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Abstract
Objectives. The development of  radar remote sensing systems based on  the reception of  signals of  navigation 
satellite systems reflected from the surface enables a  constellation of  nanosatellites to  be deployed, in  order 
to perform radar surveying of the Earth’s surface. The aim of this work is to develop the principles of construction 
of onboard bistatic remote sensing systems on nanosatellites, in order to assess the energy potential and possibilities 
for its increase.
Methods. The optimal processing method in onboard bistatic radar systems is a development of known analytical 
methods of  optimal processing in  monostatic systems. The calculation of  the energy potential is  based on  the 
experimental data obtained by other authors.
Results. The utilization of signals from navigation satellite systems for surface sensing is a promising and developing 
area. The USA and China have deployed satellite constellations to perform remote sensing using reflected signals 
of navigation satellites. An algorithm for optimal processing in such systems, which realizes the principle of aperture 
synthesis, was developed, and the energy potential of  bistatic synthetic aperture radar was calculated. In  order 
to achieve this processing, the proposed scheme uses a standard navigation receiver to form reference signals.
Conclusions. The application of  optimal processing methods in  bistatic radar enables a  synthetic aperture based 
on scattered satellite navigation system signals. In order to  improve the accuracy of estimates, the signal-to-noise 
ratio needs to be increased by combining coherent accumulation (aperture synthesis) and incoherent accumulation 
(aggregating measurements from different spacecraft). The signal processing methods and receiver structure proposed 
in this work onboard nanosatellites allow aperture synthesis to be achieved with realizable hardware requirements.
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НАУЧНАЯ СТАТЬЯ

Принципы построения бортовых  
радиолокационных систем наноспутников, 

основанных на приеме отраженных сигналов 
спутниковых навигационных систем

А.В. Ксендзук 1, @,  
В.Ф. Фатеев 2
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2 Всероссийский научно-исследовательский институт физико-технических и радиотехнических  
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@ Автор для переписки, e-mail: ks_alex@mail.ru

Резюме 
Цели. Создание радиолокационных систем дистанционного зондирования, основанных на приеме отражен-
ных от поверхности Земли сигналов навигационных спутниковых систем, позволяет развернуть группировку 
наноспутников радиолокационного обзора земной поверхности. Целью работы является развитие принци-
пов построения бортовых бистатических систем дистанционного зондирования на сверхмалых космических 
аппаратах, оценка энергетического потенциала и возможностей его увеличения.
Методы. Оптимальный метод обработки в бортовых бистатических радиолокационных системах (ББРЛС) 
является развитием известных аналитических методов оптимальной обработки в  моностатических систе-
мах. Расчет энергетического потенциала основывается на исходных данных, полученных в ходе эксперимен-
тальных исследований других авторов.
Результаты. Использование сигналов навигационных спутниковых систем для зондирования поверхности 
является перспективным, развивающимся направлением. США и Китаем развернуты спутниковые группи-
ровки, осуществляющие дистанционное зондирование по отраженным сигналам навигационных спутников. 
Разработан алгоритм оптимальной обработки в  таких системах, реализующий принцип синтезирования 
апертуры, рассчитан энергетический потенциал бистатической радиолокационной системы с  синтезиро-
ванием апертуры антенны. Для реализации обработки предложена схема с использованием стандартного 
навигационного приемника, который используется для формирования опорных сигналов.
Выводы. Применение методов оптимальной обработки в ББРЛС позволяет синтезировать радиолокацион-
ное изображение по сигналам космических навигационных аппаратов. Для повышения точности оценок не-
обходимо увеличить отношение сигнал/шум за счет сочетания когерентного накопления (синтез апертуры) 
и некогерентного накопления (комплексирование измерений по разным космическим аппаратам). Предло-
женные в работе методы обработки сигналов и структура приемника на борту сверхмалого космического ап-
парата позволяют реализовать синтезирование апертуры при реализуемых требованиях к аппаратной части.

Ключевые слова: бистатическая радиолокационная система, синтез апертуры, навигационный спутник, оп-
тимальная обработка
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INTRODUCTION

Space-based Earth remote sensing (ERS) 
radiolocation systems (radars) make it possible to 
monitor the Earth’s surface and objects located on it 
regardless of weather conditions and time of day.

The possibility of recording large areas, incl. 
in hard-to-reach areas, high efficiency, operation at 
any time of the day and in any weather, have led to 
the deployment of satellite constellations (more than 
80 spacecrafts (SC) at the end of 2023). Their objective 
is to resolve the following tasks: constructing radar 
images of the surface, detecting stationary and moving 
objects, construction of surface relief maps, assessment 
of the state of the water surface (currents, near-shore 
wind, wave intensity), monitoring of hurricanes and 
tsunamis, monitoring and forecasting of ice conditions, 
incl. in the Arctic zone, etc. [1].

Currently, most spaceborne remote sensing radars 
are monostatic radars with radar antenna aperture 
synthesis (synthetic-aperture radar (SAR)). The bistatic 
configuration has been achieved only in the form of 
TanDem-X (EADS Astrium, Germany) [1].

In active SAR, the possibilities of reducing the 
size, mass, and power consumption are limited by the 
parameters of the transmitter which must generate 
sufficient power to obtain high-quality images. For 
example, for a modern constellation of 27 ICEYE SAR 
spacecrafts (ICEYE, Finland), the peak radiated power 
is 3.2 kW.1

For this reason, non-radiating systems are considered 
to be a  separate area of space radar development. In 
such systems, the role of a transmitter is performed by 
existing (third-party) satellites. The most elaborated 
of these is the option of using global navigation 
satellite systems (GNSS) as transmitters. In foreign 
literature this option has received its own name: GNSS 
reflectometry (GNSS-R)  [2,  3]. This option was used, 
among other things, for altimetry of the sea surface [4]. 
Russian scientists have also proposed options for 
creating remote sensing equipment based on the use 
of GLONASS signals2 in terms of building multi-
position systems  [5,  6], methods of signal processing 
in the aperture synthesis mode  [7], the use of ground-
based signal reception system for determining surface 
parameters  [8], the use of aircraft for receiving and 
processing signals  [9]. However, only one project has 
been realized in practical terms [10].

The results of ship detection on the background of 
water surface using GNSS signals as presented in [10–12] 
show that such detection is only possible when the 

1  https://earth.esa.int/eogateway/missions/iceye. Accessed 
March 20, 2024.

2  https://glonass-iac.ru/ (in Russ.). Accessed March 20, 2024.

aperture synthesis algorithm is implemented.  [13,  14] 
also published data on successful detection of river 
vessels from GNSS signals using aperture synthesis.

In 2014, the TechDemoSat-1 satellite (SSTL, United 
Kingdom) was launched. It carries equipment to receive 
GNSS signals reflected from the sea surface and to 
determine wind speeds and the boundaries between the 
water surface and ice.

On September 28, 2015, the European Space Agency 
launched Spire nanosatellites (Spire Global, Scotland). 
It generates radar data for water, sea surface, ice cover, 
and also enable estimating ionosphere parameters using 
GNSS signals [15].

The NASA Cyclone Global Navigation Satellite 
System (CYGNSS) satellite constellation launched in 
December 2016  consists of 8  satellites and provides 
resolution in coherent accumulation mode up to 
3.5 × 0.5 km with estimation of water and land surface 
parameters.3

GNSS-R satellites were also launched. They 
include: FSSCat  [16], Chinese BuFeng-1  (BF-1) A/B 
satellites [17], Surrey Satellite Technology Ltd (SSTL) 
DoT-1  satellite  [18], Fengyun-3E satellite  [19]. The 
People’s Republic of China launched the Jilin-1 Kuanfu 
01C satellite on May 8, 2023, which receives GNSS 
signals reflected from the Earth’s surface to determine 
average sea surface height, wave height, ice cover 
characteristics, surface wind parameters, and sea 
salinity.4

The Spire nanosatellite network is the most modern. 
It has more than 165  3U/6U microsatellites launched 
on the LEMUR platform. GNSS-R satellites on this 
platform collect 4 GB of data daily, which are received 
by more than thirty ground stations.5

Remote sensing based on reflected GNSS signals 
is being developed in such projects as PRETTY6, 
HydroGNSS7, SNOOPI8, etc.

1. TASK STATEMENT

The task of 24/7 monitoring of the Earth’s surface 
under any weather conditions needs to be resolved 
through the creation of a constellation of bistatic radars 
with a receiver on the spacecraft. In order to create such 

3  https://podaac.jpl.nasa.gov/CYGNSS. Accessed 20.03.2024.
4  https://news.cgtn.com/news/2022-05-08/China-launches-

first-bipolar-GNSS-R-ocean-survey-payload-19RYzG3bmCs/
index.html. Accessed March 20, 2024.

5  https://spirespaceservices.spire.com/. Accessed March 20, 
2024.

6  https://space.oscar.wmo.int/satellites/view/pretty. 
Accessed March 20, 2024.

7  https://www.eoportal.org/satellite-missions/hydrognss. 
Accessed March 20, 2024.

8  https://esto.nasa.gov/invest/snoopi. Accessed March 20, 2024.

https://earth.esa.int/eogateway/missions/iceye
https://glonass-iac.ru/
https://podaac.jpl.nasa.gov/CYGNSS
https://news.cgtn.com/news/2022-05-08/China-launches-first-bipolar-GNSS-R-ocean-survey-payload-19RYzG3bmCs/index.html
https://news.cgtn.com/news/2022-05-08/China-launches-first-bipolar-GNSS-R-ocean-survey-payload-19RYzG3bmCs/index.html
https://news.cgtn.com/news/2022-05-08/China-launches-first-bipolar-GNSS-R-ocean-survey-payload-19RYzG3bmCs/index.html
https://spirespaceservices.spire.com/
https://space.oscar.wmo.int/satellites/view/pretty
https://www.eoportal.org/satellite-missions/hydrognss
https://esto.nasa.gov/invest/snoopi
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promising Russian satellites, in order to resolve the task 
of building radar images of the Earth’s surface, measure 
geoid height, detect broken ice fields, etc. based on the 
results of reception and processing of GNSS signals 
reflected from the surface, the method of optimal 
processing of reflected signals, signal energy, the 
structure of data reception and processing equipment, 
need to be defined, including the parameters of the 
antenna system.

We synthesized an algorithm for radar image 
formation in space bistatic SAR in the mode of receiving 
reflected GNSS satellite signals. This enabled us to 
obtain radar images of the disturbed surface near mirror 
reflection points. We will form an algorithm for an 
additive model of the observation equation including 
a useful signal S(t) at the antenna input and noise n(t), 
where t  is time. In this case, we will assume that the 
mutual interference of signals is insignificant and can be 
accounted for in the receiver noise.

Let us distinguish an arbitrary bistatic pair 
ith receiver–kth transmitter (Fig. 1).

GNSSk satellite

nanosatellitei 



r

i

k

D

Fig. 1. Observation geometry. 


r  is the reflecting point 
within the probed surface D

The signal of the kth GNSS satellite, reflected from 
the surface and received by the ith receiving antenna, 
after reflection from the surface point with coordinates 
are defined by the expression:
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where ( , )ikS t r  is the trajectory signal; ( , )kK t r  and 
( , )iK t r  are the coefficients which take into account 

signal attenuation and distortion during propagation 
through the atmosphere from the transmitting antenna to 
the surface point r  and from the surface point r  to the 
receiving antenna, respectively. ( , ),kG t r  ( , )iG t r  are 
the complex functions which take into account the 
influence of the directivity diagram of the transmitting 
and receiving antennas. [ , , ( )]ikF t r rλ



 

  is the complex 
reflection coefficient of the element ,r  depending on its 
electrophysical parameters ( )rλ





 for the bistatic pair ik. 
0 0( )exp( )k kS t j tω  is the signal emitted by the kth 

satellite, and 0 02k kfω = p  is the carrier frequency of the 
emitted signal of the kth transmitter. Further, ( , )k t rτ



 
and ( , )i t rτ



 is the delay time associated with the signal 
path from the transmitting antenna to the surface point 
with coordinates r  and from the surface point to the 
receiving antenna, respectively.

For practical calculations of the reference functions 
in synthesizing the aperture in bistatic SAR, the change 
of the functions ( , )G t r  and ( , )K t r  for the time of pulse 
propagation can reasonably be neglected. The function 

[ , ( , )] [ , ( )]F t t r F r rλ = λ
 
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   will be considered constant 
over the observation interval. As a  result, the signal 
SDik(t) reflected from the probed surface D will be a real 
part of the limit value of the sum of signals reflected 
from its individual elements ( , ) :ikS t r

0
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where, for the convenience of perception, the products 
of the functions depending on the transmitter and 
receiver parameters are combined into one function 
with indices (∙)ik.

Although reflection occurs from all surface elements 
for which the traces of the directivity diagrams of the 
transmitting and receiving antennas intersect, the 
greatest contribution will be made by components near 
the point of specular reflection [20].

A particular feature of the processing mode (2) is the 
determination of the difference of course between the 
direct and reflected signal. The processing of the direct 
GNSS signal and the signal reflected from the mirror area 
enables not only the surface parameters to be estimated, 
but also the current height of the geoid at this point to be 
calculated. The number of such mirror reflection points 
coincides with the number of visible GNSS satellites. 
The points themselves move in space with the mutual 
movement of the transmitter and receiver relative to the 
underlying surface.

Both foreign and Russian researchers [21–23] have 
demonstrated the possibility of resolving the task of 
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altitude measurement. The use of high-precision GNSS 
ephemerides allows us to resolve the task of altimetry 
with a high level of accuracy. For example, the motion 
parameters of the center of mass of the GLONASS GNSS 
satellites are determined with errors (at a  probability 
level of 0.997) of no more than 0.5 m along the orbit, 
0.2 m along the binormal to the orbit, and 0.1 m along 
the radius-vector.9

2. OPTIMAL SIGNAL PROCESSING IN BISTATIC 
SPACEBORNE RADAR SYSTEM

Without a  loss of generality of the results, let us 
assume that the useful signal emitted by the navigation 
satellite, reflected from the Earth’s surface and received 
on board the nanosatellite Re ( ),DikS t  is observed 
against the background of additive normal white noise 
nik(t). The statistical characteristics thereof can be 
assumed to be the same for all pairs ith receiver–kth 
transmitter:

	 ( ) Re ( ) ( ).ik Dik iku t S t n t= + � (3)

Optimal estimates of surface ( )rλ




 parameters 
contained in the reflected signal, for functionally-
deterministic surface models can be found in the 
framework of the maximum likelihood method by means 
of the maximum of the functional:

2

0 0
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ik ik
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D
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∫ ∫
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
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where 0ik
N  is the additive noise power spectral density, 

Т is the observation interval (aperture synthesis), С is the 
normalizing multiplier.

Let one of the parameters ( )rλ


 be estimated, if 
there is no a  priori information about it or if it is 
distributed with maximum entropy (uniformly in the 
area Λ, λ ∈ Λ), then the optimal estimates are to be found 
from the solution of the variational equation 
{ }[ ( ) / [ , ( )]]

0.
( )

ik ikp u t F r r

r

δ λ
=

δλ

 





 The variational equation 

occurs due to the fact that it is not a constant value of the 
parameter estimated, but a function of spatial coordinates 

[ , ( )].ikF r rλ
 



After a  number of calculations, the solution 
of Eq. (4), which defines the principle of aperture 

9  http://www.glonass-svoevp.ru/index.php?lang=ru (in Russ.). 
Accessed March 20, 2024.

synthesis in bistatic radar system, can be written in 
compact form as follows:
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   is the spatial 

uncertainty function of bistatic SAR.
Processing result (5) is a radar image of the surface 

which contains information about its electrophysical 
parameters.

The formation of independent estimates for all bistatic 
pairs allows us to obtain N = NКАNS measurements (4), 
wherein NКА is the number of visible GNSS SC, NS is the 
number of emitted (quasi)-orthogonal signals. For GNSS 
GLONASS10 the signals L1OF, L1OC (L1OCd 
и L1OCp), L2q (L2OCd, L2OCp), L2OF, L3OC (L3OCd 
и L3OCp) at visibility of 10 navigation satellites enable 
us to obtain 80 values of ( )ikY r  (see the table).

As a result of processing (5), the output will be an 
additive mixture of four components:

•	 signal part for a specific signal of a given transmitter
( , )ikS t r
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ikS ik ik

D
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•	 noise component
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•	 inter-satellite interference component caused by 
the reception of signals from other GNSS satellites 
irradiating the D surface area:

10  https://russianspacesystems.ru/bussines/navigation/
glonass/interfeysnyy-kontrolnyy-dokument/ (in Russ.). Accessed 
March 20, 2024.

http://www.glonass-svoevp.ru/index.php?lang=ru
https://russianspacesystems.ru/bussines/navigation/glonass/interfeysnyy-kontrolnyy-dokument/
https://russianspacesystems.ru/bussines/navigation/glonass/interfeysnyy-kontrolnyy-dokument/
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The study of the influence of quasi-orthogonal 
signals, including the different trajectories of GNSS 
satellite motion, can be performed both numerically 
and experimentally. The experiment enables the 
statistical characteristics of noise and interference 
components to be estimated when comparing the 
effects at the correlator output obtained in an 
anechoic chamber for a  single simulated GNSS 
satellite signal and the same effects when working 
on the signals of real GNSS satellites. Such an 
experiment, conducted at the All-Russian Research 
Institute of Physical-Technical and Radio-Technical 
Measurements11  [24], showed that, in accordance 
with the law of large numbers, the combined effect 
(8)–(9) can be approximated by a  normal random 
process. Consequently, these components can be 
accounted for using the simplified model (3) with 
a 1–2 dB increase in noise level.

3. ENERGY POTENTIAL OF BISTATIC SAR WITH 
THE RECEPTION OF REFLECTED GNSS SIGNALS

When calculating the energy parameters, we will 
assume that the receiver of the multi-position SAR 
performs optimal processing—matched filtering in 
accordance with (5). Then at the output of the processing 
system, two components will be formed: signal sQ  and 
noise nQ  components.

11  https://www.vniiftri.ru/ (in Russ.). Accessed March 20, 
2024.

Table. Characteristics of GLONASS signals. I and Q are in-phase and quadrature components of the signal, 
respectively

Carrier 
frequency f0, 

MHz

1602 + 0.5625k
k = −7 ... +6 1600.995 1248.06 1246 + 0.4375k

k = −7 ... +6 1202.025

I /Q Q I Q I Q I Q I Q I 

Type L1OF 
(L1 СТ)

L1SF 
(Ll ВТ)

L1OC 
[L1OCd]

L1OC 
[LOCp] L1SC

L2q 
(L2OC)
[L2KCИ 
(L2OCd)]

L2q 
(L2OC)
[L2OCp]

L2SC L2OF 
(L2 СТ)

L2SF 
(L2 ВТ)

LЗОС 
[L3OCp 

LЗОС 
[L3OCd]]

Strip, MHz 1.022 – 2.046 4.092 – 2.046 4.092 – 1.022 – 20.46 20.46

Average signal 
power ,A  dBW

−161 – −161.5 −161.5 – −161.5 −161.5 – −161 – −101.5 −101.5

Let us write down the power of the signal component 
Ps in the following form:

	
2

av T R Rs o
s 3 2 2

1 2
,

(4 )
P G G T

P s
R R

λ
= ⋅ ⋅ s ∆

p
� (10)

where Pav is the average power of the signal emitted 
by the transmitter. TRs is the time of receiver synthesis. 
R1, R2  is the distance from the reflecting point to the 
transmitter and receiver, respectively. GT, GR are the gain 
coefficients of the transmitting and receiving antenna, 
respectively, σo is the specific effective scattering area 
(SESA) of the surface, Δs is the resolution area size on 
the probed surface.

When surface specular reflection is used, the trace 
on the surface of the spatial uncertainty function of the 
navigation signal 1( , )ik r rΨ

 

 should be used as the size of 
the area.

The noise component of the output effect (4) nQ  is 
determined by the interference power spectral density at 
the receiver input N0:

	 N0 = tAkT0,� (11)

where tA is the relative noise temperature of the antenna, 
k = 1.38 ∙ 10−23 J/K is the Boltzmann constant, T0 is the 
antenna temperature.

In Eq. (10), the main parameters are determined by 
the observation geometry and the characteristics of the 
transmitters, i.e. the navigation satellites. Additionally, 
the specific effective surface scattering surface needs to 
be defined.

The mathematical model of reflection from the 
agitated sea surface is based on the two-scale surface 
model  [25]. In order to describe the reflection of the 
navigation signal from the sea surface, the BA-PTSM 

https://www.vniiftri.ru/


76

Russian Technological Journal. 2024;12(4):70–83

Alexander V. Ksendzuk,  
Vyacheslav F. Fateev

Principles of construction of nanosatellite radar systems  
based on global navigation satellite system reflectometry

model [26] is proposed. This model takes into account the 
polarization of the signals and at the same time provides 
higher calculation speed while matching the results 
with the two-scale model. For this model, the results of 

calculating the SESA for the circular polarization of the 
GNSS satellite signal are shown in Fig. 2.

Experimentally obtained data can be used to estimate 
the energy parameters (Figs. 3 and 4).
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Fig. 2. Dependence of the SESA value at reception of the reflected signal with right circular polarization (red line)  
and left circular polarization (blue line) on the vertical scattering angle ϑs for the signal with frequency 1.58 GHz  

at the coinciding vertical projection of bistatic observation angle 45° and horizontal projection of bistatic angle 0° (a)  
and 30° (b) [26]
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12  https://www.gps.gov/. Accessed March 20, 2024.
13  https://www.nasa.gov/wp-content/uploads/2018/01/cubesatdesignspecificationrev14_12022-02-09.pdf. Accessed March 20, 2024.

B
is

ta
tic

 E
S

A,
 d

B

Wind speed, m/s
2	 4	 6	 8	 10

22

20

18

16

14

R = 0 mm/h–1

R = 2 mm/h–1

R = 6 mm/h–1

R = 100 mm/h–1

Diffuse reflection

Rainfall, mm/h

(b)

Fig. 3. Dependence of bistatic ESA of GPS12 L1 signal for sea surface on the driving wind speed at different 
precipitation level R for the horizontal projection of bistatic angle 0° (a) and 30° (b), according to data [27]

The results of calculation (9) using data from [28] 
show that using an antenna with a gain of 14 dBi, it is 
possible to provide a signal-to-noise ratio of 4 dB for an 
accumulation time of 1 ms in regions up to 10° relative 
to the mirror reflection region. The results obtained are 
close to those obtained experimentally at wind speeds 
less than 5 m/s [29] (Fig. 5).

The optimum aperture synthesis time is limited by two 
factors. On the one hand, the signal accumulation needs to 
be achieved with a level sufficient to ensure the required 
accuracy of estimates of surface parameters and geoid height 
(at least 10 ms). On the other hand, the surface parameters 

should not change significantly during the synthesis time, 
in order that the complex reflection coefficient in Eq. (3) 
does not become a function of time. When placed on an 
ultra-small cubesat13, the antenna gain will be no more 
than 10–16  dBi (size of the antenna corresponds to one 
face of the 3U-6U spacecraft), unless a  design with an 
unfolding antenna is used, i.e. as on the SPIRE spacecraft. 
Taking into account the possibility of co-processing over 
visible satellites which may produce an additional 4–7 dB 
increase in signal-to-noise ratio, the aperture synthesis time 
can be reduced to 100 ms. This will greatly simplify the 
implementation of aperture synthesis on board.

https://www.gps.gov/
https://www.nasa.gov/wp-content/uploads/2018/01/cubesatdesignspecificationrev14_12022-02-09.pdf


77

Russian Technological Journal. 2024;12(4):70–83

Alexander V. Ksendzuk,  
Vyacheslav F. Fateev

Principles of construction of nanosatellite radar systems  
based on global navigation satellite system reflectometry

Angle of incidence, deg

U10 = 10 m/s

U10 = 43 m/s

20	 40	 60	 80

35

30

25

20

15

10

5

0

B
is

ta
tic

 E
S

A 
σo

Fig. 4. Dependence of the bistatic ESA of the GPS L1 signal for the sea surface in the specular reflection region on the 
scattering angle for two driving wind speeds U10, according to σo [26]14
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4. STRUCTURE OF ON-BOARD BISTATIC RADAR SYSTEM

14  Cyclone global navigation satellite system (CYGNSS). Algorithm Theoretical Basis DocumentLevel 2 Wind Speed Retrieval. 
https://cygnss.engin.umich.edu/wp-content/uploads/sites/534/2021/07/148-0138-ATBD-L2-Wind-Speed-Retrieval-R6_release.pdf. 
Accessed March 20, 2024.

15  https://galileognss.eu/. Accessed March 20, 2024.
16  https://glonass-iac.ru/guide/gnss/beidou.php (in Russ.). Accessed March 20, 2024. 

For correct signal processing, the on-board radar 
must contain (Fig. 6): 

•	 antenna system to receive the direct GNSS signal 
needed to form the reference signal (standard 
navigation antenna);

•	 antenna system for signal reception with left circular 
polarization, polarization separation not worse 
than 20 dB, gain not less than 10 dBi;

•	 software-defined receiver;
•	 standard spaceborne GNSS receiver with the ability 

to provide coordinate information for spacecraft 
position control. This information is used in the 

correlator to form reference functions, which will 
significantly reduce the requirements for onboard 
processing;

•	 data transmission channel with data storage device 
for data transmission to ground stations.
In order to increase signal-to-noise ratio, a  patch 

antenna can reasonably be used. The size of the proposed 
antenna is larger than that used in CYGNSS (6  patch 
elements). The elements are arranged in a  mosaic, 
but they can also be arranged in parallel, as in foreign 
GNSS-R, and thus reduce the size of the antenna on the 
satellite (Fig. 7).

https://cygnss.engin.umich.edu/wp-content/uploads/sites/534/2021/07/148-0138-ATBD-L2-Wind-Speed-Retrieval-R6_release.pdf
https://galileognss.eu/
https://glonass-iac.ru/guide/gnss/beidou.php
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Fig. 7. Proposed patch antenna array model (top) [14], TDS-1 satellite antenna (bottom left) [11]  
and CYGNSS (bottom right)17 [28]

17  https://www.eoportal.org/satellite-missions/techdemosat-1#spacecraft. Accessed March 20, 2024.
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Fig. 6. Proposed structure of bistatic radar operating on GNSS signals reflected  
from the surface. LNA—low noise amplifier

It is advisable to have two antennas for receivers 
on spacecraft. They are directed to the left and right 
of the sub-satellite point at an angle of 30° relative to 
the vertical, in order to enable signals to be processed 
to the left and right of the track of the receiving 
spacecraft. In this case, the scheme in Fig. 6 adds one 
more receiving channel of the GNSS signal reflected 
from the surface.

5. WAYS TO INCREASE THE ENERGY POTENTIAL 
OF BISTATIC SAR

The main disadvantage of non-radiating radar is 
that the power of the transmitters is relatively low. In 
CYGNSS, the simplest method of providing the required 
power is to process the signal in the mirror reflection 

region. This provides a  15–30  dB increase in signal 
strength relative to other regions. The size of the region 
which makes the main contribution to the reflected 
signal depends not only on the observation geometry, 
but also on the characteristics of the underlying surface 
(Fig. 8) [30]. Sea ice, lake surface and swampy terrain 
are characterized by a small reflection area in the delay–
Doppler shift coordinates due to specular reflection. 
Vegetation cover and open sea are characterized by 
a wide reflection area. Consequently, information about 
the type of reflecting surface is contained not only in the 
absolute value of the reflected signal power, but also in 
its distribution in the delay–Doppler shift coordinates. 
This makes it possible for new methods to be created 
for analyzing radar images to determine the water-ice 
situation.

https://www.eoportal.org/satellite-missions/techdemosat-1#spacecraft
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Another indication of distinguishing the GNSS 
signal reflected from water and ice can be a histogram of 
the level of the reflected signal from the type of surface 
(Fig. 9) [31].

The synthesis of the optimal co-processing algorithm 
is performed by taking into account the electrodynamic 
models of the surface when it is observed at different 
angles and at different carrier frequencies [32].

In order to increase the signal-to-noise ratio, required 
in order to improve the quality of estimates, we propose 
the use of coherent signal accumulation (in the mode 
of synthesizing the antenna aperture). This will make it 
possible to observe and equalize the spatial resolution in the 
range and azimuthal directions in a wide range of angles.

Additional opportunities are provided by receiving 
the signals of all visible GNSS satellites, their separate 
processing (aperture synthesis) and subsequent 
aggregation of measurements at the stage of secondary 
processing (estimation of surface parameters, object 
detection and radar imaging).

In contrast to the methods of processing the reflected 
GNSS signals described in the literature, signals at all 
carrier frequencies need to be processed. This makes 
it possible to generate independent data on the surface 
reflectivity and correct ionospheric distortions. This 
is particularly important when determining the geoid 
height for a  sub-satellite point or a  specular reflection 
point.

CONCLUSIONS

The study analyzed systems of remote sensing of the 
Earth surface by reflected signals of navigation satellites. 
It also showed that foreign constellations of such satellites 
operate in orbit, thus resolving the tasks of determining 
the parameters of the water surface and soil. Data from 
these satellites is publicly available and can be analyzed. 
Taking into account the limited capabilities for creating 
meteorological satellite constellations, satellites for water 
surface monitoring and geoid height determination, based 
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on reception of reflected signals of satellite navigation 
systems, enable a  number of important scientific and 
practical tasks to be resolved. This paper presents an 
algorithm for the optimal processing of reflected signals 
of navigation systems, and takes into account the 
particular features of GNSS satellite operation, including 
the presence of interference component. The numerically 
calculated values of the energy potential of bistatic 
SAR for circular polarization signals coincide with the 
experimental values given in foreign literature.

The study proposes a  choice of aperture synthesis 
time of the order of 100 ms. This takes into account the 
constancy of the reflecting surface parameters. A further 
increase of signal-to-noise ratio can be achieved by means 
of joint processing over the whole visible constellation.

The paper also proposes a  structure of onboard 
bistatic radar, which, unlike known analogs, uses 

a navigation receiver to form a reference signal. The use 
of delays and Doppler frequency shifts calculated in the 
navigation equipment allows us to simplify the signal 
correlator. This also enables the load on the software-
defined receiver to be reduced while maintaining the 
required quality of estimates.
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