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Analyzing the Performance of a Nanosatellite
Cluster-Detector Array Receiver
for Laser Communication

Denis Bushuev, Debbie Kede&Btudent Member, IEERNd Shlomi ArnonSenior Member, IEEE

Abstract—This work analyzes laser communication between a
cluster of nanosatellites, which is a concentrated formation of small
lightweight satellites and a ground station. The scenario under con-
sideration is a cluster of nanosatellites communicating by means
of a laser beam with a detector array receiver that is located on
the earth’s surface and equipped with a common optical system
for all incoming beams. The beams are concentrated to spots over
the detector plane by the receiver’s optics. The detector array en-
ables the ground station to communicate with a tight concentration
of the nanosatellites, which reduces system complexity and cost. A Absorption, scattering <
critical parameter that determines the successful receipt and sub-  and turbulence
sequent decoding of a transmitted signal for a given configuration
is the angular separation between the satellites within the cluster.
This separation must be retained to prevent critical overlapping of
the spots on the detector’s surface. The maximum allowable over-
lapping is calculated in terms of given bit-error rate. The spatial
spreading of the beams, caused by scattering from aerosols in dif-
ferent layers of the atmosphere, is calculated for the case of single
scattering. A stratified model of the atmosphere is used. Turbu-
lence influences the beam width, especially for the case of short
exposure, and is primarily caused by temperature changes, which
result in fluctuations in the refractive index.

In this research, a new approach is adopted for analyzing com-
munication network performance through the atmosphere by ap-
plying optical-transfer function (OTF) concepts used in imaging
and remote sensing. We evaluate the effectiveness of this new ap-
proach in applications where spatial spread between the users is
very important.
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Index Terms—Detector arrays, laser communication, nanosatel- Fig. 1. Possible configuration for a nanosatellite cluster; earth downlink.
lites, optical transfer function.
tors that make launching more affordable. The advantages of the
|. INTRODUCTION Iaser_ intersatellite links are [1]: &) smaller siz_e and vyeight_ of the
. ) terminal; b) less transmitter power; ¢) high immunity to inter-
N ANOSATELLITES are a promising solution for afford-feence: d) large data rate: and e) small transmitter-beam diver-
Nl able laser space-space and laser space—ground commyigiiee angle The same holds for communication to ground by
cations [1]. The concept of a satellite cluster, distributed satls s ateliite, but the atmospheric effects such as aerosol scat-
lite system, or satellite flight formation has become very 3aring and turbulence must be considered and evaluated, as done
tractive for future missions in space for scientific research, far ic paper. Fig. 1 demonstrates the nanosatellite cluster com-
communication, for remote sensing, for synthetic aperture raqgy,nicating with the ground station. While laser communication
([SAR], for example, Techsat21 [2]), and for navigation [}, gpace can transmit information over long distances without
Clustering of a number of satellites enables the design of Vefye o gistortion, the final stage presents problems. In the final
small lightweight systems and reduces power reqwrements,f%g& propagation takes place through the atmosphere (from

the low orbit to ground station installation), where phenomena
Manuscript received May 2, 2002; revised September 19, 2002. This wakiCh as scattering and turbulence are encountered. This intro-
was supported by the DIP Fund (Israeli-German research fund) and the doggces serious distortions to the optical beam that decrease the
tions of the OSLO Program by LAMBDA Research Optics, Inc., Littleton, MA . . .

01460-4400 USA. received power, increase the bit-error rate (BER), and degrade
The authors are with the Satellite and Wireless Communication Laboratotfie pointing efficiency [4]-[6]. Recently, appropriate system ap-
Electrical and Computer Engineering Department, Ben Gurion University gfroqches have been investigated to contend with the growing

the Negev, 1L-84105 Beer-Sheva, Israel (e-mail: bushuev@bgumail.bgu.ac.ll; . . . . .
kedard@ee.bgu.ac.il; shlomi@ee.bgu.ac.il). need for practical design tools for optical-wireless communica-
Digital Object Identifier 10.1109/JLT.2003.808770 tion networks [7], [8]. One approach to overcome the influence
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of the atmosphere on laser beam propagation is the use of degradation and spatial and temporal distortions in the received
tector arrays instead of a single detector. This method enabd@gmnal. In some cases, it may cause a serious increase in BER,
the receiver to have a wider field of view (FOV) and also to corand consequently, a complete link cutoff. In our scenario, the
trol the noise power so as to decrease the BER [9]-[11]. Anothemospheric model is layered. This means that the atmosphere
significant advantage of the detector-array scheme is the abiltyseparated into different layers, each with its own intrinsic
to receive a number of different signals simultaneously. properties. In most cases of atmospheric channel analysis, it is
In order to analyze the configuration illustrated in Fig. 1 frorappropriate to take into account a border layer located near the
a practical point of view, one has to consider each satellite-eaettrth’s surface whose depth is assumed to be approximately 2
downlink separately, with its own propagation-channel charakm [13]. In this work, only the border layer is used.
teristics and signal distortions. For a large number of links, this The third component of the communication model has two
technique considerably complicates the analysis of the systemats: the first part is a receiver consisting optical hardware
performance. Instead, we suggest a novel “systems approagthses, polarizers, field stoppers, etc.) and the detector array,
for optical space and terrestrial communication analysis, whiagimatrix of tens of small low-noise photodiodes. This design is
makes it possible to analyze the communication performangecessary for the reception of a large number of signals. Fur-
for a number of links simultaneously. The approach is bas#termore, it significantly reduces the need for precise pointing
on concepts borrowed from imaging and remote sensing. Theswl yields a solution to the collection of power from a spatially
concepts involve the use of the optical-transfer function (OTHJispersed signal without relinquishing the rapid time response.
which describes the object in terms of spatial frequencies. Mu€he second part is an electronic circuit for further signal pro-
analytical and theoretical work has been done in these fields. W&ssing.
use some of the models that were developed to characterize the
atmpspheric chgnngl and any given general .configuratio_n .of an . OPTICAL-TRANSFERFUNCTION
optical-communication system. The calculation of the minimal
angular separation between satellites in a nanosatellite clustéP€spite the basic coherent nature of laser radiation, the coher-
was chosen as an appropriate trial example of the use of #{&€ length of most modern lasers does not exceed a few kilo-
imaging approach within the communication sphere. The crifeters [14]. This theoretical coherence length may be an accu-
ical angle was determined according to communication perféfte description when propagating in a vacuum, but in the pres-
mance parameters of the main signal (such as BER) for a spece of various distortive media like fog, aerosols, and cloud for-
cific detector array. mations, the actual coherence length is considerably less [15].
The paper proceeds as follows. Section Il consists of grap'Fherefore, we use a model of incoherent propagation. As aresult
ical and environmental descriptions of the communicatid¥f incoherent propagation, the characterization of light propaga-
system. Section IIl discusses the concept of the OTF af@nis based upon a power-intensity distribution and not upon an
calculates it for optical hardware. Section IV presents mathlectromagnetic field-amplitude distribution and hence, in this
matical analyses for the communication channel (atmospheM§rk, we employ the OTF and the point-spread function (PSF).
Section V comprises the mathematical analyses for receivefn electronics, the transfer function is defined as the Fourier
performance. In Section VI, we describe the numerical calcuf@nsform (FT) of the impulse response. The OTF is defined

tion and present our results. Finally, we give brief conclusion§imilarly but is normalized to its own maximum value, which
normally occurs at zero spatial frequency, as follows [14]:

Il. THE SCENARIO OTF =7(f) = 7(fz, [y)

fooo _OOOO S .’17/7 y/ €Xp _j frxl + f1 y’ d.’l]’ldyl
The scenario described in this work is presented in Fig. 1. :f / (OO >OO [ / ( — /J )]
The drawing shows that the communication system is made up . ffoo ffoo s(a!,y")da' dy
of three key components. The first is a nanosatellite cluster, S(fer fy) _ MTF exp(iPTF) W

which is a group of small satellites located on the earth’s low S(0,0)

orbit at an elevation of approximately 800 km. Each nanosatel-

lite is equipped with a laser and a transmitting telescope, whicheres = (fz. fy) is the spatial frequency in lines per meter

for the sake of simplicity, are assumed to be identical in ea8RdS(/fz, fy) is the FT of the PSK(2’, ). According to (1),

unit. The system of data coding is simple-orFFkeying (OOK), the OTF can be separated into two components: magnitude_and

which operates in th€/; band of the wavelength-division multi- Phase. The magnitude component, known as the modulation-

plexing (WDM) standard at wavelengths from= 1530.72 nm transfer function (MTF), is responsible for the form of the re-

to A = 1569.72 nm. Thus, according to the WDM internationafceived signal in terms of spatial coordinates. The phase compo-

standard [12], the average number of satellites taking part in th@nt, known as phase transfer function (PTF), is less important

communication scenario is in the order of tens. than the MTF, but often cannot be neglected. Spatial phase de-
The second key component is the earth’s atmosphere. JgAMines pulse position and orientation, rather than size.

atmospheric channel is one of most complicated and unpre£Adopting the systems engineering approach and signal pro-

dictable channels in communication, even by comparison wiggSSing theory we can write
cellular networks. The influence of certain factors such as
turbulence, aerosol scattering, and absorption result in power Himg(fz, fy) = 7(fo, fy)Hovi(fz: fy), 2
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Also, for ease of calculation, we set the valuehgf to be
equal tohg in all the transmitters. Hence,

N
hObj(xty):hOZé(x_xTuy_yn)' (5)

n=1

Finally, in the spatial frequency domain, (5) can be rewritten
-------- as

N
Hobj(fes fy) = ho Y exp(—j2m f,rn) (6)
n=1

b ‘T ‘ where

fr:\/fg%"i_ 137 rn:vx%—i-y,%. (7)

H(fo f,) Aerosol Turbulence
—————pp| Scattering [—pp
o 1)) “u o £))

Diffraction- H,. ([ 1))
—>

limited optics

S L) B. Diffraction-Limited Optics

The influence of optics on system performance has been
Fig. 2. Simple optical model with equivalent signal processing systewidely discussed in research works in the fields of imaging and
;jhemonst_rati’ng thtg propagation of an optical signal through the atmosphere ﬁﬂ?eless optical communication. The main purpose of optical
@ fecelvers opties. hardware is to receive and collect the incoming signal for
which we need imaging optics to implement the multi-channel
where Hop;( fz, fy) and Hiwmg = (f2, f,) are intensities of the |ink. In this work, the diffraction-limited optics formulae refer
input and output signals in the spatial frequency domain aggl 5 equivalent lens of aperture diamef2rand focal length

7(fx, fy) is the system’s OTF. f. The detector arrays are placed at the focus of the lens.
The diffraction-limited optics OTF does not include the PTF
A. The System’s OTF component and, consequently, does not affect the position of
Now, it is very straightforward to calculate the system OTEhe received signal. The MTF is given by [14]-[16], as in (8),
using the following components: shown at the bottom of the page, where
1) aerosol scattering OTF,.; koD
2) turbulence OTFu.; ag=—2—, w=2nf, fr=1/f2+ 2 9)
3) optical hardware OTFk,p¢ f
This is formulated as whereD is the receiver-aperture diametér,s the radial spatial

frequency in cycles per metefrjs the focal length, angl is the
T(fmfy) = Taer(fa."7fy)Ttur(fx7f’y)Topt<fr7fy)' (3) Wavenumber'

Let us assume that each emitting element (transmitter) in the IV. COMMUNICATION CHANNEL
object plane within the nanosattelite cluster can be a spatialI . o .
n wireless communication, the channel is the atmosphere.

6-function, positioned at different locations inandy coordi- Both tial and t Ld dati f the sianal in the at-
nates [15]. This situation is depicted in Fig. 2 and is formulateg” . SPatial and temporal degradation of the signal in he a
as mospherlc channel can _be attributed to three main causes: ab-
sorption, aerosol scattering, and turbulence. These mechanisms
can be considered independently, although some interaction is

hobi(2,y) =h16(x — 21,y — 1) present

+ h2d(z — T2,y — y2) + -+~
N A. Transmission
- 7;1 ind(@ = Ty = yn)- “) Absorption of radiation is a mechanism by which the atmos-
B phere is heated. The infrared absorption by the atmosphere is

Here,N is the number of links participating in the communi-due primarily to water vapor and GQOwith a smaller contribu-
cation scenario. tion from gases such as;ON,O, and CH. The atmospheric

2
2 —1 w w w
Topt(w, A) = 4 7 [COS () -yt () | ws2e (8)
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light is forwardscattered at small angles, causing a blur in the
K¥ receiver plane. Therefore, Mie scattering is considered the dom-
atmosphere . . . L . . . .

N PR ( inant mechanism in degrading imaging. Even in the S|t_uat|on of
~ N~ — Y d —~— extremely clear air, a small amount of aerosols remain, whose
scattering effects are much greater than those of molecular scat-
tering with regard to image degradation [16]. Mie scattering
Objectplare Imaging receiver  Image plane theory makes it possible to find different parameters to char-

@ acterize the scattering phenomena, such as the scattering and
absorption coefficient§, andA,, which are used in the calcu-
atmosphere lation of aerosol OTF.
Despite the blur produced by scattering, the aerosol scattering
Receiver OTF does not affect the point position and thus contains only an
MTF component and no PTF part. Hence, the MTF for aerosol
(b) scattering can be expressed as [16] as in (10), shown at the

Fig. 3. (a) Unscattered radiation (straight line) and multiple forwardscatterg_(?ttom of the page, whe, and4, are scattering and extinc-

radiation at two different locations in the image plane. (b) Distortions in tHéON Coefficients respectively,, is the radial spatial frequency
beam form caused by spontaneous fluctuations in the index of refraction durgpressed in cycles per radiaijs the path length, and.. is

propagation. the cutoff spatial frequency. The cutoff frequengy is calcu-

lated according to the receiver’'s characteristics, such as FOV,
absorption is very wavelength selective and contains a numigghamic range and spatial bandwidth [16].
of regions called “absorption windows” [13], in which absorp- The aerosol scattering MTF for the short (10 ms) and long (1
tion is minimal. Therefore, itis necessary to carefully choose ti@? exposures remains nearly equal [17]. Here, we assume that
optical carrier frequency or carrier-frequency range to provideo) is applicable for the case of a very small (10 ns) integration
the required transmittance. For the near-infrared range, absafie such as that which also exists for optical-wireless commu-
tion windows exist at 1.5 to 1.Zm and 2.0 to 2.5um. Those nication. However, this assumption must be verified analytically
regions include th€’, L, andS-bands of the WDM communi- and experimentally, and is not within the scope of this paper.

Transmitter

cation standard [12]. Conventional layer models consist of the following [16]: a
] boundary layer that ranges from 0 to 2 km, a region running
B. Aerosol Scattering from 2 to 6 km in which the number density displays an ex-

Scattering of photons by airborne particulates is manifeste@nential decay with altitude (free troposphere), a stratospheric
as deflections of the photons to directions other than that of thilyer ranging from 6 to 30 km, and layers above 30 km com-
original propagation. If such scattering causes the deflected ppesed mainly of particles that are extraterrestrial in origin. Note
tons to miss the receiver, then the scattering results in attentit from 15 to 25 km altitudes, there is usually an increase in
tion. The received irradiance of the signals propagated throug@rosol light scatter caused by meteoric dust.
the atmosphere is correspondingly diminished from that in theThe average thickness of the aerosol-mixing region is approx-
object plane. However, if the light scattering is at very small afmately 2 km. This is the boundary layer. Within this region, one
gles with respect to the original directions of propagation, thavould expect the aerosol concentration to be influenced strongly
forward-scattered radiation can take a roundabout path and €yl conditions at ground level. Consequently, aerosols in this
be received by the imaging system together with the unsceggion display the highest variability in meteorological condi-
tered radiation. This is illustrated in Fig. 3(a) for one multipl&ons, climate, etc. Generally, aerosol size distribution hardly
forwardscattered ray and one unscattered ray. Many such nigcreases with height, up to the boundary layer. Therefore, in
tiple-scattering paths give rise to a relatively large blurred-poiptactice, it is simple to describe this region as the main source
images rather than a fine sharp-pointimage. The main scattei@frgerosol scattering that causes signal spatial distortion.
in the earth’s atmosphere are molecules of air and aerosols.

The influence of air molecules and aerosol molecules on light Turbulence
propagation is described by the theories of Rayleigh and Mie,Variations in the index of refraction are the result of nonho-
respectively [16]. In the case of Rayleigh scattering, much emogeneities in the atmosphere. Nonhomogeneities are caused
ergy is lost, since the scattering is in all directions, includingy thermal variations, which result from heat transfer between
backward. Therefore, Rayleigh scattering is the primary atterthe earth and air. The variations are set in motion and mixed
ation mechanism. However, in the case of Mie scattering, mubi wind and mechanical turbulence of airflow over terrain. The

2
\2 exp{—SaL {1— f—ac }}
MTFoer(fa) = eXp{_S"’L (%) }.eXp —eXp(—Sa(Lf)a ) S (10)

eXp(_SaL) eXp{[l - eXp(SaL)] - AaL} fa Z fac
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propagation of the beam through zones of different refractive Incoming optical
indices can be described with the help of Fig. 3(b). Here we se @s‘igﬂals
zones of inhomogeneities with different indices of refraction,

but in contrast to the scattering case, here, the entire beam
distorted and there is no equivalent to the unscattered ray. Tt
index of refraction variations in the atmosphere are describe
by the refractive-index structure paramet&r. Several models

[18], [19] exist for estimating”2, all of which are dependent

upon environmental and weather conditions. A critical factor in
evaluating turbulence effects is the time scale of the exposul

and the integration time of the detector (turbulence variation oc ! Data out
curs at the rate of kHz). The OTF associated with turbulenci - pffowed p| Recever | | Sampler | | Decision |

can be described by either a long or short exposure model. Tt fler et
long exposure model integrates all the temporal variations il pE—— _T
the vicinity of the blur in the focal plane. Thus, the turbulence | ecovery
OTF represents the spatial spread of the signal ray averaged over
time, which determines power spread over the detector. CONgg-4. Detector-array receiver.
quently, the PSF for long exposure will be wider and lower than

that for short integration time. The aerosol scattering, the turbulence, and the diffrac-

As with the aerosol scattering OTF, in the long-exposure tUjon-limited optics do not produce any phase component in
bulence model, the position of a point ultimately does not altghe system’s OTF. The position of the received signals is
Hence, the turbulence OTF does not include a phase componggtined by a spatial shift. The shift is determined by the spatial
Therefore, only the MTF component exists and is expressed|Biations of the sources in the object plane, which is the system
[16] input. Therefore, we can easily summarize all outlet signals as

Detector arrays

MTFyu(fu) = exp [-57.53af°A75020]  (a1) IO N
wherea is a wave-shape constant of 3/8 for spherical waves and Iz y) =Y in(a' — 2,y — y)) (14)
1 for planar wavesC? is the refractive-index structure param- n=1

eter,\ is the wavelength, and is the path length. For the ver-where (Fig. 2)

tical or slant path the spherical wave model is applied [16], be-

cause it better characterizes changes in refractive-index struc- . = S T, (15)
ture paramete€? with an altitude. The plane wave is an ap-
proximation of the spherical wave model and is applied in trend Z is the distance to the nanosatellite cluster from the re-

case of weak changes @y [16]. ceiving ground station.
For short exposures of less than 10 ms [16], the transfer func-To obtain the received-transfer power in the coordinates,
tion is we have to find the transfer element; given by
1/ f\"? (i+1/2)d  (j+1/2)d
MTFur,s(fa) = MTF e, (fa) exp |1 — 3 ( D > Dijm = / / in(z' =),y —y.)dz'dy’ (16)
(i—=1/2)d J(j—1/2)d

where D is the receiver-aperture diameter (in units of Wavevyhered Is the size of a_one-plxel detecjtor.
length ) andb = 2 in the far field and 1 in the near field. Equa- The expression fokio .|n (5) can be written as the product of
tions (11) and (12) were developed in the 1960s by Stanley [iﬁf following elements:
and recently, were experimentally verified by Saebal. [4]. ho = PrGr Ly (17)

The detector integration times for optical-wireless communi- _ )
cation are in the order of nanoseconds and less. Hence, we \Y§8ré Pr. Gz, and Ly are transmitter power, gain, and loss,
(12) to find turbulence OTF. We assume that (12) satisfies vei§sPectively. Once again, these are identical in each unit in the
short integration time, but this assumption must be investigaté@nosatellite cluster configuration.

experimentally and analytically in future research works. Overall received power is given by
N
V. RECEIVER PERFORMANCE P, j =LrsLrGrho Z Dijn

n=1

Fig. 4 is a schematic illustration of the receiver. After cal- N
culation of the system’s OTF( f.., f,,), using (3), we compute —LoaLoLoGrGon P o 18
the PSF, which indicates the system’s transference of intensity. FSERETH BT ET Zp”’"' (18)

The PSF can be found by implementing the inverse FT of th . .
system’s OTF W%ereLFS is the free space loss aiig; andG g are the receiver

loss and gain, respectively. The expressions for these elements
i(x',y) = F {7 (fu, f4s N} - (13) can be found in [21].

n=1
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We assume that one of the signals hits a given matrix elemevtiere S; ; o is the main signalyS; ; o is the sum of all over-
numbered, j. In other words, this element is the main recipierfapping signalsy; ;« is the noise current (zero averagg)e is
for one communication link. Other signals can be consideredthg dark current, antsg is the background current.

overlapping signals. After subtracting the direct-current components, we write
The received-current signal is given by .
bij = Sij0 + Sijove + i j- (27)
Sij = RP;j = Sijo+ Sijovr (19)
where B. BER Calculation
N-1

According to (27), the received signal comprises the main
Sijove = RLrsLrLlrGrGrPr ) pijm  (20)  signal with the addition of two noise components. The term

n=1 has a Gaussian-distribution form that facilitates calculations.
The coefficient® is the responsitivity of the detector and isHowever, theS; ;... term includes beat noise, which is not de-
given by scribed by Gaussian statistics. For further characterization of the
nq 1) system performance, we make some assumptions. First, the sep-

aration between the main signal and the overlapping one can

be assumed to be equal for all distorting components. Second,
once the overlapping channels are free of the signal-dependent
noises, the probability of a simultaneous “one” féroverlap-

A. Noise Statistics ping signals can be calculated as the weighted sum of all the

. components. That is, [24]
In our model, we assume that all the detectors receive the

same background radiation, which is a source of a background plq) = N! _ L <N> (28)
noise. The background noise can be expressed by [22] (N —q)lgl2V = 2N \ ¢
2q D? whereg is the number of channels in logical state “one” avis
2
IBG = ﬁ% " NBG - AA- QT” B (22) " the total number of overlapping signals. The average beat-error
where A) is the filter bandwidth in micrometers} is the rate foragiven thresholfl, can be easily calculated as follows
receiver FOV,L is the number of detection-matrix element&24]-

" hy
wheregq is the electron chargé, is Plank’s constanty is the
optical radiation frequency, angis the quantum efficiency.

(pixels) per row or columnp is the receiver-aperture diam- N
eter (in units of wavelength)3 is the electronic bandwidth, BER = Y BER(/p,q)p(q). (29)
and Npg is the background spectral radiance in units of a=0

W/(m? srpm). In our paper, the sky is the main source of the
background radiation.
The dark-current noise is given by [23]

The N overlapping sources are considered statistically in-
dependent. Moreover, since the bandwidth of the transmitted
signal is smaller than the separation between the channels, using
ohe = 2qIncB (23) the terminology of optical networks, only the outband crosstalk
(overlapping) must be investigated. Assuming equal noise vari-
anceo for transmitted binary “1” and binary “0,” the average
BER can be written as

wherelpc is the detector dark current.
The thermal noise is given by [23]

4kT.FB
org = R (24) N2 /N
L BER = ( = >
r s . . . 2 q
wherek is Boltzman's constantyy, is the load resistancé, is q=0
the noise figure of the system, afid is the equivalent temper- L, — I Ip — Iy,
ature x |erfc | ——— | +erfc [ ——= (30)
. o2 a2

From (22)—(24), the noise without any signal is given by

where the complimentary error function [23] is defined as
o = oty + ohe + OB (25)

2 > 9
In addition to the signal-independent noise sources described erfe(z) = ﬁ/f exp(—y”)dy (31)

earlier in (22)—(24), there also exist shot and RIN noises. These
are dependent upon the signal current and must be calcula?gg
for both the main ano_l overlapping signals. Furth_ermore, in the Ijog = T1jo + alows (32)
case of overlapping signals, the RIN and shot-noise components
must be calculated for each one of the disturbing signals separerel,,, is the current produced by one overlapping source in
rately. However, in most cases of free-space optic communidagical state “one.”
tion, the signal-shot and RIN noises are negligible in compar-
ison to the background, Johnson, and dark-current noises [7]. VI. NUMERICAL CALCULATIONS AND RESULTS
Hence, the signal at the output of the detector can be written a? . . .
n our scenario, the elevation of the cluster is assumed

15,5 = Si j,0 + Sijovr +iDC + iBG + N j (26) to be 800 km (LEO). The system-performance parameters
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THE PROPOSEDSYSTEM' S CHARACTERISTICS ANDASSOCIATEDLINK BUDGET

TABLE |

Paramcter

Value Noles

Link

Link range

8 x 107 km Low earth orbit

Budget

Data rate

5 Gbit/sec

BER

2x%107° For a single link detection

Transmitter power

30 mW

17.99 dBm

‘Transmitter losses

75% transmission

-125dB

Transmitter gain

27.6 prad beamwidth

103.40 dB

Free space losses

-256.35 dB

Atmospheric losses

75% transmission

-1.25dB

Background spectral radjance

2 W i(m® sr gan) The sky (day)

Refractive index structure
parameter c:

510"

Aerosol scattering coefficient

8.4 % 10% m’

Aerosol absorption coefficient

1x10%m?

Scattering- and turbulence-
induced losses

Dependent on receiver
characteristics

-9.87dB

Optical filter

70 nm Centered on 1550 nm

Receiving optics gain

D=0.4m 1275

130.33 dB

Receiving optics losses

75% transmission Diffraction-fimited

-1.25dB

Detector's dimensions

128 x 128 x 50 um PIN matrix

Quantum efficiency

0.7

Received optical signal

-18.28 dBm

Z 00C-80S RSn-G-E50meS
o
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~ Optical MTF | |

Aerosol MTF |
-~ Turbulence MTF ‘ |
-~ Owerall MTF |

[
|
|
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Normalized radial spatial frequency f

025
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453
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Fig. 7. BER versus the normalized separation angle between nanosatellites

for 1 (solid line), 3 (dashed line), 9 (dotted line), and 18 (dashed-dotted line)
overlapping channels. A single detection curve (bold, dashed-dotted line)

Fig. 5. Atmospheric and system MTFs: optical MTF (dotted line), turbulengdemonstrates the minimal achievable BER.
MTF (dashed-dotted line), aerosol MTF (dashed line), and overall MTF (solid

line).

are the data rate of 5 Gb/s, the optical wavelengths at
C-band (1530-1560 nm), and the optical power transmitt
by each satellite, which is 50 mW. All the other parameteys,

As can be seen from the graph, the main distorting factor is the
erosol scattering. This causes the spread of energy over the de-
tor array and consequent degradation of system performance.
e turbulence also impacts the link budget. However, for a ver-
alpropagation path, these effects are notextremely critical [16].

are described in detail in Table I. Two criteria influenced the . boF is depicted in Fig. 6. An undistorted or a so-called

choice of parameters: first, the low cost of the system was,
priority, and this is embodied in the simplicity of the concept o
the presented configuration. Second, the ease of maintena]
of the communication link in the presence of problematic
weather conditions such as fog and turbulence scintillations
was considered. After determining the required parameters, the
overall system OTF (MTF) was calculated (Fig. 5). Th&rm

is given by

2m fr
Qo

fnorm =

whereaq and f,. are defined by (10).

(33)

rfect” point-spread function is also displayed. After the inte-
ration over the detector array element, the received signal was
ulated and the BER in the presence of overlapping was eval-
ated (Fig. 7). The normalized angle is given by

_ 2%
7= Fov
wherep is the separation angle.The BER for a single detec-
tion is presented as a reference curve. The BER evaluation was
performed for a different number of overlapping channels. The
figure shows that the BER curve sharply decreases as the angle
increases. However, for arelatively large number of overlapping

(34)
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Fig. 8. Maximum number of channels versus the normalized separatiolllo]
angle between the nanosatellites RER = 10~° with regard to different
aerosol-scattering coefficients.

signals, the BER curve reaches saturation. This is caused by tllmlel]
very long “tails” of the calculated PSF, which extend far from
the maximum intensity location. [12]

In Fig. 8, we plot the maximum number of overlapping chan-
nels versus the separation anglfor different scattering coeffi-  [13]
cients corresponding to various scattering conditions. The figure
shows that as aerosol scattering increases, the performance g
grades. The number of channels taking part in the link is limited
even in the case of a very large separation (reversed slope ofg!
curve forS, = 0.845 km™" and forS, = 0.85 km™). [16]
VII. CONCLUSION (7]

This paper describes optical communication through the at[—18
mosphere. We developed a novel approach to analyze laser-
communication links in the presence of turbulence and aerosol
scattering. The approach is based upon the OTF analysis of Y,
optical signal’s power distribution. The calculation of BER was
carried out for different separation angles for the case of multi-
link atmospheric channels. Our main conclusion is that imaginézo]
techniques in general and OTF analysis in particular are appli-
cable tools for characterizing the atmospheric optical channel21]
Another inference of this work is the high sensitivity of op- 22]
tical-wireless multilink communication to weather conditions
and especially to aerosol-scattering phenomena. More detaild2B]
examination of the assumptions posed in this work for the ca
of aerosol scattering and turbulence is required to corroborate
the theoretical work. Further application of the suggested anal-
ysis can lead to a better understanding of terrestrial wireless-op-
tical multilink communication.
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