Numerical studies on time-domain responses of
on-off-keyed modulated optical signals

through a dense fog

Urachada Ketprom, Yasuo Kuga, Sermsak Jaruwatanadilok, and Akira Ishimaru

We present a numerical technique to simulate the propagation characteristics of an on—off-keyed mod-
ulated optical signal through fog. The on—off-keyed modulated light (a square wave) is decomposed into
a finite number of harmonic components, and a numerical solution for the vector radiative transfer
equation is obtained for each harmonic that corresponds to the modulation frequency. With this method
we study the distortion and the pulse spread in the received signal due to attenuation and scattering.
We investigate the propagation characteristic of the modulated signal with different communication

system parameters.
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1. Introduction

There is an increasing interest in free-space optics
(FSO) communication systems among data service
providers. The cost of installing a new fiber network
in an urban environment is often expensive, and a
less-expensive method is needed. A high-speed data
link, for example, can be designed by either optical or
millimeter-wave (MMW) point-to-point communica-
tion systems. The optical system is often the pre-
ferred method because of its simplicity and security.
The data rate for short-distance FSO systems in an
ideal condition can exceed 1 Gbit/s. However, both
MMW and optical links are susceptible to adverse
weather conditions. The presence of particulate
matter creates attenuation and scattering. The
amount of scattering is related to the size of the at-
mospheric particles with respect to the wavelength of
a communication system, and it becomes substantial
when particle size is comparable to or greater than
the wavelength. In the case of the MMW link, the
main problem is usually heavy rain. On the other
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This information can be used to study communication channel reliability. © 2004
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hand, the main problem of the FSO link is usually
fog, low clouds, smog, and dust. In cities such as
San Francisco and Seattle, the presence of morning
fog limits the highest data rate.

The traditional method to estimate the effects of an
atmospheric channel is to calculate the attenuation
characteristics based on the size distribution and con-
centration of particles along the signal path length.
For a microwave link operating below 10 GHz, the
scattering and attenuation by rain can be estimated
with the Rayleigh approximation.l2 For a MMW
link operating above 30 GHz, the Mie solution is com-
monly used to calculate scattering and absorption by
rain.12 For a FSO link, the Mie solution is also used
to estimate loss due to fog and clouds. From the
signal attenuation rate, the bit-error rate is usually
estimated.? With this approach, however, we do not
consider the propagation characteristics of modu-
lated signals. The signal dispersion and eye-
diagram distortion can be obtained only by means of
studying the propagation of modulated signals. In
addition, the signal dispersion is due to the multiple-
scattering effects.1-2¢ If the first-order single-
scattering approximation is used for analysis, the
signal dispersion of optical signals cannot be esti-
mated. In this paper we give a numerical method to
calculate the waveform of an intensity-modulated op-
tical signal through a layer of fog and cloud. Our
approach takes into account the multiple-scattering
effects and reveals a substantial amount of waveform
distortion.
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Fig. 1. Top: simulated optical communication system and propa-
gation channel. LHC, left-hand circular. Bottom: plane-parallel
problem and definitions.

2. Description of the Model

The majority of FSO communication systems are
based on either 850- or 1550-nm wavelength laser
systems, which have different power and distance
characteristics. A simplified model of the FSO link
is shownin Fig. 1. Itis assumed that alaser (A = 0.8
pmor A = 1.5 pm) is used as a transmitter, and the
on—off modulation frequencies f,,,q are 200 MHz and
2 GHz. The on—off-keyed modulated signal (square
wave) is modeled by a Fourier series expansion with
the fundamental, third, fifth, seventh, and ninth har-
monics of the modulation frequency. We assume
that the transmitted light has a left-hand circular
polarization. The fog is modeled by a uniform layer
of randomly distributed water particles with a size
distribution shown in Table 1. The refractive index of
a fog particle is ng,, = 1.3289 + i0.0013289 at A = 0.8
pm and 1.319 + :0.001319 at A = 1.5 pm. The fog
layer (path length) is assumed to be L = 1 km, and
the concentration of fog particles is varied according
to the optical depth 7, defined by 7, = po,L where p is
the number density (number of particles per unit
volume, m ™~ 3) and o, is the total scattering cross sec-
tion of a single particle (m~2). The scattering and

Table 1. Particle Size Distribution of the Fog

Diameter of Particle Number of Particles

(wm) per Cubic Centimeter
04 3
0.6 10
0.7 40
14 50
2.0 7
3.6 1
54 9
8.0 2
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Fig. 2. Block diagram of numerical simulations.
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attenuation by a single particle is obtained by the Mie
solution. The transmitted intensity as a function of
angle is calculated by the numerical solutions of the
vector radiative transfer (RT) equation.? The re-
ceiver has a finite field of view (FOV), and the received
intensity must be obtained by integration over the re-
ceiver FOV. By summing the average (dc) and har-
monic components, we can estimate the time-domain
responses of the on—off-keyed modulated signal. The
waveform of the received signal is strongly dependent
on the receiver FOV. A narrow FOV reduces the
amount of multiple-scattered light, and the received
waveform will be close to that of the transmitted sig-
nal. The disadvantage is that the small-FOV receiver
collects fewer photons, which may limit the signal-to-
noise ratio in a heavy fog. A wide-FOV receiver col-
lects more photons, which may be advantageous in a
heavy fog. However, some of these photons will be
multiple scattered, which may cause waveform distor-
tion.

The main task is to develop a method that can
simulate the propagation channel shown in Fig. 1,
including multiple-scattering effects. For a plane
wave incident on a homogeneous layer of particles,
the most accurate results can be obtained with the
numerical solution of the vector RT equation.25 Re-
cently, we developed a technique to include the
envelope-modulated light or photon density wave in
the RT equation.® We will apply this new method
for analyzing communication channels. To simulate
the propagation characteristics of the on—off-keyed
modulated signal, we need to calculate four different
cases as shown in Fig. 2. The on—off-keyed modu-
lated light is separated into the average (dc) and
modulated (ac) signals. Both dc and ac signals can
be separated into the coherent (reduced incident
light) and incoherent (scattered) light. Each is cal-
culated separately by the RT equation. As shown in
Fig. 2, the received signal consists of four intensities.
The incident light is assumed to be a plane wave, and
the FOV of the receiver has no effect on the coherent
(unscattered) signal. However, the scattered light
arrives from different angles, and the total incoher-
ent intensity is given by the integration of the specific
intensity over the receiver FOV.

3. Formulation with the Radiative Transfer Equation

As shown in Fig. 2, the reduced incident (coherent)
light is simply given by the exponential decay. How-
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ever, to obtain the incoherent light, the RT equation
must be solved. Consider a plane wave propagating
through a slab of a random medium of thickness L in
a plane-parallel medium over the optical distance T
defined by T = po,z where p is the number density, o,
is the total scattering of a single particle, and z is the
actual distance. The random medium is defined as
randomly located dielectric spheres suspended in a
homogeneous background. It is common to formu-
late the RT equation with the modified Stokes vector.
The specific intensity I written in the form of the
modified Stokes vector is25

I=1[I1, UV]T = [(E{E*)}{E,E,*)2 Re
X (E,E;*)2 Im(E,E;*)]", (1)

where E; and E, are vertically and horizontally po-
larized electric fields, * denotes complex conjugate,
and T is the transpose operator of a matrix. The
time-dependent modified RT equation that solves for
the modified Stokes vector through a random me-
dium is expressed as!:2

9 19

ot Tg 0L,

2w 1
= .[ .[ S(“" d)’p‘,? d)’)[l(tny T, “"a d),)]d“',dd)’
-1

0

+ J(t,, T, 1, ), for0 =7=rn,. (2)
7o is the optical depth defined by 7, = po,L where L is
the length of the slab of the random medium. The
coordinate system is defined in Fig. 1. The normal-
ized time ¢, = ¢ (L/c)~ ! where c is the speed of the wave
in the medium. [I] = 4 X 1 specific intensity, [S] = 4 X
4 scattering matrix, J is the source term, and . = cos
0 is the cosine of the polar angle. The scattering ma-
trix is expressed in terms of the scattering amplitude
fi1, f12, o1, @and f55 and is calculated by Mie theory and
explained in detail by Cheung and Ishimaru.?

herent) and are calculated separately. Therefore we
can rewrite Eq. (4) such that

Itotal(t) = Itotal_reduced(t) + Itotal_diffused(t) . (5)

We further separate the constant (dc) term and time-
dependent (ac) term as shown in Fig. 2.

Itotalfreduced(t) = Irifdc + Irifaca (6)
Itotal,diffused(t) = Id,dc + Id,am (7)

Itotal(t) = Id_dc + Id_ac + Iri_dc + Iri_aw (8)

where L, 4. is the reduced intensity of the constant
term and I,; ,. is the reduced intensity of the time-
dependent term. Similarly, the diffused intensity I,
consists of both constant and time-dependent terms.
The reduced intensity decreases exponentially be-
cause of scattering and absorption by particles, and it

satisfies the equation

iI =-1 9)
oT i T ris

where I,; is the reduced intensity (coherent).
expressed as

L; is

Li(¢, 7) = Lof (¢, T)exp(—1)8(n — 1)3(d), (10)

where [, is the incident modified Stokes vector. In
this paper left-handed circular polarization is used.

I,=[1/21/2 01T, (11)

where f(¢, 7) is the pulse-shape function and it is
defined as

fg, )= eXp[ —iwm(t - T)] , (12)
To

where w,, = w,,q(L/c) is the normalized angular
modulation frequency. The unmodulated (dc) light

P|f12|2
P|f22|2

P|f11|z
[S] _i p|f21|

p Re(fuif12™)

_ p Re(fo1f20™)
po; p2 Re(fiifar™) p2 Re(fiof22®) p Re(frafor™ + fiofor™)
p2 Im(f11for™) p2 Im(frofee™) p Im(frifae™ + fiofor™)

—p Im(f11/12™)

—p Im(fo1/50™)
—p Im(f11/5o0™* — frofor™)
p Re(fiifae™ — fiofer™)

3

The specific intensity I in Eq. (1) consists of the con-
stant (dc in Fig. 2) term and the time-dependent (ac
in Fig. 2) term, i.e.,

Itotal(t) = Iconstant + I(t)exp(_iwmodt)a (4)

where w,,,qg = 27f,n0q a0d fi0q 18 the modulation fre-
quency. The specific intensity through random me-
dia is separated into two parts: the reduced
intensity (coherent) and the diffused intensity (inco-
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is given when we set w,, = 0. The diffused intensity
satisfies Eq. (2) and can be expressed as

i+1+lil(t d)
p“aT o atn d\lny Ty W,

2w .1

= .[ f S(“" d)’ IJ‘I7 (b,)[ld(tm T, “‘Iyd),)]d“"dd),
0 -1

+ E(t,, 7, u, d), for0 =7=rn,. (13)
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Fig. 3. Received (ac plus dc) signal waveforms of 0.8-pm wavelength and 200-MHz modulation frequency with a FOV of 50 mrad for (a)

tau, = 1, (b) tau, = 16.

Because there is no source in a fog layer, the source
term o in Eq. (2) has only the contribution from the
incident wave. Thus we can replace source term </
with the equivalent source term E;, which is defined
as

2w 1
Eri = J. J. S(p‘a d), p“,, d)’)lri(t, T, P«/, d),)dp‘"dd),
-1

= Fo(n, &) f (¢, 1)exp(—1), (14)

where F\y = S(p., &, 1, 0)I, and the pulse-shape func-
tion f(¢, 1) is the same as in Eq. (12). The diffused
intensity is created inside a fog layer and there is no

diffuse intensity entering from outside. These
boundary conditions are given as
I;/)(r=0)=0 for 0 =p =1, (15)
I)(t=0)=0 for -1 =p =0. (16)

Although Egs. (2), (10), and (13) are expressed in the
time domain, the actual numerical solution for the
RT equation is obtained in the frequency domain.5.¢
The time-domain response is usually simulated when
we take a Fourier transform of the band-limited
frequency-domain results. In the frequency do-
main, Eq. (13) can be expressed as

!

a ., ., Lo o,
P“(,’iTld(w7T>u‘)1+(|~L_1)lT7[d(waT7p“)

0

2m 1
= Jl J‘ S(M" d)’ p“,a d),)Id’(m,: T, M’Ia d)’)dp“,dd),

0 -1
+ Fo(p, &) f(o', 7)exp(—1), a7

where v = 0,, + ®’, with ® the normalized angular
frequency and o,, the normalized angular modula-
tion frequency. We also use [;(w, 7) = [ (o,
T)exp(—ionT/Ty) to avoid numerical instability.6 The

pulse-shape function f(w’, 7) for a sinusoidal signal is
given by

flo', 1) =27 (w'). (18)

The constant or dc term is given when we set w,, = 0.
To solve for the on—off-keyed modulated time-
dependent term, first we need to estimate the re-
quired number of harmonic components that
corresponds to w,,. In our simulations, we used the
fundamental, third, fifth, seventh, and ninth har-
monics. Because our method is based on the Fourier
series expansion of the modulated signal, the input
must be a periodic signal. Equation (17) is solved
numerically by the discrete ordinate Gauss quadra-
ture method.25

4. Results and Discussion

We conducted numerical simulations for both 0.8-
and 1.5-pm wavelengths using the size distribution
shown in Table 1. The average particle size is 1.536
pm with a standard deviation of 0.7247 pm. The
results for a modulation frequency of 200 MHz for
both 0.8- and 1.5-pum wavelengths are shown in Figs.
4, 6, and 11. The results of 2 GHz for the 1.5-pm
wavelength are dominated by the coherent intensity
and do not show any waveform distortion. There-
fore all results of f,,,q = 2 GHz are for the 0.8-pm
wavelength only. To show a significant waveform
distortion at 1.5 pm, the average particle size must be
much larger than that of Table 1.

The results are divided into three main parts.
The first part shows the result of the 0.8-pm wave-
length and a modulation frequency of a 200-MHz
system, the effects of FOV and optical depth, and the
eye diagrams. The second part compares the mod-
ulation frequency of 200 MHz and 2 GHz for the
0.8-pm wavelength system. The third part explains
the effect of different wavelengths, 0.8 and 1.5 pum,
for the same modulation frequency of 200 MHz.

The total received signal (dc plus ac) results are
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shown in Fig. 3. The dashed lines in Figs. 3(a) and
3(b) represent the dc value. At higher optical
depths, the dc component will dominate the ac com-
ponent, and thus it is difficult to show the result with
the dc value added. The distortion is more apparent
with only the ac component at high optical depth.
Thus we consider only the ac component for the re-
sult.

A. 0.8-um Carrier Wavelength at 200-MHz Modulation
Frequency

1. Effect of Field of View

The time-domain responses of the copolarized inten-
sity (left-handed circular polarization) for two differ-
ent FOVs at a modulation frequency of 200 MHz and
at two optical depths 7, = 1 and 16 are shown in Fig.
4. When the optical distance and FOV are small
such as 1, = 1 and a FOV of 1 mrad, the received
signal is mostly the reduced incident intensity, and
the contribution of scattered intensity is negligible.
The received waveform is almost the same as the
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original shape in Fig. 4(a). Increasing the FOV to 50
mrad while fixing 7, = 1, we generate the same result
in Fig. 4(b) because the scattered intensity for such a
small optical depth 7, = 1 is small compared with the
reduced intensity. Therefore the received signal is
dominated by the reduced incident intensity.

The FOV effect is obvious when optical depth is as
high as 1, = 16 and at the wider FOV of 50 mrad.
Both the reduced incident and the scattered intensi-
ties can be detected, and the total intensity is approx-
imately four times the value of the case of a FOV of
1 mrad. The waveform in Fig. 4(d) (1, = 16 and a
FOV of 50 mrad) shows the distortion effect caused by
the scattered intensity that is not visible in Fig. 4(c)
(1o = 16 and a FOV of 1 mrad) because the narrow
FOV rejects the scattered intensity. Because our
method is based on the Fourier series expansion of
the on—off-keyed modulated signal and only five har-
monic components are used, the received signal is not
a perfect square wave. Nevertheless the waveform
distortion can be seen in the simulated results.
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2. Incoherent Intensity versus Coherent Intensity
The average (dc) intensity of the incident signal is
0.9357 W/m? whereas the rms value of the incident
modulated signal (ac) is 0.701 W/m?2. The rms value
of the ac signal is shown as dashed—dotted lines in
Figs. 4(a)-4(d). Both the average and modulated
intensities decrease as the optical distance increases
for the limited FOV.

The rms value of the ac signal contains both rms
values for reduced (coherent) and scattered intensity
(incoherent). These two rms values are shown in
Fig. 5 as a function of an optical depth. Coherent
intensity does not depend on the FOV, and its de-
creasing rate depends on a function exp(—7,). A
wide FOV allows more incoherent intensity to con-
tribute to the received waveform. The incoherent
intensity carries the scattering effect that results in
distortion and pulse spread in the waveform. There-
fore, when the incoherent intensity becomes domi-
nant, distortion and pulse spread occur. In general,
the waveform distortion starts to occur when the rms
values of coherent and incoherent intensities become

comparable, and the distortion becomes worse as op-
tical depth increases.

For the current system of an 0.8-pm carrier wave-
length at 200-MHz modulation frequency, the inco-
herent intensity starts to dominate the coherent
intensity approximately at 1, = 12 for a FOV of 50
mrad. The resulting distorted waveform for 7, = 16
after the domination of the incoherent intensity can
be seen in Fig. 4(d).

3. Effect of Optical Depth

At high optical depth, the received signal is severely
distorted. The received signal is mostly the incoher-
ent intensity. The distortion is measured by the
waveform’s shape, amplitude, and phase. For 7, =
16, the waveform shape is no longer a square wave,
the amplitude is much less than the transmitted
wave, and the phase shift causes a pulse spread ef-
fect. The phase shift can easily be seen when the
optical depth is as high as 7, = 30 or 40 as shown in
Fig.6. Thereceived signal in Fig. 6 has a phase shift
greater than 180° and a pulse spread that causes an
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error in transmitting. The distortion and pulse
spread will result in a bit error in transmission.

The eye diagram is commonly used to evaluate
digital communication channels.” A wide and stable
eye means that the digital signal can be recovered
accurately from the received signal. A distorted eye
or closed eye shows potential problems. To obtain
the eye diagram, the incident intensity without fog is
used as a reference signal, and the received intensity
is plotted over one period. Because a pseudo-square
wave is used in our study, the shape of eye is not that
of a sinusoidal signal or a square wave. Figure 7
shows the eye diagrams for different values of 7, for
a FOV of 50 mrad. When the FOV is small, such as
a FOV of 1 mrad, the received signal is mostly coher-
ent intensity, and the eye diagram does not change as
Toincreases. However, the signal-to-noise ratio that
is usually limited by the receiver noise, decreases
rapidly as 7, increases. For a wide FOV, such as a
FOV of 50 mrad, a significant distortion can be seen
in the eye diagram. If the data sample time is fixed
for a coherent intensity, this may create a high bit-
error rate. However, when the data sample point is
changed, it seems that the original data can be re-
covered correctly.

B. 0.8-pm Carrier Wavelength at 2-GHz Modulation
Frequency

The effect of a different modulation frequency can
be seen when we compare two modulated frequen-
cies, 200 MHz and 2 GHz, for the 0.8-pm carrier
wavelength. Figure 8 shows that, at 2 GHz, the
incoherent intensity is substantially dominant
when 1, > 35, and the received ac signal in Fig. 9(d)
shows the severe distortion accordingly. Because
a random medium acts as a low-pass filter to the
transmitted optical signal, the incoherent intensity
at a higher frequency will be less. The amplitude
of the received signal at 2 GHz is approximately
four times smaller than at 200 MHz compared be-
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tween Fig. 9(c) and Fig. 6(a) because, at high optical
depth, the received signal is mainly composed of the
incoherent intensity. The received signal of 2 GHz
in Fig. 9(d) is less distorted because the incoherent
intensity does not dominate the coherent inten-
sity as much as the received signal of 200 MHz in
Fig. 6(b).

C. 1.5-um Carrier Wavelength at 200-MHz Modulation
Frequency

Next, the results of a different carrier wavelength,
1.5 pm with a 200-MHz modulated frequency, and
the same FOV and optical depth used in previous
results are shown for comparison. Figure 10(a)
shows that the incoherent intensity is obviously
dominant when 1, > 30, which is higher than the
results of the 0.8-pm system at 7, > 20 in Fig. 5(c).
This information suggests that 1.5 um contains less
scattering intensity information than the 0.8-pm
system for the same parameters in FOV, optical
depth, and modulated frequency. Thus the result
in Fig. 11(d) is not as distorted as Fig. 6(b) for the
highest simulated value of optical depth. For 2
GHz, the distortion will not appear for 7, < 50
because the incoherent intensity does not dominate
the coherent intensity that can be seen in Fig. 10(b).
The result in Fig. 11 shows the received signal
waveform for different optical depths before and
after the incoherent intensity becomes dominant for
the 200-MHz modulation frequency and the 1.5-pm
wavelength system.

5. Conclusions

We have developed a numerical method to evaluate
the propagation characteristics of modulated optical
signals through fog or clouds. Unlike the traditional
cw signal attenuation technique that has been used
to estimate the bit-error rate, with our method we
directly calculate the waveforms of the modulated
signal. The results displayed in the eye diagram
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reveal that the data must be sampled at different
times if the propagation channel is highly dispersive.
Although a small FOV is useful to eliminate un-
wanted scattered light and to maintain an original
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waveform, the channel loss in a heavy fog can be
substantial because of the exponential decay of the
coherent intensity. This may result in loss of the
communication link. In a heavy fog, the FSO sys-
tem can be designed to take advantage of incoherent
or scattered light. Although a signal from a wide-
FOV receiver in a heavy fog will have a significant
amount of waveform distortion, the signal-to-noise
ratio is much better than that of the small-FOV case.
It seems that it is still possible to maintain a high
data rate if sampling occurs at a correct time. Our
numerical method will provide the expected pulse
delay and waveform distortion for a given fog con-
dition, and it can be used in conjunction with the
available timing-correction method including the pro-
posed delayed diversity technique? that has shown to
improve the bit-error rate of the FSO link in the
presence of fog. The results shown in this paper are
based on a fog size distribution that has an average
diameter of 1.536 pm (Table 1). In our simulations,
the waveform distortion at the 1.5-pm wavelength
was small for a data transmission of 2 GHz. How-
ever, it is known that the average size of atmospheric
particles can be much higher or the size distribution
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can contain a significant amount of large particles.
Because the scattering increases dramatically as par-
ticle size becomes greater than the wavelength, we
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should expect that a communication link based on
1550-nm wavelength is equally susceptible to the
waveform distortion due to fog and cloud. The
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present method is limited to an intensity-modulated
signal such as on—off keyed, and it cannot be used for
a phase-modulated signal that is commonly used for
a microwave and MMW communication link.
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