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Abstract

It is shown that using an array of modulated scatterers allows
to perform a variety of operations on an optical signal, in a
way similar to holography. As an application a microwave image
scanning system is described in detail. It permits the
exploration of a microwave field with a single fixed receiver
without loss of spatial resolution with regard to the
corresponding purely optical device, and with a good time
resolution. Preliminary experimental results obtained with
such a device are given.




Introduction

Microwave field measurements by means of a modulated
scatterer may be generalized using a complete array of
modulated scatterers (or a continuous scattering surface).

We first examine different techniques for the measurement

of microwave fields in sections 1 (point to point measurements )
and 2 (measurements of two dimensional field distributions).
Section 3 describes the principle and potentialities of the
M.M.S. technique (multiple modulated scatterers). The fourth
section 1s devoted to the analysis of a Microwave Image
Scanning System (MISS) applying the above mentioned technique.
(The foreseen application is a time and space resolved plasma
diagnostic). In section 5 preliminary experimental results are
given.

We found it convenient to develop in a separate appendix a
theory of coherent imaging adapted to the MMS technique.

1. Point-by-point measurements of microwave fields

One may separate the point-by-point field measurements into
two groups: the direct measurements and the measurements of the
field scattered by a small object.

1.1. In the first group, a receiving aerial is placed at the
point where the field is to be measured. This procedure is well
adapted to the case of far field measurements whereas for near
zone fields special attention must be paid to possible
interactions of the receiver with the sources of the field and ‘or
reflecting objects [1]. On the other hand, one must take into
account the directivity of the aerial, what is readily done in
the measurement in the far zone thanks to the existence of a
privileged direction (field point to the source) in which the
receiver is directed throughout the measurement. For near zone
measurements, a more complicated interaction takes place between
the field and the receiver.

Moreover, it is not always possible to put a receiver at the




place where one wishes to measure the field: this is the case

in plasma dlagnostics where a plasma slab (or column) is
illuminated by a wave whose changes after traveling through the
plasma must be measured. It is then convenient to use an optical
imaging system and to analyze the field distribution in the

conjugate plane of the initial distribution [2] (object distribution).

Figure 1 shows applications of the "direct" and optical imaging
measuring systems.

1.2. The second group of methods consists in the measurement of
the field scattered by a small object placed in the field (e.g.
dipole or loop). The scattered field at a remote point is then
proportional to some component of the unperturbed field(tangential
component of the electric field in the case of a small dipole).In
an ingenious application [3] one measures the scattered field at
the source antenna itself. Making use of the reciprocity theorem
one shows that the scattered signal is proportional to the sauare
of the field to be measured independently of the distance source
scatterer or of isotropic inhomogeneous interposed media (fig.l).
Moreover, the phase comparison does not require then a displacement
of a reference guide as in the preceding systems.

To allow a separation between the useful signal and other
fields scattered by neighbouring objects, spinning objects or
small modulated diodes have been used [4, 5] to build dipoles or
loops. One may consider the modulated diodes as antennas with
variable load impedance; they provide therefore a modulation of
the scattered signal.

2. Measurement of surface field distributions and optical data
processing

The above mentioned methods yield amplitude and phase of the
fleld at a given point. A mechanical system may be used to perform
an exploration of a whole surface. A good accuracy has been reached
this way, but at the expense of a very lengthy procedure [6].

Attempts to get direct visible displays of a field distribution

have succeeded recently.Some interesting photographic techniques(7,8]




do not, however, seem until now to be applicable for high speed
measurements.

Two other promising techniques have been reported. One of
them makes use of the newly available "liquid crystals" whose
molecular ordering depends strongly on the temperature [9, 10].
Microwave energy absorbed by a thin film of such a substance
gives rise to localized color changes of the visible light
reflected from the film (Bragg interferences).

In another approach [11] the microwave image is formed on
the surface of a semi-conductor plate whose resistivity (hence
transparency to microwave) is locally modulated by light - a
single receiver is then used to collect the energy which
travelled through the high transparency zones of the plate.

To get both time and space resolution, one may also think to
multiply the number of receivers in the image plane. But this
would result in an inecreasingly complicated, expensive and
field-disturbing operation as one increases the number of
measuring points.

On the other hand, the use of multiple modulated scatterers
and a single receiver does not seem to be subject to such strong
limitations. Furthermore, by choosing different locations of an
array of scatterers in an optical system as well as different
types of modulation of the elements, new interesting possibilities
are offered which allow to perform besides image exploration a
number of other optical image processings.

2. Principle of operation of the systems using multiple modulated

scatterers

The leading idea for all the proposed systems is to convert
a spatial information into a temporal one by means of an
adequately chosen modulation.

Consider a "punctual" modulated microwave scatterer (say a
diode of small dimensions compared to the wave length, modulated
through thin leads by an externally applied low freauency voltage).

The information attached to that point of space where the
scatterer has been located (in the example: amplitude and phase of




one component of the electric field) will be reradiated in the
whole space under modulated form. If several scatterers are
working simultaneously in different points one will be able, by
measuring the total field at a remote point, to recognize

that part contributed by a given field point thanks to its
specific modulation (taking into account the microwave phase and
amplitude corrections due to the different paths between the
given scatterer and the measuring point). Moreover, instead of
separating the elementary informations coming on the receiver,
it is possible to combine them to get the result of different
operations on space (such as integration, Fourier transform,
filtering, translation of an image etc....). This result depends
on one hand on the type of the chosen modulation (i.e. the
chosen correspondence between the space reference system and
time - or frequency reference system) and on the other hand on
the features of the optical device placed between the scatterer
and the receiver.

To illustrate some of these possibilities, let us consider
the following simplified model. The array of modulated scatterers
will be regarded as a continuous plane in which each point is
able to perform a phase modulation of the field. The modulation
of each point is controlled by an external channel (e.g.:L.F.
voltage, electron beam, light beam, acoustic .waves, .etc..,
examples [11, 12, 13]).

As a further simplification here consider first a one
dimensional case. The array 1is placed in the plane of a given
distribution (the "object" plane). Let us consider for example
a set-up in which a lens is placed closely to the array and
the receiver at the focus of the lens.

If each point of the array is now modulated by a "sine"
eniFL

wave everywhere with the same phase, the complex signal

on the receiver is then

S¢) = jO(x) AMFE 4

so that amplitude and phase of the modulated wave are those of
the integral of the field O(x) in the plane of the array.
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In the same set-up, if each point is now modulated by a
sine wave whose freaquency 1is proportional to the abscissa:
eanFxQ/k,

one gets

nFXE ~
S(t) = IOQ—U 32 Te s2dg, & O(%)

Now, amplitude and phase of the received microwave signal are

those of the Fourier-transform 0 of the initial field distribution:
the time dependence of the microwave signal reflects the spatial
frequency spectrum of the object. In table I some other

possibilities are schematically shown, examplifying the potential
possibilities of the Multiple Modulated Scatterers
technique. Among these applications let us cuote:image scanning;
lensless imaging (with electrical variations of the focus):
spatial dispersion of a signal...

As may be seen, the MMS technigue bears ‘resemblance- to
holography. Their common point is the mixing occuring at each

point of a signal distribution with a reference distribution.

In the MMS technique, the reference 1s brought on each space
point by means of an independent channel (electrical or of any
other nature) whereas in holography the reference is given by a
second optical signal. This may allow to use in MMS a wide
variety of signal structures (e.g. example 33 in table I). A
further important difference is the availability in MMS of the
dimension "time" which is frozen in holography because of the
necessity of processing the film before reconstructing the image.
The presence of twin images in holography (due to the non linear
effect of the film sensitivity) has its corresponding disagreement
in MMS if no true phase modulation may be obtained from the
scatterers.

It should also be noticed here that the MMS techniaque may
be easily applied in the microwave range where even discrete
scatterers may be used without loss of resnlution. Conversely
discrete macroscopic scatterers could be used even with shorter

wave length where resolution is not demanded.




In the next section the application to microwave image
scanning (cases Ll .and 4.2 .of table I) will be discussed in
detail.

4. The microwave image scanning system (MISS)

The basic element of this system is an array of scatterers
disposed at the intersections of2Nstequally spaced columns and
zh&lequally spaced lines

We use the property of a small isolated scatterer to give
rise to a scattered field distribution whose complex amplitude
is proportional to that of the (unperturbed) field at the place
where the scatterer is located.

Moreover, we make the following assumptions:

i) The scatterers of the array are identical:

1i) The perturbation due to the rest of the
array at the'place of one scatterer is small
compared with the incident field:

ii1) Multiple scattering processes may be neglected
(because of the weakness of the modulated part
of the scattered field compared with the
incident field):

1111 )The modulated part of the scattered field due
to one scatterer will be considered as zero
everywhere except on the scatterer itself
(this insures the fulfillment of (iii)).
This assumption simplifies the calculations
but is notessential.

T S e Tm mm o e T e e e e e e e G e S e = e e M e e e = e e e = o A e mm e mm e e = wm em e

— - e e o =

In order to receive comparable informations from each scatterer,
the optical paths from the different scatterers to the recelving
aerial should be the same. This condition will be fulfilled by

means of a lens placed either closely behind the array and through




which a plane wave impinging on the array side parallel to

the axis if focused on the receiver R (equation (27) of

the appendix shows then the direct proportionality between

the scattered signal and the received signal) or placed as
shown in 31, table I (eq.95 of appendix). The signal on the
receiver is detected by a crystal and displayed as intensity
modulation of the light spot on the screen of an oscilloscope.
The coordinates of the spot on the screen are made proportional
to those of the successively working scatterer of the array.
If a strong constant signal is added to the small modulated
one, the detector detects linearly the modulated field and
gives a signal proportional to its amplitude times the cosinus
of the phase angle between the modulated field and the strong
constant one. (A not modulated signal is already present in
the cases of 1.1. and 3.!.,table T , because part of the
unmodulated field also comes on the receiver).

There are disadvantageous features of this kind of
exploration. Firstly, it is difficult to match perfectly the
condition i) above (identical scatterers) which results in a
distorted display (see fig. 7). Secondly, the measurment is
not continuous on the image plane so that information may be
rapidly lost for images of detailed objects. We discuss
therefore the other configuration (case 4.2. in table I) which
uses all scatterers simultaneously. Small differences in
efficiency between them are able to cancel out in the result:
furthermore, a continuous display of the image plane 1is obtained
which allows a better use of the available resolution(corresponding
to the array-receiver aperture ratio).

Simplifying the results derived in the appendix, we may describe
the principle of operation as follows:

The array of scattering elements is placed in the plane Cﬂl)
of fig. 2. The field distribution in this plane is equal to the




Fourier transform of the distribution in the focal plane m,
(ea.(25)). Supposing now the array being able to perform a
true phase multiplication of the type

ezni_ (X3 + py/g))

continuously over the whole surface of the aperture in fﬂi),

it becomes then clear that the distribution in the conjugate

plane (M,) - itself due to a second Fourier transformation of

the 1llumination on (M,;) - will have suffered a simple translation
(a multiplication by a linear'phase factor in the Fourier space
being equivalent to a translation of the function in the space)
(see fig. 3). More physically expressed: the phase term above

1s the one which would describe the action of a small dielectric
prism inserted in the back focal plane(T,).

If the scatterers perform an amplitude modulation

cos@ﬂ?frmﬁg), then we get in the image plane the sum of two
images, each of them being translated of the same amount in
npposite directions. By a judicious choice of dimensioning
parameters it will be possible, as shown below, to separate these
images.

Now, if our scatterers do not work on the whole surface, but
only at the nodes of the array: we must multiply again our
distribution in (W) by a sampling factor (a Dirac comb). Its
Fourier transform is also a Dirac comb which must be convolved
with the preceding distribution in (ﬂs) (a product in a space
being equivalent to a convolution in the Fourier-transform
space). The result 1s that we get now a multiplicity of contiguous
images(this arises because of the array which we superposed in the
object plane) - the whole multiplicity being translated as was
the image 1n the case of a spatially continuous modulating
factor - see ea.(38).

At this point, we must pay attention to the srecial nature
of the scatterers we used, namely: diodes. There does not seem
to be a means to get from diodes a complex phase multiplicating
factor of the type

. of %X
et (. Ry




or even of the type
ol X oY
cos ‘1.11(_3_-4- ﬂb)

suppose for instance that a diode is connected between two
wires, respectively at potentials

V

Va

the diode would react to their difference and the nonlinearity

U, cos (wt +@)

Jq_ cos (Qt + q))

1}

of the diode, leading only for V,-V, > o would then give a
very intricated modulating function. Instead, we choose the
potentials V, and V, to be equal and high enough to bring the
diode separately to its current saturation in the leading
direction. The simultaneous application of the two potentials
then leads to a current as shown in fig. 4. Thus the modulating
function of each scatterer may then be written

S [cos(at-Satx)] . S[eos (it LSt )]

where
1 for '-P(tJ o O
o for .P(t) P

S [

For a given value of E this corresponds to a zoned modulation.

To provide the necessary phase distribution over the array,
the diodes are fed as shown in fig. 4. Thanks to the small
frequency difference from one row to the next the phase difference
of the modulating signals between the two rows increases with
time starting at zero at time zero where a trigger impulse is
fed into the oscillators. Practically, one may consider this
modulating factor as a superposition of signals at the fundamental
freauencies £2 and w and at higher harmonics\enyfua(with | |
positive and negative integers). For each coupled%ﬂggua)iof
frequency components one gets a traveling multiplicity of images
as before. The traveling velocity 1is however proportional to the




order of the considered harmonics (see eq.(42) and the discussion
of § A.10 of the appendix). One of these subimages with carrier

frequencies Ry | Lew has a relative complex
o L)t
gl teIC L. bnj o Bun Ln/z/h-.l. n*

and is translated in the image plane (x, y) by an amount:

amplitude

(n . h,&n.t) uc'

(w1+_9$wt)%?

(m, n) indexes the order of the image given by the array, a and b
are the distances between two columns and two lines respectively.

A filtering is then necessary at the output of the receiver which
is always possible if the detection is linear (for instance a quadratic
detector will perform this linear detection if one adds a strong
constant signal to the small modulated one). The filter should be
centered on the frequency £l +e with a sufficient bandwidth to let
through the details of the images during the translation (bandwidth 8w
greater than 2(NxSQ+N),SG)and smaller than 2(£2+«)). But this
filtering is not enough to get a single image of the object: indeed,
the term with k =1 = - 1 givesthe same absolute frequency but an
image which travels in the opposite direction (this being due to the
use of an amplitude modulation rather than to a pure phase modulation.
The presence of this "twin-image'" has the same origin as in holography
as noted before). To get rid of it the simplest procedure is to push
the receiver away from the optic axis("biasing")as shown in fig. 5
and concurrently limiting the field of view to the diameter Dmax
(see figure 5 ).

Finally, a sufficient attenuation of "cross modulation’ products
(terms with R 2lew)\= 2+ ) is required.

A display 1s then obtained by monitoring the intensity of the
light spot on the screen of the CRT by the filtered output (phase
information 1s retained by performing a phase detection on the
frequency €1+« ) whereas the coordinates of the spot are sclaved
tofat and Swt




The zeroth order image with fundamental carrier freauencies

k =1, 1 = 1, was shown to travel in the image plane at a rate:

Y(E) = Eii:t ?lfz

Higher order images (if any, i.e. if 2 orb> A ) are distant of

ax= 28  ay_2be
3 b

During the complete exploration of an image, the overlapping
with images of different orders, and with images having k = 1 = -1,
must be avoided. An adeauate location of the receiver would then
be at the point ><°___Ax/4 ) 7.,=£>//4 (see fig. 5). If the
width of the image is limited to cmyhlaVVZJthen a complete
exploration in X of the image n = 0, k = 1 occurs in a time

t=‘q/?ﬁl before the images n = 1, k = -l,and n = -1, k = -1 come
to overlap on the detector with the useful image (this off-axis
tilting of the receiver will be referred to as "spatial biasing").

The available dimensions of the object are then

D, =228, AR /2b

The protection against the images having as carrier hisher
harmonics of the modulating freauencies may be realized through
the common action of-the filter and of the spatial biasing. The
filter let through only those terms for which HQ.Q x Qw ‘-_-.Q...-w
with a bandwidth restricted to 12(N‘Skl+-N;SLJ) . The amplitude
of such a term is firstly reduced (according to (41)) by a factor
kl with regard to the useful term. Secondly, the information
content of the sub-image (k,l) is reduced bv the filter which
should now have a ©BW= Z(thSﬂ +LN'7800) in order to accept
all details of the rapidly travelling sub-image. Thirdly, the
spatial bilasing eliminates a great number of these sub-images
(such as for instance n = -2, k = 1, m and 1 arbitrary) which
during their translation never overlap with the receiver. As
an example, choosing Jw=5SL2 , the firstly detected perturbating
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term is k = 11, 1 = 5 having a relative amplitude %5.
Field and resolution:
The biasing implies a restriction on the object field Dx:

D, £Xf/22

(which is more severe as the paraxial condition: Dx‘< pf, -
with, say, lepc2 - if we assume A< 23)

To use fully the available field, we choose:

D‘:.')F‘/22

(This is a strong restriction for short wave length for which
the distance a between two scatterers would be much greater
than A )
The number of resolved points on the availlable field: Rx is
then (with r the radius of the diffraction pattern: eq.36b)

R _ Dy _ ﬁ:_(ﬁﬂx-ﬁ—l)a _ 20, +!

LA R G M R s
Hence, the number of resolved points equals half the number of
diodes.
The number of theoretically resolved points for the equivalent

purely optical device: RO is

R, .2 _ pha_ B~ _ 2N pa

° v p ¥ A Y
(where we replaced the lens aperture by the array aperture2N3)
yielding

e 2pa/A

R_ P

*

which indicates the possiblity in the microwave range to avoid
any loss of relative resolution of the MISS with regard to
a conventional purely optical system.




5.- Experimental results

5.1. Point by point exploration

An array of 5 x 6 diodes with glass envelope was used to measure
and display different field distributions. The spacing between

two diodes was 1 cm, vertically and 2 cm horizontally, the

wave length 8,6 mm. The figure 6 shows an exploration of the fileld
in the focal plane of a dielectric lens illuminated by an open
wave guide as source. Exploration of the field with an open wave
guide and with some diodes of the array is shown. A typlcal
display of this focal pattern produced by the array on the screen
of an oscilloscope is shown in figure 7a. The spot on the screen
has been broadened. Here, the array has been displaced 1 cm
horizontally between each picture to show the approximate constancy
of the displayved pattern (irregularities in the diode efficilency
are visible). The next figure 7b shows apattern produced by an
extended source (horn corrected by a lens).

e e e e e e e e o S o o e - — - S e e e = e e e - —

A single dimensional exploration of different images was
accomplished by using an array of 5 x 5 diodes 1 cm apart in each
direction (wave length used: 8,6 mm). The experimental set-up
"ecorresponded to this of figure 2 with f1.=.f2 = 10 em. The
expected number of resolved points on the object is 2.5 and the
limited field in the object plane 4.3 em. No modulation was
applied along thé y direction whereas the carrier freaquency £2/2T
was chosen eaual to 10 kHz. The feeding frequencies differed about
2 % between two neighbouring diodes so that a total bandwidth
of 10 % was recuired for the modulating signal. Figure 8 shows
the block diagramm of the modulating and displaying systems.

The overall sensibility of the system was just sufficient to
allow a partly reproducible display as shown in the next figure
(fig. 9). However, the displays correspond fairly well to the

actual images 1if one takes into account the effective resolving power
and field of this small array.




MISS appendix

A1) Field at a remoté point from an aperture

Using the concept of the angular spectrum of plane waves[14]
we represent the field onTli, (fig. 2) by its Fourier transform
(F.T.):

+ of
E (u,v) =f/ Em(oc,:j) QQ“L(ux*va) .;-l:r..clé (1)

Eﬁipeing the amplitude of the aperture field, supposed to be
polarized along the x-axis.
We introduce here the notations:

L (v, = E(G) o G\:v[ Em (1‘3)] = CF\‘?.[E"‘(E)]
and similarly for the inverse F.T.:

E (= = & [E®)

gl

To each U may be associ§£§d a plane wave travelling in
vacuum in the direction \Q,D(?\u,?\g Aw) with the velocity
of light:

2
A (VW) = 4

Hence, summing up these waves once again for z ¥ 0 after having
multiplied each of them by the appropriated phase and
inclination factors one gets the field in a plane at the
distance '5 from the aperture plane 111:

~ant (ux vy + wa)

+ o0
E (oc’:j):f["‘“?""'; rEv(u‘v) e dudv (2)
2 w

~o0




( ¥ and 2z:unit vectors along x and 3 axls respectively).
The X component reads:

Es(i) i [E(G.) .L;(G)] (3)
where the subscript denotes only the distance along 5 ,» and

. . 2 Y2
e_.zna.wa - e_q,,n.. %’ [.4___)(._;‘1-..\/:.)]

1;(5) = (4)

Hence, one may represent the remote field as a convolution of
the aperture field E%,,
by transforming in (3) the F.T. into the convolution product
of the F.T. of the two terms:

by a function E& (X) as may be seen

Ej(®) = Et®) % ¥L(%) (5)
wen  x@&@ = 3 [L@)] (6)

A2) Fresnel Transform

—~
If one assumes that the angular spectrum E.(U)does not

extend too far from the 2 axis, (we shall use this paraxial
approximation throughout this appendix) one may develop I; :

g(a) ~ g -3 v ARV (7)
(h.: 2“/2 )

and one obtains then

- e . .-ihy
K — G == C e . 'i
3(&:) = 37[1;( )] )} 3}( ) (8)
with 2 2
— X . X2
83(1):: e 'A} = B ——)% (9)

The function ¥, (3¢) is named Fresnel function and the convolution
product by 35 a Fresnel-transform [15]:

F}":) [f(:ia)] - f(i) 3 ‘Kg(o"c.) (10)




= TG =

After (5), the remote field is then obtained by a Fresnel
transform of the aperture field.

A3) Properties of the Fresnel Transform

The relationship

T :
- ?@c)
- o0

m.ﬁ
fe 23 ?(oc)e A% dx e A¥ Ay Idx

~ o0

may be written:

8’;(&)?@)* 5‘;)6") = 83(5:'0) % [-_?(i)]

¥

or

FS [f(i)]z L.‘.’—';;% 3.3(50) %[?@)%%(i)] (11)

a useful relationship between Fresnel and F.T. [15, 167,

We shall also quote the following relationships:

85- (i) ’ Saz(i') = 8 Bi+3a (i) (1 2 )
and D192
%‘ ) * Kba(i) = Ké' “3a (%) (13)

~ e
“‘bﬁfr-) ¥ 7{5(:1:) () (14)
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After (5) and (14), we verify that

F.%‘o [E(:Tr.)] s EiE) 56 S = EGE)

and after (11)

E’s*w[ Eci)] = 3-_‘.";—:3 L2 Ti: [Ecc‘a).gﬁ(é’c.)]
.

. _ih
ce” “%r —
7. [E=)
%3— x
o
(The far-zone distribution is proportional to the F.T. of
the aperture distribution)

ALt) Function of a lens

We shall describe the function of a lens by a pure
multiplication of the field on its entrance face by a

quadratic phase factor:

— »

P = Jp 62 (15)
A pupil function may be superimposed on this phase factor
to describe the finite dimension of the lens.

AS) Imaging

Let Eq, be a given field distribution in the plane TI,.

An aperture with a given pupil funetion P
1s placed in the plane QU at the distance 4, , of T, .
We wish to calculate the distribution E;z(g) in the plane T,
placed at the distance &8, from L .

Using (11)

Ea, () = F“o, [Enlcsa] = ‘b’d‘L&) %I[En,ca) 3‘,‘@)]
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Multiplying by f%;J and making once again a Fresnel transform
to carry the field to the plane M :

2
- _lh \d +9,)
Enz(g) i = 6 I gd jé: 83 (d)Ea)Sau) :F[E (9:-)8 (o:)] (16)
6

It may be advantageous to write the F.T. in (16) under the form

of a convolution product, which yields:
— -t o(d +az_) -
B e e €D
LR )7_ d‘dl gdl
(17)

19,655 % F [Bngioge]
Ady

A6) Image given by a lens

Using the relationship (17) with
— — ¥
— o)., o
P& P &) g

in which E(&) is a diaphragm function, 8; the lens function,
[=3
and l/d' & de=%9, we get, taking account of

39,8, = 3¢ and g, gy =

- -ihy(3,+91) o
2¢§)= - e'_?j_z_ 361(3) ...
diyse Pr S - (18)
)Sa. §3)% f—i(,—\-;)

where .E)( §/Adz)= Tft/?\dz.[ fo(d)] 1s the usual diffraction
pattern of the lens aperture.

Even for a perfect and infinitely extended lens, the image
distribution is not exactly the magnified object but is affected




AT)

= 1Q =

P -dl
by a phase factor 8dz(§)-8dj}§ ;;). (In coherent imaging
a lens 1s not a perfectly linear device [17]. It should be
mentioned that this "error" may be compensated by a judicious
choice of the illuminating wave as shown in ref.[18].)

Back focal plane distribution

Placing no& the object distribution in the focal plane in
front of the lens, we calculate the distribution in the back

focal plane.
In this case cl, = clz = .?

e

it

»#
£ g,
The formula (¥7) reads now:

RP

2. .
Enz(g) S )9.4)2 Sg(s) {E'm(’g)gf('g) * [f,d)‘g H"] (19)

aiuH

Now using (7) and (8)

Te B0 gp@] - BLH

oM}

% [gp® |

=3 ik
- G Zgloret g

e
> X

=ED°(

%[5 9 6]

where the integration variable for the convolution is shown

Zjeo

under the star.
Putting this result in the equation (19) above and using the
associativity of the convolution product [19] we get first:

€ (-5) 965 ¥ 9,6 = ;6 T [E@)
(-5) Iy Ji g.g )




- 20 -

as follows from (11)
and finally:

_zh e = —
E *® E(E g (21)
™ ”) o519, ® E(5) * E(wr)}

For a perfect and infinitely wide lens:

%} . g(g -’>"$7 5

— -e
E'_M(g) R s

The distribution in the back focal plane is then the F.T. of
this in the front focal plane, a well-known result whose

£ (e, (22)

physical meaning is readily apparent when.one considers a

plane wave (a "Fourier" component of & ) impinging on the

lens: its "image" in the back focal plane is a single point.
The two first factors in (21) cancel out exactly for a

perfect lens. Let us now see what they become in an actual

situation. To do this, we shall compare the actual distribution

glven above and which may be rewritten as:

En S v(//&etg) 8{,(1') E(”F) J-D( $) dr (23)

with another distribution

SRSy < fEG YEEDFE )
:\F,’ 3 = )f b

The actual result (23) is not a convolution product, but taking
account of the fact thatj?cé:r (the diffraction pattern of the
aperture) is a narrow function of $-¥  of width A(g r=2 )Lf
(A is the aperture diameter).

We see that the total phase variation introduced by ggtg)g-;(?“)

Pl

E_ﬂz(g) =K E




-

over the width of the diffraction pattern is at most

'y
n Em_;_"' ~ 27 , where §44 and Yy
vector radil of the obJject and the image respectively and

each of the order of A/2.
Now, consider a point ﬁi jflthe’ﬂa_plane; in the ideal case

are the greatest

(eq.22) it bears information only on one Fourier component
of €y, . In the "half ideal™ case of eq.(24) the neighbouring
points of the spectrum contribute also to the illumination in
gi . In the actual case (eq.23) the smearing effect due to the
finite width of.E: 1s reduced (if the spectrum E 1s smooth
enough) because the contributions in the integral of two
neighbouring points, symmetrically placed with regard to §;
appear now with opposite phases, and then partly cancel out.
Thus, the actual diffraction effects should be less severe as
thos predicted by the simple equation (24) which will then be
accepted as a good approximation for the points of 111 near the
optic axis, hence consistent with the paraxial approximation.
(Away from the axis, the cancellation is even more effective.)
Therefore, we shall use the following approximation:

. - '\.h —~ - ~
£, (%)= 'i_ﬂ_ﬁ .G % E&) (25)
2 ??.y 1 )? § o P B

It should be noticed here that this approximation gives rise to
an important feature which becomes apparent if we replace the
convolution product of F.T. above by the F.T. of the product:

EHr= K f%l/k?[ Eni(S) - Po(é)]

This shows that the diaphragm functionf:, acts as a mask placed
in the plane of the object. This is not in contradiction with
the usual conception of the diaphragm as a limiter for the
spectrum because the distribution E;“ is indeed a spectrum whose
image is given by the lens.

Back-focal plane "image" of the aperture distribution:

The obJject distribution is now placed on the entrance face
of the lens. We calculate the back focal plane distribution:




6
Fi-g [ 8’;(6‘() Eqis0) i‘j(a)] (26)

information on the F.T. of the object

Here again,
in the back-focal plane, a

distribution may be retrieved
property which we use in one of the devices of table I (1.4)

As a special case, the use of a delta function MA(ec,) S -y

as object results in an image ?
(. Q.T\u olg /A
i $S) = %_ 3P(§Je‘ %o/ P (&) Ae

0 (for a receiver on axis)

and for g =
(27)

B (8) = ¢ e,;’;? Pet,) AL )

A8)Fourier plane filtering
We study now the system of fig. 2 corresponding to the actual

configuration of the MISS. Introducing a pupil function Q) in
, we may write from the preceding section:

* e - ~ -
Pt E (&) % EE]QCE) (28)

the plane T'a.

E'ﬂ?.(g): _?3 m -)\q
The transformation from the plane T, to the plane Tl
, so that

i1s the same as from M to
- Lh -
By 0= -¢ i F" {?‘ Q(g)Q—;‘()?\* fe)] P(M?)
1‘) ? (29)

using

] =:t££TLE%£';E%{)

%8y, B (% 2) 5 B
B3 | £l

~ —
5
S [a,,,(ﬁ;

2‘”‘(’?‘*?‘5} ~ R
e ——
Eny (= o 1 GG %

)
2

;:pq

0

(30)

We see that the function E: plays the role of a diaphragm placed




= DR e

in the object plane. This results from our approximation
of section A7). In particular, £, introduces a field
limitation in the obJect plane.

We shall now drop the term E , bearing in mind its
meaning.

The overall pupil function of the device may now be

written
= — >€ P . 1
DX) Q ( ) ( ?\ (3 )

Its reverse F.T.

D(%’);ﬁgj‘ QR - B.&) (32)

The second pupil function §, plays the role of a mask
in the Fourier plane, i.e. the same role with regard to the
F.T. of the object as this of £, , with regard to the object
itself as could be expected.

As for P, , we shall now also drop this term to alleviate
the notations.

We become then

_ —2Lh°(¥|+?1) ~ &
Ep®)=-¢ 0 Q(i’: % B, (% %‘) (33)

For a perfect pupil function Q ,

£, - £ okt E (58 (34)

f2

A9) Pupil functions

We consider different pupil functions and the associated
diffraction patterns.

a (F) = 1 for [xlaca, fyieB (352)
0 for lXI ?’A] ly‘z’ B
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which yields:

Q (i Sin 21 Au  Sin 2BV
R = 4as HQ:HAU ; -3 (35b)
2) Ei.lli_?_e_azr'y_og gqgig_igtgng Ro__:LnESL
+N ™
Qz()_()= ab = = " g(x_na’:f_mb)
N=-N m=- (363')

o~ _ N ™ amni(nav +mbv)
N=-N wm= M
which may also be written:

oy o ' Sin (2N +1)TMau Sin(2M4+1)mbyv
Q@) = 2b Son Mav SinMbv

(the usual array diffraction pattern)

letting now __
@, @) 6 S) Jr”or lul< il Ivie -
- 2 2a Zb

= outside

we get:
~ ~ VT UFe
Qe = QW) ¥ Z 2 S@.n v-m)
n=-JC wm=.27C a o (36b)
where the summation has been limited to orders which glive rise
to actual images, i.e. so that

% ¢ 2 o6 <

»Iio

(39a)

63(5) = S(u-%‘ , N 9) (39Db)




- Phi-

QA(EJ = S [cos-(c#aoa_.:motg-)] . S[cos(qi+‘2ﬂf5§b)]
where S(y)

I

1 for y>e°
=0 for Yy €£° (40a)

Sy 55T £nP smmns
L P A am £ ®
. (40b)

R én
™ g(u- _5?-()5’(\/--—6)

Qs (%) = QX)) « Rz (37a)
Q 1% 1S o

U) = N S i
Qs = Q, M) »* - (v L

—_— —— — — — — o — — —

Qx) = @) - Q) (38a)

I

o~ ]

— OC 4o
Q.o = R, ¥ Z-
Nne-OC h:_

ke,
e o i hn/z R+ N
i g(u.. _%_-)-

oo an
. ";Z_- *Zj’i e_;l‘ua Sin f’n/?. gv ép",.,)
m.-21T Q:-o0 E-n ( l T

(38b)
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A10) The correspondence object imagse in the Microwave Image

Scanning System:

We summarize here the results obtained for the system of
fig. 2: a modulated scattering array placed in the Fourier
plane of an afocal system.

The array is constituted by(ZN;‘)(?-'*S,*-') scattering points
(distance between two rows = a: between two columns = b).

The scatterer placed at the point xy 1s modulated by a square

wave :
S E.os[(ﬂt =L 4 sat _;_)] .S lees (wt.p’*l{, « ol Zb-)]
where S(y) stands for 1if y3 O
{ 0ify £0

The (modulated) image given by the system consists in a
double multiplicity of images: each image qiven by the non
modulated array (indexed by n, m with n ‘DC.-_;:., mémm.;- )
1s split under the effect of modulation into a set of travelling
images (k, 1) each moving in the image plane with velocity
components proportional to (k, 1). One of these sub-images
(m, n: k ,1) shows an amplitude distribution: using (33, 36b,

38b):
2tk (£+1) _e Nyt
e_ﬂz (P‘l - ]Q. e)(;(') — —ab e c(€ ? e (h-ﬂ Lw) S‘“hn Sm
’ ] )ﬂ ﬁ?@ h,LT}?' ,z
° (...ﬂ .P ) > Sin (11\' +I)T\ .? Sl'h(zw-rl)ﬂ%;
'Fﬂ. ¥l¥o Sinm a'ﬁ/ﬁ fﬂ. Sin T\b)’/a -Pg,

g, (41)
=% 4 *’-‘5‘1 2 05wty A L
where Yo =X ( ) ) -Y"':'j*( * F)Bg

a sub-image is then the initial distribution convnlved with the

usual array diffraction pattern and translated by san amount

Ax = _(n. hsn.t)zfz
n a
(42)

[%Y & ( é?gu)t):kﬁa
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It should be noticed that practically no loss of resolution
is introduced with regard to the steady image given by the
optical system (except for the replacement of the aperture
pattern [%5b] , by this of the array:[36b].
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 6

Fig. 7

Different systems used to measure microwave field
distributions

Disposition of the optical set-up used in MISS
(array placed in the plane T1, )
Notations

Imaging: transformation from the object plane ™.

to the image plane Tz by means of different pupil

functions placed in the Fourier planeTl, ;

successively:

- Unlimited aperture

- 1limited aperture

- unlimited phase modulation (point object, then
extended object)

- sampled unlimited phase modulation (point object,

then extended object)
Disposition and feeding of an array of diodes

"Spatial biasing” of the receiver:

images of different orders n .[or Sn..t =0

$a.t £ 0 displacement whith time of the images of
different orders n and different carrier frequency
$at.m . limitation of the available field

to 2f/23 due to the beginning of overlapping of

the images (n = 0, k = 1) and (n =1, k = -1)

Field distribution measurements at A= 3.6 wmm
image given by a dielectric lens (diameter 20 cm,
f = 10 cm) of an open wavegulde

Point to point measurement (the array 1s placed in
the image plane - same set-up as in fig. 6)




Fig. 8

Fig. 9

Block diagram of the set-up used for the
measurement of fig. 9

Measurement with MISS (the array is placed in
the Fourier plane T, of fig. 2):

Unidimensional explorations with an array of 5x5
diodes placed 1 cm apart from each other

( 2 =8,6mm - £ =10 cm)
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Imaging
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Vo cos (Q+8Q)t  VocosQt Vocos(QR-6Q)t

V, cos(w+26w)t

V, cos (w+dw)t

V, cos wt

V, cos(w-d6w)t

V, cos(w-28w)t

Current in the diode nygn

x Ny
e
on
Q+nx(5Q+Q)
on
w+ny(6w+w)

Fig. 4
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Point to Point Exploration.

7b) Images of a broad
source (lens corrected horn,
diameter: 4cm).

-=—7a) Images of a point
source through a dielectric
lens.

Array of 6 lines (lcm between two lines) and 5 rows
(2cm between two rows).

The four pictures of a) and two pictures of b) are ob-
tained by translating the array in its own plane be-

tween two pictures.

Fig. 7
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