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TINTRODUCTION

Indirect microwave holography is a phase retrieval
technique, enabling the complex-based object
scattered fields to be mathematically retrieved from
low-cost, intensity only measurements [1]. Previous
work on the use of indirect microwave holography
was successfully demonstrated for the measurement
of complex antenna near-field and far-field radiation
patterns [2-4]. Recently, this technique has been
extended to the inverse scattering problem and the
imaging of metallic objects has successfully been
demonstrated [5-8]. Indirect microwave holography
differs from conventional microwave imaging
techniques in that it does not require the direct
measurement of the complex field but “indirectly”
recovers it from intensity-only measurements
performed using a low-cost scalar microwave power
meter. This circumvents the requirement of using
expensive vector measurement equipment, thus
significantly simplifying the hardware
implementation and reducing the cost of the imaging
system.

Through-wall imaging (TWI) of concealed objects
has been the subject of much research in recent years
[9-27]. Due to the advantage of microwaves to
penetrate through most optically opaque materials,
the use of microwaves in the detection and imaging of
concealed objects is of significant importance. These
applications include concealed ordnance detection,
imaging of terrorist activities behind walls,
archeology, detection and clearance of buried
landmines, and natural disasters. In this framework,
what is required is a reliable, low-cost and rapid
method for the imaging of metallic and non-metallic
(dielectric) concealed objects.

Solving the inverse problem is a computationally
demanding task and is conventionally done by
linearizing the forward-model and solving it to
retrieve a qualitative estimate of the object function,
such as the susceptibility distribution [28-34]. The
linear inverse scattering algorithms, which are
conventionally based upon a Born approximation,
have the advantage of requiring a small amount of
computational time due to their linear approach.

However, they are limited to the determination of the
geometrical features and location of objects and
cannot provide information regarding the dielectric
properties. On the other hand, the application of non-
linear inverse scattering algorithms enables the
obtainment of the dielectric properties of the
concealed objects at the expense of a time-
consuming reconstruction process due to their
iterative approach [35-37]. Moreover, in comparison
to linear inverse scattering, the non-linear approach
can be unreliable due to the presence of the local
minima problem. A major challenge associated to both
linear and non-linear inverse scattering techniques is
the requirement to use vector measurement
equipment in order to measure the complex field
(amplitude and phase) scattered from the imaged
object. In addition to these methods, other methods
demonstrated on TWI in the literature can be given as
blind deconvolution [15], synthetic aperture radar
(SAR) [16-19], noise radar [20, 21], multiple signal
classification (MUSIC) algorithm [22], uniform
geometric theory of diffraction (UTD) technique [23],
compressive  sensing method [24], adaptive
polarization contrast technique [25], self-injection-
locked (SIL) radar [26] and shifted pixel method [27].

Phase-retrieval from intensity only measurements
have recently gained significant traction [38-41]. Most
of this research has focused on achieving phase
retrieval on the software layer by means of using
iterative algorithms, such as the Wirtinger Flow
algorithm studied in [38, 39]. Indirect holographic
imaging enables phase retrieval from intensity only
measurements without the need for an additional
reconstruction algorithm on the signal processing
layer. Instead, the retrieval process is embedded in
the hardware layer in a holographic manner.

In this paper, we review the concept of indirect
microwave holography and demonstrate its
application for TWI of concealed metallic and
dielectric objects. We demonstrate that, in addition to
eliminating the need for direct phase measurements,
the indirect microwave holography does not involve
an iterative approach and no a-priori information is
required in the reconstruction of the images of the
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concealed objects. The remainder of the paper is
organized as follows. Section 2 provides a description
of indirect microwave holographic imaging and how it
is applied to TWI of concealed objects. Section 3
provides the experimental results taken on several
objects, metallic and dielectric, while Section 4
provides concluding remarks.

2 INDIRECT MICROWAVE HOLOGRAPHY

A. Theory of indirect microwave holographic
imaging

The indirect microwave holographic imaging
measurement set-up is illustrated in Fig. 1(a) while a
diagrammatic representation of the system is shown
in Fig. 1(b).
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Fig.1Indirect microwave holographic TWI system (a)
measurement set-up, (b) diagrammatic representation.

As can be seen in Fig. 1, the indirect microwave
holographic imaging system consists of two probe
antennas, one acting as an illuminating antenna and
the other one as a receiving antenna. The apertures of
the probe antennas are in the measurement plane,
z = 0. A coherent reference signal generated by the RF
signal generator is fed to a directional coupler where
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it is separated into two arms; one is fed to the
illuminating antenna and the other one is connected
to a block consisting of an amplitude attenuator and a
phase shifter, both of which are wvariable. The
illuminating antenna illuminates the object under
imaging, which is in the object plane at a distance of d
from the measurement plane, z = d, and the scattered
signal is received by the receiving antenna. The
receiving antenna is connected to a hybrid Tee where
the received scattered signal is combined with a
fraction of the reference signal tapped off through the
directional coupler. The power meter, which is
connected to a personal computer controlling the
movement of the antennas across the scanning
aperture and imports the power meter data, reads the
received power consisting of the combination of the
scattered signal with the tapped coherent reference
signal.

Indirect microwave holographic imaging uses a
two-stage process in the reconstruction of the images
of scanned objects. The first stage in the imaging
process is the obtainment of a holographic intensity
pattern over a 2D scanning aperture at the
measurement plane, z = 0. The holographic intensity
pattern of an imaged object can be given as follows:

I(x,y) = |Es(x,y) + E-(x,9)|? 1)

In (1), Es is the scattered field from the imaged object
while E, denotes the coherent reference wave. From
(1), the following expression can be obtained

I(x,y) = |[Es(x, Y| + |E(x,9)|?
+E; (x,)Er(x,y) + Es(x, ) Ef (x,¥) )

In (2), while the first and second components are
amplitude only components, the third and fourth
components are complex components and therefore
consist of amplitude and phase data of the scattered
field to be recovered.

The second stage in the imaging process is the
processing of the holographic intensity pattern and
begins with the obtainment of the Plane Wave
Spectrum (PWS) of the imaged object. In order to
obtain the PWS, Fourier transform of the holographic
intensity pattern in (2) is taken as follows:

F{I(x,y)} = F{IEs(x, )|} + F{E- (x,y)|?}
+F{Es (x,y)} ® F{E (x,y)}
+F{Es(x, )} ® F{E; (x,¥)} 3)
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As can be seen in (3), due to their scalar only DC
content, the first and second components are not
shifted and therefore they are in the center of the
spectrum in the frequency domain. However, if
consideration is given to the third and fourth
components in (3), it can be seen that these
components are convoluted by the introduced
coherent reference signal and therefore shifted by an
amount determined by the phase of the reference
signal, which can be given as

_ (Ege~t%r*, x — axis phase shift
Eqe~%rY y — axis phase shift

(4)

r

In (4), kr denotes the offset wave vector, which is given
in (5) as a function of scanning sample spacing in the
x-axis, Ax, and in the y-axis, Ay, respectively

I = {A(b/Ax, x — axis phase shift 5
"~ |4¢ /4y, y — axis phase shift ()

In (5), A¢ represents the linear phase shift between
the scanning lines across the scanning aperture and
can be applied in the x-axis, in the y-axis or as a
combination of both. Fig. 2 demonstrates a diagram of
the scanning aperture across which the linear phase
shift is applied in the y-axis.
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A diagrammatic representation of the PWS, in which
the linear phase shift is applied in the y-axis, with the
four components in (3) is demonstrated in Fig. 3.

The Fourier transform of the first two components
in (3) are summed and placed in the center of the PWS
in Fig. 3 due to their DC content. Therefore, these two
components are known as central components.
However, the third and fourth components
highlighted in Fig. 3 are shifted towards the edges of
the spectrum as a result of the convolution of the

Fig. 2 Linear phase shift in the y-axis.
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scattered signal by the introduced coherent reference
signal as given in (3).
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Fig. 3 Diagrammatic representation of the PWS with the four
components.

In order to be able to reconstruct the amplitude
and phase images of a scanned object, possible
overlaps between these components must be
prevented by providing a reasonable separation
between these components. Given that the PWS of
the scanned object is band limited to Xk, as
demonstrated in Fig. 3, the required separation can be
given as follows

k, > 3k, (6)

In this paper, 4¢ was selected as 120° and applied in
the y-axis while the sample spacing in the x-axis and
y-axis was 6 mm, corresponding to a quarter-
wavelength in free space at the imaging frequency of
12.5 GHz, Ao /4. This selection produces an offset wave
vector of 4ko/3 as given in (7) where ko is the
wavenumber in free space, k, = 2m /4, and provides
a reasonable separation between the components in
the PWS.

— ﬂ — (2m/3) — (21/3) — 4k0/3 (7)

L Ay emm Ao/4

It can be seen in (7) and Fig. 3 that introducing the
offset wave vector in this manner enables the offset
wave vector to exceed ko and extend into the invisible
region.

From (3), it can be seen that both of the third and
fourth components of the PWS in Fig. 3 contain the
complex scattered field data, Es(x, y), and therefore
can be used to reconstruct the images of concealed
objects. In this paper, the fourth component was
selected by being filtered as follows

F{I(x,y)} = F{Es(x,y)} ® F{E7 (x, )} (8)
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Taking the inverse Fourier transform of (8) and
reinserting the complex conjugate of the reference
wave gives the original complex scattered field at the
measurement plane z = 0 multiplied by a constant as
follows

E(x,y,z = 0) = |Er|2Es(x'y) (9)

While the amplitude of the obtained field in (9),
|E(x,y,z =0)|, gives the reconstructed amplitude
image of the imaged concealed object at the
measurement plane, z = 0, the angle data, 2E(x,y,z =
0), produce the reconstructed phase image.

B. Back propagation

In TWI of concealed objects placed at a distance of d
from the antennas behind the wall, significant
enhancement in the reconstructed images can be
achieved by using back propagation algorithms, which
transform the complex scattered field at the
measurement plane, Es(z = 0), to the complex
scattered field at the imaged object plane, Es(z = d). In
order to achieve this, the back-propagation wave
vector in the z-axis, k., needs to be introduced as

follows
/kg — k2 — K2,k 2 k2 + k2
—i [k + I — 2,k < k2 + k2

In (10), kx and ky denote the propagation wave vectors
in the x-axis and y-axis, respectively. If consideration
is given to the filtered fourth component of the PWS
in (8), the original scattered field at the object plane,
z = d, can be obtained by taking the inverse Fourier
transform of the filtered fourth component back-
propagated by a distance of d towards the object
plane as follows

k= (10)

E'(x,y,z=d) = F{F{I(x,y)}e "*z%} (1)

Similar to the reconstruction of the amplitude and
phase images at the measurement plane, z = 0, the
amplitude of the back-propagated scattered field,
|E(x,y,z = d)|, produces the amplitude image of the
object under imaging at the object plane, z = d, while
the phase data, 2E(x,y,z=d), provide the back-
propagated phase image.

Version 1, August 2019

3 EXPERIMENTAL RESULTS AND
DISCUSSION

A. Indirect microwave holographic TWIl of a
concealed gun

In this Section, indirect microwave holographic TWI
of a concealed metallic gun is demonstrated. The
measurement set-up is illustrated in Fig. 4(a) and the
concealed gun, which is made of copper film printed
upon a piece of cardboard, is demonstrated in Fig.
4(b).
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Antennas

(b)
Fig. 4 Indirect holographic TWI of a concealed gun (a)
experimental set-up, (b) imaged concealed gun.

As can be seen in Fig 4(a), a plywood block with
thickness of 5 cm in the propagation axis (z-axis) was
used as a wall under which the gun was concealed at
a distance of 4 cm from the block and 20 ¢cm from the
antennas in the measurement plane.

The size of the scanning aperture (x-y plane) was
selected as 432 mm x 432 mm with a sample spacing
of 6 mm in the x-axis and y-axis corresponding to
Ao/4 at the imaging frequency of 12.5 GHz. This
selection results in a square holographic intensity
pattern matrix consisting of 72 x 72 elements. The
measured holographic intensity pattern of the
concealed gun is demonstrated in Fig. 5.
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Fig. 5 Indirect holographic intensity pattern of the through-
the-wall imaged concealed gun.

Following the observation of the holographic intensity
pattern in Fig. 5, the intensity pattern matrix was zero
padded from 72 x 72 to 256 x 256 in order to smooth
the Fourier transform response of the matrix. The
zero-padded 256 x 256 holographic intensity pattern
matrix is demonstrated in Fig. 6.
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Fig. 6 Zero padded holographic intensity pattern matrix of the
concealed gun.

Fourier transform of the zero padded holographic
intensity pattern matrix was taken in order to obtain
the PWS of the concealed gun, which is demonstrated
in Fig. 7.

As can be seen in Fig. 7(a), a reasonable separation
has been achieved between the components in the
PWS and therefore no significant overlap between
these components is present. As a result of applying
the linear phase shift in the y-axis, separation was
achieved in the y-axis while no separation is present
in the x-axis as demonstrated in Fig. 7(b). In the PWS
of the concealed gun demonstrated in Fig. 7, both the
third and fourth components close to the edges of the
spectrum include the required complex scattered
field data from the gun. In this paper, the fourth
component highlighted in Fig. 7(a) was used to
reconstruct the scattered complex field while the

Version 1, August 2019
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Fig.7 PWS of the concealed gun (a) along the y-axis, (b)

three-dimensional

central and third components were filtered off. For
applications where linear phase shift and sample
spacing selections do not provide enough separation
between the PWS components to achieve a proper
component filtering due to an overlap, two solutions
can be applied. One way to overcome this challenge is
to decrease the sample spacing to increase the offset
wave vector k; as given in (5) which would also result
in an increase in the number of the sampling points
required for the imaging.

Therefore, this solution would increase the
required total measurement and computational time.
Another way is to remove the central DC component
of the PWS by subtracting the average value of the
holographic intensity pattern matrix from the original
matrix prior to taking the Fourier transform as given
below

I(x,y) = I(x,y) — average(I(x, y)) (12)
In this case the PWS spectrum of the concealed gun is
illustrated in Fig. 8.
As illustrated in Fig. 8, as a result of subtracting the
average value of the holographic intensity pattern
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Fig. 8 PWS of the concealed gun after the average value of
the intensity matrix was subtracted prior to being Fourier
transformed (a) along the y-axis, (b) three-dimensional.

matrix, the central component has successfully been
removed, resulting in a greater separation between
the components of the PWS.

In the selection of the fourth PWS component in
Fig. 8, consideration must be given to determine the
optimum filtering size. This is because while the
sidelobes close to the main lobe of the filtered fourth
component contain low-frequency data determining
the general structure in the reconstructed images,
other lobes further away from the main lobe contain
high-frequency data determining the small details
such as the sharpness of the edges in the
reconstructed images.

Therefore, improperly selecting the filtering size
would  significantly  deteriorate  the image
reconstruction accuracy of the proposed technique.
To this end, parametric analysis was carried out and a
filtering size of 72 x 72 was found to be an ideal PWS
fourth component filtering matrix size to achieve
optimum image reconstruction accuracy.

Following the selection of the fourth PWS
component, inverse Fourier transform was applied to
recover the complex scattered field from which the

Version 1, August 2019

9

=

=

=

=

- E
£ <
g 5
- 3
<

g

Bt

=

z

3

2 7

3

E N
g o0&
» ]
172

<

-—

~

el
B
L
3
0
432

0 216
y (mm)

(b)
Fig. 9 Reconstructed through-the-wall images of the
concealed gun at the measurement plane,z=0 (a)
reconstructed amplitude, (b) reconstructed phase.

amplitude and phase images of the concealed gun at
the measurement plane, z = 0, are reconstructed as
shown in Fig. 9 with the actual outline of the gun
highlighted. As can be seen in Fig. 9(a), at the
measurement plane z = 0, while the reconstructed
amplitude image provides a reasonable contrast
revealing the approximate shape of the imaged
concealed gun, the reconstructed phase image in Fig.
9(b) does not provide any useful information in the
TWI detection and identification of the gun.

Therefore, further improvement is required, which
can be achieved by applying the back-propagation
algorithm described in Section 2B. In Fig. 10, the
reconstructed amplitude and phase images of the
concealed gun back propagated to the object plane
behind the wall, z = 200 mm, are demonstrated.

If comparison needs to be made between the
reconstructed images at the measurement plane in Fig.
9 and at the object plane in Fig. 10, the improvement in
the approximation of the reconstructed images to the
actual shape of the concealed gun is evident.
Particularly, in Fig. 10(b), the reconstructed phase
image at the object plane is in good agreement with the
actual outline and position of the imaged gun.
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Fig.10 Reconstructed back-propagated through-the-wall
images of the concealed gun at the object plane, z=20 cm (a)
reconstructed amplitude, (b) reconstructed phase.

B. Indirect microwave holographic TWI of a
concealed box

In this Section, indirect holographic TWI of a
dielectric box representing dielectric ordnance is
performed in order to demonstrate the ability of the
proposed technique to image not only concealed
metallic objects but also concealed dielectric objects.
The TWI measurement set-up of the concealed
dielectric box is illustrated in Fig. 11.

As can be seen in Fig. 11, the rectangular box was
concealed under the wall at a distance of 2 cm while
the separation between the antennas in the
measurement plane and the box was 18 cm. The
measurement was taken over a scanning aperture of
432 mm x 432 mm with a sample spacing of 6 mm in
the x-axis and y-axis resulting in a 72 x 72 element
square holographic intensity pattern matrix. The
measured  holographic  intensity pattern is
demonstrated in Fig. 12. Fourier transform of the 72 x
72 holographic intensity pattern matrix demonstrated
in Fig. 12 was taken after the matrix was zero padded
to 256 x 256 and the average value of the matrix was

Version 1, August 2019

Wooden

Fig. 11 Indirect holographic TWI of a dielectric box
representing a plastic explosive (a) experimental set-up, (b)
imaged dielectric box.
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Fig.12 Indirect holographic intensity pattern of the through-
the-wall imaged dielectric box.

subtracted to remove the central DC PWS
component. The obtained PWS of the concealed
dielectric box is demonstrated in Fig. 13. As can be
seen in Fig. 13, good separation between the PWS
components was achieved as a result of applying a
linear phase shift of 120° in the y-axis and selecting
the sample spacing as 6 mm. In the PWS in Fig. 13(a),
the highlighted fourth component was selected, and
inverse Fourier transformed in order to recover the
complex scattered field at the measurement plane,
z = 0, from which the magnitude and phase images of
the concealed dielectric box were reconstructed as
illustrated in Fig. 14. In Fig. 14, the dashed rectangle
denotes the position and extent of the original object.
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Fig.13 PWS of the concealed dielectric box after the average
value of the intensity matrix was subtracted prior to being
Fourier transformed (a) along the y-axis, (b) three-
dimensional.

250 0

As demonstrated in Fig. 14(a), although the
reconstructed magnitude image at the measurement
plane reveals the presence of an object concealed
under the wall, it is rather difficult to discern the
actual shape of the box. From the reconstructed
phase image at the measurement plane demonstrated
in Fig. 14(b), on the other hand, no information can be
obtained regarding the shape and presence of the
concealed box and therefore back-propagation needs
to be applied in order to enhance the reconstructed
images at the measurement plane.

In order to obtain the complex scattered field at
the plane of the concealed box, z = 18 cm, back-
propagation was applied to the selected fourth PWS
component followed by an inverse Fourier transform.
The reconstructed amplitude and phase images of the
dielectric box at the object plane are demonstrated in
Fig. 15. As can be seen in Fig. 15(a), the reconstructed
magnitude image at the object plane clearly reveals
the presence of the dielectric rectangular box
concealed under the wall while the back-propagated
reconstructed phase image in Fig. 15(b) provides an
outline of the box.

Version 1, August 2019
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Fig.14 Reconstructed through-the-wall images of the
concealed dielectric box at the measurement plane,z=0 (a)
reconstructed amplitude (b) reconstructed phase.

C. Indirect microwave holographic TWI of
concealed coins

In order to demonstrate the resolution limits of the
proposed indirect microwave holographic TWI
technique, the imaging of two 5p British coins
concealed under the wooden wall was carried out.
The coins have a diameter of 18 mm corresponding to
a size of smaller than Ao at the imaging frequency of
12.5 GHz. The measurement set-up is demonstrated
in Fig. 16. As demonstrated in Fig. 16, the coins were
separated by 48 mm from each other, which
corresponds to 21 at the frequency of 12.5 GHz and
placed upon a piece of cardboard.

The coins were concealed under the wooden wall
at a distance of d = 4 cm from the wall and d = 20 cm
from the antennas in the measurement plane. The
obtained holographic intensity pattern is
demonstrated in Fig. 17. Following the observation of
the holographic intensity pattern matrix, it was zero
padded to 256 x 256 and underwent an average value
subtraction prior to being Fourier transformed.
Fourier transform of the zero-padded intensity
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Fig.15 Reconstructed back-propagated through-the-wall
images of the concealed dielectric box at the object plane,
z=18 cm (a) reconstructed amplitude (b) reconstructed
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pattern matrix was taken as described in (3) in order
to obtain the PWS of the concealed coins, which is
demonstrated in Fig. 18. As can be seen in Fig. 18, as a
result of subtracting the average value of the
holographic intensity pattern matrix, the DC central
component of the PWS has successfully been filtered
off. The selection of the linear phase shift as 120° and
sample spacing as 6 mm, on the other hand, resulted
in a reasonable separation between the PWS
components.

As both the third and fourth components close to the
edges of the spectrum in Fig. 18 include the required
complex field scattered from the coins, both can be
used in order to obtain the reconstructed amplitude
and phase images. In a similar manner to the imaging
of the concealed gun and dielectric box, the fourth
component highlighted in Fig. 18 was used for the
reconstruction of the amplitude and phase images of
the concealed coins and therefore the third
component of the PWS was filtered off. The
reconstructed amplitude and phase images
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Wooden

(b)

Fig. 16 Indirect holographic TWI of two 5p British coins (a)
experimental set-up, (b) imaged coins.
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Fig.17 Indirect holographic intensity pattern of the through-
the-wall imaged concealed 5p British coins.

of the coins at the measurement plane, z = 0, are
demonstrated in Fig. 19. In Fig. 19, the original position
and outline of the imaged coins have been shown
using dashed circles. As can be seen in Fig. 19, from
the reconstructed images at the measurement plane,
z = 0, it is rather difficult to discern a clear outline of
the coins due to their considerably small size and
concealed position.

In order to enhance the imaging resolution of the
coins in the reconstructed images, back-propagation
was applied and the back-propagated reconstructed
amplitude and phase images of the coins at the object
plane, z = 20 cm, are demonstrated in Fig. 20.
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Fig.18 PWS of the concealed coins after the average value of
the intensity matrix was subtracted prior to being Fourier
transformed (a) along the y-axis, (b) three-dimensional.
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Fig.19 Reconstructed through-the-wall images of the coins at
the measurement plane, z = 0 (a) reconstructed amplitude,
(b) reconstructed phase.

Version 1, August 2019

Normalized Amplitude

0 216 432
y (mm)
(a)
432
g 2.5
2
@*n
™15 5
: o '3
£ B é
E 216 =
% * “10.5 2
0 =
-9
0.5
o1
0 1.5
0 216 432
y (mm)
(b)

Fig. 20 Reconstructed back-propagated through-the-wall
images of the coins at the object plane,z=20 cm (a)
reconstructed amplitude, (b) reconstructed phase.

The enhancement in the back-propagated
reconstructed images of the concealed coins at the
object plane in Fig. 20 is evident in comparison to the
reconstructed images of the coins at the
measurement plane in Fig. 19. While the back-
propagated reconstructed amplitude image in Fig.
20(a) clearly reveals the presence of the coins
concealed under the wall, the back-propagated
reconstructed phase image in Fig. 20(b) provides a
clear outline of the concealed 5p coins significantly
assisting the identification of the geometric features
of the concealed object.
The diffraction limited resolution of

synthesized aperture can be calculated as follows:

the

é

= (13)
In (13), L is the size of the synthesized aperture
L = 432 mm. At the operating frequency, 12.5 GHz, the
theoretical resolution limit is calculated to be around
12 mm. Analyzing the reconstructed amplitude and
phase images in Fig. 20, we can clearly distinguish the

lod
L

n
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coins of 18 mm diameter, suggesting that the
resolution of the system is diffraction limited.

4 CONCLUSIONS

This paper has demonstrated the use of indirect
microwave holography for TWI of concealed metallic
and dielectric objects. It has shown how the complex
scattered field from the object under imaging can be
mathematically recovered from low-cost intensity-
only scalar microwave measurements. This feature
differentiates indirect microwave holographic
imaging from conventional inverse scattering and
microwave tomography imaging methods requiring
the use of expensive vector measurement equipment
to directly measure the complex scattered field
(amplitude and phase). The reconstructed amplitude
and phase images have been demonstrated for a
number of through-wall concealed objects, including
a printed metallic gun, a dielectric rectangular box
and two coins, and back-propagated results have
demonstrated the ability of the proposed method to
recover good quality images with a diffraction limited
resolution. The proposed technique has the potential
to be employed in a large number of imaging
applications, including airport security imaging
systems, concealed weapons detection and non-
destructive testing.
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J. Laviada, University of Oviedo, Spain 27 Aug 2019
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This paper presents a review of application of indirect holography to through-the-wall imaging. Although the
indirect holography setup has already been studied in the past, the paper focuses on a novel application. My
major concerns are:

1) As a review paper, as claimed in the abstract, the state-of-the-art is described in a shallow way. For
example, there are also through-the-wall imaging applications based on indirect holography such as:

Jaime Laviada, Ana Arboleya, Fernando Lépez-Gayarre, and Fernando Las-Heras, “Broadband Synthetic
Aperture Scanning System for Three-Dimensional Through-the-Wall Inspection”, IEEE Geoscience and
Remote Sensing Letters, vol. 13, pp. 97-101, 2016.

2) It is not clear if the illuminating and receiving antennas are moved together or if the illuminating antenna
remains fixed. It is relevant as it yields a (quasi-)monostatic or bistatic setup and the backpropagation formula
depends on that. It seems the authors are using a bistatic steup but it should be explicitly mention.

3) The sentence “On the other hand, the application of nonlinear inverse scattering algorithms enables the
obtainment of the dielectric properties of the concealed objects at the expense of a time-consuming
reconstruction process due to their iterative approach” should read “time- and memory-consuming”

4) The paper would be enriching if other names for indirect holography are also included (e.g., off-axis or
Leith-Upatnieks holography) in section II-A.

5) Some comments on the use of the variable attenuation level would improve the paper. How is this level
chosen? Can it be dynamically change along the measurement?

6) The spectrum in Fig. 3 suggest that the sampling rate must be increased as a consequence of the use of
indirect holography. Some comments or references would benefit the paper.

7) A short illustration of the impact of the filtering size (e.g., 72x72) would also benefit the paper.

Reza K. Amineh, New York Institute of Technology, US 04 Oct 2019
Version 1+ Accepted

The paper reviews the concept of indirect holographic microwave imaging in which scalar measurements are
implemented in contrast to the direct holographic imaging in which vector measurements are required. The
use of scalar measurements reduces the cost and complexity of the data acquisition system which is so much
desired for a compact and cost-effective imaging system. The paper has been well-written and well-
organized and, in general, it is an interesting and valuable read. I have minor suggestions that may improve
the quality of the presentation as follows:

1) I think derivation of Eq. 9 from Eq. 8 can be explained in more details. The appearance of [E_{r}|"~2 in Eq. 9
after applying inverse Fourier transform on E_{r}* in Eq. 8 is not much clear.

2) Please comment if the technique can be extended to wideband and 3D imaging. That could significantly
extend the applications of the proposed method.

3) It would help if in the Introduction section, authors compare and contrast this approach with direct
holographic imaging technique in terms of pros and cons.

4) In the results section, it has been mentioned that the thickness of the wall is 5 cm and the distance
between the object and the antenna is 20 cm. From the photos of the setup, these dimensions look different
(proportionally). Please double-check for typos.

5) In most of the figures presenting PWS, it seems that x-axis and y-axis need to be corrected as kx-axis and
ky-axis.
6) You may want to mention the type of the antennas used in the experimental study the beam width of

which would affect the image resolution discussed in Eq. (13). Please see (Sheen et al, "Three-Dimensional
Millimeter-Wave Imaging for Concealed Weapon Detection," 2001).
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7) It would be interesting to comment if having a phase shift along the x-axis (in addition to having phase shift
along the y-axis) helps to improve the quality of the images in the experimental section or if this does not
change the quality of the images drastically.

8) In the second paragraph below Fig. 6, the font of "demonstrated" needs to be corrected.

9) It seems that the quality of the reconstructed image for dielectric box is not as good as other examples. I
would suggest commenting on this issue and probably associate that with the use of Born approximation.

Asah Behzat Sahin, Ankara Yildirim Beyazit University, Turkey 13 Oct 2019
Version 1+ Accepted

The paper proposes and demonstrates a novel method for holographic imaging for concealed targets using
backscattered scalar measurement at microwave frequencies. Future studies using more complex obstructions
such as concrete or limestone would be of interest.
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