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1571 ABSTRACT 
The resolution of an imaging system is greatly enhanced 
by radiating an object with a pnane wave field from a 
coherent source variable in either frequency, angle or 
distance from the object, detecting the wave field trans- 
mitted through, or reflected from, the object at some 
point on the image of the object, with or without het- 
erodyne detection, and with or without a lens system. 
The heterodyne detected output of the detector is pro- 
cessed to obtain the Fourier transform as a function of 
the variable for a direct measurement of the amplitude 
and surface height structure of the object within a reso- 
lution cell centered at the corresponding point on the 
object. In the case of no heterodyne detection, only 
intensity data is obtained for a 

0 Claims, 2 Drawing Figure 
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example, a source of ultrasonic waves, and that the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~ ~ ~ E ~ - ~ E S ~ ~ ~ ~ ~ ~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIMAGING SYSTEM frequency may be held constant while varying the an- 

gle. With off axis illumination in the X direction, the 
ORIGIN OF INVENTION Fourier transform of the wave field with respect to the 

The invention described herein was made in the per- 5 frequency (inverse wavelength) at a far field region 
formance of work under a NASA contract and is sub- Point of an image plane yields an image of the object in 
ject to the provisions of Section 305 of the National the X dimension with a resolution factor related to the 
Aeronautics and Space Act of 1958, Public law $5-568 span of the frequency variation. Similarly, with a fixed 
(72 Stat. 435, 42 USC 2457). wavelength and a variable angle of illumination, the 

10 Fourier transform of the wave field detected with re- 
spect to the angle of incidence yields an image of the BACKGROUND OF THE INVENTION 

This invention relates to imaging systems, and more object in the dimension of the angle variation with a 
particularly to a method and apparatus for greatly im- resolution factor related to the span of the angle varia- 
proving the resolution of an imaging system. tion possible. When it is possible to use a combination of 

High resolution for imaging systems is a problem due both angular and wavelength variation, one angle in the 
to the fact that the high frequency detail of the object plane of one axis is set to be very large (e.g., 8,=30') 
diffracts the incident illumination to angles much while another angle in the plane of another orthogonal 
greater than what the collecting aperture can gather. axis is varied over a small range (e.g., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt!ly&AOy). At the 
Because of that a considerable amount Of information is Same time the frequency of coherent Source zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1s varied. A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
lost in most imaging systems. Therefore, the finite size 2o two-dimensionsl ]Fourier transform with respect to the 
of the primary collector presents a fundamental limita- frequency and angle variations yields an image of the 
tion on the resolving power of any Practical imaging object in two dimensions with a resolution factor re- 
system. Since the cost and the practical difficulties in- lated to the bandwidth of angular and frequency varia- 

increases with the size of this aperture, it has in the past zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25 variation in the two directions t!lY to provide a two- 
been of great interest to find alternative means of ob- dimensional image. Another possibility is to vary the 
taining a higher resolution with a small aperture. Since distance to the object along the axis instead of vary- 
the case of an infinitely small collecting aperture is ing the frequency. 
equivalent to the case of not having any imaging com- field" refers to both 

is also of great interest. source. In the case of electromagnetic radiation, such as 
for example radar, X-ray, or light as in the preferred 
embodiment to be described, the term "electric field" is 

valved with building large apeaure imaging systems tion. It is also possible to use a combination of the angle 

As used herein, the term 
pQnents9 Or scanning Of an Object in such a 30 the amplitude and phase ofthe radiating from the 

SUMMARY OF THE INVENTION 

In a preferred embodiment of the invention, an object 
is radiated off axis (with or without a lens system) by a 35 equivalent to the generic term ''wave field," and refers 
plane wave field from a coherent Source at an angle, 6, to both the phase and intensity of the radiation. The 
and the wave field, or intensity, of the wave field trans- 
mitted (or reflected) by the object zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis detected at Some 
point in the image plane of the object while the spatial 
phase relationship of the radiating wave field is varied, $0 

either by varying the frequency, the angle or the dis- 
tance of the obJect from the source. The wave field 
(amplitude a d  phase) or intensity (amplitude) detected 
is processed as a function of the variable to obtain the 
Fourier transfom of the wave field to provide an en- 45 
hanced image of the object itself along a line in the 

DESCRIPTION OF PREFERRED plane of the illuminating angle. Assuming that the an- 
EMBODIMENTS gle, 8, is in the X-Z plane, where the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ axis is in the 

direction to the object, the image thus produced is along 
the X axis. The position of the object relative to the 50 Referring now to the drawings, FIG. 1 illustrates the 
imaging system can be moved in a direction normal to organization ofa general, or universal, system for imag- 
the plane of the angle, i.e, in the Y axis direction, and ing an object 80 (with an optional lens LI) onto a Plane 
the process repeated for each new position to obtain a 11. The system is universal in that it provides a coherent 
two dimensional image. In some applications it is easier, Source of radiation 12, such as a laser, of tunable wave- 
or perhaps only possible, to detect just the intensity of 55 length under the control of a unit 83, and deflectors 14 
the wave field. Since the intensity is simply the absolute and 15, such rotatable prisms or electro-optic effect 
square of the wave field, the Fourier transform of the devices, for deflecting the illuminating beam in the 
intensity with respect to the variable is the autocorrela- respective X-Z and Y-2: planes under control of a unit 
tion of the image wave field. Thus, while the Fourier 16. The Z axis is the axis of the beam in the direction of 
transform of the intensity does not directly provide the 60 the object and the X axis is assumed to be in the plane of 
super-resolution amplitude and phase structure of the the drawings. The Y axis is then perpendicular to the 
imaged object, the autocorrelation function provides plane of the paper. Imaging with super-resolution is 
sufficient information to warrant direct measurement of thus possbile with either a variable radiation wave- 
intensity. length (frequency) or a variable angle of incidence of 

A description of the preferred embodiments will em- 65 the radiation transmitted through the object 10, or with 
phasize the case ofa coherent light source, a fixed illum- both a variable wavelength and angle, in which case 
ination angle, 8, and a variable frequency, but it should one of the deflectors is set at a large angle (e.g., 30") 
be understood that the coherent source may be, for while the other is varied over a small angle of about 1". 

generic term wave field is intended to apply to other 
forms of COherent wave Propagation, such as ultrasonic 

fop 

BRIEF DESCRIPTION OF 

FIG. 4 is a block diagram of a system implemented to 
carry out the present invention in different modes of 
operation. 

]FIG. 2 iS a diagram useful in understanding the prin- 
ciples of the invention. 

DRAWINGS 
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An optional 2-position translator 17 is also provided tain the intensity of the radiation source that the differ- 
to effectively phase modulate light transmitted through ence between the feedback signal and a constant refer- 
the object by varying the position of the object along ence signal (voltage) is maintained at or very near zero. 
the 2 axis instead of varying the wavelength of the However, it is preferable to omit the detector 26 and 
source 12. Modulation by varying the position of the 5 differential amplifier 27, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand to merely sample the radia- 
object in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 plane is fully equivalent to varying the tion just in front of the object using a beam splitter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28 
angle or the wavelength at normal incidence, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas m and a detector zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29. The intensity of the radiation thus 
better appreciated by reference to the diagram of measured is then used in the Fourier transform proces- 
2 which shows the incident coherent light trans sor 21 to normalize the measurements made through the 
through the object 10 at an angle Ox to the image Plane 10 detector 20. Any variation is intensity caused by the 
11 without the optional lens. FIG. 2 may also be used to deflectors 14 and 15 thus be compensakd. 
better understand that when the direction of the inci- ever, it may be advantageous to provide both fee 
dent light is normal to the object, the transmitted light control of the source and 
must then be detected at the image plane off axis for 

With or without feedback control of the source, it is super resolution. 
The electric field at an image point P for the object 10 desirable to employ the beam splitter 25 to sample the is the electric field transmitted (or reflected) by the radiation and transmit the sampled radiation to the de- object over the area of the corresponding resolution cell tector 2o for detection; alternatively an (determined by the resolving power of the imaging 

independent local oscillator synchronized with the light system) multiplied by the impulse response of the imag- 20 
ing system and integrated over this area. However, the for heterodyne detection* A beam 'PIitter 30 
electric field exiting the object depends upon the wave- may be to combine the -pled radiation 
length and angle of incidence as well as the phase with radiation from the object. Reflectors 31 and 
@eight in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz axis) and amplitude (length in the x direct the sampled radiation to the beam splitter 30 
axis) structure of the object. Thus the value of the elec- 25 the case Of feedback 
tric field at the image plane 11 varies with the wave- a beam splitter. 
length or angle or incidence on the object. 

Since moving the object (or the source) along the Z 1 in different mod- the Fourier transform carried 
axis will vary the phase relationships of the incident in the processor 21 for high-resolution imaging will 
light as detected at an off axis, far-field point, as can be 30 described. Consider the geometry of FIG. 2 without a 
seen from the diagram of FIG. 2, the value of the elec- lens. A plane wave of a given wavelength is incident on 
tric field at the image point varies with the position of the subject 10 at angles Ox, Oy with r 
the object along the Z axis. Consequently, the Fourier tion to the object (2 axis). The amp1 
transform of this variation provides directly the ampli- of the object is assumed to be a(x,y) 

phase structure of the object within the resolu- 35 radiation is detected at some point 
corresponding to the image point of interest. region or the image plane of the object. Assuming a unit 
in most cases, be more convenient to vary the amplitude illumination, and using scalar diffraction the- 

wavelength (represented by the space between wave- ory in the following calculations, consider only the case 
fronts in FIG. 2) so that it is only necessary to set the of linear polarization. 
deflectors 14 and 15, one for the desired offset angle of 40 The electric field, E, at the output plane of the object 
incidence (e.g., Ox), and the other to zero, or to set the 10 is given by, 
wavelength of the source and vary the angle of inci- 
dence. Consequently, the Z position translator 17 can be 
omitted, as well as one of the angle deflectors 14 and 15, 
except for two dimensional imaging, in which case both 45 where h(x,y) is the surface phase transmittance 
deflectors are required. However, it is desirable to be 
able to move the object in order to image different 
areas. An X-Y position translator 18 is provided for that 

in the 

l5 

the reflector 31 would be 

Before describing the operation of the system of FIG. 

E&y) = & , y ) @ H d Y & d & ~ M X  + Piney) (1) 

of the object, and where the time 
has been suppressed for monochromatic illumination. 

eiot term 

In the super-resolution imaging of an object, three 
are Of interest* When an imaging Purpose. 

It 1s also convenient to detect the electric field at 50 possible 
different points in the image plane 11. An X-Y position system Of PUP' a&rture function p(x,Y) is used and 
translator 19 is provided to move a detector 20 in the 
image plane. All position translators provide a Fourier 
transform processor 21 with signals which uniquely 

well as the values of the variables, namely wavelength, 
and angles Ox and Oy in order for the Fourier transform 
to be computed by the processor 21, squared by a 
squarer 22, and the result displayed as an image in a unit 
23 and/or recorded in a unit 24. Position data is re- 60 image, and 
corded to provide stereo viewing of the object. 

Since any variations in the intensity of the radiation 
source will result in variations in the electric field me 
surements made through the detector 20, it is necessary 
to maintain the intensity of the radiation substantially 65 
constant. That can be done by sampling the radiation 

feedback signal to a differential amplifier 27 to so main- 

impu1se response is y(x~y)s the hage 
unit magnification) 

identify the positions of the object 10 and detector 20, as 55 E X X ~ Y ~ )  = .ddxy)*$(xY) (24 
ik 

where  Nxy) = 8: P(ry)eT (* + ~o~)ak&m and 

z=the distance of the limiting aperture P ( ~ , ~ )  from the 
the convo~ution 

For the case when the Fresnel zone electric field 
scattered by the object is detect& at dishnce from the 
object, we have 

EFn(xoyO) (W 
using a beam splitter 25 and a detector 26 to provide a 1 eilu,(ik/bMxd + y d )  //m E&,y)&ubMx2 + Y2) 

--m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAiA2 



4,164,788 
5 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

wavenumber zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb. Substituting zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4) into zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5) ,  obtain the -continued zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e(-Jk/-%no zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ YY0)dXdy result 

First evaluate Equation (6) with respect to k. Since the 
limits Of the intergration have been set over the region 

lo k&Ak/2 by the rect [(k--k&Ak] in the integral, and 
When the Fraunhofer field is detected at distance z 

from the object, 

When the field is detected at a single point, the Fraun- 
hofer case is equivalent to the case when the image 
pupil function P(x,y) is a delta function and the imaging 
system has an infinitely poor resolution. The Fresnel 20 

case is equivalent to the Fraunhofer case except for the 
fact that the point at which the field is detected is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso 
close to the object that the quadratic phase factors 
across the object become important. In the sub-resolu- 
tion imaging, these quadratic phase factors only con- 25 
tribute to a stretching of the image and their effect on 
the actual imaging process can be ignored. Thus only 
the sub-resolution imaging case for the Fraunhofer field 
will be considered and the equivalent calculations for 
the imaging case or the Fresnel field case can be made 30 

correspondingly. Since the system is spatially symmet- 

essential results. Thus in calculations where Oy=o, the 
corresponding effect for Ox=o, Oy+o can be easily 
determined. Also for most surfaces, the effect of h(x,y) 35 

Substituting Equation (1) into Equation (Zc), the re- 

since the phase term 

eik(xrm@x + Y X  - z) 

is varying at a much greater rate than the 1/A term, the 
variation in the l / h  term is ignored in evaluating the 
integral over k. This gives the result 

m (7) 
eiko(xsinex - y x  + z) & 8, cu 2n 

edo ,o ,yx )  = 

where sine 

and can be written explicitly as 

e ~ o * o v  

is defined as sinrrx,rx. 
ric, (OX,') With (eY,Y) does not change the Note that Equation (7) in the form of a convolution 

is considered equal to zero and will only contribute a (8) 

1 - small random background noise which may be ignored. e-iko(xrin8x + z) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
&Y)' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlk t: sine [ (2 + minex )  

sult is 

For the particular point P, at (0,O) on the plane 11, Equa- 45 Equation (8) expresses the Fourier transform of the 
tion (3) reduces to electric field with respect to the wavenumber in the far 

field region of an object and shows that it is the electric 
field transmitted by the object convolved with a resolu- 
tion factor related to the bandwidth of the frequency 

50 variation available. The width of this resolution factor 
in the x-dimension is 2n/Ak sin Ox where Ox is the angle 

Now evaluate the Fourier transform of Er;(O,O) with of illumination employed. If the wavelength span of 
respect to the wavenumber k. In general, the tunability loo0 A is employed, the illumination angle taken to be 
for the wavelength of the illumination is over some W, and the center wavelength taken to be 5000 A, we 
certain region of Ak wavenumbers band-width and at 55 obtain the resolution cell size in the x dimension as 2.9 
some center frequency fa which has the corresponding pm. In the y-dimension the resolution is very poor, 
wavenumber k ~ .  Thus, in evaluating the Fourier trans- since the image electric field is the integrated field exit- 
form of Er;(O,O) as in (4), take into account this limited ing the object plane over the y-axis. 
bandwidth available. This Fourier transform may, It is possible to proceed to perform a similar calcula- 
therefore, be written as 60 tion for the Fourier transform of the field detected at P 

with respect to the angle of illumination when the 
wavelength of illumination is not varied but the incident 
angle Ox is changed by the span AOx around Oxo. The 
pupil function describing this angular bandwidth em- 

65 ployed is assumed to be rect [(sin Ox-sin Oxo)/A(sin Ox)] 
where A(sin Ox)/21: sin (Ox+AOx/2)-sin 8,. The Fou- 
rier transform of Er;(O,O) is defined, using the same 
notation used in Equation (6) as follows 

(4) ,ikZ 
E,c(O,O) = - lk /Imm o(x,y) eikrsinex dxdy. 

(5 )  k - ko 
edO,o,Yx) = /m Ed0,O)rect zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(7) e-iky.* , 

--m 

where yxis the image coordinate in the x dimension and 
EA0,O) has been producted by rect [(k-&)/Ak] to take 
into account the limited bandwidth available around the 
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Now taking the two-dimensional transform of this zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
eAO,O,pd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(9) function as defined by 

e-'2rr(Sin~x)Px zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd(sin0,) edyx,py)  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(13) 
5 

,o)rect zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(G) rect (-) 
sine, - sine, 

--m 

Substituting Equation (4) into Equation (9), evaluating, --m 

and simplifying the result, the function er;(o,o,px) is 
found to be given by the convolution 

eAo.o.5;- Px ) = 

10 

('O) and substituting Equation (12) into Equation (13) the 
following equation is obtained: ,rkz - 12a + srnexo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

&Y)* I 2 2  

elk(=lnex + ysiney - yx + 2) - i2n(s1ney)py 
(14) 

ed-tx3Py) = ////" lh 
- m  

Evaluating Equation (14) over only the k variable, ne- 
glecting the l/h variation compared to the phase term 
over the region k,,fAk, yields 

(*) rea (-) sin= [ * (yx - mine, - pinev - z) d(sin0,)dxdy 1 
Since it is assumed that O,=O, and that the variation of 

@, 'Ompared to the 
The Fourier transform of the electric field detected at 

obtained as the convolution of the electric field exiting 35 [Ak/2n(yX-x sin OX-Y sin 
the object plane 1 with the function {(eikz/lh)e-I2V(X/A) 
sin exo(A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASin ex) sinc [A(sin ex)x/&]) which has the width 

is so that < it is possible to b o r e  Y sin 

can be approxi- 
[Ak/2n(yX-x sin this 

point P with respect to the angle of incidence is thus sin ex term. The 

mated by 
to evaluate Equation (I5) yields 

given by A/A(sin Ox). Thus, the resolution of the image 
obtained in this fashion, for an angular width of -1-5" 
centered around normal incidence, and for an incidence 
wavelength of 5000 A, is 2.9 pm in the x-dimension. 
Again, the resolution in the y-dimension is very poor 
since the field is integrated over the whole y-axis. 

It is possible to obtain a high resolution in both di- 
mensions by using a combination of both wavelength 
and angular variation monitoring. Consider the case 
when the illumination angle in the direction of the x axis 
is Ox, and the angle that the y component of the k vector 
for the illumination makes with the normal to the object 

rier transform of the electric field with respect to the 
variation in the wavelength of the illumination and in 
the angle e,,, the electric field exiting plane I is given by 

edYxPy)  = (16) 

[e A(siney) eikdninex - Y X  + 2) 1 -m 
40 

/I, dxdy 

-$$- (yx - minex - z) 

45 

which can be rewritten as the convolution 

is e,, and assume that Ox> > O p  In computing the Fou- = o(x,y)* e-iko(xsinOx + 2) 

E,(XY)=o(x,y)d~ s'n ex+ib's'n BY, (11) 55 
Thus, provided O,+AO,< <Ox, the resulting two-di- 
mensional Fourier transform with respect eo the wave- 
number k and the angle of illumination variation @,, 
would give the electric field transmitted by the object 

60 10 convolved with the impulse response factors for the 
x and y dimensions, the widths of which are l/Ak sin Ox 
and h/A(sin 0,) in the x and y dimensions respective1 . 
Thus, as in previous considerations, for h=5000 K , 

Recording the value of EA0,O) while the incident AA=100d) A, Bx=60", 0,=0°t50 this would corre- 
wavevector is varied from k,,-Ak/2 to k,,+Ak/2 and 65 spond to a resolution of 2.9 pm in the x and y dimen- 
the angle of incidence in the y direction from -A@,/2 sions respectively. Consider now the scanning applica- 
to +AO,/2. yields the function Er;(O,O) rect tion where high resolution is obtained in one dimension 
[(k-k,,)/Ak] rect [sin O,/A(sin O,)]. and the object translated with respect to the illumina- 

and the corresponding electric field detected at point P 
is written as 

('') ikz 
EAO.0) = e 122 4; o ( x , y ) e i ~ i n e x  + ikysiney d xdv 
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tion in the other direction. In order zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto do this, assume 
that the illumination spot on the object is given by the 

when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOx=Oy=O, h(x,y)+O, and the integral ( 5 )  is evalu- 
ated. The result is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(21) 
eAo,o,y,) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= fim a(x,y)e-IkdY - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2h(x,y) - z)sinc[Ak/2?r(yx - 2h(x,y) - z)] 

- m  

function rect (x/2Lx) rect (y-a/2Ly) which is a rectan- For Ak large, edyx) has nom-zero values only for 
gle of width 2Lx, 2Lyin the x and y dimensions respec- y=2h. This point may be clarified further by assuming 
tively and centered at (0, a). While the wavelength or 10 that there is only one phase scatterer on the object and 
angular variation is used to obtain the high resolution the function h(x) is described by h(x)=h,rect(x-x- 
along the x dimension the object is translated with re- J/wo where (xo,o) is the position of this scatterer of 
spect to the illumination in the y direction, i.e., a is height h,and width wo. 
varied. For any particular value of a, use (7) to provide The function eF(yx) will have. a non-negligible value 
the Fourier transform with respect to the wavenumber I5 only at y=2ho and the magnitude of this value will be 
of the electric field detected at the point P. This is given 
by, for the object transmittance now given by 

(18) { a ( x , y ~ l ~ i n ~ x  recr ( e ) r e c t  (w)>as 

ed0.o,yx) = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ / ~  o(x,y)recr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(e) ihz (+-) a + Ly erko(*rmOx - y + z) 

- m  a-.Cy 

sinc 2n (yx - 
hk 

z -  

From Equation (19) it is evident that, provided a(x,y) is 
lrnown for the region O<y<2Ly, the function a(x,y) For a multitude ofscatterers of height hr, width Wr on 
may be determined from Equation (21) for all values of the object, the function e d y 3  will be a series of peaks 
y for any given zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL,. Thus, for scanning applications, 45 at ~ ~ = 2 h , a n d  the heights of these peaks will be equal to 
while high resolution may be obtained in one dimension 
by varying the wavelength or angle of illumination, the 
other dimension may be resolved if the object is trans- 
lated with respect to this axis and if the object transmit- 
tance is known in the initial spot size region. 

the distance z of the detector plane from the object. 
Evaluating the integral 

x - x, lm a(x)rec< - )dx. w, 50 -m 

The at the point (P,') depends For a continuous function describing h(x) the function 
edyX) will be some continuous function for various 
values of yx depending on the fraction of the total func- 

55 tion that has the height equal to yx produced by the 
values of a(x,y) at those particular y=2h. By placing a 
mask, with step function heights of equal widths and 
different values placed at different spatial points, in 
contact with the object a(x,y), the values of a(x,y) can 

60 be sampled by measuring the Fourier transform of the 

l/z - l/zo e--127~(1/~) d(l/Z), jm 
- m  

for zo a mean distance, EF(P,O) as defined in Equation 
(3) and Ox=O, P / z >  > 1 

While Equations (3) to (20) have been evaluated with 
the assumption that the spatial effect of the object phase 
transmittance h(x,y) is zero, consider now the case 

electric field detected versus wavelength and noting 
that the position of the peaks on this transform corre- 
spond to the heights on the phase mask and the value of 
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these peaks to the value of a(x,y) at the corresponding nately the object a(x,y) can be written zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas a matrix in 
points on the mask. which case m is a matrix and m-1 is an inverse matrix. 

While Equations (8), (lo), (17) and (19) have been In the practical implementation of the theory in- 
calculated for the case when point P is at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(O,O), it is volved in the analysis here, a coherent illumination 
interesting to note the effect of making the imaging zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 tunable in wavelength or angular direction and a 
measurement at some point other than the origin. To method for detecting the far field electrical field scat- 
illustrate, consider the derivation of Equations (7) and tered by the object, such as by a heterodyne measure- 
(10) using the values xo= -p  and yo=O in (3). Proceed- ment, would be sufficient to provide the necessary in- 
ing with similar steps leading from Equations (3) to (8), formation to produce a high resolution image of the 
it is found that the Fourier transform with respect to the 10 object of interest. For optical wavelengths, an electro- 
wavenumber of the field detected at (-p,O) is given by optically tunable dye laser or a laser in combination 

with an acoustic-optic or electro-optic deflector may be 

I**\ 

(++)sine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ ++ x (sine, + +) + (2 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+)I 
used to produce rapid tuning of the wavelength and 
angle of illumination, while the electric field at point P Similarly the equivalent of Equation (10) becomes 

may be detected by using a local oscillator to provide 

The Fourier transform operation to reduce this zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsignal 
to an image may be performed by a digital fast Fourier 
Transform Processor. An alternate technique would be 
to amplitude and phase modulate the output of a laser 

[ 1 using heterodyne detection, with an integrating time 
longer than the signal duration. (The local oscillator 

Note from Equation (22) that detecting the wave- may be a tunable laser.) The detector output obtained as 
length dependent electric field at a point other than the a function of the frequency difference of the local oscil- 
origin simply shifts the image by @/2z with respect to 35 lator and the signal laser would be the desired Fourier 
the image formed from the field at the origin. Also the transform. 
resolution cell size of the image has now changed from Equations (8), (10) and (17) are the results for the 
27r/k sin 0, to 2~r/k(sin~~+fl/z). Thus, even if the il- Fourier transform of the electric field, with respect to 
lumination angle is zero, i.e., if sin &=O, detection of the angle or wavelength of illumination incident on 
the electric field would still produce some image, the 40 some object at a point in the far field region of the 
resolution of which is proportional to the angle sub- object. They represent the image electric field of the 
tended by the detector, P/z, to the object. This is re- object itself, the resolution of this image depending 
lated to the resolution for a lens of aperture p. From upon the angular and wavelength bandwidth through 
Equation (23), the off center measurement of the elec- which the illumination can be tuned. 
tric field, while the angle of illumination is changed, 45 The foregoing discussion of the system of FIG. 1 in 
does not perturb the measurement except to change the different modes has been generally in reference to the 
phase factor involved with the impulse response func- system without the optional lens L1, particularly in 
tion. respect to the geometry of FIG. 2 and the discussion 

Equation (22) is also applicable, if 0,=0, when any of relation thereto which followed. For the corresponding 
the standard interferometric techniques to make inco- 50 geometry in the case of imaging with a lens, and a dis- 
herent holograms are used; and field at the point @,O) is cussion of the present invention as it applied to that 
detected with respect to wavelength. In the case when case, see a paper by the present inventor titled Sub- 
a band of frequencies illuminates an object at the same Resolution Imaging: Use of Wavelength and Angular 
time, the electric field at a point on the far-field region Diversity Techniques published in Applied Physics 
detected as a function of time is the image electric field 55 Letters, Vol. 28, No. 8, at pages 451 to 453 (Apr. 15, 
given by Equation (8) since the time and frequency 1976). That paper also illustrates the applicability of the 
variables are Fourier transform variables with respect invention to applications employing reflected wave 
to each other. field detection. 

Given for some function a(x,y), the operation In summary, the Fourier transform of the wave field 
g(xl,yl)= J Ju(x,y)m(x,y;xl,yi~xdy, the function a(x- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 is obtained by a detector at a point on the image plane 
o,yo) may be retrieved from g(x1,yi) by using the opera- of an object as the angle, wavelength or distance from 
tion JJg(xl,yl)m-l(x,y,yx,yy)dxldyl where the func- the object of the coherent wave source is varied to 
tion m-l(x,y;yx,yy) is defined by J Jm(x,y;xl,yl)m--1(x- provide through an inverse Fourier transform calcu- 
l,yl;yxty,)dxldyl =S(x-yx)S(v-yy). The function m in lated by a processor enhanced image data of the object 
the situations described in the subresolution system 65 which the resolution cell centered at the corresponding 
corresponds to ei2vml and m-1 to e-f2vYwl where XI is point on the object. Alternatively, only the intensity of 
I/?, when wavelength variation is used for the imaging, the wave field may be detected as a Fourier spectrum at 
sin 0, or sin 0, when angular variation is used. Alter- a point on the image plane, and the Fourier transform of 

Px (23) 25 the coherent detection scheme. ed0.0,5; ) = 

a(xv) ,-ik (z + + .;@>-.w ( ~ ) s i n O x o  

A(sinex) sine A(sinex) . 30 by an eleCtrO-Optk cell with the Signal and detect this, 
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the intensity is the autocorrelation of the transform of 
the wave field variation with wavelength. Thus, it is 
possible to use the output of the detector without het- 
erodyne detection in order to obtain only intensity 
(wave amplitude) data for a Fourier spectrum of the 
image (i.e., the square of intensity of the Fourier trans- 
form that would otherwise be obtained by heterodyne 
detection), or to use the output of the detector with 
heterodyne detection to obtain both the amplitude and 
phase data of the image for a Fourier transform. This is 
so because the output of the heterodyne detector is the 
Fourier transform of the object at a point on the image 
plane, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso that if the Fourier transform processor is not 
used, the result is a spatial Fourier transform of the 
object; and if the processor is used to obtain the inverse 
Fourier transform, a wave field image at a point on the 
image plane of an object is produced. Upon squaring 
that wave field image, an intensity image is produced 
for display, as on a cathode ray tube display unit. In 
other words, the squarer provides the square of inten- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 

sity in the image wave field, and eliminates the phase 
data. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAlso a system without a processor may be of inter- 
est in some applications since the detector may provide 
the Fourier transform of the object if both modulation 
and heterodyne detection is used, as described hereinbe- 25 
fore, and the Fourier spectrum if only intensity detec- 
tion is used, Le., if elements 25, 31, 32 and 30 are omit- 
ted, as just noted. While the preferred embodiments 
described herein have been for the case of detecting 
radiation through the object, it is obvious that they can 30 
be modified for the case of reflection from the object. 
Consequently it is intended that the claims cover such 
modifications and variations. 

What is claimed is: 
I. A method of enhancing the resolution of a system 35 

for imaging an object at a plane comprised of the steps 
of 

radiating said object with a plane wave field at an 
angle with respect to an axis normal to the object 
and in the direction to the object from a coherent 40 
source variable in a parameter selected from fre- 
quency, angle, or distance to the object, to achieve 
phase variable radiation of the object, 

detecting the wave field or intensity of radiation at a 
selected point in said plane as a function of the 45 
variable parameter selected while said selected 
parameter is being varied, and 

computing a Fourier transform of the detected wave 
field or intensity at said selected point with respect 
to the variable parameter. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 

2. A method as defined in claim 1 wherein said se- 
lected point of the imaging system includes the whole 
object. 

3. A method as defined in claim 1 wherein said se- 
lected point of the imaging system includes a single cell 55 
of the whole image and said cell includes an area of the 
image determined by the resolution of the imaging sys- 
tem. 

4. A method for enhancing the creation of an image at 

radiating an object with a plane wave field from a 
coherent source at a selected angle 8, with respect 
to a Z axis normal to the object and in the direction 
to the object from said source in a plane defined by 
an X axis, where said X and said Z axes are perpen- 65 
dicular and perpendicular to a Y axis to define an 
X-U plane parallel to said object and an X-Z plane 
of said angle, e,, 

a plane comprised of the steps of 60 

14 
varying the spatial phase relationship of the radiating 

wave field by varying at kast one parameter se- 
lected from the wave field frequency and the se- 
lected angle of radiation, 

detecting the wave field of radiation at said selected 
point as a function of the variable parameter se- 
lected while said selected angle 0, is being varied, 
and 

computing a Fourier transform of the detected wave 
field or intensity of a selected point in said plane 
with respect to the variable parameter for synthesis 
of a high resolution image at said point. 

5. A method as defined in claim 4 wherein said Fou- 
rier transform is of the image of the whole object along 
a line in the plane of the angle. 

6. A method as defined in claim 4 wherein said Fou- 
rier transform is of a cell of the image, and said cell 
includes an area of the object determined by the resolu- 
tion of the imaging system. 

7. A method as defined in claim 4 wherein both the 
radiation frequency and angle are varied, the further 
limitation of fixing the angle of radiation in the plane of 
one axis normal to an axis in the direction to the object 
and limiting the variation in the angle in the plane of 
another axis normal to said one axis and the axis in the 
direction of the object over a small range while varying 
the frequency, and including the computation of Fou- 
rier transforms with respect to both the frequency and 
angle variations to obtain an image of the object in two 
dimensions. 

8. A method as defined in claim 4 wherein only the 
angle of radiation is varied, first in a plane of one axis 
normal to an axis in the direction of the object, and then 
in a plane of another axis normal to said one axis and the 
axis in the direction of the object to obtain an image of 
the object in two dimensions. 

9. A method as defined in claim 4 wherein the Fourier 
transform computation is achieved by modulating the 
amplitude and phase of radiation from said coherent 
source with a periodic signal ,and, using heterodyne 
detection with an integrating time longer than the signal 
period, objecting a signal as a function of the frequency 
difference of the coherent source and the local oscilla- 
tor that is the desired Fourier transform. 

10. A method for enhancing the creation of an image 
in an imaging system comprised of the steps of 

radiating an object with a plane wave field from a 
coherent source at a selected angle 8, with respect 
to a Z axis normal to the object and the direction to 
the object from said source in a plane defined by an 
X axis, where said X and said Z axes are perpendic- 
ular and perpendicular to a Y axis to define an X-Y 
plane parallel to said object and an X-Z plane of 
said angle, Ox, 

varying the distance of the object from the source in 
order to obtain high frequency components of an 
area at a selected point in the image for Fourier 
synthesis, 

detecting the wave field or intensity at said selected 
point as a function of the variable distance while 
said variable distance is being varied, and 

computing a Fourier transform of the detected wave 
field or intensity of said selected point with respect 
to the variable distance for synthesis of a high reso- 
lution image at said point. 

11. A method as defined in claim 10 wherein said 
Fourier transform is of the whole object along a line in 
the plane of the angle. 
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12. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA method as defined in claim 10 wherein said 
Fourier transform is of a cell, and said cell includes an 
area of the object determined by the resolution of the 
imaging system. 

13. Apparatus for enhancing the resolution of a sys 
tem for creating an object at a plane comprising 

means for radiating an object with a plane wave field 
from a coherent source variable in a parameter 
selected from frequency and angle of illumination 
to the object to achieve phase variable radiation in 10 

area at a selected point in said plane for 
synthesis, 

means for detecting the wave fie 
selected point as a function of 

quency and angle variations to obtain an image of the 
object in two dimensions. 

20. Apparatus as defined in claim 19 wherein only the 
angle is varied, first in a plane of one axis normal to an 
axis in the direction of the object, and then in a plane of 
another axis normal to said one axis and the axis in the 
direction of the object to obtain an image of the object 
in two dimensions- 

order to obtain high frequency cornpone 

hile said selected parameter is varied, 

means for computing a Fourier transform of the de- 
tected electric field or intensity of said 
point with respect to the variable parameter. 

14. Apparatus as defined in claim 13 wherein said 
selected point of the imaging system includes the whole 
object, 

15. Apparatus as defined in claim 13 wherein selected 
point of the imaging system includes a single cell of the 
whole image and said cell includes an area of the image 
determined by the resolution of the imaging system. 

16. Apparatus for enhancing the creation of an image 
in an imaging system comprising 

means for radiating an object with radiation from a 
coherent Sowe at a selected angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOX with respect 
to a Z axis normal to the object and in the direction 

an where said and said 
dicular and perpendicular to a Y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaxis to define an 
x-y plane parallel to Wid Object and an x-z plane 
of said angle, e,, 

means for varying the spatial phase relationship o 
illuminating radiation by varying at least on 
rameter selected from the radiation frequency 
the selected angle in order to obtain high frequency 
components of an area at a selected point in the 
image for Fourier synthesis, 

means for detecting the wave field or intensity Of 45 
radiation at said selected Point as a function Of the 
variable parameter selected while said selected 
parameter is varied, and 

means for computing a Fourier transform of the de- 
tected electric field or intensity of said selected 50 
point with respect to the variable parameter for 
synthesis of a high resolution image at said point. 

17. Apparatus as defined in claim 16 wherein said 
Fourier transform is of the image of the whole object 
along a line in the plane of the angle. 

18. Apparatus as defined in claim 16 wherein said 
Fourier transform is of a cell of the image, and said cell 
includes an area of the image determined by the resolu- 
tion of the imaging system. 

radiation frequency and angle are varied, the combha- 
tion including means for fixing the angle in the plane of 
one axis normal to an axis in the direction to the object 
and limiting the variation in the angle in the plane of 
another axis normal to said one axis and the axis in the 65 
direction of the object over a small range while varying 
the frequency and including means for the computation 
of Fourier transforms with respect to both the fre- 

illumination at said selected point as a function 
the variable distance while said variable distance is 
varied, and 

for computing a Fourier transform of the de- 
tected electric field or intensity of said selecte 
point with respect to the variable distance. 

22. Apparatus as defined in claim 21 wherein said 
Fourier transform is of the image zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the whole object 
along a line in the plane of the illuminating 

2 5  

30 

23. Apparatus as defined in claim 21 
to the object from said Source in a plane defined by Fourier transform is of a cell of the image, and said ce 

axes are perpen- 35 includes an area of the image determined by the resol 
tion of the imaging system. 
3. A method of enhanci 

data comprised of the steps 
radiating an object with a plane wave field fro 

coherent Source variable in at least one param 
selected from frequency, angle of radiation 
distance to the object to 
variable radiation of the 
high frequency compone 
detection point, and 

detecting the intensity of radiation at said selec 
point as a function of the variable parameter 
lected while said selected parameter is varied 
obtain a spatial Fourier spectrum of the detected 
intensity at said selected point with respect to the 
variable parameter for autocorrelation data of the 
image at said point. 

25. A method as defined in claim 24 wherein said 
selected detection point of the imaging system includes 

26. A method as defined in claim 24 wherein said 
selected detection point of the imaging system includes 
a single cell of the whole image and said cell includes an 
area of the image determined by the resolution of the 

27. A method of enhancing the resolution of image 
data comprised of the steps of 

radiating an object with radiation from a coherent 
source variable in at least one parameter selected 
from frequency, angle and distance to the object to 
achieve phase variable radiation of the object in 
order to obtain high frequency components of M 

area at a selected point, and 

40 

55 the whole object. 

19. Apparatus as defined in claim 16 wherein both the 60 imaging system. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-~ ~ 
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detecting the intensity of radiation at said selected 

point as a function of the variable parameter se- 
lected while said selected parameter is varied by 
using a heterodyne detector in order to obtain a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

28. A method as defined in claim 27 wherein said 
selected point of the imaging system includes the whole 
object. 

29. A method as defined in claim 27 wherein said 
selected point of the imaging system includes a single 10 
cell of the whole image and said cell includes an area of 
the image determined by the resolution of the imaging 
system. 

30. A method of enhancing the resolution of a point 
on an image plane of an imaging system comprised of 15 
the steps of 

spatial Fourier transform. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
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18 
radiating an object with a wave field variable in a 

parameter selected to vary the spatial distribution 
of the wave field at a selected region on the object 
corresponding to a point on said image plane, 

detecting the value of the wave field at said corre- 
sponding image point as a function of the variable 
parameter selected while said selected parameter is 
varied, and 

determining the function which, when correlated 
with a wave field detected at said corresponding 
image point as a function of the variable selected, 
results in a response corresponding to a wave im- 
pulse at a position corresponding to the location of 
said point on said object and correlating the wave 
field at the image point with this function. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ * * * *  
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