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communication system in atmospheric turbulent and
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The pulse broadening and communication capacity in atmospheric turbulent and disperse channels are
investigated. Models on pulse broadening are proposed, and the simulated results for a typical atmospheric
condition and configuration are provided. The results show that the capacity of the system is affected
mainly by atmospheric dispersion rather than atmospheric turbulence. The received pulse width can
be minimized, and the system-achievable capacity can be maximized by selecting the optimum input
pulse width. The proposed method can be used to predict the achievable capacity of a free space laser
communication system in turbulent and disperse channels.
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Free space laser communication systems, which use the
atmosphere as a propagation medium, have attracted
much attention during the last two or three decades.
Optical waves have a high frequency, and they have
many advantages compared with radio frequency, such
as high data transmission rate[1]. In the last decade,
the single-channel capacity of free space laser communi-
cation systems has increased from 10 to 160 Gb/s[2−4].
To the best of our knowledge, the highest transmission
rate of a single channel was 1.28 Tb/s in the optical time
division multiplexing system, which was demonstrated
in 2000[5]. In the optical transmitting channel, optical
pulse signals undergo atmospheric turbulence[6−10], at-
mospheric dispersion, and so on[11], which in turn cause
pulse broadening and consequently limit the available ca-
pacity of the channel. However, pulse broadening, espe-
cially dispersion-induced pulse broadening, in a free space
laser communication system has received little attention
in the previous related literature. The possible reason is
that the available free space laser communication oper-
ates at a relatively low data rate and short transmitting
distance. With the increment in communication capac-
ity (narrower pulse width) and transmitting distance, the
temporal broadening of an optical signal must be taken
into consideration.

The temporal broadening of a pulse through a ran-
dom medium is caused primarily by two mechanisms,
the scattering process of the medium and the wander-
ing of the pulse[6]. Pulse temporal broadening can be
deduced from knowledge on the two-frequency mutual
coherence function[7]. The input waveform is attributed
to the Gaussian pulse and can be described by

vi(t) = A exp(−t2/T 2
0 ), (1)

where A and T0 are the amplitude and the width of the
Gaussian pulse, respectively. The mean irradiance of the

received pulse located at distance L from the transmitter
is given by[8]
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where w0 is the carrier frequency of the modulated sig-
nal, r is the vector in the transverse plane at propagation
distance L, W0 is the beam radius at the transmitter, c
is the speed of light in vacuum, and Tn is the width of
a turbulence-induced pulse at the receiver, which can be
written as

Tn =
√

T 2
0 + 8a , (3)

where

a =
0.391(1 + 0.171δ2 − 0.287δ5/3)µ1 sec (ξ)

c2
. (4)

Here inner scale (l0 = δL0(h)) and outer scale (L0(h))
effects have been taken into account. ξ is the zenith an-
gle, and µ1 is an integral with respect to altitude

µ1 =
∫ hf

h0

C2
n(h)[L0(h)5/3], (5)

where h0 is the altitude of the transmitter, hf is the al-
titude of the receiver, C2

n(h) is given as

C2
n(h) = 0.00594

( v
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+ 2.7 × 10−16 exp(−h/1500)

+ B exp(−h/100), (6)

1671-7694/2011/S10603(3) S10603-1 c© 2011 Chinese Optics Letters



COL 9(suppl.), S10603(2011) CHINESE OPTICS LETTERS June 30, 2011

where v is the pseudo wind in meters/second, and B is the
nominal value of C2

n(h) at the earth’s surface in m−2/3.
The turbulence-induced pulse broadening becomes neg-

ligible for the initial pulse width T0 larger than 20 fs[8].
This is due to the pulse width in free space laser com-
munication systems is not less than several picoseconds.
The turbulence-induced pulse broadening is neglected.

The index of refraction n is one of the most significant
parameters of the atmosphere for optical wave propa-
gation, which is sensitive to fluctuations in tempera-
ture and pressure. The index of refraction of the atmo-
sphere can be expressed as follows for optical and infrared
wavelengths[12]

n = 1 + 77.6(1 + 7.52 × 10−3λ−2)
P

T
× 10−6, (7)

where λ is the optical wavelength in µm, P is the pressure
in millibars (1 millibars = 100 Pa), and T is the abso-
lute temperature in Kelvin. Temperature and pressure
change with the altitude and the measured data in Xin-
jiang, China, are used in our simulation[13]. Propagation
constant β can be expressed as
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ω
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(8)

where ω is angular frequency (λ = 2πv/ω), and v is the
speed of light in the transmitting channel. The prop-
agation constant is then expanded as a function of the
frequency difference ω − ω0 (ω0 is the carrier frequency)
in a four-terms Taylor series

β(ω) = n(ω)
ω

c

= β0 + β1(ω − ω0) +
1
2
β2(ω − ω0)2 +

1
6
β3(ω − ω0)3,

(9)

where β1, β2, and β3 are the derivatives of the propaga-
tion constant. Considering the effects of dispersion and
chirp, the effects of β3 on pulse broadening are neglected
due to the small value of β3 and the received pulse width
in single-mode fibers are given as[14]
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where C is the chirp parameter of the optical modula-
tor, and W is the 1/e half width of the optical source
spectrum. Equation (10) is used to calculate atmo-
spheric dispersion-induced pulse broadening, and the
main difference between the single-mode fiber and the
atmospheric channel is the index of refraction n. The in-
dex of refraction of a single-mode fiber can be regarded
as a constant. However, the index of refraction of the
atmosphere changes with the altitude. Considering the

fluctuations in the index of refraction and β2 of the atmo-
sphere, the whole propagation channel is divided into N
independent segments with interval ∆h to describe pulse
broadening accurately. The index of refraction and β2

are treated as constants in each interval. For a large N ,
we then have
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i = 1, 2, · · ·N. (11)

The broadening ratios (Tn/T0) as a function of the
zenith angle and input pulse width are shown in Fig. 1.
Assuming the propagation height is 30 km, the optical
wavelength λ is 1550 nm, the chirp parameter is 0.8, and
the spectral width is 125 GHz. The pulse broadening is
very significant when the pulse width is in the order of
2 ps, and it is negligible if the pulse width is larger than
10 ps. Figure 2 shows the changes in broadening ratios
with the input pulse width and propagating height. The
broadening ratio increases with the input pulse width
and propagating height. Due to the thin atmosphere
and small dispersion parameter (β), the pulse broad-
ening can be neglected when the propagation height is
larger than 30 km.

The pulse width in free space laser communication sys-
tems is not less than several picoseconds, so turbulence-
induced pulse broadening is neglected. The received

Fig. 1. Broadening ratios as a function of input pulse width
for various zenith angles.

Fig. 2. Broadening ratios as a function of propagating height
for various input pulse widths.

S10603-2



COL 9(suppl.), S10603(2011) CHINESE OPTICS LETTERS June 30, 2011

Fig. 3. Received pulse width and achievable capacity as a
function of input pulse width for various zenith angles.

Fig. 4. Topt and Bmax as a function of propagating height for
various zenith angles.

pulse width is attributed to the original pulse width and
broadening ratio, and a smaller original input pulse width
corresponds to a larger broadening ratio. Considering
their combined effect, there should be a minimum re-
ceived pulse width that can meet the maximum achiev-
able communication capacity. The variation in received
pulse width as a function of the input pulse width at var-
ious zenith angles is shown in Fig. 3. The existence of
the minimum received pulse width can be clearly seen in
all three curves. With the increment in zenith angles,
the input pulse width corresponding to the minimum re-
ceived pulse width skews toward larger values.

Evidently, dispersion-induced pulse broadening leads
to a reduction in capacity, and a quantitative description
of this reduction is used. The broadened pulse width
Tn and the achievable capacity B can be related us-
ing the criterion that the broadened pulse should remain
confined to its bit slot (B = 1/Tp, where Tp is the bit
slot), and the achievable capacity is obtained using 4TnB
< 1[15]. The curves of the maximum achievable capacity
are also shown in Fig. 3, which correspond to the re-
ceived pulse width. The maximum capacity decreases as
the zenith angle increases.

Corresponding to the minimum received pulse width,
there should be a optimum input pulse width, Topt, which
is derived by

∂Tn

∂T0

∣∣∣∣
H,ξ

= 0, (12)

where T0 is the variation. This equation is solved numer-
ically, and the results are given in Fig. 4. Topt increases
with the propagating height and the zenith angle. For

instance, at H = 5 km, Topt is 2.224 ps for ξ = 0 rad,
2.269 ps for ξ = 0.5 rad, and 2.563 ps for ξ = 1 rad.

In addition, there should also be a maximum capacity,
Bmax, which can be derived by

Bmax =
1

4Topt
. (13)

In Fig. 4, the maximum capacity Bmax decreases with
increase in the zenith angle and propagating height.

In conclusion, the pulse broadening and communica-
tion capacity in optical turbulent and disperse channels
have been investigated. The formulas for turbulence-
induced pulse broadening are introduced, and a model
on dispersion-induced pulse broadening is proposed. The
results show that the capacity of the system is affected
mainly by atmospheric dispersion. The received pulse
width can be minimized, and the system-achievable ca-
pacity can be maximized by selecting the optimum input
pulse width. This optimum input pulse width increases
with the propagating height and zenith angle, and the
maximum achievable capacity decreases with the propa-
gating height and zenith angle. The method in this let-
ter can be used to predict the available capacity of a free
space laser communication system in turbulent and dis-
perse channels, and the simulation results presented are
reasonable. These findings should be highly considered
in high-speed and long-distance free space laser commu-
nication systems. Further investigations, including ex-
perimental measurements based on optical time-division
multiplexing technology, are being undertaken.
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