the severe

power loss due to the atmosphere turbulence, long-haul geometrical beam spread and pointing and

tracking error [9]–[11], resulting in poor bit-error rate (BER) performance at the receiver, and thus

shorting the link range [12].
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To increase the link range as well as to optimize the BER of the FSO system, optical

relaying-assisted transmission technique is proposed. This technique processes and forwards the

transmitted optical signal at intermediate terminals, which are usually called relaying nodes, be-

tween the transmitter and the receiver of the communication system. At the relaying nodes, optical

signals can be processed in either decode-and-forward (DF) or amplify-and-forward (AF) modes.

In DF relaying, the optical signal is firstly demodulated to electrical data, decoded and re-coded

in electrical domain, and then re-modulated on an optical carrier to forward [13]. This procedure

employs optical-to-electrical (O/E) and electrical-to-optical (E/O) conversions, making the relaying

nodes complex and costly, besides, the bandwidth of the electrical processors limit the relaying

data-rate. While in AF relaying, the optical signal still experiences O/E and E/O conversions, but the

decoding and recoding processes are omitted [14], reducing the demands on high-speed electronic

devices and optoelectronic devices.

Since both of the two relaying methods need O/E/O conversion, all-optical relaying techniques,

namely all-optical AF (OAF) and optical regenerate-and-forward (ORF), are put forward to simplify

the system structure. The OAF utilizes erbium-doped fiber amplifier (EDFA) and optical band-pass

filter (OBPF) to enable the relaying bandwidth unlimited [15]–[19], while the ORF adopts nonlinear

effect to regenerate the noise-polluted signal [20], [21]. Since the ORF requires that the input optical

power should be high enough to trigger the nonlinear effect, and the interactional optical fields

should keep a kind of fixed phase relationship to realize the regeneration, the OAF is a preferable

simple way to relay the degraded optical signal. Now that the OAF can lengthen the link range,

improve the BER performance and enhance the network flexibility by releasing the requirement of

line-of-sight (LOS) in the FSO systems, it can be used in many scenarios, for example, disaster

relief where the surveillance data is time critical to the command center, inter-satellite link handover

when the communication is interrupted or unavailable between the source and the destination, as

well as large volumes data transmission between non LOS terminals [22], [23]. However, at the

OAF relaying node, the background radiation and the amplified spontaneous emission (ASE) noise

of the EDFA should be taken into consideration because they may cause optical signal-to-noise

(OSNR) degradation, especially for weak signal after a long-distance transmission.

At the same time, the transmitting information in FSO systems can be modulated on either

intensity or phase of an optical carrier, namely on-off keying (OOK) modulation or phase shift

keying (PSK) modulation. The OOK signal can be directly detected by a photo-detector, making the

receiver structure simpler than PSK (which needs to convert phase message onto intensity before

detection). However, the PSK signal requires lower optical power than OOK to achieve the same

BER at the receiver. For example, the differential PSK (DPSK) signal with a balanced receiver has

3 dB sensitivity benefit over OOK. Moreover, DPSK receiver needs neither local laser nor optical

phase lock loop, simplifying the receiver structure and making it easy to be deployed in space

applications.

There are plenty of OAF relaying studies which, under certain models of atmospheric turbulence,

mainly focus on the theoretical derivation of the outage probability or optical signal to noise ratio

(OSNR), and system performance based on numerical analyzing are demonstrated. However, the

receiving sensitivity loss (RSL) caused by the OAF relaying node are barely discussed. In this

paper, the performance of an OAF relaying-assisted FSO communication system with OOK and

DPSK signals are evaluated. The impacts of the ASE noise from the EDFA and the optical power

fading caused by the atmospheric channel are mainly considered, and RSLs of the OOK and DPSK

dual-hop FSO systems are respectively researched through simulations and experiments.

2. System Model

The schematic diagram of a dual-hop FSO communication system is shown in Fig. 1, and the OAF

relaying procedure which we primarily discuss in this paper is demonstrated in inset (b).

In the OAF relaying-assisted FSO system, the output optical field of the transmitter is:

E T (t) = E 0 cos (2πν0t) (1)
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Fig. 1. Schematic diagram of a dual-hop FSO communication system, with inset. (a) DF relaying
diagram, inset. (b) OAF relaying and inset. (c) ORF relaying diagram respectively. Tx: transmitter, Rx:
receiver, OBPF: optical band-pass filter.

where E 0 is the electrical field amplitude and ν0 is the center frequency of the optical light source

respectively. After a section of free space transmission, the received optical field E RE L
r (t) at the

relaying node can be written as:

E RE L
r (t) = α1E T (t) + E b1 (t) (2)

where α1 represents the transmission loss caused by antenna optics of Tx and Rx, geometrical

spread, atmospheric attenuation, and coupling from space to single mode fiber (SMF), and E b1(t)

is the background radiation field between the transmitter and the relaying node.

At the relaying node, the optical signal is amplified by an EDFA (with gain G and ASE

noise E A SE (t)), matching filtered by an OBPF to remove the out-band noise and then re-transmitted

into another length of free space. When the relayed signal finally arrives at the receiver, the optical

field is

E R (t) = G α1α2E T (t) + G α2E b1 (t) + α2E A SE (t) + E b2 (t) (3)

where α2 is the transmission loss similar to α1 and E b2(t) is the background radiation between the

relaying node and the receiver.

At the receiver, the received optical signal is demodulated and detected by a photo-detector for

data recovery. The photocurrent I R (t) generated by the detector is directly proportional to the square

of the input optical field:

I R (t) =
eη

hν0

E 2
R (t) (4)

where e = 1.6 × 10−19C is the charge of an electron, η is the photo-detector efficiency, and h is the

Planck constant. Combing (1)–(4) we can obtain:

I R (t) = R
[

G 2α2
1α

2
2E 2

T (t) + G 2α2
2E 2

b1 (t) + α2
2E 2

A SE (t) + E 2
b2 (t)

]

+ R
[

2G 2α1α
2
2E b1 (t) + 2G α1α

2
2E A SE (t) + 2G α1α2E b2 (t)

]

E T (t)

+ R
[

2G α2
2E b1 (t) + 2α2E b2 (t)

]

E A SE (t)

+ 2RG α2E b1 (t) E b2 (t) (5)

where R = eη/hν0. Equation (5) indicates that the photocurrent at the receiver contains not only

the useful information E 2
T (t), but also other components such as the background radiation E 2

bi (t)

(i = 1, 2), the ASE noise E 2
A SE (t) and the various beat noise. All of these unwanted photocurrent
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Fig. 2. Simulation and experimental setup of the dual-hop OAF relaying-assisted FSO communication
system. CW: continuous-wave, PRBS: pseudorandom binary sequence, PG: pattern generator, BC:
bias controller, MZM: Mach-Zehnder modulator, BPD: balanced photodectector, ED: error detector,
OSC: oscilloscope.

components will deteriorate the system BER performance, resulting in a poor receiving sensitivity.

The influences of the undesired components on the OOK and DPSK dual-hop FSO system are

studied in the next section.

3. Simulation and Experimental Results

In this section, we carry out simulations and experiments on the OAF relaying-assisted dual-hop

FSO communication system, and mainly focus on the RSL of OOK and DPSK systems. The

system configuration is illustrated in Fig. 2, and the RSLs of both OOK and DPSK are measured

by the following three steps.1) Receiving sensitivity of the no-relaying (denoted as P 1
R ) system is

measured at a given BER reference, 2) Receiving sensitivity of the OAF relaying-assisted system

(denoted as P 2
R ) is measured at the same BER reference and 3) RSL defined as the difference

between P 1
R and P 2

R is calculated.

At the transmitter, the OOK and the DPSK share the laser source and the Mach-Zehnder modu-

lator (MZM). The differential encoding (inset (a)) is off for OOK and on for DPSK. After a 50-m free

space transmission, the optical signal arrived at the relaying node is amplified by an EDFA, match-

ing filtered by an OBPF and re-transmitted through the other 50-m free space distance to finally

arrive at the receiver. Then the OOK signal is directly detected by a photo-detector (PD), while the

DPSK signal is firstly demodulated by a 1-bit delay-line interferometer (DI) and then detected by a

balanced photo-detector (BPD). Pre-amplifier and filter are used both for OOK and DPSK.

The optical power loss caused by the atmospheric transmission (including optics loss, atmo-

spheric attenuation, geometrical loss, and coupling loss) is primarily considered, and variable

optical attenuators (VOAs) are used to simulate the practical optical power attenuation from the

transmitter to the relaying node (VOA1), and from the relaying node to the receiver (VOA2). The

link budget taking the static loss into account is present in Table 1, in which the atmospheric loss is

designed for FSO communication between an airborne terminal (18 to 27-km altitude range) in the

stratosphere and an optical ground station [24], and the geometrical loss is calculated by equation

(6) [25].

L ossgeo = 20 lg

⎡

⎣

√

r 2
0 + (θtz)2

√
2R r

⎤

⎦ (6)
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TABLE 1

FSO System Link Budget

where r0 is the initial Gaussian beam radius calculated by r0 = 10λ/πθt , θt is the half-angle of the

beam divergence, λ is the signal wavelength and R r is the radius of the receiver optics.

3.1 OOK Modulation

In the OOK system, the line-width of the laser source at the transmitter is 10-KHz, the wavelength

is 1550.52 nm and the output optical power PT is 0 dBm. The data rate of the system is 5-Gb/s.

At the relaying node, the EDFA1 works at the auto power controlling (APC) mode with the output

power fixed at 10 dBm and the noise figure (NF) at 4.6 dB. The bandwidth of OBPF1 is 0.25 nm.

At the receiver, the parameters of the pre-amplifier (EDFA2) and the filter (OBPF2) keep same with

that in the relaying node.

3.1.1 Simulation Results: We firstly carry out simulations (OptiSystem 11) on the no-relaying

OOK system, in which the output optical signal of the transmitter travels in 50-m free space, then

is attenuated via VOA2 and received by the receiver. By changing the received optical power P 1
R

through VOA2, we record the BERs at different P 1
R values and plot the BER curves. The obtained

results are shown in Fig. 3. From Fig. 3(c) we can find that in the no-relaying transmission system, the

receiving BERs are 1.781 × 10−20@ − 30 dBm, 2.855 × 10−15@ − 31 dBm and 1.771 × 10−8@ −
33 dBm separately.

Then the OAF relaying-assisted OOK system is simulated. The parameter settings and the

data rate remain unchanged. The optical power at the relaying node (output of VOA1) P I N
r is

separately fixed at −30 dBm, −31 dBm and −33.4 dBm. The corresponding BERs at the receiver

are recorded under different optical power P 2
R and plotted in Fig. 3(d). The obtained BER curves

demonstrate that the higher optical power P I N
r the relaying node receives, the better BER the

receiver performs. Besides, taking the BER level of 10−7 as reference, the no-relaying system

requires P 1
R = −33.4 dBm at the receiver (the red w/o relaying line), while the relaying-assisted

system requires P 2
R = −32.8 dBm at the receiver, with the input power of the relaying node P I N

r

maintained at −33.4 dBm.
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Fig. 3. Simulation results of OOK system. (a) optical spectrum, (b) eye diagram, (c) no-relaying system
BER curve and (d) OAF relaying BER curves.

From the above comparison we can conclude that compared to the no-relaying system, the

RSL (defined as RSL = P 2
R − P 1

R at the same BER reference) for the relaying-assisted sys-

tem is less than 1 dB at the BER level of 10−7, while the transmission distance is doubled.

Furthermore, in the relaying-assisted system, the required input power P 2
R at the receiver can

lower to −33 dBm when the optical power P I N
r at the relaying node increases to −31 dBm or

higher.

3.1.2 Experimental Results: Then we perform experiments to verify the simulation results, and

the experimental setup is illustrated in Fig. 2. A 5-Gb/s non-return-to-zero (NRZ) OOK optical signal

is generated by modulating a (215−1)-long PRBS data, originating from a pattern generator (PG,

Anritsu, MP1800A), onto the CW laser light (TeraXion, PS-TNL) with a standard MZM (Fujtsu,

FTM7938EZ), and a BC is used to guarantee the MZM be properly biased. The OOK signal is then

launched into 50-m long atmospheric channel and received by the relaying node. At the relaying

node, the optical power is further attenuated by VOA1 (EXFO, FVA-3150) to simulate the longer

transmission distance in practical system, and an EDFA (Keopsys, CEFA-C-HG) and a tunable

OBPF (Santac, OTF-930) are employed to relay the degraded optical signal. Then the relayed

signal travels another 50-m free space channel to arrive at the receiver. At the receiver, VOA2

(EXFO, FVA-3150) is firstly used to simulate the actual longer distance transmission, then the input

signal is amplified by an EDFA (Keopsys, CEFA-C-HG) and filtered using an optical filter (Yenista,
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Fig. 4. Experimental results of OOK signal. (a) constellation, (b) eye diagram, (c) no-relaying system
BER curve and (d) OAF relaying BER curves.

XTA-50), and finally detected by a PD (u2t, XPDV2120R). The vital parameters of the antennas (OZ

Optics, HPUCO-23) deployed in the system are listed in Table 1. The received optical power at the

relaying node P I N
r and at the receiver P 1

R , P 2
R are separately monitored by optical power meters

(JDSU, OLP-55) through 3 dB beam-splitters.

Similarly to the simulation process, firstly we perform the no-relaying experiment, and the ob-

tained constellation (Tektronix, MSO 73304DX), the eye diagram (Lecroy, SDA8252i) and the

receiving BERs (Agilent, N4962BERT) are illustrated in Fig. 4. From Fig. 4(c) we can find

that in no-relaying system, the BERs of the OOK signal are 3.92 × 10−7@ − 32.02 dBm and

1.47 × 10−9@ − 30.03 dBm. Then the experiments with OAF relaying are carried out. The re-

ceived optical power P I N
r at the relaying node are separately fixed at −32.02 dBm and −30.03 dBm.

The corresponding BERs at different optical power P 2
R of the receiver are recorded and plotted in

Fig. 4(d). It can be seen that taking the BER level of 10−7 as the reference, the no-relaying system

requires P 1
R = −31.5 dBm at the receiver (the red w/o relaying line), whereas the relaying-assisted

system requires P 2
R = −30.12 dBm at the receiver, with the optical power at the relaying node

P I N
r = −30.03 dBm. However, this requirement will change to −30.04 dBm at the receiver when the

optical power at the relaying node lower to −32.02 dBm.

From the above experimental results we can infer that at the BER reference of 10−7, the OAF

relaying node can double the transmission range, while the required optical power at the receiver

increase from P 1
R = −31.5 dBm to P 2

R = −30.04 dBm c to the no-relaying system. Hence the RSL

caused by OAF relaying is less than 1.5 dB for OOK system.

Vol. 10, No. 4, August 2018 7905411



IEEE Photonics Journal OAF Relaying FSO Communication Systems

Fig. 5. Simulation results of DPSK signal. (a) optical spectrum, (b) eye diagram, (c) no-relaying system
BER curve and (d) OAF relaying BER curves.

3.2 DPSK Modulation

We also carry out simulations and experiments on DPSK dual-hop FSO system. In the DPSK

system, setup in the simulations and the experiments keeps unchanged compared to OOK system,

excepting that the differential encoding part (inset (a) of Fig. 2) is turned on before the data

modulation.

3.2.1 Simulation Results: Similarly we carry out the no-relaying system simulation for the DPSK

system firstly. By changing the optical power through VOA2, we record the receiver’s BERs under

different optical power P 1
R and plot the BER curves. The results are demonstrated in Fig. 5. As

shown in Fig. 5(c), the receiving BERs in the no-relaying DPSK transmission system are 5.756 ×
10−18@ − 41 dBm, 3.868 × 10−16@ − 42 dBm and 1.996 × 10−7@ − 46 dBm, respectively. Then

the OAF relaying-assisted system is simulated. With the received optical power at the relaying node

P I N
r separately fixed at −41 dBm, −42 dBm and −46 dBm, the corresponding BERs at the receiver

under different optical power P 2
R are recorded and plotted in Fig. 5(d). In the same way, the BER

level of 10−7 is chosen as the reference. In the no-relaying system, the required input power P 1
R at

the receiver is −46 dBm (the blue w/o relaying line), meanwhile in the relaying-assisted system,

the receiver requires P 2
R = −37.5 dBm optical power with the relaying node input power P I N

r kept

at −46 dBm. However, the requirement for P 2
R can lower to −44 dBm when the input power P I N

r at

the relaying node increasing to −42 dBm and −41 dBm.
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Fig. 6. Experimental results of DPSK signal. (a) constellation, (b) eye diagram, (c) no-relaying system
BER curve and (d) OAF relaying BER curves.

The above comparison reaches a conclusion that compared to the no-relaying system, the OAF

relaying-assisted system with DPSK modulation gets more than 8 dB RSL to double the transmission

distance.

3.2.2 Experimental Results: Then we perform experiments to verify the simulation results. As

shown in the Fig. 2, a 5-Gb/s NRZ-DPSK signal is generated by applying the differential encoder

to the PRBS data before modulation, and adjusting the BC output voltage to keep the modu-

lator biased at the minimum point. At the receiver, after pre-amplifying and filtering, the DPSK

signal is demodulated by a 1-bit DI (Kylia, MINT-1550) and balanced detected by a BPD (u2t,

BPRV2125A). For the no-relaying system, the measured constellation, eye diagram and receiver

BERs at different optical power P 1
R are demonstrated in Fig. 6. From Fig. 6(c) we can see that in

no-relaying system, the receiving sensitivities at the receiver are 1.41 × 10−7@ − 46.4 dBm and

6.44 × 10−9@ − 45.7 dBm.

Subsequently the OAF relaying-assisted experiments are performed, and the optical powers at

the relaying node P I N
r are fixed at −45.7 dBm and −46.4 dBm. At the receiver, the BERs at different

optical power P 2
R are recorded and plotted in Fig. 6(d). With the BER level of 10−7 as the comparison

reference, we find that for the OAF relaying-assisted system, the required optical power P 2
R at the

receiver is −36.5 dBm while the input power P I N
r at the relaying node kept at −46.4 dBm. Comparing

to the no-relying system, in which the received power P 1
R is −46.4 dBm to achieve BER level of

10−7, the OAF relaying-assisted system suffers nearly 10 dBm RSL at the receiver to double the

transmission distance. Certainly this requirement can lower to P 2
R = −39.8 dBm when the received

power P I N
r at the relaying node increases to −45.7 dBm.

Vol. 10, No. 4, August 2018 7905411



IEEE Photonics Journal OAF Relaying FSO Communication Systems

3.3 Summary

The obtained simulation and experimental results prove that when the OAF relaying is adopted to

extend the FSO transmission distance, the DPSK system suffers more RSL than the OOK system.

In the simulations, the DPSK system gains more than 8 dB RSL, while the OOK system gets less

than 1 dB RSL at the same comparison reference of 10−7 BER. Similar results are obtained in the

corresponding experiments, the RSL of the OOK dual-hop system is less than 1.5 dB, whereas in

DPSK dual-hop system, this value increases nearly to 10 dB, verifying the conclusion we drawn

from the simulation results.

4. Conclusion

In this paper, we investigate the performance of OAF relaying-assisted dual-hop FSO communica-

tion system through simulations and experiments. BERs of OOK and DPSK systems are measured

in the no-relaying system and the relaying-assisted system, and corresponding RSLs, to the best of

the authors’ knowledge, are firstly studied through simulations and experiments separately. A good

agreement is demonstrated between the simulations and experiments. Meanwhile, this is the first

comparison of RSLs between OOK and PSK in the all-optical OAF-assisted FSO system.

It has been known that DPSK with a balanced receiver has a 3 dB receiving sensitivity advantage

over OOK. Nevertheless, when the OAF relaying node are adopted to extend the FSO transmission

distance, the DPSK system unexpectedly suffers more RSL than OOK system at the BER level of

10−7. The simulation results show that the RSL of the OOK dual-hop system is less than 1 dB,

which in the DPSK system is more than 8 dB. The obtained experimental results, in which the

RSL for OOK system is less than 1.5 dB, whereas in DPSK system the RSL increases to nearly

10 dB, verify the simulation conclusion. The results mean that DPSK system, comparing to OOK,

is more affected by the ASE noise and background radiation introduced by OAF relaying node.

This is particularly instructive when both the receiving sensitivity and the transmission distance

matter in FSO system. In the OOK dual-hop system, the OAF relaying node can be simply placed

between two identical distance, with the receiving sensitivity nearly unchanged. While in the DPSK

dual-hop system, the OAF relaying node should be carefully positioned, and the distance after the

relaying node should be much shorter than that before the relaying node to guarantee the receiving

sensitivity.
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