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A B S T R A C T

This paper presents a novel circularly polarized (CP) slot antenna based on a waveguide cavity resonator for 
kidney cancer detection applications. The cavity is coupled to the input port via a capacitive iris, ensuring strong 
coupling and improved impedance matching compared to conventional waveguide slot antennas. An L-shaped 
radiating slot, formed by two orthogonal linearly polarized (LP) slots, is etched into the broad wall of the cavity 
to generate CP radiation. The axial ratio bandwidth (ARBW) is enhanced by optimizing the slot dimensions. To 
validate the predicted results, a 3D-printed prototype was fabricated and tested. The measured 10- dB fractional 
bandwidth (FBW) is 7.4 % at the center frequency (f0) f0 = 10 GHz, while the 3- dB ARBW and peak gain are 7.0 
% and 7.5 dBic, respectively. The detection capability of the proposed antenna is evaluated in a modeled 
measurement system, revealing a calculated sensitivity of 0.175 GHz/RIU at f0 =10 GHz. Furthermore, the 
antenna exhibits a resonance frequency shift of 0.21 GHz when tested with renal cancer cells, distinguishing 
them from normal cells. These findings demonstrate that the proposed antenna effectively distinguishes between 
normal and cancerous kidney cells, making its potential as a good candidate for kidney cancer detection.

1. Introduction

In recent years, wireless body area network (WBAN) systems have 
revolutionized healthcare monitoring by enabling real-time patient data 
acquisition and facilitating remote diagnosis of abnormal health con
ditions through biomedical telemetry devices [1–6]. Unlike computed 
tomography (CT) scans, X-rays, and magnetic resonance imaging (MRI), 
these devices offer non-invasive, non-ionizing, safe, and portable treat
ment for continuous health monitoring [4,5,7]. By generating electro
magnetic signals, they collect physiological data from deeper organs and 
transmit it to external units for analysis [7,8]. The effectiveness of 
biomedical telemetry devices largely depends on the performance of 
their antennas [9]. Key antenna requirements for such applications 
include compactness, a low-profile design, wide bandwidth, and a 

directive radiation pattern [8,10]. To enhance sensing and imaging ca
pabilities, extensive research has focused on ultrawideband (UWB) an
tennas for wearable and biomedical applications [10–14]. Moreover, to 
ensure efficient signal transmission through various biological tissues 
including skin, fat, and muscle, the antenna must exhibit circularly 
polarized (CP) radiation, thereby minimizing reflections and polariza
tion mismatches with external units.

CP implantable antennas have been designed to operate at 0.915 
GHz and 2.45 GHz, enabling efficient wireless power transfer for 
biomedical applications [15–19]. Additionally, UWB microstrip patch 
and dielectric resonator antennas, operating within 2.9–7.0 GHz and 
6.5–12.5 GHz, have been developed for breast tumor detection [20,21]. 
For wireless body sensor networks (WBSNs) and health monitoring 
systems, wearable multiband annular slot antenna and polymer-based 
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broadband antennas have been proposed, ensuring reliable performance 
across wide frequency bands [22,23]. Furthermore, dual-polarized an
tennas utilizing substrate integrated waveguide (SIW) and cavity reso
nator technologies have been introduced for electromagnetic imaging 
(EMI) applications [7,24]. In the context of wireless endoscopy and 
wearable technologies, dual-band and triple-band multiple-input 
multiple-output (MIMO) antennas based on microstrip structures have 
been developed, operating at 0.915 GHz and 2.45 GHz and demon
strating high data rate capability [25–27]. Additionally, an equilateral 
triangular microstrip patch antenna, optimized using Gaussian process 
regression, was designed to operate at 3.0 GHz, showcasing its potential 
for microwave imaging applications [28]. To enhance glucose sensing 
capabilities, multiple slots were incorporated across the width of a 
microstrip patch antenna, further improving its sensitivity and perfor
mance [29].

Recent advancement in biomedical research have led to the devel
opment of various antenna-based systems for detecting kidney cancer 
cells and renal stones. The detection methodology primarily relies on the 
resonance frequency shift (Δf0) or change in the reflection coefficient 
magnitude (ΔS11) when the antenna interacts with normal and renal 
tissues. These variations arise due to differences in the dielectric prop
erties of normal and renal cells. In [30], a microstrip patch antenna 
operating within 0.2–0.6 GHz was utilized to identify kidney tumors of 
six different sizes. However, the observed ΔS11 values were relatively 
small, and the Δf0 shift was limited to <0.0064 GHz, restricting its 
sensitivity. Another study employed a microstrip patch antenna reso
nating at 2.26, 2.38, 2.49, 2.5, and 2.6 GHz in an MEI system for kidney 
calcium stone detection [31]. The measured ΔS11 values at these reso
nance frequency points were 0.32, 2.2, 1.5, 2.5, and 5 dB, respectively, 
indicating a small varying sensitivity across the S11 response. 

Additionally, an UWB monopole antenna, operating within 3–11 GHz 
range, has been introduced for an MWI system to detection kidney stone 
detection [32]. In this MWI system, water and water-calcium solutions 
were simulated, achieving a ΔS11 value of 12 dB for both substances, 
demonstrating its potential for high-sensitivity detection.

In this paper, a novel CP antenna based on a TE101 mode rectangular 
waveguide cavity-resonator is proposed for the detection of kidney 
cancer cells. The input port is coupled to the cavity via a capacitive iris, 
which enhances impedance matching compared to conventional wave
guide slot antennas. The radiating element consists of an L-shaped slot, 
formed by two unequal orthogonal linearly polarized (LP) slots, etched 
into the broad wall of the cavity. CP radiation is achieved through the 
superposition of the orthogonal LP fields generated by these slots. The 
ARBW is controlled by adjusting the slot dimensions. The antenna’s 
sensitivity and Δf0 are evaluated in a modeled measurement system. The 
results indicate that the calculated antenna sensitivity is 0.175 GHz/RIU 
at f0 =10 GHz. Furthermore, when a renal cancer cell is tested instead of 
a normal cell, a Δf0 of 0.21 GHz is observed, demonstrating the an
tenna’s effectiveness in biomedical diagnosis.

This paper is organized as follows. Section 2 discusses the design 
concept of both conventional and CP waveguide slot antennas based on 
a cavity resonator. Section 3 compares the simulated results of a con
ventional slot antenna with those of the two proposed CP antenna. In 
Section 4, the detection performance of the proposed CP antennas is 
analyzed in the presence of both cancerous and normal cells. Section 5
provides details on the fabrication and measurement procedures. 
Finally, Section 6 concludes the paper with a summary of key findings.

Fig. 1. (a) Horizontal and (b) vertical slotted waveguide antennas. (c) and (d) are the proposed CP antennas based on waveguide cavity-resonator. Dimensions in mm 
are; l = 30.0, d1 = 9.35, Sw1 = 2, Sl1 = 14.71, tr = 2.0, b = 10.16, a = 22.86, x = 10.0, Sw2 = 2, Sl2 = 14.30, l0 = 12.0, t = 2, lr = 22.90, lr1 = 16.30, d0 = 3.4, d01 =

13.5, w1 = 12.1, l1 = 13.1, w2 = 3.9, l2 = 28.0.
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2. Theory and design

This section presents the design of the proposed CP waveguide slot 
antenna, which is based on a rectangular cavity-resonator structure. 
Antenna-I, illustrated in Fig. 1(a), represents a conventional rectangular 
waveguide slot antenna. The radiating slot exhibits LP and is displaced 
from centerline of the broad-wall by a distance (x). This displacement 
disrupts the surface currents induced by the TE10 mode magnetic field 
on the waveguide walls, thereby exciting the slot [33]. The value of x 
can be determined using the following relation [34]: 

gn =
1
n
= 2.09

λg

λ0

(a
b

)(

cos2πλ0

2λg

)(
sin2πx

a

)
(1) 

Here gn is the slot’s normalized conductance, n is the slot numbers 
etched on the broad-wall, and a and b correspond to the broad wall and 
narrow wall dimensions of the waveguide, respectively. Additionally, λ0 
is free space resonant wavelength, while λg is the guided wavelength. For 
Antenna-I a WR-90 waveguide with dimensions a = 22.86 mm and b =
10.16 mm is utilized. The λ0 and λg are computed at f0=10 GHz for the 
TE10 mode using the relation in [35], yielding 29.97 mm and 39.70 mm, 
respectively. The initial x value is determined using Eq. (1) and is found 
to be approximately 7.17 mm. The slot length (Sl1) and width (Sw1) can 
be calculated using the relation given in [34]: 

2 log
(

slot length (Sl1)

slot width (Sw1)

)

≫1 (2) 

Elliot in [36] found that for a resonant slot, the length and width can 
be approximated as Sl1 =0.464 λ0 and Sw1 =0.05 λ0, respectively. The 
distance from the slot center to the waveguide end (d1) is set to a quarter 
of the guided wavelength (0.25 λg) to ensure in-phase reflection of the 
incident wave, thereby enhancing radiation efficiency.

Antenna-II, illustrated in Fig. 1(b), represents another conventional 
waveguide slot antenna, where the radiating slot is positioned at the 
waveguide’s end. Similar to Antenna-I, this configuration generates LP 
radiation pattern. The slot dimensions (Sl2, Sw2) for Antenna-II are 
determined using the same calculation methods as described earlier. It is 
important to note that the initial values of the design parameters x, Sl1, 
Sw1, Sl2, and Sw2 are computed without accounting for the waveguide 
wall thickness (tr). These parameters undergo further optimization using 
the computer simulation technology (CST) microwave studio simulator 
[37] to ensure resonance at 10 GHz and achieve an optimal FBW. The 
final optimized dimensions are provided in the caption of Fig. 1.

Antenna-III and Antenna-IV, illustrated in Figs. 1(c) and (d), are the 
proposed CP antennas based on TE101 mode rectangular waveguide 

cavity resonators. Antenna-III utilizes an inductive iris for coupling the 
cavity to the input port, whereas Antenna-IV employs a capacitive iris. 
Both designs incorporate an L-shaped radiating slot etched into the 
broad wall of the cavity, consisting of a pair of unequal orthogonal LP 
slots. The superposition of the LP fields generates CP radiation without 
costing extra structure of space. As demonstrated through CST studio 
simulation and depicted in Fig. 2, the E-field rotates clockwise along the 
L-shaped radiating slots due to a phase difference at 10 GHz, producing 
LHCP. The propagation direction is perpendicular to the slot. RHCP can 
be achieved by repositioning the horizontal slot section (l1, w1) to the 
opposite side. The ARBW is controlled by the slot dimensions (l1, l2, w1, 
w2) as discussed in Section 3. The specific dimensions for Antenna-III 
and Antenna-IV are provided in the caption of Fig. 1.

Fig. 2(b) represents the equivalent circuit of Antenna-IV. The 
waveguide resonator is assumed to be lossless, represented by parallel 
lumped L1 and C1 elements. A coupling capacitor (C0) is introduced to 
account for the capacitive coupling iris between the input port and the 
cavity, allowing control over the circuit’s FBW. The input port wave
guide impedance (Z0) is 500 Ω [35] . The radiation resistance (Rr) rep
resents the power radiated through the L-shaped aperture of Antenna-IV. 
For optimal impedance matching at the designed frequency f0=10 GHz, 
Rr should equal Z0. The values of L1 and C1 can be expressed as a function 
of (f0) using the parallel LC relation as follow [35]: 

f0 =
1

2π
̅̅̅̅̅̅̅̅̅̅
L1C1

√ (3) 

for Antenna-IV, given f0 =10 GHz and an arbitrarily chosen C1 of 0.47 
pF, the corresponding L1 value, computed using Eq. (3), is 0.538 nH. The 
value of C0 is set to 2.0 pF to ensure strong coupling and achieve the 
required FBW. The circuit element values found above are inserted into 
the advanced design system (ADS) simulator to obtain the circuit 
response as will be presented in Section 3.

3. Simulated results and analysis

Fig. 3(a) compares the simulated S11 response and realized gain of 
Antennas I, II, III, and IV. Among them, Antenna-IV exhibits superior 
impedance matching at 10 GHz, while Antenna-III achieves a slightly 
wider 10-dB FBW of 7.6 % compared to Antenna-IV’s 7.5 %. This 
improvement is attributed to the inductive coupling iris used in 
Antenna-III, which inherently supports a broader bandwidth. However, 
Antenna-IV achieves the highest peak gain of 7.8 dBic at 10 GHz out
performing the other designs. Fig. 3(b) shows that all antennas achieve 
simulated total efficiencies exceeding 95 %. Additionally, the AR 

Fig. 2. E-field rotation with phase change of 0◦, 90◦, 180◦, 270◦ over the L-shaped radiating slot of Antenna-IV. (b) Equivalent circuit of Antenna-IV. The element 
values are: Z0= 500Ω, Cc=2.0 pF, C1= 0.47 pF, L1=0.538 nH, Rr= 500Ω.
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variations with frequency are illustrated. Antennas I and II maintain an 
AR of approximately 40 dB at 10 GHz, indicating linear polarization. In 
contrast, the L-shaped slots in Antennas III and IV yield AR values below 
3 dB at 10 GHz, ensuring CP radiation. Despite their similar perfor
mance, Antenna-IV is preferred due to its capacitive coupling iris, which 
is implemented along the broad wall (a) of the waveguide cavity. This 
placement enhances the 3D printing device’s tolerance. Fig. 3(c) pre
sents the simulated S11 response of Antenna-IV, obtained from both the 
equivalent circuit model and CST simulations. The close agreement 

between these results confirms the accuracy of the circuit 
representation.

The effect of dimensions t and d0 on Antenna-IV’s S11 response are 
shown in Figs. 4(a) and (b). As t dimension increases, the incident wave 
encounters greater difficulty coupling into the cavity, resulting in a 
degraded S11 response and a frequency shift toward lower values. In 
contrast, increasing d0 up to 3.5 mm optimizes the capacitive iris as a 
matching circuit, improving the S11 response and aligning it with f0=10 
GHz. Fig. 5 illustrates the impact of L-shaped slot dimensions (l1, l2, w1, 

Fig. 3. Simulated (a) S11, realized gain, and (b) Total efficiency versus frequencies of Antennas-I, II, III, and IV. (c) Simulated S11 response of Antenna-IV obtained 
from the equivalent circuit and CST.

Fig. 4. The S11 variation of Antenna-IV under the impact of: (a) t variation when d0= 3.5 mm, and (b) impact of d0 dimensions when t = 2.0 mm.
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w2) on the AR response. The maximum achievable 3- dB ARBW is 7.0 % 
at f0 = 10 GHz. Additionally, increasing l1, l2, and w1 values shift f0 of the 
AR downward, whereas a larger w2 shifts it upward.

Table 1 compares the radiation characteristics of Antenna-IV with 
related. The proposed antenna exhibits competitive performance in 
terms of gain, ARBW, and small size, making it a suitable candidate for 
cancer detection applications.

4. Sensing performance

This section presents a framework for detecting cancerous renal cells. 
The proposed detection system, illustrated in Fig. 6a, utilizes a one-port 
reflection coefficient measurement technique [43], where the antenna 
functions as a microwave sensor. The test sample is prepared by placing 
it between coverslip layers and positioning it directly on the radiating 
aperture of the antenna. The antenna is then connected to the vector 
network analyzer (VNA) and a computer to monitor variations in the S11 
response (ΔS11) and resonance frequency shift ((Δf0)) when normal and 

Fig. 5. The influence of the dimensions (a) l1 when w1= 12.1 mm, l2= 28 mm, w2= 3.9 mm, (b) w1 when l1= 13.1 mm, l2=28 mm, w2=3.9 mm, (c) l2 when w1= 12.1 
mm, l1=13.1 mm, w2=3.9 mm, and (d) w2 when w1= 12.1 mm, l1=13.1 mm, l2=28 mm on the AR performance of Antenna-IV.

Table 1 
Performance comparison of Antenna-IV with some other related works.

Refs. Antenna Type f0 

(GHz)
Antenna size 
(λ0 × λ0 × λ0)

Single element peak 
gain 
(dBic)

FBW ( %) 
at S11=− 10 
dB

3- dB AR ( 
%)

Required extra circuit to produce CP 
radiation

[38] Slotted waveguide antenna 14.5 0.74 × 0.82 ×
1.44

8.07 3.5 9.0 Yes

[39] Slotted SIW 10.0 0.35 × 1.07 × 0.1 5.90 3.0 2.0 Yes
[40] Slotted waveguide antenna 30 3.62 × 2.1 × 0.91 9.80 

four slots
6.7 1.2 No

[41] T-Slotted waveguide antenna 29.5 1.09 × 1.29 ×
0.44

6.78 3.4 1.0 No

[42] Slotted waveguide antenna 4.0 1.30 × 1.30 ×
0.85

6.5 11.0 13.3 Yes

This work 
Antenna- 
IV

L-shaped slotted waveguide 
antenna

10.0 1.20 £ 0.89 £
0.47

7.50 7.40 7.0 No
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cancer cells are introduced. A key advantage of this system is that the 
human body remains in the farfield region of the antenna’s radiation 
patten, thereby minimizing exposure to electromagnetic waves. To 
assess the safety of electromagnetic radiation, the Specific Absorption 
Rate (SAR) is used, which quantifies the amount of electromagnetic 
energy absorbed by human tissue. SAR is defined as the rate of energy 
absorption per unit mass and is mathematically expressed as [44]: 

SAR =
|E|2σ

ρ (4) 

where E (V/m), σ (S/m), and ρ (Kg/m3) represent the maximum electric 
field intensity, tissue electrical conductivity, and tissue mass density, 
respectively. There are two standards for SAR value calculation. Ac
cording to IEEE C95.1:1999, the SAR limit for a 1-gram average spatial 
tissue is 1.6 W/Kg. In IEEE C95.1:2005, this value was updated to 2 W/ 
Kg for a 10-gram average spatial tissue [45,46].

In Fig. 6(b), a normal cell sample is placed directly on the radiating 
aperture of the antenna (g = 0.0 mm). The SAR distribution on the 
sample, shown in Fig. 6(c), indicates a maximum SAR value of 0.0879 
W/Kg for a 1-gram average tissue at 10 GHz, which remains below safety 

Fig. 6. Proposed detection framework using antenna as a microwave sensor. (b) 1-gram modeled sample under test. (c) SAR distribution on the sample. (d) SAR 
variation with the change of sample-antenna distance (g). (d) SAR variation with the change of frequency when g = 0.0 mm.
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limits. Additionally, Fig. 6(d) demonstrates a significant decrease in SAR 
as the distance between the sample and the antenna (g) increases. 
Furthermore, Fig. 6(e) presents the variation of SAR with changes in the 
frequency when g = 0.0 mm. The results confirm that the SAR value 
remains below the safety limits across the operating frequency of 
interest.

The proposed CP antenna was tested within the proposed detection 
system mentioned above. To evaluate and enhance the antenna’s 
sensitivity, three analyte sections of different shapes were designed and 
placed on the antenna’s radiating aperture, as shown in Figs. 7(a), (b) 
and (c). The S11 results, presented in Fig. 8(a), demonstrate that the 
square-shaped analyte offers higher sensitivity in terms of Δf0 and ΔS11 
value due to its complete coverage of the radiating aperture. The impact 
of the square-shaped analyte’s refractive index (n) on the Δf0 of the 
antenna is shown in Fig. 8(b). As the n increases, the f0 shifts to the lower 
frequency band. This shift can be used to determine the sensitivity of the 
antenna [47]. Based on a linear fitting curve in Fig. 8(c), the sensitivity is 
calculated to be 0.175 GHz/RIU at f0 =10 GHz, with an R2 value of 
0.9945, indicating a strong linear relationship between n changes and 
frequency shifts. This strong sensitivity between the refractive index and 
frequency shift may be attributed to the higher operating frequency of 
10 GHz, which allows interaction with fine structures and subtle 
changes in the dielectric properties of healthy and malignant tissues. 
Besides, the wavelength of the radiated fields is influenced by changes in 
the effective permittivity, which is created by changes in the refractive 
index (RI) surrounding the antenna. As the resonance of the antenna is 
dependent on its physical dimensions in relation to the wavelength, a 
shift in RI results in a shift in the resonance frequency. The antenna’s 
sensing capabilities are based on the fact that an increase in RI usually 
results in a decrease in the resonance frequency because the antenna 
behaves as though it is electrically longer.

The proposed antenna is further used to diagnose cancerous cells as 
shown in Fig. 9(a). To ensure error-free results, two coverslip layers are 
used to sandwich the sample. The test involves placing samples of 
normal and cancerous renal cells between the coverslips and positioning 
them on the radiating aperture. The identification process relies on the 
difference in n value between healthy and cancerous cells, enabling 
precise characterization based on Δf0 and ΔS11 values. The simplified 
model of the frequency dependence of n presented in [48] is used to 
characterize the material of the samples. The refractive index value of 
normal cells (nf) is approximately 2.29, while, for renal cancer cells (nc), 
it ranges from 2.75 to 2.91 [49]. Also, the relative permittivity of normal 
renal cells (εrn) is 5.2441, while it is for cancerous renal cell (εrc) =
7.5625. Additionally, the other physical properties of normal and renal 
cancer cells, which are imported into the CST simulator for the detection 
investigation, are given in the caption of Fig. 9.

The S11 response of the antenna, when normal and cancerous cell 
samples are placed between the coverslip layers, is shown in Fig. 9(b). 
When a normal cell sample is used, the antenna’s f0 shifts by 0.104 GHz 
toward the higher frequency band. Both Δf0 and ΔS11 become more 
pronounced, 0.21 GHz and 3 dB, when a cancerous cell sample is placed 

on the aperture. These results confirm that the proposed antenna can 
effectively distinguish between normal and cancerous renal cells.

Further sensing investigations are conducted to study the effects of 
sample thickness (Rt) and the gap (g) between the radiating aperture and 
the sample. Fig. 10(a) shows that increasing the g value from 0.0 mm to 
2 mm alters the magnitude of S11 and reduces the Δf0 value from 0.20 to 
0.1 GHz. This occurs because the propagated EM wave has a higher 
chance of leaking and scattering away from the sample. Fig. 10(b) 
demonstrates that the Rt value has a negligible effect on frequency 
sensitivity, with a Δf0 value of only 0.006 GHz within the range of 1 mm 
to 3 mm. However, increasing the Rt value significantly affects the ΔS11 
magnitude, as thicker sample thickness leads to increased reflection. 
This is because as the Rt dimension increases, the sample density also 
increases, making it more resistant to the penetration of the EM wave. 
The sensing performance of the proposed antenna is compared with 
those related works reported in the literature, as shown in Table 2. It is 
evident that the proposed antenna has a strong sensitivity in terms of 
refractive index, Δf0, and ΔS11. Additionally, its size is compact and 
competitive compared to the currently related works, making it a suit
able candidate for cancerous cell detection applications.

5. Fabrication and measurement

The proposed Antenna IV was fabricated in two separate parts using 
3D printing technology, with a dimensional tolerance of ±50–100 µm, 
in order to reduce fabrication costs and minimize performance losses, as 
illustrated in Fig. 11. These pieces were printed using polylactic acid 
(PLA) polymer and subsequently coated with M.G. chemical shielding 
spray [51]. While this conductive spray facilitates electrical perfor
mance, it may introduce conductivity variations and additional losses in 
the antenna’s response. To mitigate these effects, each piece underwent 
a double coating process and then assembled using plastic screws to 
prevent electromagnetic interference. During the coating process, 
consistent rotation of the prototype was necessary to ensure uniform 
coverage, particularly inside the slot and along the cavity corners, as 
inconsistent coating in these regions could result in additional losses. 
Furthermore, the thickness of the conductive coating must be accounted 
for during the design stage to ensure it has a negligible effect on the 
simulated performance. Finally, the surface roughness is a critical 
parameter influencing the measured response; therefore, the surface 
must be sufficiently smooth to reduce discrepancies between simulated 
and experimental results.

The S11 and realized gain are measured in an anechoic chamber 
room. Fig. 12(a) shows good agreement between the measured and 
simulated S11 responses across the entire operating frequency band. A 
slight shift in the measured S11 towards the lower frequency band is 
observed, with a 10- dB FBW of 7.4 % at 10 GHz, slightly narrower than 
the simulated result. These differences are attributed to fabrication 
tolerances. The realized gain is measured using the gain-transfer method 
[52], with a broadband horn antenna used as a reference antenna. At 10 
GHz, the measured gain is 7.5 dBic, slightly lower than the simulated 

Fig. 7. The antenna with the presence of a) hemisphere, b) L-shaped, and c) rectangular-shaped analyte.
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value. The measured AR and total efficiency are compared with their 
simulated ones in Fig. 12(b). The measured AR and total efficiency are 
compared with the simulated ones in Fig. 12(b), showing a measured 3- 
dB ARBW of approximately 7.0 % at 10 GHz. The total efficiency is 
measured in this work from the ratio of the measured realized gain and 
the simulated directivity. The measured total efficiency is around 90 % 

within the operating frequency band, which is 5.0 % lower than the 
simulated efficiency. This reduction is likely due to the conductivity of 
the M.G. spray conductivity and minor electromagnetic leakage caused 
by imperfect joints between the antenna parts.

The measured radiation patterns of Antenna-IV are compared with 
the simulation results in Fig. 13. The difference between the co- (LHCP) 

Fig. 8. (a) The simulated S11 responses under the influence of three analytes. (b) Impact of n value on S11 response. (c) Variation of n value of square-shaped analyte 
with the resonance frequency shift.

Fig. 9. (a) Antenna setup for cancer cell diagnoses. (b) S11 response of the antenna with and without normal and cancerous sample cells. The dimensions in mm are: 
Cw=17.0, CL=28.0, Rw=1.0, Rt=0.5, g = 1.0. nf =2.29, nc=2.85. nf =2.29, nc=2.85. εrn = 5.2441, εrc = 7.5625.
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and cross- (RHCP) polarization magnitudes is maximum at broadside as 
expected. The LHCP main beam remains constant in the normal direc
tion for both of the planes. The side lobe level is below − 10 dB over the 
entire operating frequency band. Discrepancies in the backside lobes are 
attributed to the connection of a waveguide adaptor during measure
ment, which was not considered in the simulations. RHCP pattern levels 
are better than − 25 dB in the E-plane but are slightly higher at just 
below -10 dB in the H-plane. The presence of side lobes in the H-plane 
measured pattern is likely due to the waveguide adaptor affecting the 
input port connection.

6. Conclusions

A novel design of a CP slot antenna based on TE101 mode rectangular 
waveguide cavity-resonators has been designed and fabricated using 3D 
printing technology. The antenna features an L-shaped radiating slot on 
the broad-wall of the cavity, formed by combining two orthogonal LP 
slots. The superposition of the LP fields generates CP radiation. The slot 
dimensions were carefully optimized to achieve a minimum AR value at 
10 GHz and broaden the 3- dB ARBW. Measurements of antenna’s ra
diation characteristics validated the simulated results, demonstrating a 
10-dB FBW of 7.4 %, a 3-dB ARBW of 7.0 %, and a realized gain of 7.5 
dBic at 10 GHz. The performance of the proposed CP antenna is 
competitive compared to similar related designs and shows promising 

Fig. 10. Impacts of (a) spacing (g), and (b) sample thickness (Rt) dimensions on the S11 response of the antenna.

Table 2 
Sensing performance of Antenna-IV compared with some other related works.

Refs. Antenna Type f0 

(GHz)
Antenna size 
(*λ0 × λ0 × λ0)

Sensitivity 
(GHz/RIU)

Δf0 

(GHz)
ΔS11 

(dB)

[30] Spiral microstrip antenna 0.4 27.5 × 15 × 4.75 *NG NG Too small
[31] Microstrip patch antenna 2.4 NG NG NG 1.25
[32] Monopole Antenna 7.0 2.5 × 2.5 × 0.11 NG NG 12
[50] Monopole Antenna 0.4032 34.72 × 24.8 × 2.0 NG 0.011 NG
[44] Microstrip patch antenna 2.4 83.3 × 32.5 × 0.625 NG 0.028 16.6
This work L-shaped slotted waveguide antenna 10.0 1.20 £ 0.89 £ 0.47 0.175 0.21 3.0

* NG: not given. *λ0 is resonance free space wavelength.

Fig. 11. (a) 3D printing pieces, (b) photograph of Antenna-IV and (c) Antenna-IV under test.
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potential for applications in cancer detection systems.
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