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We have evaluated the suppression effect of atmospheric-turbulence-induced optical scintillation 
in terrestrial free-space optical (FSO) communication systems using a gain-saturated erbium-doped 
fiber amplifier (EDFA). The variation of EDFA output signal power has been measured with differ-
ent amounts of gain saturation and modulation indices of the optical input signal. From the measured 
results, we have found that the peak-to-peak power variation was decreased drastically below 2 kHz of 
modulation frequency, in both 3-dB and 6-dB gain compression cases. Then, the power spectral density 
(PSD) of optical scintillation has been calculated with Butterworth-type transfer function. In the cal-
culation, different levels of atmospheric-turbulence-induced optical scintillation have been taken into 
account with different values of the Butterworth cut-off frequency. Finally, the suppression effect of 
optical scintillation has been estimated with the measured frequency response of the EDFA and the cal-
culated PSD of the optical scintillation. From our estimated results, the atmospheric-turbulence-induced 
optical scintillation could be suppressed efficiently, as long as the EDFA were operated in a deeply gain-
saturated region. 
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I. INTRODUCTION

Free-space optical (FSO) communication systems can 
provide license-free, cost-effective multigigabit data links 
without deploying fiber-optic infrastructure [1, 2]. There-
fore, many research groups have investigated and demon-
strated FSO systems for the efficient implementation of 
high-capacity communication links [3–6]. In particular, 
both the Loon project of Google [5] and the Aquila project 
of Facebook [6] have adopted FSO communication links 
between balloons or unmanned aerial vehicles (UAVs) for 
the cost-effective implementation of broadband wireless 
internet services. However, in a terrestrial FSO communi-

cation link, atmospheric turbulence could induce optical 
scintillation, which in turn could induce a received-power 
fluctuation on the receiver side in a communication link [7]. 
The optical scintillation induced by atmospheric turbulence 
would degrade the system’s performance; thus it should 
be suppressed properly, to maintain reliable FSO commu-
nication links. Previously, various approaches have been 
proposed and implemented to mitigate the effect of optical 
scintillation, such as aperture averaging [8, 9], space diver-
sity [10], adaptive optics [11], a gain-saturated optical am-
plifier [12], etc. Among them, using a gain-saturated optical 
amplifier would be a simple and straightforward scheme to 
mitigate the optical-scintillation effect efficiently. In [12] it 
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was reported that an optical receiver with a gain-saturated 
erbium-doped fiber amplifier (EDFA) could mitigate the ef-
fect of optical-scintillation-induced received-power fluctua-
tion better than one with a semiconductor optical amplifier 
(SOA). Thanks to its low cost and small size, the gain-satu-
rated SOA might be a proper solution for commercial FSO 
communication systems. However, a gain-saturated EDFA 
could provide better performance, with a lower noise figure 
and slower response to signal fluctuation, compared to an 
SOA [12]. It has been also well known that the EDFA has 
a high-pass response in input-output signal transfer, since 
the EDFA has a long spontaneous-emission lifetime [13]. 
Owing to this low-frequency compression of the EDFA, a 
gain-saturated EDFA could efficiently mitigate the effect of 
atmospheric-turbulence-induced optical scintillation, which 
could be modeled with a Butterworth-type transfer function 
in terrestrial FSO systems [14]. In this paper, we have in-
vestigated the impact of the EDFA’s gain saturation on the 
suppression of optical-scintillation effects in terrestrial FSO 
communication systems. The frequency response of the 
EDFA was measured at first, with different modulation in-
dices of optical input signal, and different amounts of gain 
compression. Then, the power spectral density (PSD) of the 
optical scintillation in the terrestrial FSO link was calculat-
ed with a Butterworth-type transfer function. The different 
levels of optical scintillation were taken into account with 
different values of the Butterworth cut-off frequency [14]. 
Finally, we estimated and compared the suppression of the 
effect of atmospheric-turbulence-induced optical scintilla-
tion using a gain-saturated EDFA with different modulation 
indices and small-signal gain compression. 

II. RESULTS AND DISCUSSION

At first, we measured the frequency response of input-
output signal transfer in an EDFA with the experimental 
setup shown in Fig. 1. A laser diode (LD) operating at a 
wavelength of 1553.328 nm (@ 193 THz) was used as the 
optical input signal. The output of the LD was modulated 
with a sinusoidal signal by using an acousto-optic modula-
tor (AOM). The frequency of the sinusoidal wave ranged 
from 1 Hz to 10 kHz in our measurements. The peak-

modulation index of the optical input signal was adjusted 
by changing the driving voltage (0–1 V) of the AOM with 
different peak-to-peak levels of sinusoidal signal. Then the 
sinusoidally modulated optical input signal was launched 
into the EDFA, after passing through a variable optical at-
tenuator (VOA), which was used to adjust the power level 
of the optical input signal. For example, the attenuation 
level of the VOA was decreased to obtain −8 dBm of opti-
cal input power into the EDFA, to operate the EDFA under 
6-dB small-signal gain compression. After amplifying the 
optical input signal, the characteristics of the EDFA output 
signal were analyzed with an optical power meter (OPM) 
and an oscilloscope. For the oscilloscope measurement, a 
photodiode (PD) was used to convert the optical signal to 
an electrical signal; the PD used in our experiment had a 
bandwidth of 14 MHz and a rise time of 25 ns, in the wave-
length range of 900–2600 nm. For all measurements, the 
optical input signal power into the PD was set to be −10 
dBm. 

Figure 2 shows the measured optical gain of the EDFA 
used in our experiment. The small-signal gain was mea-
sured to be 28.3 dB at an optical input power of −40 dBm. 
Decrease of the EDFA’s optical gain was observed by in-
creasing the power level of the optical input signal, due to 
the gain-saturation characteristic. The 3-dB and 6-dB gain 
compression were obtained at optical input powers of about 
−14 dBm and −8 dBm respectively. By operating the EDFA 
at these gain-compression points, the fluctuation of the op-
tical input signal could be decreased at the EDFA output. 
This is because the lower the optical signal input, the higher 
the optical gain of the EDFA, and vice versa. Thanks to this 
gain-saturated characteristic of the EDFA, the fluctuation of 
the optical input signal due to optical scintillation could be 
suppressed simply in FSO communication links [12]. 

Figure 3 shows the peak-to-peak voltages of the EDFA 
output signal measured with the oscilloscope as a function 
of frequency, at three different gain compression points: 

FIG. 2. Measured optical gain of the erbium-doped fiber 
amplifier (EDFA) as a function of the optical input signal 
power used in our experiment. 

FIG. 1. Experimental setup for performance measurement 
of an erbium-doped fiber amplifier. Acronyms used are LD 
(laser diode), AOM (acousto-optic modulator), VOA (variable 
optical attenuator), EDFA (erbium-doped fiber amplifier), and 
OPM (optical power monitor).
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0 dB (no compression), 3 dB, and 6 dB. In this measure-
ment, the peak-modulation index (defined as the difference 
between maximum and minimum optical output power of 

the AOM, normalized to the maximum) of the optical input 
signal was set to be 33%. As can be seen in Fig. 3, no dif-
ference in peak-to-peak voltage of the output signal was 
observed for any of the three gain-compression conditions, 
when the frequency was higher than 10 kHz. By decreas-
ing the frequency, the peak-to-peak voltages started to de-
crease. At 100 Hz the peak-to-peak voltages were measured 
to be 93, 63, and 42 mV for gain compression of 0, 3, and 
6 dB respectively. From the measurements, we have con-
firmed that the EDFA has a high-pass frequency response 
in input-output sinusoidally modulated signal transfer [13]. 
In addition, the higher the small-signal gain compression, 
the smaller the variation in peak-to-peak voltage of the op-
tical output signal. The voltage traces of the EDFA output 
signals measured with the oscilloscope are presented in Fig. 
4. Figure 4(a) is the peak-to-peak voltage trace measured 
with no gain compression and a frequency of 10 kHz, while 
Figs. 4(b)–4(d) were the traces measured at 100 Hz with 0, 
3, and 6 dB, respectively. From these measured traces of 
the optical output signal, we have confirmed that peak-to-
peak voltage variation decreased when the EDFA was oper-
ated in a deeply saturated region. 

The amounts of suppression of peak-to-peak voltage 

FIG. 3. Measured peak-to-peak voltage of the erbium-doped 
fiber amplifier (EDFA)’s output signal as a function of fre-
quency, at three different gain-compression points: 0 dB (no 
compression, ■), 3 dB (▲), and 6 dB (●) of compression.

FIG. 4. Measured voltage traces of the EDFA’s output signal, measured with (a) no compression at a frequency of 10 kHz, (b) no 
compression at a frequency of 100 Hz, (c) 3-dB gain compression at a frequency of 100 Hz, and (d) 6-dB gain compression at a 
frequency of 100 Hz.  
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variation on a dB scale were calculated using the measured 
results (i.e. measured on a linear scale, as shown in Fig. 3) 
for different gain-compression conditions. Figure 5 shows 
the calculated suppression ratio as a function of frequency, 
with 6-dB gain compression and four different peak-modu-
lation indices. The peak-to-peak voltage of the optical input 
signal at a frequency of 10 kHz was used as a reference val-
ue for calculation of the suppression ratio on a dB scale in 
Fig. 5. No significant differences in suppression ratio were 
observed between the four different modulation indices. 
For the cases of peak-modulation indices of 55% and 70%, 
the suppression ratios of peak-to-peak voltage were almost 
equal in the entire frequency range of 1 Hz to 10 kHz. Only 
when the frequency was 1 Hz were the suppression ratios 
calculated to be -18 dB and -20.5 dB at indices of 55% and 
70% respectively. For a peak-modulation index of 90%, the 
suppression ratio was slightly different from those for indi-
ces of 55% and 70%, and almost the same as for an index 
of 33%. We believe that this is mainly because the AOM 
had a nonlinear output characteristic for high driving volt-
age. 

To investigate the suppression of atmospheric-turbu-
lence-induced optical scintillation with a gain-saturated 
EDFA, we adopted a Butterworth-type transfer function for 
the approximation of the PSD of optical scintillation. The 
spectral model of the optical scintillation could be calcu-
lated with the following Butterworth filter equation [14]:

|����|� = �
��� ����

��  , (1)

where fc is the cut-off frequency and N is the order of the 
Butterworth filter. In [14] it was reported that the calculated 
PSD of optical scintillation with a first-order (N = 1) But-
terworth transfer function was well matched with results es-
timated from measured weather data. Under the combined 

conditions of temperature θ  (°C) and rainfall intensity R 
(mm/h), the cut-off frequency of the first-order Butterworth 
transfer function could be estimated from the measured 
weather data. Based on the results of [14], the cut-off fre-
quency was varied from 14.6 Hz (for 10 ≤ θ  < 20 and 6 < 
R ≤ 9) to 137.6 Hz (for θ  < 10 and 6 < R ≤ 9), according to 
the weather conditions. Thus we calculated two different 
PSDs of optical scintillation with Eq. (1) and two Butter-
worth cut-off frequencies, 14.6 Hz and 137.6 Hz, as shown 
in Fig. 6. The magnitude of PSD is presented on a dB scale 
as a function of frequency. As expected, the PSD of optical 
scintillation had a low-pass characteristic with the given 
cut-off frequencies [9, 14]. We used these two Butterworth 
cut-off frequencies as reference values to evaluate the im-
pact of the EDFA’s gain characteristic on the suppression of 
atmospheric-turbulence-induced optical scintillation. 

Finally, we estimated the combined PSD of the opti-
cal scintillation using the EDFA’s measured high-pass 
frequency response from Fig. 5 and the calculated low-
pass PSD of the atmospheric-turbulence-induced optical 
scintillation from Fig. 6. The combined PSD of the optical 
scintillation with the gain-saturated EDFA could be simply 
calculated using the low-pass PSD of the free-space chan-
nel and the high-pass signal-transfer response of the EDFA 
in the optical receiver. Figure 7(a) shows the estimated 
PSD of the optical scintillation with a Butterworth cut-off 
frequency of 137.6 Hz, peak-modulation index of 55%, and 
three different gain-compression points. For comparison, 
the PSD without using an EDFA (as shown in Fig. 6) is also 
included. Even with the EDFA operated in the small-signal 
region (0-dB gain compression), the estimated PSD was 
reduced, especially at frequencies below 100 Hz. We found 
that the PSD of the optical scintillation could be reduced 
even above 100 Hz with high gain compression. The PSD 
of the optical scintillation was also estimated with a gain 
compression of 6 dB, Butterworth cut-off frequencies of 
137.6 Hz (in Fig. 7(b)) and 14.6 Hz (in Fig. 7(c)), and two 

FIG. 5. Suppression ratio of peak-to-peak voltage variation 
as a function of frequency. Four different peak-modulation 
indices (33% ●, 55% ▲, 70% ■, and 90% ◆) were used in the 
measurements. 

FIG. 6. Calculated power spectral density of atmospheric-
turbulence-induced optical scintillation as a function of 
frequency, for two Butterworth cut-off frequencies.
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different peak-modulation indices of 55% and 90%. In both 
cases, no significant differences in the estimated PSD of the 
optical scintillation were observed for different peak-modu-
lation indices and different Butterworth cut-off frequencies. 
From the results, we found that the amount of optical scin-
tillation suppression was mainly determined by the amount 
of gain compression at the EDFA’s operating point. 

III. SUMMARY

The impact of an EDFA’s gain-saturation characteris-
tic on the suppression of atmospheric-turbulence-induced 
optical scintillation has been estimated for terrestrial FSO 
communication systems. Owing to the high-pass frequency 
response of the EDFA’s input-output signal transfer, the 
scintillation-induced received-power fluctuation could be 
suppressed efficiently. First, we confirmed that the EDFA 
had a high-pass frequency characteristic in input-output 
signal transfer for various peak-modulation indices of the 
optical input signal. We also found that peak-to-peak output 
power variation could be suppressed when the EDFA was 
operated in a deeply gain-saturated region. Then, the PSD 
of the optical scintillation was calculated for different peak-
modulation indices of the optical input signal, and different 
amounts of EDFA gain compression. No significant dif-
ferences in the suppression of optical-scintillation effects 
were observed with different peak-modulation indices of 
the optical input signal. Thus, we conclude that the amount 
of PSD suppression was mainly determined by the gain-
compression level of the EDFA’s operating point. 
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