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Abstract

The effect of a (spatially) partially coherent quasi-monochromatic
lowest order Gaussian-beam on the direct detection system is studied in weak
and strong atmospheric turbulence. The analytic expression for the
scintillation index has been developed and analyzed as a function of the
spatial correlation distance /, and the correlation time t,, associated with the

source, as well as the strength of turbulence and the integration time t4 of the
detector. The probability of fade is also discussed as a function of relative
detector speed t4 / T, including limiting cases of slow (ts>t,) and fast
(14<<t,) detector.

1. INTRODUCTION.

Free-space laser communication systems (FSO) are now attracting an increasing number of
researchers and engineers'”. It was recently recognized that FSO systems can provide a cheaper
solution (compared with fiber-optics option) for the so-called “last-mile” problem, i.e. the problem
of data distribution among multiple local receivers after it was transferred from a distant source.
Since such communication links are usually set up between buildings, the transmitted wave is being
modulated by the turbulent medium (atmosphere and higher-temperature flows near walls*) which
can result in deep fades of the signal and, consequently, high bit-error rates. Among all atmospheric
effects the intensity fluctuations (scintillations) in the received signal are known to have the most
dramatic effect on the performance of the FSO channel.

The classic approach for the mitigation of scintillations is based on the receiver angle
diversity (realized through a large collecting aperture or multiple apertures).™” However, it seems to
be not convenient enough in this particular application, where the receiver size, its mobility and cost
must be minimized. An attractive alternative is to exploit the transmitter angle diversity, or, in other
words, to use a spatially coherent wave as a signal carrier. Although simply physically realizable



(usually with the help of a commercially sold diffuser placed over the laser exit) the new approach
requires the development of a theoretical model for partially coherent beams propagating in
atmospheric turbulence that could be useful for the FSO system design. Usually in literature existing
on this account ' one can find the analytic results only for two limiting cases of fast and slow
detection and only for one of the atmospheric conditions: weak fluctuations or saturation regime.

A model valid in all atmospheric fluctuations (weak-moderate-strong) was suggested by
the authors for the particular case of a slow detector’’ where it was demonstrated that the application
of the diffuser can significantly improve the FSO system performance. The purpose of this paper is
to extend previous results to the case of arbitrary detection speed.

2. BASIC MODEL.
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Fig. 1 Schematic diagram for a partially coherent Gaussian beam propagation.

A schematic diagram for the propagation of a partially coherent beam is shown in Fig. 1.
We assume the transmitted beam wave is a TEMg, Gaussian-beam characterized by parameters®
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where k = 2—; (m) is the laser wave number, L(m) is the propagation distance to the collecting

lens, W, (m) is the laser exit aperture radius. Fy (m) is the phase front radius of curvature, which
is infinite (collimated beam) for the case under study. We also assume that the source is quasi-
monochromatic, with characteristic time (sec) T, =1/B, where 2B is its bandwidth.""" For

most laser sources'” the coherence time is from the interval107!% < Ty < 107 The spatial

diffuser placed over the laser exit is modeled as a thin complex phase screen with a Gaussian
spectrum model””
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where k (m™) is the atmospheric wave number, /. (m) is the lateral correlation radius of the
Gaussian phase screen. In model (2.2), <n,*> is the fluctuation in the index of refraction induced
by the screen. We also introduce the non-dimensional quantity

L
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relating the strength of the diffuser (screen) to the first Fresnel zone. The diffuser generates a
partially coherent Gaussian beam (of radius W, and phase front radius of curvature F.) that can
be characterized by an effective set of beam parameters A., ®, calculated at a point detector:
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where A; and ©, are the corresponding pupil plane parameters of a perfectly coherent beam
given by
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N

is the number of speckle cells in the transverse plane of the transmitted beam (the measure of
the diffuser strength relative to the initial beam size).

The point photo-detector is located on the optical axis of the beam at distance L from the
source. It is assumed the integration period (sec) is tq4 =1/D, where D is the data-rate.

Integration period for modern photo-detectors is in the range 107" < Ty < 1075,

3. SCINTILLATION INDEX.

We calculate the scintillation indexclz(L), caused first by the diffuser alone, and then

caused by the combination of diffuser and atmospheric turbulence. In calculating the
scintillation index, it is the integrated intensity that we must consider, taking into account the
response time 1, of the detector and the coherence time 1, of the source. If the source
coherence time is much smaller than the detector’s integration time interval t,, i.e. 7, << 14,
temporal averaging of the fluctuating intensity occurs, which reduces the scintillation level
through source aperture averaging.'' > '* In the case of a fast detector 1, >> 1, the detector is
sensitive to intensity fluctuations of the source as well as those caused by the atmospheric
turbulence. The characteristic time of atmospheric effects t, (sec) is generally somewhat

greater than both scales t; and t, (1073 <t <107! );12 therefore it will be ignored in the
subsequent analysis.



Last, we point out that, owing to the focusing-like behavior of a strong diffuser, off-axis
fluctuations cannot be accurately predicted by the Rytov theory except for the case of a weak
diffuser. In the analysis below, we therefore only consider intensity fluctuations along the
optical axis. However, in the case of a strong diffuser the fluctuations throughout most of the
“beam” profile should be somewhat uniform.

3.1 Fast Detector Case: Free-Space Propagation.

Following Ref. 8 the on-axis scintillation index cidiff (L) due to the thin (with relative

thickness Az) complex-phase screen is defined by
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By use of the Gaussian spectrum (2.2), this expression reduces to’
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It was previously shown* that in the limiting cases (3.2) leads to Gidiff (L) =0 fora

weak diffuser (1, — o) and to clz,diff (L)=1 for a strong diffuser (I, — 0) in agreement with

that in Baykal and Plonus'"'®.

3.2 Integrated Intensity.
The integrated intensity can be represented by
I
E(r,L)=— [I(r,L;t)dt, 34
T
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where I(r,L;t) is the instantaneous intensity. From linear system analysis, we recognize (3.4)
as the output of an ideal integrator with impulse response function given by
h(t)=(1/t4)U(tq—|t]), where U(t) is the unit step function. From linear systems theory, it is



known that the variance function of the output is related to the covariance function of the input
by'?

1
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where |y(r)|2 is the normalized temporal covariance function of the instantaneous source

intensity. In arriving at (3.5), we have divided by the square of the mean intensity to obtain the
scintillation index and we have assumed the covariance function of the input can be expressed
as a product of the spatial covariance and temporal covariance. It is interesting that the above

integral yields similar values for various models of | y(1)|*, e.g., (3.5) produces roughly the
same results for either a Gaussian or Lorentzian spectrum''. If we use a Lorentzian spectrum

model, for example, it follows that y(t) = e W% The result of doing so leads to the analytic
expression
2 2 T [T ’ “2tg/t
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Equation (3.6) gives us the scintillation index of the integrated intensity as a function of
coherence time of the source and response time of the detector. The two limiting cases of a
slow and fast detector are readily deduced from (3.6), which yields
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In the lower expression (slow detector case), the ratio t,/tq approaches zero which eliminates

all intensity fluctuations associated with the diffuser alone.
By following the technique used in Refs. 8, 9 and 20 for taking into account surface

roughness irregularities, we express the instantaneous (normalized) intensity as 1=EIl,,
where E is the integrated intensity of the source and I, is the random intensity due to the

atmosphere and diffuser. Hence, we find <I>=<E><I,, >=1,
<I? >=<E%><I3 >=(+o2)1+ ciatm) , and the scintillation index takes the form
2 <I’> 2 2 2
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where cé is defined by (3.6) and ciatm is the (fast) scintillation index of the atmosphere and

diffuser effect taken up in the next section. In the weak fluctuation regime in the pupil plane of
the receiver, the on-axis scintillation index of a partially coherent Gaussian-beam under
Kolmogorov spectrum model is’
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where 012 is the Rytov variance, i is the imaginary unit, ,F is the Hypergeometric function®',

Re stands for the real part of the argument.
For strong atmospheric fluctuations the analytic formula
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can be applied®.

0.3 L L 4
0.01 0.1 1 10 100
‘rsl‘r -
Fig. 2. Scintillation index vs. relative detector Fig. 3. Scintillation index vs. relative detector
speed in weak turbulence. speed in focusing regime.

In Figures 2, 3 and 4 we display the scintillation index (3.8) in different atmospheric
regimes (weak, moderate and strong) as a function of the detector integration time relative to the
characteristic time of the diffuser, i.e. ratio 1, /1y, called below “relative detector speed”. For

all three plots the transmitted beam is collimated with normalized size Ay =1 and
wavelength lum. Five curves represent diffusers with different normalized correlation
width q,. , in particular, the coherent beam is given by thick solid curves. In all three cases the
effect of the diffuser on the system is positive only for small values of t /tq (i.e. slow

detector). However for each atmospheric regime and each diffuser there exist a maximum value
of 1, /14 (crossover with a thick solid curve) for which the diffuser can improve the system

performance. Generally, systems with fast detection would be affected negatively in all
fluctuation regimes.



A closer look at Fig. 3 (moderate
atmospheric fluctuations) provides with
an interesting fact that in this regime the
diffuser can stay effective for quiet large
values of t4/t4in striking difference

with cases of weak and strong
‘E.n fluctuations. Therefore, for
2 communication links 500m-1500m with

the help of partial coherence it is possible
to provide the data transfer at higher rates,
for example, simply choosing 14 =T,.

We also note that the dashed curve

14 : - -
0.01 0.1 1o 1 100 (q.=0.1) stays below coherent beam
Sitd (thick solid) curve independently of

Fig. 4. Scintillation index vs. relative detector T/ T4

speed in strong turbulence.

4. PROBABILITY OF FADE.

In modeling of a spatially coherent beam propagating through atmospheric turbulence the
resulted irradiance was represented’ by a product

[=XY, 4.1

accounting for a modulation process occurring between statistically independent intensities
contributed by atmospheric irregularities of large-scale X (refracting effect) and small-scale Y
(scattering effect).

When a spatially partially coherent beam is generated the model (4.1) must account for the
third modulating component of the irradiance, that is, the irradiance due to diffuser surface
irregularities E, introduced above by (3.4), i.e.

I=EXY. (4.2)

The representation (4.2) was previously explored,***” however for a somewhat different
problem (target characterization by laser radar). Again, intensities X, Y and E are statistically
independent.

The measured field at the detector is the sum of many contributions of each type, therefore
each intensity component (X, Y and ES) is governed by the Gamma PDF''. The closed form of
the PDF model for the total intensity I in (4.2) is unknown. However, it can be closely
approximated by Gamma-Gamma distribution as shown below. In calculation of fade statistics
we are interested only in the second moment of intensity I

)=o)

where () stands for the ensemble average. Under the assumption that the mean values of all



three processes are normalized by unity, i.e. <E> = <X> = <Y> =1, the scintillation index of I is
given by
o? = (ot +1)(c% +1)(6% +1)-1. (4.4)

where 0123,05( and c%{ are corresponding flux-variances of irradiance fluctuations. In

particular, we have 0123 — 0 for a very weak and G% — 1 for a very strong diffuser.
Using the Gamma-Gamma approximation we write the scintillation index in the form

012 = (Gg(,ap + 1)(6%(’313 + 1)—1 , 4.5)

where flux-variances ci,ap and G%{’ap are to be determined. Setting G%(,apEG%( we

determine that cs%(,ap = G% + cs%( + 01250%( . Introducing auxiliary parametersa = and
OX,ap
B= 21 we can exploit the Gamma-Gamma PDF model’
OY.ap
Z(OLB)(MB )2 (a+B)/2-1
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where T'() is the Gamma-function, Ku() is the K-Bessel function of order p. Then the

probability of fade that the intensity is I, units below the mean on-axis intensity is defined by
It
P(I<I)= [P(I)dI 4.7
0

where the threshold Iy is set up apriori.
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Fig. 5. Probability of fade vs. relative Fig. 6. Probability of fade vs. threshold level

detector speed in focusing regime. below the mean intensity.



In Fig. 5 we display the probability of fade for a FSO channel operating in a focusing
regime vs. relative detector speed T4 /14 . The point-detector is located on the optical axis. The

I
threshold level is fixed at 10dB below the mean intensity <I> i.e. Fp =101log (TTJ =-10dB.
<I>

The direct consequence of the improvement in the scintillation index due to the diffuser (See
Fig. 3) in this atmospheric regime results in the reduction of fade probability for relatively small
time of detection. For example, choosing 1, /14 =0.1 we see that the probability of fade can

be reduced by the application of the strong diffuser q. >>1 up to an order of magnitude.

Therefore, with a partially coherent beam it is possible to improve both data-rate and reliability
level of the operating FSO system simultaneously.
In Fig. 6 the probability of fade is presented as a function of the threshold Fr for a

perfectly coherent beam (solid curve) and for a partially coherent beam (dashed curve) at a fixed
relative detector speed (T, /T4 =0.1). We see that for this fairly fast detector the probability of

fade can be reduced up to several orders of magnitude with the help of a diffuser.

5. CONCLUDING REMARKS.

The proposed model for a scintillation index of a partially coherent Gaussian beam allows
one to estimate fade statistics of the signal measured by a point detector of a variable response
time. It might enable engineers to perform FSO channel optimization. In particular, it was
demonstrated that the performance of a communication link operating in moderate atmospheric
turbulence can be significantly improved with help of a partially coherent beam not only for the
case of a slow detector,”’ but also, for example T4 ~ 10t . However, in the case of faster

detectors, i.e., T4 < T4 the diffuser can introduce negative effect (see Fig.5). Thus, the decision

to introduce the diffuser into the communication system should be made after an appropriate
choice of the relative detector speed.

We note that in this study we focused our attention on the pupil plane analysis only, without
taking into account the possibility to mitigate atmospheric effects by receiver aperture
averaging, which could lead to an additional improvement.
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