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ABSTRACT Subsurface electromagnetic sensing techniques that can measure material properties of hidden
layers are useful for applications such as security screening. A system combining active (radar) and passive
(radiometer) sensing into one unit, or a pactive sensor, can address drawbacks of extant single mode
sensors by reducing measurement ambiguity and resolving features better, thereby leading to improved
identification of the hidden layer. This work investigates a technique to noninvasively extract the complex
permittivity and thickness of hidden dielectrics using a pactive sensor. A proof-of-concept demonstration
of an optimization-based inversion technique is used to extract the properties of an unknown, hidden
layer in a multi-layered dielectric structure. The technique uses active data to estimate dielectric constant
and thickness, and passive data to estimate loss tangent. The experimental setup is selected to represent
a simplified single-voxel security scenario consisting of multiple dielectric layers backed by a human
phantom layer (heated water). Tests using K-band prototype radar and radiometer systems yielded results
with less than 5% error in the extracted dielectric constant, loss tangent and thickness of the unknown
layer.

INDEX TERMS Dielectric characterization of embedded layers, security sensing, radar, radiometer.

I. INTRODUCTION

MICROWAVE and millimeter wave security sensors
play a significant role in the fight against terror-

ism and contraband smuggling [1]. The popularity of such
sensors stems from the wavelength of operation; millime-
ter waves are capable of generating high resolution images
with modestly-sized antennas, are able to penetrate clothing,
and at the same time are non-ionizing in contrast to gamma
and X-rays [2]. Depending on the mode of operation, these
sensors can be classified into two types – active and pas-
sive [1]. An active or radar-based sensor transmits a signal
and measures the echo to determine range (distance) and/or
reflectivity whereas a passive sensor or radiometer measures
the electromagnetic radiation emitted and/or reflected by an
object, which is quantified in terms of a noise temperature
or an apparent temperature [3]. The capability to measure
range enables active sensors to generate 3D images of reflec-
tivity of objects under investigation [4], [5] while images

from passive sensors are typically maps of apparent temper-
ature as a function of location [6]. With enough resolution,
both modalities can identify the presence of concealed items.
However, specular reflections and clutter from clothing may
result in false-alarms [5] thereby decreasing the sensor’s
effectiveness.
Active and passive modalities provide complementary

information and efforts have been made to combine the two
into a single system to improve detection rates in secu-
rity sensors [7], [8]. This idea of combining modalities to
improve measurements has been used extensively in remote
sensing to study precipitation, sea state, ice cover, etc. [9],
[10], [11], [12], [13]. Information obtained from one mode of
measurement is often used to interpret that obtained from the
other mode [14], [15]. The Consortis project is an example
of active-passive sensors in security sensing [8]. It consists
of a 340 GHz radar working in conjunction with a dual-
band 250/500 GHz radiometer [16], [17], [18]. In addition to
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providing complementary information to reduce false alarms,
this combined system can overcome disadvantages typically
posed by standalone sensors – e.g., active sensors exhibit
good dynamic range but offer limited field-of-view at video-
rate imaging speeds, while passive imagers have the opposite
characteristics with wide field-of-view but poor dynamic
range. The project in [16], [17], [18] also created a database
of signatures from common contraband. However, to the best
of our knowledge, no attempts were made to extract material
properties of the contraband.
Passive and active approaches have been used inde-

pendently for dielectric characterization both in laboratory
environments as well as in practical applications. Dielectric
characterization using vector network analyzers is carried out
by measuring the transmission and/or reflection responses of
dielectrics suspended in free space [19], [20] or by inserting
samples into waveguide or coaxial line [21]. This tech-
nique has been used for characterizing a variety of materials
including soil and rock samples for ground penetrating radar
applications [22], [23]. The latter requires machining of the
dielectric sample and is often undesired. Resonance-based
dielectric characterization techniques are inherently narrow-
band [24] and some resonant techniques such as the dielectric
cavity resonator require machining of the sample to fit a cer-
tain shape [25]. The coaxial probe method is used to measure
the electrical properties of liquids or semi-solids but does
not yield good results for solids [20]. Time domain tech-
niques that assume moderate losses have shown the ability
to measure complex permittivity profiles of multi-layered
dielectrics [26]. However, steps to address ambiguity in
extracted layer properties are not addressed. Frequency mod-
ulated continuous wave radars have also been used instead
of VNAs to measure the dielectric constant using monos-
tatic measurements at different incidence angles [27] and
the complex permittivity through monostatic normal inci-
dence [28], [29]. In all these cases, the thickness of the
sample is known. In [30], a W band VNA is used to image
and characterize explosives placed in front of metallic sur-
faces and both the thickness and dielectric constant are
extracted but not the loss tangent. Theoretical approaches to
extract all three parameters of interest – thickness, dielectric
constant and loss tangent – of lossy dielectrics using two-
sided transmission response [31], one-sided response at two
angles of incidence [32], and one-sided cross-polarization
response at non-zero angles [33] have also been investigated.
However, these techniques do not work for normal incidence,
which would be preferred in an application like security
sensing. Radiometers are also often used to characterize cer-
tain properties of dielectrics in space-borne applications such
as measuring the thickness of oil films [34], snow density
and soil permittivity [35], etc. In these examples, a sin-
gle measurement is insufficient to determine the complex
permittivity and thickness and therefore, multiple measure-
ments are made at different angles and/or polarizations.
If only different polarizations are used, the angle of inci-
dence must be non-zero to observe polarization-dependent

differences in the reflection coefficient. With two modes of
operation, the pactive sensor offers an alternative method
to characterize dielectrics that requires data from a single
incidence angle and works even when the angle of incidence
is zero.
This paper contributes to the literature by presenting a

proof-of-concept demonstration of a technique to extract
material properties of an embedded dielectric layer, viz.
thickness, dielectric constant, and loss tangent, using pactive
data. Consequently, this work attempts to lay the foundation
for a technique that can potentially be used for dielectric
characterization within a single voxel measurement in secu-
rity screening applications. Since this work focuses on the
technique itself, demonstrations are conducted using inde-
pendent low-cost prototype K-band (18-26 GHz) radar and
radiometric systems as well as a scaled model of a repre-
sentative multi-layered dielectric target backed by a heated
layer to mimic the human body. Despite the focus herein
on security sensing, the technique may also be used in con-
ventional laboratory settings especially for millimeter wave/
THz material characterization.
The paper is organized as follows: First, Section II

describes the system specifications of the prototype radar
and radiometer used in this work along with calibration tech-
niques to improve performance. This section is a summary
of the authors’ previous work and is presented to improve
readability of the paper. The dielectric characterization pro-
cess presented herein involves electromagnetic modeling of
the radar and radiometric responses of multi-layered dielec-
tric objects. Section III presents the radar scattering and
radiative transfer models for the same. The models are then
experimentally verified in Section IV using known materi-
als. Finally, an optimization-based technique to extract the
material properties of an unknown embedded dielectric layer
within a multi-layered dielectric stack is presented and tested
experimentally in Section V. Finally, Section VI considers
applicability of the technique to more realistic scenarios.

II. SYSTEM SPECIFICATIONS AND CALIBRATIONS TO
IMPROVE PERFORMANCE
Pactive measurements are obtained using independent active
and passive sub-systems operating individually in the K band
(18 – 26 GHz). The architecture of the radar and radiometer,
their performance metrics, and calibration procedures based
on our previous work are summarized in this section.

A. THE ACTIVE SYSTEM – FMCW RADAR
The active system is a monostatic frequency modulated con-
tinuous wave radar (FMCW) [36]. The block diagram of the
radar is shown in Fig. 1 (a). A linear chirp is generated
in the 2.25 – 3.25 GHz frequency range, up-converted to
the 18-26 GHz band using commercially available frequency
multipliers and coupled to a transmitting horn antenna.
Echoes from targets are received by a different horn antenna
and mixed with the transmitting signal to generate an
intermediate frequency (IF) signal whose frequency fIF is
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FIGURE 1. (a) Simplified block diagram of the active sensor – an FMCW radar
(b) Simplified block diagram of the passive sensor – a total power radiometer. Detailed
descriptions are in [36], [39].

directly proportional to the range of the target as fIF =
WTp, where W = 800 GHz/s is the chirp rate and Tp is
the total flight-time of the radar signal to and from the tar-
get. The radar’s theoretical range resolution is calculated as
�R = vp/(2�Frdr) = 2 cm, where vp is the speed of light
in free-space and �Frdr = 8 GHz is the bandwidth of the
transmitted chirp.
A calibration technique is utilized to improve radar mea-

surements and correct for amplitude and phase distortions
introduced into the linear chirp by the RF front-end. The
calibration involves a digital correction using a reference IF
signal from a highly reflective calibration target at a known
distance [37], [38]. The procedure requires the IF signals
to be complex - obtained either from an IQ mixer or, for
the radar in this work, obtained by calculating the analytic
signal using the Hilbert transform. The calibration equation
is defined as [38]

aIF(t) = ameas(t)

acal(t)
Acorrc (1)

where, aIF(t) is the calibrated signal, ameas(t) is the complex
analytic equivalent of the signal obtained from the scene
of interest, acal(t) is same from the calibration target, and
Acorrc is a correction factor that is calculated as Acorrc =
exp(2π jTp,cal(f

rad
0 + Wt) − π jWT2

p,cal) [38]. Here, Tp,cal is
the total flight-time to and from the calibration target, and
f rad0 = 18 GHz is the minimum frequency of the radar.
The frequency content of aIF(t) contains information on the
distances to the targets and is extracted through a Fourier
transform. The calibrated radar demonstrated a measured
range resolution of 2.5 cm [36].

B. THE PASSIVE SYSTEM – TOTAL POWER
RADIOMETER
The passive system is a total power radiometer (TPR) oper-
ating within 22.9 – 24.2 GHz band [39]. A simplified
block diagram of the system is presented in Fig. 1 (b).
The radiometer has a gain of 75 dB, front-end isolation of
48 dB, and out-of-band rejection greater than 90 dB. The
TPR is continuously calibrated to remove the effects of time-
dependent changes in system gain using two calibration noise
temperatures – a commercial noise source in the ON state
acting as a “hot” reference and the same in the OFF state
acting as a “cold” reference. Physical temperatures of the
antenna, noise source, and switch are recorded continuously
using thermocouples.

1) RADIOMETER SYSTEM EQUATION TO CORRECT
ERRORS IN THE RF FRONT-END

Accuracy in the measured noise temperature is critical to the
pactive sensor. Mismatch and insertion loss in the RF-front
end lead to errors in the estimated apparent temperature [40].
A radiometer system equation that corrects for mismatch as
well as the temperature-dependent noise contributions from
insertion loss is derived in [39]. The corrected radiometric
temperature Tx measured by the antenna is

Tx = T ′
a + β ′

HT
′
H + β ′

CT
′
C + �T ′

i (2)

where, T ′
a includes the physical temperature of the antenna

Tpp and scaled versions of the physical temperatures of all
components before the isolator; T ′

H and T ′
C are the modi-

fied hot and cold calibration temperatures to include system
losses; β ′

H and β ′
C are calculated using measured powers

delivered from the antenna, cold reference, hot reference
and mismatch factors; and �T ′

i is a correction factor. These
terms are fully defined in [39], where (2) is shown to be
an accurate model of all losses in the radiometer front-end
through experiments. Tx is converted to apparent tempera-
ture by correcting for antenna effects, as discussed below.
Note that all physical temperatures in this work are denoted
with the superscript p.

2) A CALIBRATION TECHNIQUE TO MEASURE AND
CORRECT FOR BACKGROUND NOISE TEMPERATURE

In addition to measuring electromagnetic radiation from its
field-of-view (FOV), the antenna also captures portions of
the apparent temperature of the background from the side-
lobes (TSL) and that reflected off the target (Trefl) as shown in
Fig. 2 (a). A calibration technique to measure and correct for
TSL and Trefl is presented in [41]. The technique, summarized
in Fig. 2 (b), consists of three steps: measuring a pyramidal
absorber at a known temperature Tppy.ab, measuring a metal
plate, and finally applying corrections to measurements. In
this work, as in [41], the radiometer results are presented
in terms of apparent noise temperature in the field of view
TFOV . The measured background noise component Trefl is
used in the radiometric model to simulate the expected TFOV
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FIGURE 2. (a) Sources of background noise during radiometric measurements and (b) steps in the background calibration technique described in Section II-B2 [41].

using

TFOV = TB + � · Trefl (3)

where, � and TB are the effective reflectivity and bright-
ness temperature of the object, respectively. Measured TSL
is used to extract measured ˜TFOV from measured antenna
temperature Tx (see (2)) using

˜TFOV = 1

ξηFOV

(

Tx − ξ(1 − ηFOV)TSL − (1 − ξ)Tpp
)

(4)

where, ξ is the radiation efficiency of the antenna, ηFOV is the
effective beam efficiency and Tpp is the physical temperature
of the antenna. In this work, ξ = 93% and ηFOV = 40%.
This calibration approach results in accurate measurements
in noisy indoor environments as demonstrated in [41]. The
feasibility of such a calibration scheme for non-laboratory
settings is also justified in [41].
Hence, the Hilbert transform-based radar calibration and

radiometric corrections using the radiometer system equation
and the background correction scheme are essential towards
correcting some of the errors in the measurement. The cor-
rected results improve the ability to model the multi-layered
dielectric targets as discussed in the next section.

III. MODELING OF MULTI-LAYERED DIELECTRIC
TARGETS
Radar and radiometric models to calculate the response of the
sensors are presented in this section. The targets are modeled
as stratified dielectrics with N layers each with thickness di,
complex relative permittivity εi = ε′

i− jε′′
i, and propagation

constant ki as shown in Fig. 3 (a). The complex permittivity
is related to loss tangent as tanδi = ε′′

i/ε
′
i. The dielectric

stack is placed at a distance of R0 from the pactive sensor.
Modeling both the radar and radiometric responses from such
targets requires calculation of the effective reflection coeffi-
cient ρe of the dielectric stack. The following assumptions
are made (i) the target is in the far-field of the antenna, (ii)
the target’s lateral dimensions extend beyond the FOV of
the antenna, and (iii) the first layer (air) and last (Nth) layer
are semi-infinite.

FIGURE 3. (a) Targets modeled as a multi-layer dielectric with N layers. The
dielectrics are placed at a distance of R0 from the sensor. (b) Reflected and
transmitted fields at interface i between layers i and i+1.

Electric fields at frequency f in each layer are modeled
as shown Fig. 3 (b) based on the mathematical treatment
in [42]. Electric fields E+

i and E−
i are defined in each layer i.

Propagator functions p±
i are defined at each interface i and

calculated using

p±
i = e±jkidicosθip±

i−1 (5)

p±
1 = 1 (6)

p+
i = (

p−
i

)−1
(7)

where, θi is the angle of propagation in each layer and is
calculated using Snell’s Law. The net fields on either side
of interface i depend on the electric fields and propagator
functions as shown in Fig. 3 (b). The refractive index is
ni = √

ε∗
i , where the conjugate of complex permittivity is

used to define refractive index because [42] follows the e−iωt
convention. For normal incidence, θi = 0. Solving for bound-
ary conditions, the electric field in any layer i is calculated
from that in layer i+1 as

[

E+
i
E−
i

]

=
[

(

p+
i

)2
1

(

p+
i

)2 −1

]−1[ (

p+
i

)2
E+
i+1 + E−

i+1
ni+1cosθi+1
nicosθi

(

(

p+
i

)2
E+
i+1 − E−

i+1

)

]

(8)
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for horizontal (perpendicular/ TE) polarized and

[

E+
i
E−
i

]

=
[

(

p+
i

)2
1

(

p+
i

)2 −1

]−1
⎡

⎣

cosθi+1
cosθi

(

(

p+
i

)2
E+
i+1 + E−

i+1

)

ni+1
ni

(

(

p+
i

)2
E+
i+1 − E−

i+1

)

⎤

⎦(9)

for vertical (parallel/TM) polarization.
Assuming that E+

N =1 and E−
N = 0 (since the Nth layer is

semi-infinite), (8) or (9) is solved iteratively to calculate the
electric fields in each layer. Finally, the fields are renormal-
ized with E+

1 to make the field incident on the composite
structure equal to 1. The effective reflection coefficient at a
frequency f is hence calculated as

ρe =
(

E−
1

E+
1

)∗
(10)

The effective reflection coefficient ρe may also be calcu-
lated using other approaches such as the wave matrix method
in [43] or transmission line method [3]. In (10), the complex
conjugate ensures that the phase of the reflection coefficient
changes in accordance with the ejωt convention, which is
preferred in this work. The effective reflectivity � of the
multi-layer structure is defined as

� = |ρe|2 (11)

The effective reflectivity is related to the effective emis-
sivity as described in [3] and is used instead of emissivity
in this work.

A. MODELING THE RADAR RESPONSE
The radar response Prdr is computed using MATLAB as [44]

Prdr(ζ ) = F−1
(

ρe(f )e
−2jk1(f )R0

)

for f rad0 ≤ f ≤ (f rad0 + �Frdr) (12)

where, F−1 denotes the inverse Fourier transform and ζ is
time, i.e., the inverse Fourier transform variable, f rad0 is the
start frequency of the radar and �Frdr is the radar bandwidth.
ζ is converted to range R using the transformation R =
vpζ/2, where vp is the speed of light in free space. The
amplitude of the radar range profile is plotted in normalized
form as |Prdr(ζ )|2/ max |Prdr(ζ )|2.

B. MODELING THE RADIOMETER RESPONSE
Wilheit’s approach to radiative transfer for non-isothermal
layers is used to calculate the radiometric response [42]. The
apparent temperature of a dielectric stack at any frequency
f is

TAP(f ) =
n
∑

i=1

SiT
p
i + �.Trefl (13)

where, Tpi is the physical temperature of the ith layer, Trefl
is the background temperature reflected off the multi-layer
dielectric as described in Section II-B2, and Si is the fraction

of radiation incident on the ith interface which would be
absorbed by the ith layer, and is calculated as

Si = 1

cosθi

[

Re(nicosθi)
∣

∣E+
i

∣

∣

2
(

∣

∣p+
i−1

∣

∣

2 − ∣

∣p+
i

∣

∣

2
)

+ Re(nicosθi)
∣

∣E−
i

∣

∣

2

⎛

⎝

∣

∣

∣

∣

∣

1

p+
i

∣

∣

∣

∣

∣

2

−
∣

∣

∣

∣

∣

1

p+
i−1

∣

∣

∣

∣

∣

2
⎞

⎠

+ 2Imag(nicosθi) ∗ Imag
(

E+
i

(

E−
i

)∗
(

p+
i−1

(

p+
i−1

)∗ − p+
i

(

p+
i

)∗

))]

(14)

The average of the apparent temperature over the
frequency band of the radiometer is used for the model
since the radiometer in this work is relatively wide-band
and the reflectivity may change significantly within the
band. Assuming that the apparent temperature is not a func-
tion of angle within the FOV of the antenna, the simulated
temperature in the field-of-view of the radiometer is

TFOV = 1

M

M
∑

i=1

TAP(fi)|f
rdmtr
0 +�Fradm
f rdmtr0

(15)

where, f rdmtr0 is the start frequency of analysis, M is the
number of frequency points in the analysis and �Fradm is the
bandwidth of the radiometer. In security sensing, the physical
temperature of a concealed object can be assumed to be equal
to human body temperature [18] simplifying (13) to (3),
which is the isothermal case. However, the non-isothermal
model in (15) in the remainder of this paper as it is the
general case and applicable to the objects measured in this
work.
The radar and radiometric models for planar, multi-layered

dielectrics presented above are tested experimentally in the
following section using the K-band pactive sensor and mul-
tilayered targets. The models are frequency scalable and
applicable to any number of layers. The models assume
that the first (air) and last (skin/skin-mimicking) layers are
semi-infinite. This assumption is valid at high frequencies
where the skin depth of the radiation in the human body is
a few millimeters.

IV. EXPERIMENTAL SETUP AND MEASUREMENTS
The models in Section III are validated using known objects
consisting of different dielectric layers stacked on top of
warm water, which represents a simplified human body phan-
tom. The depth of water (1.56 cm) is chosen to ensure that its
HDPE container does not contribute to the radar/radiometric
responses. Hence, the water is assumed to be a semi-infinite
layer while modeling. The targets are placed at approxi-
mately R0 = 2 m from the measurement system as shown
in Fig. 5 (a), which is in the far-field of the horn antennas
used in this work. Four different configurations of dielectrics
are studied as shown in Fig. 4 – configuration #1, 2, 3 and 4
consisting of N = 5, 5, 6, 6 layers, respectively. The thick-
ness, dielectric constant and loss tangent of each dielectric
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TABLE 1. Materials used in experimental setup.

FIGURE 4. Dielectric stack configurations used to test and correct electromagnetic
models. The properties of the materials are in Table 1.

material are listed in Table 1 [45], [46]. These dielectrics
were chosen as their electrical properties are similar to those
of representative concealed items, e.g., the dielectric constant
of explosive material typically falls between 2.7-3.2 with loss
tangents of the order of 0.001 [47]. The cross-sectional area
of all materials is 30 cm × 30 cm, which is larger than the
area subtended by the antenna’s main beam. The electrical
properties of water are calculated at the desired frequency
and temperature using the model in [48].
Radar and radiometric measurements are made for each

configuration separately. Water is heated to approximately
328 K and allowed to cool in the HDPE container. As the
water cools, radar/radiometric measurements are made indi-
vidually while the temperature of the water Tpw is recorded
using a thermocouple. All other layers are assumed to be
at room temperature (295.15 K). For radiometric measure-
ments, the background calibration from Section II-B2 is
performed every 15 minutes to obtain a calibration set. Each
calibration set consists of radiometric temperatures obtained
over 5 minutes each for the absorber and metal calibra-
tion targets. The average between the calibration coefficients
bounding the 15 minutes data acquisition is used for the
correction [41]. This calibration scheme was incorporated
to account for time varying noise temperature fluctuations
within the laboratory. For the radar, calibration with a metal
plate (Section II-A1) placed at R0 = 2 m every 1.5 hours is
sufficient.

Initial data from these experiments suggest that while
the calibration techniques presented in Section II improve
measurement accuracy of single-layered targets, they do
not account for measurement artifacts observed with multi-
layered dielectric targets. These artifacts are believed to be
the result of unwanted harmonics in the radar response and
non-ideal filtering in the radiometer response. Hence, correc-
tion factors are introduced to the models to improve the fit
(see Figs. 5–7) between the modeled response and the mea-
surements. A system specific correction factor of 1 GHz
frequency shift in the radar model is introduced so that the
modeled radar range response fits the measurements better
over all the four dielectric configurations as shown in Fig. 6.
The radar response model described by (12) is corrected to

Prdr(ζ ) = F−1
(

ρe(f )e
−2jk1(f )R0

)

,

f ′ ≤ f ≤ (

f ′ + �Frdr
)

(16)

where, f ′ = f rad0 + f radcorr, f
rad
corr = 1 GHz is the radar cor-

rection factor, f rad0 = 18 GHz and �Frdr = 8 GHz. The
term f radcorr is a first-order correction factor that accounts for
unwanted harmonic-induced chirps in the radar’s passband.
Single tone measurements in the radar’s passband using a
spectrum analyzer (see the Appendix) show the presence of
harmonics that sweep during the radar’s operation. As dis-
cussed in Section II, the prototype FMCW radar is built using
commercially available off-the-shelf components in which a
low frequency chirp is passed through a series of frequency
multipliers to get the signal in the desired band. However, the
harmonics generated during multiplication are insufficiently
filtered in the system. While the calibration has been experi-
mentally proven to work in the presence of multiple metallic
targets in our previous work [36], it appears that calibration
efficacy decreases due to the presence of harmonics when
the targets are not highly reflective. The correction factor
f radcorr is expected to be less significant in a future iteration of
the radar where the chirp will either be directly generated
in the K-band or better filters will be used in the multiplier
chain.
The measured and simulated radar range profiles for the

four dielectric configurations are shown in Fig. 6. Apart
from a slight shift in range for configurations #3 and #4,
the measured and modeled range profiles match well. Note
that normalized amplitudes are plotted in the radar range
profiles in this work since the unnormalized amplitudes do
not match. In addition to the radar range profile, the nor-
malized calibrated radar signal |aIF(t)|, as defined in (1), for
dielectric configuration #1 is plotted in Fig. 7 (a) along with
the magnitude of the modeled effective reflection coefficient
|ρe(f )|. Similarity between the two plots suggests a direct
relationship between |aIF(t)| and |ρe(f )|. This relationship
follows from the Fourier transform in (16) as well as the
Fourier relationship between the output of the mixer and the
radar range profile.
The radiometer correction factor accounts for system-

specific non-idealities such as imperfect filtering. The
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FIGURE 5. (a) Measurement setup when the passive sensor is connected (b) Measured and modeled response of the radiometer for the four dielectric configurations in Fig. 4.
Five measurement samples are recorded. (c) Error in the radiometric measurement.

FIGURE 6. Measured and modeled radar range response for the four dielectric stack
configurations in Fig. 4. The temperature of water T p

w is inset.

radiometer model in (15) is modified to

TFOV = 1

M

M
∑

i=1

TAP(fi)|f
rdmtr
0 +�Fradm
f rdmtr0 −f rdmtrcorr

(17)

where, f rdmtrcorr = 0.2 GHz is the radiometric correction fac-
tor which is modeled as an increase in the bandwidth by
200 MHz, f rdmtr0 = 22.9 GHz, �Fradm = 1.3GHz is the
radiometer’s bandwidth, and the equation is evaluated at M
frequency points.
Five radiometric measurements (samples) of ˜TFOV at dif-

ferent Tpw for each of the four dielectric configurations
along with the corresponding modeled TFOV are shown in

FIGURE 7. Plots corresponding to configuration #1: (a) Measured normalized radar
signal |aIF (t)| vs modeled effective reflection coefficient |ρe | in the radar band
(b) Modeled effective reflection coefficient |ρe | in the radiometer band.

Fig. 5 (b). The error, ˜TFOV − TFOV , is plotted in Fig. 5 (c)
and shows that the model is accurate with an average error
less than 0.5 K across the four configurations.
To summarize, the models in Section III are modified to

account for errors that are not corrected by the calibration
techniques. The models are experimentally validated using
four multi-layered dielectric stacks and both the radar and
radiometric results show good match between model and
measurements. Further, the reflection coefficient shows a sig-
nificant variation across frequency within both the radar and
radiometer bandwidth (Fig. 7 (b)) demonstrating the need
for modeling the frequency response across the band.

V. EXTRACTION OF MATERIAL PROPERTIES FROM
PACTIVE MEASUREMENTS
A technique to non-invasively extract the thickness, dielectric
constant, and loss tangent of a dielectric using the pactive
measurements is presented in this section. The dielectric
configuration in Fig. 8 (a) is used for the experimental
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FIGURE 8. (a) Dielectric configuration used for extraction study. AD450 layer is
unknown. (b) radar range response to show parameters R and Aamp in the objective
functions (c) magnitude of effective reflection coefficient to show parameter ρe,min,i in
the objective functions.

demonstration where the thickness d, dielectric constant εr,
and loss tangent tanδ of the AD450 layer are unknown.
The rest of the layers are known, and their properties are
described in Table 1. The physical temperature of the water
Tpw is recorded during measurement and all other layers are
assumed to be at room temperature 295.15 K. The extrac-
tion process is set up as an optimization problem consisting
of four objective functions – one of which describes the
radiometer response and the other three describe the radar
response. The objective function �TFOV calculates the square
of the error in the radiometer response as

�TFOV =
(

TmeasFOV

(

Tpw
)− TsimFOV

(

d, εr, tanδ,T
p
w

)

)2
(18)

where, TmeasFOV (Tpw) is the measured apparent tempera-
ture in the field-of-view at water temperature Tpw and
TsimFOV(d, εr, tanδ,T

p
w) is the corresponding modeled value

from (17). The unit of �TFOV is K2. Equations (19)–(20)
describe the three radar-based functions. The first radar-based
objective function is

�ρe,min = 1

m

m
∑

i=1

(

ρmease,min,i − ρsime,min,i
(

d, εr, tanδ,T
p
w

)

)2
(19)

where, the unit of �ρe,min is Hz2. As observed in Section IV,
a one-to-one mapping exists between |aIF(t)| and |ρe(f )|.
Hence, |aIF(t)| is mapped to |ρmease (f )| = |aIF(t → f )| after
a change of variable from t to f . In (19) ρmease,min,i repre-
sents the location of the ith minimum in Hz (see Fig. 8(c)),
ρsime,min,i(d, εr, tanδ) are the corresponding modeled values,
and m represents the total number of minima. If at any point
during the optimization process, the number of minima in
ρsime,min,i is not equal to the number of minima in ρmease,min,i, then
�ρe,min is set a large value such as 2 × 104.
The second radar-based objective function is

�Aamp =
(

Ameasamp − Asimamp
(

d, εr, tanδ,T
p
w

)

)2
(20)

where, Ameasamp is the difference in the normalized ampli-
tude of the peaks in the radar range response (Fig. 8 (b))
and Asimamp(d, εr, tanδ) is the corresponding difference in the
model.

FIGURE 9. Objective functions for extraction process. Plots in the left column are
the radiometer-based objective function while those in the right column are the
radar-based objective function. Plots are for the configuration in Fig. 8: (a) as a
function of thickness d when permittivity εr and loss tangent tanδ are constant as
listed (b) as a function of εr when d and tanδ are constant, (c) as a function of tanδ

when εr and d are constant.

If the number of significant peaks in the radar range profile
during optimization is not equal to that in the measurement,
�R and �Aamp are set to a large value 2×104 to prompt the
optimizer to ignore the selected combination of (d, εr, tanδ).
The decision on what makes a peak ‘significant’ is based
on the amplitude of the two peaks in the measured range
response. From Fig. 8 (b), the first two peaks have normal-
ized amplitudes of 0.6216 and 1, respectively. Hence, for this
analysis, any peak in the radar range response is considered
significant if it has an amplitude greater than 0.6.
Variation of the four objective functions with any one

material parameter when the other two are constant for the
dielectric stack under consideration is shown in Fig. 9. All
four objective functions are strongly dependent on d and εr
as shown in Fig. 9 (a) and (b). A local minimum occurs for
the correct values of the unknown AD450 layer’s properties,
i.e., d = 4.065 mm and εr= 4.5. The presence of multiple
local minima in Fig. 9 (a) presents a challenge to the extrac-
tion process – the optimization technique must be robust
enough to not converge at a local minimum. Additionally,
from Fig. 9 (c), the radar objective functions are seen to be
independent of tanδ. If all four functions are simultaneously
optimized for the three unknowns (d, εr, tanδ), the optimizer
may not converge to the correct answer since three of the
objective functions are independent of one variable. Taking
this to account, two-step optimization is proposed:

1) MULTI-OBJECTIVE OPTIMIZATION

The three radar objective functions are optimized simultane-
ously using the Pareto-front approach to calculate a set of
thickness {˜d} and dielectric constant values {̃εr}:

Minimize �ρe,min, �R, �Aamp
Subject to εmin ≤ εr ≤ εmax and dmin ≤ d ≤ dmax
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TABLE 2. Inputs to optimization algorithm.

where, εmin and εmax are minimum and maximum allowed
dielectric constant values, respectively, and dmin and dmax
are the minimum and maximum allowed thickness, respec-
tively. Since the radar functions are independent of
tanδ, an arbitrary value can be used. In this work, the
optimization is carried out using multi-objective particle
swarm optimization [49].

2) CALCULATE TANδ

Use {˜d} and {̃εr} from Step 1 and find the corresponding
loss tangent that minimizes �TFOV over a range of allowed
values defined by (tanδmin, tanδmax). The result is a set of
possible loss tangent values {tan˜δ}.

A. EXTRACTION OF MATERIAL PROPERTIES WITH
IDEAL (SIMULATED) DATA
1) WHEN THICKNESS OF THE LAYER IS KNOWN

The process described above is tested for ideal data generated
using the MATLAB models. In the first part of the study,
the thickness of the AD450 layer d = 4.065 mm is assumed
to be known. Inputs to the algorithm are listed in Table 2.
The multi-objective particle swarm optimization algorithm is
initiated with 50 particles and run for 100 iterations to arrive
at {̃εr}, following which step 2 calculates {tan˜δ} completing
the extraction process. The following bounds are applied
during optimization: dmin = 1 mm, dmax = 10 mm, εmin =
2, εmax = 7, tanδmin = 0.001, tanδmax = 0.1. The results
are shown in Fig. 10 (a) wherein the possible solutions are
displayed as a histogram. Since the thickness is known, a
single line is displayed in the histogram for {˜d}. Most of the
entries for {̃εr} and {tan˜δ} converge to the correct values of
εr = 4.5 and tanδ = 0.004 demonstrating that the proposed
technique works when one variable is known.

2) WHEN ALL PARAMETERS OF THE SAMPLE ARE
UNKNOWN

When all parameters are unknown, the optimizer converges
to values within the vicinity of the actual value as shown in

FIGURE 10. Extraction of material properties for ideal inputs when (a) thickness d
of the layer is known (b) none of the properties of the layer are known.

Fig. 10 (b). The most likely values obtained from Fig. 10
(b) are ˜d = 4.102 mm, ε̃r = 4.48, and tan˜δ = 0.0045. This
corresponds to an error of 0.9%, 0.4% and 12.5% in thick-
ness, dielectric constant and loss tangent, respectively. The
initial error in {˜d} and {̃εr} results in a larger error in tan˜δ,
which would be unacceptable in practice. The accuracy of
the extracted properties is improved with an additional data
point as discussed below with measured data. At the same
time, knowing the approximate range may sometimes be
sufficient for certain applications.

3) EXTRACTION OF MATERIAL PROPERTIES WITH
MEASURED DATA

In this sub-section, measured passive and active data is used
for the extraction of dielectric properties. The experimental
process for data acquisition is described in Section IV and
the dielectric configuration with the unknown AD450 layer
is considered once again. Comparison between measured and
modeled data in Fig. 11 shows the presence of measurement
errors. The minima in the radar data in Fig. 11 (a) do not line
up exactly, the measured first peak in the radar range profile
(Fig. 11 (b)) is higher in magnitude. Further, the radiometric
measurements in Fig. 11 (c) do not match the model for
some of the higher water temperatures. Modification of the
extraction process is needed to obtain good results despite
these errors since data from a real-world scenario could be
noisy.
A two-step optimization approach consisting of coarse

and fine optimizations is introduced to improve accuracy.
The process described in Section V-A is used to find coarse
range of possible values {˜d1}, {̃εr,1} and {tan˜δ1} followed
by a fine optimization using an additional radiometric data
point Tmeas,2FOV . This process is described schematically in
Fig. 12 (a). The inputs to the optimizer for the dielectric con-
figuration under consideration for both the coarse and fine
optimization steps are listed in Table 2. Fig. 12 (b) shows the
solution set obtained using the coarse optimization. The solu-
tion space for coarse optimization is defined by the bounds:
dmin = 1 mm, dmax = 10 mm, εmin = 2, εmax = 7, tanδmin =
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FIGURE 11. Measured vs modeled (simulated) results for dielectric configuration in
Fig. 8: (a) comparison between normalized measured radar signal |aIF (t)| and modeled
reflection coefficient |ρe |. (b) radar range profile: measured vs modeled (c) measured
and simulated radiometric temperatures TFOV for different water temperatures T p

w .

FIGURE 12. (a) Process for extracting thickness ˜d , dielectric constant ε̃r and loss
tangent tan˜δ (b) Results of coarse optimization. The indicated range is used for the
fine optimization.

0.001, tanδmax = 0.1. A ±20% range around the most prob-
able values (d′, ε′

r) is selected as the input range for fine
optimization. For loss tangent, a 10x range is used instead
of ±20%. This reduces the optimization space to dmin =
2.95 mm, dmax = 4.42 mm, εmin = 3.85, εmax = 5.78,
tanδmin = 0.001, tanδmax = 0.01. The updated optimization
range along with a radiometric measurement Tmeas,2FOV at a
different water temperature are fed into a second particle
swarm algorithm to optimize the function �TFOV . Since
only one objective function is optimized, the output of the
optimizer is a single point (˜d, ε̃r, tan˜δ) in the three dimen-
sional optimization space. The result after fine optimization
is shown in Table 3 where the error percentage is less than
5% for all three extracted properties. In practice, instead
of measurement at different temperature, measurement at a

TABLE 3. Extracted material properties and error.

TABLE 4. Materials used for analysis in Fig. 13.

different frequency may be used. Hence, the presented tech-
nique offers a method to extract the electrical properties and
thickness of an embedded layer within a dielectric stack.

VI. APPLICABILITY TO OTHER SCENARIOS
Although different material configurations can lead to dif-
ferent objective function behavior, the general optimization
process is still applicable. In the previous section, the
extraction process is validated for a dielectric configuration
consisting of two thin, relatively low-loss layers separated
from warm water by a spacer layer. To address broader appli-
cability of the technique, a security scenario consisting of
an unknown material MUT #1 concealed between polyester
clothing and skin as shown in Fig. 13 (a) is studied in this
section. MUT #1 is assumed to be thick and lossy with
dielectric constant, loss tangent, and thickness of 2.5, 0.014,
and 56 mm, respectively. The properties of the remaining
layers are listed in Table 4 [50], [51]. The permittivity of
polyester in the K-band is assumed to be the same as the
value reported in [51] at 2.6 GHz. The four objective func-
tions for this configuration are plotted in Fig. 13 (b)-(d).
Since the unknown material is thick and lossy, the radar
objective function Ameasamp now depends on tanδ (Fig. 13(d))
unlike the one presented previously. In this analysis, the
cutoff for significant peaks is set to 0.2. The behavior of
the remaining objective functions is similar to the ones in
the previous section. It may be argued that Ameasamp can be
used to find tanδ once (d, εr) are obtained using the other
two radar-based objective functions. However, other solu-
tions that fit the radar model exist. The radiometer is thus
essential towards removing measurement ambiguity. Overall,
the extraction technique presented in this work can still be
applied with minor modifications such as removing �Aamp
from the initial coarse optimization step since it strongly
depends on tanδ. Although the objective functions may
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FIGURE 13. (a) Dielectric stack of interest. MUT #1 is unknown (b) objective functions as a function of thickness d when permittivity εr and loss tangent tanδ are constant and
as listed, (b) as a function of εr when d and tanδ are constant, (c) as a function of tanδ when εr and d are constant.

not necessarily behave the same way for other dielectric
configurations, the general idea would still apply. In any
case, as demonstrated in Section V, a path towards extract-
ing the complex permittivity and thickness of dielectrics
from pactive sensor data exists even if the objective func-
tions require modifications. For practical implementation,
the technique described above requires knowledge of the
following (i) physical temperatures of all layers and (ii)
material properties of clothing and skin. In security sensing,
the physical temperatures of all layers may be assumed to be
equal to human body temperature [18]. Therefore, apart from
natural variations, assuming average human body tempera-
ture measurement may yield acceptable results. Alternatively,
approaches to measure human body temperature in real-time
such as adding an additional radiometric band or an IR sen-
sor to measure the temperature of uncovered skin may be
considered. The former approach will require modifications
to the objective functions to enable extraction of the physical
temperature along with complex permittivity and thickness.
The complex permittivity of skin along with its variation
and impact on accuracy will be known parameters and char-
acterized prior to deployment of the sensor. A database of
the material properties of common clothing will need to be
created. Alternatively, further study may be conducted to
expand the use of pactive data to extract the properties of
both clothing and the unknown layer.
From a sensor design standpoint, antenna research to

obtain very high lateral resolution is critical since the extrac-
tion technique applies to a single voxel and assumes planar
dielectrics. The planar dielectric assumption may hold true
if the size of the measurement voxel is small. For lateral
voxel resolution of the order of a few millimeters, it may
be more appropriate to design the sensor in the W-band
or higher frequencies to ensure compact antenna or array

sizes. Integration of the passive and active subsystems with
potential reuse of antenna and front-end amplifiers would be
appropriate. Additionally, the radar and radiometer cannot
operate at the same time since the radar signal might dam-
age the radiometric detector unless they operate in different
frequency bands.

VII. CONCLUSION
This work examines the feasibility of extracting the dielec-
tric constant, loss tangent and thickness of planar concealed
items using a combination of passive and active (pactive)
data with a focus on potential security applications. Crucially,
the presented technique works even for normal incidence
angles which suits security applications very well. For proof-
of-concept demonstrations in this work, the data are acquired
using independent K-band FMCW radar and total power
radiometer. The technique comprises of optimizing three
(active) radar-based objective functions and the (passive)
radiometric error. The radar-based functions are used to cal-
culate thickness and dielectric constant, following which the
loss tangent is calculated using the radiometric objective
function. Accurate extraction of all three parameters, espe-
cially the loss tangent, is challenging using band-limited
active data alone. However, in thermodynamic equilibrium,
the emissivity of any material is equal to the absorptivity [3].
Therefore, brightness temperature measured by the passive
sensor provides information on the loss tangent.
When one material property like the thickness is known,

the proposed technique yields accurate results for the dielec-
tric constant and loss tangent of the unknown layer, as
demonstrated using simulations. When none of the prop-
erties of the layer are known, the technique results in a
solution that lies in the vicinity of the actual solution. Making
two radiometric measurements, e.g., at different frequencies,
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FIGURE A.I. Radar spectrum measured using spectrum analyzer for a single tone
input.

can potentially improve the accuracy of the extraction pro-
cess especially in the presence of measurement noise. The
technique is validated experimentally with planar dielectrics
(LDPE, AD450 and air) stacked on top of warm water, which
is used as a simplified human body phantom. The goal is to
extract the properties of the embedded AD450 layer under
the assumption that all other layers are well known. A two-
step optimization process consisting of a coarse optimization
to find a narrow range of values for all three parameters
of interest followed by a fine optimization using a differ-
ent radiometric data point yielded less than 5% error in all
extracted parameters. Therefore, this work demonstrates that
pactive sensing is suitable for the characterization of embed-
ded dielectric layers particularly at normal incidence angles
of measurement. While the focus herein is security sensing,
the technique may be applied to other dielectric charac-
terization applications such as food processing, biological
applications such as measuring water content in infiltrated
fat, buried forest fires, drug delivery, characterization of lam-
inated materials, etc. wherein more than one property of the
embedded layer is unknown.

APPENDIX
The signal SradarTX (t) transmitted by a frequency modulated
continuous wave radar as a function of time t may be
expressed as

SradarTX (t) = |STX(t)| cos

(

2π t

(

f rad0 + Wt

2

)

+ 2πθTX(t)

)

(A.1)

where, |STX| is the magnitude of the transmitted signal and
may consist of amplitude distortions introduced by the trans-
mitter, f rad0 is the minimum frequency of the radar, W is the
chirp rate, and θTX(t) is the phase distortion introduced by
the transmitter. This signal reflects off the target and returns
to the radar after a flight time of Tp. The received signal is
expressed as

RradarTX (t) = ρ(f ).|STX(t − Tp)| cos

(

2π(t − Tp)

−
(

f rad0 + W(t − Tp)

2

)

+ 2πθTX(t−Tp)
)

(A.2)

where, ρ is the reflection coefficient of the target which
is a function of frequency. This signal is mixed with the
transmitted signal and filtered to yield an intermediate
signal represented in the complex analytic equivalent
form as

aIF(t) = |SIF|E(t)ρ(f )exp
(

j(2πWTp + 2πθ(t))
)

(A.3)

where, |SIF| is an amplitude scaling during the mixing pro-
cess. E(t) and θ(t) represent the net amplitude distortion,
respectively. Hence, the calibration in Eq. (1) extracts a
signal that is proportional to ρ(f ) exp(j2πWTp) contain-
ing both information about reflection coefficient as well as
distance.
A single frequency tone was input to the prototype radar

instead of the sweeping VCO and its output is recorded
using a spectrum analyzer in Fig. A.I. Instead of a single
output tone, multiple peaks are observed indicating that the
multiplier circuity is not filtering the harmonics sufficiently.
For a sweeping input, the output should appear as multiple
overlapping chirp signals. Hence, the following modifications
are made

SradarTX (t) =
N
∑

i=1

|STX,i(t)|cos
(

2π jt

(

f rad0,i + Wit

2

)

+ 2π jθTX,i(t)

)

(A.4)

RradarTX (t) =
N
∑

i=1

ρi(f )|STX,i(t−Tp)| cos

(

2π j(t − Tp)

−
(

f rad0,i + Wi(t − Tp)

2

)

+ 2π jθTX,i(t − Tp)

)

(A.5)

The intermediate signal is obtained by mixing the above two
signals and passing through a low pass filter, i.e., selecting
the subtractive terms. The complex analytic equivalent as
in (A.3) is then calculated using the Hilbert transform. For
highly reflective targets when |ρ(f )| = 1 the calibration pro-
cess of dividing the signal by that from a metal plate extracts
the distance as demonstrated experimentally in [21] for a
scene containing more than one target. However, the efficacy
of the calibration process decreases due to the excess terms
present in (A.4) - (A.5) when compared to (A.1)–(A.2).
The reflection coefficient of the target ρi(f ) shows strong
frequency dependencies (see Fig. 11) that are absent in the
metallic calibration target. From (A.3), in the absence of
the harmonics, the calibration process will be able to extract
a quantity that is proportional to the reflection coefficient.
However, dividing the series in (A.5) with another series for
the metal does not yield the reflection coefficient. Hence, the
performance should improve if the harmonics are properly
filtered.
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