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

Subject and Purpose. The work presents numerical modeling results on the characteristics and parameters of a Noise Radar Sen-
sor (NRS) during remote sensing of terrestrial surfaces. The 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. The 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. The obtained output parameters and characteristics of terrestrial surface imagery are analyzed
and synthesized for potential NRS embodiments. The 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
effective specific grass and concrete scattering surfaces are sought under backlighting conditions.

Results. The numerical modeling results regarding the characteristics and parameters of the NRS embodiment have been op-
timized for two operating modes. The range, coverage sector of surfaces, imagery bands, resolution capability, number of Doppler
filters 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. The 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. The obtained results will
allow us to predict the quality of imagery during remote sensing.

Keywords: radiometric contrast, grass, concrete, range, pixels, Doppler frequency correction, resolution, root mean square
deviation of errors.

1. Introduction. Statement system, like a Bistatic Radiometer (BR), circumvents
of the Problem this limitation by measuring the differences in the

paths to the targets. Also, the BR structure allows de-
The radiometric system resolution on the mapping termining the differential Doppler frequency correc-
surface is determined by the half-width of the anten-  tion for radio-brightness imagery [6, 7]. To enhance
na radiation pattern [1—5]. A bistatic radiometric  resolution by path difference, 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. Thus, 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.
The useful signals are those from the mapping co-
vers of grass and concrete. The NRS carrier can be an
AN-14 "Bdzhilka" aircraft. The mapping surface
image obtained under backlighting with ultra-
weak-power broadband signals is correlated with the
radiometric image. The joint processing of radiomet-
ric and backlighting images offers 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.

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

This 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 specified, and the NRS characteristics
and parameters in the art must be understood. The
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]. The input bands de-
termine the resolution on the mapping surface. The
proper choice of the input bands reduces BR fluctu-
ation sensitivity. One of the main technical characte-
ristics is the range of the BR as part of the NRS. The
condition of the radio-brightness temperature of at-
mospheric radiation can reduce the BR range.

1. Radio-brightness temperature in ambient condi-
tions. The radio-brightness temperature T, (p,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]

Tat ((p’Aat>R) -
~T, <1 —{exp[0.23AMR(COS(p)_1 ]}_1 >, (1)

where T = 290 K is the absolute temperature near
the Earth’s surface, R is the range to the mapped ob-
ject in kilometers (km), and A, is the absorption
coefficient (dB/km) of the radiometric signal in the
presence of atmospheric oxygen, water vapor, and
dust. We define the zenith angle ¢ to be 0°.

The flat 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/m?). In rainy
weather, the absorption coeflicient A,; 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 A, = 3.37 mm and R = 5(2) km,
expression (1) yields T, (0,0.188,5) ~ 56(24)K in
clear weather and T,(0,2.89,5) ~280(213)K in
the rain. When the BR central wavelength is 1, =
= 1.34 mm, with the ambient conditions unchanged,
T,,(0,1.03,5) ~ 201(109)K in clear weather, and
T,:(0,5.22,5) ~ 289(264)K in the rain.

2. Signal-to-noise ratio (SNR) at the BR output [7, 13,
14]. The coherent accumulation time #(B;), mathe-
matical expectation m;(B;) of a random process
with its root mean square (RMS) deviation o,(B;) of
errors, and the signal-to-noise ratio (SNR), denoted
by ¢,(B;) and consistent with bandpass B; of the BR
output RC filter, are calculated by the formulas

t(B) = 3/B;,
m(B;) :l—exp[—Bi t(Bi)] ,

01(B;) = \[1- exp[ 2B t(B;)],
QI(Bi):ml(Bi)/01(Bi);

)

where B; is the bandpass of the BR output filter. In our
numerical modeling, B; varies from 1 Hz to 1 kHz.
The mathematical expectation m,(B;,B,) of a
random process and its RMS deviation o0,(B;,B,) of
errors for the output RC Doppler filters, SNR values
q,(B;,B,) at the outputs of the filters, and the SNR
loss A, (B;,B,) due to insufficient time for accumu-
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lating useful signals come from the formulas
m,(B;,B,) =1—exp[—B,t(B))],

0,(B;,B,) = \J1-exp[ 2B, t(B,)],
qZ(Bi’Be):mz(Bi’Be)/Gz(B,‘aBe), 3)

Ay (B;,B,) = [%(Bi)/%(Bi,Be)]z,

where B, is the bandpass of the BR output RC Dop-
pler filter. In our modeling, B, varies from 1 Hz to
1 kHz.

Provided that the differential Doppler frequen-
cy correction, F,, for useful signals is measured,
the SNR loss values are A,(10%,20)~30.2 or
A, (10°,10) ~ 60.4 .

The SNR at the BR output with the coherent accu-
mulation time fixed is

v(B;,B,)=[v,A,(B;,B,)] /0.9514, (4)

where v, is the SNR at which the probability of
the correct object detection is P = 0.5, and the false
alarm probability is F = 1071, Here, v;=2.32 is cho-
sen. The value 1/0.9514 derives from the fact that the
accumulation time in the RC filters is limited and
equals 3/ B;.

The modeling results demonstrate that for B; and
B, bands aligned, v(10°,10°) ~2.44. As a B, de-
crease occurs while the differential Doppler frequen-
cy correction Fp is measured, the SNR increases
considerably. Compare, e.g., v(10%,20) ~73.7 and
v(10%,10) ~ 147.3. Then the F, measurements of
mapped objects require a BR range decrease. In this
case, the SNR amounts 2.44 at the output of the Dop-
pler filter with bandpass B, .

3. Probability of correct object detection. The proba-
bility P of correct object detection at a fixed level of
the false alarm probability F, the gains Gy, G, and G;
of the NRS antennas, and the BR compression coef-
ficients K (B;) and K,(B;) in the 3 and 1 mm wave
ranges are determined as [12, 15, 16]

P=1-F0m),

G, =3.2-10* D[ 4,(180/7)] %,

G, =3.2-10* D} [ 4,(180/x)] 7, (5)
G = 3.2-10* D[ 2;(180/7)] °,

K. (B;)= 3BPIB;1, K., (B;)= 3BPB;1,

where D; is the diameter of the NRS mirror antennas
(here, 454, = 0.1517 m), A5 (chosen to be 1.53 mm)
is the central wavelength of the noise-like broadband
signal for mapping surface backlighting, and B,,; and
B, are the BR transmission bandwidths of 6.0 and
14.5 GHz at A, and 4,, respectively.

4. Relation between useful signal power and BR
channel noise. The relations v, (B;, B,) and y,(B;, B,)
between useful signal average powers and intrinsic
noises in the BR channels are [17, 18]

yl(Bi’Be) =
_ V(Bi’Be)_'- \/V(Bi:Be) [Kcl(Bi)_ V(Bi’Be)]

Kcl(Bi)_zv(Bi’Be) (6)

yZ(Bi’Be) =
_v(B;,B,)+\v(B,,B,) [K(B,)—v(B,,B,)]
B K., (B;)—2v(B;,B,)

5. BR range in Earth’s surface mapping. The BR
ranges R,(S,T,B;,B,) and R,(S,T,B;,B,) in the
Earth’s surface mapping at wavelengths A, and 4,, re-
spectively, are calculated by the formulas [2, 19, 20]

RI(S,T,Bi’Be):

_ 1-pB)|T - :tglcl +Tat(O’Aat1>R):| SG
4may,(B;,B,) L[ Ty (K, — )+ M, |

R,(S,T,B;,B,) = (7)

=BT [ 102G, + T, (0,A,2,R) ]| SG,
4may,(B,B,)L[ Ty (Ky —n)+ M, |

C, = exp(=0.23A,,R), C, = exp(—=0.23A,,,R),

where S is the mapped object area varying from 1 to
4.10* m? and T is the object radio-brightness tem-
perature varying from 160 to 320 K. Ibidem, j is the
coefficient that takes into account signals from out-
side the main lobe of the antenna radiation pattern
(B =0.31), tg1 (295 K) and t, (292 K) are the ra-
dio-brightness temperatures of the mapped surface
(grass) at radiation wavelengths A, and 4,, respec-
tively [1], A, and A, are the coefficients of the
radiometric signal absorption by oxygen and water
vapor present in the atmosphere (in clear weather,
A, ~0.188 dB/km at Ay and A, ~1.03 dB at4,), R
is the range to the mapped object (R =2 km), a is the
BR constant and L is the NRS sensor loss (¢ =+/2,
L=2), K;=3.36 and K, =6.67 are the noise fi-
gures of the BR channels [17], and 7 is the efficiency
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Fig. 1. The calculated BR ranges R, (S, T, B;, B,) (curves 1, 3,
5)and R, (S, T, B;, B,) (curves 2, 4, 6)

of the BR antennas (1 = 0.78). Additionally,

Ml = n[Tat((p’Aatl’R) + tglcl +

n k
+(1-B) D 1o+ B t,C0,; ]
i=1 j=1
(8)
MZ = n[Tat ((p’Aat2>R) + tg2C2 +

n k
+(1- ) Y 1:Cy0; + B 1,C,0; ]
i=1 j=

where T, (p,A,,R) and T, (p,A,,,R) are the
radio-brightness radiation temperatures of the at-
mospheric layer in between the surface and the
NRS sensor at wavelengths 4, and 4,, respectively
(see expression (1)), t; and tjwith i=1,2,...nand
j=1,2, ... kare the radio-brightness temperatures
of mapping surface interferences in, respectively, the
main and side lobes of the BR antennas, and ¢; and
0; 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 0;=20% and
the weather is clear, then M, ~324.3K at A,. For
A, and 0;=50% with the weather clear, we have
M, ~ 320.1K.

Theoretical 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]. The conducted large-scale mo-
deling yields approximate radio-brightness tempera-
tures of certain land covers and "grass-concrete"
contrasts [15] in the form

Asz; =255 v /11//12.15 > 9)
Ayzg = A2.15\/ 12/12.15 >

where Ajs;, A, 3, are the radio-brightness "grass—
concrete" contrasts at4; and A, respectively, and A, |5
is the "grass—concrete" contrast at 4, ;5=2.15 mm.

We obtained A3, ~44K and A3, ~28K,
Teoncreter ~ 251K atj'1 and Teoncretea ~ 264 K at }*2-

Curves 1, 3, and 5 in Fig. 1 plot for A; = 3.37 mm
the calculated BR ground mapping ranges R;(S,254,
10%,10%), R,(10% T,10%10%), and R,(10%254,10% B,),
respectively. Curves 2, 4, and 6 plot R,(S,274, 10°,
10%), R,(10% T,10%10%), and R,(10%274,10%B,), re-
spectively, for 4, = 1.34 mm. For curves 3 and 4, the
smallest operating range values correspond to the
ultra-low contrasts on the mapping surface. Thus,
Ry;j =0 when T ~ 294.6 K (curve 3), and R,; =0
when T ~ 291.2 K (curve 4).

The range R1(102,254, 10%,10%) ~ 1984 m corre-
sponds to A; with "grass—concrete" contrast ~40 K.
Also, R1(102, 254,10%,20) ~ 848 mis for the Doppler fre-
quency correction F, measured. At4, and "grass-con-
crete" contrast ~ 17 K, we have R,( 10%,274,10%,10°) ~
~2949 m and R,(10%,274,10°20) ~ 1258 m with the
F,, 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 4, = 1.34 mm
alone.

6. The reception radius of Earths surface signals.
The radius r, (S,T,B;,B,) of signal reception from
Earth’s surface, the reception area S, (S, T, B;, B,), and
the solid angle Q (S, T, B;, B,) of the mapped object on
the mapping surface in per cent are [18]

n(S,T,B;,B,) =
= R,(S,T,B;,B,)sin[ (N27©,)/360 ],

10
SZ(S)T)BiaBe)=nr2(S)T)Bj)Be)2) ( )

Q(S.T,B,,B,) = 10°S[ wry(S.T. B, B, |

where the first expression gives the image surface ra-
dius if it aligns the normal to the BR base.
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For example, we obtained r,(10%,274,10%,20) ~ 7.9 m,
$,(10%,274,10°,20) ~ 194m?, and Q(10?,274,10%,20) ~
~51.6%

7. BR resolution on Earths surface. The equation
of a hyperboloid of revolution yields the BR re-
solution P,(n, S, T, B;, B,) on Earth’s surface and the
number of path difference intersections (hyperbo-
las) in a single pixel of the radiometric image across
a half-width of the signal cross-correlation function
K,(n4S,T,B;,B,) (19, 21] as follows

P.(n;,S,T,B.,B,) =
_ 1 RZ(S’T)Bi7Be) (ndc)z

[eno/B, - 527 |\ B
K,(n4,8,T,B;,B,) =
={[4r(S.T,B;,B,)/P.(S,T,B;,B,) },

(11)

where n; is the tap number of the BR delay line, c is
the speed of light (3-10% m/s), and B is the distance
between the BR reception points (the BR base).

The modeling results are Pr(l,102,274, 10%,10%) ~
~12.2m, P,(1,10%274,10°,20) ~ 5.2 m, and K,.(1,10%,
274,10%,10%) = K, (1,107,274, 10%,20) ~ 6.04 m.

8. Fulfilment of mapping continuity. To ensure con-
tinuity in the mapping, the first line of the image
can be constructed utilizing the widths of the BR an-
tenna patterns. The second line uses the half-widths
of the antenna patterns and is shifted by the radi-
us of the "spot" on the mapping surface. The time
t, (S, T, B;, B,) taken to construct one line of the
image, the number 1, (S, T, B;, B,) of steps in one line,
and the radiometric image band B;,, (S, T,B;,B,) are
determined by the formulas [18]

t,(S.T,B,,B,) = 1y(S,T, B;, B,) [ V.,
(S, T,B;,B,) =,(S, T, B;, B,) /1, (B;),
B,,(S,T,B;,B,) =

=[2r,(8,T,B;, B, /[ V. t,(B) ],

where V. is the AN-14 flight velocity (50 m/s) during
the Earth’s surface mapping.

The calculation results by expression (12) are vie-
wed in Fig. 2. The dependences R2(102,T,103,103)
and B, (10%,7,10%,10%) (curves I and 2, respective-
ly) illustrate a relative growth of the image band at high
contrasts of the useful signals. To avoid merging with
curves I and 2, dependences R2(102,T+50,103,20)

(12)

R2) Bin
1-10*
r h“‘“\'\\ 3
~, -~
110° £ ‘\\\/\,’, .
£ "\‘ \ 7,
I N
4 \‘:
100 ',|: ;
: ' ;
[ 'i
i i
10 | |( |
160 200 240 280 T

Fig. 2. The range R, (S, T, B;, B,) of the BR as part of the NRS
and the land surface mapping band B;,, (S, T, B;, B,) versus
the object radio-brightness temperature T

and B,,,(10%,T +50,10°,20) (curves 3 and 4, respec-
tively) are temperature-shifted by 50 K. The mea-
surement of the Doppler frequency correction F,
significantly reduces the BR range and the map-
ping band.

We obtained  B;,(10%,274,10%,10°) ~ 4528 m
when R,(10%,274,10°,20) ~ 2949 m. And in the F,
presence, B,-m(102,274,103,20) ~823m and R2(102,
274,103,20) ~ 1258 m. Hence, the F‘l7 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. The calculation
formulas for the N(B,, k) relation between the BR
range and the image band and for the antenna view-
ing angle €2 (B;, k) are given below

k
B. b
Bim(102,264,Bi,’j

R2(102,264,Bi,13i]

k (13)

B.
O.SBim(102,264,Bi,k’) 180

B a’
R2(102,264,B,.,k’)

©(B;,k) = asin

where the k-times decreased bandpass B; of the BR
output filter stands instead of the bandpass B, of the
Doppler filter.

We obtained N(10%,1)~0.65 and ©(10°,1) ~
~50.1°, which are extremely difficult to imple-
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Fig. 3. The relation N (B;, k) between the BR range and the
image band. The viewing angles © (B}, k) of BR antennas ver-
sus output filter bandpass B;

ment aboard an aircraft AN-14 "Bdzhilka". With
F, measured, N(10°,50)~1.53 and ©(10°,50) ~
~19.1°. These numerical modeling results plot-
ted in Fig. 3 serve to optimize the BR characteris-
tics and parameters. The mapping according to
N (B;, 1) (curve 1) and Q(B;,1) (curve 4) suggests
choosing B;~ 589 Hz when ©(589,1) ~31°. In this
case, N(589,1) ~1, R,(10%,274,589,589) ~ 3367 m,
and B, (10%,274,589,589) ~ 3475 m.  Similarly,
the dependences N(B;,50) (line 2) and €(B;50)
(curve 5) taking into account the F, measure-
ments are also shown. We obtained N(1835,50) ~ 1,
©(1835,37) ~31°, R,(10%,274,1835,37) ~ 1083 m,
and B,,(102,274,1835,37) ~1119m. A hundred-
fold narrowing of the B; is given by the dependenc-
es N(Bi,102) (line 3) and ©(B;,10%) (curve 6).
As before, N(2313,10°)~1, ©(2313,10%) ~31°,
R,(10%,274,2313,23) ~ 886 m, and B, (102274,
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, differential Dop-
pler frequency, viewing angles, etc.

10. Differential Doppler frequency correction
FP(VO,n,S,T,Bi,Be) of objects on the mapping sur-
face [19, 20]. Figure 4 shows the two, B; and B, re-
ception points of the BR. The distance between B
and B, is called the base B. The vectors V. and V,
are, respectively, the carrier flight velocity and the

object movement velocity (the ground surface wind
velocity). The object is at the point 0 and represents
a piece of concrete at T'= 264 K surrounded by some
grass at T'= 292 K. The carrier flight direction is gi-
ven by segment AO. In our numerical modeling, B =
=10m, VC =50m/s,and \70 varies within 0 to 30 m/s.
The differential Doppler frequencies of objects will
be calculated by the formulas derived below.

The length OB;(S,T,B;,B,) of the image line (in
Fig. 4, line OB;) and the angle a(S,T,B;,B,) (in
Fig. 4, angle B,0B;) are

OB,(S,T,B;,B,) =
= B,,(S,T,B;,B,) - 0.5 B;,(S,T,B;,B,) - B,
a(saT)Bi,Be) =
=acos[OB;(S,T,B;,B,)/R,(S,T,B;,B,)].

(14)

The carrier flight altitude B,B;(S,T,B;,B,)
(straight line B,B;) and the range OB,(S,T,B;,B,)
from the receiving point B, to the object (straight
line OB,) are
BzB3 (S, T, Bz’Be) =
= Ry(S,T,B;,B,)* + OBy(S, T, B;, B, )’,
OB,(S,T,B;,B,) =

= /B,B5(S.T.B;,B,)* +0.5B,,,(S.T,B;,B,) - BI.

(15)

The angle S(S,T,B;,B,) (angle B,OB;) and the
angle y(S,T,B;,B,) (angle B,OB,) are

ﬁ(S>TaBj)Be) =

0.5B;,(S.T,B;,B,)— B|
=4acos >
OBl (SyT) Bi’Be)

V(S>T)Bi)Be) = ﬁ(S>T)Bj’Be) -

(16)

a(S,T,B;,B,).

The dynamic velocity V,(V,
the mapped object and the angle 6(V,
between the V. and V; are

7)) (Vector Vd) of
»>M) (angle 0)

Vy (Voo pt) =y V2 + V2 =2V, V. cos(n — ),
. V24V (V,, 1) - (17)
O(V,,u) = acosy — d( y) .
2 Vc Vd( 0> /’t)
Here the angle u between V. and V, varies in our
modeling from 0.0175 to 2.5 7.

The projection VP(VO, u) (vector Vp) of the ob-
ject dynamic velocity onto the mapping plane and
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the projections of the object movement Velocities
Vl( S, T, B,,B ) (vector Vl) and V2( .S, T,
B;,B,) (vector V, ) in the directions to the reception
points B; and B,, respectively, are
VP(VO,,u) = Vd(VO,,u) cos[O,Sn - O(Vo,lu)],
Vl(vo’/u’s’T’Bi’Be) =

= VP(VOHLL) COSI:ﬁ(VQ)M)S)T)Bj)Be):I;

V, (Vo 4,8,T, B;, B,) =

= VP(VO,,u) cos[a(Vo,u,S,T,Bi,Be)].

(18)

The differential Doppler frequency correction
E,(Vo,u,S,T, B, B,) of objects on the mapping sur-
face is [19, 20]

_zvp(vo’ﬂ)x

Ay

{ﬁ( 1,8, T,B;,B,) + a(V,
2

. [V( ST, B;, Be))
Xsin 2 .

The (* ,u,S,T,B;,B,) calculation results
are shown in Fig.5. The dependences F, (V,,1,
10%,274,10%,20) (straight line I) and F (5,,14,102
274,10%,20) (curve 2) describe, correspondlngly, the
differential frequency F,; growth as the object ve-
locity V, increases and the angle u between the car-
rier speed V, and the object speed V, changes.

If u=m or 27, then F,; = 0, since Vl,] Vzg
(see (19)). The dependences E, (5,1,5,274,10°,20)
(straight line 3) and E, (5,1,10%, T 10°,20) (curve 4)
describe the F; behav1or depending, respectively,
on areas S of the objects and their radio-brightness
temperatures T. The steep Fpij rise along curve 4
is associated with a low radio-brightness con-
trast wherein the BR range R,; significantly de-
creases and the angle y; from formula (16) in-
creases. When R,(10%,274,10°,10°) ~2949 m and

B,,(10%,274,10°,10°) ~ 4528 m, the highest diffe-
rent1al frequency value is as low as F,(30,1, 107,
274,10°,10°) ~ 26.2 Hz. That is, at V,= 30 m/s and
B,= 10’ Hz, the differential frequency is not mea-
sured. The Doppler filter bandpass B, narrowing
from 1 kHz to 20(10) Hz gives R,(10%274,10°,20) ~
~1258 (1057)m, B, (10%,274,10°,20) ~ 823 (582)m,

F,(V,...T.B;,B,) =

o1, S, T, B;, Be)}
X

(19)

B, B,

Fig. 4. Determination of the differential Doppler frequency
of mapped objects.
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Fig. 5. Differential Doppler frequency correction F, (V,, 14,S,
T B;,B,) of objects on the mapping surface versus variables

V,,u,S, and T: 1 — F,(V,,1,10%,274,10°,20); 2 — F, (5,u,
102 274,10%,20); 3 — F (5,1,8,274,10%,20); 4 — F, (5, 1 102,
T,10%,20)

F,(4.5,1,10%,274,10%,20) ~ 20.1 Hz,and F, (1.9, 1,10%,
274 10°,10) ~ 10.4 Hz. We note that measuring the
object velocity V,= 4.5(1.9) m/s can be accom-
panied by losses in the BR range and radiometric
image band.

11. Number of Doppler filters at the BR output
and coverage sector of BR antennas. The number
N¢(Vo,u,S,T,B;,B,) of necessary Doppler filters
at the BR output and the coverage sector 6,(S,T,
B;,B,) of the BR antenna system are given by the
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Fig. 6. BR range R, (S, T, B;, B,), image band B, (S, T, B;, B,),
filter number N¢ (V,, u,S, T, B;, B,) at the BR output, and cov-
erage sector 0, (S, T, B;, B,) of the BR antenna system as func-
tions of T, V,, and B, variables

formulas [18]
N;(V,,,8,T,B;, B,) = F,(V,, ,8,T, B, B,) | B,

0.5B,,(S.T,B,,B,) |180° (20)
R,(S,T,B,,B,)

GS(S,T,Bi,BE):asin{ .
7

The BR calculation results with F,; measured are
seen in Fig. 6. The dependences R2(102,T,103,20)
and Bim(IOZ,T,lO3 ,20) (curves 1 and 2, respective-
ly) show the BR range and the image band imple-
mented. For clarity, the curves are mutually shifted
by 250 K. Straight lines 3 and 4 illustrate, respec-
tively, the number N ;(V,,1,10%,274,10%,20) of the
necessary Doppler filters and the coverage sector
05(102,274,103,Be) of the BR antenna system. Ac-
cording to curve 4 without F,; (B; =B, = 10° Hz)
measuring, the antenna system should have +50.1°
coverage sector, which is technically difficult 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  R,(10%,274,10%,30) ~ 1392 m,
B,,(10%,274,10%,30) ~ 1008 m, N((30,1,10%,270,10%,
30)~ 4, F,(7.7,1,10%,274,10%,30) ~ 30.2 Hz, and
6,(10%,274,10°,30) ~+21.2°.

12. Specific effective 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]. Then the NRS performs
as a joint, angle-and-range-measuring radar system
[15, 20]. The central frequency of backlighting with
a noise-like signal was taken to be 196 GHz in an
8 GHz bandwidth [8].

The specific effective surface area o (f,y) of a
land cover comes from the following approximate
empirical expression in the case of coherent horizon-
tal polarization [15]

oo(f>y) =2+ 2, 108(1/1/20)"'23 log(f/IO), (21)

where f is the central frequency in GHz (196 GHz),
Yy is the grazing angle (the coverage sector
0,(S,T,B;,B,) of the NRS antenna system), Z;, Z,,
and Z; are the soil parameters for mapping various
land covers. They 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 oy(f,y) values do
not align closely with the experimental results [15].
The variations are approximately between 0.8 and
3.8 dB.

13. Transmitter pulse power P, for mapping surface
backlighting [2, 14]. Of concern are the repetition pe-
riod T, and duration 7; 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 T, that is twice the duration

7; of the pulsed probing signal is adopted,
Ti =

=2[R,(S,T,B,,B,)* ~[0.5B,,,(S.T, B, B,)I Jc, (22)

where c is the speed of light (3-10® m/s).
We found that 7; <6usand T, ~12 us. With the

F,;; measured, 7; <4 psand T, ~ 8 ys.

pij
The number of accumulated echo signals is
V2ayt,(S,T,B;,B,)0;

41,0.(S,T,B;,B,)

M(S’T’Bi’Be’Ti) = (23)
where ¢ is the proportionality coefficient. For a
rectangular wave packet accumulating all the pul-
ses, a; = 1. Ibidem, ©; = (\/5/13180)/g(7rL1), where
A3 =1.53 mm, is the half-width of the radiation pat-
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tern of the transmitter antenna and the antennas of
the BR receiving channels (degrees).

We obtained M(10%,275,10°,10%,6-107°) ~ 253
echo-signals. During F,; measuring, we obtained
M(10%,275,10%,20,4-107°%) ~ 421 echo-signals.

The absolute noise temperature T, of the BR an-
tennas is

T,=1-B)nx

X [Tat +1,Co (1= 0) + D 1,C,0, + TC26] +
i=1
k
+:377[Tat+tg2c2+ztjczéjj+(1_77)’ro> (24)
j=1

where [ is the antenna dispersion coefficient, 7 is
the antenna efficiency, T, tgz,T,To are the noise
(radio-brightness) temperatures of the atmosphere,
ground, and the object, respectively, and T is the
absolute temperature of the environment. Ibidem,
C, ~0.563 (see expression (7)), tists i=L2,...n
and j=1,2,... 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, O is the relation
between the solid angles occupied by the object and
by the main lobe of the BR antenna radiation pattern,
and 9; and 6; are the same as 0 but for signals inter-
fering with the reception of object vibrations.

We adopted =031, 5=0.78, t,=292K,
6=0.2(0.5), T =274K,and T, = 290K. Then T, ~
~ 290 K if the Doppler frequency correction F,; is
not measured. If measured, T, ~ 288 K.

Let us determine the noise figure K, of the BR
receiving channels, which process echo-signals from
the surfaces under backlighting [14, 17]. The struc-
ture circuitry features a classic series connection of a
circulator, a low-noise G-band amplifier, a preselec-
tor, a mixer, an amplifier, and a band-pass filter. For
a low-noise amplifier with a noise figure of 7 dB at a
gain of 20 dB [20], we obtained K, ~5.3.

The noise spectral density Ny(T,) in the BR re-
ceiving channels, the opening area A, of the anten-
nas, and the radar cross-section (RCS) o,(0,S) of
mapped objects are obtained by the formulas [14, 16]
No(T,) =kTy[K, -1+ (T,/Ty)],
A, ~0.4m(0.5D?%), (25)

0,(04,8) =100 /10,

P E
001
-3 L
1107 .
E 7
L '_’.',"
L R
e
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F ~
- 1. 3.7
i e
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S, T-250, B,, 0y

Fig. 7. Powers P,(S, T,B;,B,, T,,0,) of the pulse transmitter of
the noise-like quasi-continuous signal for mapping surface
"backlighting”" depending on variables S, T, B,, and 0y: 1 —
P,(8,274,10%,10%,290,4); 2 — P,(10% T,10%10%290,4); 3 —
P,(10%274,10% B,,288,4); 4 — P,(10%,274,10°,20,288,0,)

where k is the Boltzmann constant (1.38-1072* J/K)
and o, is the specific radar cross-section (RCS) of a
ground cover. Using formula (21), we have o, ~ -4 dB
for concrete and for grass, o, ~-1 dB. We obtai-
ned N,(288)=2.12-102°J, A, ~7.22-107° m? and
0,(4,10%) ~ 39.8m?.

The pulse transmitter power P,(S,T,B;,B,,T,,0,)
of the noise-like quasi-continuous signal for the
mapping surface backlighting comes from the for-
mula [14-18]

P.(S,T,B;,B,,T,,0,) =
27y, Ny(T,)0,(S,T,B;,B,)R,(S,T,B;, B,)* L,

, (26)
45tP(S,T,Bi,Be )A,0,(04,S)

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

The calculation results of the backlighting pulse
transmitter power are presented in Fig. 7. The de-
pendences P,(S,274,10%,10°,290,4) (straight line I)
and Pt(IOZ,T,103,103,290,4) (curve 2) indicate
the transmitter power values with the correction
F,; not measured. For clarity, curve 2 is shifted by
250 K. The dependences P,(10%,274,10°,B,,288,4)
(straight line 3) and P,(10%,274,10°,10%,288,0,)
(curve 4) describe the backlighting powers with the
F,; correction measured. Additionally, possible
changes in the Doppler filter band B, and the specific
RCS 0, of the mapping surfaces are shown.
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Tosumup,when B, =B, = 10° Hz, R2, ~2.95km,
Bjpjj ~4.53 km, m;; ~1106 and Mj~ 250, and
95,1 + 50.1°, then P.(10%,274,10°,10°,290,4) ~
~7.7mW. With the Epjj measured (B: =10°Hz
and B, =20Hz), we have correspondingly, R, ~
~1.28 km, By,; ~0.82 km, my;~ 472, M~ 420,
and P, (102,274, 103 20,288,4) ~ 0.23 mW. Such a
drop in the backlighting power in the F,; presence
is associated with a decrease in the BR values Bipij
and Ry;;.

14. Differential  Doppler  frequency correction
Ei(V,,n, S, T, B, B,) under condition of ground back-
lighting [19, 20]. 1t is quite difficult to correlate the
differential Doppler frequency correction F,; of
radiometric signals with the total Doppler frequen-
cy correction F; under backlighting conditions. In
this connection, the F; and F,; measurement al-
gorithms are held the same, i.e., in the two BR receiv-
ing channels at 4; =1.53 mm,

E(V,,n,8,T,B;,B,) =
=[ A:F,(V,n,8,T,B;, B,) |/ 5.

Due to the selected 13, F; decreases against F,;
slightly, by a factor of ~ 1. 142 If is ~4.2 m/s, then

(27)

Fj

Fyj is ~5.2m/s.
The E;; curves behave the same as the F,;; curves
in Fig. 5.

Notably, when the bandwidth of the input low-
noise amplifier is sufficiently wide to encompass the
passive reception and backlighting ranges 192 to
232 GHz, no additional specialized echo-processing
equipment is required. The output cross-correlation
functions of the radiometric and backlighting chan-
nels differ by the frequency 1/7T,. In the considered
structure embodiment, this difference 1/7, is appro-
ximately 125 kHz.

15. Root mean square (RMS) deviations of poten-
tial accuracies of delay time and differential Doppler
frequency correction measurements [14]. The RMS
deviations o, (B,v) of the potential accuracy of the
delay time measurements and the RMS deviations
0r(B,,v) of the BR potential accuracy of the diffe-
rential Doppler frequency correction measurements
are evaluated by the formulas [14]

Urz(Bp,v):x/gc/(anp),
0,3(Bb,v):x/§c/(m/Bb),
05 (B,,v) = V3B, [(av),

(28)

where v is the voltage SNR in land surface mapping
and B, is the BR input bandwidth. In the passive
receptlon channel, B, =14.5- 10° Hz. Under back-
lighting, B, = B, = 8- 109 Hz

For regular measuring, ¥> >>1 is necessary. That
is, the voltage SNR must be elevated from ~2.16
(previously adopted in our modeling) to no less
than 32. We obtained 0,,(14.5- 10°,32) ~ 0.36 mm,
0,3(8-10%,32) ~0.64mm, and 05(20,32)~0.35
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 R,;; and the surface imagery
band Bj,;;

It is worth noting that the BR implementation in
the infrared (3.3 to 4.2 um) provides certain advan-
tages in the resolution (B,;) by path difference on
the mapping surface [22]. Let us reduce the base B
from 10 to 1 m. Then at R,;; ~ 2.95 km, the resolu-
tion is B~ 0.09 m if in the infrared. In the 1 mm
band, Pr,.j 12.2 m. With F i correction measured,
we had R,;;~1.26 km and Pr,] 5.2 m. Compare it
with B ~ 0.04 m in the infrared at the same R; ~
~1.26 km range. The differential Doppler frequency
correction F,; 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.
The 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. The BR range R,; with the central
wavelength A; = 3.37 mm and a 6.0 GHz band was
compared to the BR range R,;; with 4, = 1.34 mm
and a 14.5 GHz band. The comparison indicates that
the utility of a 1.34 mm radiometric signal is most
evident in the BR. The BR provides the target detec-
tion by angles and path differences. In this case, the
radiation patterns of the BR antennas contain six el-
ements of discrimination by path difference on the
ground, the radiometric image fluctuation sensitivity
being Tp,; = 0.41 K.
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Let, for instance, the BR output filter bandpass be
B; =10° Hz, and let the Doppler filter bandpass be
the same, B, = 10> Hz. Then the BR range is R2ij ~
~ 2.95 km with the image band Bj,,;; ~ 4.53 km. The
resolutions in and across the flight track are, respec-
tively, P, ~ 12 mand P, ~ 37 m. The number of
steps in one image line is #;; ~ 1106, and the num-
ber of pixels in one line is n,;, ;; ~ 6678. The coverage
sector of the BR antennas is 6;; ~ £50.1°.

A method has been proposed for determining the
wind velocity on the mapping surface. Narrow-band
filters B; of the differential Doppler frequency cor-
rection are installed at the exit of the BR output fil-
ter B, . The useful signal accumulation time is limi-
ted and set at a 3/B; level. For example, when B;=
=10°Hz and B, =20Hz, then the SNR loss A=
=14.8 dB. Additionally, Ry;; ~ 1.26 km, By, ;;~ 0.82 km,
Byj~5m, Py~ 16 m, my;~ 472, ny, i~ 2847,
0,ij ~ £19.1°, the wind velocity resolution is P,y ~
~ 4.5 m/s, and the number of Doppler filters is Ny;; =
=7 (at V,,= 30 m/s). The RMS deviation of the
delay time potential measurement accuracy is
0,7 >>5 mm, and the RMS deviation of the poten-
tial measurement accuracy of differential Doppler
frequency correction is ¢ rij>>5 Hz.

Regular measuring the path differences and differ-
ential Doppler frequency corrections F,;; of useful
signals is possible, provided that the voltage SNR at
the BR output is approximately 8 rather than ~2.2.
The SNR enhancement for B;= 10> Hz, B, =20Hz,
and A ~ 14.8 dB provided: R,;~ 0.65 km, Bj,;; ~
~0.22km, By ~2.7m, By 5 ~ 8, gy ~ 244, 1y i~
~ 1475, O~ £9.8°, Py ~ 22 m/s, Ny;=14 (at
V,,=30m/s), 0;,; ~0.36 mm, and 0 ~ 0.35 Hz.
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YMCJIIOBE MOJETIOBAHHA XAPAKTEPVICTUK
I TTAPAMETPIB ITYMOBOTI'O PAJAPHOI'O CEHCOPA
JII51 KAPTOTPA®YBAHHS 3EMHOI ITOBEPXHI

ITpepmer i MeTa po6oTi. Y po6OTi HaBe[eHO Pe3yIbTaTH YMCIOBOrO MOAETIOBAHHS XapaKTePIUCTHK 1 TapaMeTpiB HIyMOBOTO
pamapHoro ceHcopa (IIIPC) mpu aycTaHIiiiHOMY 30H/[yBaHHI 3eMHMX OBEPXOHb. PO3rIAHyTO pagioMeTpyyHmMii (ITacUBHMI)
pexxuM poboTH i pexxuM 3 «I1ificBiuyBaHHAM» (aKTUBHMII) ClieH KapTorpadyBaHH:. 3aCTOCOBAHO pajioMeTpUYHI CUTHAIN
MOBEPXOHD HA JOBXMHAX XBU/Ib 3.37 1 1.34 MM Ta €X0-CUTHa/IN 332 YMOB «ITiZICBiYyBaHHA» IJUX K€ IOBEPXOHb ITYMOBUM KBa3i-
HeIlepepBHUM CHUTHAJIOM HafICIabKOI TOTYXHOCTI 3 A = 1.53 MM. MeTa po60TH 11071ra€ y po3po6/IeHHI METOIMKY YMCTIOBOTO
MOJIEIOBAHHA /I PO3PAXYHKY MOXIUBMX BXifHMX XapakrepucTuk IIIPC Ta iX mMopiBHAHHA 3 BUXiHMMY IapaMeTpaMu
300pakeHb 00 €KTiB KapTorpadyBaHHs.

MeTopu Ta Metopmonoria. IIpoBefeHo aHali3 i CMHTe3 OTPUMAHMX BUXIJHMX ITapaMeTpiB Ta XapaKTepUCTUK 300pakeHb
3eMHIX II0BEPXOHb 3a MOXIMBMMM Bapiantamu no6ygosu HIPC. Sk Hociit IIPC 3anponoHoBaHO BMKOPUCTOBYBATH JIiTaK
AH-14 «bpxinka». YpaxoByBamics cTaH aTMocepy Ta 00MeXXeHMIT Yac HaKOIMYeHH MaJIOKOHTPACTHOTO PaJiioMeTPUYHO-
r0 KOPUCHOTO CUTHANy «TpaBa—0eToH». BusHaueHo npubmmsHi muromi eeKTUBHI OBEPXHI PO3CilOBaHH:A TpaBy Ta GETOHY
B PEXUMI «ITifICBiYyBaHHA».

PesynbraTu. BUKOHaHO ONTUMIi3allil0 pe3y/IbTaTiB UMCIOBOTO MOJIETIOBAaHHA XapakTepucTuk i mapamerpis IIIPC y nsox
pexuMax poboru. OTpuMaHi Taki 3Ha4eHHsA IMapaMeTpPiB CUCTEMM: JAIbHICTD AIil B PaioMeTPUYHOMY PeXMMi Ta 3a yMOB
«IIifICBIYyBaHHs» LIVIX 5Ke II0OBEPXOHbD; CEKTOP OITIAAY IIOBEPXOHD i CMyTH 300paskeHHs; PO3/i/IbHA 30aTHICTD; KIIBKICTD HOII-
nepiBcpKux QinbrpiB Ha Buxofax IIPC; TOUHICHI XapaKTePUCTUKI CUCTEMI.

BucnoBku. Yncnose MozenoBaHHA BUKOHAHO A xapakrepuctuk IIPC, Axi TexniuHo peanisyrorbca Ha mpaxkTtui. [Ipo-
BeJleHO ONTUMi3alio ocHOBHUX mapameTpis IIIPC y pagioMeTpudHOMY pexxnmi po60TI Ta IIpH «IIiACBiYyBaHHI» ClleH Kap-
torpa¢dyBaHHs. BusHavyeHo 3ameXHOCTI MDK BXigHnmu xapakrepuctukamu IIIPC 3 BuxigHnmm mapamerpamn 300paxeHb
3eMHMX [10BepXOHb. OTpUMaHi pe3y/IbTaTi JO3BOIATH IIPOTHO3YBATH AKICTb 300pa)keHb IIPY [YICTAHIIITHOMY 30H/yBaHHi.

Kniouoei cnosa: padiomempuyunutl konmpacm, mpaea, 6emon, danvHicmv 0ii, nikcenv, 00nepiscoka nonpaska Hacmomu,
po3dinvHa 30amuicmo, cepeOHbOK6A0pAMu1He i0XUNEHHS NOMUTIOK.
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