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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
critical parameter that determines the successful receipt and sub-
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.

Index Terms—Detector arrays, laser communication, nanosatel-
lites, optical transfer function.

I. INTRODUCTION

NANOSATELLITES are a promising solution for afford-
able laser space–space and laser space–ground communi-

cations [1]. The concept of a satellite cluster, distributed satel-
lite system, or satellite flight formation has become very at-
tractive for future missions in space for scientific research, for
communication, for remote sensing, for synthetic aperture radar
([SAR], for example, Techsat21 [2]), and for navigation [3].
Clustering of a number of satellites enables the design of very
small lightweight systems and reduces power requirements, fac-
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Fig. 1. Possible configuration for a nanosatellite cluster; earth downlink.

tors that make launching more affordable. The advantages of the
laser intersatellite links are [1]: a) smaller size and weight of the
terminal; b) less transmitter power; c) high immunity to inter-
ference; d) large data rate; and e) small transmitter-beam diver-
gence angle The same holds for communication to ground by
nanosatellite, but the atmospheric effects such as aerosol scat-
tering and turbulence must be considered and evaluated, as done
in this paper. Fig. 1 demonstrates the nanosatellite cluster com-
municating with the ground station. While laser communication
in space can transmit information over long distances without
great distortion, the final stage presents problems. In the final
stage, propagation takes place through the atmosphere (from
the low orbit to ground station installation), where phenomena
such as scattering and turbulence are encountered. This intro-
duces serious distortions to the optical beam that decrease the
received power, increase the bit-error rate (BER), and degrade
the pointing efficiency [4]–[6]. Recently, appropriate system ap-
proaches have been investigated to contend with the growing
need for practical design tools for optical-wireless communica-
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 de-
tector arrays instead of a single detector. This method enables
the receiver to have a wider field of view (FOV) and also to con-
trol the noise power so as to decrease the BER [9]–[11]. Another
significant advantage of the detector-array scheme is the ability
to receive a number of different signals simultaneously.

In order to analyze the configuration illustrated in Fig. 1 from
a practical point of view, one has to consider each satellite-earth
downlink separately, with its own propagation-channel charac-
teristics and signal distortions. For a large number of links, this
technique considerably complicates the analysis of the system’s
performance. Instead, we suggest a novel “systems approach”
for optical space and terrestrial communication analysis, which
makes it possible to analyze the communication performance
for a number of links simultaneously. The approach is based
on concepts borrowed from imaging and remote sensing. These
concepts involve the use of the optical-transfer function (OTF),
which describes the object in terms of spatial frequencies. Much
analytical and theoretical work has been done in these fields. We
use some of the models that were developed to characterize the
atmospheric channel and any given general configuration of an
optical-communication system. The calculation of the minimal
angular separation between satellites in a nanosatellite cluster
was chosen as an appropriate trial example of the use of the
imaging approach within the communication sphere. The crit-
ical angle was determined according to communication perfor-
mance parameters of the main signal (such as BER) for a spe-
cific detector array.

The paper proceeds as follows. Section II consists of graph-
ical and environmental descriptions of the communication
system. Section III discusses the concept of the OTF and
calculates it for optical hardware. Section IV presents mathe-
matical analyses for the communication channel (atmosphere).
Section V comprises the mathematical analyses for receiver
performance. In Section VI, we describe the numerical calcula-
tion and present our results. Finally, we give brief conclusions.

II. THE SCENARIO

The scenario described in this work is presented in Fig. 1.
The drawing shows that the communication system is made up
of three key components. The first is a nanosatellite cluster,
which is a group of small satellites located on the earth’s low
orbit at an elevation of approximately 800 km. Each nanosatel-
lite is equipped with a laser and a transmitting telescope, which,
for the sake of simplicity, are assumed to be identical in each
unit. The system of data coding is simpleON-OFFkeying (OOK),
which operates in the band of the wavelength-division multi-
plexing (WDM) standard at wavelengths from nm
to nm. Thus, according to the WDM international
standard [12], the average number of satellites taking part in the
communication scenario is in the order of tens.

The second key component is the earth’s atmosphere. An
atmospheric channel is one of most complicated and unpre-
dictable channels in communication, even by comparison with
cellular networks. The influence of certain factors such as
turbulence, aerosol scattering, and absorption result in power

degradation and spatial and temporal distortions in the received
signal. In some cases, it may cause a serious increase in BER,
and consequently, a complete link cutoff. In our scenario, the
atmospheric model is layered. This means that the atmosphere
is separated into different layers, each with its own intrinsic
properties. In most cases of atmospheric channel analysis, it is
appropriate to take into account a border layer located near the
earth’s surface whose depth is assumed to be approximately 2
km [13]. In this work, only the border layer is used.

The third component of the communication model has two
parts: the first part is a receiver consisting optical hardware
(lenses, polarizers, field stoppers, etc.) and the detector array,
a matrix of tens of small low-noise photodiodes. This design is
necessary for the reception of a large number of signals. Fur-
thermore, it significantly reduces the need for precise pointing
and yields a solution to the collection of power from a spatially
dispersed signal without relinquishing the rapid time response.
The second part is an electronic circuit for further signal pro-
cessing.

III. OPTICAL-TRANSFERFUNCTION

Despite the basic coherent nature of laser radiation, the coher-
ence length of most modern lasers does not exceed a few kilo-
meters [14]. This theoretical coherence length may be an accu-
rate description when propagating in a vacuum, but in the pres-
ence of various distortive media like fog, aerosols, and cloud for-
mations, the actual coherence length is considerably less [15].
Therefore, we use a model of incoherent propagation. As a result
of incoherent propagation, the characterization of light propaga-
tion is based upon a power-intensity distribution and not upon an
electromagnetic field-amplitude distribution and hence, in this
work, we employ the OTF and the point-spread function (PSF).

In electronics, the transfer function is defined as the Fourier
transform (FT) of the impulse response. The OTF is defined
similarly but is normalized to its own maximum value, which
normally occurs at zero spatial frequency, as follows [14]:

(1)

where is the spatial frequency in lines per meter
and is the FT of the PSF . According to (1),
the OTF can be separated into two components: magnitude and
phase. The magnitude component, known as the modulation-
transfer function (MTF), is responsible for the form of the re-
ceived signal in terms of spatial coordinates. The phase compo-
nent, known as phase transfer function (PTF), is less important
than the MTF, but often cannot be neglected. Spatial phase de-
termines pulse position and orientation, rather than size.

Adopting the systems engineering approach and signal pro-
cessing theory we can write

(2)
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Fig. 2. Simple optical model with equivalent signal processing system
demonstrating the propagation of an optical signal through the atmosphere and
the receiver’s optics.

where and are intensities of the
input and output signals in the spatial frequency domain and

is the system’s OTF.

A. The System’s OTF

Now, it is very straightforward to calculate the system OTF
using the following components:

1) aerosol scattering OTF ;
2) turbulence OTF ;
3) optical hardware OTF

This is formulated as

(3)

Let us assume that each emitting element (transmitter) in the
object plane within the nanosattelite cluster can be a spatial
-function, positioned at different locations inand coordi-

nates [15]. This situation is depicted in Fig. 2 and is formulated
as

(4)

Here, is the number of links participating in the communi-
cation scenario.

Also, for ease of calculation, we set the value of to be
equal to in all the transmitters. Hence,

(5)

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

(6)

where

(7)

B. Diffraction-Limited Optics

The influence of optics on system performance has been
widely discussed in research works in the fields of imaging and
wireless optical communication. The main purpose of optical
hardware is to receive and collect the incoming signal for
which we need imaging optics to implement the multi-channel
link. In this work, the diffraction-limited optics formulae refer
to an equivalent lens of aperture diameterand focal length

. The detector arrays are placed at the focus of the lens.
The diffraction-limited optics OTF does not include the PTF
component and, consequently, does not affect the position of
the received signal. The MTF is given by [14]–[16], as in (8),
shown at the bottom of the page, where

(9)

where is the receiver-aperture diameter,is the radial spatial
frequency in cycles per meter,is the focal length, and is the
wavenumber.

IV. COMMUNICATION CHANNEL

In wireless communication, the channel is the atmosphere.
Both spatial and temporal degradation of the signal in the at-
mospheric channel can be attributed to three main causes: ab-
sorption, aerosol scattering, and turbulence. These mechanisms
can be considered independently, although some interaction is
present.

A. Transmission

Absorption of radiation is a mechanism by which the atmos-
phere is heated. The infrared absorption by the atmosphere is
due primarily to water vapor and CO, with a smaller contribu-
tion from gases such as O, N O, and CH. The atmospheric

(8)
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(a)

(b)

Fig. 3. (a) Unscattered radiation (straight line) and multiple forwardscattered
radiation at two different locations in the image plane. (b) Distortions in the
beam form caused by spontaneous fluctuations in the index of refraction during
propagation.

absorption is very wavelength selective and contains a number
of regions called “absorption windows” [13], in which absorp-
tion is minimal. Therefore, it is necessary to carefully choose the
optical carrier frequency or carrier-frequency range to provide
the required transmittance. For the near-infrared range, absorp-
tion windows exist at 1.5 to 1.7m and 2.0 to 2.5 m. Those
regions include the , , and -bands of the WDM communi-
cation standard [12].

B. Aerosol Scattering

Scattering of photons by airborne particulates is manifested
as deflections of the photons to directions other than that of their
original propagation. If such scattering causes the deflected pho-
tons to miss the receiver, then the scattering results in attenua-
tion. The received irradiance of the signals propagated through
the atmosphere is correspondingly diminished from that in the
object plane. However, if the light scattering is at very small an-
gles with respect to the original directions of propagation, then
forward-scattered radiation can take a roundabout path and still
be received by the imaging system together with the unscat-
tered radiation. This is illustrated in Fig. 3(a) for one multiple
forwardscattered ray and one unscattered ray. Many such mul-
tiple-scattering paths give rise to a relatively large blurred-point
images rather than a fine sharp-point image. The main scatterers
in the earth’s atmosphere are molecules of air and aerosols.

The influence of air molecules and aerosol molecules on light
propagation is described by the theories of Rayleigh and Mie,
respectively [16]. In the case of Rayleigh scattering, much en-
ergy is lost, since the scattering is in all directions, including
backward. Therefore, Rayleigh scattering is the primary attenu-
ation mechanism. However, in the case of Mie scattering, much

light is forwardscattered at small angles, causing a blur in the
receiver plane. Therefore, Mie scattering is considered the dom-
inant mechanism in degrading imaging. Even in the situation of
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
theory makes it possible to find different parameters to char-
acterize the scattering phenomena, such as the scattering and
absorption coefficients and , which are used in the calcu-
lation of aerosol OTF.

Despite the blur produced by scattering, the aerosol scattering
OTF does not affect the point position and thus contains only an
MTF component and no PTF part. Hence, the MTF for aerosol
scattering can be expressed as [16] as in (10), shown at the
bottom of the page, where and are scattering and extinc-
tion coefficients respectively, is the radial spatial frequency
expressed in cycles per radian,is the path length, and is
the cutoff spatial frequency. The cutoff frequency is calcu-
lated according to the receiver’s characteristics, such as FOV,
dynamic range and spatial bandwidth [16].

The aerosol scattering MTF for the short (10 ms) and long (1
s) exposures remains nearly equal [17]. Here, we assume that
(10) is applicable for the case of a very small (10 ns) integration
time such as that which also exists for optical-wireless commu-
nication. However, this assumption must be verified analytically
and experimentally, and is not within the scope of this paper.

Conventional layer models consist of the following [16]: a
boundary layer that ranges from 0 to 2 km, a region running
from 2 to 6 km in which the number density displays an ex-
ponential decay with altitude (free troposphere), a stratospheric
layer ranging from 6 to 30 km, and layers above 30 km com-
posed mainly of particles that are extraterrestrial in origin. Note
that from 15 to 25 km altitudes, there is usually an increase in
aerosol light scatter caused by meteoric dust.

The average thickness of the aerosol-mixing region is approx-
imately 2 km. This is the boundary layer. Within this region, one
would expect the aerosol concentration to be influenced strongly
by conditions at ground level. Consequently, aerosols in this
region display the highest variability in meteorological condi-
tions, climate, etc. Generally, aerosol size distribution hardly
decreases with height, up to the boundary layer. Therefore, in
practice, it is simple to describe this region as the main source
of aerosol scattering that causes signal spatial distortion.

C. Turbulence

Variations in the index of refraction are the result of nonho-
mogeneities in the atmosphere. Nonhomogeneities are caused
by thermal variations, which result from heat transfer between
the earth and air. The variations are set in motion and mixed
by wind and mechanical turbulence of airflow over terrain. The

(10)
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propagation of the beam through zones of different refractive
indices can be described with the help of Fig. 3(b). Here we see
zones of inhomogeneities with different indices of refraction,
but in contrast to the scattering case, here, the entire beam is
distorted and there is no equivalent to the unscattered ray. The
index of refraction variations in the atmosphere are described
by the refractive-index structure parameter. Several models
[18], [19] exist for estimating , all of which are dependent
upon environmental and weather conditions. A critical factor in
evaluating turbulence effects is the time scale of the exposure
and the integration time of the detector (turbulence variation oc-
curs at the rate of kHz). The OTF associated with turbulence
can be described by either a long or short exposure model. The
long exposure model integrates all the temporal variations in
the vicinity of the blur in the focal plane. Thus, the turbulence
OTF represents the spatial spread of the signal ray averaged over
time, which determines power spread over the detector. Conse-
quently, the PSF for long exposure will be wider and lower than
that for short integration time.

As with the aerosol scattering OTF, in the long-exposure tur-
bulence model, the position of a point ultimately does not alter.
Hence, the turbulence OTF does not include a phase component.
Therefore, only the MTF component exists and is expressed by
[16]

(11)

where is a wave-shape constant of 3/8 for spherical waves and
1 for planar waves. is the refractive-index structure param-
eter, is the wavelength, and is the path length. For the ver-
tical or slant path the spherical wave model is applied [16], be-
cause it better characterizes changes in refractive-index struc-
ture parameter with an altitude. The plane wave is an ap-
proximation of the spherical wave model and is applied in the
case of weak changes in [16].

For short exposures of less than 10 ms [16], the transfer func-
tion is

(12)
where is the receiver-aperture diameter (in units of wave-
length ) and in the far field and 1 in the near field. Equa-
tions (11) and (12) were developed in the 1960s by Stanley [20]
and recently, were experimentally verified by Sadotet al. [4].

The detector integration times for optical-wireless communi-
cation are in the order of nanoseconds and less. Hence, we use
(12) to find turbulence OTF. We assume that (12) satisfies very
short integration time, but this assumption must be investigated
experimentally and analytically in future research works.

V. RECEIVER PERFORMANCE

Fig. 4 is a schematic illustration of the receiver. After cal-
culation of the system’s OTF , using (3), we compute
the PSF, which indicates the system’s transference of intensity.
The PSF can be found by implementing the inverse FT of the
system’s OTF

(13)

Fig. 4. Detector-array receiver.

The aerosol scattering, the turbulence, and the diffrac-
tion-limited optics do not produce any phase component in
the system’s OTF. The position of the received signals is
defined by a spatial shift. The shift is determined by the spatial
locations of the sources in the object plane, which is the system
input. Therefore, we can easily summarize all outlet signals as
follows:

(14)

where (Fig. 2)

(15)

and is the distance to the nanosatellite cluster from the re-
ceiving ground station.

To obtain the received-transfer power in the, coordinates,
we have to find the transfer element given by

(16)

where is the size of a one-pixel detector.
The expression for in (5) can be written as the product of

the following elements:

(17)

where , , and are transmitter power, gain, and loss,
respectively. Once again, these are identical in each unit in the
nanosatellite cluster configuration.

Overall received power is given by

(18)

where is the free space loss and and are the receiver
loss and gain, respectively. The expressions for these elements
can be found in [21].
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We assume that one of the signals hits a given matrix element
numbered, . In other words, this element is the main recipient
for one communication link. Other signals can be considered as
overlapping signals.

The received-current signal is given by

(19)

where

(20)

The coefficient is the responsitivity of the detector and is
given by

(21)

where is the electron charge, is Plank’s constant, is the
optical radiation frequency, andis the quantum efficiency.

A. Noise Statistics

In our model, we assume that all the detectors receive the
same background radiation, which is a source of a background
noise. The background noise can be expressed by [22]

(22)

where is the filter bandwidth in micrometers, is the
receiver FOV, is the number of detection-matrix elements
(pixels) per row or column, is the receiver-aperture diam-
eter (in units of wavelength), is the electronic bandwidth,
and is the background spectral radiance in units of
W m sr m . In our paper, the sky is the main source of the
background radiation.

The dark-current noise is given by [23]

(23)

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

(24)

where is Boltzman’s constant, is the load resistance, is
the noise figure of the system, and is the equivalent temper-
ature.

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

(25)

In addition to the signal-independent noise sources described
earlier in (22)–(24), there also exist shot and RIN noises. These
are dependent upon the signal current and must be calculated
for both the main and overlapping signals. Furthermore, in the
case of overlapping signals, the RIN and shot-noise components
must be calculated for each one of the disturbing signals sepa-
rately. However, in most cases of free-space optic communica-
tion, the signal-shot and RIN noises are negligible in compar-
ison to the background, Johnson, and dark-current noises [7].
Hence, the signal at the output of the detector can be written as

(26)

where is the main signal, is the sum of all over-
lapping signals, is the noise current (zero average), is
the dark current, and is the background current.

After subtracting the direct-current components, we write

(27)

B. BER Calculation

According to (27), the received signal comprises the main
signal with the addition of two noise components. The term
has a Gaussian-distribution form that facilitates calculations.
However, the term includes beat noise, which is not de-
scribed by Gaussian statistics. For further characterization of the
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” foroverlap-
ping signals can be calculated as the weighted sum of all the
components. That is, [24]

(28)

where is the number of channels in logical state “one” andis
the total number of overlapping signals. The average beat-error
rate for a given threshold can be easily calculated as follows
[24]:

(29)

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

(30)

where the complimentary error function [23] is defined as

(31)

and

(32)

where is the current produced by one overlapping source in
logical state “one.”

VI. NUMERICAL CALCULATIONS AND RESULTS

In our scenario, the elevation of the cluster is assumed
to be 800 km (LEO). The system-performance parameters
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TABLE I
THE PROPOSEDSYSTEM’S CHARACTERISTICS ANDASSOCIATEDLINK BUDGET

Fig. 5. Atmospheric and system MTFs: optical MTF (dotted line), turbulence
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 the
C-band (1530–1560 nm), and the optical power transmitted
by each satellite, which is 50 mW. All the other parameters
are described in detail in Table I. Two criteria influenced the
choice of parameters: first, the low cost of the system was a
priority, and this is embodied in the simplicity of the concept of
the presented configuration. Second, the ease of maintenance
of the communication link in the presence of problematical
weather conditions such as fog and turbulence scintillations
was considered. After determining the required parameters, the
overall system OTF (MTF) was calculated (Fig. 5). The
is given by

(33)

where and are defined by (10).

Fig. 6. Perfect (dashed line) and actual calculated (solid line) PSFs.

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)
demonstrates the minimal achievable BER.

As can be seen from the graph, the main distorting factor is the
aerosol scattering. This causes the spread of energy over the de-
tector array and consequent degradation of system performance.
The turbulence also impacts the link budget. However, for a ver-
ticalpropagationpath,theseeffectsarenotextremelycritical [16].

The PSF is depicted in Fig. 6. An undistorted or a so-called
“perfect” point-spread function is also displayed. After the inte-
gration over the detector array element, the received signal was
calculated and the BER in the presence of overlapping was eval-
uated (Fig. 7). The normalized angle is given by

(34)

where 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 a relatively large number of overlapping
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Fig. 8. Maximum number of channels versus the normalized separation
angle between the nanosatellites forBER = 10 with regard to different
aerosol-scattering coefficients.

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

In Fig. 8, we plot the maximum number of overlapping chan-
nels versus the separation anglefor different scattering coeffi-
cients corresponding to various scattering conditions. The figure
shows that as aerosol scattering increases, the performance de-
grades. The number of channels taking part in the link is limited
even in the case of a very large separation (reversed slope of a
curve for km and for km ).

VII. CONCLUSION

This paper describes optical communication through the at-
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 an
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 imaging
techniques in general and OTF analysis in particular are appli-
cable tools for characterizing the atmospheric optical channel.
Another inference of this work is the high sensitivity of op-
tical-wireless multilink communication to weather conditions
and especially to aerosol-scattering phenomena. More detailed
examination of the assumptions posed in this work for the case
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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