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The article presents the developed algorithm for assessing the
readiness of a space monitoring radar station (SMR) to operate
with the required accuracy characteristics in the radar portrai-
ture mode (RP) for information support for solving the prob-
lems of operational updating of the space catalog (SC). It has
been shown that the quality of the RP can be improved by
selecting the parameters of the probing signals taking into
account the current unevenness of the frequency response of
the receiving system of the RP. The main operations of the algo-
rithm for assessing the readiness of the SMR to construct a RP
for controlling the parameters of the probing signals based on
the results of calculating the Spearman rank correlation are
presented, which ensures the best accuracy characteristics of
the RP taking into account the influence of destructive factors
on the characteristics of the receiving and transmitting chan-
nels of the active phased array antenna (APAA).
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Introduction 

The steady growth in the number of spacecraft launched [1] 
necessitates the improvement of information support technologies 
for near-Earth space monitoring (SMR) by obtaining non-coordi-
nate information about the radar portraits (RP) of spacecrafts [2-
6], which is especially important when solving the problem of 
promptly updating the main catalog of spacecraft, including dur-
ing SC maneuvering [7]. In this article, the radar portrait is the 
distribution of the reflected signal intensity depending on the 
range and angular coordinates from the radar to the spacecraft [3].  

To construct a RP, it is necessary to ensure a uniform ampli-
tude-frequency response (AFR) of the transmit-receive path 
(TRP). This issue is especially relevant for spacecraft with three-
axis stabilization, which can take absolutely random positions in 
space relative to their axis [4]. In this case, the noise pollution of 
a part of the radar will not allow the accurate classification of the 
spacecraft in the catalog of spacecraft, and in turn, an increase in 
the unevenness of the frequency response leads to an increase in 
the signal-to-noise ratio.  

Currently, for spacecraft with three-axis stabilization, Costas 
signals are used, which provide resolution of reflection points 
from the spacecraft [8]. In this case, the use of this signal allows 
information to be accumulated during coherent processing and 
does not lead to a decrease in the signal-to-noise ratio. However, 
there is a high sensitivity of the Costas signal to the unevenness of 
the frequency response due to special frequency coding. Most of-
ten, when working with a spacecraft, the choice of signal is deter-
mined by the capabilities of the hardware and software complex 
(HSC) of the radar, as well as the uncertainty function (UF).  

The definition of the UF in integral form for a signal S with a 
given delay time τ and frequency shift Δf is given as: 

𝜒ሺ𝜏, Δ𝑓ሻ ൌ ׬
ାஶ

𝑆ሺ𝑡ሻ𝑆∗ሺ𝑡 െ 𝜏ሻ𝑒௝ଶగ୼௙௧
ିஶ

𝑑𝑡,          ሺ1ሻ

where S – signal amplitude, τ – delay time, Δf – frequency shift. 
The Costas signal uncertainty function is a nearly ideal delta func-
tion with very small sidelobes, while most other signals have main 
lobe extensions or increased sidelobes.  

Existing and future wideband L-band SMR radars with large-
aperture active phased array antennas (APAA) have the potential 
to form one-dimensional incoherent long-range radars required for 
the catalog of space objects, including solving problems of:  

– estimating the orientation of a spacecraft and various param-
eters of its design [9];  

– continuous refinement of trajectories and orbital parameters;
– proactive de ermination of spacecraft maneuvering [10];

– estimating the degree of spacecraft fragmentation and de-
struction [11];  

– pr dicting the areas of fall of deorbited spacecraft [12-14].
However, the guaranteed receipt of the specified information 

is largely determined by the choice of the most effective algo-
rithms for signal and trajectory processing for specific conditions 
of radio portraiture.  

The conducted analysis of works in the field of super-resolu-
tion algorithms showed that the potential values of the range res-
olution are largely determined by the band and types of probing 
signals [15].  

The considered theory of constructing resolution algorithms 
using wideband signals was revised in [16]. The procedures pre-
sented in the work work with known correlation coefficients of 

noise and the useful signal, which is often impossible to calculate 
due to the presence of non-Gaussian noise.  

Another well-known method is the procedure for estimating 
the quantitative composition of the spacecraft using the criterion 
of minimum average risk with an asymmetric loss function [17]. 
In other words, the loss function is understood as an incorrect de-
termination of the number of components of the spacecraft in a 
greater or lesser direction. There are many methods and ways of 
choosing the optimal loss function.  

The last method is the method for solving the inverse problem 
of group scattering [18]. This method describes the multidimen-
sional structure of the echo signal of a complex spacecraft taking 
into account background correlated interference. Also, as a result 
of signal processing by this method, multidimensional images are 
obtained after coherent probing. Because of this, the result of con-
structing a RP in correlation, filter and correlation-filter pro-
cessing schemes will be intensity blurred by noise due to coherent 
processing.  

The considered methods have become widespread in con-
structing RP in near-earth electromagnetic wave propagation sys-
tems, where a sufficient condition for resolving an object is ob-
taining single measurements about the target. In this regard, to 
construct a RP, it is necessary to obtain the intensity of reflections 
of the amplitudes and the target's EPR over a long period of time, 
which corresponds to several intervals of spacecraft flights to 
maintain a catalog of space objects. 

The conducted research of works [4, 16, 19] in the part of in-
formation support of the catalog of space objects allowed to spec-
ify the following negative factors requiring complex consideration 
in dynamics and real scale during operation of the SMR radar in 
the RP mode:  

– technical and functional condition of the radar (temperature
dynamics of the receiving and transmitting models, non-uni-
 formity of the frequency response) in combination with the pa-
rameters of the probing signals (band, modulation type, duration, 
duty cycle);  

– environmental parameters (ionospheric and tropospheric
corrections);  

– unc rtainty of the spacecraft parameters (local inhomogene-
ities, distortion of the phase center). 

The specified factors and features of the radar operation in the 
barrier mode of coverage determine the efficiency of using the 
methods of inverse synthesis of the aperture. At the same time, the 
efficiency of this method of constructing the RP is determined by 
the shape of the frequency response. Thus, non-uniformity over 
several dB in the frequency band can lead to a critical decrease in 
resolution and the impossibility of constructing the RP.  

Analysis of modern methods of constructing RP based on both 
reverse aperture synthesis [3, 20-22] and digital processing of re-
flected radar signals [23, 24] showed that a necessary condition 
for their application in the interests of updating the catalog is com-
pensation for the following destructive factors caused by:  

– non-identity of the amplitude-phase distribution (APD) in
the receiving and transmitting channels of the APAA;  

– propagation medium;
– fluctuations of the phase center of the object;
– insufficient accuracy of data on the trajectory parameters of

the object.  
At the same time, the most significant non-stationary destruc-

tive factor affecting the accuracy of coordinate measurements for 
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large-aperture and wideband radars is the non-identity of the APD 
in the receiving and transmitting channels of the APAA [25]. The 
results of modeling the passage of linear-chirp signals in the re-
ceiving system of a modern L-band SMR radar, formed due to the 
non-identity of the phased array antenna in the receiving and trans-
mitting channels of the APAA, are presented in Figure 1. 

Fig. 1. Uneven frequency response of the receiving system of the SMR 

The specified unevenness has a non-stationary nature, which 
significantly reduces the efficiency of using known algorithms for 
reverse aperture synthesis to construct one-dimensional RP with 
the required accuracy characteristics for classifying spacecraft. 
The studies conducted by the authors [26-31] allowed us to for-
mulate a hypothesis about the possibility of reducing the influence 
of destructive factors on RP parameters by adapting signal param-
eters to the current unevenness of the frequency response in real 
time based on the results of assessing the readiness of radar hard-
ware to form radar portraits.  

Formalization of the indicator of readiness  
for constructing a RP 

The process of updating the satellite catalog in wideband ra-
dars can be presented as an assessment of the readiness of the 
hardware to build a RP according to the criterion of maximizing 
the accuracy characteristics (by minimizing the errors in measur-
ing coordinates and radial velocity).  

In the article, the indicator of radar readiness to build a RP is 
understood as a value characterizing the degree of readiness of the 
radar to operate with the required accuracy of determining coordi-
nates, according to the results of the assessment of which the in-
fluence of destructive factors on the unevenness of the frequency 
response is compensated for by a reasonable choice of corrections 
to the amplitude and a change in the amplitude-frequency spec-
trum of the signal.  

According to [31-37], the accuracy of determining coordinates 
by range and by angle is estimated using the formulas for the de-
pendence of the bandwidth B, the signal-to-noise ratio q and the 
half-width of the radiation pattern 𝜃଴,ହ: 

δ𝑟 ൌ
𝑐

2𝐵ඥ𝑞
, ሺ2ሻ 

δ𝜃 ൌ
𝜃଴,ହ

2ඥ𝑞
. ሺ3ሻ 

Using formulas (2) and (3), we determine the volume of space 
in which an erroneous detection of a spacecraft is possible as: 

ሺ4ሻ 𝛿𝑉 ൌ 𝛿𝑟𝛿𝑟ଶ𝛿𝑟ଷ ൌ 𝑟ଶ𝛿𝑟𝛿𝜓𝛿𝜃,
𝛿𝑟ଶ ൌ 𝑟𝛿𝜓, 𝛿𝑟ଷ ൌ 𝑟𝛿𝜃, 

where 𝛿𝑟 – range measurement accuracy; 𝛿𝜓, 𝛿𝜃 – azimuth and 
elevation measurement accuracy. Due to the presence of range and 
angular coordinates determination error, the spacecraft location 
will be determined with an accuracy of 𝛿𝑟, 𝛿𝑟ଶ, 𝛿𝑟ଷ. 

To obtain an analytical expression for the indicator of readi-
ness for constructing a radar station, we transform the accuracy of 
determining coordinates by range 𝛿𝑟 into the volume of space 
through accuracy characteristics that depend on the signal-to-
noise ratio (SNR): 

𝛿𝑉 ൌ
𝑟ଶ𝑐𝜃ଶ

଴,ହ

4𝐵𝑞
. ሺ5ሻ 

The expression for estimating the signal-to-noise ratio q taking 
into account the non-uniformity of the frequency response in the 
radar receiving system can be represented as: 

𝑞 ൌ
׬

௙೘ೌೣ|𝐻|ଶ|𝑆௜௡|ଶ𝑑𝑓
௙೘೔೙

׬ ೘ೌೣ|𝐻|ଶ|𝑁ሺ𝑓ሻ|ଶ𝑑𝑓
௙

௙೘೔೙

, ሺ6ሻ 

where Sin – is the amplitude-frequency spectrum of the reflected 
signal, N(f) – is the spectral power of the noise, fmax and fmin – are 
the upper and lower operating frequencies. Then the formula for 
calculating the volume of measurement uncertainty in the radar 
can be represented as follows: 

𝛿𝑉 ൌ
𝑟ଶ𝑐𝜃ଶ

଴,ହ

4𝐵

׬ ೘ೌೣ|𝐻|ଶ|𝑁ሺ𝑓ሻ|ଶ𝑑𝑓
௙

௙೘೔೙

׬
೘೔೙

೘ೌೣ|𝐻|ଶ|𝑆௜௡|ଶ𝑑𝑓
௙

௙

ሺ7ሻ 

We will assume that the optimal values of the signal bandwidth 
B for constructing the RP are determined by ranking the frequency 
response data using the Spearman rank correlation coefficient. 
Thus, according to [34], the non-parametric Spearman rank coef-
ficient allows us to estimate the relationships between ordinal var-
iables from small-volume samples and variables whose distribu-
tion is unknown. In the case of non-uniform frequency response 
when the radar is operating with wideband signals, the use of the 
Spearman coefficient is legitimate due to the occurrence of sto-
chastic changes in the frequency response of the signal.  

The Spearman rank correlation coefficient has several ad-
vantages over other methods for measuring the relationship be-
tween variables. First, it does not require the assumption of line-
arity of the relationship and normality of the data distribution, 
which makes it more universal and applicable in real-world re-
search, where the data is often nonparametric. Second, the Spear-
man coefficient is resistant to outliers, since it works with ranks, 
not with the original values, which reduces the influence of anom-
alous observations on the final result. This is especially useful 
when analyzing data with a large scatter or non-obvious patterns.  

Another advantage of the Spearman coefficient is its ease of 
interpretation and calculation. Unlike some other methods, such 
as the Pearson correlation coefficient, it estimates a monotonic ra-
ther than strictly linear relationship, which expands the scope of 
its application. In addition, it is suitable for working with ordinal 
data, which many parametric methods cannot handle. Due to this, 
Spearman's coefficient is widely used in psychology, sociology, 
biology and other fields where precise quantitative measurements 
are not always available, but it is important to assess the general 
trend of the relationship between features.  
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In general, Spearman's coefficient is written: 

𝜌 ൌ 1 െ
6 ∑௜ 𝑑௜

ଶ

𝑛ሺ𝑛ଶ െ 1ሻ
б ሺ8ሻ 

where di – the difference between the ranks of values, while the 
Spearman coefficient varies from -1 to 1; n is the number of ranks. 

Thus, the indicator of readiness for RP in the interests of in-
creasing the efficiency of updating the catalog by optimizing the 
parameters of the signal band can be represented as: 

Γ ൌ
4𝐵𝜌ሺ𝐻, 𝑆௜௡ሻ

௙೘ೌೣ|𝐻|ଶ|𝑁𝑜𝑖𝑠𝑒|ଶ𝑑𝑓𝑟ଶ𝑐𝜃ଶ
଴,ହ

௙೘೔೙׬

׬
೘೔೙

೘ೌೣ|𝐻|ଶ|𝑆௜௡|ଶ𝑑𝑓
௙

௙

. ሺ9ሻ 

The given analytical dependence allows us to determine the 
main operations of the algorithm for assessing the readiness of the 
SMR radar to build radar portraits of spacecraft, the structural and 
logical diagram of which is shown in Figure 2.  

Fig. 2. Scheme of the algorithm for assessing the readiness of the SMR 
radar to build radar portraits of spacecraft 

The proposed algorithm evaluates the frequency response, 
phase response and SNR under the influence of destructive fac-
tors. All information about the processed signal and destructive 
factors is then combined into a single array of information to as-
sess the accuracy characteristics, with subsequent calculation of 
the indicator of readiness for RP.  

The presented algorithm for assessing the readiness of the ra-
dar for RP defines the following procedure for different values of 
the readiness indicator:  

– for negative values of the readiness indicator, the shape of
frequency response is optimized, with the signal band being opti-
mized based on an iterative calculation of the frequency change 
law using the criterion of minimum side lobes of the autocorrela-
tion function;  

– if the indicator exceeds the specified value, it is necessary to
simultaneously optimize the frequency response shape to the max-
imum along with the phase response correction;  

– if the values of the readiness factor are within the limits nec-
essary for the required accuracy of coordinate measurement, it is 
necessary to proceed to constructing a radar portrait.  

Evaluation of the algorithm efficiency 

To evaluate the efficiency of the algorithm for assessing the 
readiness of the SMR radar for constructing spacecraft radar por-
traits, we will represent the radar portrait as a convolution of the 
probing signal with the target impulse response after processing in 
the transmitting and receiving path. As initial data, we will assume 
that there are two spheres approaching each other during move-
ment in the radar's field of view, and we will assume that at the 
moment T0, destructive factors affect the SMR radar equipment, 
which change the uniformity of the frequency response and the 
identity of the phase response, as a result of which the values of 
the readiness indicator become negative (Γ ൏ 0). The values of the 
reflected signal intensity were normalized to the maximum value 
and logarithmed to the base 10.  

Then the RP will have the form shown in Figure 3, which dis-
plays the maximum intensity of the reflected signal at 0 dB, and a 
decrease in intensity and noise - negative values. 

Fig. 3. Sphere radar plot based on radar data with a negative indicator  
of readiness for the RP 

As follows from Figure 3, there is no clear picture of the two 
spheres, which significantly reduces the ability to classify and de-
termine the type and parameters of an object, and accordingly, the 
radar does not receive information about the type and shape of the 
object, which is why it is necessary to spend more time on meas-
urements and increase the catalog update time.  

If, when introducing correction amendments, the Γ indicator 
still remains negative, then the probing signal changes from a lin-
ear-frequency signal to a discrete-frequency-coded signal, which 
ensures that the maximum of frequency response signal is com-
bined with the maximum of frequency response, after which 
amendments are reintroduced to the phase responce and SNR (to 
increase the tracking accuracy), which leads the Γ indicator to 
small positive values. Figure 4 shows the sphere radar plot with a 
radar ready for the V = 1,5 м3. 
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Fig. 4. RP of two spheres during the two-stage procedure of equalizing 
the frequency response 

The images in Figure 5 can be used to estimate the shape and 
size of two spherical objects, while the noise level remains stable 
and does not exceed the established threshold values, which al-
lows classifying objects and increasing the frequency of updating 
the catalog.  

The resulting detailing of the spherical spacecraft RP using the 
readiness indicator Γ allows increasing the level of information 
support and maintaining the catalog based on the results of as-
sessing the sizes and parameters of the observed objects with a 
high degree of accuracy.  

Thus, the developed algorithm for assessing the readiness of 
the L-band SMR broadband radar for constructing radar portraits 
of space objects in the interests of maintaining the catalog of space 
objects can be used to solve the following problems:  

– more accurate classification of spacecraft;
– reliable determination of the values of the effective scatter-

ing area of the spacecraft, including maneuvering ones;  
– obtaining additional non-coordinate information about the

observed objects. 

Conclusion 

A new algorithm for assessing the readiness of wideband 
L-band radars for constructing high-precision SMR radars based 
on the readiness indicator has been developed. The algorithm in-
tegrates the assessment of the current technical condition of the 
radar (primarily the unevenness of the frequency response and the 
non-identity of the phased array antenna in the APAA channels) 
and adaptively optimizes the parameters of the probing signals to 
compensate for destructive factors.  

Experimental assessment of the quality of two-dimensional RP 
of two spheres has shown the effectiveness of the algorithm for 
assessing the readiness of the SMR radar for constructing a RP for 
controlling the parameters of probing signals based on the results 
of calculating the Spearman rank correlation.  

Increasing efficiency of the catalog is achieved due to the guar-
anteed receipt of the RP required for cataloging in the conditions 
of non-stationary destructive factors in the radar, affecting the 
quality of the algorithms for constructing the RP. 
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Аннотация
В статье представлен разработанный алгоритм оценки готовности радиолокационной станции мониторинга космического пространства (РЛС
МКП) к работе с требуемыми точностными характеристиками в режиме радиолокационного портретирования (РЛП) для информационного
обеспечения решения задач оперативного обновления каталога космического пространства (ККП). Показано, что повышение качества РЛП может
быть достигнуто за счет выбора параметров зондирующих сигналов с учетом текущей неравномерности АЧХ приемной системы РЛС.
Представлены основные операции алгоритма оценки готовности РЛС МКП к построению РЛП для управления параметрами зондирующих
сигналов по результатам расчета ранговой корреляции Спирмена, что обеспечивает наилучшие точностные характеристики РЛС с учетом влияния
деструктивных факторов на характеристики приемо-передающих каналов АФАР.

Ключевые слова: широкополосная радиолокационная станция, радиопортретирование, космические объекты, коэффициент готовности, мониторинг
космического пространства
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