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NUMERICAL MODELING OF CHARACTERISTICS 
AND PARAMETERS OF A NOISE RADAR SENSOR 
FOR EARTH’S SURFACE MAPPING

Subject and Purpose. Th e work presents numerical modeling results on the characteristics and parameters of a Noise Radar Sen-
sor (NRS) during remote sensing of terrestrial surfaces. Th e radiometric (passive) mode and the mode with "backlighting" (active) 
of the mapping scene are considered. Radiometric signals of surfaces at wavelengths of 3.37 and 1.34 mm are used along with 
echo signals from the same surfaces under their backlighting (or illuminating) with ultra-weak-power quasi-continuous noise-like 
signals at a wavelength of 1.53 mm. Th e focus is on developing a numerical modeling technique to calculate the potential input 
characteristics of the NRS and compare them with the output parameters of the imagery.

Methods and Methodology. Th e obtained output parameters and characteristics of terrestrial surface imagery are analyzed 
and synthesized for potential NRS embodiments. Th e airborne NRS carrier is an AN-14 "Bdzhilka" aircraft . Attention is given to 
atmospheric conditions and limited time of accumulating useful low-contrast radiometric "grass–concrete" signals. Approximate 
eff ective specifi c grass and concrete scattering surfaces are sought under backlighting conditions.  

Results. Th e numerical modeling results regarding the characteristics and parameters of the NRS embodiment have been op-
timized for two operating modes. Th e range, coverage sector of surfaces, imagery bands, resolution capability, number of Doppler 
fi lters at the NRS outputs, and accuracy features have been established in radiometric mode and during the backlighting of map-
ping surfaces. 

Conclusions. Numerical modeling has been conducted based on technologically feasible characteristics of the NRS. Th e key 
parameters and features of the NRS in radiometric mode and under conditions of mapping scene backlighting have been optimized. 
We have analyzed the NRS input characteristics in connection with the output parameters of the imagery. Th e obtained results will 
allow us to predict the quality of imagery during remote sensing.
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1. Introduction. Statement 
of the Problem

Th e radiometric system resolution on the mapping 
surface is determined by the half-width of the anten-
na radiation pattern [1—5]. A bistatic radiometric 

system, like a Bistatic Radiometer (BR), circumvents 
this limitation by measuring the diff erences in the 
paths to the targets. Also, the BR structure allows de-
termining the diff erential Doppler frequency correc-
tion for radio-brightness imagery [6, 7]. To enhance 
resolution by path diff erence, increase the range, and 
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broaden the band of imagery, it makes sense to con-
sider the Noise Radar Sensor (NRS) operation at 
wavelengths of 3 and 1 mm. Th us, the passive Earth’s 
exploration system in [8] has a bandwidth of 6.0 GHz 
in the 3 mm range and 14.5 GHz in the 1 mm range. 
Th e useful signals are those from the mapping co-
vers of grass and concrete. Th e NRS carrier can be an 
AN-14 "Bdzhilka" aircraft . Th e mapping surface 
image obtained under backlighting with ultra-
weak-power broadband signals is correlated with the 
radiometric image. Th e joint processing of radiomet-
ric and backlighting images off ers several advantages 
in the mapping plane interpretation [9], making the 
numerical modeling of NRS characteristics and pa-
rameters essential and informative for mapping va-
rious land covers.

Th e current literature [1, 3, 10, 11] does not pro-
vide data on the output characteristics and parame-
ters of existing airborne NRS systems. Th ere is little 
focus on the behavior of variables such as brightness 
range, imagery band, path diff erence resolution, and 
target velocities, which vary simultaneously [7, 10]. 
Th e publications do not provide numerical models, 
but rather general approaches to the issue. Th e tech-
nical implementation of backlighting for land covers 
does not enjoy attention either.

Th is work aims to develop a numerical modeling 
technique that gains the NRS characteristics and 
parameters for Earth’s surface mapping based on 
the technical possibilities of radar constituents of 
the day.

2. Main Part
To implement the NRS system, its application condi-
tions must be specifi ed, and the NRS characteristics 
and parameters in the art must be understood. Th e 
NRS operation will be considered in the 3 mm and 
1 mm wave ranges in the input bands as wide as 6.0 
and 14.5 GHz, respectively [10]. Th e input bands de-
termine the resolution on the mapping surface. Th e 
proper choice of the input bands reduces BR fl uctu-
ation sensitivity. One of the main technical characte-
ristics is the range of the BR as part of the NRS. Th e 
condition of the radio-brightness temperature of at-
mospheric radiation can reduce the BR range. 

1. Radio-brightness temperature in ambient condi-
tions. Th e radio-brightness temperature ( , , )at atT A R  

of radiation from the atmospheric layer in between 
the mapping surface and the sensor at the zenith 
angle is determined by the formula [2, 12]
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where T0  290 K is the absolute temperature near 
the Earth’s surface, R is the range to the mapped ob-
ject in kilometers (km), and atA  is the absorption 
coeffi  cient (dB/km) of the radiometric signal in the 
presence of atmospheric oxygen, water vapor, and 
dust. We defi ne the zenith angle  to be 0. 

Th e fl at mapping surface model with a horizon-
tally homogeneous atmosphere is adopted. In clear 
weather, we restrict our consideration to the absorp-
tion by oxygen and water vapor (7.5 g/m3). In rainy 
weather, the absorption coeffi  cient atA  is sought in 
the medium rain, which is 4 mm/h in the 3 mm wave 
range and 5 mm/h in the 1 mm wave range. At the BR 
central wavelength 1  3.37 mm and R  5 (2) km, 
expression (1) yields (0,0.188,5) 56(24)KatT   in 
clear weather and (0,2.89,5) 280(213)KatT   in 
the rain. When the BR central wavelength is 2  
 1.34 mm, with the ambient conditions unchanged, 

(0,1.03,5) 201(109)KatT   in clear weather, and 
(0,5.22,5) 289(264)KatT   in the rain. 

2. Signal-to-noise ratio (SNR) at the BR output [7, 13, 
14]. Th e coherent accumulation time ( )it B , mathe-
matical expectation 1( )im B  of a random process 
with its root mean square (RMS) deviation 1( )iB  of 
errors, and the signal-to-noise ratio (SNR), denoted 
by 1( )iq B  and consistent with bandpass iB  of the BR 
output RC fi lter, are calculated by the formulas 
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where Bi is the bandpass of the BR output fi lter. In our 
numerical modeling, Bi varies from 1 Hz to 1 kHz.

Th e mathematical expectation 2( , )i em B B  of a 
random process and its RMS deviation 2( , )i eB B   of 
errors for the output RC Doppler fi lters, SNR values 

2( , )i eq B B  at the outputs of the fi lters, and the SNR 
loss ( , )tt i eA B B  due to insuffi  cient time for accumu-
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lating useful signals come from the formulas
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where eB  is the bandpass of the BR output RC Dop-
pler fi lter. In our modeling, eB  varies from 1 Hz to 
1 kHz.

Provided that the diff erential Doppler frequen-
cy correction, pF , for useful signals is measured, 
the SNR loss values are 3(10 ,20) 30.2ttA   or 

3(10 ,10) 60.4ttA  .
Th e SNR at the BR output with the coherent accu-

mulation time fi xed is 

 1( , ) ( , ) 0.9514,i e tt i eB B A B B    (4)

where 1  is the SNR at which the probability of 
the correct object detection is P  0.5, and the false 
alarm probability is F  10–1. Here, 1  2.32 is cho-
sen. Th e value 1/0.9514 derives from the fact that the 
accumulation time in the RC fi lters is limited and 
equals 3 .iB

Th e modeling results demonstrate that for Bi and 
eB  bands aligned, 3 3(10 ,10 ) 2.44  . As a eB  de-

crease occurs while the diff erential Doppler frequen-
cy correction pF  is measured, the SNR increases 
considerably. Compare, e.g., 3(10 ,20) 73.7   and 

3(10 ,10) 147.3  . Th en the pF  measurements of 
mapped objects require a BR range decrease. In this 
case, the SNR amounts 2.44 at the output of the Dop-
pler fi lter with bandpass Be 

.
3. Probability of correct object detection. Th e proba-

bility P of correct object detection at a fi xed level of 
the false alarm probability F, the gains G1, G2, and G3 
of the NRS antennas, and the BR compression coef-
fi cients Kc1(Bi) and Kc2(Bi) in the 3 and 1 mm wave 
ranges are determined as [12, 15, 16]
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where D1 is the diameter of the NRS mirror antennas 
(here, 45 1  0.1517 m), 3 (chosen to be 1.53 mm) 
is the central wavelength of the noise-like broadband 
signal for mapping surface backlighting, and Bp1 and 
Bp are the BR transmission bandwidths of 6.0 and 
14.5 GHz at 1 and 2, respectively.

4. Relation between useful signal power and BR 
channel noise. Th e relations 1( , )i eB B  and 2( , )i eB B  
between useful signal average powers and intrinsic 
noises in the BR channels are [17, 18]

 

 

1

1

1

2

2

2

( , )

( , ) ( , ) ( ) ( , )
,( ) 2 ( , )

( , )

( , ) ( , ) ( ) ( , )
.( ) 2 ( , )

i e

i e i e c i i e

c i i e

i e

i e i e c i i e

c i i e

B B

B B B B K B B B
K B B B

B B

B B B B K B B B
K B B B



  





  





 





 


   

(6)

5. BR range in Earth’s surface mapping. Th e BR 
ranges 1( , , , )i eR S T B B  and 2( , , , )i eR S T B B  in the 
Earth’s surface mapping at wavelengths 1 and 2, re-
spectively, are calculated by the formulas [2, 19, 20]

 

  

1

1 1 1 1

1 0 1 1

2

2 2 2 2

2 0 2 2

1 1 2 2

( , , , )

(1 ) (0, , )
,

4 ( , ) ( )
( , , , )

(1 ) (0, , )
,

4 ( , )
exp( 0.23 ), exp( 0.23 ),

i e

g at at

i e

i e

g at at

i e

at at

R S T B B

T t C T A R SG
B B L T K M

R S T B B

T t C T A R SG
B B L T K M

C A R C A R



 



 



    
 



    
 

      

(7)

where S is the mapped object area varying from 1 to 
4·102  m2 and T is the object radio-brightness tem-
perature varying from 160 to 320 K. Ibidem,  is the 
coeffi  cient that takes into account signals from out-
side the main lobe of the antenna radiation pattern 
(  0.31), 1gt  (295 K) and 2gt  (292 K) are the ra-
dio-brightness temperatures of the mapped surface 
(grass) at radiation wavelengths 1 and 2, respec-
tively [1], 1atA  and 2atA  are the coeffi  cients of the 
radiometric signal absorption by oxygen and water 
vapor present in the atmosphere (in clear weather, 

1atA  0.188 dB/km at 1 and 2atA 1.03 dB at 2), R 
is the range to the mapped object (R  2 km), α is the 
BR constant and L is the NRS sensor loss ( 2,   

2),L   1 3.36K   and 2 6.67K   are the noise fi -
gures of the BR channels [17], and  is the effi  ciency 
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of the BR antennas (  0.78). Additionally,
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where 1( , , )at atT A R  and 2( , , )at atT A R  are the 
radio-brightness radiation temperatures of the at-
mospheric layer in between the surface and the 
NRS sensor at wavelengths 1 and 2, respectively 
(see expression (1)), ti and tj 

with i  1, 2, … n and 
j  1, 2, … k are the radio-brightness temperatures 
of mapping surface interferences in, respectively, the 
main and side lobes of the BR antennas, and i and 
j are the solid angles of the mapped objects in the 
main and side lobes of the BR antennas.

If the mapped object is such that i  20% and 
the weather is clear, then 1 324.3KM   at 1. For 
2 and i  50% with the weather clear, we have 

2 320.1K.M   
Th eoretical and experimental studies [1] are avail-

able for various land covers and horizontal polariza-
tion, with a 40° reception angle, and wavelengths of 

2.15 and 8 mm [1]. Th e conducted large-scale mo-
deling yields approximate radio-brightness tempera-
tures of certain land covers and "grass–concrete" 
contrasts [15] in the form  

3.37 2.15 1 2.15

1.34 2.15 2 2.15

,

,

   

   




  (9)

where 3.37 1.34,   are the radio-brightness "grass–
concrete" contrasts at 1 and 2, respectively, and 2.15  
is the "grass–concrete" contrast at 2.15  2.15 mm. 

We obtained 3.37 44  K and 1.34 28  K, 
Tconcrete1 ~ 251 K at 1 and Tconcrete2 ~ 264 K at 2.

Curves 1, 3, and 5 in Fig. 1 plot for 1 = 3.37 mm 
the calculated BR ground mapping ranges R1(S, 254, 
103, 103), R1(102, T, 103, 103), and R1(102, 254, 103, Be), 
respectively. Curves 2, 4, and 6 plot R2(S, 274, 103, 
103), R2(102, T, 103, 103), and R2(102, 274, 103, Be), re-
spectively, for 2 = 1.34 mm. For curves 3 and 4, the 
smallest operating range values correspond to the 
ultra-low contrasts on the mapping surface. Th us, 

1 0ijR   when T ~ 294.6 K (curve 3), and 2 0ijR   
when T ~ 291.2 K (curve 4).

Th e range R1(102, 254, 103, 103) ~ 1984 m corre-
sponds to 1 with "grass–concrete" contrast ~40 K.  
Also, R1(102, 254, 103, 20) ~ 848 m is for the Doppler fre-
quency correction Fp measured. At 2 and "grass–con-
crete" contrast ~ 17 K, we have R2(102, 274, 103, 103) ~
~ 2949 m and  R2(102, 274, 103, 20) ~ 1258 m with the 
Fp  correction measured.

We note that the BR operating range in the 1 mm 
wavelength band is longer by a factor of about 1.49 
than the BR range in the 3 mm band. Further, we re-
strict ourselves to the BR modeling at 2 = 1.34 mm 
alone.

6. Th e reception radius of Earth’s surface signals. 
Th e radius r2  (S, T, Bi, Be) of signal reception from 
Earth’s surface, the reception area S2 (S, T, Bi, Be), and 
the solid angle  (S, T, Bi, Be) of the mapped object on 
the mapping surface in per cent are [18] 
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(10)

where the fi rst expression gives the image surface ra-
dius if it aligns the normal to the BR base. 

Fig. 1. Th e calculated BR ranges R1 (S, T, Bi, Be) (curves 1, 3, 
5) and R2 (S, T, Bi, Be) (curves 2, 4, 6) 
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For example, we obtained r2 (102, 274, 103, 20) ~ 7.9 m, 
S2 (102,274,103,20) ~ 194 m2, and  (102, 274, 103, 20) ~ 
~ 51.6%

7. BR resolution on Earth’s surface. Th e equation 
of a hyperboloid of revolution yields the BR re-
solution Pr (nd, S, T, Bi, Be) on Earth’s surface and the 
number of path diff erence intersections (hyperbo-
las) in a single pixel of the radiometric image across 
a half-width of the signal cross-correlation function 
Kx (nd, S, T, Bi, Be) [19, 21] as follows
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where dn  is the tap number of the BR delay line, c is 
the speed of light 8(3 10 m/s), and B is the distance 
between the BR reception points (the BR base). 

Th e modeling results are Pr (1, 102, 274, 103, 103) ~ 
~ 12.2 m, Pr (1, 102, 274, 103, 20) ~ 5.2 m, and Kx (1, 102, 
274, 103, 103) = Kx (1, 102, 274, 103, 20) ~ 6.04 m.

8. Fulfi lment of mapping continuity. To ensure con-
tinuity in the mapping, the fi rst line of the image 
can be constructed utilizing the widths of the BR an-
tenna patterns. Th e second line uses the half-widths 
of the antenna patterns and is shift ed by the radi-
us of the "spot" on the mapping surface. Th e time  tp  (S,  T,  Bi,  Be) taken to construct one line of the 
image, the number nk (S, T, Bi, Be) of steps in one line, 
and the radiometric image band Bim (S, T, Bi, Be)  are 
determined by the formulas [18]
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where cV


 is the AN-14 fl ight velocity (50 m/s) during 
the Earth’s surface mapping. 

Th e calculation results by expression (12) are vie-
wed in Fig. 2. Th e dependences 2 3 3

2(10 , ,10 ,10 )R T  
and 2 3 3(10 , ,10 ,10 )imB T  (curves 1 and 2, respective-
ly) illustrate a relative growth of the image band at high 
contrasts of the useful signals. To avoid merging with 
curves 1 and 2, dependences 2 3

2(10 , 50,10 ,20)R T   

Fig. 2. Th e range R2 (S, T, Bi, Be) of the BR as part of the NRS 
and the land surface mapping band Bim (S, T, Bi, Be) versus 
the object radio-brightness temperature T 

and 2(10 ,imB T  50, 103, 20) (curves 3 and 4, respec-
tively) are temperature-shift ed by 50 K. Th e mea-
surement of the Doppler frequency correction pF  
signifi cantly reduces the BR range and the map-
ping band.

We obtained 2 3 3(10 ,274,10 ,10 ) 4528imB  m 
when 2 3

2(10 ,274,10 ,20) 2949R  m. And in the pF  
presence, 2 3(10 ,274,10 ,20) 823imB  m and R2 (102,  

3274,10 ,20) 1258 m. Hence, the pF  measurement 
for the BR reduces the radiometric image band by 
~ 5.5 times with a loss of range by ~ 2.3 times.

9. Optimal relation between BR range and image 
band. Viewing angles of BR antennas. Th e calculation 
formulas for the N (Bi, k) relation between the BR 
range and the image band and for the antenna view-
ing angle  (Bi, k) are given below

2
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where the k-times decreased bandpass Bi of the BR 
output fi lter stands instead of the bandpass eB  of the 
Doppler fi lter.

We obtained 3(10 ,1) 0.65N   and 3(10 ,1) 
~ 50.1, which are extremely diffi  cult to imple-

(13)
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ment aboard an aircraft  AN-14 "Bdzhilka". With 
Fp measured, 3(10 ,50) 1.53N   and 3(10 ,50) 
~ 19.1. Th ese numerical modeling results plot-
ted in Fig.  3 serve to optimize the BR characteris-
tics and parameters. Th e mapping according to 
N  (Bi,  1) (curve 1) and  (Bi, 1) (curve 4) suggests 
choosing Bi ~ 589 Hz when (589,1)  31. In this 
case, (589,1) 1N  , 2

2(10 ,274,589,589) 3367R  m, 
and 2(10 ,274,589,589) 3475imB  m. Similarly, 
the dependences ( ,50)iN B  (line 2) and  (Bi, 50)  
(curve 5) taking into account the pF  measure-
ments are also shown. We obtained (1835,50) 1,N   

(1835,37)  31, 2
2(10 ,274,1835,37) 1083R  m, 

and 2(10 ,274,1835,37) 1119imB  m. A hundred-
fold narrowing of the Bi is given by the dependenc-
es 2( ,10 )iN B  (line 3) and 2( ,10 )iB  (curve 6). 
As before, 2(2313,10 ) 1N  , 2(2313,10 )  31, 

2
2(10 ,274,2313,23)R  886 m, and Bim (102, 274, 

2313,23) 882 m.
Optimization is generally possible according to 

one of the following values, including useful-signal 
radio-brightness contrasts on the mapping surface, 
BR operating range, image band, diff erential Dop-
pler frequency, viewing angles, etc.

10. Diff erential Doppler frequency correction 
o( , , , , , )p i eF V S T B B


 of objects on the mapping sur-
face [19, 20]. Figure 4 shows the two, 1B  and 2B  re-
ception points of the BR. Th e distance between 1B  
and 2B  is called the base B. Th e vectors cV


 and oV


 

are, respectively, the carrier fl ight velocity and the 

object movement velocity (the ground surface wind 
velocity). Th e object is at the point 0 and represents 
a piece of concrete at T  264 K surrounded by some 
grass at T  292 K. Th e carrier fl ight direction is gi-
ven by segment AO. In our numerical modeling, B  
 10 m, cV


 50 m/s, and oV


 varies within 0 to 30 m/s. 

Th e diff erential Doppler frequencies of objects will 
be calculated by the formulas derived below.

Th e length 3( , , , )i eOB S T B B  of the image line (in 
Fig. 4, line 3OB ) and the angle ( , , , )i eS T B B  (in 
Fig. 4, angle 2 3)B OB  are
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Th e carrier fl ight altitude 2 3( , , , )i eB B S T B B   
(straight line 2 3)B B  and the range 1( , , , )i eOB S T B B   
from the receiving point 1B  to the object (straight 
line 1)OB  are 

2 3
2 2

2 3

1
2 2
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( , , , )
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Th e angle ( , , , )i eS T B B  (angle 1 3)B OB  and the 
angle ( , , , )i eS T B B  (angle 1 2 )B OB  are 
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  (16)

Th e dynamic velocity o( , )dV V 
 

 (vector )dV


 of 
the mapped object and the angle o( , )V 


 (angle ) 

between the cV


 and dV


 are 

2 2
o o o

2 2
o o

o
o

( , ) 2 cos( ) ,
( , )

( , ) cos .
2 ( , )

d c c

c d

c d

V V V V V V
V V V V
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  (17)

Here the angle  between cV


 and oV


 varies in our 
modeling from 0.0175 to 2.5 .

Th e projection o( , )pV V 
 

 (vector )pV


 of the ob-
ject dynamic velocity onto the mapping plane and 

Fig. 3. Th e relation N (Bi, k) between the BR range and the 
image band. Th e viewing angles  (Bi, k) of BR antennas ver-
sus output fi lter bandpass Bi

(15)
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the projections of the object movement velocities 
1 o( , , , , , )i eV V S T B B
 

 (vector 1)V


 and 2 o( , , , ,V V S T
 

 , )i eB B (vector 2V


) in the directions to the reception 
points 1B  and 2B , respectively, are

o o o

1 o

o o

2 o
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 (18)

Th e diff erential Doppler frequency correction 
o( , , , , , )p i eF V S T B B


 of objects on the mapping sur-
face is [19, 20]
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Th e o( , , , , , )p i eF V S T B B


 calculation results 

are shown in Fig. 5. Th e dependences o( ,1,pF V


 
2 310 ,274,10 ,20)  (straight line 1) and Fp (5, , 102,

3274,10 ,20)  (curve 2) describe, correspondingly, the 
diff erential frequency pijF  growth as the object ve-
locity oV


 increases and the angle  between the car-

rier speed cV


 and the object speed oV


 changes. 
If   or 2, then pijF  0, since 1 2 0ij ijV V 

 
 

(see (19)). Th e dependences 3(5,1, ,274,10 ,20)pF S  
(straight line 3) and 2 3(5,1,10 , ,10 ,20)pF T  (curve 4) 
describe the pijF  behavior depending, respectively, 
on areas S of the objects and their radio-brightness 
temperatures T. Th e steep pijF  rise along curve  4 
is associated with a low radio-brightness con-
trast wherein the BR range 2 ijR  signifi cantly de-
creases and the angle ij  from formula (16) in-
creases. When 2 3 3

2(10 ,274,10 ,10 ) 2949R  m and 
2 3 3(10 ,274,10 ,10 ) 4528imB  m, the highest diff e-

rential frequency value is as low as Fp (30, 1, 102,
3 3274,10 ,10 ) 26.2 Hz. Th at is, at oV


  30  m/s and 

eB   103
  Hz, the diff erential frequency is not mea-

sured. Th e Doppler fi lter bandpass eB  narrowing 
from 1 kHz to 20(10) Hz gives R2 (102, 274, 103, 20) 

1258 (1057)m, 2 3(10 ,274,10 ,20) 823imB  (582)m,

2 3(4.5,1,10 ,274,10 ,20) 20.1pF  Hz, and Fp (1.9, 1, 102,
3274,10 ,10) 10.4 Hz. We note that measuring the 

object velocity oV

  4.5  (1.9)  m/s can be accom-

panied by losses in the BR range and radiometric 
image band. 

11. Number of Doppler fi lters at the BR output 
and coverage sector of BR antennas. Th e number 

o( , , , , , )f i eN V S T B B


 of necessary Doppler fi lters 
at the BR output and the coverage sector ( , ,s S T   
Bi , Be ) of the BR antenna system are given by the 

Fig. 4. Determination of the diff erential Doppler frequency 
of mapped objects.

Fig. 5. Diff erential Doppler frequency correction Fp o( ,V

, S, 

T, Bi, Be) of objects on the mapping surface versus variables 
o ,V

, S, and T: 1 — Fp o( ,V


1, 102, 274, 103, 20); 2 — Fp  (5, , 

102, 274, 103, 20); 3 — Fp (5, 1, S, 274, 103, 20); 4 — Fp (5, 1, 102, 
T, 103, 20)

(19)
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formulas [18]

o o

2

( , , , , , ) ( , , , , , ) ,
0.5 ( , , , ) 180( , , , ) sin .( , , , )

f i e p i e e

im i e
s i e

i e

N V S T B B F V S T B B B
B S T B B

S T B B a R S T B B

 








 
  

 

 

Th e BR calculation results with pijF  measured are 
seen in Fig.  6. Th e dependences 2 3

2(10 , ,10 ,20)R T  
and 2 3(10 , ,10 ,20)imB T  (curves 1 and 2, respective-
ly) show the BR range and the image band imple-
mented. For clarity, the curves are mutually shift ed 
by 250  K. Straight lines 3 and 4 illustrate, respec-
tively, the number 2 3

o( ,1,10 ,274,10 ,20)fN V


 of the 
necessary Doppler fi lters and the coverage sector 

2 3(10 ,274,10 , )s eB  of the BR antenna system. Ac-
cording to curve 4 without pijF  ( i eB B  103 Нz) 
measuring, the antenna system should have  50.1 
coverage sector, which is technically diffi  cult to im-
plement. At the same time, at these probing angles, 
the radiative capacity of the land covers decreases, 
while the radio-brightness contrast between the cor-
responding surfaces increases.

We obtained 2 3
2(10 ,274,10 ,30) 1392R  m,

2 3(10 ,274,10 ,30) 1008imB  m, 2 3(30,1,10 ,270,10 ,fN
30) 4,  2 3(7.7,1,10 ,274,10 ,30) 30.2pF  Hz, and  2 3(10 ,274,10 ,30)s  21.2.

12. Specifi c eff ective surfaces for concrete and grass. 
More information about various land covers is at-
tained through mapping scene backlighting with a 
weak broadband noise-like signal [9, 20]. As a rule, 

the backlighting is carried out at a frequency closest 
to the central frequency of the BR operation under 
the Radio Regulations [8]. Th en the NRS performs 
as a joint, angle-and-range-measuring radar system 
[15, 20]. Th e central frequency of backlighting with 
a noise-like signal was taken to be 196  GHz in an 
8 GHz bandwidth [8].  

Th e specifi c eff ective surface area 0( , )f   of a 
land cover comes from the following approximate 
empirical expression in the case of coherent horizon-
tal polarization [15]  

0 1 2 3( , ) log( 20) log( 10),f Z Z Z f       (21)

where f is the central frequency in GHz (196 GHz), 
 is the grazing angle (the coverage sector  

( , , , )s i eS T B B  of the NRS antenna system), Z1, Z2, 
and Z3 are the soil parameters for mapping various 
land covers. Th ey are – 49, 32, and 20 dB for concrete 
and – 21, 10, and 6 dB for grass [15].

We obtained 0(196,70) 4dB   for concrete 
and 0(196,70) 1dB   for grass. Yet, at 10, 15 GHz, 
and 37.5  GHz frequencies, the 0( , )f   values do 
not align closely with the experimental results [15]. 
Th e variations are approximately between 0.8 and 
3.8 dB.

13. Transmitter pulse power Pt for mapping surface 
backlighting [2, 14]. Of concern are the repetition pe-
riod rT  and duration i  of pulsed noise-like pro-
bing signals for backlighting. If decoupling between 
transmitter signals and BR receivers is not possible, 
quasi-continuous radiation is recommended. For 
backlighting, a meander-shaped noise-like signal 
with a repetition period rT  that is twice the duration 

i  of the pulsed probing signal is adopted,

2 2
22 ( , , , ) [0.5 ( , , , )] ,

i

i e im i eR S T B B B S T B B c

 

 
 

where c is the speed of light 8(3 10 m/s). 
We found that  6i  μs and 12rT  μs. With the 

pijF  measured, 4i  μs and 8rT  μs. 
Th e number of accumulated echo signals is 

1 32 ( , , , )
( , , , , ) ,4 ( , , , )

p i e
i e i

i s i e

t S T B B
M S T B B S T B B

 


 


 
  (23)

where 1 is the proportionality coeffi  cient. For a 
rectangular wave packet accumulating all the pul-
ses, 1 1.   Ibidem, 3 3 1( 2 180) ( ),L    where 

3 1.53  mm, is the half-width of the radiation pat-

Fig. 6. BR range R2 (S, T, Bi, Be), image band Bim (S, T, Bi, Be), 
fi lter number Nf o( ,V


, S, T, Bi, Be) at the BR output,  and cov-

erage sector 2 (S, T, Bi, Be) of the BR antenna system as func-
tions of T, 0V


, and Be variables

(22)

(20)
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tern of the transmitter antenna and the antennas of 
the BR receiving channels (degrees). 

We obtained 2 3 3 6(10 ,275,10 ,10 ,6 10 ) 253M    
echo-signals. During pijF  measuring, we obtained 

2 3 6(10 ,275,10 ,20, 4 10 ) 421M    echo-signals.
Th e absolute noise temperature aT  of the BR an-

tennas is

2 2 2 2
1

2 2 2 0
1

(1 )

(1 )

(1 ) ,

a
n

at g i i
i

k

at g j j
j

T

T t C t C TC

T t C t C T

 

  

  





  
 

      
  

 
     

 




 

(24)

where  is the antenna dispersion coeffi  cient,  is 
the antenna effi  ciency, ,atT 2 0, ,gt T T  are the noise 
(radio-brightness) temperatures of the atmosphere, 
ground, and the object, respectively, and T0 is the 
absolute temperature of the environment. Ibidem, 

2 0.563C   (see expression (7)), , ,i jt t  1,2,  i n   
and 1,2,  j k   are the noise temperatures of sur-
faces that interfere with the reception of useful sig-
nals in, respectively, the main and side lobes of the 
radiation patterns of the antennas,  is the relation 
between the solid angles occupied by the object and 
by the main lobe of the BR antenna radiation pattern, 
and i and j are the same as  but for signals inter-
fering with the reception of object vibrations.

We adopted 0.31,   0.78,   2 292K,gt   
0.2(0.5),   274T  K, and 0 290T  K. Th en aT 

~ 290 K if the Doppler frequency correction pijF  is 
not measured. If measured, 288aT  K. 

Let us determine the noise fi gure nK  of the BR 
receiving channels, which process echo-signals from 
the surfaces under backlighting [14, 17]. Th e struc-
ture circuitry features a classic series connection of a 
circulator, a low-noise G-band amplifi er, a preselec-
tor, a mixer, an amplifi er, and a band-pass fi lter. For 
a low-noise amplifi er with a noise fi gure of 7 dB at a 
gain of 20 dB [20], we obtained nK  5.3.

Th e noise spectral density 0( )aN T  in the BR re-
ceiving channels, the opening area aA  of the anten-
nas, and the radar cross-section (RCS) 0( , )t S   of 
mapped objects are obtained by the formulas [14, 16]

 

0

0 0 0
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0
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A D
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(25)

where k is the Boltzmann constant (1.38·10–23  J/K) 
and 0 is the specifi c radar cross-section (RCS) of a 
ground cover. Using formula (21), we have 0 ~ –4 dB 
for concrete and for grass, 0 ~ –1  dB. We obtai-
ned 20

0(288) 2.12 10N   J, aA 3 27.22 10 m  and
2 2(4,10 ) 39.8m .t 

Th e pulse transmitter power  0( , , , , , )t i e aP S T B B T   
of the noise-like quasi-continuous signal for the 
mapping surface backlighting comes from the for-
mula [14–18]

0
2 4

1 0 2

0

( , , , , , )
2 ( ) ( , , , ) ( , , , )

,45 ( , , , ) ( , )

t i e a

a s i e i e l

p i e a n

P S T B B T
N T S T B B R S T B B L

t S T B B A S



  

 




 

where lL  is the loss for the echo-signal reception and 
processing, it is assigned to be 10 dB.

Th e calculation results of the backlighting pulse 
transmitter power are presented in Fig.  7. Th e de-
pendences 3 3( ,274,10 ,10 ,290, 4)tP S  (straight line 1) 
and 2 3 3(10 , ,10 ,10 ,290, 4)tP T  (curve 2) indicate 
the transmitter power values with the correction 

pijF  not measured. For clarity, curve 2 is shift ed by 
250  K. Th e dependences 2 3(10 ,274,10 , ,288, 4)t eP B  
(straight line 3) and 2 3 3

0(10 ,274,10 ,10 ,288, )tP   
(curve 4) describe the backlighting powers with the 

pijF  correction measured. Additionally, possible 
changes in the Doppler fi lter band Be and the specifi c 
RCS 0  of the mapping surfaces are shown. 

Fig. 7. Powers Pt (S, T, Bi, Be, Ta, 0) of the pulse transmitter of 
the noise-like quasi-continuous signal for mapping surface 
"backlighting" depending on variables S, T, Be, and 0: 1 — 
Pt (S, 274, 103, 103, 290, 4); 2 — Pt (102, T, 103, 103, 290, 4); 3 — 
Pt (102, 274, 103, Be, 288, 4); 4 — Pt (102, 274, 103, 20, 288, 0)

(26)
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To sum up, when 310i eB B  Нz, 2 ijR ~ 2.95 km, 
imijB ~ 4.53 km, kijn ~ 1106 and ijM ~ 250, and 
s ij    50.1, then 2 3 3(10 ,274,10 ,10 ,290, 4)tP 

~ 7.7 mW. With the Fpij measured 3( 10³B  Hz 
and 20eB  Hz), we have, correspondingly, 2 ijR ~ 
~ 1.28  km, imijB ~ 0.82  km, kijn ~  472, ijM ~  420, 
and 2 3(10 ,274,10 ,20,288, 4) 0.23tP  mW. Such a 
drop in the backlighting power in the pijF  presence 
is associated with a decrease in the BR values imijB  
and 2 ijR .

14. Diff erential Doppler frequency correction 
Fi ( oV


, , S, T, Bi , Be ) under condition of ground back-

lighting [19, 20]. It is quite diffi  cult to correlate the 
diff erential Doppler frequency correction pijF  of 
radiometric signals with the total Doppler frequen-
cy correction i ijF  under backlighting conditions. In 
this connection, the i ijF  and pijF  measurement al-
gorithms are held the same, i.e., in the two BR receiv-
ing channels at 3 1.53  mm, 

o

2 o 3

( , , , , , )
( , , , , , ) .

i i e

p i e

F V S T B B
F V S T B B


  


   




   (27)

Due to the selected 3 , i ijF  decreases against pijF  
slightly, by a factor of ~ 1.142. If i ijF  is ~ 4.2 m/s, then 

pijF  is ~ 5.2 m/s.
Th e i ijF  curves behave the same as the pijF  curves 

in Fig. 5.
Notably, when the bandwidth of the input low-

noise amplifi er is suffi  ciently wide to encompass the 
passive reception and backlighting ranges 192 to 
232 GHz, no additional specialized echo-processing 
equipment is required. Th e output cross-correlation 
functions of the radiometric and backlighting chan-
nels diff er by the frequency 1/Tr. In the considered 
structure embodiment, this diff erence 1/Tr is appro-
ximately 125 kHz. 

15. Root mean square (RMS) deviations of poten-
tial accuracies of delay time and diff erential Doppler 
frequency correction measurements [14]. Th e RMS 
deviations ( , )B   of the potential accuracy of the 
delay time measurements and the RMS deviations 

( , )F eB   of the BR potential accuracy of the diff e-
rential Doppler frequency correction measurements 
are evaluated by the formulas [14] 

2

3

( , ) 3 ( ),

( , ) 3 ( ),
( , ) 3 ( ),

p p

b b

F e e

B c B
B c B

B B





  

  

  







       (28)

where  is the voltage SNR in land surface mapping 
and Bp is the BR input bandwidth. In the passive 
reception channel, 914.5 10pB   Hz. Under back-
lighting, 98 10p bB B   Hz.

For regular measuring, 2 1   is necessary. Th at 
is, the voltage SNR must be elevated from ~  2.16 
(previously adopted in our modeling) to no less 
than 32. We obtained 9

2(14.5 10 ,32) 0.36   mm, 
9

3(8 10 ,32) 0.64   mm, and (20,32) 0.35F 
Hz. Such a high SNR can be achieved, e.g., by cool-
ing the input circuits of the BR receiving channels, or 
by reducing the range 2 ijR  and the surface imagery 
band .imijB  

It is worth noting that the BR implementation in 
the infrared (3.3 to 4.2 μm) provides certain advan-
tages in the resolution ( )rijP  by path diff erence on 
the mapping surface [22]. Let us reduce the base B 
from 10 to 1 m. Th en at 2 ijR ~ 2.95 km, the resolu-
tion is rijP ~ 0.09 m if in the infrared. In the 1 mm 
band, rijP ~ 12.2 m. With pijF  correction measured, 
we had 2 ijR ~ 1.26 km and rijP ~ 5.2 m. Compare it 
with rijP ~ 0.04 m in the infrared at the same 2 ijR ~
~ 1.26 km range. Th e diff erential Doppler frequency 
correction pijF  in the infrared increases by approx-
imately 357 times against the same BR construction 
in the 1 mm wave band.

Conclusions
A numerical model for determining the characteris-
tics and parameters of the noise radar sensor (NRS) 
used for land cover mapping has been developed. 
Th e model utilizes radiometric signals from surfaces 
as well as echo signals from the same surfaces when 
illuminated with ultra-weak power noise signals. 

Based on the adopted and technologically feasible 
NRS characteristics, high-quality mapping of land 
covers relying on their radiometric signals has been 
demonstrated. Th e BR range 1ijR  with the central 
wavelength 1  3.37 mm and a 6.0 GHz band was 
compared to the BR range 2 ijR  with 2  1.34 mm 
and a 14.5 GHz band. Th e comparison indicates that 
the utility of a 1.34 mm radiometric signal is most 
evident in the BR. Th e BR provides the target detec-
tion by angles and path diff erences. In this case, the 
radiation patterns of the BR antennas contain six el-
ements of discrimination by path diff erence on the 
ground, the radiometric image fl uctuation sensitivity 
being Tfl uct  0.41 K.
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Let, for instance, the BR output fi lter bandpass be 
310iB   Нz, and let the Doppler fi lter bandpass be 

the same, 310eB  Нz. Th en the BR range is 2 ijR ~
~ 2.95 km with the image band imijB ~ 4.53 km. Th e 
resolutions in and across the fl ight track are, respec-
tively, r y ijP ~ 12 m and r x ijP ~ 37 m. Th e number of 
steps in one image line is kijn ~ 1106, and the num-
ber of pixels in one line is .pix ijn ~ 6678. Th e coverage 
sector of the BR antennas is s ij ~  50.1.

A method has been proposed for determining the 
wind velocity on the mapping surface. Narrow-band 
fi lters Bi of the diff erential Doppler frequency cor-
rection are installed at the exit of the BR output fi l-
ter eB . Th e useful signal accumulation time is limi-
ted and set at a 3 / iB  level. For example, when Bi  
 103 Нz and 20eB  Нz, then the SNR loss  
 14.8 dB. Additionally, R2ij 

~ 1.26 km, Bim ij ~ 0.82 km, 
r y ijP ~  5  m, r x ijP ~  16  m, kijn ~  472, .pix ijn ~  2847, 
s ij ~  19.1, the wind velocity resolution is 

wr VP ~
~ 4.5 m/s, and the number of Doppler fi lters is Nf ij  
  7 (at wV   30  m/s). Th e RMS deviation of the 
delay time potential measurement accuracy is 

2 ij  5 mm, and the RMS deviation of the poten-
tial measurement accuracy of diff erential Doppler 
frequency correction is F ij  5 Hz.

Regular measuring the path diff erences and diff er-
ential Doppler frequency corrections pijF  of useful 
signals is possible, provided that the voltage SNR at 
the BR output is approximately 8 rather than ~ 2.2. 
Th e SNR enhancement for Bi 103 Нz, 20eB  Нz, 
and   ~  14.8  dB provided: 2 ijR ~  0.65  km, imijB ~
~ 0.22 km, r y ijP ~ 2.7 m, r x ijP ~ 8 m, kijn ~ 244, .pix ijn ~
~  1475, s ij ~  9.8, 

wr VP ~  2.2  m/s, f ijN   14 (at 
wV  30 m/s), 2 ij ~ 0.36 mm, and F ij ~ 0.35 Hz.

Th e cooling of the BR input circuits to depress the 
noise fi gures from approximately 6.7 to 2 signifi cant-
ly improves the NRS characteristics and parameters. 
For 310iB  Нz, 20eB  Нz,   ~  14.8  dB, we had 

2ijR ~ 1.13 km, imijB ~ 0.67 km, r y ijP ~ 4.7 m, r x ijP ~
~ 14 m, kijn ~ 424, .pix ijn ~ 2559, s ij ~  17.1, 

wr VP ~
~ 4 m/s, f ijN  8 (at wV  30 m/s), 2 ij ~ 0.36 mm, 
and F ij ~ 0.35 Hz.

Th e Earth’s surface probing with an ultra-weak-
power noise signal enhances the imagery analysis. 
For decoupling the NRS receiving channels and the 
transmitter, echo signal detections and pijF  measure-
ments are proposed to be performed under quasi-
continuous radiation of the transmitter. Using an 
approximate empirical expression, we found specifi c 
eff ective scattering surfaces of concrete and grass at 
the transmitter wavelength 3  1.53 mm. Th e rele-
vant power t ijP  of the pulse noise transmitter was 
found along with pulse duration i ij  and period r ijT . 
Specifi cally, we had i ij  6 μs, r ijT  12 μs, and t ijP ~
~ 7.7 mW for 2 ijR ~ 2.95 km. And i ij  4 μs, r ijT 
  8  μs, and t ijP ~  0.23  mW for 2ijR ~  2.95  km. To 
prevent diffi  culties in identifying Doppler frequency 
corrections pijF  in the radiometric and backlighting 
channels, the measurements were conducted in the 
same manner as in the echo signal processing. Th e 
ratio between the diff erential Doppler frequencies in 
the radiometric and backlighting channels was ap-
proximately 1.14.

Th e main NRS characteristics and parameters 
in radiometric mode and under conditions of land 
cover backlighting have been optimized. Th e utility 
of the land cover mapping is most apparent in the 
transparency window 3.3 to 4.2 μm in the infrared.
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ЧИСЛОВЕ МОДЕЛЮВАННЯ ХАРАКТЕРИСТИК 
І ПАРАМЕТРІВ ШУМОВОГО РАДАРНОГО СЕНСОРА 
ДЛЯ КАРТОГРАФУВАННЯ ЗЕМНОЇ ПОВЕРХНІ

Предмет і мета роботи. У роботі наведено результати числового моделювання характеристик і параметрів шумового 
радарного сенсора (ШРС) при дистанційному зондуванні земних поверхонь. Розглянуто радіометричний (пасивний) 
режим роботи і режим з «підсвічуванням» (активний) сцен картографування. Застосовано радіометричні сигнали 
поверхонь на довжинах хвиль 3.37 і 1.34 мм та ехо-сигнали за умов «підсвічування» цих же поверхонь шумовим квазі-
неперервним сигналом надслабкої потужності з   1.53 мм. Мета роботи полягає у розробленні методики числового 
моделювання для розрахунку можливих вхідних характеристик ШРС та їх порівняння з вихідними параметрами 
зображень об’єктів картографування. 

Методи та методологія. Проведено аналіз і синтез отриманих вихідних параметрів та характеристик зображень 
земних поверхонь за можливими варіантами побудови ШРС. Як носій ШРС запропоновано використовувати літак 
АН-14 «Бджілка». Ураховувалися стан атмосфери та обмежений час накопичення малоконтрастного радіометрично-
го корисного сигналу «трава–бетон». Визначено приблизні питомі ефективні поверхні розсіювання трави та бетону 
в режимі «підсвічування». 

Результати. Виконано оптимізацію результатів числового моделювання характеристик і параметрів ШРС у двох 
режимах роботи. Отримані такі значення параметрів системи: дальність дії в радіометричному режимі та за умов 
«підсвічування» цих же поверхонь; сектор огляду поверхонь і смуги зображення; роздільна здатність; кількість доп-
лерівських фільтрів на виходах ШРС; точнісні характеристики системи.

Висновки. Числове моделювання виконано для характеристик ШРС, які технічно реалізуються на практиці. Про-
ведено оптимізацію основних параметрів ШРС у радіометричному режимі роботи та при «підсвічуванні» сцен кар-
тографування. Визначено залежності між вхідними характеристиками ШРС з вихідними параметрами зображень 
земних поверхонь. Отримані результати дозволять прогнозувати якість зображень при дистанційному зондуванні.   

Ключові слова: радіометричний контраст, трава, бетон, дальність дії, піксель, доплерівська поправка частоти, 
роздільна здатність, середньоквадратичне відхилення помилок.


