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This paper proposes an erbium-doped fiber amplifier (EDFA) based adaptive return-to-zero on-off
keying (RZ-OOK) transmission for free-space optical (FSO) communication. EDFA has the char-
acteristics of average power limitation. Therefore, the transmitted RZ-OOK duty cycle is varied
for accomplishing pulse power variations relying on determined average signal-to-noise ratio of
received signal. Thus, the atmospheric turbulent effects can be compensated by this type of adaptive
RZ-OOK transmission. The channel models with different turbulence effects are established, and
the proposed technique is validated in simulation. The simulation results illustrate that the com-
munication quality of system is considerably enhanced by the proposed technique compared with
fixed threshold decision and adaptive threshold decision.
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1. Introduction

Free space optical (FSO) communication technique has gained a great deal of research
interests in recent years due to the growing requirement for transmission capability in
communication networks [1]. FSO communication will play a crucial role in the future
wireless networks due to its advantages of low power consumption, spectrum exemp-
tion from licensing, good confidentiality, and easy to deployment [2,3]. However, the
emitted signal suffers from scintillating effects, which results in power loss, light in-
tensity fluctuations and signal fading [4-7]. Eventually, the result will be a rise to the
bit error rate (BER) and a decrease to the performance of communication.

Researchers have proposed various effective methods to suppress the scintillation
effect so as to achieve the desired transmission quality. In [8], the authors investigated
the diversity technique by deploying multiple transmitters or receivers, and the results
showed that this technique can obtain good suppression of scintillation effect and sig-
nificant diversity gain. But it is difficult to deploy multiple transmitters as well as mul-
tiple receivers at the same time in reality. In [9], an aperture averaging method for
optimizing the FSO link by analyzing multi-frame images of received intensity scin-
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tillation patterns has been proposed. However, the improvement of this method is lim-
ited by the size of receiver apertures. In [10], the transmission of orbital angular
momentum (OAM) using low density parity check (LDPC) coding was investigated.
The OAM beams, nevertheless, are challenging for communicating over long distanc-
es. In [11,12], adaptive optics (AO) technique was proposed as a way to rectify phase
aberration brought on by the scintillation phenomenon, however, the system design is
complicated. Adaptive threshold decision (ATD) is widely adopted [13], which esti-
mates and decides signal bit-by-bit based on channel state information (CSI). But, it
is difficult to get perfect CSI [14]. In [15], a scheme of channel fading prediction was
studied, but it brings complicity to the FSO communication system.

Many investigators have focused their studies on the adaptive transmission method.
It was initially widely studied and applied in radio communication, and then gradually
applied to FSO systems [16]. This technique provides a viable solution for improving
communication performance under various channel conditions. In [17], a novel adaptive
transmitting technique has been proposed to control coding and modulation. The CSI was
obtained by estimating the received signal strength. However, the RF based feedback
is limited by transmission distance. In [18], the adaptive coding rate technique f was
studied based on the CSI. In [19,20], authors proposed an adaptive transmission tech-
nique which dynamically adjusts the data rates, modulation methods and coding rates
in accordance with the CSI. However, CSI estimation process dramatically increases
system complexity. Erbium doped fiber amplifier (EDFA) has the characteristics of
amplifying optical power and limiting average power [21], thus, we research the scin-
tillation effects alleviation method by using return-to-zero on-off keying (RZ-OOK)
modulation and EDFA in this study.

In this paper, we propose an EDFA based adaptive RZ-OOK transmission to en-
hance the performance of scintillation mitigation in FSO communication. EDFA is
used for its physical properties of average power limitation. The RZ-OOK duty cycle
is varied according to the calculated average signal-to-noise ratio (SNR). As a result,
the RZ-OOK’s pulse strength is improved and the robustness of turbulence effects is
strengthened. The proposed method is evaluated in simulation, and the channel is ac-
commodated using various turbulence strengths. Besides, the proposed technique is com-
pared with fixed threshold decision (FTD) and ATD. The simulation results illustrated
that the capability of the scintillation effect mitigation can be significantly enhanced
by the EDFA based adaptive RZ-OOK transmission compared with FTD and ATD. 

2. Operation principle

In this section, we deal with the turbulence channels model and explain the principle
for proposed EDFA-based adaptive RZ-OOK transmission technique.

2.1. Turbulence channel

Figure 1 illustrates the schematic diagram of the light beam passing through the tur-
bulent channel. A light beam is sensitive to atmospheric turbulences during propa-
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gation. Atmospheric turbulence effects are created, because the refractive index of
the atmosphere is altered because of the irregular variation in pressure and temper-
ature [22-24].

The atmospheric turbulence can cause beam drifting, diffusion, and scintillation
effects. And the scintillation effect is one of the key factors causing communication
quality and system performance degradation [25-27]. The degree of scintillation effect
is usually expressed by the scintillation index  which is given by

Input optical wave Output optical wave

Turbulence channel

Fig. 1. Schematic diagram of the light beam passing through the turbulent channel.

Fig. 2. Simulated scintillation effect with  of 0.5960. (a) Intensity fluctuation in the time domain,
(b) power spectral density in the frequency domain, and (c) PDF. 
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(1)

where I is the received signal strength and  denotes the ensemble average.
Figure 2 illustrates the simulated scintillation effect with  of 0.5960. Figure 2(a)

shows the time-dependent intensity fluctuations within the turbulent channel. The ir-
regular intensity fluctuation will cause power loss and SNR variation at the receiving
end. Figure 2(b) shows the power spectral density in the frequency domain. It is easy
to notice that the spectral component appears to decrease gradually as the frequency
increases. Figure 2(c) depicts the probability density function from model channel,
which is distributed similarly to the lognormal distribution and can be expressed as

(2)

where µ and σ denote the mean and standard deviation of the lognormal distribution,
respectively.

2.2. Proposed EDFA based adaptive RZ-OOK transmission

Figure 3 illustrates the system model of the proposed EDFA based adaptive RZ-OOK
transmission technique. Generally, the duty cycle of RZ-OOK is set to a fixed value.
In this work, the duty cycle of transmitted RZ-OOK is dynamically adjusted according
to the estimated average SNRs of the received signal. Firstly, the average SNR is cal-
culated periodically from the received signal. The average SNR can be expressed as

(3)

where Ps and Pn stand for the signal’s and noise’s effective powers, respectively. Trans-
mitted RZ-OOK s (t ) is modulated into laser diode (LD), and its duty cycle is altered
on the basis of the calculated average SNRs, i.e. higher SNRs with larger duty cycle
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Fig. 3. System model of the proposed EDFA based adaptive RZ-OOK transmission. LD: laser diode, PD:
photo diode, FTD: fixed threshold decision, EDFA: Erbium doped fiber amplifier. 
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and lower SNRs with shorter duty cycle. The correlation between duty cycle and av-
erage SNR can be represented by 

(4)

where D represents the adaptive duty cycle, and D0 represents the fixed duty cycle, and
β represents the proportionality coefficient. β is adjusted based on different SNR val-
ues. Modulated RZ-OOK signal is amplified by EDFA. EDFA has the average power
limitation characteristics, thus, the pulse power of the transmitted signal is changed
according to the variation of duty cycle. The average power of the transmitted signal Pa
can be expressed as

(5)

where Th is the duration of the pulse, and Ph is the pulse power of transmitted RZ-OOK
signal, and Tt is the period of bit ‘1’ or ‘0’. Since the average power and Tt of the trans-
mitted RZ-OOK signal maintain a constant value, Ph is dynamically altered according
to the varying duty cycle DC = Th /Tt. The RZ-OOK signal after EDFA c(t ) is given by

(6)

where  is the reversed turbulence channel caused by EDFA because of average
power limitation, and nASE(t) is the amplified spontaneous emission (ASE) noise.
The transmitted signal c (t) suffers scintillation effect in the turbulence channel, and it
is detected using a photo diode (PD). The RZ-OOK signal after PD r(t) is represented by

(7)

where I (t ) represents the scintillation effect, and npd(t ) denotes the average noise power
constructed from PD and background noises. The scintillation effect is mitigated by
this type of adaptive transmission due to high correlation between I(t ) and  Fi-
nally, the RZ-OOK signal is decided using FTD. 

3. Simulation and results

The proposed method was evaluated in simulation. The BER performance of EDFA
-based RZ-OOK transmission was analyzed under fixed and adaptive duty cycles. Sim-
ulation was conducted using modeled EDFA and LD with parameters shown in Tables 1
and 2, respectively. Additive white Gaussian noise (AWGN) was accommodated in the
PD modeling, and other parameters will be discussed in the further study. The data rate
was configured into 100 Mbps, and FTD method was used to distinguish OOK signal.

Figure 4 demonstrates the BER performance of EDFA-based RZ-OOK transmis-
sion with fixed duty cycle of 25%, 50%, and 75% under  of 0.1256, 0.3299, 0.4286,
and 0.5960. Besides, the performance of EDFA-based RZ-OOK transmission was also
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compared to non-return-to-zero on-off keying (NRZ-OOK) and pulse amplitude mod-
ulation 4 (PAM4) transmission. The poor BER performance was obtained under PAM4
transmission due to the multiple amplitude levels of PAM4 signal. A weak BER per-

T a b l e 1. Parameters of EDFA.

Parameters Values

Operation mode Automatic gain control

Minimum input power –20 dBm

Optical gain 30 dB

Noise figure 3 dB

T a b l e 2. Parameters of LD. 

Parameters Values

Wavelength 1550 nm

Output power 20 dBm

Fig. 4. BER performance of EDFA-based RZ-OOK transmission with fixed duty cycle of  25%, 50%, and
75% under  of (a) 0.1256, (b) 0.3299, (c) 0.4286, and (d) 0.5960. σl
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formance was observed as to the NRZ-OOK transmission, since the pulse power of
NRZ-OOK signal is smaller than that of RZ-OOK signal in case of constant average
power. The BER performance of EDFA-based RZ-OOK was enhanced alongside a re-
duction in duty cycle levels, since a larger pulse power was obtained from EDFA at
lower duty cycle of RZ-OOK. Besides, the BERs were increased with the increasing
of  since stronger scintillation effect requires much shorter duty cycle to compen-
sate the intensity variation. The modulated RZ-OOK signal with shorter duty cycle re-
quires a much larger bandwidth compared to the signal with larger duty cycle,
therefore, an adaptive duty cycle of RZ-OOK is needed to improve the bandwidth ef-
ficiency of RZ-OOK transmission.

Figure 5 demonstrates the comparison of BER performance for the proposed tech-
nique under different period of SNR estimation. The SNRs are estimated periodically
from the received signal, and estimated SNRs were used to determine the duty cycle of
transmitted RZ-OOK on the basis of the correlation between reception and transmis-
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Fig. 5. BER performance for the proposed technique under different period of SNR estimation.

Fig. 6. Eye diagrams of (a) transmitted and (b) received RZ-OOK signal.
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sion channels. Figure 6(a) illustrates the eye diagram of the transmitted RZ-OOK signal
with multiples of amplitude. The duty cycle and pulse power of the transmitted RZ-OOK
were changed according to the estimated SNR values of the received signal, i.e. the
shorter duty cycles and larger pulse powers were assigned into the transmitted RZ-
OOK signal under the circumstances of the higher estimated SNR values. Thus, the
scintillation effect induced fluctuation of the received RZ-OOK signal amplitude was
mitigated as shown in Fig. 6(b). A degradation of BERs was observed under the in-
creasing of SNR estimation period due to the decreasing of channel correlation. Be-
sides, when the SNR estimation period is smaller than 0.0002s, the BERs were also
decreased due to the inaccurate SNR estimation induced by limited numbers of bits in
SNR estimation period.

Figure 7 illustrates the comparison of BER performance of the proposed EDFA
based adaptive RZ-OOK transmission technique with FTD and ATD under different
atmospheric turbulence channels. The SNR estimation period is set to 0.0002 s accord-
ing to Fig. 5. A better BER performance was obtained by the proposed technique com-
pared to FTD and ATD under various turbulence channels, owing to an effective
scintillation effect compensation by the adaptive duty cycle of RZ-OOK. Besides, at
the BER of 1×10–3, the required SNRs were reduced by approximately 2, 4, 7, and
10 dB compared with ATD under  of  0.1256, 0.3299, 0.4286, and 0.5960, respec-
tively. Consequently, the proposed technique can effectively improve the capability for
scintillation mitigation of FSO transmission link.

Fig. 7. Comparison of BER performance of the proposed technique with FTD and ATD.
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4. Conclusions

In summary, we investigated an EDFA based adaptive RZ-OOK transmission technique
to solve the scintillation effect in FSO communication. The duty cycle of RZ-OOK is
adjusted according to the average SNRs of the received signal. Besides, the pulse power
of RZ-OOK signal was altered by EDFA due to the average power limitation features.
Thus, scintillation effect is effectively compensated by this adaptive RZ-OOK transmis-
sion. The proposed technique is evaluated in simulation. The simulation results indicated
that the BER performance of proposed EDFA based adaptive RZ-OOK transmission
technique was significantly improved compared to ATD and FTD. Therefore, we believe
that this technique will have a promising development and application in FSO com-
munication.
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