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INTRODUCTION

In work [1] we considered general questions of
arrangement of bistatic (over�the�horizon) optoelec�
tronic communication systems (OECSs), substanti�
ated the choice of the Monte Carlo method for the
theoretical study of the range of their applicability for
different optical�geometrical schemes and conditions
of their operation, described a laboratory implemen�
tation of the experimental setup and presented an
example of its tests in 2012 under real atmospheric
conditions. In the summer�fall period of 2013, a series
of field experiments was undertaken to assess the pos�
sibility and quality of information reception via
bistatic optical communication channels for different
atmospheric conditions and for varying geometrical
parameters of the receiver�transmitter OECS scheme.

In this paper, we describe the instrumentation and
conditions of these experiments, as well as their results.

INSTRUMENTATION 
AND OPTICAL�GEOMETRICAL CONDITIONS 

OF EXPERIMENTS

A block�diagram of the laboratory prototype of
bistatic OECS is shown in [1, Fig. 3]. We used a copper
bromide vapor laser as a source of radiation [2]; it was
constructed at the Institute of Atmospheric Optics,

Siberian Branch, Russian Academy of Sciences, and
has the following characteristics: the radiation wave�
length λ = 510.6 nm, pulse repetition rate f = 11 kHz,
pulse duration Δt = 30 ns, power P = 4–10 W, beam
diameter at the entrance to the atmosphere ∅ =
15 mm; and radiation divergence Δν = 0.06 mrad.

The field�of�view angle of receiving telescope was
2°; a FEU�84 photomultiplier tube (PMT) was used
as a photodetector. The optical axis of the receiving
telescope intersected the optical axis of laser beam,
and its slope relative to horizontal plane was defined by
the angle α (Fig. 1). 

The transmitting OECS was located in the north�
ern tower of building “A” of Institute of Atmospheric
Optics, Siberian Branch, Russian Academy of Sci�
ences, at height h0 = 13 m above the Earth’s surface, or
173 m above sea level, the direction of laser beam axis
was defined by the elevation angle θ, which was varied
from 5 to 15°, and by the azimuth angle ϕ, which could
vary in horizontal plane within ± 10° of the direction
to the receiving OECS located at the distance YN =
8.73 km from the transmitting OECS (along a straight
line). The laser information beam successively passed
over city, Tom River, and the suburban zone, sequen�
tially including cropland, living settlement, and forest
massifs. The mobile receiving optoelectronic system
could be placed at any point, accessible for motor
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vehicles. The main experiments were performed for a
fixed field location of the receiving system, indicated
by symbol S in Fig. 1a (height above sea level was
80 m); also, the figure shows the general features of the
profile of the Earth’s surface below the laser beam,
originating from point L. The length of the optical
path was up to 11 km for position 2 (see Fig. 1), and up
to 17 km for position 3.

The experiments were performed in the period
from August to October, 2013, at a dark time of the day
under the conditions of cloudy (separate cloud sys�
tems, overcast clouds) and cloud�free atmosphere,
and during rainfall. An image of the graphic test signal
in the form of a periodic structure was used as infor�
mation transferred via the atmospheric bistatic chan�
nel for a communication quality check (see Fig. 1b).

Each experiment was performed according to the
following scheme. We fixed one of two orientations of
the transmitting laser beam with angles θ ≈ 5 and 15°
at ϕ ≈ 0°. The receiver telescope was oriented in the
directions 1 or 2 (see Fig. 1), corresponding to angles α

from 15 to 85°. The telescope was oriented in the
direction 3 (see Fig. 1) only when scattering at these
points was recorded visually. Signal�transmitting radi�
ation at ϕ ≈ ±10° was oriented selectively for communi�
cations checks. Depending on atmospheric condi�
tions, each communication session for a fixed experi�
ment geometry lasted from 7 to 30 min. It is
noteworthy that information (graphic text), contain�
ing from 7000 to 40000 symbols, was transferred and
saved in a computer. Sessions lasted from 30 min to 3 hr
in each experiment.

As an example, Fig. 2 shows separate video images
of the atmosphere�scattered laser radiation, recorded
by the receiver system under different optical condi�
tions in the atmosphere. In the case shown in Fig. 2a,
the information was received by pointing the recording
OECS at a specific region of the beam, and the atmo�
spheric situation was cloud�free. Figure 2b shows the
case with communication on the basis of the radiation
scattered from cloud bottom boundary; and Fig. 2c
shows situation with communication via scattering by
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Fig. 1. (a) Geometry of experiments and (b) a fragment of test graphic signal.

(a) (b) (c)

Fig. 2. Frames from video records of information�transmitting laser beam, (a) scattered over city; (b) scattered by a cloud system
within the field�of�view of the receiver system; and (c) scattered by aerosol inhomogeneities within the field�of�view of the
receiver system.
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aerosol inhomogeneities of cloud�free, but strongly
turbid, atmosphere. Video was recorded with the help
of the active�pulsed high�sensitivity ZOND+ OECS,
which operated in passive mode. The ZOND+ system
was created at the Institute of Atmospheric Optics,

Siberian Branch, Russian Academy of Sciences and is
a modification of the ZOND+ OECS [3].

The state of the atmospheric bistatic communica�
tion channel cannot be controlled under field condi�
tions; therefore, the following parameters and means of
their measurements were used to analyze the effect of
optical and meteorological conditions on the quality of
OECS operation. The meteorological visibility range
SM was measured every hour on the territory of the Basic
Experimental Complex, Institute of Atmospheric
Optics, Siberian Branch, Russian Academy of Sci�
ences, located at a distance of 12 km from the point S
(see Fig. 1). The range of SM measurements was
bounded above by SM = 30 km. Pressure, humidity, and
concentration of aerosol (with particle sizes larger than
0.3 μm) were measured at the TOR station [5], operat�
ing at the high�altitude station of the Institute of Atmo�
spheric Optics, Siberian Branch, Russian Academy of
Sciences, located 400 m away from the transmitter of
the bistatic OECS. The aerosol extinction coefficient

 of the atmosphere at the wavelength λ = 510.6 nm
was determined on a horizontal path, originating from
the building where the transmitting OECS laser is
placed; for this, the instrumentation and method
described in [6–8] were used.

RESULTS OF EXPERIMENTS

The communication quality was estimated using
the average value and standard deviation of the error
over communication session, during which we
recorded all geometrical parameters of the scheme of
experiment (see Fig. 1). Let Zi be the transmitted sym�
bol, and zi be the received symbol. We will assume that 

 (1)

Suppose that N symbols are transmitted during a
communication session, so that 

  (2)

that is, the received series of symbols is divided into m
packets, each consisting of nj symbols. The average
number of symbols, received erroneously, will be con�
sidered as a random quantity, i.e.,

  (3)

Then, the average symbol error rate during the channel
transferring over a communication session is defined as 

  (4)
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Fig. 3. Examples of communication quality characteris�
tics: (a) communication session at 21:52–22:00 LT on
September 11; (b) at 21:17–21:28 LT on September 25;
(c) at 20:36–20:40 LT on September 29; average errors (1),
and standard deviation (2).
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and the standard deviation is defined as

  (5)

From statistical characteristics of information
transfer quality, defined by formulas (1)–(5), it follows
that error sources may be both atmospheric interfer�
ence and changes in characteristics of receiver�trans�
mitter optoelectronic modules (such as the power of
laser radiation, PMT noises, etc.). 

Analysis of average values of errors and their stan�
dard deviations showed that certain sessions had ideal
communication quality, i.e.,  and  (such as
on September 4) or near�ideal quality (such as on Sep�
tember 11); in other situations, the  values reached
0.8, and  attained 0.9 (such as on September 29).
Examples of these situations are shown in Fig. 3.

To clarify the reasons why the average errors  vary,
we will turn to measurements of aerosol concentration,
transmission coefficients, meteorological visibility
range, temperature, humidity, and pressure in the
near�ground atmospheric layer. The results of these
measurements are shown in Fig. 4.

Since physical foundations for bistatic communi�
cation stem from the scattering effect, with contribu�
tions coming from both aerosol and molecular constit�
uents of the atmosphere, it should be clarified first
whether any one of the processes determines the com�
munication quality or they are equally important in
the series of experiments performed. For this, we will

compare the molecular  and aerosol  scattering
coefficients. The molecular scattering coefficients
were calculated from formulas presented in [9] with
the use of data on temperature and pressure, measured
at the TOR station [5]. Considering that the aerosol
extinction and scattering coefficients at a wavelength
of 510.6 nm coincide with accuracy to within 90%

(Table 1), Table 2 presents not  but rather the mea�

sured values of 
From Table 2 it follows that aerosol extinction (scat�

tering) coefficients considerably (by almost an order of
magnitude) exceed the molecular scattering coeffi�
cients, thus giving grounds to believe that it is just atmo�
spheric aerosol constituents that determine the infor�
mation transfer quality in bistatic OECSs on cloud�free
paths, at least at a wavelength of 510.6 nm. 

As was already indicated above, other error sources
in information transfer via atmospheric communica�
tion channels may be changes in characteristics of
individual instrumentation modules. With the chosen
(time�pulse) method of information modulation, the
information reception quality is influenced primarily
by the power of laser radiation, which was varied in the
range 4–10 W in the experiment; moreover, measure�
ments were performed episodically. The less the power
P, the worse the communication quality, i.e., the
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greater error rate  can be expected. As an example,
this is confirmed by comparison of  values, obtained
for the experiments performed on September 16,
when P = 6 W, with those for September 25, when
P = 2 W. In these experiments,  = 0.01 and 0.572,
respectively, air temperature was + 14.7°C on Septem�
ber 25 and – 4.3°C on September 16, the meteorolog�
ical visibility range was SM > 30 km on September 25
and 7 km on September 16, the measurement�derived

aerosol extinction coefficient was  = 0.102 km–1 at

21:00 LT on September 16 and  = 0.260 km–1 on
September 25.
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Table 1. Aerosol scattering and extinction coefficients
for different meteorological visibility ranges

SM, km  km–1  km–1

1 4.1058 4.3317

2 2.0474 2.1603

5 0.81258 0.85747

10 0.39992 0.42206

15 0.26041 0.27485

25 0.14884 0.15712

50 0.06824 0.072029

99 0.02834 0.029914

a
sct,β

a
ext,β

Table 2. Aerosol extinction measurements inferred from
measurements (superscript a) and molecular scattering
coefficients (superscript m), calculated according to formu�
las in [10] versus day of year

Day of year  km–1  km–1

213 0.430 0.014857

214 0.224 0.015022

247 0.193 0.014923

248 0.083 0.01541

253 0.123 0.015305

254 0.084 0.015401

255 0.186 0.015836

259 0.102 0.015948

260 0.058 0.016009

262 0.103 0.015946

263 0.108 0.01605

265 0.105 0.016032

268 0.260 0.015224

272 0.106 0.016095

273 0.063 0.01591

275 0.163 0.015799

a
ext,β

m
sct,β
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In this regard, before indicating the main reason for
the rapid change in errors  (temperature, power of
laser radiation, or aerosol extinction), we will consider
the effect of PMT temperature on communication
quality in the field experiments performed in 2013. This
question can be answered by reference to Table 3,
which presents the  and  values for different periods
of communication sessions. 

The first session was performed without forced cool�
ing of PMT; therefore, PMT temperature corre�
sponded to the ambient temperature, i.e., T = +6.7°C
(on October 2, 2014). The second and subsequent ses�
sions were performed with the turned�on cooling
installation which cooled the PMT down to tempera�
ture of –17°C for 30 min. As can be seen, the PMT
temperature influences substantially the communica�
tion quality; and, as PMT temperature varies from
+6.7°C to –17°C, the communication errors decrease
by almost an order of magnitude. This result is not
quite straightforward to interpret; although the rela�
tionship between temperature and characteristics
(and, in particular, signal�to�noise ratio) has been long
known [11].

CONCLUSIONS

Field experiments, performed during 2013 at the
Institute of Atmospheric Optics, Siberian Branch,
Russian Academy of Sciences, with the purpose of
assessing the feasibility and quality of information
transfer via bistatic OECSs, make it possible to draw
the following general and specific conclusions.

1. High�quality bistatic optoelectronic communi�
cation in the visible wavelength range can be per�
formed under the conditions of both a cloudy (see
Fig. 3b) and clear�sky atmosphere (see Fig. 2a–c).

2. In the presence of clouds, communication can
be performed through the regions of entrance and
scattering of laser radiation at the overcast cloud bot�
tom boundary or at the bottom or lateral boundaries of

y

y σ

single clouds, or in the region of exit of radiation from
the cloud (semitransparent clouds, see Fig. 2 b).

3. The statistical characteristics of the quality of
information transfer via bistatic atmospheric channels
(average errors and their standard deviation) depend
on the power of laser radiation (decreasing propor�
tionally to the power growth) and on the PMT sensi�
tivity. Cooling of the used FEU�84 in one of the exper�
iments from +6.7 to –17°C had the result that the
error rate decreased by almost an order of magnitude. 

4. Analysis of how optical and meteorological
states of the atmosphere influence the statistical char�
acteristics of communication quality at a wavelength
of 510.6 nm showed that, in bistatic communication
schemes, when the laser beam is intercepted by the
receiver system in the near�ground atmospheric layer,
the communication quality is determined by scatter�
ing of radiation, which mainly depends on aerosol
content in the atmosphere (see Fig. 4).

5. To eliminate or mitigate the effect of instrumen�
tally caused failures of over�the�horizon OECSs, the
method of field experiments should provide for a guar�
anteed stability of power of radiation transmitter and
constant PMT temperature. 

Our results will await further clarification in subse�
quent experimental and theoretical studies with the
purpose of determining the key factors influencing the
communication quality and range of bistatic OECSs
with respect to optical�geometrical characteristics and
parameters of its implementation schemes.
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