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Abstract. Intensity scintillation variances and intensity probability den-
sity functions (PDFs) were experimentally measured for broadband (2
nm), 980-nm laser light reflected by two or more corner cube retroreflec-
tors as a function of retroreflector lateral spacing over a short (75 m)
atmospheric optical path. The PDFs transitioned from broad double-
peaked beta-shaped densities to lognormal as the retroreflector spacing
was increased to exceed the optical field's lateral coherence length. Spe-
cific spacing for a given average atmospheric structural Cf, eliminated
interference between the light beams returned by the retroreflectors.
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This paper reports the results of measurements of inten-
sity fluctuations as a function of retroreflector spacing for
ranges up to 100 m using a continuous-wave laser. A
some applications, retromodulators can be useful for optical 980-nm laser diode that had a 2-nm bandwidth was used as

) X ’ A e ) the source. The retroreflectors were spaced in a plane nor-
term!r!als in asymmetrlc link§? In applications typically mal to the beam propagation. Intensity probability density
requiring transmission over longer ranges, an array of de- fnctions (PDF9 were measured for the returned light re-
vices is sometimes necessary for a wider field of regard 10 flected by a single retroreflector, by a pair of retroreflectors
close a given link. However, in applications where compact equally spaced from the laser beam center, and by up to six
arrays are required, partial coherence can cause losses dugtroreflectors symmetrically located about the beam center.
to interference effects between colocated retroreflectors.  The results indicate that for a sufficiently large spacing be-

For such a link propagating in the atmosphere, two ef- tween two or more retroreflectors, the intensity PDFs were
fects can contribute to channel degradation. The first is always lognormal. In the case of two closely spaced ret-
scintillation and turbulence, and the second is partial spatial roreflectors, the intensity PDFs were U-shaged beta-
coherence. The latter manifests itself as constructive or de-Shapedl densities that eventually became lognormal as the
structive interference of the intensity-modulated light re- SPacing between the retroreflectors increased to the point
flected from each element in the retroreflector array. In or- Where the optical fields reflected from them became statis-
der to mitigate this effect, each retroreflector should be tically independent of each other.
located in a different coherence volume of the transmitted
light beam. Oth(_arwise, additional intensity fluctuations d_ue 2 Theoretical Considerations
to the coherent interference between the retroreflected light ) o )
beams will be present in the returned beam. This effect will 1he geometry of the problem is shown in Fig. 1. It is es-
combine with scintillations induced by atmospheric turbu- Sentially the configuration of a monostatic laser radar, in
lence and further degrade the channel below the Ievelthat the transml;tltertand reﬁﬁlvetrhare pol;)catedi:butththere are

) wo or more reflectors, rather than just one. Furthermore,
caused by _the_turbul_enc_e alpne. This problem sets_ the stag he return light paths from the retrorjeflectors are not com-
for our initial investigation into how to characterize and

pletely overlapping. Consequently, the amplitude and phase
separate out these effects through such a channel. fluctuations of the return light from each reflector are influ-

The use of high-power, broad-linewidt~2 nm)  enced by both folded path and reciprocal path
980-nm laser diodes is particularly attractive for this appli- contributions’ At the receiver, there will also be amplitude
cation. The very small coherence volume associated with and phase variations due to constructive and destructive
such lasers makes it possible to space the individual ret-interference between the beams returned by the retroreflec-
roreflectors closely while still locating them in separate co- tors if they are not located in completely independent co-
herence cells. herence volumes of the illuminating beam.

1 Introduction

High-power, low-coherence-volume lasers are useful in
free-space atmospheric optical communication links. For
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Turning mirror considerable fraction of the spatial coherence length of the
Iris diaphragm illuminating optical field, back through thg turbulent chgn—
nel over path lengths that were only partially overlapping.
Lens _ The intensity scintillation at a point in the receiver plane
Detector Atmospheric would therefore involve spatial integrals of the fourth-order

mrbule“L/ field correlation function of the atmospherically corrupted
— ) ) ) ) { illuminating field. The total field at the receiver consists of
Laser &V (! (h\k the sum of only a small number of reflected fields, one from
(+collimator) \ each retroreflector. It is doubtful if central-limit-theorem
Beam  Beam Retro- arguments could be used to model the total return field as a
block splitter reflector . . .
Gaussian stochastic process in order to express fourth-order
Fig. 1 Block diagram of experimental apparatus. coherence functions in terms of second-order coherence

functions.
Furthermore, the very short temporal coherence time of

The expected lateral coherence distance of the illumina- the laser source limits the interference effects to points in

tion beam at the plane=L of the target retroreflectors is the receiver plane that have optical path lengths to each
given by retroreflector that are the same to within one longitudinal

coherence length of the optical source beam. The PDF of
I',(d,L) 1 (kd?\, 3 the optical intensity at a point in a interference pattern
erxp{ (T) - ga , (1) formed between two independent narrow-linewidth optical

’ sources, in the absence of fading, is U-shaped. If the am-
whered is the transverse distance between the field points Plitudes of the two sources are also random, the PDF be-
and k is the wave vector. The other quantites age  COMes beta-shaped: the sharp edges of the U are broadened.
=1.22(0)%5, the Rytov variancer?=1.23C2k™6L16 A In this experiment, even if we knew the exact form of the
—2L/KWA(L), a=(1-083)/(1-0), gmd 0=1 PDF for the field amplitude and phase of the retroreflected

+L/R(L), where the Gaussian beam waist and radius of fields, we could not use convolution to obtain the PDF of

. the total field intensity at the receiver, because the field
curvature at distance are denoted by\V(L) and R(L), components are not statistically independent. However, in
respectively. The lateral spatial coherence length is ob-

; - the absence of interference effects, the convolution of two
tained by finding the valud=d, that renders the argument lognormal PDFs is approximately a lognormal PDF.
of the exponential in Eq3) equal to—1. For these experi-

his di . he order of a f _ ¢ These considerations render a proper theoretical calcula-
ments, this distance Is on the order of a few centimeters or o, of the expected results well beyond the scope of this
the path lengths an@? values[~ (1 to5)x 10 #m~23)

i paper. The effects of the inner scale of turbulence have not
of our measurements. The receiver beam parameters wer¢een included.About all that can be said is that the inter-
A=0.0045 [W(L)=7.54cm and ©=0.005 [R(L)~L ference between the twor more retroreflected beams will
=75m]. add to the intensity scintillation variance in the receive
There are two additional phenomena that influence in- pjane to produce a larger overall intensity variance than
tensity scintillation levels at the receiver. The first is re- would occur if the retroreflected beams were statistically
Slduaﬂ turbulence scintillatiofiRTS), _vvhlch arises when independent. An indirect indication of the lateral coherence
the size of the retroreflectdor scattering particleis small distance in the plane of the retroreflectors can be obtained
compared to the intensity fluctuation correlation scéje,  py increasing the distance between them until the normal-
= JAL/27, which is about 3.4 mm for these experiments. jzed intensity variance in the receiver plane has reached its
The diameter of the retroreflectors used was 6 mm, so theminimum value for fixed receiver aperture size.
reflected light could not be considered as arising from ei-  The normalized intensity variance in the receiver plane
ther a point or an extended (diametdy) source. Conse-  \was determined from the statistical properties of the photo-
quently, the RTS contribution to the intensity scintillation at detector output photocurrent. The voltage output from the
the receiver will be somewhat less than values theoretica”y photodetector iS re'a‘[ed to the photocurrent produced as
predicted for a point scatterer. The other effect is enhancedvo(t):Gvi(t), whereG, is the transimpedance gain. The

ba;;ksca#en(g?ﬁ), a|foO I:nownfast thf bl;::lckscat'ger amplifi- - 5hotocurrent is related to the total optical power incident of
cation effect. This effect manifests itself as an increase in " it diode by 1y = RI(t) = (en/hf) (1), whereR is

mean irradiance at the receiver due to correlations betweenth hotodiod viteis the ch f lect
the illuminating and return beams that traverse the same eptho c:j_lo € r_es?onswl 9"5,[ N cﬁ_a_rge 0 ofn;ahe e%rct)n(,j_
optical path but in opposite directions. For a point reflector 7 'S tN€ GIMENSIONIESS gquantum €fficiency of the photodi-

illuminated by a spherical wave, the enhancement factor is ©d€, anchf is the photon energy.
given by (0.82k™L1Y§ Y2 or about 0.07 for these experi- The mean and variance of the output voltage from the

ments. The short path lengths and weak turbulence condi-Photodetector are given By
tions render EBS effects negligible for these measurements.
A correct theoretical description of the total field inci-
dent on the receiver would involve propagation of the re-
flected fields from the extended sourcdwe individual ret- _ , VI
roreflectory, whose cross-sectional areas were a <v°(t)>_GVRJ (HE))h(t-t)at’, 2

q de 5/6
; =

L
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o-f=G\2,eRf(I(t’))hz(t—t’)dt’JrG\z,sz f K(r,s)
Xh(t=r)h(t—s)dr ds, 3

where all integrals extend from oo to «. The impulse re-
sponse function of the combination of the photodiode and
the transimpedance amplifier i{t—1t’), and the optical
intensity covariance i&(r,s)={I(r)I(s))—(I(r))I(s)).

In this caseh(t—t’) is causal and of sufficiently large
bandwidth(50 kHz) thatK(r,s) remains constant over the
time scale over whichh(t—r)h(t—s)#0. Under these
conditions, the normalized voltage variance becomes

0'\2, _ 2Be 0|2
w? R

(4) Fig. 2 Photograph of laser transmitter-receiver board.

. . , variance. Therefore Eq4) reduces to just the variance
where B represents an effective bandwidth given by from just the turbulence-induced intensity fluctuation.

2 2 . . .
J hA(Q)dt/(J h(t)dt)”. The first term on the right-hand side 1,5 " Gaussian laser beam was centered on the target

of Eq. (4) represents the shot noise associated with the qboard. The 2-nm bandwidth of the 980-nm laser gives a
photodetection process, and the second is the normalize aser temporal coherence time of=\2/(cAN)=1.6

variance of the light intensity fluctuations caused by the P oo
atmospheric turbulence. In the absence of optical intensity><10 s, for a longitudinal coherence .Iength air
=0.5mm. Measurements of the angular divergence of the

fluctuations, Eq(4) reduces to just the variance due to shot : .
noise, i.e., the fluctuations in photocurrent due to the Collimated laser beam yielded a value of about 1 mrad. The
Poisson-distributed number of photons in a constant- diameter of the individual retroreflectors was 6_mm. At
intensity optical field. one-way path lengths of 50 to 100 m, the beam diameter at
the plane of the retroreflectors was on the order of 10 cm.
In order to obtain interference between the light re-
3 Experimental Details flected from two retroreflectors, the optical path length dif-
ference must be kept less than 0.5 mm, the longitudinal
coherence length of the laser. This required mounting the
retroreflectors on a flat target board and aligning the plane
of the target board to within 1 deg of the normal to the
‘propagation direction of the incident beam. A large mirror
was mounted flat on the target board immediately adjacent
to the center retroreflector. The board itself could be rotated
about two axes normal to the direction of beam propaga-
tion. A CCD camera mounted on the transmitter board was
used to detect the reflections from both the corner cube
retroreflectors and the flat mirror. The target board was
aligned so that the flat mirror reflected the incident laser
beam back onto the beamsplitter on the transmitter board,
thereby assuring that the plane of the target board was nor-
mal to the beam propagation direction to within 1 deg.
Once the target board was aligned, the flat mirror was cov-
ered so that only the retroreflectors were illuminated.
The atmospheric path lengths used had to be kept short
cause of the limited output power output from the laser

The experimental configuration is shown in Fig. 1. The
optical train consisted of the laser transmitter and collima-
tor, the beamsplitter, the turning mirror, the focusing lens
and aperture stop, and the combined photodiode and tran
simpedance current amplifier. Light from the 980-nm laser
diode source was coupled to the collimator lens with a
single-mode fiber and directed to the target array of retrore-
flectors by passing through a 50:50 beamsplitter. The beam-
splitter redirected light reflected by the retroreflectors to a
5-cm-diameter, 10-cm-focal-length lens via the turning mir-
ror. The effective aperture of the focusing lens was con-
trolled with an iris diaphragm, which could be adjusted
from 2.5 to 45 mm. A photograph of the transmitter/
receiver board is shown in Fig. 2.

The detector unit was a PDA 400 and was operated at its
maximum gain setting of 750 kV/A. Background light was
eliminated with the use of a 10-nm bandpass interference
filter. The electrical bandwidth was 50 kHz, and the respon- |,
sivity R of the photodiode was 0.65 A/W at 980 nm. The ,504(100 to 300 mVY, the small areas of the retroreflec-
output voltage was sampled by a National Instruments data, ¢ ‘ang the 6-dB power loss due to the beamsplitter. The
acquisition board at the rate of 100-bit samples per sec- |55t mentioned could, in principle, be eliminated through
ond for up to 10 s, and the digitized values stored in data the yse of a polarization-state-sensitive beamsplitter and
files on a portable computer. quarter-wave plate. The corner cube retroreflectors, how-

Measurements in these experiments were made only Un-gyer, alter the polarization state of the reflected beam. An-
der conditions such that the average output voltage levelsginer alternative is to replace the beamsplitter with an an-
exceeded 0.1 V, which corresponds to a valueRdf) nular mirror that would transmit all of the laser light but
=0.13uA. The effective bandwidth of B=50kHz gives  would not reflect the exact center of the return beam. In
a value of 6x 108 for the shot noise contribution, whichis  order to keep the interpretation of the results of the mea-
4 or more orders of magnitude smaller than the turbulence- surements as unambiguous as possible, neither of these al-
induced expected values of the normalized optical intensity ternatives was used.
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A scintillometer was used to measure values of the re- 101
fractive index constarﬁ:ﬁ. The atmospheric path traversed
a grassy area in full sunlight. These conditions typically 100
gave measured values o2 in the range 10%° to — A
10" *¥*m~2?3 At a wavelength of 980 nm, path lengths be- z 10
tween 50 and 100 m resulted in easily measured values of E 10—2
the normalized intensity scintillation and spatial coherence
length. 10°
The atmospheric-turbulence-induced intensity scintilla-
tion levels, which increase &2k”°L 16 * were quite small 10"67 08 09 10 11 12 13 14

for the measured values 6%, and values of-?/(1)? were

typically on the order of 10°. The 10-bit quantization of

the photodetector output signals had digital quantization- Fig. 3 Measured PDF for normalized intensity of light reflected by a

noise variance on the order of 10 The spatial coherence single retroreflector located at the beam center over a 75-m atmo-

length, on the other hand, decreases with increasin aths'oheric path. Solid curve represents lognormal PDF with o ,
gth, ’ 9 paln_; 58%x 1073 and step size Az=1.3X10"2.

length a3 (C2k?L) %" and was typically a few centime-

Normalized intensity, z

ters.
For a fixed lens aperture size, data were recorded from o 2
. o 1 1 (Inzj—(Inz))
different retroreflector distributions. A reference was taken p(z)= - - . (5
. . (2,”_0_2 )1/2 Zi 20_2
with a single retroreflector located at the center of the Inz In z

beam. Data were then taken from two retroreflectors sym-
metrically displaced from the beam centerline by a distance 4 Results
d. The center-to-center distance between retroreflectors wasa typical result for light reflected by a single retroreflector
2d. Data were also recorded from three or more retrore- located at the center of the beam is shown in Fig. 3, where
flectors all equally displaced from the beam center but not the experimentally determined points of the PDF lie very
from each other. This procedure was repeated for apertureclose to the curve predicted by E&). Points in the wings
diameters of 3 to 30 mm. of the PDF that lie off the curve represent very few occur-
The normalized intensity variance and PDF for normal- rences of those particular valuespf The actual number
ized intensity values were computed for each data file from Of events can be computed by multiplying the ordinate
records of length 100,00@0-s samples Spatial coherence  Value by Az)N, whereN is the total number of data points
lengths of the optical field at the target board could be in the file, typically 16. For this figure, these points rep-
found by observing the decrease in the normalized varianceresent one event at a PDF value of £0 The measured
of the light returned by two retroreflectors as the separation varianceos?, ,=2.58x 10" for this beam divergence, beam
between them increased. waist, and distance gives an inferred value @f=2
It was, of course, not possible to control valueggffor X 10" ¥*m~23, found by using the formulas in Table 2 of
these measurements. Many data files were taken, and thos&ef. 10. This value is well within the range of those regis-
for which it was apparent that this parameter had changedtered by the scintillometer.
substantially over the course of the 10 s of data acquisition ~ The PDF for light reflected by two closely spaced ret-

were discarded. It was often the case l@%ﬂvaried by less roreflectors is clearly not lognormal, as shown by the data
than a factor of 2 over tens of Minutes of Figs. 4a) to 4(d). These graphs are plots of experimen-
In order to determine the PDF of the return light inten- tally determined PDFs with the receiver aperture diameter

sity, each recorded data file was processed by ComputingDR as a parameter for a fixed retroreflector spacing of 10

o mm.
the mean value of the 10-bit digitized samples of the PDA- Figures 4a) to 4(d) show the experimentally obtained

400 output voltage . Each data point was then normalized ppfgs for a retroreflector spacing of 10 mm and a range of
by the mean; the result is hereafter denoted;as\ histo- receiver aperture diameters from 3 to 30 mm. The PDFs are
gram of the normalized data was computed with bin size always double-peaked functions with the height and sym-
Az=(5V/1024)Kv). The experimentally measured PDF metry of the peaks dependent on the exact turbulence con-
for zwas found by dividing the total number of occurrences ditions. The data indicate the presence of interference be-
of values ofz in the range £, ,z;+ Az) by the total number tween the retroreflected beams, which makes the PDF of

of data points in the file. The experimentally measured PDF Fhe intensity in the receiver plane decidedly not lognormal

was then plotted as a function afwith each data point in shape. Figures 5 and 6 show transition to lognormal
located atz, + (Az/2) behavior as the retroreflector spacing is increased with the
i .

_ lens aperture diameter as a parameter.
In order to compare the experimentally measured PDF Figures 4 through 6 show the passage from double-

with a lognormal PDF, a third data file consisting of the peaked to lognormal as the retroreflector spacing is in-

values Inz was created. The mean and variance of these creased, and/or as the aperture diameter of the receiver fo-
data points were computed and then used in the theoreticalcusing lens is increased. The solid lines in these figures
expression for the lognormal PDF: represent a lognormal PDF as computed from (Bjusing
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Fig. 4 Experimentally determined PDF(z) versus z for retroreflector
spacing of 10 mm and lens aperture diameters of (a) 3 mm, (b) 10
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Fig. 5 Experimentally determined PDF(z) versus z for a retroreflec-
tor spacing of 20 mm with lens aperture diameter as a parameter.
Solid curves represent lognormal PDF. Parameter values are (a)
Dp=3mm, o2 ,=1.09x107%, Az=2.39x10"2; (b) Dg=10mm,
of ,/=5.38X107%, Az=5.96X10"%; () Dgr=20mm, o} ,=6.61
x107%, Az=6.06X10"3%; (d) Dr=30mm, o2 ,=6.02X1073, Az
=5.89x1073.
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Fig. 6 Experimentally determined PDF(Zz) versus z for a retroreflec-
tor spacing of 60 mm with lens aperture diameter as a parameter.
Solid curves represent lognormal PDF. Parameter values are (a)
Dp=3mm, o} ,=4.36x107%, Az=2.28x10"2; (b) Dgp=10mm,
02, ,=2.07x107%, Az=6.65X10"%, (c) Dg=20mm, o? ,=3.63
X1073, Az=6.52x1073; (d) Dg=30mm, o3 ,=2.84X10°%, Az
=6.47x1073.
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Fig. 7 Experimentally determined PDF(z) versus z for light re-
flected by two retroreflectors spaced 10 mm apart in the transverse
direction and 3 cm apart in the beam propagation (longitudinal) di-
rection.

values of(Inz) and o, , determined directly from the data
file. The values ofrZ, , represent the variation in values of
C2 from data file to data file. These ranged in value from
about 1X 10" ** to about 510" **m~2" for the data files
that fit a lognormal PDF model.

Figure 7 shows an experimentally measured PDF for the
case of two retroreflectors spaced 10 mm apart but sepa-
rated by several centimeters in the beam propagation direc-
tion so that the retroreflectors were in different longitudinal
coherence volumes. These PDFs were always lognormal,
regardless of the lens aperture diameter.

Through Eq.(1), the measurements described give an
indirect indication of the lateral spatial coherence length of
the beam at the retroreflectors, through the dependence on
retroreflector spacing, and at the receiver, through the be-
havior of the PDFs as a function of aperture size. The
Gaussian beam used in these experiments had the values
©=0.005 andA =4x 10 3 atL =75 m. Figure 8 shows the
behavior of d, as found from Eq.(1) over the range
10~ < C2<10 ' This figure indicates that the lateral co-
herence distance should be on the order of 15 to 55 mm and
is very consistent with the behavior of the experimentally
determined PDFs.

Finally, the behavior of the variance of the intensity
fluctuations of the retroreflected light is shown in Fig. 9.

1 0—1 S 1 0—1 4 1 0—1 3
Cn2 m-2/3

Fig. 8 Computed values of optical field lateral coherence length p.
as determined from Eg. (1), as a function of the turbulence param-

2
eter C2.
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Fig. 9 Experimentally measured values of normalized intensity vari-
ance o2/(/)? as a function of retroreflector spacing with lens aper-
ture diameter as a parameter. For the lognormal PDFs, o2/(/)?
=exp(40?)—1.

The behavior is independent of the form of the PDF and is
shown as a function of retroreflector spacing. The plots
show the normalized intensity varianeg/(1)?, as deter-
mined directly from the data files, versus retroreflector
spacing for lens aperture diameters of 3, 5, 10, and 30 mm.
If the PDF for the returned light intensity is lognormal, then
ofl(1)?=exp(4%)—1, where 4%=of, . Figure 9 shows
that in order to operate this system with minimal bit error
rate, the retroreflector spacing should be about 60 mm in
order fora?/(1)? to reach its minimal value on the order of
103, which will also result in a single-peaked lognormal
PDF for the normalized optical field intensity.

If more than two retroreflectors are used, the PDF for the
photocurrent has no definite form; it is broad, may have
multiple peaks, and is not lognormal. Once the spacing be-

tween every pair of retroreflectors exceeds the lateral spa-

tial coherence distance, or all individual retroreflectors are

located in independent coherence volumes, the PDF for the

photocurrent is again lognormal, and a minimal bit error
rate should result.

5 Conclusions

The performance of an optical link that uses an array of
retroreflectors depends strongly on the placement of the
individual retroreflectors in the target plane. Intensity fluc-

tuations arise from coherent interference at the receiver be-

tween light beams reflected by the individual retroreflectors
and can be mitigated through cognizance of this effect. One

solution is to use a laser beam that has a low coherence 8.

volume transmitted with minimal divergence angle so that
the retroreflectors can be closely spaced, yet located in in-
dependent coherence volumes. Broad-linewidth, 980-nm

high-power diode lasers appear to be a good candidate for

use in these types of systems.

: Measurements of intensity scintillations . . .

The results of the experimental measurements to indi-
rectly determine lateral coherence distances, reported here,
clearly show the evolution of the PDF of light intensity
from broad, multiple-peaked densities to single-peaked log-
normal densities. The normalized intensity variance in the
receiver plane is shown to be determined by both the trans-
mitter Gaussian beam parameter and the atmospheric tur-
bulence levels(which determined¢), as well as by the
spacing between the retroreflectors. The particular laser
used here had a coherence volume of approximately 6
cn?x0.5 mm=0.3 cn? after propagating 75 m through at-
mospheric turbulence characterized by valueélbfm the
range of 104 to 10 ¥m~28,

Measurements of the normalized intensity variance for
light reflected by two or more retroreflectors can be used to
infer the bit error rate performance of an actual communi-
cation system using retromodulators. Future work will ex-
plore how an array of multiple quantum welMQW)
modulating retroreflectors can be configured to mitigate co-
herence effects.
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