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A new noninvasive and portable diagnostic system for detecting ocular tumors has been proposed. The system uses a contact-less
electrically small antenna sensor to detect retinal cancer cells. The antenna sensor is operated in the ISM (Industrial, Scientific, and
Medical) 2.413 GHz band and has electrical dimensions of 8 x16.2x0.35 mm>. The antenna sensor is fabricated on a bio-
degradable Teslin substrate and tested in an eye-mimicking phantom to compare numerical computations with measurements.
The specific absorption rate (SAR) obtained at near and far-field distances under 1 g of tissue is 1.18 W/kg and 0.353 W/kg, and
that under 10 g of tissue is 0.112 W/kg and 0.313 W/kg, respectively. Furthermore, to detect the ocular tumor using the proposed
antenna sensor, the resonance frequency shift, and the unsupervised machine learning technique, principle component analysis
(PCA) is employed on simulated and measured results. The resonance frequency shift for a 3.5 mm radius tumor is 70 MHz for
a single tumor and 120 MHz for double tumors. The PCA generates clusters with and without tumors on the positive and
negative sides of the two-dimensional plot. The proposed techniques are more impactful in distinguishing between healthy and
malignant tissues. The proposed systematic approach could be a portable platform for early detection of cancerous cells inside

the eye.

1. Introduction

An ocular tumor is a tumor that develops in the eye, usually
in the interior region of the eye. It is a common malignancy
that can afflict anyone at any age with no prior history,
especially in children under the age of four, and it is even
more common in children under the age of one year.
According to the American Cancer Society, there are 3360
new cases of eye cancer in the United States in 2022, with 410
deaths [1, 2]. Malignant tumors are formed in different
locations of the vitreous humor, most commonly in the
eyelids, as shown in Figure 1. The tumor can damage vision,
and it can be spread through the optic nerve to the brain and
other regions of the body. Therefore, the spread and death
rate due to this ocular tumor can be reduced by early di-
agnosis. Traditional methods such as magnetic resonance

imaging (MRI), computed tomography (CT), ultrasound,
and optical coherence tomography (OCT) are useful for
tumor diagnosis. However, these methods have substantial
limitations. The MRI operates on a lower frequency range,
which requires expensive equipment, a long study time, and
loud noises. The CT uses an X-ray generator, which exposes
the body to more radiation, and expensive and contrast
material, potentially worsening renal function in patients
with kidney disease [3-5]. Ultrasound scans and OCT are
noninvasive methods. Unlike other scanning methods, they
do not expose patients to radiation, have no adverse effects,
and are often painless. Ultrasound images, on the other
hand, are not as detailed as CT or MRI scans. Ultrasound
cannot identify if a tumor is cancerous or not, as sound
waves are highly attenuated by multiple layers of the human
body. The OCT employs light waves rather than sound waves
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F1GURE 1: The malignant tumors in different locations of the eye.

like ultrasound; however, their medium opacity can limit
optimal imaging and depth limitation of 1-4 mm [6-8].

The present-day clinical diagnostic methods impose
various challenges. In summary, mobility, affordability, and
safety are the main issues with current approaches. The
aforementioned constraints prompted the researchers to
develop simplified diagnosis methods using microwaves.
Microwaves can easily pass through various human body
tissues with different dielectric properties without being
attenuated. This characteristic of microwaves makes planar
antennas ideal for biomedical applications. The In-
ternational Telecommunication Union (ITU) has suggested
that the frequency band of 2.45-2.5 GHz (ISM band) can be
utilized for biomedical applications.

Several research studies on the applications of biomedical
systems using planar antennas for off-body, on-body, and
inside-the-body communication have been reported in the
open literature. In [9], the authors presented a triple-band
wearable monopole antenna designed for Internet of Medical
Things (IoMT) applications, aimed at facilitating wireless
wearable sensors for vital sign monitoring on the human
body. The reported antenna utilizes a coplanar waveguide feed
and incorporates an artificial magnetic conductor (AMC)
array structure, enabling effective operation across three
frequency bands. A noninvasive microwave-based system for
detecting glucose levels in aqueous solutions was reported in
[10]. The reported system employs two RF microstrip patch
antennas resonating at 2.4 GHz and 5.7 GHz, fabricated on an
FR-4 substrate. An inverted Q-shaped planar antenna
designed for wearable applications, operating at 2.45GHz
ISM band, was proposed in [11]. The reported antenna is
constructed using Rogers RO3006 with a 1.27 mm thickness
substrate and features an inverted ()-shaped radiating ele-
ment connected to a fork-shaped stub. Also, it is microstrip-
fed and has a partial ground on the backside. In [12], the
authors reported a coplanar waveguide-fed rectenna system
designed for efficient RF energy harvesting at 2.4 GHz for
Bluetooth/ WLAN  applications, with ~dimensions of
40 x 35 mm”. The antenna features a rectangular patch with
four slots on the radiator and ground slots near the feed line to
enhance impedance bandwidth, providing a gain of 4.12 dBi.
A compact monopole antenna working in the ISM band was
presented in [13], which detects bone fractures based on
a resonant frequency shift. An embroidered meander dipole
antenna was proposed for real-time breath monitoring [14],
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and its working principle was based on the resonant fre-
quency shift caused by the chest expansion and the dis-
placement of the lungs during breathing. Furthermore, the
planar antennas operated at ISM bands for off-body and
inside-the-body communication have been reported in
[15-20]. The aforementioned works deals with various de-
velopments in planar microwave antenna technology for
medical and communication applications. These de-
velopments showcase advancements in antenna technology
for diverse healthcare and wireless communication
applications.

In this paper, a planar microwave antenna sensor is
designed to operate the ISM band (2.45 GHz) for off-body
communication. The antenna sensor is developed using
a meandered microstrip line and acts as an effective compact
radiator with reduced resonant resistance. A meandered
resonator, tapered feed, and U-shaped notches are loaded on
the patch and ground plane to achieve the desired resonating
band. A simplified multilayered canonical (SMC) eye model
is developed in a full-wave simulator to analyze the per-
formance of the proposed antenna sensor to detect the
ocular tumor. The experimental validation is also performed
with eye-mimicking phantom.

Table 1 summarizes the geometrical dimensions, vol-
ume, electrical size, and impedance bandwidth of recently
reported antennas. It shows that, while subject to their
clinical applicability, electrical size, overall size, volume, and
impedance bandwidth, the recently reported antennas still
need to be low profile or compact compared to the proposed
asymmetric planar strip- (APS-) fed monopole antenna
sensor.

This paper is organized as follows. Section 2 describes the
design, evolution, performance, and free space simulated
and measured results of the antenna sensor. Section 3
provides a brief description of the inhomogeneous eye
modeling and testing using simulation and the experimental
setup. Section 4 discusses a brief conclusion of the
presented work.

2. Proposed Antenna Sensor Design

The objective is to design a compact ISM-band monopole
antenna sensor for detecting ocular malignancy. The
proposed antenna sensor is designed on the biodegradable
Teslin substrate of permittivity (e,) of 2.2, thickness of
0.35 mm, and loss tangent () of 0.022. Figure 2 depicts the
geometry of the proposed APS-fed antenna, and the size of
the antenna is 8 x16.2 x0.35 mm’. The antenna configu-
ration has a small footprint of 45.36 mm’. The antenna
consists of a modified ground plane and L-shaped and
inverted U-shaped resonators, and it resonates at 2.45 GHz
with an impedance bandwidth of 2.29-2.58 GHz. The
evolution of the proposed monopole antenna is depicted in
Figures 3(a)-3(d).

2.1. Antenna Sensor Evolution. Initially, an APS-fed
monopole with an inverted U-shaped strip (antenna-1) is
designed to operate at 3.34 GHz, as shown in Figure 3(a). To



International Journal of Antennas and Propagation

apmBanem reuerdoo :pdD ‘dins reuedoo osrowwAse GOy

we ST $9K sjodououwr paj-Sqvy T 9¢°G¥ GE0XTIIXY pasodoiq
0€21 ‘02T L'S ST ON euudjue ydjed dinsomnIN €y 095T 91X 0% X 0F (€z02) [01]
059 ‘0SS ¥'S ‘ST ON 'UUUL PJ-MJD (44 9'97F 6L°0%0€ %8I (€207) [£1]
081 ‘0¥€ ‘04T 849 ‘8°S VT $oX ajodouowr pa3-§OVY €Y 8967 9IXETXSGET (zz02) [91]
08ST09 SS‘SH T $aX s[odouowr paj-mdO ¥ SP'T6T ITIXLYVTXFL (zz02) [sT]
ove 4 ON s[odip parapues]y €1 L'101 ¥91°0 X L8F X SF (z202) [#1]

GIT Sh'T ON sfodouopy ¥y 9¢sT 9'IXTEX0E (zzoo) [€1]

(ZHW) dp01->"''S
® ppmpueq JunerndQ

(zHD) Aouanbaiy Suneradp [rewrs Aqrestnoorg

ad£y euunyuy

JUEB)SUOD DIIIIPI( (W) dwnjop (W) (H X T X M) 9ZIS euuajuy (1ea4) “Joy

"UOT)EdTUNWWOd ApP0q-Jo 10J seuudjue aaemontw Jeueld Juowre sisd[eue aaneredwro) :1 a184V],



@2.45GHz

(@ () (© (d)

International Journal of Antennas and Propagation

S,, (dB)

L 1 I L I 1 L

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Frequency (GHz)
-=-= Antenna-1 oo Antenna-3
-—- Antenna-2 —— Proposed

(e)

FIGURE 3: Design evolution of the proposed antenna-sensor: (a) antenna-1, (b) antenna-2, (c) antenna-3, (d) proposed, and (e) S;;-

parameters for antenna-1 to proposed.

shift resonating frequency towards the desired ISM band, the
electrical length of the resonator is increased using an L-
shaped strip in the next stage of evolution. In the lower-end
mode, the antenna structure achieves resonance at 2.58 GHz
(antenna-2), as shown in Figure 3(b), and its resonating
electrical length is nearly equal to the quarter wavelength
[21]. By introducing a defect in the ground plane (antenna-
3), as shown in Figure 3(c), good impedance matching is
achieved at 2.6 GHz. Also, by adding an L-shaped strip to the
resonator and a U-shaped slit in the ground plane, the
resonant frequency shifts within the ISM band. The reso-
nating behavior of antenna-3 is investigated further using
surface current distribution at 2.6 GHz. Since the edges of
the resonator have the highest surface current [22], rect-
angular slits are employed on them to achieve the desired

resonance frequency of 2.45 GHz without influencing im-
pedance matching (depicted in Figure 3(d)). A parametrical
study has been carried out on each step of evolution, which is
discussed in the following section. The S;,-parameters for
the evolution of proposed antenna sensor are depicted in
Figure 3(e).

2.2. Parametrical Studies. In the initial phase of evolution,
antenna-1 resonates at 3.34 GHz, exhibiting a reflection
coefficient of —27.2dB. In order to enhance antenna-1’s
performance to align with the desired ISM band, a para-
metric analysis is conducted on the length of the radiating
element, denoted as R, which plays a key role in parametric
optimization. This involves adjusting the R; value within
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FIGURE 4: Parametric analysis results for critical design parameters: (a) Ry, (b) Mg, and (c) A,.

a specified range using a full-wave simulator. Figure 4(a)
illustrates the S;; response as a function of Ry variation,
allowing us to compare it with the S;; response obtained in
the initial evolution step. Ultimately, an R; value of
23.03mm is chosen, resulting in resonance at 2.58 GHz,
which closely aligns with the desired ISM band.

To further improve impedance matching, a U-slot is
introduced in the center of the ground plane during the
second phase of evolution. This involves optimizing two
parameters, namely, Ng and Mg, associated with the U-slot.
By selecting N = 1.75 mm and varying the M value between
0 and 2.4 mm, we achieve proper impedance matching. The



modified S;; plot, with respect to Ng and Mg, is depicted in
Figure 4(b), clearly showing the significant impact of the U-
slot on S;; magnitude within the desired frequency band. In
the next step, the width of the radiating element is adjusted by
parameter A, (shown in Figure 4(c)). Furthermore, semi-
rectangular slots are introduced in the corners of the reso-
nator, guided by the study of surface current density. This
modification results in the realization of the desired ISM band
with a bandwidth of 290 MHz. The final dimensions of the
proposed antenna sensor are as follows: Tp=16.2mm,
Tw=8mm, A;=10mm, A,;=1.08mm, R;=33.05mm,
A;=098mm, P =5mm, Ng=175mmMg=2.4mm,
E;=2.6mm, and E,=E;=E;=Es=Es=12mm. At the op-
erating frequency of 2.4 GHz, the antenna achieves a realized
gain of 1.1 dBi and a directivity of 0.86 dBi.

2.3. Free-Space Performance. The proposed antenna sensor
prototype is fabricated on the Teslin substrate of 0.35mm
thickness, as shown in Figure 5(a), and it is measured in an
anechoic chamber using a vector network analyzer (Anritsu
N9926A). The measured results show —10dB impedance
bandwidth of 342 MHz (2.18 GHz —2.522 GHz), with reso-
nance at 2.413 GHz, as shown in Figure 5(b). The far-field
parameters of the antenna sensor are measured inside an
anechoic chamber to restrict undesired reflections. Figure 6
depicts the measured normalized radiation characteristics of
the fabricated antenna prototype. The antenna sensor has
a bidirectional pattern in the yz-plane (¢=90°) and an
omnidirectional pattern in the xz-plane (¢=0"). The pro-
posed antenna sensor achieved a measured gain of 0.94 dBi.
The measured results slightly deviated from the simulated
results. This might be due to the parasitic effect of solder,
which is not properly aligned between the coaxial probe and
the antenna feed position.

The electrically small antenna (ESA) characteristics of
the proposed antenna sensor are further analyzed using the
conditions given in [22].

ka< 0.5, for ESA, (1)

« _»

where “k” is the wave number and “a” is the minimum
radius of the sphere related to the distance between the
antenna center and its apex. At 2.413 GHz resonating fre-
quency, k=0.05 (k=2n/))), where A, is operating wave-
length, a=897mm (a =1,/13.6), and ka=0.44 for the
proposed antenna sensor.

3. Inhomogeneous Eye Modeling and Testing

3.1. In Simulation Scenario. The SMC eye model is created
with multiple biological tissues to replicate the real human
eye, as shown in Figure 7. The sclera, choroid, and retina are
the major outer layers of the human eye, with a sphere radius
of 11-12 mm [23]. Aqueous humor covers the region between
the cornea and lens, which are both inside the eyeball. The
ciliary body is an outgrowth of the iris that produces aqueous
humor. The brain, skull bone, muscle, fat, and skin are the
other major outer tissues of the human eye. As shown in
Table 2, the dielectric constant, conductivity, and density of all
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of these tissues are considered in the simulation to replicate
the real condition at 2.45 GHz [24]. The proposed antenna
sensor design takes into account the proximity of biological
tissues positioned in its far field. Due to the dielectric
properties of biological tissues, an antenna close to tissues will
propagate differently than an antenna in free space [25].

The proposed antenna sensor’s reflection parameters with
the SMC eye model resonate at 2.292 GHz for a near-field
distance of 3mm and 2.38 GHz for a far-field distance of
5.35mm. Also, the SAR is calculated to estimate the RF ra-
diation absorbed by the SMC eye model. A system with the
Intel Core i7-2600 processor and 24 GB of RAM is used for
SAR calculation. In total, a single simulation run lasted ap-
proximately three hours. It is noticed during the investigation
that the values of SAR do not exceed above 1.6 W/kg at far-
field (5.35mm) and near-field (3 mm) distances for 0.001 W
of input power, as depicted in Figure 8. Next, a cancerous
tumor with a radius of 2-3.5mm is introduced one after the
other near the choroid layer (corner of vitreous humor) of the
eye to test for malignancy of the eye.

The dielectric properties of benign tumor are considered
as €,=61.6 and 0 =4.09 [26]. For near-field distance (3 mm),
the reflection characteristics are reviewed every 0.1 mm
along the x- and y-axes (horizontal and vertical) for the
single and double tumors. Then, the maximum resonant
frequency shift is recorded and tabulated in Table 3.

T, = 1.608 + 0.114F, — 0.0015F>. (2)

Figure 9 depicts the polynomial curve fitting results for
the single tumor-simulated S;;. A polynomial regression (2)
with a statistical R*=0.9987 represents the relationship
between the frequency shift of the proposed antenna sensor
and the size of the tumor, where Fs is the resonant frequency
shift of a single tumor of the antenna sensor and Ts is the size
of the tumor. It is observed that when the proposed antenna
sensor is positioned at near-field distance from the SMC eye
model, with single and double tumors, its resonance changes
from 2.292 GHz, as shown in Figure 10.

The maximum shift of the resonance frequency for the
SMC eye model with a cancerous tumor is 54 MHz. This
proves that the proposed antenna sensor is sensitive to
variations in the body tissues, and hence it can be used for
the early detection of ocular tumors.

3.1.1. Parametric Study on Tissue Uncertainties. The pro-
posed antenna sensor is positioned in front of an eye model.
Tumors of different sizes (3 mm and 3.5mm radius) are
induced in the vitreous humor of the eye model. The key
parameter being measured is the frequency shift of the
proposed antenna sensor. The changes in the frequency shift
are recorded. It has been observed that there is a controlled
simulation setup in which the sensor is tested with tumors of
known sizes and in different locations. Hence, the proposed
antenna sensor for the detection of tumors within the vit-
reous humor of the eye model has shown promising results.
The sensor effectively registered changes in the frequency
shift through induced tumors of varying sizes and positions,
as shown in Table 4.
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FIGURE 6: Far-field characteristics of the proposed antenna-sensor at 2.413 GHz.
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TaBLE 2: Dielectric properties of biological tissues used in head and eye model at 2.4 GHz [24].

Tissue Density (p) (kg/m3 ) Dielectric constant Conductivity (o) (S/m)
Cornea 1062 51.63 2.29
Aqueous humor 1009 66.26 3.45
Ciliary body, iris 1090 52.74 1.73
Lens 1100 33.98 1.08
Vitreous humor 1005 68.21 2.47
Retina 1039 48.95 1.8
Choroid blood 1050 58.28 2.55
Sclera 1076 52.65 2.03
Brain 1030 4891 1.8
Skull bone 1850 11.38 0.39
Muscle 1040 52.729 1.74
Fat 920 5.28 0.11
Skin 1050 38.01 1.46

W/kg

118
1
0.8
0.6
0.4
0.2
0

FIGURE 8: SAR results of the proposed antenna-sensor with the SMC eye model (a) for 1 g tissue at a far-field distance, (b) for 10 g tissue at
a far-field distance, (c) for 1g tissue at a near-field distance, and (d) for 10 g tissue at a near-field distance.

TaBLE 3: Resonance frequency shifts for different sizes of tumors at D=3 mm.

. Single tumor Double tumors
Tumor size (mm) . . . .
Resonating frequency (GHz)  Frequency shift (MHz) Resonating frequency (GHz)  Frequency shift (MHz)

Absence of tumor 2.292 — 2.292 —
2 2.288 4 2.276 16
2.5 2.284 8 2.272 20
3 2.276 16 2.56 36
3.5 2.268 24 2.238 54
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at D=3 mm.

3.2. Eye Model Preparation and Testing. The efficacy of the
proposed antenna sensor for ocular tumor detection is
evaluated by validating the simulated results of the proposed
antenna with measurements. To test the sensing ability of the
proposed antenna, an eye phantom with a head-testing
model similar to the SMC eye model is developed. The
testing model depicted in Figure 11(a) is a pair of spherically
shaped, semi-solid phantoms (phantom A and phantom B)
with an approximate radius of 12 mm and 3.5 mm that are
used to replicate eyeball vitreous humor and malignant
tumor tissues, respectively. To imitate the head with eye

tissues, the spherical semi-solid eyeball is submerged in
a transparent plastic container (20 x 20 x 8§ mm®) containing
phantom C, which is prepared using the recipe given in [24].

To replicate the approximate real-time conditions of
ocular and tumor tissues, phantom A and phantom B so-
lutions are prepared using the compositions given in
[27, 28]. Triton X-100 and salt mixtures (15%, 7.4 g/L) are
used for preparing vitreous humor (phantom A) due to their
stable electrical properties over a long period of time and
temperature, and the obtained results are €,=69.2 and
0=2.8S/m. A permittivity (e,) of 61.6 and conductivity (o)
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TaBLE 4: Frequency shifts for different locations of ocular tumor with a radius of 3 and 3.5 mm

N Tumor radius =3 mm
Position (x, y, z) (mm)

Tumor radius = 3.5 mm

Resonating frequency (GHz) Frequency shift (MHz) Resonating frequency (GHz) Frequency shift (MHz)

(0, 0, 0) 2.276
0,0, 2) 2.276
0, 0, 4) 2.276
(Oa 0’ _2) 2276
(0, 0, —4) 2.277
(0, 2, 0) 2.276
(0, 4, 0) 2.277
0, -2, 0) 2.276
(0, -4, 0) 2.276
(2,0, 0) 2.276
(4, 0, 0) 2.276
(=2, 0, 0) 2.277
(-4, 0, 0) 2.277
0, 2, 2) 2.276
(0, 4, 4) 2.275
0, -2, -2) 2.276
0, —4, —4) 2.276
(2,0,2) 2.276
4, 0, 4) 2.276
(-2, 0, -2) 2.276
(-4, 0, —4) 2.277
2,2, 0) 2.277
(4, 4, 0) 2.277
(-2, -2, 0) 2.276
-4, -4, 0) 2.276
2,2,2) 2.276
(4, 4, 4) 2.276
(=2, =2, -2) 2.276
(—4, -4, —4) 2.276

16
16
16
16
15
16
15
16
16
16
16
15
15
16
17
16
16
16
16
16
15
15
15
16
16
16
16
16
16

2.268 24
2.268 24
2.268 24
2.269 23
2.268 24
2.268 24
2.268 24
2.268 24
2.267 25
2.268 24
2.268 24
2.268 24
2.268 24
2.267 25
2.268 24
2.268 24
2.268 24
2.268 24
2.269 23
2.268 24
2.267 25
2.268 24
2.268 24
2.269 23
2.267 25
2.268 24
2.268 24
2.268 24
2.269 23

of 2.2 S/m (phantom B) are obtained using mixtures of agar
(1.7 g), salt (0.5844 g), deionized water (100 ml), and ethanol
(60ml). These readings resemble a cancerous tumor at
2.45GHz.

(1) Tumor detection using frequency shift: The proposed
antenna sensor is placed near the testing eye model
with and without a tumor. The S;;-parameters are
recorded using the vector network analyzer (VNA)
and shown in Figures 11(b) and 11(c). It is observed
that the resonance frequency of 2.36 GHz is obtained
for testing the eye model without a tumor, and by
including a tumor of radius of 3.5 mm, the resonance
frequency shifts from 2.36GHz to 2.29GHz
(70 MHz, for a single tumor). For double tumors, the
resonance frequency shifts from 2.36 GHz to
2.24 GHz (120 MHz). It is noticed that the measured
resonance frequency shift of the proposed antenna
with phantoms is higher than the simulated results.
These differences could be attributed to phantom
mixture compositions with approximate electrical
properties, slight increment of radius of the tumor,
and the absence of external layers of the vitreous
humor. The measured results show a significant
impedance match across the proposed antenna
sensor. These reflection parameters are further

examined and discussed in the following using
a multivariate data analysis technique, PCA.

(2) PCA on reflection parameters: The PCA is a multi-

variate data analysis technique, and it is used to study
multiple variables in a set of data. PCA reduces
a large number of variables that may be correlated
into a more manageable set of principal components
(PCs) using sophisticated mathematical underlying
principles [29]. Therefore, by examining the
reduced-dimension dataset, the user can identify
trends, patterns, and outliers in the data. In this
work, the dataset is considered as the reflection
coefficients for 1001 frequency points of an eye
phantom (E) with a tumor (T). The 1001 reflection
coefficients are the variables, and E and T curves are
the two observations. Hence, the tumor can be
predicted by plotting the two coordinates repre-
senting the two points in 1001-dimensional space. If
the observations (E and T curves) have any corre-
lation, the correlated points are observed in the 1001-
dimensional space.

In order to better understand the PCA method, it is
represented in terms of its linear algebra fundamentals, and
it is assumed that the dataset is represented by an mxn
matrix, A, where the m (1001) rows are the variables
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(reflection coeflicients) and the #n (2) columns are the
observations.

Rg; Ry
A=| N (3)
Rg1001 Rrioon

The Rg and Ry are reflection coefficients belongs to E
and T curves. The linear transformation of matrix A into
matrix B with matrix P of dimensions m x m is

B=PA

P,.Rg,; P,.Rp

(4)

PIOOI'REIOOI PIOOI'RTIOOI

In (4), matrix A is projected onto P columns to de-
termine the principal component directions. The following
step uses the variance property 0% = (1/n - 1) XX" to de-
termine how much two variables change together. Also,
some features must be chosen for the transform matrix, B,
and must relate them to the features of the corresponding
covariance matrix, Cg.

1
Cz=——BB”
n—-1
T T
B1]31 o BIBIOOI (5)

_ 1

“n-1

T T
B1001B1 : B1001131001

The variances are observed on both the diagonal and oft-
diagonal entries of the above matrix when its entries are
closely examined. Therefore, the transformation matrix P
can be chosen so that Cp is diagonal in order to estimate the
potential covariance between the two observations.

1
=— PA(PA)!
n-1
. (6)
_ T\pT
= EP(AA )P ,

1 T
Cy = ——PXP",
n—1

where X=AA™. It should be noted that X is a symmetric
matrix, m x m, and that every square symmetric matrix is
orthogonally diagonalisable according to linear algebra, i.e.,

X = EFET, (7)

where F is a diagonal matrix whose (diagonal) entries are the
eigenvalues of X and E is an orthonormal matrix, m x m,
whose columns are the orthonormal eigenvectors of X.
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Finally, by selecting the rows of P to be the eigenvectors of X,
it is ensured that P = E¥ and vice versa. Thus, the expression
for the covariance matrix, Cg, becomes

1
Cy = ——PXP'

n-1
. (8)
= — E"(EFE")E.
—F' (EFE')
Since EET =1 (identity matrix),
Cg = ! F
B n-1
PC PC
1E 1T (9)

PCIO()IE PCIOO]T

where PC,y and PC,r are the first PCs (highest feature) of
the E- and T-curves. Using (9), the variances can be au-
tomatically extracted from the data regarding the relative
significance of each principal component. The highest
variance is the first principal component, followed by the
second principal component, and so on. Therefore, the
above-described PCA approach is coded in MATLAB with
simulated and measured results, and the resulting plots are
shown in Figure 12. Observe that a variable E, is located on
the negative side of the PC-1 axis and Tj, is located on the
positive side of the PC-1 axis, and they are clustered to-
gether, whereas T, cluster is the PC belonging to an eye
phantom with a single tumor (2.5 mm and 3.5mm) and is
located away from the E, cluster (PCs belonging to eye
phantom without tumor).

As a result, the PCA can generate these correlations. It
has significantly lowered the size of the dataset from 1001 to
2, allowing one to assert (as shown in Figure 12) that healthy
phantoms and tumors are different PCs. The frequency shift
analysis and PCA technique employ simulated and mea-
sured reflection coefficients and are more impactful in
distinguishing between healthy and malignant tissues. Both
frequency shift analysis and PCA are effective at detecting
tumors inside the eyes. Table 5 shows the performance
comparison of the proposed microwave antenna sensor with
other recent antenna systems. In comparison to previously
reported antennas, the proposed antenna sensor has
a meandered monopole design that results in a small ge-
ometry, is designed on a biodegradable substrate, is contact-
less, and uses machine learning for the accurate detection of
ocular tumors.

4. Conclusion

An asymmetric planar strip-fed monopole antenna sensor is
designed and developed to detect ocular tumors. Its
implementation is close to the fundamental physical limits of
ESAs found in the literature due to its smaller size
(Ao/15.3 X Ap/7.5 x Ay/350). Near-field and far-field results
are discussed along with the SAR computations for the input
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power of 10 dBm. The proposed antenna sensor is fabricated
on a Teslin paper substrate and tested with an eye-
mimicking phantom to compare numerical computations
with measurements. In addition, the reflection parameters
are analyzed using PCA for the accuracy of tumor detection.
Compared to the previously reported works, the proposed
diagnostic system has several advantages, such as a non-
invasive mechanism, portability, and wearable biodegrad-
able substrate, and a planar antenna for ocular tumor
detection is hardly reported. Therefore, the proposed
small-size antenna sensor could be a viable solution in the
portable diagnosis system for the early detection of can-
cerous tumors in the eye. Although the results of the pro-
posed antenna sensor are the first of their kind, further

advancements in the detection algorithms are still
required [34].
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