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We propose a turbulence-tolerant Manchester on-off keying (M-OOK) transmission for free-space
optical (FSO) communication. At the transmitter end, a M-OOK signal featuring a spectrum with low-
frequency components absent is modulated and transmitted into a turbulent channel. At the receiver
end, a low-pass filter (LPF) -based adaptive-threshold decision (ATD) with LPF-extracted channel-
state information (CSI) and a high-pass filter (HPF)-based fixed-threshold decision (FTD) are employed
to compensate for the effects of turbulence, owing to the low-frequency spectral characteristics of the
turbulent channel. The performance of LPF-based ATD and HPF-based FTD are evaluated for various
cutoff frequencies for the LPF and HPF. Besides, the proposed M-OOK transmission is compared to
conventional non-return-to-zero OOK (NRZ-OOK) for different data rates. The proposed technique is
verified in simulation. The simulation results show that the proposed M-OOK detection with optimized
cutoff frequencies of LPF and HPF has better bit-error-rate (BER) performance compared to NRZ-
OOK, and it is close to the theoretical ATD with the knowledge of precise CSI under various degrees of
turbulence effects.

Keywords : Fixed-threshold decision, Free-space optical communication, High-pass filter, Low-pass
filter, Manchester on-off keying
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L. INTRODUCTION

Free-space optical (FSO) communication has the fea-
tures of wide bandwidth, efficient power consumption, low
mass, license-free spectrum, and high security compared
to conventional radio-frequency (RF) systems [1]. Thus
FSO systems have recently attracted dramatic attention as
prospective candidates for next-generation wireless com-
munication systems [2]. As to an FSO system, the inten-
sity modulation and direct detection (IM/DD) approach is
widely researched, on account of the system’s simplicity [3,
4]. Nevertheless, the turbulence-induced scintillation effect
leads to significant temporal and spatial fluctuations of the

received optical intensity due to variations of the atmo-
sphere. Therefore, it is difficult to effectively estimate the
decision threshold for the fluctuating intensity signal in IM/
DD FSO systems [5].

Many studies have been conducted to optimize the deci-
sion threshold for IM/DD FSO links. A cascaded optical
pre-amplifier has been deployed before the photodiode (PD)
to accomplish fixed-threshold decision (FTD) via scintil-
lation mitigation, using gain saturation from the optical
amplifier [6]. However, the application of a cascaded opti-
cal amplifier increases the payload at the receiver end. An
avalanche photodiode (APD) has been applied to achieve
FTD by input-power-dependent nonlinear optical gain
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[7]. Whereas the performance of APD is limited to a very
weakly turbulent channel, adaptive transmission has been
studied to compensate for intensity fluctuation by altering
the modulation formats or transmitted optical powers, ac-
cording to the knowledge of channel-state information (CSI)
[8]. Nevertheless, the feedback of CSI from the receiver
end is required. A pilot tone and symbol have been intro-
duced to estimate the instantaneous CSI of the turbulent
channel from assistant pilot tones or symbols, to realize an
adaptive-threshold decision (ATD) [9]. However, the ap-
plication of pilot tones and symbols increases the system’s
redundancy and complexity. A low-pass filter (LPF) has
been researched to filter out the instantaneous CSI due to
the low-frequency spectral characteristics of the turbulent
channel [10], but the performance of ATD is decreased in
the case of low-speed transmission, due to the serious sig-
nal distortion from the LPF. Therefore, Manchester on-off
keying (M-OOK), featuring the absence of low-frequency
components from the spectrum, is studied to improve the
efficiency of decision-threshold estimation.

In this paper, we propose turbulence-tolerant M-OOK
transmission for FSO communication. M-OOK modulation
is adopted in the transmitter terminal. With regard to the re-
ceiver terminal, the M-OOK signal is detected using LPF-
based ATD and high-pass filter (HPF)-based FTD, due to
the low-frequency spectral characteristics of the turbulent
channel. LPF-based ATD and HPF-based FTD are analyzed
for different cutoff frequencies of the LPF and HPF. Fur-
thermore, the performance of M-OOK transmission is com-
pared to that of conventional NRZ-OOK for various data
rates. The proposed method is evaluated via simulation for
various turbulence strengths. The simulation results demon-
strate that the bit-error rate (BER) of the proposed M-OOK
detection with optimized cutoff frequencies of LPF and
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HPF shows better performance than in conventional NRZ-
OOK, and is close to the theoretical ATD with the knowl-
edge of precise CSI.

II. PRINCIPLE OF OPERATION

Figure 1 shows the block diagram of the proposed M-
OOK transmission in FSO communication. The Manches-
ter-encoded OOK signal is directly modulated into a laser
diode (LD) with a wavelength of 1,550 nm, and on-to-off
and off-to-on represent bits 1 and 0 of the M-OOK signal
respectively. Figures 2(a) and 2(b) show the spectra of
NRZ-OOK and M-OOK respectively. The M-OOK signal
has the features of low-frequency components being absent
from the spectrum, compared to NRZ-OOK; However, a
larger bandwidth is required for M-OOK signal transmis-
sion. When the modulated M-OOK signal travels through
the turbulent atmospheric channel, the optical signal suf-
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FIG. 1. Block diagram of the proposed technique: (a) LPF-
based ATD, (b) HPF-based FTD. LD, laser diode; LPF, low-
pass filter; ATD, adaptive-threshold decision; HPF, high-pass
filter.
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FIG. 2. Spectrum of (a) non-return-to-zero on-off keying (NRZ-OOK), and (b) Manchester OOK (M-OOK).
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fers the turbulence effect by reason of randomly varying
temperature and pressure of the atmosphere [1]. The turbu-
lence-caused scintillation effect gives rise to the fluctuation
of the received signal intensity, as illustrated in Fig. 3(a).
The strength of the scintillation effect is measured in terms
of the scintillation index o7: A higher o value indicates a
larger degree of intensity fluctuation. o is given by

2= (1) (1) -, (1)

where [ is the signal intensity and ¢¢) is the ensemble aver-
age [1].

To compensate for the scintillation-caused signal-inten-
sity fluctuation, LPF-based ATD, and HPF-based FTD are
introduced to distinguish the bits 1 and 0 of the received M-
OOK signal. With respect to M-OOK detection using LPF-
based ATD, the received M-OOK signal is equally split into
two branches. The upper branch is used to obtain real-time
CSI knowledge of the turbulent channel, since the turbulent
channel has the characteristics of a low-frequency-domi-
nant spectrum, as shown in Fig. 3(b). Besides, the intensity
of the LPF-extracted CSI signal is approximately half of the
signal before LPF filtering. Thus, the extracted CSI signal is
used directly as a decision threshold for the lower branch’s
detected M-OOK signal. The delay is used to match the
synchronization between upper- and lower-branch signals.
Figure 4 shows the spectra of the received NRZ-OOK and
M-OOK signals, before and after the turbulent channel.
The low-frequency CSI components can be much more ef-
fectively extracted from the received M-OOK signal using
the cutoff-frequency-optimized LPF, and the LPF-induced
signal distortion of M-OOK is reduced, compared to NRZ-
OOK, due to the characteristic absence of low-frequency
components in the M-OOK signal. With respect to M-
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OOK detection using HPF-based FTD, the HPF is utilized
to block the scintillation effect when low-frequency com-
ponents dominate the spectral features. Therefore, fixed-
threshold estimation is feasible for distinguishing the bits 1
and 0 of the M-OOK signal. Figure 5 depicts the histograms
of the NRZ-OOK and M-OOK signals, before and after
HPF. The overlapping bits 1 and 0 are effectively separated
by HPF, owing to the low-frequency characteristics of the
turbulent channel, and the signal distortion from the HPF is
significantly reduced. Figure 6 shows the intensity variation
of the M-OOK signal before and after HPF. It is obvious
that FTD is available for the received M-OOK, signal with
the assistance of an HPF. Consequently, the M-OOK signal
is effectively detected using LPF-based ATD and HPF-
based FTD techniques in a turbulent channel.

III. CHANNEL ANALYSIS

Atmospheric turbulence effects include beam wander-
ing, beam spreading, and beam scintillation. Among these,
the scintillation effect causes dramatic temporal and spatial
variations of the received signal intensity. Thus it is one of
the critical issues of an IM/DD FSO system. In this study,
we focus on the scintillation-induced performance degrada-
tion for an FSO system. The scintillation effect is modeled
using the lognormal distribution, which is a simple and
popular model for a weakly turbulent channel. The prob-
ability density function (PDF) is calculated by

=1/1/27z0',21 exp[—(ln 1 —,u)z/(20',2)}, 2)

where y is the mean of In (/) [1]. The turbulent channel
with the characteristics of time-varying intensity fluctua-
tions is modeled by the process of phase modulation, inverse
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FIG. 3. Turbulent channel with o;= 0.3299: (a) Intensity fluctuation, (b) spectrum.
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FIG. 4. Spectra of (a) non-return-to-zero on-off keying (NRZ-OOK) before, (b) Manchester OOK (M-OOK) before, (c) NRZ-OOK

after, and (d) M-OOK after the turbulent channel.
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FIG. 5. Comparison of histograms before and after high-pass filter (HPF): (a) Non-return-to-zero on-off keying (NRZ-OOK), (b)

Manchester OOK (M-OOK).
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FIG. 6. Intensity variation of the Manchester on-off keying (M-OOK) signal, (a) before and (b) after high-pass filter (HPF).
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FIG. 7. Comparison of the modeled turbulent channel to a
lognormal distribution.

Fourier transform, and first-order Rytov approximation of
the temporal spectrum of log-amplitude fluctuations [11].
Figure 7 shows the PDF of the modeled turbulent channel
using the parameters from Table 1. The curve of the mod-
eled turbulent channel fits well with the lognormal distribu-
tion with o7 = 0.3299. The model turbulent channel has the
features of time-varying signal intensity [as shown in Fig.
3(a)] and a low-frequency-dominant spectrum [as shown in
Fig. 3(b)]. Therefore, it is feasible to accommodate the tur-
bulent channel in the following simulation study.

IV. SIMULATIONS AND RESULTS

The proposed M-OOK detection using LPF-based ATD
and HPF-based FTD are evaluated in simulation. The
proposed method is compared to NRZ-OOK detection for
various cutoff frequencies of LPF and HPF, data rates, and

TABLE 1. Parameters of the turbulent channel

Parameter Value
Link Distance (km) 10
Wavelength (nm) 1,550
Aperture Diameter (cm) 10
C? 1.5x10™"
Wind Velocity (m/s) 5
Divergence Angle (urad) 10
Visibility (km) 30

turbulence effects. Figure 8 demonstrates the BER perfor-
mance of the proposed M-OOK detection for various cutoff
frequencies of LPF and HPF. Turbulent channels with o =
0.3299 and 0.6789 are adopted in the simulations. The data
rates of M-OOK and NRZ-OOK are fixed to 100 Mbps.
The average signal-to-noise ratio (SNR) is set to 28 dB,
to reduce the impact from the PD and background noises.
For M-OOK detection, the range of cutoff frequencies of
LPF and HPF are set to 10 Hz—2 MHz and 10 Hz-0.1 MHz
respectively. For NRZ-OOK detection, the range of cutoff
frequencies of LPF and HPF are set to 10 Hz—0.15 MHz
and 10 Hz-0.008 MHz respectively. The reason is that the
turbulent channel has a spectrum dominated by low fre-
quencies. The LPF and HPF have wider ranges of cutoff
frequencies in the case of M-OOK signal transmission com-
pared to NRZ-OOK, since the M-OOK signal has a spec-
trum with low-frequency components absent. Besides, the
correlation coefficient of the LPF-extracted CSI under M-
OOK signal transmission is higher than that for NRZ-OOK.
The BER of the proposed M-OOK detection is initially im-
proved by the increase of the cutoff frequencies of LPF and
HPF, because the accuracy of CSI estimation was improved
for LPF-based ATD, and the degree of scintillation mitiga-
tion is increased by HPF-based FTD. However, when the
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FIG. 8. BER performance of (a) NRZ-OOK with LPF-based ATD and correlation coefficient between LPF-estimated CSI and ideal
CSI, (b) NRZ-OOK with HPF-based FTD, (c¢) M-OOK with LPF-based ATD and correlation coefficient between LPF-estimated
CSI and ideal CSI, and (d) M-OOK with HPF-based FTD, at a data rate of 100 Mbps under various cutoff frequencies of LPF, cutoff
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cutoff frequencies of LPF and HPF exceed critical values,
the BER degrades, owing to excessive signal-component
extraction and serious signal distortion. Therefore, the pro-
posed M-OOK detection can be realized using optimized
cutoff frequencies of LPF and HPF for various o;.

Figures 9 and 10 depict the BER performance of M-
OOK and NRZ-OOK detection using LPF-based ATD and
HPF-based FTD, for various data rates. According to Fig.
8, NRZ-OOK with LPF-based ATD, NRZ-OOK with HPF-
based FTD, M-OOK with LPF-based ATD, and M-OOK
with HPF-based FTD show good BERs for cutoff frequen-
cies of 30 KHz, 1 KHz, 0.30 MHz, and 5 KHz respectively.
Thus the cutoff frequencies of the filters are set to these
values for LPF and HPF. Regarding NRZ-OOK detection
using FTD, it is impossible to distinguish bit values 1 and
0 of the NRZ-OOK signal using a fixed threshold, due to
the signal-intensity fluctuation caused by the scintillation
effect. With respect to the proposed M-OOK detection
for a data rate of 100 Mbps, BER performance similar to
the theoretical ATD is observed. Besides, improved BERs
are obtained compared to M-OOK detection using FTD,
and enhanced BERSs are realized compared to NRZ-OOK
detection using LPF-based ATD and HPF-based FTD for
different SNRs and o;. The BERs of both M-OOK and
NRZ-OOK detection are improved for a data rate of 200
Mbps, due to reduced signal-component extraction by the
LPF and signal distortion by the HPF. However, the BER
performance is reduced with decreasing data rate, owing to
the decreased accuracy of CSI and serious signal distortion
from the HPF.

Figure 11 illustrates the BER performance of the pro-
posed M-OOK detection at a data rate of 10 Mbps, for vari-
ous cutoff frequencies of LPF and HPF. On the basis of Fig.
11, the cutoff frequencies of NRZ-OOK with LPF-based
ATD, NRZ-OOK with HPF-based FTD, M-OOK with
LPF-based ATD, and M-OOK with HPF-based FTD are op-
timized to 80 KHz, 6 KHz, 0.37 MHz, and 11 KHz respec-
tively. Figure 12 shows the BER performance of M-OOK

and NRZ-OOK detection using LPF-based ATD and HPF-
based FTD with optimized cutoff frequencies. The proposed
M-OOK detection has better BER performance than NRZ-
OOK, due to the absence of low-frequency components in
the spectrum of M-OOK. Besides, the BER performance is
close to the theoretical ATD for both LPF-based ATD and
HPF-based FTD with optimized cutoff frequencies, for data
rates of 50 and 10 Mbps. Consequently, the turbulence ef-
fect is effectively mitigated by the proposed technique with
optimized cutoff frequency, for various data rates and tur-
bulence effects. However, the proposed technique will be
ineffective for ultralow-speed M-OOK transmission, due to
the cutoff-frequency limitations of LPF and HPF. Besides,
LPF and HPF can introduce noises into the LPF-extracted
CSI and HPF-filtered M-OOK signals, which will be dis-
cussed in further works.

V. CONCLUSIONS

In summary, M-OOK detection using LPF-based ATD
and HPF-based FTD was proposed to compensate for the
effects of turbulence in FSO communication. The proposed
M-OOK detection was analyzed for different cutoff fre-
quencies of LPF and HPF. Besides, the proposed method
was compared to NRZ-OOK detection using LPF-based
ATD and HPF-based FTD for various data rates. Further-
more, it was compared to the theoretical ATD with the
knowledge of precise CSI for various degrees of turbulence.
The proposed technique was verified in simulation. The
simulation results demonstrated that the BER performance
of the proposed technique with optimized cutoff frequency
is close to the theoretical ATD; therefore, it is a highly po-
tent and feasible technique for IM/DD FSO systems.
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