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ABSTRACT: The paper presents a microwave system operating at 4–5GHz for brain tumor diagnosis. The proposed work presents a
novel method to detect the presence of tumors by capitalizing on the variations in antenna response. To achieve highly precise and
fast diagnosis, a high-gain antenna is placed on the surface of the skull. The gain and directivity of the antenna are enhanced by using a
Frequency selective surface (FSS) array structure placed behind the antenna which directs the energy towards the human tissues for tumor
detection purposes. By using the FSS array surface, there is a 4.3 dB increase in gain and a 4.2 dB increase in directivity. Simulations are
carried out using a multi-layer skull model comprising Skin, Skull, and Brain. Our proposed work demonstrates that there is a variation of
about 8 dB in S-parameters when a tumor of size 6mm× 6mm is placed in the brain area. Further, we have investigated the S-parameter
characteristics using different shapes and sizes of tumors in the brain. The results show that variation in S-parameter characteristics can
be potentially used to detect the presence of tumors in the human brain.

1. INTRODUCTION

In recent years, brain tumors and other brain-related diseaseshave become a colossal burden on healthcare and are one of
the leading causes of disability and death. A brain tumor is a
very serious condition wherein the key tissues of the brain are
affected, often causing irreversible damage to the overall cog-
nition and health of the brain. If not diagnosed and treated in
time, brain tumors can transform into brain cancer as a result of
abnormal cell development inside the brain. Shockingly, brain
tumors are the 9th main cause of death among humans [1]. The
benign tumor is non-cancerous and does not harm other parts
of the body; however, once transformed into a malignant tu-
mor, it rapidly spreads across the body affecting its vital func-
tionality. Luckily, if diagnosed timely, brain tumors can be
treated like other tumors, thereby improving the chances of pa-
tient survival. Medical research has evolvedwith time, and a lot
of modalities are proposed for brain tumor diagnosis including
ultrasound, computed tomography (CT), X-ray imaging, mag-
netic resonance imaging (MRI), biopsy, positron emission to-
mography (PET) scans, etc. However, all of these techniques
are expensive, labor intensive, and often involve gigantic hard-
ware limiting its use to only specialized hospitals. On the other
hand, Microwave techniques are proven to be more useful for
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time-critical situations at remote locationswhere access to these
traditional modalities is not available [2]. Microwave systems
are low power consuming, have planar low-profile structures,
are cost-effective, can penetrate deeper into the body, and are
non-ionizing in nature, therefore making them a very suitable
candidate for brain tumor diagnosis [3, 4]. Microwaves are also
utilized extensively for brain tumor treatment (Microwave Hy-
perthermia) [5–8] and for tumor diagnosis in other areas of the
body such as breast [9, 10], lungs [11], and other areas [12, 13].
Rodriguez et al. [14] presented a brick-shaped antenna for

brain imaging applications. The antenna operated at 800MHz–
1.2GHz and was tested on head phantom models. Further, au-
thors in [15] developed a metamaterial-based antenna array for
brain imaging applications. The multilayer antenna array was
fabricated using Rogers RT5880 and RO4350B substrates with
nine elements in an array. In a similar work, Hamza et al. [16]
proposed amicrowave system embeddedwith an artificial mag-
netic conductor for brain tumor diagnosis with a resonant fre-
quency of 2.276GHz. Apart from these metamaterials-based
solutions, a deep transfer learning model is presented in [17]
for brain tumor classification which achieves an accuracy of
99.65% and f score of 99.23%. The model consists of five lay-
ers and is tested on a dataset with 4200 images.
Authors in [18] presented a slotted microstrip patch antenna

for brain tumor diagnosis using S parameter analysis. The pro-
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posed antenna in [18] operated at 6–10GHz. The system was
also tested for its specific absorption rate (SAR) which was
found to be 2.53 × 106 w/m3. Chandra and Balasingham [19]
devised a finite-difference-time-domain (FDTD) simulation-
based microwave system for brain tumor detection operating
at 403.5MHz band. The authors show that a threshold of
45 dB signal-to-noise ratio (SNR) is essential for the diagno-
sis of small-size tumors. A microwave system with a band-
width of 1.59 to 5.2GHz is presented in [20] which is tested
on a seven-layer model using simulations in CST microwave
studio. Särestöniemi et al. [4] proposed digital twins (DTs)
for brain tumor detection using microwave systems. Anatom-
ically accurate models based on MRI scans are developed and
tested in this study for their efficiency in brain tumor diagnosis.
The system was tested using flexible ultra-wideband (UWB)
antennas of size 40 × 40mm operating at 2–10GHz. These
DTs can be optimized as per user specifications to suit specific
cases of brain tumor size, location, and severity. A metama-
terial (MTM) loaded 3D stacked antenna array is proposed by
Hossain et al. [15]. The design consists of a 1 × 4 MTM ar-
ray element on top and a 3× 2MTM array element in the bot-
tom layer which is fabricated by Rogers RT5880 and RO4350B
substrates. The operational bandwidth of this system is 1.37–
3.16GHz.
Several emulation models for microwave system evaluation

are presented in [21]. These 3D emulation models are proposed
for different conditions such as tumors, strokes, and cancers. A
near-field microwave radiometry system for passive brain tu-
mor detection is proposed by Groumpas et al. in [22]. The pas-
sive system of [22] operated at 1.5GHz with a four-port total
power Dicke-switch at its heart. Authors in [23] presented a
method for brain tumor classification using reconstructed mi-
crowave brain (RMB) images. Six different classes of tumors
were used as reference cases in this study. In [20], a star-shaped
patch antenna is designed for brain tumor diagnosis. The op-
erational bandwidth of the system is 1.47–4.7GHz with a peak
gain of 3.8 dBi. Delay and Sum algorithm is utilized in this
work for tumor localization. Inum et al. [24] proposed an elec-
tromagnetic band gap (EBG) structure for detecting brain tu-
mors. The proposed design is 22.77% more efficient in terms
of return loss and 5.84% more in impedance bandwidth with
respect to its non-EBG counterpart.
The present study presents a noninvasive microwave system

for brain tumor diagnosis from the skin of the subject. The pro-
posed system operates at a frequency band of 4–5GHz. A novel
method is utilized to detect the presence of tumors by capital-
izing on the variations in antenna response. A high-gain an-
tenna is placed on the surface of the skull for tumor diagnosis,
and a very precise as well as real-time diagnosis is achieved.
The gain and directivity of the antenna are enhanced by using a
unique frequency selective surface (FSS) array structure placed
behind the antenna which directs the energy towards the human
tissues to improve the antenna gain by 4.31 dB and directiv-
ity by 4.2 dB. Simulations are carried out using a multi-layer
skull model comprising Skin, Skull, and Brain. The results
obtained by simulations and measurements on realistic human
head phantoms demonstrate that even a very small tumor of any
shape can be diagnosed with high accuracy using the proposed

system. The rest of the paper is organized as follows. Sec-
tion 2 presents the material and methods utilized in this work
including themicrowave system design, parametric analysis for
optimization, and on-body trials. Section 3 presents the re-
sults and discussion of both simulation and measurement tri-
als. The characteristics of the proposed antenna with different
tumor shapes and sizes are analyzed in this section. Section 5
holds the concluding remarks of the paper.

2. MATERIAL AND METHODS
This section presents the materials and methods utilized in this
work. The antenna is designed using a Roger RT/Duroid 5880
substrate, and FSS is fabricated on an FR4 substrate. The para-
metric analysis to evaluate antenna placement over FSS is also
presented in this section along with the combined FSS array-
antenna setup and fabrication process. The designed antenna is
tested on realistic human-head phantoms. The process of phan-
tom preparation and testing is described in the following sub-
sections with details of on-body trials and simulation setup.

2.1. Microwave Antenna Design
The proposed microwave system consists of a planar mi-
crowave antenna of overall dimensions 36mm × 35mm.
The width of the planar microwave antenna is extended to
56mm to support the FSS structure. The antenna uses a Roger
RT/Duroid 5880 substrate with 0.51mm thickness and dimen-
sions of 56mm × 35mm. The feedline has a semi-circle of
8.5mm radius placed on top of a feedline of dimensions 11mm
× 2mm. There are two rectangular structures of 6.75mm ×
13mm and 4mm × 7mm on top of the semi-circle, as shown
in Fig. 1. The antenna has been extended by 10mm on either
side to accommodate four screws for holding the support rods
between the FSS array and antenna. The ground plane has an
elliptical cut on its upper part and a thin strip surrounding the
antenna in dark blue color as shown in Fig. 1.

2.2. FSS Unit Cell Design
The second main component of the microwave system is a Fre-
quency Selective Surface which further optimizes the proposed
system. The FSS unit cell is designed on an FR4 substrate with
dimensions of 15mm × 15mm × 1.6mm. The unit cell con-
sists of an outer square of 14.6mm× 14.6mm. An inner circle
of radius 4.75mm is etched out from the outer square as shown
in Fig. 2(a). The simulation is done by creating a two-port Flo-
quet setup in HFSS software which is depicted in Fig. 2(b). To
meet the specific requirements of the application, the design of
the FSS array should cover the frequency bandwidth of interest,
and the return loss should be adequate in this range. The opti-
mum frequency band of operation for detecting tumors is se-
lected as 4–5GHz. So, both the antenna and FSS array should
operate in this frequency range. The unit cell optimization is
carried out through an iterative process, systematically vary-
ing the circle’s radius (R) as well as the length and breadth of
the unit cell. After multiple iterations, the optimal design is
achieved with a circle radius of R = 4.75mm and a square
unit cell measuring 11mm × 11mm. It can be visualized from
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FIGURE 1. Schematic diagram of proposed antenna design showcasing feedline and ground plane.
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FIGURE 2. FSS design. (a) Unit cell. (b) Port configuration. (c) S parameter analysis of unit cell, and (d) FSS array.

Fig. 2(c) that the S21 characteristics of the unit cell are designed
to cover a wide frequency band from 3.1GHz to 6.7GHz with
a center frequency of 4.9GHz. It means that the incident elec-
tromagnetic waves on the FSS surface will be reflected in this
frequency range and will overlap and combine with the inci-
dent wave to create a stronger signal. Consequently, the use of
FSS helps in focusing the electromagnetic energy of the antenna
in the desired direction which results in improving several an-
tenna parameters, such as gain, directivity, and front-to-back-
ratio (FTBR).
The designed FSS unit cells are repeated to form an FSS ar-

ray. An array of 5 × 6 unit cells is formed with an overall

dimension of 66mm× 55mm as shown in Fig. 2(d). Each unit
cell is separated from the adjacent unit cell by a 0.5mm dis-
tance. Additionally, four holes are drilled for holding support
rods between the FSS plate and antenna. These holes are pre-
cisely aligned with the corresponding holes in the antenna so
that the exact positioning of FSS and antenna is ensured.
The overall FSS structure with holes marked in grey is shown

in Fig. 2(d).

2.3. Parametric Analysis of Antenna Placement over FSS
The separation between the antenna and FSS structure is a crit-
ical design parameter that significantly influences key antenna
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FIGURE 4. Combined structure. (a) Top view. (b) Side view. (c) 3-D view.

performance metrics, such as matching characteristics, radia-
tion pattern, and gain. To ensure optimal system performance,
a thorough parametric analysis is conducted in this section to
study the impact of varying the height between the antenna
and FSS structure. This analysis reveals the specific trends and
trade-offs associated with the antenna’s performance as a func-
tion of the separation distance. An iterative optimization pro-
cess determines the distance of separation (Sep) between the
antenna and FSS plate. The distance “Sep” has been varied
from 8mm to 15mm to get an optimal value for gain and S-
parameters. The variation analysis is shown in Fig. 3. It can
be observed from Fig. 3(a) that in the frequency band of inter-

est, by changing the distance of separation (Sep) there is not
much variation in the gain. However, it has a strong impact on
the S-parameters as shown in Fig. 3(b). Therefore, a value of
Sep = 10mm is chosen as it provides optimal return loss and
gain.

2.4. Combined FSS Array and Antenna Setup

The top view of the alignment of FSS plate and antenna is
shown in Fig. 4(a). The FSS array surface is placed 10mm
above the antenna ground plane surface as shown in Fig. 4(b).
The combined FSS and antenna structure is placed at a dis-
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FIGURE 5. Fabricated prototype: (a) Antenna feed plane. (b) Antenna ground plane. (c) FSS array. (d) Combined FSS-antenna.
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FIGURE 6. Combined antenna and FSS characteristics. (a) Gain. (b) Directivity.

tance of 1mm from the layered phantom model comprising
three layers: skin, skull, and brain. The placement of the an-
tenna and FSS with respect to layered phantom model is shown
in Fig. 4(b) along with their thickness and corresponding di-
electric properties. The thickness of the skin, skull, and brain
is taken as 1.4mm, 5mm, and 7.5mm respectively. The posi-
tion of the tumor marked in red color is also shown in Fig. 4(b).
The three-dimensional arrangement of the antenna and FSS ar-
ray is visualized in Fig. 4(c). The combination of the proposed
antenna and FSS results in enhanced system performance.
The fabricated prototype of the FSS-antenna combination

is shown in Fig. 5. The antenna feed plane is visualized in
Fig. 5(a) whereas the ground plane is shown in Fig. 5(b). The
FSS array fabricated for the designed antenna is shown in
Fig. 5(c). The antenna and FSS array plate are firmly supported
by Teflon support rods and fixedwith Teflon screws as shown in
Fig. 5(d) which shows the combined arrangement of the FSS-

Antenna. This arrangement not only provides rigidity to the
overall structure but also helps to precisely align the antenna
and FSS array plate to get the desired results.
The gain of the combined structure increases by 4.3 dB com-

pared with only the antenna structure as shown in Fig. 6(a).
Further, the directivity of the combined structure is also en-
hanced by 4.2 dB which is shown in Fig. 6(b). The increase
in gain and directivity helps to direct the electromagnetic en-
ergy of microwave structure in the desired direction. A com-
parative far-field radiation pattern with only the antenna and a
combined Antenna-FSS structure is shown in Fig. 7. The com-
parative results with and without FSS depict the influence of
deploying the FSS array behind the antenna. The radiation pat-
tern shows the narrower and directional nature of the main lobe
and scaling down of the back lobe. The reshaping of radiation
pattern due to the deployment of FSS behind antenna leads to
the enhancement of gain and directivity. The directional and
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FIGURE 7. Radiation pattern of only antenna and antenna + FSS structure at 3.9GHz.

narrower main lobe supports deeper penetration into the brain
for tumor detection.

2.5. On-Body Trials
This subsection presents a detailed description of the simula-
tion and measurement setup undertaken in this work for testing
the proposed antenna for brain tumor monitoring. The gain and
directivity of the designed antenna are enhanced by using an
FSS array. A setup consisting of an antenna and FSS array is
utilized to measure the S-parameters on the human head phan-
tom model comprising skin, skull, and brain layers. A detailed
description of the phantom preparation process is available in
[4]. Although the detailed procedure is mentioned in [4], the
broad outline of the steps involved in phantom preparation is as
mentioned below:

1. Step-1: For brain phantom preparation, water is initially
heated up to 65◦C. Geltin is added to the water when
65◦C temperature is reached to make water+gelatin solu-
tion. Oil which is separately preheated to 50◦C is added to
the water+gelatin solution along with dishwashing liquid.
The solution is slowly stirred and heated again to 65◦C.

2. Step-2: The mixture created in step-1 is poured in two
molds which gets solidified after cooling to room temper-
ature.

3. Step-3: In one of themold, tumor phantom is inserted. The
recipe for the preparation of tumor phantom is mentioned
in [4].

4. Step-4: Once both molds solidify upon cooling, the solid-
ified phantoms are removed from both mold shells, which
can be further used for testing with antenna.

5. Step-5: Detection of the tumor is carried out by comparing
the measured S parameters of the two molds.

The FSS-Antenna setup is placed on the surface of the hu-
man head phantom to capture simulation as well as measure-
ment results. The five steps for phantom preparation and mea-
surements utilized in testing proposed microwave antenna are

With
Tumor

Without
Tumor

With
Tumor
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Tumor

Antenna

Step-1
Preparation

Step-2
Transfer to

Moulds

Step-3
Tumor

placement in one
mould
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Fabricated
prototypes

Step-5
Measurements

FIGURE 8. Steps for phantom preparation and measurements utilized
in testing proposed microwave antenna.

shown in Fig. 8. Reading of S11 is taken in two scenarios, first
without any tumor and then in the presence of a tumor in brain
area of head. The variation in the S-parameters characteristics
is exploited to detect the presence of tumor.
The S11 characteristics under four different scenarios are de-

picted in Fig. 9(a). A detailed description of these scenarios is
as follows:
Scenario-1 (With Antenna Only): Antenna resonates at

2.2GHz with narrow bandwidth.
Scenario-2 (With Antenna and FSS combination): In this

scenario, in-order to enhance the gain and directivity, an FSS
array plate is placed at the back of the antenna. The S11 plot for
Antenna and FSS combination shows resonance at two different
frequencies. One at 2.15GHz and the other at 3.8GHz.
Scenario-3 (With Antenna, FSS, and Human Body): In

Scenario 3, the Antenna-FSS combination is placed at 1mm
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FIGURE 9. (a) S11 characteristics under four different scenarios. (b) Tumor alignment with antenna (Top View).

separation from the skin surface which is shown in Fig. 4(b). In
this scenario, there is no tumor in the brain area of head. It can
be seen that there is a shift in resonance frequency from 3.8GHz
to 4.75GHz along with a sharp dip in S11 characteristics. Also,
the S11 plot shows a substantial increase in bandwidth as shown
in Fig. 9(a).
Scenario-4 (With Antenna, FSS, Human Body with Tu-

mor): In this scenario, a tumor of size 6mm× 6mm× 7.5mm
is inserted in the brain area as shown in Fig. 9(b). It is ob-
served that when the tumor is aligned at the position as de-
picted in Fig. 4(b) and Fig. 9(b), the combined structure res-
onates sharply at 4.6GHz frequency with −56 dB return loss.
It can be seen that the return loss which was earlier −46 dB
without tumor has now fallen to −56 dB with the insertion of
tumor. This variation of nearly 10 dB inS11 characteristics with
the addition of a tumor can be potentially exploited to indicate
the presence of tumors inside a human brain.

3. RESULTS AND DISCUSSIONS
The proposed microwave system is tested on realistic phan-
tom models using simulations in HFSS with Finite Element
Method (FEM) and bio-mimicking phantom models described
in Subsection 2.5. The following subsections present the results
obtained by simulation and measurements of different tumor
shapes and sizes.

3.1. Effect of Tumor Shape
To study the effect of tumor shape, three different tumor geome-
tries are undertaken: spherical, cubical, and cylindrical-shaped
tumors. The proposed antenna is tested using spherical, cubi-
cal, and cylindrical tumor shapes as shown in Figs. 10(a), (c),
(e). It can be visualized from Figs. 10(a), (c), (e) that all three
tumor shapes show notable variation in S-parameters when the
tumor is inserted in the brain layer. The relative position and
size of the tumor are shown in the inset of Figs. 10(a), (c),
(e). For a spherical tumor of a 3mm radius, the return loss de-
creased to about−57 dB with the presence of a tumor as shown
in Fig. 10(a). Without the tumor, the return loss was earlier
−46 dB, with other conditions remaining the same. Similarly,

as shown in Fig. 10(c), for a cube-shaped tumor of size 6mm×
6mm, the return loss which was earlier about −46 dB without
the tumor is now decreased to −56 dB with the presence of a
tumor. The presence of a cylinder-shaped tumor, as shown in
Fig. 10(e), also depicts a sharp dip of −60 dB in return loss.

3.2. Effect of Tumor Dimensions

The simulated results for the sphere-shaped tumor are shown in
Fig. 10(b). The radius (R) of the spherical tumor is varied, and
simulated S-parameters are captured. It can be visualized from
Fig. 10(b) that when the tumor radius is increased, there is a
sharp decrease in return loss. With a spherical tumor of radius
2.5mm, the captured return loss is about−54 dB which further
decreases to −57 dB when the radius of the tumor is increased
to 3mm. With a further increase of tumor radius to 3.5mm, the
return loss decreases to −62 dB. Similarly, for cubical-shaped
tumors which are placed as shown in Fig. 10(d) (inset), the S-
parameters also show variation with respect to the size of a tu-
mor. The tumor size is varied in size from 5mm× 5mm, 6mm
× 6mm, and 7mm× 7mm. It can be seen from Fig. 10(d) that
as the size of the tumor increases, there is a larger dip in simu-
lated S-parameters. For a 5mm × 5mm-sized cubical tumor,
the S11 dips to a value of −54 dB. As the size of the tumor
is increased to 6mm × 6mm, the S11 dips further to −56 dB.
With a 7mm × 7mm sized tumor, there is S11 dips substan-
tially to a value of −69 dB. A tumor of cylindrical shape of ra-
dius 3.5mm is placed as shown in Fig. 10(f) (inset). The length
“L” of the cylindrical tumor is varied from 9mm to 11mm, and
it is observed that the dip in S11 increases with the increase in
length L of the cylinder. With a cylindrical tumor of length
L = 9mm, the return loss is about −50 dB which further de-
creases to −54 dB when the length of cylindrical tumor is in-
creased to 10mm. With L = 11mm, the return loss further
dips to about −60 dB as depicted in Fig. 10(f).
To further validate the practical applicability of the proposed

system, we conducted phantom trials using bio-mimicking
models of healthy human brains and brains with tumors of dif-
ferent sizes and shapes. The measurement results of phantoms
with and without tumor using the proposed microwave antenna
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FIGURE 11. Measurement results on brain phantom with and without tumor using proposed microwave antenna.
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TABLE 1. Comparative analysis of proposed antenna design with state-of-the-art literature.

Ref Antenna Design Dimensions
(mm)

Frequency
(GHz) Method Results

[25] Rectangular UWB 27.6× 29.15 6–8.5 Current density, S11
Current density & S11

variation with/without tumor

[26] Single element UWB 44× 30× 1.4
(FR4) 3.35–12.6 Deviation in Frequency ∆f = 213MHz

with/without tumor

[27] Pentagon shaped patch 33× 23× 1
(FR4) 2.4–2.4835 S11 & E-field variation Minor variation S11 &

E-field with/without

[28] 4× 1 array 200× 78× 1.6
(FR4) 2.4–2.45 S11 magnitude variation

21 dB increase in S11

over no-tumor scenario

[29] Two Cross-slot
antenna

70× 47× 1.6
(FR4) 1.8–3 S21 variation & echo state

detection on minced chicken 77.5% testing accuracy

[30] UWB MIMO 30× 40× 1.6
(FR4) 2.8–20 S11, S22, S33, S44, S41, & S31

magnitude & Phase variation Unsupervised machine learning

[31] 4× 1 array
(circular polarization)

200× 78× 1.6
(FR4) 2–3 S11 & frequency shift ∆S11 = 5–16.6 dB

&∆f = 2–28MHz

[32] Monopole antenna 17.5× 17.5× 0.8
(RT/Duroid-5880) 2.4 S11 variation

∆S11 = 12 dB
with/without kidney stone

Proposed FSS-backed high gain
antenna (36× 35mm)

Ant - 36× 35× 0.51
(RT/Duroid 5880) 4–5

S11 variation, realistic phantom
trials on tumor shapes: Spherical,

Cubical, Cylindrical

S11 = −56 dB with
tumor of size 6× 6mm

are shown in Fig. 11. These trials demonstrate that the antenna’s
response shows a distinctive change when being tested with and
without a tumor. This consistent and measurable change under-
scores the suitability of the proposed microwave antenna for
real-world applications in brain tumor diagnosis. A compara-
tive analysis of the proposed antenna design with state-of-the-
art literature is presented in Table 1.

4. CONCLUSIONS
In this paper, a novel method has been proposed to detect the
presence of tumors in human brain by the use of variation in
S-parameters of antenna. This is accomplished by the use of
a high-gain antenna which is placed on the surface of skull.
The requirement of high gain and directivity of the antenna is
achieved by the use of an FSS array which is placed behind the
antenna and directs the energy towards the human tissues for
tumor detection purposes. Simulation results for S-parameters
with different shapes and sizes have been investigated. The re-
sults show that the variation in S-parameter characteristics can
be potentially used to detect the presence of tumors in the hu-
man brain. In the future, digital twin technology will be utilized
to create a digital twin of the proposed microwave system for
brain tumor diagnosis applications. The designed antennas will
also be tested for other biomedical applications such as skull
fracture detection, the study hydrodynamics of the brain, and
in traumatic brain injury (TBI) cases. The antenna design can
be further developed tomultiple-inputmultiple-output (MIMO)
configuration for imaging applications.
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