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STATISTICAL SYNTHESIS OF MICROWAVE SCANNING RADIOMETER

V.V. PAVLIKOV

This paper presents a synthesis of algorithms of optimum and quasioptimum signal processing of its own
thermal radiation of spatially distributed objects in radiometers with a scanning pattern. It is shown that
the optimal algorithm contains the following operations: multiplication of an observation by the function
describing the antenna pattern at the current moment of time, decorrelation, convolutions with inverse un-
certainty function of the radiometer, square-law detection, integration and compensations of power of the
internal radiometer noise which is measured at the calibration phase. The block-diagram corresponding to
the synthesized algorithm is developed which, unlike the known compensation scheme, contains operations
of multiplying an observation by the operation describing the antenna pattern at the current moment of time,
decorrelation and convolutions with the inverse uncertainty function of the radiometer.
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INTRODUCTION

Radiometric systems are widely used in problems
of remote sensing and radioastronomy. The power es-
timate of own signals of objects at the output of such
systems can be converted to brightness temperature.
If available the corresponding mathematical model of
its own thermal radiation the brightness temperature
can be counted in the evaluation of electrodynamic,
physico-chemical and statistical characteristics of ob-
jects [1]. The quality of estimates depends on the ra-
diometer type. The analysis showed that the empirical
approach usually used for the construction of modern
radiometric systems. In order to estimate the close-
ness of these and optimal systems is necessary to solve
the synthesis problem of radiometric system by using
the modern theory of optimal estimation of signal pa-
rameters [1] and the methods of functional analysis
[2, 3]. Important results of the statistical synthesis of
radiometric systems were obtained in [1, 4-5]. How-
ever, in these works is not enough attention given to
the question of observation processing in the scan-
ning radiometers.

The contribution of this paper is statistical syn-
thesis of optimum and quasioptimum algorithms of
brightness temperature or power estimation of the
spatially-distributed objects in the scanning radiom-
eter and development of their block diagrams.

1. FORMULATION OF OPTIMIZATION
PROBLEMS. THE OBSERVATION EQUATION

In the currently 7 is necessary to give the optimum
estimate (in terms of selected quality criteria) of the
spectral-angular power density B(f,0), which is a
radiometric image as a function of direction cosines 0 .

It is assume that the antenna boresight 6,
varies with time, i.e. 0,(f). The signal s(#,0,(¢)) at
the antenna output is mixed with the internal noise
n(t) in a predetection section of the receiver which
characterized by amplitude-frequency response
K(j2nf). Additive regularizing noise n,(r) is
introduced in the observation equation. It is white
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zero-mean Gaussian noise with a low spectral power
density N, . This addition eliminates singularities of
integral equations solution. The observation equation
has the following form:

u(t,0,(1)) = [s(t,e0 1))+ n(t)] ®h(t)+n, (@), (1)
where
5(2,0,()) ® h(1) =5,(,0, (1)) =

[ [ AR G2rp) %
xexpj2n (17 (0-0y())c ! )| dfd7ido

is the useful signal at the output of the predetection

section of the radiometer; A(f,0) denotes the
spectral-angular density of the complex amplitude
of the radiation source; [I(f,7’) denotes the
amplitude-phase distribution in antenna aperture,
F'=(x",y")e D' is the coordinates of the receiving
antenna aperture; 0 is the direction cosines; 6, (¢)
denotes antenna boresight as function of the time 7
¢ is the velocity of wave propagation in free space;

h(t) = Ji K(j2nf yexp{j2nft}df denotes the impulse

response of the predetection section of the radiometer;
® denotes the convolution operator;

n, (1) =n(t) ® h(t) = fwn(r)h(t —1)dt

is the internal noise at the output of the predetection
section of the radiometer.

All processesin observation equation are mutually
independent zero-mean white Gaussian noise. It is
assumed that the following condition is true [1]

(AC,0)A4°(3,0,)) = B(/;,0)8(f; — /,)3(0, =6, , (2)

i.e. A(f,0) isuncorrelation in frequency domain and
in angular coordinates. Here () is the expectation
value. The spectral-angular density of power B(f,0)
in equation (2) must be found.

In solving optimization problems by the
maximum likelihood methods requires a knowledge
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of the correlation function of the observation (1).
The preliminary assumptions is being entered. First
of one, it is assumed that the antenna is a frequency-

independent( F(f,0) = F( /y,8)).Second, thefunction
B(f,0) is monotone in frequency domain, so is used
the mean value theorem and will be considered the
value of the spectral brightness as constant within the
radiometer bandwidth, i.e. B(f,0)= B(f,,0) . Then
the correlation function of observation (1) has the
following form:

R, (1,1,,(0)) = 0,5] B, (f3,05(1,),05(1,)) + N |x )
xRy (t, —1,)+0,5N ,8(t, - 1,),

where
B, (fy,00(11),0¢(1,)) =
Re [ B(f5,0) F(f,0 =0y (1,))F" (f,0 04 (1))dl6;

0| . 2
Ry(t,~1) = [ |K(j2nf)| exp{j2nf (1, ~1,)}df .

In deriving (3) was used the expression (2).
It is assumed that the amplitude-frequency

response  K(j2nf) of the predetection section is
ultrawideband, then the expression (3) can be written
as(t, -1, =1)

R, (1, =7, () =
=0,5 B, (fy,00(1))+ Ny |R,(1)+0,5N ,3(),
where
B, (f3:00(0)) = [, BU3 O F(f,,0-0,(4)) do
Spectrogram is given by the equation [7]
G(f.1,0M0)) =
=0,5( B, (£,.0,(1)) + 1\/0]1((1'27#)\2 +N,}

4)

(&)

2. SOLUTION OF OPTIMIZATION PROBLEM
The optimization problem can be solved by the
maximum likelihood method:

81 plu(t,0,(1)) | 2.(0) | /51(0)| 0, (6)

(O (0)

where A(0) = B(/;,0); A(0) and %
and the optimum parameters;

plu(t,0,(1)|1(0)]=
=k (0) )exp{=0,5[" [!u(t;,0,(1))x
xW, (1;,1,,M(0))u(t,,0,(#,))dtdt, }

is the likelihood functional; W, (#,t,,2(8)) denotes
the inverse of the correlation function found from the
following integral equation

J R, (1,1, MO)W, (1,15, M0))dty =5(1, —1;) 5 (7)

k(M(0)) denotes a parameter that depends on A(6);
8/6M(0) denotes the variational derivative.

Solution of equation (7) in the time domain is
difficult. To equation (6) is being applied the Fourier

(0) are estimated

opt

446

transform and is being calculated the variational
derivatives [2, 3]. The solution is given by

1" En0- 00 K2
<G (f,1,,3(0))dfdr, =
=L Tl Pono-ow

«|K (21| G2 (f 1,1(6)) exp{ j2nf ) dfiddl,

The left-hand side of equation (8) multiply and
divide by G(f.,#,,.(0)) . Then the equation (8) can be
given by the following relation

®)

0,5[, B(f3,0)'¥ rg (/0 —0,1(0)d0 +

. . 9
+N,C(6,M(6)) + N ,Cy, (6,1(0)), ©

where

W (.0~ 0,0(0)) = 2[ | F( /3.0~ 0y (1) % o)

. 2 A
X[ F(f3,0-0, (1) AF(1,,0(0))d,
is the radiometric uncertainty functions;

2NF (40 = [ [K G2 G2(f .00 =

2
= [7 |k Garn[ Ky G2ns 0. 00))| df

is the bandwidth of the predetection section of the
radiometer after matched and decorrelation filters;

2
Ky (22,0000 =|K(2n)|| G2(.11.4(0))

is the frequency response of the decorrelation filter;

20Fy (.300) = [ [K(2m)|| G2 (f.0.(0)df =

2
_ IZ‘W J2nf 1, 300))| df

is the bandwidth of the decorrelation filter;
~ . 2 ~
C(0,4(0)=2[!| F(f;,0-0,(2))| AF (1, 2(0))dr, (1)
and
~ . 2 ~
Gy (0,4(8)) =2 |F(f;,0 -6, ()| AF, (1,4(0))dr;.(12)

The right-hand side of equation (8) has the fol-
lowing form

I;I(:.[:F(ﬁ)’e_eO(tl))F*(ﬁ),e—eo(t2))x

{| K2 G2 (f 1 30)utt,0 (1))
xu(t,00(1)))exp{ j2nf (1, —1,)} dfdt,dt,.

For the wideband frequency response of the
predetection section we have the following relation

G (/1,10 ~G(f,1, MO)G(f,1,2(0)) . (14)
Then the equation (13) is being written

13)
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[ 1K G230 [ F(£5,0-00(0)G™ (£,1,0(0) %
xu(t,0, (1)) exp{—j2nf t}di " df =
= 7 |KG23 U, (1.0 df = [ Uy (1.0 .
where
Uspe(f,0)= [, F(f;,0-00(0)G ™" (/,1,1(0))x
xu(t,0,(1))exp{—j2nf t}dt,

Uy (f,0) = K27 1 (f0)
Using the Parseval theorem, we then deduce

(15)

[ [0 (1O df = [y 200z, (16)
where
gy (1,0)= F ™' [ U,y (£,0) | (17)

and F7'[] denotes the operator of the inverse Fourier
transformation.

Using equations (9) and (17), we then deduce the
solving of equation (16) in the following form

o,sjeé(Jg,e')quG(fO,e' —0,0(0'))do’ =

) . R (18)
= [}, (2,0)dt ~0,5[NyC(0,3(0))~ N,.Ciy (6,1(0)) .

The left-hand side of expression (18) hasa smooth
by the uncertainty function ¥(0'-0) estimate of ra-
dio brightness as a function of angular coordinates

l}( Jo,9") . To restore l}( /p,0') assume that there is an

inverse function Wi (f;,0" —6,A(0)) which satisfies
the integral equation

J‘\PFG (/o,0"— 0,7(8))

X 1 (f5,0"—0,1(0))d0 =5(0'~0").
Multiplying both sides of expression (18) on

Yo ( fo,e”—e,i(e)) and integrate over 0 can be
obtain the following optimal algorithm

B(o:9") _t ot o r ar i [
OT: jexp;G( £,,6"=6,1(6)) jou;d(z,e)dzde—

(19)
~0,5NR(6",3.(6"))~0,5N ,R(6",1(6")),
where
R(0",(6")) =
1 Yy on L - (20)
= [ W76 (/4,0"—0,1(0)) C(0,1(6))d,
Ry (6",1(8")) =
@1

= [ W6 (/5,0" = 0,1(0)) Gy (6,1.(6))d6.

The algorithm (19) gives the optimum estimate
of brightness temperature of a spatially-distributed
object.

For practical implementation it is expedient
to make some simplifications in the algorithm (19).
Assume that the decorrelation filters are not adaptive,
but depend on some average value A. Then the
half-width of the bands appearing in (19) are equal
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AF(t,,M0))~AF(L) and G(f,1,M(0))=G(f,%.) and
the expression (10) will have the following form:

LPFG(fO,e'—e,i)=2AF(>1)jO’\F(f(),9,_eo(tl))‘zX .
. . (
A F(fy,0-0,t))| dty =20FG)W 1 (£,,6-6),
YL (f,0 —0,1(0))=0,5AF " (W)W, (f;,,00-0) (23)
and
[ 6 (5,0~ 0,2(0) W 15 (5,0 — 0,1(0))d0 = (
= [ 5 (5,0 = 0)¥ (£7,0" —0)d0=5(0"~0").
Using equations (22) — (24), we then deduce:
C(0.0) = 20F () [/ F(f,.0-04(1))| di .

24)

G (0.0) =28 F, ([ (S0 00 (1)) d -

RO")=[[ [ 7 (£,.0"~0) |F(3.0-0,(1, )| dodr,
Ry (8".0)=AF, ()AF ' ()R(®") ,

and the quasioptimum algorithm has the following
form

Bf30") = AF ' ()] W7 (/5,07 - 0) [ 3, (1,0)drd0
) ) (25)
~NyR(©")- N, AF, (WAF ' (MR(O").

Using the Nyquist theorem, we then deduce (ex-
pression (25) is being multiplied on AF(X))

PO")=[ W7 (fo,?"—e) [ o (1,0)drd0~ o6
-F,(MR(O"),

where  P(0")=B(f,,0"AF(Z), PB()=N,AF(),
P,()=N,AF,(}) and was being considered the
assumption Fy(R) << P,(%). X

The unknown power F;(1) of the radiometer in-
ternal noise is calculated during the system calibra-
tion.

The quasi-optimal algorithm (26) has the follow-
ing operations: multiplication of observation to the
antenna pattern, decorrelation of the input sequence
and quadratic detection, convolution with an inverse
uncertainty function and the compensation of power
of the internal receiver noise.

The block diagramme satisfying to the quasi-
optimum algorithm (26) is being created. The quasi-
optimum algorithm (26) is being written in following
form

PO")= [ W7 (/3,07 -0) x
X[ 1KG2rOG (£ ) F(f,0-0,(1)) x

xu(t,0, (1)) exp{—j2nf 1} dr | df do— 27)

a . 2
B[ [W7 (f3,0"-0) [F(f;,0-0,(1))| dod,.
006

The block diagram corresponding to (27) is
shown in Fig. 1.
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UIF(f;e)
A 5(2,0,(1)) - u(2,00(%))
>—> K (2nf) FT >

F (f5,6-04(t))

A
DF <

L

h©)=Y7 (f5,0)

A
—
&

h©)="Y7 (f,,0) |«

PE)

Fig. 1. The block diagram of quasioptimum signal
processing in the microwave scanning radiometer

The observation u(#,0,(¢)) is being multiplied

with the antenna pattern F( J0,0—6,(t)) and after
that arrives on the block of Fourier transformation
(FT). This subcircuit describes the following part of
optimum processing:

Uy (f50) = [} E (o0 -0 (1))u(t,0, (1)) exp{j2rf 1} dr.

The signal U,F( £,0) is being processed in the
decorrelation filter ( DF ) with amplitude-frequency
characteristic K, (j2nf,1) = K(j2nf)G ' (f,h) (we
assume that G(f ,z,i(e)) =G(f ,X)) and after that in
the following blocks: magnitude |-|, square-law de-
tector and integrator. Output signal is angular func-
tion and it has the following form

[C 1000 P df =0,5[ B(fy,0)% g (f5,0' ~0,1)d0"

+0,5N,C(0,1)+0,5N,Cy, (0,0) = [ 3, (1,0)a.

After that this signal enters into the block with the
following impulse response

h(0) =7 (f;,6,1)
where

W (fp-0.00= [ FCfy.0- 00t [ F( 000

Output signal has narrower autocorrelation func-
tion and it can be given by the following relation

AFG)[ W7 (9,07 -0,2) x

¢ A

+NoR(O")+ N ,AF, WAF (MR(O").
After the block with the impulse

h(0) = W7 (f3,0,1)
is. Onthe secondary input of subtractoris the following
signal

NoRO") = Ny ! 7 (/.0 - 0)| E(f;,0-0 ()| o,

This signal is being formed from the function

F( J0,0—6,(1)) , which describe the antenna pattern.
For this purpose function pass through following
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blocks: calculation of the module of function, the
square-law detector, the block with the impulse
response /(0) =‘{’}1 ( fo,e,i) , integrator and multiply
with N .

Assume that the condition N, << N, is true and
then last summand in expression (28) can be neglect-

ed. Using the amplifier with gain constant AF (71) we
obtain the power estimate as angular function in fol-
lowing form

PO")=[ W (3,07~ 0) [ ub, (1,0)dedo-
. . 29)
NGAF !, 7 (5.0~ )| F(f;.0-0 )| o

The prior knowledge about the measurable pa-
rameter X is necessary for calculation of decorrela-
tion filter and its bandwidth AF (L) therefore we enter

A on the secondary inputs of the decorrelation filter
and amplifier.

CONCLUSION

In this paper, the algorithms of optimum and
quasioptimum signal processing in the scanning ra-
diometers have been synthesized. The quasioptimum
algorithm has the following operations: multiplica-
tion of observation to the antenna pattern, decorrela-
tion, convolutions with inverse uncertainty function
of radiometer, square-law detection, integration and
compensations of power of internal radiometer noise
which measured at the calibration phase.

The block diagram satisfying to optimum algo-
rithm has been developed. This block diagram, in
contrast to known compensation scheme, contains
following operation: multiplication of observation to
the antenna pattern, decorrelation and convolutions
with inverse uncertainty function of radiometer.
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B pabore crHTe3UpOBaHbI AJITOPUTMbI ONITUMATBHOMN
U KBa3UONMTUMATbHOM 00pabOTKU CUTHAJIOB COOCTBEHHOTO
PaaMOTETIOBOTO U3TyYEHMSI IPOCTPAHCTBEHHO pacripeie-
JICHHBIX OOBEKTOB B PaJIMOMETPAX CO CKaHUPYIOIIEH ara-
rpamMMoii HampaBieHHOCTH. [TokazaHo, YTO ONTUMAaIbHbII
AJITOPUTM COJIEPXKUT CAEAYIOLINE OTepallii: YMHOXEHUE
HaOJoNeHUsT HAa (DYHKIIMIO, OMUCHIBAOIIYIO JAMArpaMMmy
HaIpaBJ€HHOCTU aHTEHHBI B TEKYIIUl MOMEHT BpeMme-
HU, JCKOPPEJSILMI0, CBepPTKU ¢ (yHKIIMENH, oOpaTHOM
(GYHKIIMM HEOTpeneeHHOCTU paaroMeTpa, KBaapaTud-
HOTO IETeKTUPOBAHUS, THTETPUPOBAHUS 1 KOMITEHCAITUN
MOIITHOCTH BHYTPEHHUX IIYMOB paIdoOMETpa, KOTOPYIO
U3MEpSIIOT Ha 3Tare KalubpoBKU cuctembl. Pa3paboTaHa
COOTBETCTBYIOIASI CTPYKTYpHAsl CxeMa paJroMeTpa, Ko-
TOpasi, B OTVIMYME OT CXEMbl KOMIIEHCAIIMOHHOTO Paino-
MeTpa, COACPXKUT Olepalii YMHOXEHUS HaOII0IeHNS Ha
(GYHKIIMIO, OMUCHIBAIOIIYIO AUarpaMMy HarlpaBieHHOCTHU
AQHTEHHBI B TEKYIIUI MOMEHT BPEMEHMU, ACKOPPEISILIUN U
CBEPTKHU ¢ QYHKIIMEH, 00paTHOU (hyHKIIUU HEOTIpeIeIeH-
HOCTH paJiioMeTpa.
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Karouegovle cro6a: onTUMalIbHBIN CKaHUPYIOIIMEI pa-
JNIMOMETP, OLIEHKA IPKOCTHOU TeMIepaTypbl IIPOCTPAHCT-
BEHHO-TIPOTSIKEHHBIX OOBbEKTOB.

Wn. 01. Bubnuorp.: 7 Ha3B.
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CTaTHCTHYHHUIT CHHTE3 MiKPOXBUJIbOBOTO CKAHYBAJb-
Horo pagiomerpa / B.B. Ilasnikos // Ipukiagna panio-
eJICKTPOHiKa: HayK.-TexH. XypHai. — 2012. — Tom 11.
Ne 3. — C. 445—449.

Y poGoTi CHHTE30BaHi aJrOPUTMU ONMTUMAJBHOI i
KBa3iONTUMaJIbHOI OOpOOKM CHUTHAJIiB BJIACHOTO pajio-
TETJIOBOTO BUIPOMIHIOBAHHSI TMPOCTOPOBO PO3IOJiJIe-
HUX 00’€KTIB y pagioMeTpax 3i CKaHyBaJIbHOIO JliarpamMoto
cripssmoBaHocTi. [TokazaHo, 110 ONTUMATBHUN aJITOPUTM
BKJIIOYAE TaKi OIepallii: mepeMHOXKEHHS CIIOCTEPEKEHHS
Ha (YHKIIi10, sIKa OTMCYE JiarpaMy CIpsiIMOBaHOCTI aHTe-
HY B TOTOYHUIT MOMEHT 4acy, AeKOPPEJISIii0, 3ropTaHHs 3
(dyHKIIi€I0, sIKa € 3BOPOTHOIO 10 (DYyHKIIii HEBU3HAYEHOCTI
pamioMeTpa, KBaIpaTMYHOTO JAETEKTYBaHHS, iHTErpyBaH-
HSI Ta KOMIIEHCALIil MOTY>XHOCTi BHYTPIIIIHIX IITyMiB pajio-
MeTpa, SIKYy BUMIPIOIOTh Ha eTalli KaliOpyBaHHS CUCTEMMU.
Po3pobiieHO BiANOBIAHY CTPYKTYPHY CXEMY pajioMerpa,
sIKa, Ha BiIMiHY BiJl CXeMM KOMITIEHCAlliifHOTO pajioMeTpa,
BKJIIOYAE oOIleparlii IepeMHOXEHHS CIIOCTepeXXeHHs Ha
(dyHKIIiI0, Ka OMUCYE AiarpaMy CIIPSIMOBAHOCTI aHTEHU
B MTOTOYHUIT MOMEHT Yacy, AeKOpPpesiii Ta 3ropTaHHs 3
(dyHKIIi€I0, sIKa € 3BOPOTHOIO 10 (DYHKILii HEBU3HAYEHOCTI
pazmioMmeTpa.

Karouoei croea: ontuManbHUR CKaHYBaJIbHUIN pajlio-
MeETp, OIliHKa SICKpaBiCHOI TeMIlepaTypu ITPOCTOPOBO PO3-
MOiIEHNX 00’ EKTIB.

In. 01. Bi6miorp.: 7 Haiim.
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