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SAR Analysis of Hexagonal-Shaped Slot-Loaded Patch Antenna
for Hyperthermia Application at 434MHz

Azharuddin Khan* and Amit K. Singh

Abstract—In this article, a low-profile microstrip patch antenna using an FR-4 substrate with relative
permittivity of 4.4 and thickness of 1.6mm is designed. On the top of a substrate, it consists of one
metallic hexagonal patch and a metallic-fed hexagonal ring tone, and the ground part of the structure is
covered with orthogonal rectangular slots. The designed structure operates in the ISM band of 434MHz,
and the overall size of the antenna is 124 × 124 × 1.6mm3. The antenna provides a valid SAR input
profile.

1. INTRODUCTION

Cancer has emerged as one of the most debilitating diseases in the world today. The most common
topical treatments used to treat cancer are radiation and chemotherapy. But these remedies have
so many negative side effects, so finding options that allow the affected person to fight the infection
without side effects or signs and symptoms of radiation and chemotherapy is very important. Other
clinical studies on hyperthermia in combination with radiotherapy or chemotherapy were mentioned [1].

Hyperthermia is one of the most exciting areas to study the biological effects and use of microwaves
to treat cancer and tumors. In addition to radiofrequency/microwave hyperthermia antenna devices,
electric energy has been combined without affecting human skin as an additional ionizing anti-cancer
agent or chemo-cure agent for the upper and lower neck [2]. Several studies have shown a significant
reduction in plant length while combining hyperthermia with alternative therapies. Excessive thermal
hyperthermia as well as extremely focused ultrasound are being considered in advance for the use
as alternative traditional surgical treatments [3]. In cancerous regions, energy is used to raise the
temperature to 42–45◦C.

Hyperthermia is generally expressed as localized electromagnetic (EM) exposure to the cancer cell.
EM power supplies can also be used in hyperthermia treatment programs by applying energy to the
abscesses to increase local temperature and ultimately remove or reduce those abscesses. Hyperthermia
is generally designed to increase tissue temperature to between 40 and 44◦C [4]. Extreme temperatures
(42◦C to 45◦C) appear to inhibit the formation of cancer cell proteins and therefore improve plant control
in the environment by altering cell structure or even killing these cells [5]. Curing hyperthermia is less
complicated and safer than chemotherapy or radiation therapy. However, the challenges associated with
dynamic awareness of the EM force do not always prevent the wide popularity of this technique [6]. In
local hyperthermia, heat is applied to a small area of affected tissue, such as a tumor or cancer, using
various EM energy delivery techniques to heat the tissue. Various types of energy can be used to install
heaters, including microwave, radio frequency, and ultrasound [7].

Issues related to the hyperthermia antenna structure are different from the antenna design for air
and should not be ignored [8]. On the one hand, the antenna radiation reaches a lossy medium, which
has a significant impact on the characteristics of the antenna [9, 10]. Therefore, the antenna design
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methods found in the literature on lossless media were inappropriate, while experimental measurements
need to be performed to verify the simulations in the case of hyperthermia antennas. In the case of deep
hyperthermia (DHT) treatment, an elliptical or circular array with multiple antennas is used, which are
attached to the patient with a water bolus filled with demineralized water. The water bolus application
guarantees an antenna design that affects efficient radiation emanating from the patch antenna material
into the water bolus [11].

Despite the increased interest in cancer treatment in recent years, there are only a few research
articles in the past on the microstrip patch antenna with a planar phantom. The novelty of this proposed
antenna lies in obtaining the ISM band of 434MHz with a comparable value of SAR. In this paper, a
hexagon-shaped microstrip patch antenna is simulated, fabricated, and measured to study the Specific
Absorption Rate (SAR) performance which will extend further for Hyperthermia applications.

2. MATERIAL AND METHODS

2.1. Antenna Geometry

In this section, a hexagonal microstrip patch is designed to cover the ISM band of 434MHz using an
FR-4 substrate (dielectric constant εr = 4.4, thickness h = 1.6mm, and loss tangent tan δ = 0.02).
The hexagonal patch of major radius R1 = 30mm, a concentric annular ring of inner major radius
R2 = 40mm, and outer major radius R3 = 50mm, on the dielectric substrate. Dimensions of the
hexagon patch were given from a set of Equations (1)–(3) [12]. The proposed antenna configuration
is illustrated in Figure 1. The ground side is covered by two rectangular orthogonal slots of different
lengths and the same widths (w) combined with a square slot of side (a) positioned behind the center of
the patch. Dimensions of the slots were given from a set of Equations (4)–(9) [13, 14]. Slots in the ground
plane act like a load that can be used to bring the input impedance point closer to the characteristic
impedance when being added to the antenna. The geometrical parameters of the proposed structure
are shown in Table 1. A 50-ohm coaxial feed is applied inside the annular ring with an inner radius of

(a) (b)

(c) (d)

Figure 1. The geometrical configuration of the proposed antenna. (a) Top view. (b) Bottom view. (c)
Fabricated antenna top view. (d) Fabricated antenna bottom view.
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Table 1. Geometrical parameters of the proposed antenna.

Parameter Value (mm) Parameter Value (mm)

L 124 S1 34.641

W 124 S2 46.188

L1 93 S3 57.735

L2 94 Rin 0.47

a 38.5 w 8

0.47mm to power-fed the antenna. Single-layered TEL (tissue equivalent liquid) planar phantom has
been taken into consideration throughout the procedure.

The resonant frequency for the lowest order mode is given as [12],

βS = 2.01 (1)

The equivalent radius of a hexagon patch is given as [12],

πR2
eq =

3
√
3S2

2
(2)

Thus,

fr =
Knmc

2π(Req)
√
εr

(3)

where β is the phase constant, S the side of the hexagon, Knm the mth zero of the derivative of the
Bessel function of order n, and c the velocity of light in free space.

Mathematical calculation for the slot on ground plane is taken from [13, 14].
When a slot is embedded in a patch, having dimension (Ls ×Ws), it can be analyzed by using the

duality relationship between the dipole and slot [14].
The radiation resistance of the slot is given as,
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The total input impedance of the slot is as,
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η2

4Zcy
(5)

where Zcy is given as
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where Rr is the real part and equivalent to the radiation resistance of the slot, and Xr is the input
reactance of the slot and given as,

Xr = 30 cos2α

{
2Si (kLs) + cos (kLs) [2Si (kLs)− Si (2kLs)− sin (kLs)][
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(7)

where Si(x) and Ci(x) are the sine and cosine integrals defined as,

Si(x) =

∫ x
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dx (8)
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2.2. TEL Single Layered Phantoms Tissue Model

Three layered phantom tissue model with water bolus has been taken as per IEEE standards. Water
bolus layered has different significances for taking it into consideration makes the EM field transmission
into the phantom with less reflection from the surface. It is also used for cooling down the skin layer
at constant temperature, and one more interesting function of water bolus layer is to protect the EM
field radiation at a safety level. The relative permittivity of each layer is different. We have to make a
single-layer phantom as per measurement availability in a laboratory. Effective permittivity for single
layer phantom tissue model is given in Equation (10).

ϵeff = (ϵr1 + ϵr2) /2 (10)

where ϵr1 and ϵr2 are relative permittivities of different layers, using the above equation to calculate
the effective permittivity of phantom tissue. The model overloads the antenna fields and provides the
main SAR pattern due to the combined strength. Dielectric parameters, permittivity (ϵr), are 64.28;
conductivity (σ) is 0.253 S/m; and density (ρ) is 1100 kg/m3 in the ISM band [15, 16]. The size of cubical
phantoms is 190× 130× 50mm3 taken into consideration for simulation as well as during measurement.
The height of the tissues layered was limited to 50mm, and due to relatively moderate losses, fat tissue
does not significantly contribute to the averaged SAR [17]. To account for extra variations [15], we have
varied the distance from 3 cm to 9 cm with a step size of 3 cm between the antenna and phantom.

3. RESULTS AND DISCUSSION

3.1. Reflection Coefficient (S11)

Figure 2(a) shows the comparison of simulated v/s measured reflection coefficient with and without
phantom. The simulated value of the reflection coefficient is −22.3 dB, and the measured value of the
reflection coefficient is −21.1 dB in the case of without phantom. In the case of the TEL phantom
simulated and measured reflection coefficients at a 3 cm distance between the phantom and antenna are
12.1 dB and −8.9 dB, respectively. The differences between the simulated and measured results can be
attributed to the manufacturing tolerances, quality of the SMA connector, and scattering environment.
For reflection coefficient measurement shown in Figure 2(b), the antenna is directly connected to a
spectrum analyzer (R&S FSH8 100 kHz–8GHz) with a probe.

(a) (b)

Figure 2. (a) Simulated and measured S11 with TEL phantom and without phantom. (b) Measurement
of S11.
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3.2. Specific Absorption Rate (SAR)

The specific absorption rate is a measure of the amount of power deposited by a radio frequency field in
a certain mass of tissue. Figure 3(a) shows the simulated SAR value of 0.4W/kg along the x-axis at a
3 cm phantom distance from the antenna. SAR is determined by measuring Electric Field (E) inside the
TEL Phantom shown in Figure 3(b). Fix the antenna and phantom positions at a 3 cm distance. Set
the power level of the SMR signal generator (R&S SMB100A 10MHz–40GHz) is 0 dBm, i.e., 1mw, set
the operating frequency 434MHz, and connect the probe to the antenna. Now set the same frequency
in the spectrum analyzer and connect one port with the Electric Probe [18, 19] and another port to
the computer. Now, Electric Probe [18] is inserted into the TEL phantom to different positions along
the variation of the x-axis for electric field reading. After getting the electric field value, SAR will be
calculated by Equation (11) in terms of electric field, conductivity, and density of the tissue, and results
are summarized in Table 2.

SAR =
σE2

2ρ
(W/kg) (11)

From Table 3 it can be concluded that the proposed antenna operates at 434MHz with a reflection
coefficient of −22.3 dB and shows a better SAR value of 0.4W/kg than the antenna structures reported
in [11, 20, 21].

(a)

(b)

Figure 3. (a) Simulated SAR value along the x-axis at a 3 cm distance between TEL phantom and
antenna. (b) Measurement of electric field.
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Table 2. Calculated SAR value when the E-fields were measured along the x-axis.

Phantom

Detail

Distance b/w

antenna and

Phantom (d) in cm

Distance inside

the Phantom

(x1) in cm

Measured

E-Field

at (x1) V/m

SAR

(W/kg)

TEL 3

5.0 44.75 0.2303

6.5 45.26 0.2355

8.0 45.89 0.2422

9.5 46.57 0.2494

Table 3. Qualitative comparison of reported antennas to the proposed antenna.

Ref. Freq. S11 (dB) SAR (W/kg) Size (mm) Area (cm2) Application

[11] 434MHz −13.8 1.32 130× 130× 2.97 169 MICS

[20]
434MHz

915MHz

−16

−17

1.32

1.44
124× 124× 1.6 153.76 MICS

[21]
915MHz

2.45GHz

−32

−27

11.17

27.93
120× 120× 2.007 144

MICS

ISM

work 434MHz −22.3 0.4 124× 124× 1.6 163.84 MICS

4. CONCLUSION

In this work, a hexagonal patch antenna is designed at 434MHz for hyperthermia application. The
antenna performance is compared at different distances from the phantom model using finite element
method (FEM) modeling. SAR and reflection coefficient are evaluated at a 3 cm distance from the
phantom. The value of SAR lies in the permissible limit of the exposed body as stated by IEEE
standards.
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