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Abstract – In this paper, a circularly polarized printed
monopole antenna (CPPMA) is proposed for medical
microwave imaging and health monitoring applications.
The proposed CPPMA is optimized to operate at the
Industrial, Scientific and Medical (ISM) band. A proto-
type of the designed antenna is fabricated and printed
on the low-cost FR-4 substrate that has a compact size
of 34 × 28 × 1.5 mm3. The simulated results indicate
that the designed CPPMA operates between 2.425 GHz
and 2.475 GHz while the measured results range between
2.32 GHz and 2.515 GHz. The designed CPPMA also
reveals a circular polarization performance at 2.45 GHz
(2.4386 GHz - 2.4633 GHz). The suitability of CPPMA
for microwave imaging is confirmed by checking its
aptitudes to detect the presence of breast tumors and
brain strokes. A great detection capability is achieved for
breast tumors and brain strokes of various sizes inserted
at different positions with a high sensitivity to changes or
anomalies in the dielectric properties of human tissues.
In addition, the usefulness of the proposed CPPMA for
wearable application is justified experimentally. Excel-
lent agreement is achieved between the simulated results
and the measured ones.

Index Terms – Breast tumor and brain stroke detec-
tion, circularly polarized printed monopole antenna
(CPPMA), industrial scientific and medical (ISM) band,
medical microwave imaging and health monitoring,
phantom models, wearable antenna.

I. INTRODUCTION
The most commonly used medical imaging modali-

ties for image reconstructions of human anatomy, tissues
or organs include X-ray computed tomography, mam-
mography, magnetic-resonance imaging, single photon

emission computed tomography-computerized tomogra-
phy (SPECT-CT) and ultrasound. However, each one of
these screening approaches are quite costly, painful and
ionized [1].

To overcome the drawback of these methods,
microwave imaging has gained the interest of many
biomedical researchers because of its attractive features
that include low-cost, safety, simplicity, high image res-
olution of the scanned body tissues, non-ionizing radi-
ations and being non-invasive [2]. It is based on mono-
static or multi-static radar-type measurements, and ben-
efits from the marked dielectric contrast between healthy
and diseased tissues. The mono-static radar imaging
system that uses a single antenna to scan the body
with mechanical movement is faster and more effi-
cient. Whereas the multi-static radar imaging system that
uses an antenna array is complex, expensive and time
consuming [3].

Circularly polarized (CP) antennas enhance the per-
formances of medical microwave imaging radar systems
since they reduce indoor multi-path effects and body
postures, reduce polarization mismatch losses, penetrate
lossy dielectric materials of the human body tissues, and
provide a robust detection of the tumors irrespective to
the antenna orientation constraints [4]. Several antennas
have been reported for biomedical applications such as
those presented in [5–17], however, these antennas are
linearly polarized and have only one use whether for
cancer screening, stroke screening, or health monitoring.
Thus, novel high-performance antennas are needed for
several biomedical applications.

In this paper, a mono-static CPPMA of size 34
× 28 × 1.5 mm3 is proposed at Industrial, Scientific
and Medical (ISM) band for medical microwave imag-
ing applications and health monitoring wearable appli-
cations. The proposed CPPMA is capable of detecting
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breast tumors and brain strokes of various sizes inserted
at different positions. This CPPMA may also be uti-
lized for remote health monitoring systems because of its
operation in the ISM band and circular polarization prop-
erties. This remote health monitoring system can keep
track of a patient’s medical information while they are
at home, making it easier to diagnose and treat them
as well as forecast when they will get sick and regu-
late their condition. Additional contributions presented
in this work include: 1) the design and the fabrication
of a simple and low-cost antenna for several biomedical
applications: breast cancer detection, brain stroke detec-
tion and for health monitoring and wearable applications;
2) the introduction and the evaluation of the circular
polarization performance for the detection of tumors;
3) the ability to detect very small breast tumors and
strokes is validated through the use of phantom models;
4) the usefulness of the fabricated prototype for wear-
able health applications is justified experimentally; 5) the
detection of strokes in the human head through the anal-
ysis of E-field, H-field and current density; 6) the evalua-
tion of specific absorption rate (SAR) parameters on the
breast, head and arm of the human body phantom.

All the simulations presented in this work are carried
out using CST Microwave Studio software.

II. ANTENNA AND BODY PHANTOM
MODEL DESIGN

A. Antenna design and evolution analysis
Figure 1 presents the geometry of the designed

CPPMA. Its optimized dimensions are given in Table 1.

Fig. 1. Geometry of the designed CPPMA: (a) front view, (b) back view.

Figure 2 shows the evolution of the CPPMA design dur-
ing the design process, whereas Fig. 3 describes the cor-
responding reflection coefficient and the axial ratio (AR)
of the different designs.

The two slots and a stub inserted on the ground plane
are responsible for generation of the circular polariza-
tion (AR = 0.98 dB < 3 dB at 2.45 GHz, AR bandwidth
ranges from 2.4386 GHz to 2.4633 GHz). This circular
polarization performance can also be observed from the
surface current direction as the phase augments in time.
Figure 4 shows the current distributions on the surface
of the proposed CPPMA at 2.45 GHz for four differ-
ent phases (0◦, 90◦, 180◦ and 270◦). It can be seen from
the results that the main current direction for 0◦ is in the
-X direction, whereas the main current direction for 90◦

is in the +Y direction. Besides, the main current direc-
tion at 180◦ and 270◦ are reverse to those of 0◦ and 90◦,
respectively. Accordingly, the main surface current turns
in a clockwise trend. It signifies that a left-hand circular
polarization (LHCP) is acquired in the direction of prop-
agation with the designed CPPMA.

Figure 5 shows the simulated right-hand circularly
polarized (RHCP) and LHCP far-field radiation pat-
terns of the antenna in xz-plane (H-plane) and yz-plane
(E-plane) at 2.45 GHz. It confirms that the proposed
CPPMA radiates LHCP in the direction of the propaga-
tion and RHCP in the reverse direction. The minor incli-
nations of the radiation patterns in xz-plane (H-plane) are
due to asymmetric geometry of the designed CPPMA.
Comparable results are obtained in [18–19].
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Table 1: Optimized dimensions of the proposed CPPMA
Parameter W1 L1 W2 W3 W4 W5 W6 W7 W8 L2 L3 L4
Value (mm) 28 34 3 10 8 2 1 2 1 21.3 13 8.5
Parameter L5 L6 L7 G1 G2 G3 G4 G5 G6 G7 G8
Value (mm) 7 8.7 5 28 9 12 8 5 1.25 1.6 1.2

Fig. 2. The evolution of the proposed CPPMA during the design process: (a) Antenna 1, (b) Antenna 2, (c) Antenna
3, (d) Antenna 4, and (e) Proposed CPPMA.

Fig. 3. (a) Reflection coefficient and (b) AR of the proposed CPPMA compared with the initial reference antennas.

A 3.01 dBi maximum directivity is achieved while a
radiation efficiency of 92.49 % is attained at 2.45 GHz.

Figure 6 shows the fabricated prototype of the pro-
posed CPPMA printed on FR4-Epoxy of size 34 ×
28 × 1.5 mm3. The prototype was fabricated using
the PCB prototyping machine LPKF Proto Mat E44.
Figure 7 presents the reflection coefficient setup mea-

surement using the R&S®ZNB Vector Network Ana-
lyzer. Figure 8 shows that the simulated and mea-
sured reflection coefficients of the CPPMA are in
good agreement. The measured impedance bandwidth
ranges between 2.32 GHz and 2.515 GHz while
the simulated one varies between 2.425 GHz and
2.475 GHz.



427 ACES JOURNAL, Vol. 38, No. 6, June 2023

Fig. 4. Surface current distribution on the proposed CPPMA at 2.45 GHz for four different phases: 0◦, 90◦, 180◦

and 270◦.

(a) (b)

Fig. 5. Radiation patterns of the proposed CPPMA at 2.45 GHz: (a) LHCP and (b) RHCP.
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(a) (b)

Fig. 6. Fabricated prototype of the proposed CPPMA: (a) front view and (b) back view.

Fig. 7. Reflection coefficient setup measurement of the
proposed CPPMA.

Fig. 8. Simulated and measured reflection coefficient of
the proposed CPPMA.

B. Human body phantom models
Various breast, head and arm phantoms have been

proposed in the literature. Because various tissues have
different electrical properties and absorb different quan-
tities of microwaves, changes in the frequency spectrum
have a large influence on the dielectric characteristics of
biological tissues [20, 21].

The dielectric properties are reconstructed in quan-
titative microwave imaging based on the difference in
the complex permittivity. Due to the complexity of the
structure and composition of biological tissues, Gabriel,
et al. [22, 23] used the 4-Cole-Cole model which exhibits
a parametric description of four types of dispersion in
biological tissue. This model describes the frequency-
dependent permittivity and conductivity of several bio-
logical tissues in the frequency range from Hz to GHz,
which is defined as:

ε (ω) = ε
′ (ω)+ jε” (ω)

=
4

∑
n=1

ε∞ +
∆ εn

1+( jωτn)
1−αn

+
σi

jωε0
, (1)

where the ability to absorb microwave energy is indi-
cated by the loss factor, whereas the ability to store
microwave energy is indicated by the real part. The mag-
nitude of the dispersion is described as ∆ εn = εs−ε∞, ε∞

is the permittivity at high frequency, εs is the static per-
mittivity, ω is the angular frequency (rad/s), τ is the
relaxation time constant (s), σi is the static ionic con-
ductivity (S/m), α is a distribution parameter and ε0 is
the permittivity of free space.

The basic principle of the use of microwaves in
breast imaging for detecting malignant cells is based on
the significant divergence between the dielectric prop-
erties of pathological tissues and healthy tissues. In the
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breast cancer detection, a mono-static radar imaging sys-
tem uses one antenna that acts as a transceiver to detect
and locate the tumor in the breast with an easier and
clearer manner. The antenna transmits microwave pulses
toward the breast to scan several locations inside the
breast phantom.

The antenna then receives signals from the breast in
terms of reflected or scattered signals. It is used to high-
light that the changes in the back-scattered signal divulge
disparities in the electrical properties of tissues. Thus, the
back-scattered signal can be used to find out tumor cells
in the breast, which exhibit higher dielectric constants
than normal breast tissues [24, 25].

B.1. Human breast phantom model
A hemispherical shaped breast model has been sim-

ulated in the present paper. It is composed of 3 layers i.e.
skin, fat and fibro-glandular as depicted in Fig. 9. The
properties of human breast phantom model [22, 26] and
of the tumor model [27, 28] are given in the Table 2.

Table 2: Parameters of the 3-layer human breast phantom
model and tumor model at 2.45 GHz

Tissues
ε

(F/m)
σ
(S/m)

ρ
(kg/
m3)

R
(mm)

Skin 38.0067 1.46407 1100 50
Fat 5.14667 0.137039 900 48

Fibro-
Glandular

20.1 0.5 1040 38

Tumor 55.2566 2.7015 1050 /
ε = permittivity, σ = electrical conductance,
ρ = density, R = radius

Fig. 9. Hemispherical human breast phantom model.

B.2. Human head phantom model
A spherical-shaped head model was considered in

this paper. As depicted in Fig. 10, it is composed of 7 lay-
ers, i.e. skin (dry), fat, muscle, skull, dura, cerebrospinal
fluid and brain. The properties of the considered human
head phantom model and of the stroke model (blood clot)
are given in Table 3.

Fig. 10. Spherical human head phantom model.

Table 3: Parameters of the 7-layer human head phantom
model and brain stroke model (blood clot) at 2.45 GHz
[22, 29]

Tissues ε

(F/m)
σ
(S/m)

ρ
(kg/ m3)

R
(mm)

Skin 38.0067 1.46407 1100 50
Fat 5.14667 0.137039 900 48

Muscle 53.573540 1.810395 1040.0 46
Skull 14.965101 0.599694 1850.0 42
Dura 42.035004 1.668706 1130 32

Cerebro-
spinal
Fluid

66.243279 3.457850 1006 31

Brain 42.538925 1.511336 1030.0 29
Stroke
(Blood
Clot)

58.263756 2.544997 / /

B.3. Human arm phantom model
A portion of a human arm phantom model has been

designed. It is composed of 4 layers, i.e. skin, fat, mus-
cle and bone, as depicted in Fig. 11. The properties of

Fig. 11. Portion of a human arm phantom model.
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the considered human arm phantom model are given in
Table 4 [30].

Table 4: Parameters of the 4-layer human arm phantom
model at 2.45 GHz [30]

Tissues ε

(F/m)
σ
(S/m)

ρ
(kg/m3)

T
(mm)

Skin 37.95 1.49 1001 2
Fat 5.27 0.11 900 5

Muscle 52.67 1.77 1006 20
Bone 18.49 0.82 1008 13

T = thickness

III. SIMULATION AND RESULTS
A. Breast cancer detection

The effect of radiation on the human breast model
is examined in this section. First, the proposed CPPMA
was positioned at a safe distance of 10 mm from a
healthy human breast phantom model as depicted in
Fig. 12 (a). Then, a spherical tumor of radius 2.5 mm
was inserted at four different positions inside the healthy
human breast phantom as depicted in Fig. 12 (b).
The reflection coefficient of the designed CPPMA
with the human breast model having a tumor (R =
2.5 mm) at four different positions (0, 0, 15), (20,
15, 30), (0, 0, 40), (30, −30, 50) and without the
tumor, is shown in Fig. 13. It is clear that the shift-
ing level of the resonant frequency is inversely pro-
portional to the distance between the CPPMA and
the tumor.

Fig. 12. CPPMA placed at a distance of 10 mm from the
human breast phantom model: (a) without tumor and (b)
with tumor.

Then, three different sizes (R = 4 mm, 7 mm
and 9 mm) of tumors were placed at a fixed position
inside the healthy human breast phantom as depicted in
Fig. 12 (b). The reflection coefficient of the set CPPMA
and human breast model with and without a tumor is pre-
sented in Fig. 14. It reveals that the shift in the resonance

Fig. 13. Simulated reflection coefficient for human breast
phantom model in the presence of a tumor of radius =
2.5 mm at 4 different positions.

Fig. 14. Simulated reflection coefficient for detecting
three different sizes of breast tumor at the same location.

frequency and in the adaptation level is more noticeable
for large tumor sizes. Thus, as the tumor size increases,
its detection becomes easier.

B. Brain stroke detection
In this section, the effect of radiation on the human

head model is discussed. First, the designed CPPMA was
positioned at a safe distance of 5 mm from the healthy
human head phantom model as depicted in Fig. 15 (a).
Then, a brain stroke (blood clot) of two different radiuses
5 and 13 mm, with the dielectric properties depicted in
Table 3, was placed inside the healthy brain as depicted
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Fig. 15. CPPMA positioned at a distance of 5 mm from
the human head phantom model: (a) without brain stroke,
and (b) with brain stroke (blood clot).

(a)

(b)

Fig. 16. (a) Simulated reflection coefficient with and
without human head phantom model, (b) simulated
reflection coefficient for detecting two different sizes of
stroke (blood clot).

in Fig. 15 (b). The reflection coefficient of the set
CPPMA and human head model with and without stroke
(blood clot) is shown in Fig. 16. A shift in the resonance
frequency of the CPPMA in the cases of normal and
brain stroke is clear. The reflected wave increases with
the increase in the size of the blood clots which agree
with expectation.

Figures 17–19 show the simulated E-field, H-field
and current density of the set CPPMA and human head
model with and without stroke at 2.45 GHz. Table 5
indicates that the current density, E-field and H-field val-
ues decrease in the presence of brain stroke which predict
its existence in the human head.

Table 5: Comparison of the simulated results with and
without brain stroke model at 2.45 GHz

Without
Brain
Stroke

With Brain
Stroke
R = 5 mm

With Brain
Stroke

R = 13 mm
Resonance
Frequency

(GHz)

2.464 2.455 2.452

Reflection
Coeffi-

cient (dB)

−12.142075 −12.207286 −11.97995

Current
Density
A/m2

683.562 639.836 636.324

E Field
V/m

71078.5 59542.3 62530

H Field
A/m

770.724 545.151 505.475

The linearly-polarized antenna shown in Fig. 2 (b)
has been simulated without and with a brain stroke model
(R = 5 mm and 13 mm) to show the advantages of the
circular polarization for the detection of the brain stroke.
Slight adjustments have been introduced in the dimen-
sions of the antenna to shift the resonant frequency to
2.45 GHz.

The reflection coefficient of the simulated linearly
polarized printed monopole antenna (LPPMA) is pre-
sented in Fig. 20. The reflection coefficient of the set
LPPMA and human head model with and without the
stroke model is shown in Fig. 22.

It reveals that there is no shift in the resonance fre-
quency compared to the results obtained with the pro-
posed CPPMA (Fig. 16 (b)). Table 6 indicates that the
CPPMA is more effective than the LPPMA in detecting
brain stroke because the circularly polarized waves pen-
etrate the body more deeply.
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(a) (b) (c)

Fig. 17. Electric field: (a) without brain stroke, (b) with stroke R = 5mm, and (c) with stroke R = 13mm.

(a) (b) (c)

Fig. 18. Magnetic field: (a) without brain stroke, (b) with stroke R = 5mm, and (c) with stroke R = 13mm.

(a) (b) (c)

Fig. 19. Current density: (a) without brain stroke, (b) with stroke R = 5mm, and (c) with stroke R = 13mm.

Table 6: Comparison of the simulated results of the two antennas CPPMA and LPPMA with and without brain stroke
model

Without Brain
Stroke

With Brain Stroke
R = 5 mm

With Brain Stroke
R = 13 mm

CPPMA Resonance Frequency (GHz) 2.464 2.455 2.452
Reflection Coefficient (dB) −12.14207 −12.207286 −11.97995

LPPMA Resonance Frequency (GHz) 2.467 2.467 2.467
Reflection Coefficient (dB) −13.50134 −13.485089 −13.45988
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Fig. 20. Reflection coefficient of the designed LPPMA.

(a) (b)

(c)

Fig. 21. LPPMA placed at a distance of 5 mm from the
human head phantom model: (a) without brain stroke, (b)
with brain stroke R = 5 mm, and (c) with brain stroke R
= 13 mm.

IV. WEARABLE APPLICATION
In this section, the CPPMA performance has been

simulated on a human arm phantom model and on a
human arm to check its usefulness for health monitoring
and wearable application. First, the designed CPPMA
was positioned at a safe distance of 10 mm from a
human arm phantom model as depicted in Fig. 23 (a).
Figure 23 (b) indicates that the resonant frequency of
the CPPMA positioned on a human arm phantom model
has a small shifting compared to the antenna without a
human arm phantom due to the high dielectric proprieties
of body tissues. Nonetheless, the designed CPPMA in
the presence of a human arm phantom has an impedance
bandwidth extending from 2.438 GHz to 2.489 GHz with
a reflection coefficient level of −13.28 dB which covers
the desired ISM band.

Fig. 22. Simulated reflection coefficient of the LPPMA
for detecting two different sizes of brain stroke model.

(a)

(b)

Fig. 23. (a) CPPMA placed at a distance of 10 mm from
the portion of a human arm phantom model and (b) sim-
ulated reflection coefficient with and without human arm
phantom.
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The usefulness of the proposed CPPMA for wear-
able health-monitoring applications was checked experi-
mentally by placing the fabricated prototype on a human
arm as shown in Fig. 24. The simulated and measured
reflection coefficient results of the proposed CPPMA
placed on a human arm are compared in Fig. 25.

The volume of the human arm, the gap between the
CPPMA and the human arm, and SMA losses were the
causes of the mismatch between the on-arm simulated
and measured values. We conclude from the results that

Fig. 24. Reflection coefficient measurement of the fabri-
cated prototype on a human arm.

Fig. 25. Reflection coefficient of the proposed CPPMA
on a human arm.

the proposed CPPMA is suitable for wearable health-
monitoring applications.

V. SPECIFIC ABSORPTION RATE (SAR)
CALCULATIONS

SAR describes how much power is absorbed per
kilogram of human body tissue. Hence, its unit is Watts
per Kilogram (W/Kg). Typically the SAR is averaged
across a small volume (1 g or 10 g) of tissue. Its value
is calculated using the following equation [31]:

SAR=
σ

ρ
|E|2= J2

ρσ
, (2)

where, E is the electric field intensity in V/m, J is the
current density in A/m, σ is the electric conductivity of
the tissue in S/m, and ρ is mass density of the tissue in
Kg/m3.

In this section, the SAR parameter of the proposed
CPPMA was analyzed on the breast, head and arm of the
human body phantom.

The SAR values refer to power averaged over 10 g of
tissue. In order to satisfy the most restrictive SAR regu-
lation (i.e. SAR10g < 2 W/kg), the input powers must be
limited according to Table 7.

Table 7: Input power limits that give acceptable SAR10g
values at 2.45 GHz

Distance
(mm)

Input Power
(mW)

SAR10g
(W/Kg)

Breast 10 110 1.84
Head 5 68 1.9
Arm 10 170 1.92

The simulated SAR10g on the breast, head and por-
tion of a human arm is shown in Fig. 26.

(a)

Fig. 26. Continued.
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(b)

(c)

Fig. 26. Simulated specific absorption rate (SAR10g) at
2.45 GHz: (a) breast, (b) head, and (c) portion of a human
arm phantom model.

Table 8: Comparison of the proposed CPPMA with several recently reported antennas
Ref. Application Technique Used

for Pathological
Tissue Detection

Substrate and
Dimensions

(mm3)

Circular
Polar

Frequency
Band (GHz)

SAR
Evaluation

[32] Body-centric
communications

- RO4003
42 × 30 × 0.813

No 2.4 - 12 Not reported

[33] Breast tumor
detection

Scattering imaging Air-gap
40 × 25 × 10.5

No 1.67 - 1.74 Not reported

[34] Breast tumor
detection

Resonance
frequency shift

RO4003C
40 × 40 × 1.54

No 0.49 - 0.56 Not reported

[35] Wireless body
area network

- RT-Duroid 5880
34.4 × 34.4 × 4

Yes 5.27 - 6.37 SAR
evaluated on
human body

[36] Head imaging Scattering
parameters and

near field
directivity

RO4350B
50 × 44 × 1.524

No 1.70 - 3.71 SAR
evaluated on

head

[37] Wireless body
area network

- Denim
50 × 44 × 0.7

No 2.27 - 3.42 SAR
evaluated on
human body

arm
This work Tumor

detection, brain
stroke detection

and remote
health

monitoring

Resonance
frequency shift,
current density,

E-Field and
H-Field

distribution

FR-4
34 × 28 × 1.5

Yes 2.425 - 2.475 SAR
evaluated on
breast, head
and human
body arm

VI. CONCLUSIONS
This paper presented a mono-static narrow band

CPPMA for medical microwave imaging and health
monitoring applications. A prototype of the designed
CPPMA of size 34 × 28 × 1.5 mm3 has been
fabricated and printed on the low-cost FR-4 substrate.
The measured results indicate that the fabricated pro-
totype operates in a narrow bandwidth of 195 MHz
(2.32 - 2.515 GHz). Moreover, the designed CPPMA
exhibits a circular polarization in the range of 2.4386 -
2.4633 GHz. The capability of the detection of breast
tumor and brain stroke for the proposed CPPMA was
validated using different phantom models.

Furthermore, the practicality of the proposed
CPPMA for wearable health-monitoring applica-
tions was confirmed experimentally. The overall
obtained results confirm the effectiveness and useful-
ness of the proposed CPPMA for several biomedical
applications.
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