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Early Brain Stroke Detection Using Flexible Monopole Antenna
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Abstract—In this paper, an inkjet printed slotted disc monopole antenna is designed, printed, and
analyzed at 2.45 GHz ISM band on a polyethylene terephthalate (PET) substrate for early detection
of brain stroke. PET is used as a substrate due to its low loss tangent, flexible, and moisture-
resistant properties. By the implementation of slotting method, the size of this antenna is reduced
to 40 × 38 mm2. The printed antenna exhibits 480 MHz (19.55%) bandwidth ranging from 2.25 GHz to
2.73 GHz frequency. It shows a radiation efficiency of 99% with a realized gain of 2.78 dB at 2.45 GHz
frequency. The Monostatic Radar (MR) approach is considered to detect brain stroke by analyzing the
variations in received signals from the head model with and without stroke. The maximum specific
absorption rate (SAR) distribution at 2.45 GHz frequency is calculated. The compact size and flexible
properties make this monopole antenna suitable for early detection of brain stroke.

1. INTRODUCTION

Statistics categorizes stroke as the second most common reason for death [1] and the third most reason
for disability [2]. If the treatment is ensured faster for stroke patients, the possibilities of recovery are
higher. The traditional brain stroke detection techniques are Computed Tomography (CT), Positron
Emission Tomography (PET), Magnetic Resonance Imaging (MRI), Electroencephalography (EEG),
Magneto-encephalography (MEG), Magnetic Induction Tomography (MIT), and Electrical Impedance
Tomography (EIT) [3]. An alternative screening technique which can be administered bedside or in
an ambulance is necessary for point of care detection and early screening [4]. Paramedics can provide
crucial information about the patient’s symptoms and the test results to the hospital on the route.
Brain stroke detection using Electromagnetic Impedance Tomography (EMIT, a non-invasive medical
imaging technique using microwave devices) is gaining significant momentum as a surrogate technique
to the state-of the art screening techniques.

In EMIT based brain stroke detection scheme, antenna plays a crucial role. In literature, different
EMIT based stroke detection techniques can be found which use rigid and flexible antennas [3–10]. The
free space performance of these antennas is presented in Table 1. Munawar et al. utilized EMIT technique
using microwave signals to detect stroke [3]. Mobashsher et al. [5] used a 3D wideband unidirectional
antenna with an overall dimension of 70 × 60 × 15 mm3 designed on 1.52-mm-thick GIL GML 1032
substrates to detect the stroke. They presented a technique based on the contrast of reflection phases
for stroke detection collecting scattered signals from the antennas and investigating them to reduce the
strain of the system. Mohammed et al. used variations in the reflection coefficients to detect stroke
using an array of eight tapered slot antennas (TSA), each with dimensions of 24 × 24 × 0.62 mm3 on
a Rogers RT6010 substrate [6]. Wu and Pan used directional folded antennas with a dimension of
81.2× 80× 1.6 mm3, each on an FR-4 substrate to detect stroke [7]. They classified the results from the
human brain model simulation by algorithms, such as PCA and LDA classification algorithms to verify
the efficacy of the antenna and found accurate classification.
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Table 1. Literature summary of the performance of antennas used for brain stroke detection.

References
Size

(mm2)
Substrate

Thickness
(mm)

Bandwidth
Peak
Gain

Mobashsher et al. [5] 70 × 60 GIL GML 1032 1.52 1.52 GHz (77%) 5 dBi
Wu et al. [7] 81 × 80 FR-4 1.6 1.36 GHz (76%) 4.5 dBi

Jamlos et al. [8] 80 × 45 Taconic (TLY-5) 1.57 10.6 GHz (133.76%) 12.12 dB
Bashri et al. [9] 70 × 30 PET 0.075 2.2 GHz (91.67%) *

Alqadami et al. [10] 85 × 60 PDMS Polymer 2.5 0.78 GHz (50.32%) 3.5 dBi

* Not Available

Jamlos et al. detected stroke with an ultra-wideband antenna with a dimension of 80×45×1.57 mm3

designed on a Taconic (TLY-5) substrate [8]. The authors used the Inverse Fast Fourier Transform
(IFFT) for easier analysis of S-parameters and smoothing ‘mslowess’ procedure to filter out the noise
for accurate results. Using an array of 8 antennae with a dimension of 70 × 30 mm2, each printed on a
75-µm-thick PET substrate, Bashri et al. investigated a wearable head imaging system [9]. Alqadami et
al. used a flexible and wideband 8-element array antenna with a dimension of 85× 60× 4 mm3 based on
a multilayer PDMS polymer substrate to detect brain stroke with a head imaging system [10]. Above
discussed investigations take time for effective image reconstruction [11] and have strong multipath
reflections due to array configuration [12, 13]. All these techniques used rigid substrates except Bashri et
al. [9] and Alqadami et al. [10]. Though Bashri et al. and Alqadami et al. used flexible substrates, these
antennas have comparatively larger dimensions due to the array configuration. Current research on
EMIT based stroke detection is focusing on antennas that are compact and conformal to improve the
resolution and accuracy of the results.

In this paper, a compact slotted disc monopole antenna is designed and printed on a PET substrate
for early detection of brain stroke. The size of this antenna is reduced to 40 × 38 mm2 as compared to
earlier reported antennas for stroke detection [5, 7–10]. Silver nanoparticles (AgNPs) ink is used due
to its high conductivity (6.3 × 107 S/m) [14] and anti-oxidation properties unlike copper nanoparticles
(CuNPs) ink which is extremely vulnerable to oxidation in the air [15]. PET substrate is preferred to
other flexible substrates such as photo paper due to its low loss tangent and moisture resistant properties.
The Monostatic Radar (MR) approach is considered to detect brain stroke due to its simplicity. Also,
the SAR distributions of this antenna are calculated at 2.45 GHz frequency for a maximum power level
of 20 dBm in CST Microwave Studio.

2. ANTENNA AND HUMAN HEAD PHANTOM MODEL DESIGN

2.1. Antenna Geometry

The overall dimension of the antenna is 40 × 38 × 0.135 mm3 printed on a PET substrate with
commercially available silver nanoparticles ink provided by NovaCentrix. This PET substrate possesses
a relative permittivity, εr = 3.2, with loss tangent, tan δ = 0.022. A coplanar waveguide (CPW) feed
technique is used. A SMA (Sub-miniature version A) connector is connected with the CPW feeding
line using conducting paste. The optimized values of geometric variables simulated in CST Microwave
Studio are listed in Table 2. The evolution of the structure of the proposed antenna is shown in Figure 1.
Design I is shown in Figure 1(a). A pentagonal slot with a radius, RP (mm), is added inside a circular
disc in Design II shown in Figure 1(b) which is crucial for the expected resonant frequency. Design II
is the proposed antenna with a circular disc having a radius of 16.75 mm with a pentagonal slot. The
return loss graphs of Design I and Design II (proposed) are shown in Figure 2. In Design I, (for a
circular disc of radius R mm) the −10 dB return loss level starts at around 2.6 GHz and resonates at
around 3.5 GHz with a minimum return loss around −22 dB. A pentagonal slot is added to Design I to
optimize the resonant frequency at 2.45 GHz, resulting in a −29 dB return loss and a bandwidth around
550 MHz (2.22–2.77 GHz).
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Table 2. Optimized variables of the proposed antenna.

Variable Name Symbol Unit (mm)
Width of substrate W 38
Length of substrate L 40

Width of the feeding line W F 2.32
Gap between feeding line and ground GF 0.3

Thickness of PET substrate H 0.135
Length of feeding line LF 5.5
Radius of circular disc R 16.75

Length of one side ground plane LG 4.50
Width of one side ground plane W G 17.54

Radius of pentagonal slot RP 16.5

(a) (b)

Figure 1. Evolution of the proposed antenna (a) Design I; (b) Design II (Proposed).

Figure 2. S-parameter plot of the antenna Design I and Design II (proposed).

2.2. Human Head Phantom Model and Stroke Model

The wearable antennas require a detailed analysis of the interaction of the antenna with the human
body. A 7-layer human head model and single layer stroke model are designed and analyzed for 2.45 GHz
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(a) (b)

Figure 3. (a) 7-layer human head model with the proposed antenna; (b) single-layer spherical stroke
model.

frequency in this section. The head model including layers of skin (dry), fat, muscle, skull, dura, cerebro-
spinal fluid, and brain is shown in Figure 3(a). The proposed antenna is placed at a distance of D (mm)
that denotes the separation distance of the proposed antenna with the human head model. The electrical
properties such as permittivity (εr) and conductivity (σ) of the 7-layer model along with the thickness
of skin (dry), fat, muscle, skull, dura, cerebro-spinal fluid, and brain respectively are listed in Table 3.
The single-layer stroke model is considered to be a spherical blood clot with a 15 mm radius shown
in Figure 3(b). The values of the body tissue dielectric parameters are computed using a 4-Cole-Cole
Model [16].

Table 3. Dielectric parameters of the 7-layer human head phantom model and stroke model at 2.45 GHz.

Frequency
(MHz)

Head
Layers

Thickness
(mm)

Permittivity,
ε

Conductivity,
σ (S/m2)

2450

Skin (Dry) 2 38.006660 1.464073
Fat 2 5.280096 0.104517

Muscle 4 53.573540 1.810395
Skull 10 14.965101 0.599694
Dura 1 42.035004 1.668706

Cerebro Spinal Fluid 2 66.243279 3.457850
Brain 10 42.538925 1.511336

Stroke Model — blood Radius, RS = 15 58.263756 2.544997

2.3. Antenna Fabrication

The designed monopole antenna is fabricated on a PET substrate in a Fujifilm Dimatix 2831 Inkjet
Printer (DMP) in which 10 pL and 1pL volume cartridges are available for precise printing. In this
experiment, 10 pL cartridge is used having 16 nozzles of 21 µm. Silver nanoparticles ink is used with
specifications Ag content 40 wt%, viscosity 8 to 12 cp, and surface tension of 19–30 dyne/cm in order to
optimize the properties of inkjet printing. PET substrate-based printed patterns with high conductivity
are reported in an earlier study [17] by the authors, and the optimized inkjet printing parameters are
used in this study. Using an Agilent PNA-LN5230C vector network analyzer (VNA), the simulated
results are verified. Figure 4(a) shows the fabricated antenna with SMA connector, while Figure 4(b)
shows the bending structure of the printed antenna. The antenna is then attached to an SMA connector
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(a)

(c)

(b)

(d)

Figure 4. Fabrication of the antenna: (a) photograph of the printed antenna; (b) bending structure
of printed antenna; (c) cross-section SEM image of the printed antenna; (d) SEM image of the printed
antenna indicating sharp edges.

using a conductive paste. The cross-section Scanning Electron Microscope (SEM) images of the printed
antenna are shown in Figure 4(c). The good contact between the ink and the substrate can be observed.
The thickness of the silver nanoparticles ink (AgNPs) ink layer found in the SEM is about 3.7µm which is
sufficient to sustain during bending of the antenna. Figure 4(d) shows the uniform silver ink distribution
on the PET substrate along with sharp edges.

3. RESULTS AND DISCUSSION

The measured return loss (dB) of the printed antenna is about −20 dB at 2.45 GHz. It exhibits a
−10 dB return loss bandwidth of around 480 MHz (2.24–2.72 GHz). Figure 5(a) shows the simulated
and measured s-parameter graph. It can be inferred from the graph that the measured result shows
good agreement with the simulation one. Figure 5(b) shows the printed antenna measurement setup
with an Agilent PNA-LN5230C vector network analyzer (VNA). In the literature, experimental results
of CPW-fed monopole antennas on a PET substrate are presented and analyzed. Table 4 shows the
comparison among the proposed antenna and other CPW-fed monopole antennas on the PET substrate
presented in the literature.

Antenna radiation patterns simulated for flat and bent conditions in co-polarization and cross-
polarization for ϕ = 0◦ and ϕ = 90◦ respectively are shown in Figure 6. Radiation patterns of flat and
bent antennas show omnidirectional radiation pattern in both co-polarization and cross-polarization
directions. The proposed antenna shows an efficiency of 99% in a flat position when being simulated
in free space. Figure 7(a) shows the efficiency graph for flat and bent positions. The proposed antenna
has a peak gain of 2.78 dB at 2.45 GHz in free space at the flat position. The gain plot of the antenna
in the flat and bent positions is shown in Figure 7(b).
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(a)

(b)

Figure 5. S-parameter plot of the antenna: (a) simulated and measured; (b) measurement with an
Agilent PNA-LN5230C vector network analyzer (VNA).

In flexible and wearable antennas, it is essential to consider bending for in-vitro applications.
Resonant frequency and return loss are prone to be shifting or deteriorating as a result of variation in
the effective length of the designed antenna elements and due to mismatch of the impedance. Figure 8
shows the variation of return loss graph for flat and bent antennas. It can be realized from the graph
that the antenna still operates in the ISM band after bending.

In this section, a portable Monostatic Radar (MR) based system is described for the early detection
of brain stroke. Figure 9 shows a portable mono-static radar system for scanning the human head. In
this system, the compact antenna plays a significant role as it acts as a transceiver antenna to transmit
a signal and receive the scattered signal from an abnormal human head. To acquire the data quickly, a
microwave transceiver is used, which is compact. Later, the signal processing algorithms are used, which
can visualize the received signal variation due to the brain stroke inside the human head analyzing the
received signals to form a digital image using digital image processing algorithms.

Two antenna arrangement scenarios, with stroke and without stroke, are set up for simulation in
CST Microwave Studio, as shown in Figure 10. Figure 11 shows the variation in reflected time signals
obtained from the simulation of the two antenna arrangements for without stroke and with stroke. It is
seen from this graph that the reflected signal of the antenna arrangement with stroke shows a slightly
higher magnitude than that of the antenna arrangement without stroke. The measure of the difference
in reflected signals can be significantly improved by the utilization of an antenna array. In real time
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Figure 6. Simulated radiation patterns of the PET-based monopole antenna at 2.45 GHz. The red-
colored dotted graphs are for co-polarization (CP), and blue-colored graphs are cross-polarization (XP).

field conditions, an antenna array will be set around the head, and reflected signals will be collated and
processed by digital signal processing algorithms. The collated signals can then be visualized as a 2D
image using digital image processing algorithms [23, 24]. This antenna might be a basis for a futuristic
diagnostic tool for point-of-care stroke detection by the first responders.

Specific Absorption Rate (SAR) is the calculation of power take-up by the body tissues when being
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Table 4. Comparison with other CPW-fed monopole antennas on PET substrate presented in the
literature.

References
Antenna

Size (mm2)
Substrate

Thickness (µm)
Bandwidth

Peak Directive
Gain

Guo et al. [18] 40 × 35 300 530 MHz (20.87%)* **
Hasan et al. [19] 86.9 × 54.7 50 280 MHz (11.66%) 16.24 dBi

Paracha et al. [20] 71 × 49 125 300 MHz (12.24%) 1.44 dBi
Saeed et al. [21] 59 × 31 100 160 MHz (6.6%) 1 dBi
Bait-Suwailam

& Alomainy [22]
45 × 40 135 770 MHz (34%) 1.81 dBi

Bashri et al. [9] 70 × 30 75 2.2 GHz (91.67%) **
This work 40 × 38 135 480 MHz (19.55%) 2.8 dBi

* Approximated
** Not Available

(a)

(b)

Figure 7. Antenna efficiency and gain graph: (a) efficiency graph (at flat and bend condition); (b)
gain graph (at flat and bend condition).
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Figure 8. Variation in return loss graph due to bending.

Figure 9. A portable monostatic radar system.

(a) (b)

Figure 10. Antenna arrangement with the 7-layer human head model: (a) without stroke; (b) with
stroke.

open to radio frequency (RF) electromagnetic waves. The effects of antenna radiation on the human
body must be quantified for wearable applications due to ensuring the safety of the human body open
to the electromagnetic radiation. Excessive exposure beyond safety limits can be injurious to human
health. The following equation is used for calculating SAR:

SAR =
σ ∗ |E|2

ρ
(1)

where σ denotes the conductivity of the tissue, E the electric field, and ρ the mass density of the tissue.
In vitro SAR calculation is carried out in this section with a 7-layer cylindrical human head model of
a 90 mm cylindrical radius and the antenna. A separation distance of 1 cm between the human head
model and the proposed antenna is considered for the measurement of the SAR. Figure 12 shows the
SAR distribution patterns of the antenna at 2.45 GHz frequency. The simulated results show that the
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(a) (b)

Figure 11. Variation in reflected time signals: (a) without stroke and with stroke; (b) difference in
reflected time signals (zoomed).

(a) (b)

Figure 12. Distribution of SAR averaged over; (a) 1 g of tissue; (b) 10 g of tissues.

Figure 13. Variation in SAR (W/kg) due to the separation distance between the head model and
antenna.
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calculated values for 1 g and 10 g of tissues are 1.61 W/kg and 0.8 W/kg respectively which follow the
standard limits defined by ICNIRP [25] and IEEE [26] for a maximum input power of 100 mW. Variation
in the graph of SAR values due to the variation in distance of the antenna with the human head is
shown in Figure 13. It is evident from the graph that with an increase in distance of the placement
of the antenna, the SAR values decrease and vice versa. It is recommended to use this antenna at
a minimum distance of 1 cm from the head to maintain safety limits and also to maintain acceptable
antenna performance for a maximum input power of 20 dBm at 2.45 GHz frequency.

4. CONCLUSIONS

In this paper, an inkjet-printed slotted disc monopole antenna on a PET substrate is presented for early
brain stroke detection application. This printed antenna exhibits a bandwidth of 480 MHz (19.55%),
along with a realized gain of 2.78 dB. The performance of this antenna is adequate in bent and cylindrical
head proximity conditions for ISM band applications. Also, the SAR distribution shows that the values
are well within the safety limits. This study serves as a proof of concept validation of stroke detection
by EMIT technique. With sufficient controls in place and in-depth study of various critical factors such
as temperature and pulse of the patient, a point of care device could come into fruition. The magnitude
of the variation in reflected signals can be significantly enhanced by using the antenna array. In the
future, an antenna array will be placed on the head, and reflected signals will be collated and processed
by digital signal processing algorithms. The signature can then be visualized as a 2D image using
digital image processing algorithms. This antenna might be a basis for a futuristic diagnostic tool for
point-of-care stroke detection by the first responders. The flexible and compact nature of this printed
monopole antenna enables the feasibility of a future surrogate device for early brain stroke detection.
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