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Abstract: An optimal algorithm for radiometric 
imaging with high spatial resolution is obtained. An 
analytical expression for the ambiguity function (AF) of 
narrow-band, multi-band and ultra-wideband (UWB) 
radiometric complexes with multi-antenna systems is 
derived. The impact of the antennas geometry, antennas 
number, as well as the narrow-band, multi-band and 
UWB predetection section on spatial resolution is 
investigated. It is shown that using multi-antenna 
systems with multi-band and UWB signal processing 
contributes to the formation of AF with one main lobe. 

Key words: radiometry, ambiguity function, ultra-
wideband radiometric complex. 

1. Introduction  
Radiometric complexes (RMC) [1–7] are used for 

radiometric imaging in remote sensing and radio 
astronomy. These complexes allow the high spatial 
resolution and sensitivity fluctuation to be obtained. In 
[8–11], an optimal algorithm for ultra-wideband (UWB) 
spatio-temporal signal processing with multi-antennas 
complexes was synthesized, and it was shown that UWB 
signal processing allows the sensitivity fluctuation of 
RMC to be essentially improved. The geometry of  
antenna array, number of antennas in the array and 
bandwidth of operating frequencies in the predetection 
section remains unstudied. 

Continuing the research described in [12], in the 
article, the problem of statistical synthesis of an UWB 
multi-antenna RMC for radiometric imaging with high 
spatial resolution is solved, and its ambiguity function 
(AF) is investigated for the different number of antennas 
in the array, different geometries of antenna arrays (AA) 
and different frequency bandwidths. 

2. Problem statement  
It is necessary to synthesize an optimal algorithm for 

radiometric imaging in multi-antenna RMC, to isolate 
AF and explore it in terms of the UWB, multi-band and 
narrow-band predetection section. 

Source data define the following model of an 
observation equation: 
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where ( )is t  is the noise radiation of the investigated 
object after the predetection section of the i th receiver 
channel, ( )in t  is the internal receiver noise. The 
processes ( )is t , ( )in t  are the Gaussian non cross-corre-
lated noises with zero-means. 

3. Problem solution 
Algorithm synthesis. We use the method of 

maximum likelihood to synthesize an optimal algorithm 
of radiometric imaging. For this purpose, we shall solve 
the following equation: 
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where obT  denotes the time of observation, / ( , )B f
r

δ δ ϑ  

represents the functional derivative, ( ),B f
r

ϑ  is the 

spectral angular power density (radio brightness), 

( )1 2, , ( , )R t t B f ′
r

ϑ  stands for the correlation matrix of 

observation processes, ( )1 2, , ( , )W t t B f ′
r

ϑ  is the matrix 

inverse to the matrix of correlation functions. 
In the spectral region, equation (2) takes the form: 
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is the matrix of distance vectors for all pairs of radio 
interferometers in RMC, Spur  denotes the trace of 
matrix, “∗ ” represents the sign of the complex 
conjugation operator, “T ” is the sign of the transpose 

operator, 1( 2 ) ( 2 ) ( 2 )T
MU j f U j f U j f=

r
& & &Lπ π π  

is the vector of observation spectra, 
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I  stands for the identity matrix. Here ( ),uG f ⋅  is the 

power spectral density (PSD) matrix, which is 
determined by the Fourier transformation of a correlation 
function matrix 
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Here 0( , )effA f −
r r

ϑ ϑ  is the aperture area (effective 

antenna area), ( 2 )K j f& π  represents the transfer 
characteristic of the predetection section of each 
channel, 

r
ϑ  denotes the vector of direction cosines, 

0
r

ϑ  is the vector of direction cosines for the direction 

of the main beam of an antenna pattern, f  stands for 

the frequency, ij i ja a a∆ = −
r r r , iar  are the base 

between the ith and jth antennas, c  is the radiowave 

propagation speed. In (3), ( )1
0, , , ( , )uG f a B f− ∆
r rr

ϑ ϑ  is 

the inverse PSD matrix, which is determined from 
the equation below. 
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Solution (3) takes the following form: 
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where ijQ  is the element of the matrix ( )1
uG− ⋅ . 

AF of RMC. An ambiguity function is a response of the 
system to the point source of radio emission [8] 

0( , ) ( )B f ′= −
r r r

ϑ δ ϑ ϑ . Then we substitute 0( )′−
r r

δ ϑ ϑ  for 
the left side of (9) and obtain  the following AF: 
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normalized aperture area (effective antenna area). 
As follows from the analysis of (10), AF depends on 

the geometry of antenna system, radiation pattern of a 
single antenna, the number of antennas in the array and 
operating frequency range.  

We shall analyze the impact of the AA geometry, 
the antennas number and bandwidth on the properties of 
AF. Simultaneously with the AF analysis, we shall give 
the regions of spatio-spectral sensitivity (SSS), which are 
commonly used in radio astronomy problems. 

AF and functions of SSS of narrow-band multi-
antenna RMC. Let us consider AA with the antennas 
number 5 5×  (Fig. 1.a) and 7 7×  (Fig. 2.a) elements. The 
dimensions of AA are the same, the central frequency is 

0 1,4f =  GHz, the bandwidth is 1f∆ =  KHz. 
As follows from the analysis of Fig. 1 and Fig. 2, 

with the density of antennas in a narrow-band AA 
increasing, the ambiguity of coordination measurements 
decreases. In the boundary case, when AA is densely 
filled, AF have a near continual aperture of the same 
size. In RMC, an increase in the density of antennas in 
AA is reached by the methods of parallel or serial 
synthesis. The former is associated with the filling 
(appreciation) of RMC, the latter increases the time of 
measurement. To reduce the numbers of antennas in the 
systems of parallel type and time of observation in the 
systems of serial type, it is expedient to use the multi-
band RMC, which we shall consider in the next 
paragraph. 
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a 

 
b 

 
c 
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Fig. 1.  AA with 5 5×  elements (a), AF of RMC (b), projection 
of AF on the plane 0y zθ  (c), SSS region (d). 

 
a 

 
b 

 
c  

d 
Fig. 2. AA with 7 7×  elements (а), AF of RMC (b),  

projection of AF on the plane 0y zθ  (c), SSS region (d). 

AF of multi-band RMC. Let there be a 25-
element AA ( 5 5×  elements, see Fig. 1.a). Let us 
assume that each antenna delivers signals at the 
frequencies of [1,4–1,8] GHz and [2,2–2,6] GHz. 
The AF and SSS region of such a system are shown 
in Fig. 3. In Fig. 4, the AF and SSS region are shown 
for the frequencies of [1,4–1,8] GHz, [2,2–2,6] GHz 
and [2,8–3,5] GHz. 

As follows from the analysis of Fig. 3 and Fig. 4, 
signal processing in several frequency bands reduces the 
level of AF side lobes and provides the filling of the SSS 
region. In other words, it is advisable to use the 
wideband and ultra-wideband signal processing. 

 
a 

 
b 

Fig. 3. AF of RMC with 5 5× - element AA 
 (two bands) (a), SSS region (b). 

 
а 

 
б 

Fig. 4. AF of  RMC with 5 5× - element AA 
(three bands) (a), SSS region (b). 

AF of UWB RMC. Again, we assume that there is a 
25-element AA ( 5 5× elements, see Fig. 1.a). Let us 
assume that each antenna transmits signals at the 
frequencies of [1,4–3,5] GHz. Fig. 5 shows the AF and 
SSS region of such a system. 

  

Fig. 5. AF of UWB RMC with a 5 5× - 
 element AA (а), SSS region (b). 

As follows from the analysis of Fig. 5, using UWB 
RMC reduces significantly the ambiguity of 
measurement of radiometric images and fills a SSS 
region or, what is the same, synthesizes the aperture in 
the spatial frequency plane.  

Investigation of the possibility of reducing the 
number of antennas in AA of UWB RMC. Research 
into AF of RMC with ultra sparse AA. For the 
advantages of UWB systems to be used effectively, it is 
necessary to study the geometry of AA. The question of 
the AA optimization is quite complicated and goes 
beyond the bounds of the article. Next, we analyze AF 
with X-shaped, Y-shaped, spiral and circular AA. 

The X-shaped AA. The geometry of an X-shaped 
AA is shown in Fig. 6. a. The AF and SSS region  
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for quasi-monochromatic ( 0 1,4f =  GHz), three-band 
([1,4–1,8], [2,2–2,6] and [2,8–3,5] GHz) and ultra-
wideband (UWB) ([1,4–3,5] GHz.) RMC are shown in 
Fig. 7 and Fig. 8. 

 

a 
 

b 

 
c 

Fig. 6.  X-shaped AA (a), AF (b), SSS region  
of quasi-monochromatic RMC (c). 

 

a 

 

b 

Fig. 7.  AF with an X-shaped AA (a),  
SSS region of a three-band RMC (b). 

 

a 

 

b 

Fig. 8.  AF of RMC with an X-shaped AA (a),  
SSS region of UWB RMC (b). 

The Y-shaped AA. The geometry of a Y-shaped 
AA is shown in Fig. 9.a. The AF and SSS region for 
quasi-monochromatic, three-band and ultra-wideband 
RMC are shown in Fig. 9–11.  

 

a 

 

b 

 
c 

Fig. 9.  Y-shaped AA (a), AF (b), 
SSS region of quasi-monochromatic RMC (c). 

 

a 

 

b 

Fig. 10.  AF of an Y-shaped AA (a),  
SSS region of a three- band RMC (b). 

 

a 

 

b 

Fig. 11.  AF of an Y-shaped AA (a), 
 SSS region of UWB RMC (b). 

The spiral-shaped AA. The geometry of a spiral-
shaped AA is shown in Fig. 12.a. AF and SSS region for 
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quasimonochromatic, three-band and UWB RMC are 
shown in Fig. 12–14.  

 

 

a 

 

b 

 
c 

Fig. 12. Spiral-shaped AA (a), AF (b), 
 SSS region of quasi-monochromatic RMC (c). 

 

a 

 

b 

Fig. 13.  AF (a), SSS region of a three-band RMC (b).  
 

 

a 

 

b 

Fig. 14. AF of a spiral-shaped AA (a),  
SSS region of UWB RMC (b). 

 

The circular-shaped AA. The geometry of a 
circular-shaped AA is shown in Fig. 15.a. AF and SSS 
region for quasimonochromatic, three-band and UWB 
RMC are shown in Fig. 15–17.  

 
a 

 
b 

 
c 

Fig. 15. Circular-shaped AA (a), AF (b), 
 SSS region of  quasi-monochromatic RMC (c). 

 
a 

 
b 

Fig. 16.  AF (a), SSS region of a three-band RMC (b). 

 
a 

 
b 

Fig. 17. AF of a circular-shaped (a), 
 SSS region of UWB RMC (b). 

The analysis of AF of RMC has resulted in the 
following conclusions: 

• transition to ultra sparse AA is expedient with the 
joint use of multi-band or UWB RMC. Using UWB of the 
predetection section excludes multilobes of AF of RMC; 

• the use of a small number of antennas in AA, 
which are arranged in such a way to exclude redundant 
bases (of the same size and direction) and ensure the greatest  
possible number of independent directions has its prospects. 
The side lode level in multi-antenna RMC depends on the 
number of antennas, the size and orientation of the base of 
different antenna pairs in AA. The smallest side lobe level is 
achieved by using circular AA and UWB RMC. 
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4. Conclusions  
An analytical expression for the ambiguity function of 

radiometric complexes with multi-antenna system has been 
derived. The ambiguity functions of narrow-band, multi-band 
and UWB RMC for various geometries of AA have been 
investigated. The expediency of using multi-band and UWB 
RMC with ultra sparse AA has been substantiated. It has 
been shown that using UWB RMC contributes to achieving 
the following important results: a small number of antennas 
in RMC of parallel type and short time of observation in 
RMC of series type. The former allows a significant 
reduction in the cost of system design, and the latter is 
important for the investigation of sources with rapid 
fluctuations of the statistical characteristic. 
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ДОСЛІДЖЕННЯ ФУНКЦІЇ НЕВИЗНАЧЕНОСТІ 
ВУЗЬКОСМУГОВИХ, БАГАТОСМУГОВИХ  

І НАДШИРОКОСМУГОВИХ 
РАДІОМЕТРИЧНИХ КОМПЛЕКСІВ З 
БАГАТОАНТЕННИМИ СИСТЕМАМИ 

Нгуєн Ван Кіем, Владімір Павліков, Oлена Тимощук 

Отримано оптимальний алгоритм для формування 
радіометричних зображень з високим просторовим розріз-
ненням. Виведено аналітичний вираз для функції невизна-
ченості (ФН) вузькосмугових, багатосмугових і надшироко-
смугових (НШС) радіометричних комплексів з багатоантен-
ними системами. Досліджено залежність геометрії розта-
шування антен, кількість антен і використання вузькосму-
гового, багатосмугового і НШС вхідних трактів на вигляд 
ФН. Показано, що використання багатоантенних систем з 
обробкою НШС і багатосмугових сигналів дає змогу сформу-
вати ФН з однією головною пелюсткою. 
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