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Abstract. Classical optical communication allows the design of a high-speed data transmission
channel between the spacecraft and the ground station. Its advantages are high interference
resistance, high energy efficiency, low detectability, and significant potential for speed enhancement
compared to radio communication. However, optical communication has a few technological
limitations. This study investigates the contribution of atmospheric refraction to the value of bit
error rate (BER). Preliminary results show a decrease in the signal-to-noise ratio as a function of
the spacecraft’s elevation angle, resulting in increased bit errors in data communication.
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Annoranuga. Kraccumueckast omnTmyeckast CBSI3b II03BOJISIET OPraHM30BaTh KaHAI 110
BBICOKOCKOPOCTHOI IIepelauyu MaHHBIX C KOCMHUYECKUX ammapaTtoB Ha 3emio. Cpenu
€e MPEeUMYILEeCTB BbICOKAs IMOMEXO3allUIIEHHOCTb, BbICOKasl 3Hepros3hheKTUBHOCTD,
MaJI03aMETHOCTb M BBICOKMIA MTOTEHIIMA YBEJIMYEHUSI CKOPOCTH, B CPABHEHUMU C PAIUOCBSI3bIO.
B »sTOoM wmcciemoBaHMM UM3ydaeTcsl BKJIAA SIBJIEHUS acCTPOHOMUYECKOW pedpakuuu B
MOTEeHIMAIbHOE 3HAYeHWE BEJIMYMHBI OWMTOBON owmmbOku. [IpeaBapuTenbHBIE pPeE3yIbTaThl
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TTOKa3bIBAlOT YMCHBIICHUE COOTHOIICHNMS CUTHaJIa K IIyMY B JIMHUAX CBA3U MEXIAY CITYTHUKOM
N HAa3€MHbLIM IMPUEMHUKOM B 3aBUCHMMOCTU OT yIJla BO3BLIIICHMA KOCMHWYCCKOTO arrapara,
4YTO B CBOIO OYE€PEAb IMPUBOAUT K YBEINYCHUIO OUTOBOIT OLIMOKU IIpu nepeaadyc taHHbIX.

KioueBbie cjioBa: onTHYecKasi CBSI3b B CBOOOZHOM IIPOCTPAHCTBE, CBSI3bh KOCMOC-3eMJIs,
atrMocdepHasg pedpakius, ga3zepHas (pusnka
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Introduction

Space-ground optical communication requires an acquisition, pointing, and tracking system
on both sides with a closed feedback loop consisting of a fast-steering mirror and a camera [1, 2].
However, during the operation of the guidance and stabilization system, the beacon laser signal
transmitted from the Earth [3] and the telecommunication signal sent from the spacecraft expe-
rience different optical paths as they traverse the atmospheric layers. This results in an increased
guidance error, which reduces the signal-to-noise ratio and leads to an increase in BER due to the
Gaussian distribution of the beam intensity. In 2023, the Vector [4] payload was developed and
successfully launched into orbit to demonstrate classical laser communication between satellite
and ground station, and also to test some technical solutions and service systems.

Methods and results

From a structural perspective, the Earth’s atmosphere can be represented as layers of a speci-
fied height, each possessing its own average temperature and pressure values. The refractive index
of air can be calculated as [5]:

n=N-10°+1, (1)

where N is the reduced refractive index.
The reduced refractive index can be calculated as follows:

P-T
N=N,- 2,
TR e)

where N, is an initial reduced refractive index, 7 and P, represent the initial temperature and
pressure in the layer with the refractive index N, respectively, T and P are the temperature and
pressure in the layer with the refractive index N. For dry air, at a temperature of 273.15 K and a
pressure of 760 mm Hg, the refractive index can be calculated as [6]:

N, = (103.38+ 0'5854jp

AT )

where A is the wavelength of radiation.

To estimate the divergence of the optical beam arriving on Earth from the spacecraft, the
length must be determined while taking air refraction and the observation location into account.
This quantity can be calculated based on the laws of geometric optics (see Fig. 1).

© baxmramues P.M., Xmenes A.B., dymnunckuii A.B., baposiies K.A., Mep3nunkun B.E., Jlesamos C./., 2025. U3natenb:
Cankr-IleTepOyprckuii moauTexHudeckuii yaupepcuteT [letpa Bemmkoro.

82



4 Simulation of Physical Processes

Fig. 1. Methodology for calculating atmospheric refraction: ¢ , &' , & |, &, _,, are the angles
of incidence and refraction, 4, h _ are the heights from the Earth to layers with refractive
indices n, n,_,, R, is the radius of the Earth, o is the elevation angle of spacecraft, / is the length

between the observation point and the deflected ray on the surface of the Earth

The signal-to-noise ratio (SNR) influences the BER, which is also impacted by the type of
signal modulation used. The satellite Vector employs pulse position modulation (PPM), and the
function of the BER is defined as [7]:

SNR, =SNR, e{zl] (4)

where L is the number of time intervals (with L = 4 for PPM-4 encoding). Since the spot formed
on Earth by the spacecraft exhibits a Gaussian distribution of energy E, the SNR at the center of
this spot is expressed as:

R

SNR, = E- o227 (5)

Noise ’

where o is the standard deviation of the Gaussian distribution.
At a point offset by / from the center of the spot due to atmospheric refraction, the SNR can
be expressed as:

SNR, =SNR, e{zl] (©6)

By assigning values to the channel parameters, one can obtain the BER for two different values
of SNR (BER, / BER)), serving as an indicator that characterizes the quality of the channel.

The SNR value is determined by the satellite beam energy and the Gaussian beam profile, as
shown in Eq. (5), which are defined by the design of the spacecraft. We calculate the BER,/BER|
value for the CubeSat Impulse-1 with the payload Vector in low Earth orbit. Let us the SNR,
value to be at least 13 dB at the at the maximum elevation a = 85°, so that the BER is not more
than 107, according to Eq. (4) (see Fig. 2).

The divergence parameter of a diffraction-limited optical system o is set to 5 in the zenith
position (a = 0°), which is typical for optics that can be installed on a spacecraft of such a form
factor as CubeSat. Note that the SNR value changes due to the varying distance between the
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Fig. 2. Bit error rate vs signal-to-noise ratio for PPM coding

satellite and the ground station, and the divergence parameter also changes as the diameter of the
Gaussian beam spot on Earth changes. The values can be determined and calculated based on the
parameters of the orbit. Fig. 3 illustrates the dependence of the bit error ratio (BER,/BER) on
atmospheric refraction, specifically in relation to elevation angle of the satellite along its trajectory.
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Fig. 3. Bit error ratio (BER,/BER)) vs elevation angle for PPM coding

Starting from the elevation angles of more than 60°, the influence of atmospheric refraction on
the deterioration of the bit error ratio is emerged. At elevation angles of more than 80°, there is a
sharp increase in bit errors by more than 10 dB, which cannot provide the required level of errors.
As a result, we should consider atmospheric refraction to optimize the use of the communication
channel and maximize the duration of the communication session.

Conclusion

We have conducted the calculations of the increase in the BER as a function of the elevation
angle of the spacecraft, taking into account the phenomenon of atmospheric refraction. The
changes in the BER due to the contribution of the refraction phenomenon in the atmosphere
allow us to assess the quality of the channel in the classical optical communication link between
the spacecraft and the Earth. The results of the calculations show that at zenith angles of more
than 80 degrees and up to 90 degrees, there is a sharp increase in BER from one to several orders
of magnitude, which requires compensation.
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