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Abstract— Conventional security screening systems cannot
operate in real time and often suffer from false alarms due to
the profile-only imaging without further analysis on the object
material properties. Reflectarrays were recently proposed as
devices capable of performing real-time security screening using
a single-frequency radar signal. This article presents first a
physical optics (PO)-based simulation method to facilitate the
design of a multireflectarray system. Then, an object material
characterization method using geometrical optics (GO) is derived
for such a system. The characterization process not only retrieves
the complex relative permittivity of the object but also improves
its profile reconstruction in terms of a more accurate thickness.
Both simulations and experiments are carried out to verify the
effectiveness and efficiency of the proposed methods. Primary
results show great potentials for security screening, especially
in scenarios where the inspection of human bodies for threat
materials, such as narcotics and explosives, is required.

Index Terms— Geometrical optics (GO), material characteri-
zation, physical optics (PO), profile reconstruction, reflectarray,
security screening, single frequency.

I. INTRODUCTION

ICROWAVE and millimeter-wave (mm-wave) have

been successfully used in various security screening
applications [1]-[3]. This is due to the fact that: 1) they
are nonionizing radiation, making them safe to be used in
public spaces, and 2) they can penetrate many optically opaque
materials, enabling 3-D reconstruction of objects concealed
under clothing. Conventional security screening systems—such
as those working in monostatic, bistatic, and multistatic con-
figuraions [4]-[6]-often require large frequency bandwidth
and stringent interchannel coherence. These requirements not
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only make imaging frequency-dispersive objects more chal-
lenging but also increase the system design complexity and
cost. Advanced screening systems using compressive sensing
(CS) [7]-[9] have been proposed to achieve lower system
complexity and higher imaging resolution with respect to those
of conventional ones [10]. However, CS algorithms still need
intensive digital signal processing (DSP), which sets a heavy
computational cost at the receiving end and therefore limits
their use in real-time applications.

Recently, a reflectarray system has been demonstrated to
perform real-time security screening [11]-[13]. The reflec-
tarray is made of thousands of 1-bit, phase-adaptable patch
antennas [14], [15], which enable multiscale, beam focusing
and imaging of targets located within a region of interest (Rol).
Such a system annihilates the software-based computational
cost of DSP imaging algorithms by the replacement with
hardware-based focused imaging. In addition, not only it
produces high-resolution images but also operates in real
time; this is because the reflectarray is illuminated with
a few transceiver antennas excited with a single-frequency
continuous-wave (CW) signal. Notwithstanding, the single-
frequency scheme only permits its use in the near-field region,
which, in this case, has a maximum range of ~ 2 m.

To evaluate the performance of the electrically large
reflectarray, state-of-the-art full-wave simulations, such as
those based on the multilevel fast multipole algorithm
(MLFMA) [16] and the method of moments (MoM) [17],
require a lot of computational resources and a large amount of
time. Thus, optimizing and designing such reflectarray-based
screening systems are challenging. In [13], an optimized
physical optics (PO) method using multiple CPU threads
was proposed to simulate a single-reflectarray-based imaging
system in a reasonable amount of time. However, common
high-throughput screening scenarios require to image many
targets distributed over a wide region [18]-[20], where mul-
tiple reflectarrays are needed to cover the entire imaging
domain. Consequently, a more general PO-based method to
simulate the performance of a multireflectarray system is a
necessity.

Moreover, even in well-designed reflectarray systems with
good imaging resolution, frequent false alarms still happen due
to the object profile-only imaging with no information on its
material properties. This ultimately results in uncomfortable
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pat-downs and reduced systems’ throughput. One straightfor-
ward solution to discriminate objects between hazardous and
innocuous materials is by characterizing their object-complex
permittivities. The characterization can be done using the
transmitted and received electromagnetic fields in different
ways [21]. However, several drawbacks remain to be addressed
before they can be efficiently used in realistic security screen-
ing applications. These include but are not limited to the
following: 1) the need to use multiple transceivers or a large
frequency bandwidth [22]-[24], which may result in chal-
lenging detection and classification of frequency-dispersive
objects [25]-[27], and 2) the need to incorporate either the
object thickness, boundaries, or location as prior information
in the estimation process [28]—[31]. Therefore, more advanced
material characterization in addition to the object profile
imaging is of great importance for the reflectarray system.

In this article, we first present an efficient and effec-
tive PO method to simulate the imaging performance of a
people screening system using multiple reflectarrays. Then,
a single-frequency material characterization method using a
geometrical optics (GO) forward model is proposed, where
no aforementioned prior information is required in the esti-
mation process. In addition, unlike conventional material
characterization methods using multiple frequencies to solve
the 27z phase ambiguity, this method is based on the
range-dependent focused radiation to form multiple spa-
tially independent measurements. Note that such a phase
ambiguity [32], [33], if not solved, will lead to a fail-
ure in discriminating any two dielectric objects satisfying
Tl\/g = Tg\/F, where T; and ¢/, i € {1, 2}, are the thickness
and dielectric constant, respectively.

The rest of this article is organized as follows. In Section II,
the concept of personal screening systems using multiple
active reflectarrays is briefly described. In Section III, the the-
ory on the PO and GO methods is proposed. In Section IV,
two-reflectarray-based simulations and experiments are carried
out to detect dielectric objects at a single microwave frequency
of 24.16 GHz. Section V summarizes this article.

II. SYSTEM CONCEPT

The original idea of using multiple active reflectarrays in
people-screening system was pioneered by Smiths Detection
Inc. [11], [12]. As shown in Fig. 1, the system has two
principal components: 1) the feeding antennas that are used
to transmit and receive the single-frequency CW radar sig-
nal and 2) the reflectarrays that are used to focus on the
CW signal at a point in the Rol, when used in transmission
mode, and to refocus the scattered field from that point
into the receiving antennas, when used in receiving mode.
In this setup, a potentially concealed dielectric object in the
Rol has an unknown profile and complex relative permittivity
e = ¢, — je/, where ¢/ and ¢ are the dielectric constant and
loss factor, respectively.

Note that each reflectarray is equipped with a single horn
antenna and transceiver module, and several reflectarrays can
be confocally configured to simultaneously focus at the same
point in space and to perform the imaging. In the general
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Fig. 1. System concept of microwave screening using multiple reflectar-

rays at 24.16 GHz, where the pth feeding antenna is active as a general
analysis. The reflectarrays are all confocally configured to focus/refocus on
the single-frequency CW signal at a specific point that can be scanned in
the Rol. Each reflectarray has a corresponding feeding antenna for transmit-
ting/receiving the radar signal. The concealed dielectric object under detection
has an undetermined profile and complex relative permittivity.

configuration shown in Fig. 1, all P pairs of feeding antenna
and reflectarrays (FARAs) are used as follows. First, the
CW signal from the pth feeding antenna is used to illumi-
nate its corresponding reflectarray. Then, this incident field
is reflected from the reflectarray and focused at a point in
the Rol; this is done by applying a binary phase to each
reflectarray patch to make the free-space propagation phase of
each horn/patch/focusing-point ray to be as close as possible
to zero [34]-[36]. Next, the focused incident field interacts
with the object, thus producing a new field that is scattered
toward the imaging system. Due to the confocal configura-
tion, the scattered field is refocused through the p’th receiv-
ing reflectarray toward its corresponding receiving antenna.
Repeating the above procedure for all pairs of transmitting and
receiving FARAs, an image of the target under test is finally
created. Note that the use of multiple FARAs can provide
an improved receiving signal-to-noise ratio (SNR) of P times
that of the single FARA system from [13]. Here, P is the total
number of FARAs employed.

In this article, the microwave operation frequency fy is
selected to be 24.16 GHz. Although operating at higher fre-
quencies can provide a better imaging resolution and a smaller
hardware size, there are several considerations for using the
24-GHz band. First, the 24-GHz band is within the industrial,
scientific, and medical (ISM) band, which provides the certifi-
cation for its usage worldwide [37]. Second, hardware working
at the 24-GHz band is relatively inexpensive due to the popular
use at K-band for satellite communications. Third, the 24-GHz
band meets the requirement of a good imaging resolution with
an acceptable radar aperture size. Finally, at this frequency
band, the clothing is essentially transparent [38], and the
human skin is very reflective [39], which is measured to have
a complex relative permittivity of 20— j18.7, corresponding to
a relatively large reflectivity of 0.7. Although it is 0.3 less than
that of the perfect electric conductor (PEC), it can provide a
generally accepted approximation to model the human body
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as the PEC. Thus, the proposed algorithms in this article
reasonably assume that the human body is a flat PEC plate,
considering some planar parts of the human body, such as the
chest and belly.

III. THEORETICAL ANALYSIS
A. PO-Based Simulation

To perform the performance simulation on a multirefelctaray
system, all surfaces of the feeding horn apertures, patches
on the reflectarrays, and targets are discretized into triangular
facets. According to the exact free-space near-field equation
described in [40], the incident electric field Ei,(r) and the
magnetic field Hj,(r) at an observation point r can be
computed using the electric J(r’) and magnetic M(r’) current
sources, namely

Bnc) = [ (=A1GUI(F) ~ MiG[I ) - RIR
— B1G3M(r') x Rje 7*Rds

H, (r) = /{—AzGlM(r’) — A,G,[M(r) -R]R
+SBQG3J(1") x Rle /"R ds (1)

where Ay = (jno/drnky), Ay = (j/47tk077(2]); B =
(1/47); G, (=1 — jkoR + (koR)*/R%); G» =
(3 + j3koR — (koR)*/R%); G5 = (1 + jkoR/R*); R =1 —1/,

R = |R] being the distance between the source point r’ and
the observation point r; ko and 7 are the wavenumber and
impedance in free-space, respectively; r is the observation
point; r’ is the source point; j is the imaginary unit; and S is
surface of the feeding antenna aperture.

With the incident fields E;,. and Hj,, the induced electric J
and magnetic M currents on any interface can be calculated
using the modified equivalent current approximation (MECA)
equations [41], [42], which represents a generalization of the
PO for both conducting and nonconducting dielectric surfaces

J@r) = [ETE cos Ginc (1 — Rr)ére

mc

+ E;l;llé/l(l — RTM)(ﬁO X éTM)]|SB
M(I’) = Emc (1 + RTE)(eTM X 1'10)
+ Eqy cos Oinc (1 + Rrm)ere| . )

where the incident electric field is decomposed into its trans-
verse electric (TE) and transverse magnetic (TM) modes,
Sp is the interface between the two media, #; is the wave
impendence of the outwards medium, fiy is the outward unit
vector perpendicular to the interface, 6y, is the incident angle,

ETE/T™

inc and €rg;rm are the incident field magnitude and the
corresponding unit vector of the TE/TM mode, respectively,
and Rtg,tm is the reflection coefficient of the TE/TM mode
on the interface.

The definition of Rtg/rm is as follows:

€08 Oipe — /g—? /1 — g—;sinzﬁinc

cosGine +

Rrel s, = 2
.
— ésm Bine
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Fig. 2. Simulation model for the reconstruction of the threat profile. The
body is assumed to be a flat PEC plate, and the threat attached on the body
surface is a dielectric slab with undetermined profile and material in terms
of the complex relative permittivity .. Sopj and Spoy represent the air—object
and object-body interface, respectively.

] a2
—c080ne + /2 /1 — Zsin“Oiye

RTM'/M:#Z - 5
c0s Oipe + /i—; 1— i—;sm Oine

where ¢; and ¢, are the complex permittivity of the outwards
and inner medium, respectively, and ux; and u, are the
corresponding permeabilities assumed to be equal. Note that
on the surface of the PEC, magnetic current M = 0 due to the
fact that Rtg = Rpm = —1. Therefore, the magnetic currents
on the feeding antenna apertures, the patch elements on the
reflectarrays, and the human body can be neglected.

As shown in Fig. 2, assuming that the total number of the
patches on each reflectarray is M and the electric current dis-
tribution of the pth feeding antenna is J), e (pefl,2,..., P},
the incident electric E,‘Lat;h and magnetic Hﬂ,al,c,h ﬁelds on the
mth patch (m € {1,2, ..., M}) can be obtained using (1). The
corresponding induced electrlc current Jb, ph can be calculated
based on (2).

The reflectarrays are confocally set to focus on the incident
wavefront to a desired point by introducing the binary phase
compensation Ay, ,, , to each patch element

3)

T 3z
7, — <mod(ky: Lym,p,27) < —
AYum,p = 2 2 “4)
0, otherwise
where mod(-) is the modulus operator and Ly, , =
feed _ palch patch focus feed .patch focus
(Ir, Tp |+ [Tm r, ). T . and 1,7 are

the positions of the pth feeding antenna, the mth patch of
the pth reflectarray, and the nth focusing point, respectively.
Therefore, the electric current is modified as J5° t;hefAV’"m »
Using (1), again we can calculate the incident electric E}ﬁr“,”ftp
and magnetic Hm o p fields on the target surface. Thus, the total

incident electric En % ' and magnetic H,f r,%e[ fields for the pth
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feeding antenna and the nth focusing point are

M
target __ 2 target
En P Em,n,p
m=1
M
target target
Het = He 5)

m=1

According to (2) the corresponding induced electric Jn 2 and
magnetic M, s H " currents can be written as

J:larlg)el — JObj + Jbody

W= M M ©
where J) ,p and My np are the electric and magnetic currents,
respectively, on the surface of the dielectric object. Similarly,
JE",‘iy and MZ?SY are the currents on the surface of the human
body.

Note that M2°§y 0 for the human body (approximated
to be PEC), and one can calculate Jooo .p. using the first-order
PO method, while J/M{%, must be calculated by consider-
ing multiple reflections within the dielectric object using a
Kth-order PO method based on (1) and (2). The process can
be described as

I/MP - E/HR | J/ME | E/HYY
— J/ME | E/HE - J/MY - E/H)
- J/M"bJ o= E/HX L — J/MP E/Hz‘j,,3
o
— A )

where J/Mn o is denoted as the electric or magnetic cur-
rents induced by the initial reflection on the air—object inter-
face Sonj and E/HP®  and J/M*  are the incident fields
and the induced currents respectlvely, on the object-body
interface Spo after k (k € {1,2,...,K — 1}) reﬂections
within the dielectric object. Similarly, E/Hf;b;,k and J /Mn Dk
correspond to the incident fields and the induced currents
respectively, on Sobj- Consequently, the total electric Jn ,p and

magnetic M,, ,p currents on Sep; are computed as follows:

obj __ Ob_] obj
Jn p n 0,0 z ,Jn p.k
obj __ Obj obj
Mn, - n 0,0 z ,Mn p.k* (8)

As all the reflectarrays are confocally arranged, all the
receiving antennas are able to receive the scattered signal.
Define K}’ as the total received electric field from the
pth receiving antenna when all the P feeding antennas are
active to focus the beam at rﬁ;"cus. Intuitively, Erecp can be
calculated via an inverse computational procedure using the
PO method from the target to the receiving horns based on (1)

and (2). However, to improve the computational efficiency,
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a general reciprocity theorem for multiple-input—-multiple-
output (MIMO) systems is derived as follows:
Hlarget Mtargel ds

n,p n

targel target
_ JsEap

rec
E'l P fS grec . Jincds (9)
np Op
where E}*, is the amplitude of the received field E;,, con-
target

sidered to be uniform on the receiving apertures; J, =
t t t t P t t :

S T and M = >0 M are the total induced

electric and magnetic currents on the target surface, respec-

tively; and &), represents the uniform complex polarization
vector of E;0.

Finally, the target profile can be reconstructed by adding the
received electric field E;, from all P receivers

E’rlec _ z Erec

and determining the location of the maximum received field
E¢ along the z-axis, namely

Zilmaging (-xn’ yn) = nl,ax{|E:leC(x"’ yn’ Z")|}

(10)

(1)

where (x,, Y, z,) is the coordinates of the nth focusing point.

B. GO-Based Material Characterization

To ensure real-time prediction and classification of potential
threat objects in the reflectarray screening system, it is desired
to develop a fully analytical forward model for characterizing
the complex relative permittivity of the object. To achieve
this, we proposed a ray tracing-based GO method to predict
the received electric fields E,‘fc [43]. By sweeping the rel-
ative permittivity &, = &.—je, and the object thickness 7',
the analytical E™(¢/, ¢”, T) are computed. £ is then com-
pared to the measured E;*° (or simulated with the full-wave
method, such as the MLFMA used in this article ) to find the
best matched magnitude and phase responses. Consequently,
the object thickness 7 and relative permittivity & = & —
J&! are estimated by minimizing the difference between the
modeled and measured receiving fields.

Fig. 3 shows the proposed GO forward model of the
multireflectarray system. Assume that the pth feeding antenna
at rfeed is active, and the ray that originates from r®¢ and
termlnates at the p’th feeding antenna at rfeed has an initial
an amplitude of Ej. The complex incident amphtude Eﬁzl,c,h
on the mth patch of the pth reflectarray can be computed by
considering both magnitude loss and phase delay

patch __feed

—jko|tm,p —1}
E‘Patch — E()e (12)
tch
e pid
where rf,,af,c,h is the position of the mth patch of the pth
reflectarray.

Reflected from the pth reflectarray, which is assumed to
focus the CW wave at the nth focusing point ri, the ray
will reach the air-object interface Sop; at the point rop;

_ focus patch
Ion Zbg r T, —Tm,p patch (13)
b oSO T ocus _ patch m.p
n,m Iy — Tm,p
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Fig. 3. GO model for the object material identification. All the rays,
originating from the transmitting horns and terminating at the receiving horns,
are considered for estimating the unknown complex relative permittivity &,
and the thickness 7. Sobj and Spor represent the air-object and object-body
interface, respectively. zpg is the background range at Spor-

where zy, is the background range, namely the object-body
interface Spo, Which can be known based on the PO-based
profile reconstruction using (11); 7 is the unknown thickness
of the dielectric object; and 9,11“5” is the incident angle. Note
that the incident angle 6", will vary when focusing at differ-
ent ranges, which essentially gives rise to multiple spatially
independent measurements to solve the 2z phase ambiguity
and the unknown object parameters [44].

Thus, the incident ray amplitude at rq, can be calculated
as

Epalch — '[ko()r(\bj l‘mdl;h )*A Wu,m,p]

EM =P (14)
n,m,p patch patch feed
1"" Fobj — Im,p /| Cm,p — ree

where Ay, ., is the binary phase compensation added on the
mth patch element of the pth reflectarray.
Scattered from the imaging domain, the backwards ray will

illuminate upon the m’th patch of the p’th reflectarray at rpatCh

Note that the subindexes m’ and p’ of r’; Cp can be determlned
patch

using ray tracing, which are merely dependent on 1y, ,

and ropj. Accordingly, the ray atr,, " will have an amplitude

L P
of Epatch
p'sm’ ;n,m,p
EObj (ch ) . ij( r:f"f:’_"obj )
~patch _ “Znmp n,m (15)
phm'.n,m,p 1 patch ) ) patch
+|Ty  — Tobj /|Tobj — Lo

where T'(6i) is the total reflection coefficient at the
air-object interface Sop;.

To characterize the total reflection coefficient F(G,‘,"fn)
a 1-D transmission line model along the z-axis is introduced,
as shown in Fig. 4. This model can be effective due to the
following facts: 1) the electrically large reflectarray is capable

of focusing the incident wave into a tiny spot that is much
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Fig. 4. Transmission line model to characterize the total reflection coefficient
T (0},), where k;, i € {1,2,3]}, is the wavenumber in the z direction for the
air, dielectric, and body (PEC) layers, respectively; Y; is the characteristic
admittance for each layer; Y, is the input admittance at the air—object
interface; T is the thickness of the dielectric object; and zpg is the background
range at the object—body interface Spor.

smaller than the object dimensions in the transverse (xy) plane
and 2) the dielectric object is located in the far field of each
patch element of the reflectarrays such that the plane-wave
incidence is a good approximation.

Denoting k., i € {1,2,3}, as the wavenumber in the
z-direction for the air, dielectric, and body (PEC) layer,
respectively, the corresponding characteristic admittance Y; for
TE and TM modes can be calculated as follows:

M, for TM mode
YVi=1 ¢ (16)
l 2, for TE mode
o

where k;; = \/k3e,i — k2, ki = @’ peo, ke = ko sin ijl‘cn, &0 and

Lo are the vacuum permittivity and permeability, respectively,
and &1, €., and &3 are the relative permittivities of the air,
dielectric object, and PEC, respectively. The input admittance
Y., at the air—dielectric interface can be written as

Ys+ jYatank,,T

Yin=Yoo— . (17)

Y, + jYatank,,T
Accordingly, the total reflection coefficient I'(6¢) is
expressed as

Yi — Y

18
Yl + Yin ( )

re.) =

n,m

where F(@,‘l“fn) has taken an infinite number of reflections
inside the dielectric object into consideration.

With the confocal setup of the reflectarrays, the ray is
refocused by the p’th reflectarray and directed toward the cor-

responding p’th feeding antenna located at rfeed The received

rec feed
complex amplitude En,m, patrfois
rec patch
Ep m',n,m,p _Ep m',n,m,p
*j[k ( ieed l.l’\lCh )7AW , ,:|
e 0 m ., p' n,m’,p
tch tch (19)
teed Pa < patch - focus
1 + ‘ L / L

where Ay, , , is the binary phase compensation added on
the m’th patch element of the p’th reflectarray.
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~ 1 :
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x(m) 05 | 05_(® x (m)
0 o z
Fig. 5. 3-D setup for simulation and experiment. (a) Two reflectarrays

are vertically stacked and fed by two 10-dB standard gain pyramidal horn
antennas, operated at 24.16 GHz. (b) Dielectric object is attached to the center
of the PEC plate.

Finally, the total received complex amplitude when focusing

at r'°“ can be calculated by

(20)

where P is the total number of FARAs and M is the total
number of patch elements of each reflectarray.

By sweeping ¢, and ¢ of the relative permittivity &, =
g, — je! and the thickness T, the analytical received fields
Erx(el,e/,T), n € [1,N], N being the total number of
focusing points, can be computed. Then, E*¢ is compared to
the measurement £ to find the best matching by minimizing
the error function f (¢, ¢/, T), namely

(g8, T} = arggpg%nr{f(sf., e, T)}
N

st f(e.el, T) =D

n=1

[ rec rec
En _ El’l

rec
E 0

E"(r)ec (21)

where &/, 8, and T are the estimated object dielectric constant,
loss factor, and thickness, respectively; and E{f’c and Eg*
are the calibration amplitudes to normalize the modeled and
measured fields, respectively. Note that E{fe and EF° are
independent on the dielectric object under detection and can
be obtained in advance by focusing the incident wave at a pure
PEC plate located at a range the same as or different from zp,.
Theoretically, for the three undetermined parameters, namely
T, ¢, and ¢/, N = 3 measurements will be enough for a
successful estimation; however, with a larger value of N, it is
possible to achieve a higher estimation accuracy.

IV. PRIMARY RESULTS

To validate the proposed method for object profiles recon-
struction and materials identification, both simulation and
experiment are carried out. The simulation setup is the same as
that in the experiment, which is shown in Fig. 5. Each reflec-
tarray has a side length of 1000 mm. The centers of the top
and the bottom reflectarray are located at [500, 1413, 0] and
[500, 461, 0] mm, respectively. Two identical 10-dB standard
gain pyramidal horn antennas are placed at [1313, 1413, 830]
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and [1313,461, 830] mm, respectively. These horn anten-
nas are integrated circulators so that they are operating as
transceivers to transmit/receive the single-frequency radar sig-
nal to/from the reflectarrays. The radar signal operates at
24.16 GHz, corresponding to a wavelength of 1o &~ 12.4 mm.
The dielectric object is a slab that is attached to the center
[500, 920, 800] mm of a steel plate (zpg = 800 mm). The slab
has the dimensions of 200, 150, and 37 mm in the x-, y-,
and z-axes, respectively. Note that the object thickness will be
varied in different simulation and experimental cases.

A. Simulation Results

First of all, it is important to examine the imaging resolution
of the reflectarray system. Considering the confocal setup
of the reflectarray system, the theoretical resolution can be
calculated using the well-known Rayleigh criterion [45]

0.42¢
Alateral = NA
1.449
Aaxial = NA2 (22)

where the lateral and axial directions correspond to x-/y-axis
and z-axis, respectively, and ¢ is the free-space wavelength
at the operating frequency. NA = (Dy/2R) is the so-called
numerical aperture (NA), where Dy is the maximum dimension
of the reflectarray aperture and R is the range of the imag-
ing plane. Based on the reflectarray system settings shown
in Fig. 5, the estimated imaging resolution is ~4.0 and
~11.2 mm in the lateral and axial directions, respectively.

To further validate the imaging system resolution, the point
spread function (PSF) [46] is simulated, which is a common
way to show the focusing ability of an antenna array system.
Fig. 6(a) and (b) shows the 3-D and 2-D radiation patterns,
respectively, when focusing the wave at [500, 920, 800] mm in
free space. As anticipated, a sharp focusing spot is achieved.
The half 3-dB width of the focusing spot is ~4¢/2 along the
x- and y-axes and ~/( along the z-axis.

In order to obtain a high calculation efficiency while retain-
ing an acceptable imaging accuracy, the third-order PO is used
to calculate the electric and magnetic currents on the dielectric
object surface, namely applying (7) with K = 3.

First, two lossless dielectric objects are considered in the
simulation. Object—1 has a thickness of 77 = 20 mm and a
relative permittivity of ¢,; = 8.0—j0.0, whereas Object—2 has
a thickness of 7, = 40 mm and a relative permittivity of &,, =
2.0—;0.0. These two objects, satisfying T1,/¢., = T»\/¢.,, are
selected to verify that the proposed method is able to solve
the phase shift ambiguity [47] without loss of generality.

In addition, the general reciprocity theorem described in (9)
is applied throughout the simulations to improve the computa-
tion efficiency. Its effectiveness is validated in Fig. 7, where the
received fields, with and without the reciprocity theorem, are in
a good agreement for both Object—1 and Object—2. Fig. 7 also
verifies that the near-field radiation pattern of the reflectarray
is range-dependent. The magnitude and phase responses of the
received fields for the two ambiguous objects differ a lot so
that they are distinguished.
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Fig. 6. PSF of the reflectarray imaging system when the focusing is at
[500, 920, 800] mm in free space. (a) and (b) 3-D and 2-D radiation patterns,
respectively. Ad is the distance between the focusing point and the observation
point.
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Fig. 7. Received field, with and without applying the reciprocity theorem,

for the simulation setup described in Fig. 5. The focusing point is uniformly
swept from [500, 920, 600] to [500, 920, 1000] mm along the z-axis. (a) and
(b) Calculated magnitude and phase distribution, respectively, for Object—1.
(c) and (d) Calculated magnitude and phase distribution, respectively, for
Object—2.

Fig. 8(a) and (b) shows the PO simulated target pro-
files for Object—1 and Object—2, respectively. As it is
seen, for Object—1 with an actual thickness of 20 mm,
the imaged profile center, thickness, and background range
are [Xc1, Yei, Ze1] = [500, 920, 780] mm, 7; = 800 — 780 =
20 mm, and z;, = 800 mm, respectively, which are accurate.
However, for Object—2 that has an actual thickness of 40 mm,
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Fig. 8. (a) Simulated target profile for Object—1 (¢, = 8.0 — j0.0 and
T1 = 20 mm). (b) Simulated target profile for Object—2 (g0 = 2.0 — j0.0
and 7> = 40 mm).
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Fig. 9.  Simulated target profile for Object—3 (g,3 = 4.0 — j0.2 and
T3 = 40 mm).

the imaged profile center and thickness are [xc2, Y2, Zc2] =
[500,920,780] mm and 7, = 800 — 780 = 20 mm,
respectively. This error is attributed to the multiple reflections
inside the dielectric object so that the focusing position,
corresponding to the maximum magnitude of the received field
along the z-axis, is achieved underneath the front surface of the
dielectric object. When it occurs to a lossy Object—3 with a
thickness of 75 = 40 mm and complex relative permittivity of
&3 = 4.0—j0.2, the magnitude of the multiple reflected waves
inside the lossy dielectric slab is considerably degenerated due
to the large propagation loss. Thus, the image processing of
Object—3 can be similar to that of a metallic object, where
the first-order PO method can be sufficient to obtain a quite
accurate target profile. The maximum received field along the
z-axis can be achieved when the focusing position is at
the front surface of the dielectric object. Fig. 9 shows the
PO simulated profile of Object—3, where the profile cen-
ter and thickness are accurately imaged at [x.3, V3, 2c3] =
[500, 920, 760] mm and 75 = 800 — 760 = 40 mm, respec-
tively. Considering all aforementioned PO simulation cases,
especially for low-loss dielectric, the object permittivity char-
acterization and more accurate object thickness are desired.
Applying the material identification method derived in
Section III-B, ¢, and ¢, are swept from 2.0 to 10.0 and from
0 to 0.5, respectively. This sweep range covers most common
threat materials, such as narcotics, explosives, and other types
of contrabands [48], [49]. The dielectric slab thickness T is
swept from 0 to 60 mm. By determining the imaged profile
center [x., y¢, zc] for each object, the equally spaced focusing
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Fig. 10. Best matched (a) magnitude and (b) phase response for Object-1,
when the minimum error min{ f (¢}, &/, T)} is achieved at &, = 8.0, &/ = 0.0,
and 7 =20 mm.

points can be selected along the range (z-axis)

‘ N +1
I,’tqocus — |:xc’ Yes Ze + AZ(I’[ _ —+):|’ ne[l,N] (23)

2

where Az = 10 mm is the range resolution of the Rol, and
total N = 3 focusing points are considered for estimating
object thickness 7 and complex relative permittivity & =
g — j&/. Those focusing points are selected because they
correspond to higher receiving SNR compared to the other
focusing points along the z—axis and they can potentially
eliminate transverse variations of the material property in the
transverse (xy) plane, resulting in a higher estimation accuracy
at that position.

Fig. 10(a) and (b) shows the best matched magnitude
and phase responses for Object-1 when the minimum errors
min{ f (¢}, &/, T)} are found at &, = 8.0, & = 0.0, and T =
20 mm. These estimated parameters are the same as the actual
ones. Note that more than three focusing points are presented
in this figure for the purpose of verifying the accuracy of
the GO predicted fields. The error distribution f(e, ¢, T),
obtained when sweeping ¢/, ¢, and T, is shown in Fig. 11,
where the achieved minimum error is denoted by a solid circle.
The same estimation process is performed for Object-2, and
the obtained error distribution is shown in Fig. 12. As it is
seen, the minimum error min{ f (¢, ¢/, T) } also happens at the
actual object parameters &, = 2.0, &/ = 0.0, and T = 40 mm.
Therefore, these two ambiguous objects are distinguishable
from each other by using the proposed GO estimation method.

Similarly, the error distribution f (e}, e/, T) for the lossy
Object-3 is shown in Fig. 13, where the minimum error is
correctly achieved at & = 4.0, &/ = 0.2, and T = 40 mm.

B. Experimental Results

The actual experiment setup to detect a threat object is given
in Fig. 14, which indicates all the primary components of
the reflectarray system, matching with the simulation setup
in Fig. 5. One can refer to the papers see [11], [12]) from the
Smiths Detection Inc. for the whole mechanical and electrical
design of this commercially available reflectarray imaging
system. Here is a brief system description as follows; each of
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the two reflectorarrays consists of 21 tiles that are fabricated
by standard printed circuit board (PCB) techniques. Each tile
has total 1008 square microstrip patch antennas that are spaced
at 19/2 to minimize the grating lobes. In order to achieve the
binary phase shift on each patch antenna, a short-circuited
stub loaded with a field-effect transistor (FET) is connected to
the feeding line of the patch antenna. The FET operates as an
RF switch, making the stub input impedance changed based on
the ON/OFF state of the FET, which eventually gives rise to the
phase change of the reflection coefficients (the magnitude will
remain nearly the same). The dimensions of the stub and the
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Fig. 14. Experimental setup of the reflectarray screening system from Smiths
Detection Inc.

patch antenna have to be optimized with full-wave simulations
so that the reflection phase changes by 180° when the FET
switches.

Note that the theoretical imaging resolution [see (22)] and
the simulated PSF (Fig. 6) of the reflectarray system have been
presented in Section IV-A. To further evaluate the imaging
resolution experimentally, the measurement of the PSF can
be performed. However, this is avoided in this article since
the previous experiment (see [12, Fig. 8]) using the same
reflectarray system has shown that the smallest objects that
are visible are 4 mm x 4 mm metal shims. It is generally
accepted that a people-screening system with near or less than
1-cm resolution is working properly and will be sufficient for
detecting common threat objects, such as metallic weapons or
explosive items [48], [49].

The calibration measurement has to be performed first
before the object imaging. There are mainly two different
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Fig. 16.  Polyamide-6, 6 (PA66) object under detection. The size of the
dielectric is 200 mm x 150 mm x 37 mm, which is attached to the center
of the steel plate.

steps. The first calibration step is the background measure-
ment, where an empty imaging domain with no object inside
is scanned and the corresponding measured signal amplitude is
saved as E:,’g, n being the index of the focusing point. Accord-
ingly, EP® will be subtracted from all the new measurements
E*% with objects placed in the imaging domain to obtain a

background-removed measurement of E}*°, namely

E™ = ™ gPe (24)
The second calibration step is to measure the calibration
amplitude EF° to regularize (or normalize) the measured
fields E;°¢, which also has to be background-removed. In this
article, this measurement is done by focusing the incident wave
at the center of the pure steel plate, which is at [x, y,z] =
[520, 920, 800] mm. The typical measured amplitude (includ-
ing the magnitude and phase distributions) of a pure steel
plate is given in Fig. 15. The center cross denotes the position
where the calibration amplitude Ef° is selected. Note that the
experimental settings have to be matched with those in the
forward model so that E*° and E§° can be used in (21) for
a successful object material characterization.

To evaluate the material characterization algorithm, a dielec-
tric brick is selected, named Object-4. As shown in Fig. 16,
the object is a dielectric slab made of polyamide-6, 6 (PA66),
which has a relative dielectric constant of 2.8 ~ 3.1 and
a low-loss tangent of tanoc < 0.01 at K-band [50]. The
size of the dielectric is 200 mm x 150 mm x 37 mm.
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considered focusing points are defined in (23) with N = 3.

The dielectric slab is attached to the center of a steel plate by a
1.0 mm (< 4¢/10) Velcro layer. To predict the received ampli-
tude E™(¢/, ¢/, T) using the GO forward model described
in Fig. 3, the Velcro layer is approximated to be a layer of air.
Therefore, the transmission line model in Fig. 4 to calculate
the total reflection coefficient F(H,‘l“fn) is modified to include
four cascaded layers, namely air—dielectric—air PEC.

Fig. 17 shows the experimentally reconstructed target pro-
file. The imaged profile center is at [500, 920, 780] mm, which
has an imaged thickness of 800 — 780 = 20 mm that is
much smaller than the actual object thickness of 37 mm.
This happens due to the strong multiple reflections within the
dielectric slab makes the maximum magnitude of the received
field along the z-axis achieved under the front surface of the
dielectric object. A similar explanation has been demonstrated
for the simulation results in Fig. 8(b).

To estimate the complex relative permittivity &, = &, — j&/
and a more precise thickness T, e, ¢/, and T are swept to

re
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Fig. 19. Experimentally estimated dielectric constant £, loss factor ', and
thickness 7' of the PA66 dielectric slab.

TABLE I

ESTIMATED RESULTS ON THE THICKNESS 7 AND COMPLEX
RELATIVE PERMITTIVITY &, = &, — j& FOR THE PA66 SLAB

=/ =
Values T € &

Mean 37.6 mm 3.012 0.014

Standard deviation  0.593 mm  0.425 0.009

compute the GO predicted received amplitudes E*°(¢/, ", T).
The sweeping ranges of ¢, ¢/, and 7 are the same as
those specified in the simulations. Then, E",rfc is compared to
the experimental measurement E,° to find the best matched
magnitude and phase responses using (21). The estimation
is repeated 38 times, and Fig. 18(a) and (b) shows the best
matched magnitude and phase responses between the mea-
sured fields £ and GO predicted fields E™(z/, &, T) during
each estimation process, respectively. As we can see, both
E° and E5X° are well-matched and achieve their maximum
magnitude at the range z = 780 mm, which is accordance
with the experimentally reconstructed target profile in Fig. 17.

The entire estimated results for &, &/, and T of the
PA66 slab are given in Fig. 19. Table I shows the mean
values for &, &/, and T are 3.012, 0.014, and 37.6 mm,
respectively; and the standard deviations for &, &/, and T
are 0.425, 0.009, and 0.593 mm, respectively. The estimation
error can be attributed to the noisy experimental measurement
as well as the minor approximation error from the four-layer

transmission line model.

V. CONCLUSION

This article first presents a PO-based simulation method
to facilitate the design of a multireflectarray system. Then,
an object material characterization method using GO is derived
for such a system. The characterization process not only
retrieves the complex relative permittivity of the object but
also improves the profile reconstruction performance in terms
of a more accurate object thickness. Both simulations and
experiments have been carried out to verify the effectiveness
and efficiency of the proposed methods.

Note that the object profile imaging by the reflectarray
system has a fast speed of ~14 frames/s. This is due to the
simple range projection algorithm as given in (11). Then,
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the material characterization algorithm is performed on a
desktop based on the Intel i7-4790 Processor with total of
four cores and eight threads, which results in an reconstruction
speed of ~4 frames/s. Thus, the overall image formation
speed of the reflectarray system is ~3 frames/s. Further speed
improvement can be achieved based on more CPU threads;
thus, the imaging system can be operated in real time to
display the imaged object information, including the 3-D range
profile and the complex permittivity.

When accessible to a well-defined database with the knowl-
edge of the permittivities of typical threat materials, the pro-
posed detection methodology is capable of accurately sug-
gesting threat identities based on the detected object profiles
and permittivities, which can have a variety of applications in
security screening checkpoints at train stations, airports, and
many other public and private facilities to predict potential
threats.
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