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ABSTRACT The use of a circularly polarized patch antenna array to detect kidney cancer by microwave
techniques is proposed in this paper. A four-element linear antenna array is designed and fabricated at the
ISM frequency of 2.4 GHz. The dimensions of the antenna array are 200 mm × 78 mm. The single element
is a square patch with side length of 30 mm. The distance between patches is chosen to be 20 mm which
ensures that mutual coupling between any two adjacent patches is less than 20 dBs. The substrate is a FR-4
material of relative permittivity 4.3 and thickness 1.6 mm. The circular polarization has an axial ratio of
0.8 dB at 2.4 GHz. The bandwidth at S11 = −10 dB is 7.23 %. Renal system phantom consisting of kidney
cortex, renal capsule, ureter, adrenal gland, muscle, fat, and skin is used. Four stages of renal cancer tumors
are considered depending upon the tumor size in each stage. The presence of a tumor causes an increase
in the reflection coefficient (S11) and a shift in resonance frequency, which can be used to identify cancer.
The increase in reflection coefficient and the shift in resonance frequency are calculated for each stage of the
cancer tumors. The shift in resonance frequency for the early stages is too small. Therefore, detection depends
mainly on the increase in S11. The shift in resonance frequency and increase in S11 are large for advanced
stages of the tumor, which makes detection easier. Computed specific absorption rate (SAR) is found to be
less than the safety levels, which means this technique is safe to use. Overall, this work suggests a new simple
detection technique of kidney cancer. The advantages of this technique are: safe, compact, fast, inexpensive,
comfortable examination, non-invasive, and finally non- ionizing radiation during measurement.

INDEX TERMS Circular polarization, linear antenna array, kidney cancer, renal system, S11, tumor.

I. INTRODUCTION
Cancer is considered one of the fatal diseases. Cells are the
fundamental units that make up the body, they grow and
divide to create new cells because the body needs them.
Usually, cells die once they get too old or damaged and
the new cells take their place. Cancer begins when genetic
changes interfere with this orderly process. Cells start to grow
uncontrollably and form a mass called a tumor. A tumor
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is cancerous or benign: a cancerous tumor is malignant,
meaning it can grow and spread to other parts of the body.
A benign tumor means the tumor can grow but won’t spread
[1], [2]. Cancer that starts in kidney cells is named kidney or
renal cancer. The main type of kidney cancer is termed renal
cell carcinoma (RCC). Kidney cancer begins when healthy
cells in one or both kidneys change and grow out of control,
forming a mass called a renal cortical tumor.

Benign kidney tumors affect kidney function and may
cause pain and other symptoms, but the cells don’t spread
to other organs [3]. The different methods of kidney
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cancer detection are either physical examinations or imaging
tests [4]–[9]. Physical examinations are blood and urine tests
or biopsies. These tests cannot show obviously if an individ-
ual has kidney cancer, but they sometimes give the primary
hint that there is a kidney problem.

FIGURE 1. The anatomy of the left kidney including its layers [9].

Moreover, these tests are invasive and may be painful
to the patient. Imaging tests include computed tomography
(CT or CAT) scans, X-rays, magnetic resonance imaging
(MRI), and cystoscopy [10]–[18]. The imaging techniques
are highly accurate, non- invasive, determine the shape and
the size of the tumor. Expensive and non- comfortable are
some of its disadvantages. Recently, microwave tomography
and radar-based imaging have been other ways to detect
tumors [19]–[23]. These are fast, portable, and low-costmeth-
ods. The difference of dielectric properties between healthy
and non-healthy tissues is the base for diagnosis inmicrowave
systems [24], [25]. Treatment options depend on the type
of cancer, its stage of diagnosis, and the patient’s overall
health, [26].

There are a number of papers in the literature that contain
trials to detect kidney tumors and stones.

In [19] a spiral microstrip antenna was designed at
(200-600) MHz. The return loss was measured in 6 malig-
nant tissue sizes, but the difference (1S11) was too small to
detect the tumor. The shift in resonance frequency (1F) was
measured to be 0.7, 1.4, 3.7, 4, 5.2, and 6.3MHz due to the six
malignant volume sizes. In [20] a microwave imaging using
compact microstrip patch antennas is designed at different
frequencies to detect kidney stones. The homogenous serum
has similar dielectric properties as the normal human body
was used. A calcium stone was immersed in the serum.
Five various patch antennas are designed and their resonance
frequencies found to be at 2.26, 2.38, 2.49, 2.5, 2.62 GHz
respectively. The difference in reflection coefficient (S11)

was measured at these resonance frequencies to be 0.32, 2.2,
1.5, 2.5, and 5 dB respectively. A microwave imaging UWB
monopole antenna was used in [21] to detect kidney stones.
Water and water with calcium were used to simulate the
kidney dielectric properties. A difference in S11 at 3.8 GHz
was found to be 12 dB between water and water with calcium.

This paper is organized as follows. Section 2 gives some
information about kidney anatomy, kidney cancer, and elec-
trical properties of cancerous and normal kidney tissues. The
design and fabrication of the proposed antenna is outlined
in section 3. Simulation results and conclusions are given in
sections 4 and 5 respectively.

II. KIDNEY ANATOMY AND KIDNEY CANCER
The kidneys are two bean-shaped organs. They sit within the
body towards the center to the lower part of the back [27].
There are six layers until reaching the kidney which are skin,
fat, muscle, ribs, fascia, renal capsule, and the kidney. Each
kidney has on its top a gland called the adrenal gland that’s in
the shape of a pyramid. The dimensions of the kidney depend
on the body size. A normal adult male kidney has a minimum
length of 11 centimeters. A normal adult female kidney has a
minimum length of 10 centimeters. The anatomy of a part of
the renal system is presented in Fig.1 [28].

There are four stages for cancer tumors, [29], [30]. Know-
ing the stage can help choose the appropriate treatment option
and may even aid in predicting the patient’s state. The stage
of the cancer is assigned according to its size and location.
Table 1 reports the four stages. Figure 2 shows the stages of
kidney cancer [31], [18].

FIGURE 2. Kidney cancer stages [32].

The kidney tissues are affected by the disease and tem-
perature. There are variations within the dielectric properties
concerning the healthy tissue. In normal tissues, when the fre-
quency increases, the conductivity increases and the permit-
tivity falls. Malignant tissues have higher electrical properties
because of higher water and sodium content [33]. Microwave
techniques consider the biological tissues as dielectrics.

The electromagnetic properties of healthy human tissues
within the frequency range 10 Hz to 100 GHz were given
in [24], [34], [35].
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FIGURE 3. (a) Top view of the proposed CP antenna array and feeding network, (b) 3-D side view of the proposed antenna.

FIGURE 4. The manufactured antenna.

FIGURE 5. The antenna measurement setup.

Generally, in most of the examined tissues, the electri-
cal permittivity and conductivity of the malignant tissues
were higher than the traditional tissues of the same type.

Kidney cancerous dielectric properties are increased by
(4-6)% higher than normal cells [25]. This is because the
kidney has a lot of water content in its tissue. In [37] the renal
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TABLE 1. The four stages of renal cell carcinoma (RCC).

TABLE 2. Widths of transmission lines vs. their characteristic impedances.

FIGURE 6. Real and imaginary parts of the input impedance of the
feeding network.

dielectric properties are given in microwave range between
0.5 GHz to 8.5 GHz.

III. PROPOSED STRUCTURE
A. ANTENNA DESIGN
The antenna was designed and fabricated by the authors [38].
The geometric structure of the CP patch antenna array is
shown in Fig. 3. The substrate is FR-4 its height is 1.6 mm
and (εr ) = 4.3 is on the top of full ground plane its thickness
is 0.035mm. The overall dimension of the antenna array is
200 × 78 mm2, while the square patch has a side length
30 mm. Two isosceles triangles with 5mm length of its legs
are cut from the edges of the squared patch to achieve the
circular polarization [39], [40]. The antenna is designed to
operate in ISM band at resonance frequency 2.4 GHz.

FIGURE 7. Axial ratio of the array.

The manufactured antenna is shown in Fig. 4. Figure 5
shows the antenna measuring system of Geozondas which is
a pulse time domain measurement method [41].

To reduce mutual coupling, the distance between antenna
elements were increased to 20 mm. The mutual coupling
between adjacent patches was computed and found to be
less than −20 dB in the desired bandwidth. The corporate
feed network was designed to give good matching of the
array [42]–[45].

B. THE CORPORATE FEEDING NETWORK
Figure 3 shows the corporate feeding network. The patch
input impedance is given by, [38]:

Zin =
60λo
w1

. (1)

where, λo is the wave length= 125 mm corresponding to the
resonance frequency 2.4 GHz, while w1 is the side length of
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TABLE 3. Electrical, thermal parameters and thickness of each layer in renal system [34], [36].

TABLE 4. (1S11) of CP and LP.

FIGURE 8. The simulated VSWR.

FIGURE 9. The reflection coefficient (S11): Measured and simulated.

the square patch = 30mm. Hence, the patch impedance =
250 �. However, T1 is the quarter wave transformer that
adjusts the 100 � transmission line to the patch. The value

FIGURE 10. The Radiation pattern H- plane: Measured and simulated.

FIGURE 11. Simulated antenna gain over frequency.

of its characteristic impedance can be calculated as;

ZT1 =
√
Zout ∗ Zin =

√
250 ∗ 100 = 158�. (2)

T2 is the quarter wave transformer that joins the 50 � and
100 � transmission lines and has characteristic impedance
ZT2 = 70.7 �.

78106 VOLUME 10, 2022



D. A. Saleeb et al.: Detection of Kidney Cancer Using Circularly Polarized Patch Antenna Array

FIGURE 12. (a) The renal phantom, (b) side view of the renal phantom with tumor stage 1 and the
antenna on the phantom back skin (c) the renal phantom with tumor stage 2, (d) the renal phantom
with tumor stage 3, (e) the renal phantom with tumor stage 4, (f) kidneys position at human body,
(g) position of the antenna on human back.

W2 is the width of the transmission line with characteristic
impedance Zo, calculated as, [39]:

W2

h
=

2
π

{
{
εr − 1
2εr

[
ln (B− 1)−

0.61
εr
+ 0.39

]
+B− 1− ln(2B− 1}} . for A < 1.52 (3)

or,

W2

h
=

8eA

e2A − 2
, for A < 1.52 (4)

where,

A =
Zo
60

√
{
εr + 1

2
}
1/2 +

εr − 1
εr + 1

{
0.11
εr
+ 0.23

}
, (5)
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FIGURE 13. The reflection coefficient of the four stages of tumor size and
no tumor in CP antenna array.

and,

B =
529.18
Zo
√
εr
. (6)

The optimizedwidths of the transmission lines 50�,70.7�,
100 � and 158 � are shown in Table 2.

The input impedance of the antenna array is simulated by
CST microwave studio. Figure 6 shows the real and imag-
inary parts which are 50 and 0 � respectively at 2.4 GHz.
Perfect matching is achieved.

There is the near field phase corrected antenna
which gives circular polarization and avoids the feeding
network [46], [47]

C. ANTENNA CHARACTERISTICS
The antenna is simulated using CST. The axial ratio is shown
in Fig. 7. Excellent impedance matching of the proposed
antenna at 2.4 GHz with 7.3 % impedance bandwidth (from
2.274 GHz to 2.4474 GHz) can be noticed. The polarization
bandwidth is 1.7% (axial ratio under 3 dB).

Circular polarization increases 1S11 which increases the
probability of tumor detection. Table (4) compares 1S11 for
circular and linear polarizations. Thus, circular polarization
is much better than linear polarization in tumor detection.
Figure 8 shows the simulated VSWR which equals 1 at
2.4 GHz. Figure 9 depicts measured and simulated S11.
Both simulated and measured S11 are identical at 2.4 GHz.
Figure 10 depicts the radiation pattern (E- plane). Between
the measured and simulated major lobes, there is relatively
little difference. Fabrication tolerances are to blame for this.
Gain at the range of frequencies is shown in Fig. 11 with
6.6 dBi at 2.4 GHz.

IV. SIMULATION RESULTS
The antenna array is put on the body phantom including
kidney. The reflection coefficient (S11) is simulated by CST
microwave studio for kidney tumor and without tumor.

Figure 12 (a) illustrates the configuration of the two kid-
neys and the renal system phantom. The side view of the

FIGURE 14. (a) S11 of CP antenna, (b) 1S11, and (c) The shift in resonance
frequency at 2.4 GHz.

FIGURE 15. The reflection coefficient of the four stages of tumor size and.

renal phantom with tumor at the first, second, third, and
fourth stages and the antenna array on the back skin are
shown in Figs. 12(b),12(c), 12(d), and 12(e) respectively.
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FIGURE 16. S11 of CP antenna, (b) 1S11 (c) The shift in resonance
frequency at 2.3 GHz.

Figure 12 (f) shows the position of the two kidneys in the
human body. Figure 12 (g) shows the antenna array on the
skin of the human back. The renal phantom consists of several
layers, the thickness of each layer, the electrical, and thermal
properties of each layer at 2.4 GHz are presented in Table 3.
The dielectric properties of the kidney tumor at 2.4 GHz are
εr = 50 and σ = 2.39 S/m [25], [36], [37].

S11 was simulated for each stage of the kidney tumor and
compared with the case of no tumor.

Figure 13 displays the results of S11 for no tumor and the
four stages of tumor size. The presence of a tumor has two
effects: first, it raises the S11 level, and second, it shifts the
resonance frequency.

FIGURE 17. SAR values for kidney phantom (a) without tumor, (b) stage 1,
(c) stage 2, (d) stage 3, (e) stage 4.
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TABLE 5. A comparison of kidney cancer published works and the proposed work.

Figure 14 shows S11 (a),1S11(b), and the shift in resonance
frequency (c) for the four stages of the tumor and the case of
no tumor at 2.4 GHz. An increase in S11 and shift in resonance
frequency enable detection of cancer even in its early stages.
The shift in resonance frequency for stages 1 and 2 is too
small. Therefore, cancer detection depends upon the increase
in S11 which is 5 and 6.9 dBs, respectively. The increase in
S11 for stages 3 and 4 is 14.1 and 16.6 dBs, and the shift
in resonance frequency is 18 and 28 MHz, respectively. The
technique presented here detects advanced stages of cancer
easily. But it can also detect the early stages of the tumor.
Figure 15 presents the results of S11 of linearly polarized

antenna array (LP). The LP antenna resonates at 2.3 GHz in
free space. The antenna is put on the kidney phantom. The
reflection coefficient is simulated in CST at without tumors
and with tumors in the four stages. Figure 16(a) summa-
rizes the value of S11 in the four stages and without tumor.
In Fig.16 (b) the difference in S11(1S) between no tumor and
every stage is showed. Fig 16 (c) sets the value of the shift in
frequency (1F) between each stage of tumor and the kidney
phantom without tumors.

The values of the specific absorption rate (SAR) are cal-
culated when the power at the input terminals of the antenna
was 0.5 watt. SAR is a measure of the rate of energy absorbed
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per unit mass by a human body when exposed to a radio
frequency (RF) electromagnetic field. It is defined as the
power absorbed per unit mass of tissue and has units of watts
per kilogram (W/kg). The values of SAR can be categorized
as 1g or 10g mass of tissue which equivalence to 1g or
10g spatial average SAR. According to IEEE C95.1:1999;
1.6 W/Kg is the limit value for 1g spatial average SAR while
it has been updated as 2 W/Kg for 10g spatial average SAR
based on IEEE C95.1:2005, [48]. SAR is calculated by the
formula:

SAR =
σ |E|2

ρ
. (7)

where, E is the maximum electric field in (V/m), σ is the
electric conductivity of the tissue in (S/m), and ρ is the mass
density of the tissue in Kg/m3.
Figure 17 presents the results of the specific absorption

rate (SAR) for 10g of tissue for each of the stages of tumor
size in the kidney phantom and without tumor. The SAR val-
ues are computed 1.8, 1.82, 1.83, 1.87, and 1.92 mW/Kg for
without tumors, tumors in stages 1, 2, 3, and 4, respectively.
It is obvious that the SAR increases as the tumor size grows.
The values of SAR are less than the safety rates. This means
that the technique is safe to use with humans.

Table 5 above presents a comparison between different
techniques used for kidney cancer detection, and the proposed
technique the comparison includes how the technique is used
for diagnosis frequency band, antenna used and advantages
of each technique

V. CONCLUSION
This research highlighted a method for detecting kidney
tumors. The design and fabrication of a circularly polar-
ized 4 × 1 patch antenna array is reported. The detection
method is based on the differences in electrical characteristics
between normal and malignant kidney tissues. Kidney cancer
is divided into four phases. For each stage of tumor size, the
reflection coefficient is determined and compared to a case
with no tumor. At 2.4 GHz, the S11 for the four stages of
cancer are 5, 6.9, 14.1, and 16.6 dB, respectively. For the four
stages, there is also a shift in resonance frequency of 2, 3,
18, and 28 MHz, respectively. In its advanced stages 3 and 4,
the tumor is simple to detect. LP antenna was simulated and
calculated 1S11, and the shift in frequency at 2.3 GHz. The
increase in S11 of CP than LP was 455.6%, 155.6 %, 261.5 %,
and 186.2 % form stage 1 to stage 4 respectively. Detection
of early stages of the tumor depends mainly upon increase in
the reflection coefficient. Specific absorption rate (SAR) was
calculated for each stage and without tumor. The SAR values
are below the safety limits, so the technique is safe to use.
Future work in this area should include the application of the
technique to real humans for more accurate diagnosis.
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