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Study of a millimeter-wave squint indirect holographic algorithm
suitable for imaging with large field-of-view"
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In this paper a millimeter-wave (MMW) squint indirect holographic method is presented, which is suitable for imaging
with a large field-of-view. The proposed system employs the squint operation mode to remove the background and twin-
image interferences, which achieves a similar effect to off-axis holography but leaves out the large-aperture quasi-optical
component. The translational scanning manner enables a large field of view and ensures the image uniformity, which is
difficult to realize in off-axis holography. In addition, a corresponding imaging algorithm for the presented scheme is
developed to reconstruct the image from the recorded hologram. Some imaging results on typical objects, obtained with
electromagnetic simulation, demonstrate good performance of the imaging scheme and validate the effectiveness of the

image reconstruction algorithm.
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1. Introduction

Indirect holographic imaging technology, originally pro-
posed by Gabor!!! who intended to improve the resolution of
electron microscopes, has been rapidly developed and widely
applied in optics.[?! The main characteristic of the indirect
holography which gains the attention of so many researchers
is its two step imaging process: hologram recording and im-
age reconstruction. In the first step, two coherent waves in-
terfere on an aperture, one is a target wave which is the scat-
tered field from the target illuminated by a coherent source
and the other is a reference wave which is a portion of the il-
lumination wave and propagates directly to the aperture. The
resulting interference pattern of the target and reference wave
is then measured by a detector and recorded to form a holo-
gram for imaging processing. The second step aims to retrieve
the amplitude and phase of the target wave from the recorded
hologram and reconstruct the image of the target with some
numerical reconstruction algorithms. As only the modulus of
field is measured, indirect holographic imagers often employ
simple receiver technology, which greatly reduces the cost of
system. Due to this advantage, indirect holographic technol-
ogy has been used in millimeter-wave (MMW) imaging sys-
tems these years to leave out the expensive MMW heterodyne
transceivers.>>! Compared with optics, MMW imaging has
a lot of advantages which make a good compromise between
spatial resolution and penetrating capability. 68!
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Generally, MMW indirect holographic imaging can be di-
vided into inline!® and off-axis holography!!"! based on dif-
ferent quasi-optical configurations. The greatest advantage of
inline holographic imagers is the simple quasi-optical design.
However, considerable efforts have to be made to suppress the
effects of background and twin-image interferences in the re-
constructed image. A feasible method to deal with this prob-
lem is to construct an off-axis reference wave to form a holo-
gram with spatially separated terms and then to filter out the
interferences, which is referred to as off-axis holography. Fig-
ure 1 shows a typical MMW off-axis holographic imager.!'!]
As shown in Fig. 1, a parabolic reflector is employed to realize
the off-axis reference plane wave through collimating the ra-
diation beam from the transmitting antenna, which interferes
with the diffraction wave from the illuminated target. Then the
interference pattern is recorded by the receiving antenna which
scans over a certain aperture in the xy plane. The conventional
MMW off-axis holographic imagers can effectively eliminate
the interferences and reconstruct an image well. However, the
limited illumination range on the target plane and limited ref-
erence wave aperture result in a relatively small field of view,
which restricts the application of the MMW off-axis hologra-
phy in imaging with large field of view. For instance, the syn-
thesis of a reference plane wave with a large aperture brings
great difficulty to the fabrication process. Moreover, the di-
rection discrepancy of illuminated rays on a target plane may
result in some image uniformity.
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Fig. 1. Schematic diagram of a typical MMW off-axis holographic im-
ager.

In this paper, an MMW squint indirect holographic
scheme is presented which has a potential application in imag-
ing with large field of view, such as short-distance personal
screening in security check points. Instead of making efforts
to design complex quasi-optics to realize an off-axis reference
plane wave, the proposed system adopts the squint operation
mode to enable the separation of interference terms, which
achieves a similar effect to the off-axis holography but leaves
out the large-aperture quasi-optical component. Besides this,
the translational scanning of the quasi-optical platform con-
tributes to a theoretically infinite field of view for the system
and effectively ensures the image uniformity, which is difficult
to implement in the conventional off-axis holographic imag-
ing systems. In addition, the image reconstruction algorithm
is studied for the proposed MMW imaging scheme. In the end,
some imaging results on typical objects are obtained based on
electromagnetic simulation, which demonstrates the good per-
formance of the imaging scheme and its potential application
in imaging with large field of view.

2. System description and image reconstruction
algorithm

2.1. Imaging scheme description

Figure 2 shows the schematic plot of the MMW squint
indirect holographic imager. The continuous wave signal gen-
erated from a monochromatic MMW source is transmitted by
an MMW antenna. Then, the transmitting beam is equably
separated into two parts with a semi-permeable beam split-
ter, one of which is reflected by a metal plate on the quasi-
optical platform and the other scattered by a target with an
oblique incident angle of 6. Based on the approach of divi-
sion of amplitude, the two echoed waves (referred to as ref-
erence wave and target wave) come from the same wavefront
of transmitting wave, which results in good spatial coherence
between them. They interfere with each other, and form an
interference pattern on the aperture of receiving antenna, of

which the intensity is received and then detected by the MMW
receiver. Data collection is performed by scanning the total
quasi-optical platform over the xy plane with a scanning con-
troller, the distance between the phase center of transmitting
Finally, the
recorded data are sent to a computer for data processing and

antenna and the imaging plane is kept to be d;.

image reconstruction with a corresponding imaging algorithm.
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Fig. 2. Schematic diagram of the MMW squint indirect holographic
imager.

Because of the fixed relative positions of the metal plate
and the antennas during scanning, an invariable reference field
is received which can be equivalent to a normal incident plane
wave. On the other hand, the squint operation mode of the
imager involves a nonzero Doppler central frequency for the
target wave, which helps to spatially separate the interference
terms within the hologram. Hence, a desired effect similar to
the off-axis holography is achieved. In addition, the imager
employs the translational scanning of the total quasi-optical
platform to enlarge its field of view and ensure the image uni-
formity, which is different from the conventional off-axis holo-
graphic imaging systems. In these systems, the transmitting
antenna is often immobile, which results in an unaltered in-
terference diffraction wavefront then measured by a scanning
receiving antenna. Hence, large field of view and image uni-
formity for these systems are very difficult to realize unless the
illumination beam toward target plane and the reference beam
toward receiving plane are both uniform plane waves within a
large aperture.

2.2. Image reconstruction algorithm

In this section the details of an efficient algorithm are pre-
sented which is used to perform the image reconstruction for
the MMW squint indirect holographic imager. To start with,
the target to be imaged is assumed to be flat and characterized
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by a reflectivity function f(x,y) which is equal to the ratio of
reflected field to incident field.

The total field E; received by the receiving antenna can be
denoted as the superposition of reference wave E; and target
wave FEj

Et (x/ay/)
= FE; (x’,y') + Es (xlvy/)
- Er°+//f(x,y)a(x—x'vy—y')

x exp{—jZk {\/(x—x’)z—i— (y—y)? +d12} } ds, (1)

where Ey is a complex constant, k is the wave number in the
free space, and a(x —x’,y —y') is a slowly varying amplitude
factor which depends on the directivity of transmitting and re-
ceiving antenna.

Due to the squint operation mode, there exists an offset
of d; tan(0) between the coordinate x and x'. To unify the co-
ordinate system, a translation transform is performed on the
coordinate (x',y")

¥ =x"—dtan(0), y =y". 2)

Substituting Eq. (2) into Eq. (1), E; can be further expressed
as

E(xX" —d tan(6),y")
= Eo+ [[fxyate—"+ dtan(6).y —)
N

X exp {*jZk{ \/[x—x” +ditan(8)]? + (y —y")? erlz} } ds
= Bo+ f( ) @8y, ®

For convenience of writing, (x”,y”) is replaced to be (x,y),
thus

Et(x_dltan(e)vy):Er0+f('x7y)®g(x7y)7 (4)

where g(x,y) is a point spread function and it can be denoted
as

g (x,y)
= a(—x+d tan(0),—y)

x exp{—j2k{\/[x—d1 tan(@)]2+y2+d12}}. (5)

The two-dimensional (2D) Fourier transform of g(x,y) is the
system function G(&,n), which can be derived through the
stationary phase method!!?! as

G(&,n)
ﬂdlé ﬂdln
= d s
\/k27n2§27n-2n2 \/sznzngnznz

X exp [—j2d1 VK — 282 — 202 - j2méd, tan(e)] . (6)

Reconsidering the physical meaning of the amplitude fac-
tor a(x —x',y — '), it is found that a(x —x’,y — ') has a curve
shape similar to a sinc? function and arrives at its maximum
value where

x—x =dtan(0), y—y =0. 7

Hence, the central position (&, 1) of system function G(&, 1)
can be determined through solving Eq. (8) as

nd &

\/kz e =d;tan(0),
mdin _
\/kz_nzgz_ﬂ;znz =0, (®)
ksin(0)
gc = 9
T
Ne = 0. (9)

For the MMW squint indirect holographic imager, only
the amplitude of the echoed signal is measured by the MMW
receiver. Hence, the output p of the receiver is directly propor-
|2

tional to |E¢|*, which can be denoted as

p(x,y)
= a|E[

= (X|Er0+f(x,y)®g(x,y)\2
= a|Eo|* + aEQf (x,y) @ g (x,y)
+aEof (x,y)®g" (x,y)+ a|f (x,y) ®g(x,y)[*, (10)

where « is a positive real constant.
Applying the 2D Fourier transform to both sides of
Eq. (10) yields

P(&,n) = a|Eol*8 (&) +aEyF (§,1)G(§,n)
+ (XEr()F* (_éa_n)G* (_ga_n)
+alF(§,n)G(&,n)]

®[F*(=6,—m) G (=&,—n)], (11

where F(&,n) is the Fourier transform of the reflectivity func-
tion f(x,y) and may contain infinite spectrum components.

Figure 3 shows the spectrum distribution function P(&, 1)
on the £ axis. To separate the available term (second term)
from other interference terms in Eq. (11), the central position
&, of system function G(&,n) is at least 1.5 times as large as
its critical bandwidth A&, on the & axis, i.e.,

S =

> 1.5AE,.

_ ksin(0)
p 12)
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Fig. 3. Spectrum distribution function P(&, 7).

In fact, if the received scattered field from the target is far less
than the reference field, the last term in Eq. (11) would be rela-
tively small in comparison with the other three terms, and con-
sequently it may be ignored. In that special case, equation (12)
may be modified into

£ = ksin(0)

Compared with Eq. (13), equation (12) is a more strict one

> 0.5A&;. (13)

that is suitable for general situations, which hence requires a
smaller sampling interval in the x direction to avoid the az-
imuth aliasing, i.e.,

1 1
d, = < , (142)
T 2(EH+0.5AE,) T 4AE,

1
dy < ——, 14b
Y= 2ANG (14b)

where d, (dy) is the sampling interval in the x (y) direction and
A, is the critical bandwidth of G(&,7) on the 1) axis.

In the condition of the establishment of Eq. (12), a digital
filtering operation with an appropriate window helps to extract
the available second term of P(&,1) and to remove other in-
terference components. That is,

Py (&:m) = aEyF (&,n)G(E,m). (15)

To reconstruct the image of the target, a matched filtering
function is defined as

Hmf(€7r')
= exp [jzdl\/kZ—n2§2—n2n2+j2n§d1tan(9) . (16)

Finally, a focused image characterized by f(x,y) is ob-
tained through multiplying Py (&, 1) with Hye(&, 1) and then
performing an inversed fast Fourier transform (IFFT) on the
product, i.e.,

f(xay) = IFFT[Plb(C’n)Hmf<§7n)]
IFFT[aEyF (S, mA(E, )]

where A(&,M) is a weight factor whose 6-dB (roundtrip) band-
width (A 4B, ANg qB) determines the final spatial resolution

of the image and it can be denoted as

nd & wdn
VK2 —m2E2 — 2?2 ’ VK2 —m2E2 — 2?2 ’
(18)

As seen from Eq. (18), the 6-dB bandwidth of A(&,n)
is indeed determined by the directivity of the antenna, more
exactly the half-power beam widths (HPBWs) 6, 3 4g and
0, 3 ¢g. Considering the geometrical relations shown in Fig. 2,

A(évn)a(

the beam width on the imaging plane is derived as

2d,
Ax = ————tan (6 2 19
3B = 502(0) an(6:34p/2), (19a)
2d,
A = ———tan (0, 2 19b
V3B = SO0 an (6,3 as/2) , (19b)

where 0 is the squint angle. On the other hand, based on
Eq. (18), Ax3 4g and Ay; 4p can also be expressed, respectively,

as
NPT
= %A& 5, (20a)
Ayz g = 881] (\/kz_;tjég_ 752772> £.n.AM6 dB
- %Ans - (20b)

Then, the 6-dB bandwidth (A qg, ANg qg) of A(E, M)
can be derived through combining Eq. (19) with Eq. (20) as

2k
A€6 dB = ;tan(exf_g dB/Z)COS(@), (21a)

2k
AN qg = —tan (6y348/2). (21b)

According to Eq. (17), the spatial resolution of the MMW
squint indirect holographic imager is approximately 0.886
times the reciprocal of the 6-dB bandwidth of A(&,1n), as
shown below

0.886 0.443x
Oy = = , 22a
" Aégap kcos(6)tan (6,3 qp/2) (22
. 44
0886 0.4437 o)

Y AN a8 ~ ktan (6y348/2)

3. System design and simulation

To demonstrate the performance of the MMW squint indi-
rect holographic imaging scheme, a 0.2-THz prototype system
is designed based on some equations given above and simu-
lated with some efficient electromagnetic analysis methods.

The final imaging distance d; is chosen to be 0.3 m and
the metal plate on the platform is about 0.1 m away from the
receiving antenna aperture. The transmitting and receiving an-
tennas are two identical dual-mode conical horns polarized in
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Fig. 4. (color online) Simulation results of five small metal targets arranged in the x direction.
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Fig. 5. (color online) Simulation results of five small metal targets arranged in the y direction.
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the y direction. Optimized by the multilevel fast multipole al-
gorithm (MLFMA), each horn has a circular aperture with a
diameter of 7.5 mm and a symmetrical pattern with an HPBW
of 16°. In the condition of a squint angle of 38°, the spatial
resolutions in x and y directions can be calculated based on
Eq. (22) to be 3 mm and 2.4 mm respectively. To sufficiently
remove the interference terms in P(&,n), the critical band-
width A&, is set to be 1.8 times the A&g gg, which means that
the boundary level achieves about —20 dB relative to the peak
value. For these design parameters, equation (12) is obviously
satisfied. Besides this, according to Eq. (14), the sampling in-
terval is 0.45 mm in the x direction, and it is 0.75 mm in the y
direction.

Based on the combination of reciprocity theorem and
physical optics (PO) method, an electromagnetic simulation
is performed with the designed prototype system. Figure 4
shows the simulated results of five 2 mm x 2 mm metal tar-
gets arranged in the x direction, with spaces of 2 mm, 4 mm,
6 mm, and 8 mm. Figures 4(b)—4(d) are the hologram, recon-
structed amplitude-contrast image, and phase-contrast image,
respectively, of the targets shown in Fig. 4(a). As shown in
Fig. 4(c), the square targets are well distinguished except for
the first and second one because of the 3-mm resolution in the
x direction, which validates the effectiveness of MMW squint
indirect holographic algorithm. Due to the non-zero central
frequency of A(&,n), there exists an accessional phase factor
in the reconstructed phase-contrast image (Fig. 4(d)). Figure 5
shows that the imaging results of the targets are the same as
those in Fig. 4(a) but arranged in the y direction, which also
demonstrates the good performance of the proposed imaging
scheme and image reconstruction algorithm.

4. Conclusion

An MMW squint indirect holographic imaging scheme is
presented in this paper. Based on the squint operation mode,
the proposed system employs simple quasi-optics to achieve
a similar effect to off-axis holography. Moreover, the trans-
lational scanning of the total quasi-optical platform helps to
produce a large field of view and ensure the image uniformity,
which is difficult to realize in the conventional off-axis holog-
raphy. Imaging results on typical targets demonstrate the ef-
fectiveness of the imaging scheme and its potential applica-
tions in MMW imaging with a large field of view.
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