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Effect of the information rate on the scintillation index is examined for free space optical
(FSO) broadband access applications that use spatially incoherent sources. For this purpose, intensity
fluctuations are formulated indicating the effect of the rate on the scintillation index in the presence
of the atmospheric turbulence. The bandwidth of modulation of the incoherent source is taken to be
much smaller than the carrier frequency, i.e., narrowband approximation is employed. Rate averaging
factor for spatially incoherent source is derived as to represent the averaging in weak atmospheric
turbulence due to rate of modulation of the intensity. It is found that the scintillations decrease as
the rate of transmission through atmospheric turbulence increases. This decrease is independent of the
carrier wavelength of the FSO system but depends on the outer scale of turbulence. Up to 10 Gb/s,
the decrease is negligible for realistic outer scale values. When extremely large eddies are present in
the formation of turbulence, rate can be effective in the reduction of the scintillations even at rates
up to 10 Gb/s. In the limit when the information rate is taken as zero, our results correctly reduce
to the known scintillations for spatially incoherent monochromatic excitation.

Introduction

Free Space Optics (FSO) communication
systems have become one of the most widely used
access systems especially in metropolitan
applications. Current practical broadband access FSO
systems that employ coherent laser sources are being
used at bit rates up to 10 Gb/s mainly in horizontal
links of a few kilometers length. FSO systems using
incoherent LED sources are also practiced mainly due
to their economical benefits and wider range of
coverage. These systems operate usually at infrared
carrier wavelengths of 0.85 and 1.55 pm.

Atmospheric turbulence induces considerable
limitations in FSO access links, as it causes signal
dependent noise in the form of intensity
scintillations. Intensity fluctuations in FSO links and
their reduction by various means are studied.’™ In
the efforts of reducing the scintillations, averaging
due to receiver and transmitter aperture sizes and due
to the frequency content of the source are of
interest.>1° Scintillations of ultrashort optical pulses
in the turbulent medium is also reported.*

In this paper, we study the effect of the
information rate on the scintillations when the FSO
system uses a spatially incoherent source. We base
our formulations on temporally coherent (i.e,
monochromatic) but spatially incoherent sources that
are modulated at rates much smaller than the carrier
frequency, i.e., narrowband approximation is
utilized. Narrowband approximation is realistic since
even within such limitation, our analysis still covers
the extremely high bit rates in the infrared which are
currently far from being practically implemented.
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In our work, point to point link with a single carrier
wavelength is examined and point detector is
assumed. Also, Huygens—Fresnel principle is used for
a spatially incoherent source which is intensity-
modulated, the intensity having a Gaussian pulse
shape.

We derived a practical formula showing the rate
averaging effect to understand quantitatively how the
scintillation levels decrease beyond their zero-
information-bit-rate values and fall in the tolerable
or improved scintillation index range when the
information bit rate is increased. Rate averaging
factor examined in our paper is a normalized quantity
so it represents the improvement over the absolute
scintillation level of the link. Thus, appreciably low
rate averaging factor means that the performance of
an atmospheric optical link is improved (considering
turbulence only) when it is operated at a higher
information rate which can be a factor in the design
of the link.

Our results show an averaging effect of the
information rate on the scintillations, i.e., as the
information rate increases, the scintillations are
smoothed out. For a spatially incoherent finite sized
source in weak turbulence, rate averaging effect is
found to be dependent on the outer scale of
turbulence. Within the currently practical information
rates that are possible to implement, i.e., for rates up
to 2.5 Gb/s or 10 Gb/s, it is found that the rate
averaging factor is negligible for realistic outer scale
values which are less than 100 meters. However,
when extremely large sizes of eddies are present in
the formation of turbulence then rate averaging can
also be effective even at rates up to 10 Gb/s.
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2. Rate averaging for spatially
incoherent source in weak turbulence

In our recent work® we have formulated the
scintillation index in turbulence for coherent sources
having a finite information rate as the result of
intensity modulation. Here, we start by outlining the
initial steps of the same formulation, then introduce
a spatially incoherent finite size beam wave source
with size a;, and find the effect of the information
rate on the scintillation index.

One can find the instantaneous intensity as

To+Tg /2
1=Q/TY) (‘) dtju(L, p, t)
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where T, is a reference time, T4 is the response time
of the detector, p is the transverse coordinates at the
receiver plane, u(L, p, t) is the field at z=L, i.e., at
the receiver plane, L being the path length. Time
variation of the field at the receiver is given by the
Fourier transform relation as

¥

u(L, p, t) =2p (‘)jf u(L, p, fexp(i2pft),  (2)

¥

u(L, p, f) is the solution by the extended Huygens—
Fresnel principle and f is the frequency. For a
polychromatic radiation where the bandwidth is
centered about the carrier frequency f,

u(L, p, t) =exp[i2pfy(t + L/c)]"
¥

T O AL, p, fo + f)explizpfi(t + L/C)] +
-¥
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¥

where A, and A, are the positive and negative
portions of the complex temporal frequency spectrum
at the receiver plane, respectively. A, is given by

AL, p, o+ 1) =(fo + )/ (icL)”
¥ ¥

! c‘)c‘)ﬂzs Ags(fo + THU(, s, To + )~
¥y

“explipc/L)(f + f)(P- 9)° +y (6 p T + )] (4)

Similarly, one can obtain A, by inserting f,—f,
in place of fo+ f; in Eq. (4). Here Ay and A, are the
positive and negative portions of the complex
temporal frequency spectrum of the source,
u(o, s, fo + f;) represents the field at the source
plane at frequency f, + f;, s is the transverse source
coordinate, L is the path length, c is the speed of
light in free space, y (s, p, fo + f1) is the solution to
Rytov method representing the random part of the
complex phase of a spherical wave at frequency
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fo + f; propagating from source point (0,s) to
observation point (L, p).

In writing A, and A,, temporal frequency
spectrum of the source due to digital intensity
modulation and the spatial field distribution of the
source are assumed to be separable. Substituting A,
in Eq. (4) and A, into Eq. (3) and using the
hermitian property for the source spectrum (i.e.,
As(F) = A(f) and Ay (-F) = A (f), where “*”
denotes the complex conjugation), the instantaneous

intensity for a point receiver at the optical axis p = 0
is found as:

¥ ¥
1=2 édZP)deldfz o+t +1)/ (CL)2 P (fo +1, T +1,)
¥y
“sinc[pTy (f,- )lexp[i2p(f,- £) (T, +L/O)]
¥y ¥ ¥
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¥.¥ ¥.¥
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where

Pe(fo + fi, o + 1) =<As(fo + fl)A;s(fO +1,)>,

in general represents the cross frequency spectrum of
the intensity of the pulse which contains both the
source temporal coherence centered around the carrier
frequency f, and the intensity modulation.

G(sy, s, Ty + f1,fy + f,) is the second order source

mutual coherence function including spatial
coherence effects and is defined as

G (s, So fo + f, fy +F,) =
=a(0, sy, fo +f)u (0, s, o + )i =
= a1,y (0, 51, Fo + F)ug (0, 5o, Fo + ) u (0, 51, fo + 1)
“u (0, 55, Ty + )ik (6)

Here uy4(0, sy, fo + f1) and u,(0, s1, fo + f1) represent
the deterministic part of the source field and the
random part of the field due to spatial decorrelation,
respectively.

Note that Eqg. (6) is written under the condition
that many samples of the random part of the incident
field are present within the response time of the
detector, T4. Regarding the turbulence part,
coherence time of the medium (=1 ms) is much
longer than Tgy.

In this paper we examine the averaging of the
rate of modulation on the scintillation index thus the
effect of source temporal coherence is discarded, i.e.,
the light source to be modulated is assumed to be
monochromatic. Thus

Pe(fo + fi,fo + 1) = Ay (fo + fl)A;s(fO +1)

represents the cross frequency spectrum of the
intensity of the pulse which contains the intensity
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modulated information centered around the carrier
frequency f,. In practice, unequal frequency
components will not contribute much to this
frequency spectrum. Most contribution will come
from the close frequency components so we
approximated the cross frequency spectrum of the
intensity of the pulse P.(fy + fi, fo + f,) by a delta
function representation as

Pe(fo + 1, fo + ) = P(fo + f)d(f; - 1), ™

where d(f,—f,) is the Dirac delta function, P(fy+f;)
is the frequency spectrum of the intensity of the
pulse which contains the intensity modulated
information. In other words P(f, + f,) is the Fourier
transform of the time waveform of the intensity
pulse. Here we note that using delta approximation
in Eq. (7) substantially easies the formulation,
however brings certain inaccuracy in the results,
closer to being exact only for very wide pulses. Thus,
our results are assumed to be acceptable in the
narrowband approximation, more accurate for slower
pulse rates.

Using Eqg. (7) in Eq. (6) and carrying out the

integration over f,, the instantaneous intensity
becomes
¥
I =8p°/(cL)” (pfu(fo + f)*P(fo + )
¥
¥ ¥ ¥ ¥

, C\)C‘)’zsl C\)C\)jzsz Gsz(Sl, Sy, T+ f, fy + f1) ‘
-¥-¥ -¥ ¥

“expf{ip/ (Lc)[(fo + f)(SF - sHI}
“exply (s1,0,f + f) +y (52,0,F + f)]. ®

For spatially incoherent source, the second order

source mutual coherence function G is given by d-
function [Egs. (20)—(74) of Ref.12] and for

k = 2p(f, + f))/c, G is given by
(323(311 321 fO + flv fO + fl) =
=/ + PG +5)/2d6: - 52), (9)

where I[(s; + $,)/2] is the intensity at (s; + s3)/2 on
the source plane. Substituting Eq. (9) into Eq. (8),

¥
1 =8p°/ L2 c‘)jflP(fO +f)°

¥

¥ ¥ ¥ ¥
! c‘)c‘)ﬂzsl c‘)c‘)ﬂzszl[(sl +5,)/2]d(s; - 82) 7
¥ -¥ ¥ -¥

" exp{ip/(Lo)[(f, + f)(sE - sHI
“exply (51, 0, f +f) +y (sp, O fy + ), (10)

where

y (Slvov fO + fl) = C(Slvov fO + fl) + iS(Slvov fO + fl)v
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y, ¢, and S are the wave, log-amplitude and phase
fluctuations at frequency f,+ f;, respectively.
Performing the integration over s,, Eq. (10) reduces to
¥
1 =8p2/L2 c‘)jflp(fo +f)”

¥
¥ ¥

, c‘)c‘)jzsll (s1)expl2c(sy, 0,y + )] (11)

¥y

Using the conservation of energy in weak
turbulence, i.e., &xp[2c(s1,0,f+f)]H,=1, the
average intensity for the spatially incoherent pulse is
found from Eq. (11) as

¥ ¥
alfi=8p?/ L2 (pfiP(f + ) (sil (=) (12)
-¥ -¥

For the intensity distribution at the source plane,
Gaussian profile is taken as

1(s1) = exp(-si 7al), 13)

where a; is the source size. For the time waveform of
the intensity pulse, Gaussian shaped pulse is chosen
as

p(®) = L7 (4p)lexp(- £/ T7), a4

where T, denotes the effective duration of one bit.
Taking the Fourier transform of the Gaussian pulse
and shifting around the carrier frequency f, yields

P(f) = [L7(2p" *Ry)Iexp{- [20(F, - )/ R}, (15)

where R, = 2/T, is defined as the information rate
to be transmitted in the free space optics system.

Substituting Egs. (13) and (15) into Eg. (12),
performing the integrations by using Eq. (3.321.3) of
Ref. 14, the average intensity for the spatially
incoherent pulse is found as

alfi= 2(pa,/ L)% (16)
In finding a2, Eq. (11) is used to have
¥
al%fi= 8p% /L2 c‘)jflp(fo +1,)
-¥

ES

¥ ¥

: c‘)jfZP(fo +1,) c‘)c‘)jzsll (s1) c‘)c‘)jzszl (s2)”

ES

“@expgc(sy,0,fy + fi) + 2¢(s,0,f + K)fffn.  (17)

For ¢ Gaussian distributed and in weak turbulence,
afi, in Eq. (17) can be approximated as

E’£Xp éZC(Sl,O, fo + fl) + 20(32,0,1:0 + fZ)mﬂ »
» 1 + 4BC (Slv 32, fo + f11 fO + f2), (18)

where Bc(si, Sz, fo + 1, fo + ) is the two source,
two frequency spherical wave covariance function of
the log-amplitude fluctuations defined as
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Bc (51,82, Tp + T, T + 1) = dc (51,0, fp + 1) -
- & (81,0, T + A1 [C(S2,0, Ty + 1) - &(S2,0, Ty + F) ] fiy.
19

For B., we have used the approximation given by
Eq. (12) of Fante’s paper,”™ i.e.,

Be (31, Sz, fo + fi.fo + fz) »

» s2expl-|s; - S, ro? - @P)2(F, - £)?W?2, (20)

where s2 =0.124k[7°C211/% s the variance of the

log amplitude fluctuations for a spherical wave
operating at the carrier frequency f, (note that the

coefficient of s2 in Ref. 15 should be corrected as

0.124), r, = (0.545Kk3C2L) %/® is the coherence length
of the medium, k, =2pf,/c

the carrier frequency, W? =0.39C2L373Lc2, C? is
the structure constant, L, is the outer scale of
turbulence.

Here we note that in our representation of the
covariance [given by Eq. (20)] for the spatially
incoherent pulse, we followed the same
representation used by Fante™ since in his paper he
also studied a spatially incoherent source with finite
spectral extent (due to temporal source coherence).

The detailed derivation of W2, i.e., the outer scale
dependence of the covariance function of the log-
amplitude fluctuations due to the finite spectral
content of the source is presented in Fante’s earlier
paper®® [Eq. (12) in Ref. 16].

Substituting Egs. (13), (15), (18) and (20) into
Eq. (17), a%f for the spatially incoherent pulse is
obtained as

is the wave number at

¥
an=8p>/ L C)ifl[l/(meRb)]exp[- @p)* /R
-y
¥

" Rt/ @ *Ro)]expl- (2p)* 7 / RT

¥

¥ ¥ ¥ ¥
O s exp(-7a%) O seexp( /2y
¥y ¥y
" {1+4s2exp[- |s; - 32\2r52 - 2P - B)?W3 (21)

Making the transformations f.= (f;+ f,)/2,
fa=fi—f, sc = (s1+ s2)72, sq = s1+ S, in EqQ. (21),
rearranging, and performing the integrations in
Eq. (21) by using Eq. (3.321.8) of Ref. 14, &%
reduces to

é12~ - [2(pa5/|_)2]2(l+ 435/{[1"’ (Zaglrg)] ’

TR+ (TRDIVD. (22)

Here Ry is the rate in Gb/s, T = (8.667C3Ly3L)2
is defined as the turbulence factor of the rate
averaging for spatially incoherent source.
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Using equations (16) and (22), the scintillation
index

m"‘=(<|2>-<|>2)/<|>2 (23)
is found as
m? = 4s2/{[1+ (Ra2/r3)L+ (T?R3)]¥?. (24)

The scintillation index presented by Eg. (24)
refers to spatially incoherent finite-sized pulse source
in weak turbulence and it includes the turbulence
outer scale. As the limiting case of our result in
Eq. (24) for no modulation, i.e., R, =0, the
scintillation index becomes 4s2/[1+(2aZ/r3)],

which is the scintillation index due to a spatially
incoherent monochromatic finite-sized source in weak
turbulence. This is the same result obtained in the
spatially incoherent monochromatic beam wave limit
of a spatially and temporally partially coherent beam
wave solution in weak turbulence.!” Thus the term

L, 22 172
RAF;, =178 +(T?RZ)Y (25)

in Eq. (24) which we name as RAFgi (Rate
Averaging Factor) for spatially incoherent source is
identified as to represent the averaging in weak
atmospheric turbulence due to rate of modulation of
the intensity. As seen from the rate averaging factor,
the scintillations decrease as the rate of transmission
through atmospheric turbulence increases.

2. Results and conclusions

Rate averaging factors examined in this paper
are normalized quantities so they present
improvements over the absolute scintillation levels of
the link. Thus, appreciably low rate averaging factor
means that the performance of an atmospheric optical
link is improved (considering turbulence only) when
it is operated at a higher information rate, which can
be a factor in the design of the link.

Equation (25) shows that in weak atmospheric
turbulence, the rate averaging factor for spatially
incoherent source (RAF;;) is dependent on the path
length (L), outer scale of turbulence (L), and the
structure constant, however it is independent of the
carrier wavelength of the free space communication
system. Equation (25) is plotted in Fig. 1 for various
outer scale of turbulence, L.

For smaller L, rate averaging is ineffective even
for very large rates. For very large outer scale values
when spatial frequencies close to zero exist in the
power spectrum of the refractive index, i.e., when
the turbulence can be presented by Kolmogorov
spectrum, then there can be appreciable reduction of
scintillations especially at very high rates.

Figure 2 is plotted to better understand the rate
averaging effect for spatially incoherent source
within the currently practical information rates that
are possible to implement, i.e., for R, up to 2.5 Gb/s
or 10 Gb/s. It is observed in Fig. 2 that rate
averaging factor is negligible for realistic outer scale
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values, which are less than 100 meters. However
when extremely large sizes of eddies are present in
the formation of turbulence then rate averaging can
also be effective even at rates up to 10 Gb/s. In an
atmospheric link, the outer scale of turbulence, L,
can vary practically between 1 m to 100 m.

2 25 3 3.5 4x104

Information Rate, Ry, (Gb/s)
Fig. 1. Rate Averaging Factor for spatially incoherent
source versus rate in weak turbulence for various outer
scales of turbulence, Lo.
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026 \ T~ ]
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Information Rate, Ry, (Gb/s)

Fig. 2. Rate Averaging Factor for spatially incoherent
source versus rate in weak turbulence for various Lo within
the range of currently practical information rates.
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In examining Figs. 1 and 2, the worst-case value
(i.e., the maximum value) of the rate averaging
factor should be considered in one specific link. For
example in Fig. 2, if the turbulence in the link
operating at 10 Gb/s has outer scale changing
between 100 m to 100 km, then the effective RAFg;
should be 1 (i.e., the worst case) but not 0.8. Also
we note that the instances when bandwidth effects
are significant in Figs. 1 and 2 cover the extreme
ranges, i.e., either when the bit rates are extremely
high and/or when the outer scales of turbulence are
extremely large.
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