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This paper presents an imaging system based on ultrawideband microwave radars for the detection of bleeding regions and strokes
inside the human head. The proposed system is portable and focuses on revealing bleeding areas with unpredictable shapes using
polarimetric data acquisition. A custom-designed dual-polarized bowtie patch antenna capable of pumping the UWB pulses inside
the patient’s head is designed and presented as the biomedical sensor for the system. The antenna dimensions are 25 × 25mm2. It
mitigates the mismatch between the air and skin needles of any coupling liquid, resulting in safe SAR levels below 0.5W/kg and
wideband operating bandwidth that covers 1.2-4.5 GHz with unidirectional radiations. To collect the raw polarimetric data, an
elliptical array of the proposed antenna is formed around the patient’s head model that includes 16 elements in direct contact
with the phantom. The performance of the proposed method is validated through an imaging scenario with two nonuniform
bleeding areas inside the patient head model. The whole structure is simulated with a Gaussian pulse as the excitation using
CST Microwave Studio tools. To produce 2D images of the voxel model, the time-domain elliptical synthetic aperture radar
(ESAR) imaging algorithm is applied. Accurately detecting the presence and shape of anomalies in reconstructed images using
the proposed method demonstrates the efficiency of the proposed system and determines its advantages over single-
polarization systems.

1. Introduction

Microwave-based imaging systems have the benefits of being
low profile, portable, low cost, and more importantly nonion-
izing in comparison to other clinical imaging modalities such
as magnetic resonance imaging (MRI), X-ray, or computed
tomography (CT). In recent years, many research groups have
been focused on the development of microwave imaging tech-
niques for the human body with applications in the early
detection and diagnosis of various diseases including tumors,
cancer, stroke, and internal human head bleeding [1–4].
Radar-based techniques are at the center of attention in the
current research for medical imaging applications. This tech-
nology has proved its potential for breast as well as head imag-
ing for identifying head abnormalities like tumors, brain

strokes, and bleeding [3–6]. Intensity-based radar image algo-
rithms use coherent summation of reflected signals collected
from different aperture positions to form an image. This
method is well suited for microwave imaging due to relatively
simple image processing and wide operating bandwidth. In
this procedure, an ultrashort time-domain, ultrawideband
pulse is utilized to illuminate the medium under imaging,
and the scattered echoes are collected for postprocessing pur-
poses. By proper design of the antenna’s package, radar trans-
ceivers, and other elements, the imaging system can be made
portable and inexpensive and can be used for bedside or
ambulance real-time monitoring [3, 6–8].

In this paper, we are focusing on brain imaging using the
aforementioned technology. Various prototypes of micro-
wave systems for stroke diagnosis have been proposed in
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the published works. For example, the developed imaging
system at Chalmers University consists of an array of trian-
gular shape patch antennas mounted on a plastic helmet
operating from 0.8 to 1.5GHz to detect the injured area
inside the patient’s head and to distinguish between an
ischemic and a hemorrhagic stroke [9]. Several antennas
and handheld systems have been proposed by researchers
at the University of Queensland for brain imaging applica-
tions that are claimed to produce high-quality images of a
patient’s phantoms [1, 10, 11]. The proposed systems have
proven the ability to detect bleeding sites in many realistic
scenarios. Another system prototype was developed with
EMTensor that consists of 177 rectangular waveguide anten-
nas loaded with ceramic and placed in a hemispherical stain-
less steel chamber capable of producing anomaly detection
within the head [12].

Since the antenna and its array configuration play a
major role in the success of imaging systems, several types
of antennas and arrays for EM head imaging have been
proposed in the literature alongside previously mentioned
imaging systems [8, 13–15]. Realizing features such as
compactness, low profile, body-matched, and directive pat-
terns in such systems is challenging due to antenna size
and frequency band limitations [4, 16].

A comprehensive review of the imaging systems so far
shows that researchers’ teams have focused on developing
imaging systems utilizing single polarization in transceivers
aiming to detect simple targets such as spheres, cubes, or cyl-
inders. Consequently, they might tend to fail in the detection
of realistic scenarios with complex bleeding geometries. For
simple shapes, the backscattered waves retain the incident
state of polarization, but for complex ones, the energy moves
from one polarization to another based on the target sizes,
radar cross-section (RCS), and refractive indices. However,
no simple relationship exists between the polarization rota-
tion and the particle irregularity. This phenomenon can
cause some parts of the targets’ shape to remain hidden from
the imaging system whose performance is largely dependent
on the amount of reflection toward the receiver.

A functional solution to overcome this weakness can be
found by using polarimetric data. This means both polariza-
tions are used in the transceiver to collect more raw data
from the imaging medium. The most important advantage
of dual-polarized over linear polarized one is its robustness
and does not lose information from complex targets. Partic-
ularly, for near-field radar imaging, with small targets,
within tens of millimeters, complex diffractive mediums
having information in both polarization will be helpful.
Therefore, this work intends to propose a polarimetric radar
system to improve the imaging performance for brain imag-
ing in near-field scenarios.

This article is organized as follows: Section 2 describes
the design of a miniaturized dual-pole antenna and its per-
formance as a biomedical sensor for near-field imaging of
the human head. Section 3 describes the details of the imag-
ing system setups, elements, and configuration. And ulti-
mately, in Section 4, an imaging scenario is presented
containing a realistic 3D phantom of the patient’s head, a
helmet equipped with 16 proposed antennas, and two com-

plex targets representing bleeding regions. Revealing these
regions in the reconstructed image of the patient’s head
model illustrates the capabilities of such a system for future
clinical applications.

2. On-Body Dual-Polarized Antenna: Design
and Performance

Brain imaging radar systems require compact antennas that
can radiate most of the electromagnetic energy into the head
medium to guarantee strong echoes could be captured at the
receiver side. Since the human head is an extremely lossy
medium, the antenna must also operate in specific frequency
bands to ensure a reasonable trade-off is achieved between
range resolution and penetration depth [4].

A method to effectively improve the reflection coeffi-
cient, as well as radiation characteristics of the antenna, is
to immerse antennas in a coupling liquid which acts as an
impedance-transformer medium between the radiator and
the tissue. However, placing the antennas in the coupling
liquid makes it impractical/hard to implement a transport-
able device [3, 8, 15].

In this section, a dual-pole planar microstrip antenna is
proposed. Since the body-matched antennas are a great solu-
tion to overcome the aforementioned limits, the proposed
antenna is an on-body antenna to enhance the impedance
matching with the patient’s head. These antennas are in per-
fect contact with the human tissues, and the EM pulses are
deposited into the body by avoiding strong echoes caused
by the air-skin mismatch. The dual-pole design also satisfies
the need of the imaging system to collect the required polar-
imetric data.

The structure and dimensions of the proposed antenna
are shown in Figure 1(a). It is a modified version of a con-
ventional bowtie patch that is fed vertically at the center with
a 50 Ω coaxial line. The dual-polarized specification is ful-
filled using two different elements oriented in an orthogonal
arrangement. The unidirectional radiation pattern is
obtained by placing a conductor ground plane on the back
side of the substrate. Each arm is loaded with two shorting
pins at the open-sided to lower the cut-off frequency and
achieve a more compact size [17]. The final structure con-
sists of two FR4 layers that hold the radiating element. These
layers provide a robust construction that protects the radiat-
ing element from dust, corrosion, and rust in an operating
environment. The antenna dimensions are optimized in
direct contact with a multilayer planar model of the human
head to attain acceptable radiation and return loss perfor-
mance as shown in Figure 1(b). The final dimension of the
optimized structure is presented in Table 1. The multilayer
model contains major tissues of the human head with real
dispersive dielectric properties [18].

Figure 1(c) shows the antenna return loss for the VP and
HP when placed near a 3D realistic head model. As one can
observe, for both polarizations, the antenna return loss is
about and below 10.0 dB over the 1.2-4.5GHz frequency
band. This will satisfy the required microwave frequency
band for the intended head imaging application [4]. The
3D phantom employed in this study was extracted from
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MRI data of a real patient, which includes major head anat-
omy layers. The head phantom is voxelized with 256 × 256
× 128 elements with a size of 1:1 × 1:1 × 1:4mm3 for each
element [19]. To simulate the realistic scenario and obtain
acceptable results, the measured dielectric parameters (ɛr
and σ) of all tissues over the frequency band are used in
the simulator [18].

To discuss the radiation mechanism of the dual-pole
antenna, the current density distribution over the operating
bandwidth is visualized in Figure 2 using the CST Micro-
wave Studio software. It can be seen that the powerful cur-
rent, for the most part, is introduced by the coax feed and
shorting pins at the end of the bowtie patch which leads to
strong current loops flowing through the ground plane and
radiating element. This long path generates a resonance in

the lower frequency and reduces the overall dimension of
the antenna. The orthogonal current distribution is pro-
duced by changing the feed of the antenna from VP to HP.

To observe the EM characterization of the proposed
antenna in the near-field region, the radiated pointing vector
is studied at multiple frequencies as illustrated in
Figures 3(a) and 3(b). The pointing vector can estimate the
power flow value and the penetration depth of EM pulses
at a specific distance from the antenna [20]. The figure
depicts that the antenna can successfully pump the electro-
magnetic power inside the patient’s head in both polariza-
tions. A small difference in the penetration depth is
observed between VP and HP in some frequencies, which
can be caused by the nonuniformity of the 3D model layers
or the antenna’s arm placement on the forehead in the sim-
ulation setup. As can be seen, at higher frequencies, the pen-
etration depth becomes shallower; in this case, frequencies
above 4.5GHz are not useful anymore.

Since the proposed antenna touches the head tissues
directly, the specific absorption rate or SAR is a significant
consideration to ensure functioning safety when exposed to
EM power radiation. The 10 g SAR is determined for various

25.0 mm

25
.0

 m
m V.P feed

H.P feed

h1 = 2.0 mm

h2 = 0.5 mm

Ground
plane

Ground
plane

Shorting
Pins

Arm1

Ar
m

 2

Arm3Arm
 4

Shorting
Pins

W1 W2

L2

L 
3

g

Shorting
Pins

Shorting
Pins

L1

(a)

sk
in cfsfa
t

sk
ul

l

Gr
ay

 m
at

te
r

W
hi

te
 m

at
te

r

Coaxial feeds
Ground plane
FR4, h1 = 2.0 mm
Top layer
FR4, h2 = 0.5 mm
Human head layers

(b)

1
–40

–30

–20

–10

0

V.P
H.P

1.5 2 2.5 3
Frequency (GHz)

|S
11

| (
dB

)

3.5 4 4.5 51

V.P
H P

1.5 2 2.5 3
Frequency (GHz)

3.5 4 4.5 5

(c)

Figure 1: (a) Dual-pole antenna structure, (b) side view of the planar model and antenna, and (c) the reflection coefficient of the dual-pole
antenna near the patient’s head model.

Table 1: The dimension of the proposed antenna.

Parameters L1 L2 L3 W1 W2 g

Value (mm) 9.75 11.0 7.0 1.0 8.0 2.5
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Figure 2: Current density distribution of the proposed antenna. (a) Vertical polarization (VP) and (b) horizontal polarization (HP).
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frequencies using CST Microwave Studio and the patient’s
phantom in which the antenna is placed in front of the head.
The maximum SAR levels over the frequency band of 1.0-
4.5GHz with a tissue mass of 10 g and 10 dBm input power
maintain below 0.5W/kg as shown in Figure 4. For a UWB
monostatic head imaging system, this amount of radiation
power can create a safeguard to separate the echo from the
noise received [4].

The site of maximum SAR is located almost on the outer
layers of the phantom and is mostly distributed on the skin.
Even so, the calculated maximum SAR value is well below
1.6W/kg defined as IEEE public exposure limits [21].

3. The Imaging System Arrangement, Elements,
and Algorithms

This section details the arrangement of the UWB imaging
system and the image reconstruction method implementing
synthetic aperture radar techniques in the time domain. In a
later image reconstruction section, the proposed system is
validated in realistic scenarios using full-wave simulations
of human head phantoms.

3.1. Image Processing Algorithm. The image reconstruction
method is based on a global time-domain back projection
that shapes the head to fit the elliptical trajectory of data
acquisition [4]. This procedure divides the area under inves-
tigation into I × J cells as demonstrated in Figure 5(a). For
an elliptical path, the location of the Tx and Rx antennas
at each angle can be written as

XTx/Rx = R θTx/Rxð Þ:cos θTx/Rxð Þ,
YTx/Rx = R θTx/Rxð Þ:sin θTx/Rxð Þ,

R θTx/Rxð Þ = A:B

4 ∗
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A/2ð Þ:sin θTx/Rxð Þð Þ2 + B/2ð Þ:cos θTx/Rxð Þð Þ2
q

,

ð1Þ

with A and B defined as the ellipse dimeters. The reflected
signals of scanning antennas are first delayed to focus on a
specific spatial point in this area according to the calculated
round-trip times, and then, the signals of each antenna
within the array are summed for each focal point. The index
of the matching sample is found by

Index I, Jð Þ = D I, Jð Þ
Vs

, ð2Þ

where DðI, JÞ is written as

D I, Jð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

XTx − X I,Jð Þ
� �2

+ YTx − Y I,Jð Þ
� �2

r

+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

XRx − X I,Jð Þ
� �2

+ YRx − Y I,Jð Þ
� �2

r

:

ð3Þ

And Vs is the average propagation speed of light in the
imaging medium considered for SAR processing. This pro-

cedure is repeated for both polarizations. The sinogram of
the recorded raw data through the elliptical path is shown
in Figure 5(b). The total image, ITotal, is rebuilt through

ITotal = 〠
2π

θ=0
rawdataVertical θ, Index I, Jð Þð Þ

+ 〠
2π

θ=0
rawdataHorizontal θ, Index I, Jð Þð Þ:

ð4Þ

3.2. Imaging System Elements and Biomedical Sensor Array.
Figure 6 depicts the proposed imaging system configuration.
The system consists of five basic components: (1) a UWB
pulse generator which produces a series of picosecond rising
time-step pulses. It contains an impulse-forming network
(IFN) excited by a periodic square pulse generator that
shapes the output to the first derivative of a Gaussian pulse
[22]. The IFN is essential to preserve the deformation of
the Gaussian pulse since the antenna cannot radiate its DC
component. (2) A sampling oscilloscope that collects the
reflected pulses, (3) an RF matrix switch that connects the
desired Tx antenna port to the intended receiver antenna
port to collect the backscattered pulses, (4) an array of 16
dual-pole biomedical sensors mounted in an elliptical shape
trajectory attached directly to the patient’s head, and (5) the
host computer that controls the matrix switch and stores the
raw data to perform the postprocessing algorithms for the
image reconstruction.

The transmitted pulse half width is 120 ps corre-
sponding to a center frequency of 2.9GHz and a -10 dB
bandwidth of 4.0GHz which provides an acceptable per-
formance concerning the range resolution and the pene-
tration depth of microwave pulses within the head
medium [4]. To collect the specified polarimetric data,
the switch network connects to the relevant TX antenna
port and adjacent RX pairs to transmit pulses and collect
scattered echoes. This process is repeated with desired
specific combinations of TRX to capture raw data from
the patient’s head. These signals are stored on the host
laptop for postprocessing algorithms and image display.
To create a 2D image, the raw polarimetric data and
the position of the antenna are the inputs of the imaging
algorithm. This process must be repeated for another
slice of the head for 3D images.

4. Image Reconstruction of the 3D Phantom
including Anomalies

4.1. Simulation Scenario Setup. To show the imaging perfor-
mance of the system and to estimate the merits of such a sys-
tem in complex scenarios, a full-wave numerical experiment
is performed. In this experiment, the bleeding sites inside the
patient’s head are formed as two nonuniform geometries, an
elliptical cylinder, and a torus, with dielectric properties of
blood and specific dimensions as shown in Figure 7 [18].
These areas are within the range of minimum dimensions
that can be revealed by a radar-based imaging system. A
full-wave simulation of this scenario is performed using
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time-domain analysis tools in the CST Microwave Studio
environment. To establish simulation accuracy, every voxel
of the phantom is meshed with at least 20 cells for minimum
operating wavelength in each direction in the model which
adds up to about 38 million mesh cells.

4.2. Postprocessing and Image Reconstruction. To form the
image, two sets of reflected echoes are calculated for each polar-
ization. First, the reflected echoes with the presence of bleeding
regions are calculated. Then, the same echoes are calculated by
removing the clots from the phantom. These sets of data are
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subtracted to calibrate and eliminate spurious effects, such as
the mutual coupling with adjacent antennas [1, 4, 6, 23].

Postprocessing the received pulse can improve the range
resolution in synthetic aperture radars. In his work, the
received Gaussian pulse is postprocessed by applying a Hil-
bert transform. Particularly, this transformer would detect
the envelope of the received Gaussian pulse [24]. The enve-
lope of the received pulse can be defined as

Senv tð Þ = Abs Sr tð Þ + j:H Sr tð Þf gð Þ: ð5Þ

A sample of the received Gaussian echo reflected by tar-
gets and its envelope is shown in Figures 8(a) and 8(b). The
stronger reflection from target 2 in the HP compared to VP
is observable in the reflected envelope. The processed data
and antenna positions are the required input data for the
image processing algorithm.

To examine the proposedmethod and to make a fair judg-
ment about its performance, three images of the simulation
scenario are reconstructed and shown in Figures 9(a)–9(c).

In all images, the dashed lines show the position of real
abnormalities. Images obtained from the VP data show that
target 1 was detected and positioned relative to the rear side
of the phantom, as shown in Figure 9(a). Unlike target 1, tar-
get 2 is not easily observable in the VP image due to the tar-
get’s small radar cross-section or RCS in vertical polarization
which has caused the image to fail to detect the presence of
target 2.

The reconstructed image based on HP (Figure 9(b)) has
detected the location of target 2 since its shape shows a
greater RCS in HP. However, there seems to be a spread in
the location of target 1. This phenomenon is due to the fact
that the monostatic RCS of target 1 varies for different posi-
tions of the radar transceiver which leads to receiving weak
echoes in some angles. Consequently, the radar cannot col-
lect enough samples from target 1 in HP.

The reconstructed image based on using the polarimet-
ric information is shown in Figure 9(c). As one can see,
this image has a powerful performance in revealing both
targets compared to previous images. It also has higher
quality and brings much more information about both
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abnormality’s locations and boundaries while VP and HP
images could not show these details individually.

5. Conclusion

This article has proposed a transportable EM head imag-
ing system based on polarimetric synthetic aperture radar
to improve the probability of stroke detection for more
sophisticated scenarios inside the human head. A compact,
dual-polarized wideband, unidirectional, low-profile, body-
matched antenna for the proposed imaging system is
designed that covers the 1.2-4.5GHz frequency band as
the required EM sensor. The resulting system is a wearable
biomedical sensor array with 16 antennas, whose perfor-
mances and merits have been validated numerically in
terms of imaging capabilities, by employing full-wave
numerical simulations, 3D phantoms of the patient’s head,
two complex bleeding areas, and accurate modeling of the
dual-pole antennas employed in the imaging system. The
numerical simulation scenario demonstrates clearly that
the introduced method can significantly increase the prob-
ability of revealing the region of the clot inside the head
and the assumed reconstruction algorithm is robust
against complex geometric bleeding shapes. This outcome
is essential to developing future portable treatment systems
to detect abnormalities inside the patient’s head.
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