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RESUME

L'helographie des micro-ondes est une méthode complexe
dans la technigque radar servant 3 idéntifier i1z forme
d'abjets métalliques plans et tridimensionaux. La
simulation numérique de deuxime ordre (transformatian
discréte de Fresnel- Kirchhoff) des holaogrammes offre
l'avantage de pouvoir &tudier l'extension appropriée

des holagrammes et l'influence de l'analyse discréete
afin d’améliorer la orécisian de la méthode

de représentation. L'usage cde l'algorithme "Fasi Fourier
Transform® assurz une reconstructisn numérique rapide des
images svec laguelle une identification sfire des ogbjets
est possible. Pour les signaux =2u bruit les problémes ne
sont pas encore complétement résolus. Cette puklication
rzcherche systématiquement l'influence des erreurs de
truit et de guantificetian (pour amplitude et phase) sur
les hologrammes 2t la reconstructicn des images. Cn
démontre qu'avec une superposition numérigue appropriée
des halogrammes une identification d'ubjets rectangu-
laires et circulaires est passible méme lorsgue le
rapport signal-bruit est d'envirzon 1/5. La publicatiaon
démontre de plus qu'une définition appraprige d'un
critére d'acuité peour l'identificetion d'objets amene

4 la détermination de ia distance sans sucune ambiguité.
Cette détermination peut 8tre réalisée par des procédés

traditionnels d'optimisation numérigue.

SUMMARY

Microwave holography is a versatile tool in radar to
identify the shape of nlanar as well as of three-dimen-
sional metallic objects. Numerical second-order simu-
lation (discrete fresnel-Kirchhoff-Transformation) of
holograms yields the advantage that the suitable expan-
sion af the holograms and the sampling influence can be
systematically investigated in order to imprave the accu-
racy for the imaging methad. The use of the Fast Fourier
Transform algorithm provides quick computer recon-
struction of the images where clear identificaticn af the
gbjects is possible. For noisy signals the problems are
not yet completely solved. The paper investigates sys-
tematically the influence of noise and quantizatian
errar (for amplitude and phase) on holograms and image
reconstruction. It is shown that by suitable computer
superposition of holagrams an identification of rectan-
gular and circular objects is possible even if the sig-
nal-to-noise ratio is about 1/5. The paper shows further
that a2 suitable definitiaon of a clearness criterian for
the identification of objects leads to an unambiguaus
range determination which can be carried aut by camman
numerical optimization procedures.
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1. INTROODUCTION

2
1 hy 1= ful techni £ @) = — o *,2) ——z———sz+ v o

Microwave holaography is a usefu gechnigue far imaging cos{n,r) = ——m— ;  cos(f,3) = -
remate or inaccessible metallic objects. As has already i sv
been shown,a clear identification of two- and three- 2
dimensional objects is possible, if the necessary con- 0," = uo-x -—%éz)2+(y -y __%52)2
ditigns for sampling theorem, hglggram plane dimensgiaon o i
and window functions are held?s 3,8 A 3z 42 3z _\2

2T (o X - g )T Wpgmy - gy D)
Although for holeogram formation in reality scattered
field intensity and phase aof an illuminated abject are 7= odi £ £ th
measured, it has turned cut to be advantageous 13,6 tao " rection of the area df.
investigate the necessary hologram formation conditions The computer image regconstruction is carried out with
by numerical computer simulation using the FRESNEL- the FRESNEL-integral® which is described as two-dimen-
KIRCHHOFF's diffractiagn intggral. Further, the computer siohal discrete FOURIER transform of the function
simulation of holograms, taken from two-dimensianal as o s 2
well as from three-dimensianal objects, has been proved Ehl=HiI'EXP{Jx;I(AXU'i) +(8y 1) I}

to be an appropriate tool to perform complicated experi-
ments, where practical measurements are too expensive ar
in fact impossible. The image reconstruction step is ax Ay
carried cut digitally, where the FRESNEL-approximation B = -j—2"0
enables the use of standard signal processing technigues —n AZ
like the Fast-Fourier~Transform (FFT}. -1 L-3

; .k 2 2
esz J 221(xq+ axm)+ (yo+ ayn)°}

-j %‘(Xq‘f axmlax i + (yq+ aynay 1}
Systematic errors at the hologram formatian (like loss of 2 ® )
infarmation by underscanning or by band limitation in the 1=0 1=0

hologram plane) have already been extensively investi-

gated1v315. By suitable choice of the hgologram faormation

parametsrs those errors can largely be eliminated. ¥ ¥V=AYN‘¥L_

Stochastic disturbance of the hologram formatian however, X _L_________: y
like noise caused by incamplete reflection characteristic | )
af the illuminated object and by spurious nolse sources I( JgF Bix.y

in space, or guantization error caused e.g. by the in- i

sufficiency of the measuring equipment,have not yet been .
investigated systematically. This paper is a contri- v ) :OQECfSPUCE
bution to remove this lack. ) object

It will be shown, that suitable superposition aof noisy
complex hologram furction values leads to a clear iden-
tificatiaon of the recgnstructed image even if the sig-
nal-to-ncise ratio is much more less than 1. The depen-
dence of the amplitude and phase guantization erraor on
the information cantents in holograms is systematically
investigated at the examples of a ¢ircular and guadratic
metallic plate,

The paper investigates furthermore suitable criterions
far numerical range determination, which can be carried
out by comman and wellknown optimization procedures. An
appropriate clearness criterion leads to additional in-
farmation which allows to locate the range up to an
error of abgut 1% even if the hologram function is noisy. .
By analysing the real and imasginary part of the recon- i4 Pb&’é’,
structed image function it is possible to separate mutu- holegram plane
ally distant parts of three-dimensiaonal objects, which is Xb

demonstrated at the example of two guadratic metal 4ﬂ=A’bJ Ubb)b)
plates of different sizes mounted in different distances.

transmitting
antenna

Fig 1a

2. THEORY

The computer simulation of the diffracted wave at the

point Py (xg,yg) in the hologram plane (Fig. 1) is based

on the FRESNEL-KIRCHHOFF's diffraction integral, which is
written in its discrete forme, where the z-dimension of

the object (Fig. 1b) is subdivided inte P planes with the
dimensions 4xp-M, 2nd 8yg.N and the complex hologram

function Uj1 is taken for I-L points with the sample distance
Axg,byg:

P M-1 N-1 -jk
Uy =i D2 e
291 ey *p 8Yp 82, Omnpts—s——
p=1 m=0 n=0 mnp z ’
-k . .
mnilp - - - - \
e — {cos(vmnp,rmn”p) cos( mnp’smnp)} It Flg 1b
mnilp
Fig. 1 Object and hologram plane
z arrangement and related cocrdinates
5 b subdivision of the three-dimensiaonal
witn cbject spece into P planes perpendicular
A = wavelength to the z-coordinate
= 2n/A . .
For the computer simulation of the hgologram a window
mnp ¢, = field distribution af the function
diffracting interface (ob- /2 : /2
ject planes) WF = rect 3 Jov” *o1’® Yov~ YoL (3)
2% * Y
s :{(x sk - axmi (y - 2 2}1/2 ope ope
mnp 0s™ Xq” AXpM Yos™ g Ayp") +z
= i~ x - 2 2 ZV/Z is introduced (Fig. 2a) which suppresses the pericdicity
ros (ax i - x -4 1-y- is intra
mnilp { o q Xpm)+ 8y, Yq Apr * of the hologram functicn. So e.g. falsifying contri-

V=Ffv butions of inclined object parts (Fig. 2b) are eliminated.
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Window function
a object parallel to the hologram plane
b inclined object

Fig. 2

3. NOISE INFLUENCE

Imperfect back-scattering of the illuminated aobject leads
to @ superpoasition of a complex noise component A-Emnp toO
the object function §mnp=(0mnp'ts/smnp)-exp(-jksm”p) in
equation (1)

Elmnp=—anp+ A'--g-ﬂmy:a' (43

Jamming by noise sources in the measuring space is ex-
pressed by an additional complex noise companent C-C to
the holegram funetion Ujj in equation (1)

Qlyp=tsy + Ceyy . ()
where A,C are amplitude factors, and §,{ complex random
variables which may be functions of location and time.The
statistical parameters, amplitude density p, variance o¢,
and expected value €, for magnitude (m) and phase (ph) of
the random variables § and ( are

@t
1 e 2¢
Voe

/2= for O=<arc(f,{)<2n
piph) =

p{m) = 5 Uz:]/% 3 E(m) =0 6

2.2 (7)

3 o5 =773 ; Elph) =7

0 else

£ and { are simulated numerically. For generation af t;e
uniformly distributed randaom phase the (0, 1)-algorithm

a.z  (mod gq)
= .___j__.——— {

Zj+1 = 5 (8)
5 . 15 8
is used, where (a,z.,q)€N; 3=0,1,2,...; g=2 ~,a=2 +3
(far 16 bit cumpute;), 2y is arbitrary but odd. The nor-
mal distribution of the random amplitude is gengrated by
the uniformly distributed zZ, of equatlan (8)

12
X; =X+ 0 z,~ 6
A DAY
pEo (9>
where X = 0 and ¢_' = 1/6. Fig. 3a shows a seguence of

32x32 normal dist¥ibuted random variables for noise
amplitude simulation, Fig. 3b a sequence of 32 x 32 uni-
formly distributed random variables far noise phase
simulatian.

L ST

X
o

Fig. 3 Sequence of 1024 rendum variables
a Gaussian distribution for noise amplitude
simulation
b unifarm distribution for noise phase
simulatian

The influence of noise in the abject functiar B'(equa-
tion (4)) an the holaogram function U and on the image
reconstruction is largely reduced by the transformatiaon
process invglved in equations (1) and (2), respectively,
which leads to an averaging af the perturbances. This
effect 1is demonstrated inm Figs. &4, where an arrangement
of a circular disk and a quadratic plate, with a
distance of 2m fram each other, is considered as an ob-
ject example (Fig. 4a). Magnitude and phase of the com-
plex object functions are assumed to be disturbed with

a signal-to-noise ratia of about S/N = 0.5 (Figs. 4b).
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Reduction of the influence of object noise by

the diffraction and imaging transformation

process

a 'plame objects: distant from each ather by 2m:
1 cirgular disk, diameter d=0.5m,center-
point coordinates x4=1.25m,y4q=0.75m,
distance to hologram plane z4=4m; 2 quadra-
tic plate, length of side a=0.62m, x2=0.8m,

y2=1.2m, 22=6m
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The complex hologram function (Fig. 4d) of the disturbed d magnitude and phase of the complex hologram
objects differs only slightly from that ane of the un- function af the object arrangement (Fig.sa)
disturbed objects (Fig. 4¢). Further, the reconstructed disturbed accmrdi?g to Fig.bb .

images (Fig. 4e) of the disturbed abjects are clearly e image reconstruction of the object 1 from
identificable in spite of the ariginal signal-to-noise the hologrem formation d

ratic 5/N=0.5. The above results are numerically con- xmM=yy=0.625m, M=N=20,xg=0.937m,yq=0.437m
firmed by a separate hologram formatian of the noise Xgg=Yog=1m, A=0.03m, z,=tm .

component Epnp in equatiaon (4) alone for the disk as ob- f 1image reconstruction of the object 2 fram
ject example. The maximum magnitude in the noisy hologram the hologram formation d

(Fig. 4h) is only about 1/13 of that aone of the undis- xM=yN=1.016m, M=N=20

turbed case (Fig. 4g) in spite of an assumed signal-to- xq=0.292m, yg=0.692m

noise ratio S/N=0.5 as before. Xgg=Ygg=1m; A=0.03m, zp=6m

P e tatd

g magnitude of the complex hologram functiaon
of the undisturbed gbject 1 alone. Maximum
absolute magnitude Ig? =0.974

h  magnitude of the camplexxhologram functian
of the object noise af object 1 alone.
Maximum absolute magnitude ]H|max=ﬂ.07h

The influence of noise in the hologram function U’
(equation (5)) on the image reconstruction B is averaged
analogously to the object function noise by the corres-
panding transformation in eguation (2).This is deman-
strated in figs.5a,b. Although the signal-to-noise ratio

b disturbed magnitude and phase of the com- of the noisy hglagram (F?g. 5a) is ;/N=1Z the ob;ects 1
plex abject Eun:tiun signal-to-noise ratio and 2 (cf. Fig. 4a) still can be identified (Figs.5b).
g/N=0.5 ’ Far numerical example, again a separate transformation af

noise alane is investigated. Fig. Se schows the complex
helogram naise component £y in eguation (5) alagne to-
gether with the carresponding image reconstruction (Fig.
5f). The maximum magnitude in the noise image recanstruc-
tion (Fig. 5f) is about 1/3 of that one of the recon-
struction (Fig. 5d) taken from the undistrubed hologram
(Fig. 5¢), in spite of S§/N=1. Because of the low ampli-
tude density in Fig.5c, however, the noise influence for
this example is more severes than faor example Fig. &h

(1/3 instead of only 1/13).

!
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¢ magnitude and phase of the complex hologram
function of the undisturbed object arrange-
ment of Filg.bka
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Fig. 5 Reduction of the influence of hologram noise by
the imaging transfarmation orocess

a magnitude and phase of the noisy hologram
according to the gbject arrangement Fig. 4a
S5/N=1

b image reconstructicn af objects 1 and 2 from
the noisy hologram a
(reconstruction data cf. Figs. te,f)
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|
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c phase and magnitude of the undisturbed hologram
to object 1 {Fig. &4a) alane [Ufmay=1

d image reconstruction from c
|§[max=5'1“6

e phase and magnitude of the hologram noise alone
C-1Clnax=0.558 )
image reconstruction from e
|Blmax=1-609

If time ar lgcation dependency of hologram noise £ is
considered, a useful practical application for signal
detection at very poor signal-to-noise ratio levels
(S/N<1) is pussible: By multiple hologram formation and
superposition of the results a low information signal
within heavy noise can be reconstructed. This is demon-
strated in Fig. 6. Fig. 6a shouws the noisy complex heolo-
gram function for object example 1 (cf. Fig. 4a) if the
signal-tao-noise ratio is §/N=1/5. As expected a distinct
image in the recanstruction from this noisy hologram can
not be identified (Fig. 6b). For only ten hologram super-
pasitions (Fig. 6c), houwever, the object is already re-
cognizable. For 50 and 512 superpogitions (Figs.6e,qg),
the object can clearly be identified (Figs.&6f,h), al-
though the signal-to-noise ratio of the single noisy
hologram is anly S/N=1/5.

r}
Low
H

Multiple haologram formation and superposition to
reconstructed images for low information signals
within heavy noise

a noisy complex hologram function for object 1
(ef. Fig. 4a) S/N=1/5

image recanstruction from a

like a, but 10 superpositions

image reconstruction from c

like a, but 50 superpositions

image reconstruction from e

like a, but 512 superpositians

image reconstruction from g

Jo oD QDo

4. QUANTIZATION ERROR

The influence of magnitude and phase guantization in the
hologram function, eguation (1), on image reconstruction
is investigated by introducing Ui} in equation (2),
3oy +boyy)

y! = (U 10)

Yy Uy e

11784,

where AUil = error of magnitude guantizatian,
A@il = error of phase quantization.

The uniform distributed gquantization erraors in magnitude
(al) and phase (A@) show the following properties

1/as far -%—<AU<%—
p(au,sp)= _ C2 2 ae? N
0 else ,Ejau,ae|=0, £]au”,a0}= 35— 11

Because of the stochastic character of the quantizatien
errors, like in chapter 3, their influence on image re-
construction is alsa reduced by the transformation pro-
cess involved. This effect is shown in Fig. 7, where fer
better perception the complex nologram function is ex-
nibited perspectively. For 10 quantizatian steps in
magnitude, and 8 in phase (Fig. 7a), the objects can
atill be identified clearly. The limit of identificatien
is reached far 5 quantization steps in magnitude and 4
in phase (Figs. 7c,d). Because of the louwer halogram
function portion of cbject 1 in the hologram af the two
objects (cf. e.g. Fig. 4g with Fig. 4c) the reconstruc-
ted image of sobject 1 is more disturbed than that aof ob-
ject 2.

In arder to eliminate the mutual influence of the two
gbjects, in Fig. 8 only object 1 (Fig.4a) is investi-
gated. For 5 quantization steps in magnitude and & in
phase (Fig. &) the gbject 1 (in camparison to Fig.7d)
can still be identified clearly.
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Influence af hologram guantization an image re-
construction.0bject arrangement according to
Fig. b4a

Fig.7

a magnitude and phase of the camplex holagram
functian
magnitude: 10 guantizatian steps
phase: 8 guantizatian steps

b image reconstructian from a (objects 1 and 2 )
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magnitude: 5 guantization steps

phase: 4 quantization steps
d image reconstruction from o

5. RANGE DETERMINATION

As has aslready been reported in references, the sum of
the magnitudes of the complex recanstructed object func-
tign Bmn 1n equation (2) over m=0...M-1 and n=0...N-1
yields an optimum if the variable distance z, to the
hologram plane is equal to the real distance zpgg) of the

Fig.8

Influence of haologram quantization on image re-
construction. Object 1 alone,magnitude and phase
of the complex holagram function

(magnitude: 5 quantization steps

phase: 4 gquantization steps)

and the carresponding image reconstruction

It is advantageous to define a second criter
determinatian, which uses the fact, that the reconstruc-
ted object shows its maximum picture sharpness if alsg
2g=Zppgl. This leads to a second error funetion:

ionr for range

M~1 R-1 »
€ A . . N 1 P (13)
measuring plane. This is used to define an error functian EFJZD)— 2: ;BAB(m”+hB(Mﬂ 2 MIN
for numerical range determination, which yields a mini- m=0 n=0
mum far Z=Z .41
where AB(m,ﬂ):ng+;—§-dy
EF.(z) s {] [ Bun (2p) a}ﬂ 12) = [B(m,n} - Bm+1,n)] + {Blm,n) - 8( n]
Zyl = - B__(L‘)‘ MIN = [ s »n) - B{m,n+
o m=0 n= mnMAX Zp ~— —~——
"o B(n)
A n
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Fig.9 Range determination

a with the amplitude density criterion,
function EF,.
Formation data: xm=yy=2m, length of side
a:D.Sm,x1=y1=1m, XgI=yolL=1.92m,
I=L=16; A=0.03m; zg=8m, xgg=ygg=1m

BYTOT

Curve a: reconstruction with equation (2) with
a window function; xm=yy=2m,M=N=14,

Curve b: like a, but without window function

Curve c: like a, but without window function
and using the discrete Fourier trans-
form algorithm

Curve d: like a, but without window function

and xM=yN=1m, Xa=y,=0.5m
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EF (D

130
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oBL

b corresponding curves far EFp, y=4,p=2.

In Fig. Sa error function EF4 1s investigated within a
longer distance range than in reference®. For a simple
abject (quadratic plate) EF, is plotted versus distance
z for several numerical image reconstruction techniques.
Curve d is an error function appropriate for range
determination within a suitable z region of about 7 to
15m.

An investigation of the reconstruction technigues,
similar to those in Fig. 9a, for error function EFp (the
sharpness criterion) yields the result that a suitable
global minimum is accessible for range determination in
a wide distance range of about 2 to 22m (Fig. 9b). Fig.
10 shows the error function EF2 versus distance for
several parameters P, cf. equation (13).

300
EF@)
250
200
150
199 9=
5@
) L2 oy
) 2 4 6 8 18 12
/M

Fig.10 Range determination with the image sharpness
criterion, error function EFy, cf. eguation (13).
Y=Q,ABmin=D.35, A=0.03m

The influence aof the hologram bandwidth, which affects
the image sharpness, on the accuracy of the range
determination is demonstrated in Fig. 11.Triple bang-
width (Fig.11b) increases the accuracy of error func-
ton EFp (the sharpness criterion) from +1.25% {Fig.11a)
ta -0.4% (Fig.11b) while error function EF, (amplitude
density criterion) holds its accuracy within £1.25%.
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285. 9
200.8
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9.4

®

af range determination
EFq amplitude density criterion
EF2 sharpness criterion

a=3, B=2, y=k, 2=2, 4B, =0.4,
a X = 0.03m
b A = 0.01Mm(triple bandwidth)

7

Fig.11 Influence of the hologram bandwidth on accuracy
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Fig. 12 shows that with the two error functions chosen a

range determinatian to within ¥1.5% ig possible even if REFERENCES

the signal-to-noise ratio is 5/N=2.

1. F. Arndt, P. Ballerscheff, K.-H. Sghierenbeck, and
H. Ussat,
"Hologrammsimulation und Bildrekonstruktian bei der
Mikrowellenholegraphie". Arch.El.(bertragung, AE{-32,
pp. 114-122,1978

220.9
EFD

2. A.P.Andersaon,
"Develapments in microwave holography imaging®.
Proceedings of the 9th Eurcpean Microwave Conference,
Brighton, pp. 64-73, Sept. 1979

215. B

210.8 3. F. Arndt, and P. Ballegrscheff,
"Caleculation and measurements of holograms and num-
erical reconstructiarn of images in the microwave
regian". Proceedings, Septiéme Collogue sur le

285.9 Traitement du Signal et ses Applications, Nice,pp.
111/1-111/8, 1979

20p. @ &, M_F Adams, and A.P. Andersan,

7. "Three dimensianal image canstruction technique and

its application to coherent micrgwave diagnostics™.
IEE Proc.-H, Microwave Optics and Antennas, Vol.127,
pp.138-142, June 1380

5. BG.Tricoles, E.L.Rope, and R.A. Hayward,

Fig.12 Range determination at noisy signals. Signal-tao- "Improved design in microwave holographic images”.
noise ratig S/N=2 IEEE Trans. Antennas and Propagation, val. AP-29
A = 0.015m pp.320-326, March 1981

6. F. Arndt, and P. Ballerscheff,
"Microwave holography for three-dimensional objects".

For three-dimensional objects the real part of the com- Procegedings, Huitieme Colloque sur le Traitement

plex image reconstruction function can advantagegusly be du Signal et ses Applicatians, Nice, pp. 809-81%4,

used to display separately distinct object parts. This 1981

is demensirated in Fig. 13, where a guadratic object

consisting of twn plates of different sizes lo-. 7. C.Ring,

cated in different distances is investigated (Fig.13a). "Handbuch fir Hochfrequenz- und Elektrotechniker”.
Fig. 13b shows, that a clear separatian of the distinct Band II, Hithig und Pflaum Verlag, Minchen/Heidelberg,
object parts 1 and 2 is possible. 1978, 12. Auflage, S5.157.

B e ot et et E

R i i e g

® 2

B g b

P e
soen
3323
eoee
meee

Fig.13 Separation of distinct abject parts in image re-
construction af three-dimensional objects

a guadratic plate behind the remaining frame at
a8 distance 4z=(2n-1)*A/4

b magnitude of hologram and image reconstruction
regarding the real parts
A=0.01m





