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ABSTRACT

Received:

This article presents novel passive and active wearable sensors for biomedical
systems, energy harvesting, Internet of Things (IoT), and 5G devices. The major
important challenge in evaluation of healthcare, IoT, 5G and communication systems
is development of active and passive wearable efficient sensors. Moreover, a lowcost wearable sensor may be evaluated by printing the microstrip antenna with the
sensor feed network and active devices on the same substrate. Design considerations,
comparison between computed and measured results of compact efficient sensors for
wireless, 5G, energy harvesting, IoT, and medical systems are highlighted in this article.
The novel antennas electrical parameters on and near the human body were evaluated
by employing electromagnetic software. Efficient passive and active metamaterial
antennas and sensors were developed to improve the system electrical performance.
The compact passive and active sensors are wearable, efficient, flexible, and low-cost.
The frequency range of the resonators, without Circular Split-Ring Resonators CSRRs,
is higher by 4% to 10% than the resonators with CSRRs. The gain of the without CSRRs
is lower by 2dB to 3dB than the resonators with CSRRs. The bandwidth of the new dual
polarized antennas with CSRRs is around 20% to 50%, for VSWR better than 3:1. The
gain of the new antenna with CSRRs is around 5.5dBi to 7dBi. Moreover, the new active
efficient metamaterials antennas improve the communication system performance.
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Introduction
Basic theory and design of small, printed antennas is presented
in [1]. However, the efficiency of small antennas is low, [2-4].
Compact printed metamaterials antennas and sensors are used
in wireless communication systems and were discussed and
presented in several publications in this century, [2-6]. Printed
dipoles, FIPA and loop antennas, printed Slots, microstrip antennas,
and other compact antennas are employed in radars, Internet of
Things (IoT), 5G, and healthcare systems [2-6]. Several types of
small efficient wideband wearable antennas are presented in, [24]. Metamaterials are materials with periodic artificial structures.
The metamaterial elements and structure define the electrical
properties of the material. Metallic posts structures and periodic
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split ring resonators (SRRs) may be employed to produce structures
with required permeability and dielectric constant as discussed
in [7–11]. Metamaterials may be employed to develop efficient
sensors for communication, wearable healthcare and IoT devices,
[12-16]. In [6] the metamaterial antenna gain, and bandwidth
are similar, to those of microstrip antennas. In [8] materials with
negative dielectric permittivity are evaluated. In [9], a model and
setup to simulate and measure the polarity of SRRs is presented.
The model is used to compare measured results to computed
results. In [12] a transmission-line metamaterial antenna with two
transmission line arms that resonate at two different frequencies,
is presented. The antenna bandwidth is 3% with 2.6dBi directivity.
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The radiation efficiency is 65% at 3.3 GHz. The antenna gain
is around 0.8dBi. Compact radiators such as printed loops and
dipoles, patches, and FIPA antennas suffer from low efficiency [25,16-28]. These antennas are linear polarized. Compact efficient
metamaterial antennas may be important element in wearable
medical and energy harvesting systems. In several 5G, energy
harvesting, and medical systems, the receiving signal polarization
may be horizontal, elliptical, or vertical polarized. In these cases, the
antenna should be dual polarized sensors. Small efficient wearable
metamaterials antennas for medical systems are presented in [1516]. Wearable antenna measurements in vicinity of human body
are presented in [17]. Active wearable antennas for communication
and medical systems are presented in [19]. Wearable healthcare
devices are used to increase disease cure and prevention. Efficient
medical care may be achieved by online evaluation of a continuous
measured medical data of patients.

Healthcare remote monitoring system in hospitals is presented
in [29]. A wireless wearable device with thermal-aware protocol
is discussed in [30]. In [31-40] wearable sensors and antennas
for medical applications are presented. Wearable medical sensors
can monitor and check patient daily health [34-35]. Dual polarized
dipole wearable antenna for medical applications is presented in
[39]. In this article, metamaterials technology is used to design
high efficiency sensors and antennas with harvesting energy unit
for healthcare, 5G, and IoT devices. Dual polarized metamaterial
antennas have significant advantages over regular printed antennas.
Such as, high efficiency and gain. The antennas bandwidth is around
40%, for VSWR, better than 3:1. The gain of the antennas with
CSRRs is around 7dB. The sensors efficiency is higher than 90%.
The energy harvesting units connected to the sensors provides selfpowered efficient and compact sensors.

Wearable Technologies and Devices for Medical,
5G, IoT, and Sport Applications

Wireless Body Area Networks, WBANs, can measure and
record several healthcare parameters such as body temperature,
blood pressure, heartbeat rate, electrocardiograms, arterial blood
pressure, sweat rate, and electro-dermal activity. Wearable devices
will be in the next decade an important part of individuals’ daily
lives. Wearable sensors may provide scanning and sensing features
that are not offered by mobile phones and laptop computers.
Wearable devices usually have communication links and users may
have access to online information. Wireless technologies are used
to process and analyze the data collected by the medical system.
The collected data may be stored or transmitted to a medical center
to analyze the collected data. Wearable sensors gather data which
is analyzed by medical software. This analysis may send alert to
the physician to contact a patient who needs urgent healthcare
treatment.
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Applications of Wearable Medical Systems
1.
2.
3.

4.
5.

Wearable Medical devices help to monitor medical centers
activities and accessories.
Wearable devices can help to operate and monitor companies’
activities and accessories.

Wearable Medical devices can assist several patients such
as Diabetes patients, Asthma patients, Epilepsy patient, and
Alzheimer’s disease patients.
Wearable devices can help to solve Sleep disorders, Obesity
problems, cardiovascular diseases.

Wearable Medical devices help to gather data for clinical
research trials and studies.

Several physiological parameters can be measured by using
wearable medical devices and sensors. Each patient may have
a wearable device attached to the body. The wearable device is
connected to several sensors. Each sensor perform a specific task.
The sensors measure heart rate, body temperature and blood
pressure. Doctors may carry a wearable device, which allows other
hospital personal to contact and locate them.

Measurements of Blood Pressure and Heart Rate

Usually, blood pressure and heartbeat are measured in the
same set of measurements. The Blood pressure and heartbeat may
be transmitted to a medical center and if needed the doctor may
contact the patient for further assistant. Blood pressure indicate
what is the arterial pressure of the blood circulating in the patient
body. Some of the causes of high blood pressure may be obesity
and stress. Blood pressure of a healthy person is around 70 by 120.
Where the diastole is 70 and the systole is 120. The heart rate of a
healthy person is 72 times per minutes. Changes in heartbeat can
cause several cardiovascular diseases. A change in the heart rate
change the blood pressure and the amount of blood delivered to
the patient body. To measure and analyze the heart beat a wearable
medical sensor can be connected to patient chest.

Measurements of Respiration Rate

Elderly, sick, and overweight people have difficulties in
breathing normally. Measurements of respiration rate indicates
if the patient is healthy and breathe normally. The measured
respiration rate may be transmitted to a healthcare center and if
needed the doctor may contact the patient for further assistant.
It is better to use a wearable wireless medical device to measure
accurate respiration rate.

Measurements of Human Body Temperature

Temperatures below 35˚C or above 38˚C can indicates that
the person is sick and temperatures above 40˚C may cause death.
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The human body temperature may be transmitted to a medical
center and if needed the doctor may contact the patient for further
assistant.

Measurements of Sweat Rate

Measurements of sweat rate and PH can be used to monitor
the physical activity of a person. A wearable medical device may
be used to measure the sweat rate of a person when extensive
physical activity is done. The wearable device may be attached to
the person clothes close to the skin to measure the sweat rate. The
device may be used to measure the sweat PH to analyze the patient
health. When a person does extensive physical activity, glucose
come out of the skin as a sweat. Sweat is a mix of water, glucose
and minerals. Glucose is supplied to the body usually by sugar that
is a monosaccharide that provide energy to the human body. The
sweat evaporated from the skin is absorbed in the medical device
to determine the sweat PH. If the amount of sweat coming out of
the body is too high the body may dehydrate. Dehydration causes
tiredness and fatigue. The patient sweat rate can be transmitted to
a medical center and if needed the doctor will contact the patient
for further assistant.

Measurements of Human Gait

Human gaits are the various ways in which a human can move.
Walking, jogging, skipping and sprinting are natural human gait.
Different gait patterns are characterized by differences in limb
movement patterns, overall velocity, kinetic and potential energy
cycles, forces, and changes in the contact with the ground. Gait
measurements and analysis are fundamental research tool to
characterize human locomotion. Wearable devices may be located
at different parts of the human body to measure and analyze human
gait. The movement signal recorded by these devices are used to
analyze human gait. In sports, gait analysis based on wearable
sensors can be used for sport training and analysis and for the
improvement of athlete performance. The ambulatory gait analysis
results may determine whether or not a particular treatment is
appropriate for a patient. Parkinson’s disease is characterized
by motor difficulties, such as gait difficulty, slowing of movement
and limb rigidity. Gait analysis has been verified as one of the
most reliable diagnostic signs of this disease. For patients with
neurological problems, such as Parkinson’s disease and stroke,
the ambulatory gait analysis is an important tool in their recovery
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process and can provide low-cost and convenient rehabilitation
monitoring.

In healthcare centers, gait information is used to detect walking
behavior abnormalities that may predict health problems or the
progression of neurodegenerative diseases. Fall is the most common
type of home accident among elderly people. Fall is a major threat
to health and independence among elderly people. Gait analysis
using wearable devices was used to analyze and predict fall among
elderly patients. IoT systems are wireless communication devices
of interrelated computing networks, personal devices, digital
machines, mechanical machines, and medical sensors that have a
unique identifiers UIDs).
IoT system consists of modules that use communication
systems, sensors, processors, and antennas. IoT systems receive,
transmit and process information received from their environments
that are connected to the internet web. IoT devices are connected to
an IoT gateway where the collected information is processed online
or sent to data centers to be diagnosed and shared with other IoT
devices. In several IoT and medical devices the polarization is not
defined. In these cases, the antenna should be dual polarized. IoT
has an important role in future medical centers and hospitals. IoT
devices may connect several medical devices and medical data
centers to improve medical treatment and to provide low-cost
medical treatment.
1.

2.

3.

4.

Wearable sensors and IoT devices are used to automate
processes, to reduce company and medical centers hardware
and to reduce labor costs.
IoT antennas and devices can transfer information through a
network without requiring human to computer interaction or
human to human interaction.

IoT devices may have a complete control over routine services
and tasks in medical centers and companies, helps people
everyday life, and to work smarter.
IoT devices provides companies with an online observation
how the company systems operate.

An application of WBANs in medical centers where medical
parameters of large number of patients are constantly being
monitored is presented in (Figure 1). A block diagram of IoT
medical device is presented in (Figure 2).
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Figure 1: Wearable Wireless Body Area Network, WWBAN, Health Monitoring System.

Figure 2: IoT Medical System block diagram.

IOT Major Disadvantages

Mobile Networks Features

As the number of connected devices increases and more
information is shared between devices, the potential that a hacker
could steal confidential information also increases.

Cell phones began with 1G technology in the 1980s. 1G is the
first generation of wireless cellular technology. First generation of
mobile networks were reliant upon analog radio systems. In 2020
5G technology was developed and is used in cellular phones. A
comparison of cellular phone technologies is presented in (Table 1).

1.

If there’s a bug in the system, it’s likely that every
connected device will become corrupted.
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Table 1: Comparison of cellular phone technologies.
Parameter

1G

2G

Speed

2.4 kbps

64 Kbps

Poor

Improved

Poor

call and text encryption

Technology
Battery life

Analog

Size

Large

Capacity

Limited

Security

5g Main Features

2.
3.
Clarity.

3 Mbps

1Gbps

Audio and video

Smaller

Improved

High speed, high capacity.

Provides large broadcasting of data in Gbps.

Multi-media newspapers, watch TV programs with the HD

4.
Faster data transmission than that of the previous
generation.
5.
video

4G

Digital

It is highly supportable to Wireless World Wide Web.
1.

3G

Large phone memory, dialing speed, clarity in audio and

6.
5G technology offer high resolution for cell phone user
and bi- directional large bandwidth sharing.

Dual Polarized Wearable Passive and Active Sensor
with Energy Harvesting Unit
A dual polarized metamaterial antenna with CSRR, metallic

5G
20 Gbps

Wi-Fi

Wi-Fi, wireless

Smaller

Smaller

Smaller

Large

Large

Improved

Better security

Good
High

energy savings
High
High

strips, and with energy harvesting unit is shown in (Figure 3a). The
antenna consists of two layers with thickness of 0.16cm. The dipole
matching network and the metallic strips are printed on the first
layer. The radiating dipole with CSRR is etched on the second layer.
The wearable antenna, with the matching network and the energy
harvesting unit, dimensions are 21x4cm. The dipole with CSRR is
horizontal polarized. The slot antenna is vertical polarized. The
antenna is a dual polarized antenna. The resonant frequency of the
antenna without CSRR is around 400MHz. The resonant frequency of
the antenna with CSRR is around 330MHz. Several medical devices
operate in the frequency range between to 200MHz to 500MHz. The
computed S11 and antenna gain are presented in (Figure 4). The
measured antenna bandwidth is around 50% for VSWR better than
3:1. The antenna radiates is in the z axis direction. The measured
directivity and gain of the antenna with CSRR are around 5.5dBi
as shown in (Figure 5). The feed network of the antenna in (Figure
3a) was optimized, see (Figure 3b), to yield VSWR better than 3:1
in frequency range of 180MHz to 400MHz as shown in (Figure 6).
The antenna bandwidth is around 60% for VSWR better than 3:1.

Figure 3:
a. Dual polarized antenna with Metallic strips and CSRR with energy harvesting unit.
b. Optimized antenna with CSSR and metallic strips.
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Figure 4: Gain and S11 of the dual polarized antenna with metallic strips and CSRR.

Figure 5: Radiation pattern and Gain of the antenna with metallic strips and CSRR.

Figure 6: S11 of the optimized dual polarized antenna with metallic strips and CSRR on human body.
(Figure 3a). Dual polarized antenna with Metallic strips and
CSRR with energy harvesting unit b.Optimized antenna with
CSSR and metallic strips. The dual mode energy harvesting unit is
connected to the dipole and the slot feed line, see (Figure 3). The
dual mode energy harvesting unit may charge the battery when
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the switch is connected to the harvesting module. RF AC energy
is converted to direct current by using a rectifying diode. The
rectifier can be a half-wave or a full-wave rectifier. The harvesting
unit consists of an antenna, a rectifying diode, and a rechargeable
battery, see (Figure 3).
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Dual Polarized Wearable Active Receiving Sensor
with Energy Harvesting Unit
The layout of a receiving active antenna with an energy
harvesting unit is shown in (Figure 7). The harvesting energy
unit operates as a dual mode RF harvesting system. The LNA may
be connected to the harvesting unit via the switch to charge the
battery. A matching network match the antenna to the Low Noise
Amplifier, LNA. The TAV541 LNA, is a high linear PHMET gain block
amplifier. At 1.9 GHz, the amplifier has 18dB gain and 0.5dB Noise
Figure. The LNA output P1dB is 20dBm. The LNA specifications
are listed in (Table 2). An output matching network match the LNA
to the receiver. A DC bias network supply the required voltages to
the amplifiers. The sensor dimensions are around 21x5x2cm. S11

DOI: 10.26717/BJSTR.2022.41.006550

and gain of the dual polarized antenna with CSRR and matching
network is shown in (Figure 8). The active receiving metamaterial
sensor gain is 12+3dB from 100MHz to 1GHz as shown in (Figure
9). The sensor noise Figure for frequencies from 100MHz to 1GHz
is better than 1dB. The active receiving dual polarized sensor was
evaluated with Triquint TQP3M9028 LNA. The LNA specifications
are listed in (Table 2). The active receiving metamaterial sensor
gain with TQP3M9028 LNA is 11+2.5dB from 150MHz to 0.9GHz
as shown in (Figure 10). The sensor, with TQP3M9028 LNA, noise
Figure for frequencies from 150MHz to 1GHz is better than 2dB.
Comparison of measured performance of the sensors with different
LNAs is given in (Table 3). The sensor with (Figure 8) LNA TAV541
has better noise Figure and higher gain. However, sensor with LNA
TQP3M9028 has better gain flatness and 1dBc compression point.

Figure 7: Dual polarized receiving sensor with CSRR and with energy harvesting unit.
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Figure 8: S11 and gain of the dual polarized antenna with CSRR and matching network.

Figure 9: Active receiving dual polarized receiving sensor gain, with LNA.

Figure 10: Active receiving dual polarized receiving sensor gain, with TQP3M9028 LNA.
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Table 2: Comparison of the Specification of the S band Low Noise Amplifiers.
Parameter

Tav541 specification

Tqp3m9028 specification

Company

Mini Circuit

Triquint

Gain at 1.9 GHz

18 dB

Frequency

N.F at 1.9 GHz

0.4–3 GHz
0.5 dB

0.05–4 GHz
15 dB

1.8 dB

P1dB at 1.9 GHz

19.0dBm

20.7dBm

Max Input power

17dBm

17dBm

OIP3 at 1.9 GHz
Vgs

33.5dBm
0.50V

36dBm
0.50V

Vds

3 V, Ids=60 mA

5 V, Ids=85 mA

Package

Surface Mount

Surface Mount

Supply voltage
Operating Temperature

±5 V

−40OC–800C

Table 3: Comparison of the Sensors measured performance with different LNA Amplifiers.

±5 V

−40OC–800C

Parameter

Sensor with tav541

Sensor with tqp3m9028

Frequency

0.1-1GHz

0.15-0.9 GHz

Gain

11+2.5dB

12+3dB

P1dB at 1GHz

19.0dBm

20dBm

Vgs

0.50V

0.50V

VSWR

N.F at 1GHz

Max Input power
Vds

Dimensions

3:01

1 dB

17dBm

3 V, Ids=60 mA
21x5x2cm

Dual Polarized Wearable Active Transmitting
Sensor with Energy Harvesting Unit
The layout of a transmitting active antenna with an energy

harvesting unit is shown in (Figure 11). The harvesting energy
unit operates as a dual mode RF harvesting system. The harvesting
unit can be part of a medical, IOT, and smartphone. The harvesting
unit will charge the battery when the control unit will connect the
switch to the harvesting unit input port. The radiating element is
connected to the HPA via the switch to an output HPA matching
network. The matching network match the metamaterial antenna to
the HPA. Two amplifiers were employed to design the metamaterial
sensor. The first amplifier is a HPA MMIC GaAs MESFET VNA25,
The second amplifier is a HPA MMIC GaAs PHEMT HMC459. The
amplifiers specification is listed in (Table 4). The active transmitting
dual polarized antenna S11 parameters, computed and measured,
is better than 3:1 in the frequency range from 250 to 450MHz.
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3:01

2 dB

17dBm
5 V, Ids=85 mA
21x5x2cm

The antenna gain, computed and measured, is around 6dBi as
shown in (Figure 12). The active sensor gain with the VNA25 HPA,
computed and measured, is 13 ± 3dB for frequencies ranging from
100 to 800MHz. The active transmitting sensor S21 parameter, gain
presented in (Figure 13). The active sensor gain with the HMC459
HPA, computed and measured, is 12±4dB for frequencies ranging
from 0.1 to 1GHz. The active transmitting sensor S21 parameter,
gain presented in (Figure 14).
The active transmitting dual polarized antenna output power
is around 19dBm. Comparison of measured performance of the
sensors with different HPAs is given in (Table 5). The transmitting
sensor with VNA25 HPA has higher gain, better gain flatness, and
lower DC power consumption. However, the transmitting sensor
with HMC459 HPA has higher 1dBC compression point, higher
input and output power. However, HMC459 has higher DC power
consumption. Photos of the dual polarized metamaterial antenna
with CSSR and metallic strips.are presented in (Figure 15).
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Figure 11: Dual polarized transmitting sensor with CSRR and with energy harvesting unit.

Figure 12: Radiation pattern and Gain of the dual polarized antenna with metallic strips and CSRR.
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Figure 13: Active transmitting dual polarized sensor gain, with HPA VNA25.

Figure 14: Active transmitting dual polarized sensor gain, with HPA HMC459.
Table 4: Comparison of the Specification of the HPA Amplifiers.
Parameter

VNA25 Specification

HMC459 Specification

Company

Mini Circuit

Triquint

Frequency

Gain at 1.9 GHz
N.F at 1.9 GHz

0.4–2.5 GHz
18 dB

5.5 dB

DC–18 GHz
17 dB
4dB

P1dB at 1.9 GHz

18.2dBm

25dBm

Max Input power

10dBm

16dBm

OIP3 at 1.9 GHz
Vgs

29dBm
0.50V

30dBm
0.50V

Vds

5 V, Ids=85 mA

8V, Ids=290 mA

Package

Surface Mount

Surface Mount

Supply voltage
Operating Temperature

±5 V

−40 0C–85 0C
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±8 V

−55 0C –80 0C
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Table 5: Comparison of the Sensors performance with different HPA Amplifiers.
Parameter

Sensor with VNA25

Sensor with HMC459

Frequency

0.1–1GHz

0.15–0.9 GHz

Gain

13+3dB

12+4dB

P1dB at 1GHz

19.0dBm

24dBm

Vgs

0.50V

0.50V

VSWR

N.F at 1GHz

Max Input power
Vds

Dimensions

3:01

6 dB

10dBm

5 V, Ids=85 mA
21x6x2cm

3:01

5 dB

16dBm
8 V, Ids=290 mA
21x6x2cm

Figure 15: Photos of the dual polarized antenna. a. Feed network b. Radiator with CSSRs c. CSSR.

Wearable Dual Polarized Metamaterial Sensors for
5G, IoT and Medical Systems
The dual polarized antennas and sensors presented in this
article may be employed in 5G, healthcare sensors, and IoT devices.
The sensors S11 variation near the human body were computed by
Copyright@ Albert Sabban | Biomed J Sci & Tech Res | BJSTR. MS.ID.006550.

using the human body and antenna model shown in (Figure 16a).
Dielectric constant and conductivity of human body tissues are
listed in (Table 6), [16]. The effect of the antenna location on the
human body is simulated by evaluating the antenna S11 coefficient
on human body. The variation of the dielectric constant of the body
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tissues affects the electrical performance of the dual polarized
sensor. The antenna resonant frequency is shifted up to 9%, in
different locations of the sensor on the patient body. As listed in
(Table 6) the dielectric constant is 5 at fat tissues, and 45 at the
stomach area, and increase to 128 at the Small intestine tissues. The
dual polarized sensors may be located inside a belt as presented in
(Figure 16b). The belt thickness, and dielectric constant changes
the antenna electrical performance. The sensors electrical and
mechanical parameters were tuned to achieve the best sensor

electrical and mechanical parameters. The sensors electrical
performance were computed and measured for air spacing between
the sensors and human body up to 20mm at different locations on
the human body. Wearable sensors and antenna measurements and
setup measurements are presented in [2-3,18]. RF measurements
of wearable sensors and antennas are done by using a phantom
with sugar, salt and water that represent the dielectric constant and
conductivity of human body tissues, [2-3,18].

Figure 16:
(a) Model of Wearable Antenna environment;
(b) Wearable Medical System on human body.
Table 6: Electrical parameters of human body tissues [16,17].
Tissue
Fat tissues

Parameter

440 MHz

600 MHz

1 GHz

1.25 GHz

σ

0.047

0.05

0.054

0.06

σ

0.71

0.75

0.96

0.98

σ

1.76

1.78

ε
ε

Blood
Skin

ε

σ
ε

5

42.7
57.2
0.58
41.6
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5

4.72

41.4

39.66

56.5

55.4

0.6

40.45

4.55
39

1.91

1.99

0.63

0.77

40.25

55

39.65
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Lung tissues

σ

0.27

0.27

0.27

0.28

σ

0.9

0.9

0.9

0.91

ε

Kidney tissues

38.4

ε

117.45

117.45

ε

12:00

21:36

ε

128.1

128.1

σ

Colon tissues

Small intestine

38.4

1

σ

38.4

1.05

1.74

117.45

117.45

60

59.4

1.3

1.74

(Table 7) presents a comparison between computed and
measured results of sensors without and with CSRR. (Table 8)
presents a comparison of computed and measured results of
compact wearable antennas. As presented in (Tables 7 & 8) there
is a good agreement between measured and computed results.
Results presented in (Tables 7 & 8) verifies that the gain of the

38.4
1.45

1.74

1.74

128.1

128.1

antennas without CSRR is lower by around 2.5dB than the antennas
with CSRR. Electrical performance of passive and active patches and
slot antennas, loop, dipoles, and other antennas were given in [2-5].
Smart City, healthcare, WWBAN, and IoT monitoring system with
WBAN Networks is presented in (Figure 17). Patients can contact
health care center and doctors from any place at any time.

Figure 17: Smart City, healthcare, WWBAN, and IoT monitoring system with WBAN Networks.
Table 7: Electrical performance comparison between wearable antennas without and with CSRR.
Frequency

BW

Computed

Measured

Length.

Efficiency

Antenna

(GHz)

%

Gain dBi

Gain dBi

(cm)

%

Printed dipole with CSRR [2]

0.35

10

5.5

5.7

19.8

95

Printed Loop

0.4-0.5

0

0

5

Low

7

50

Dipole no CSRR [2]

0.4

0:00

12:00

Active receiving loop

0.35-0.58

40

23 ± 2.5

22 ± 3

Stacked circular patch

2.7

8

5.5

5.3

4.8

4.3

4.8

Active transmitting loop
Circular patch with CSRR [15]

Circular patch without CSRR [1-2]

0.36-0.6
2.63
2.63

2

45
8

1.5
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13 ± 3
7.5
4.5

2.5
12 ± 3
7.8

21
7

3.6

90
50
90
85
85
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Table 8: Comparison of electrical performance of compact wearable printed antennas [2-5,15].
Reference

Frequency

Antenna
Printed dipole

Dipole with CSRR

Dipole (CSRR and strips)

%

VSWR

Gain dBi

Gain dBi

0.44

5-10

2:01

2-3

2-3

[2]

0.2-0.38

50

2.5:1

5-7.5

5-7.5

[15]

2.5-2.7

8

2:01

[15]

2.5-2.7

[2]

Active Circular

[15]

Patch

Stacked Patch

[2]
[2]

2.2

25
8

1-3

1-3.8

60

[2-4]

1.2-3

[15]

2.4-2.8

[2-4]

Active Stacked

2.2-2.8

2

[2-4]

Active slot

Active slot with CSRR

2.6

8-12

10-15

[2-4]

Active T slot

0.4

2.2

Slot

T shape slot

Measured

(GHz)

[15]

Stacked circular patch with
CSRR

Computed

[2]

Circular patch

Circular patch with CSRR

Bandwidth

[2]

1-3
2.5

1-3

Energy Harvesting Module for Healthcare Sensors,
5G, IoT, and Communication Systems
As shown in (Figure 3) the energy harvesting module
consists of compact dual polarized antenna, rectifying circuit,
and a rechargeable battery. The energy harvesting modules and
the antenna provide a self-powered sensor. The rectifier diode
converts electromagnetic energy, AC energy, to direct current (DC
energy). Two types of diode rectifiers are usually employed a half
wave rectifier or a full wave rectifier, [41-45]. A Half wave rectifier
is shown in (Figure 18). A half-wave rectifier converts only the
positive voltage half cycle. It allows to harvest only one half of the
RF waveform. The efficiency of the half wave rectifier is 40.6%. Only
40.6% of the input electromagnetic energy is converted into DC
power and may charge the batteries. A full wave bridge rectifier is

50
40
50
50
25

2:01
2:01

5-7
4.5

7-7.5

5-7
4.2

7.2-7.8

2:01

11-13.5

11-14.0

2:01

2-3

2-3

2:01
2:01
2:01
2:01

7.5-8.5
4-5
2-3
2-3

7.6-8.4
4-5
2-3

3-Feb

3:01

12-20

12-21

2.5:1

10-16

11-16

3:01
2:01

12-20
12-14

12-21
11-15

presented in (Figure 19). The bridge full wave diode rectifier circuit
converts RF energy to DC energy. The bridge rectifier consists of
four diodes D1 through D4, as presented in (Figure 19). During the
positive half cycle voltage, terminal A will be positive and terminal
B will be negative. Diodes D1 and D2 will become forward biased
and D3 and D4 will be reversed biased. The rectifier output DC
2vm

voltage, VODC VODC =
π The rectifier output voltage may be
improved by connecting a capacitor in shunt to the resistor as
presented in (Figure 19). The full wave rectifier efficiency is 81.2%.
Energy harvesting systems provide green renewable energy and
may eliminate the usage of power cords and the need to replace
batteries frequently. Wearable RF System with energy harvesting
unit for IoT, 5G, and healthcare devices is presented in (Figure 20).
The wearable harvesting module with a compact battery charger is
placed on the patient shirt as shown in (Figure 20) [46,47].

Figure 18: Diode Voltage rectifier with a capacitor, half wave.
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Figure 19: Diode Bridge voltage rectifier with a capacitor, full wave.

Figure 20: Wearable RF System with Energy Harvesting unit for IoT, 5G, and Healthcare Systems.
In 2021 every person use wireless communication devices,
cellular phone, tablet and other communication devices. This result
in a huge increase in the amount of electromagnetic energy in
the air. The expected amount of radio wave in the air in 2020 was
around 50 Exa-bytes, EB, per month. However, the expected amount
of radio wave in the air in 2025 is expected to be around 165 Exabytes per month. In electromagnetic energy harvesting systems, the
electromagnetic waves propagating in free space may be received
by the dual polarized harvesting antennas and converted to electric
energy that is used to charge batteries, wearable sensors and other
wearable devices. Harvested power amount in malls and stadiums
range from 1 µW/cm2 to 5mW/cm2.

Conclusion

The active and passive dual polarized antennas and sensors
discussed in this article are compact, wideband, efficient, and lowcost. Energy harvesting unit is connected to the dual polarized
sensors. RF waves propagating in free space may be received
by the harvesting antennas and converted to DC power that may
recharge the medical system batteries, wearable sensors, and other
wearable modules. Development of dual polarized efficient active

Copyright@ Albert Sabban | Biomed J Sci & Tech Res | BJSTR. MS.ID.006550.

and passive wearable sensors and antennas are one of the most
important goals in development of wearable sensors, IoT, 5G and
healthcare systems. Wearable passive and active dual polarized
antennas may operate in receiving or transmitting BAN, IoT, 5G,
and healthcare systems. In receiving sensors, the LNA is an integral
module of the receiving sensor. In transmitting sensors, the HPA, is
an integral module of the transmitting channel. The output power
of the transmitting dual polarized sensor is around 18dBm. Passive
and active dual polarized compact sensors performance such as
efficiency, bandwidth, noise Figure gain, and radiation pattern were
discussed in this article.
The dual polarized metamaterial patches and sensors
presented in this research may be employed in wideband wearable
communication systems for IoT, 5G, sport, and healthcare
applications. Metamaterial technology is used to develop efficient
antennas and sensors. The resonant frequency of the dual polarized
antennas without CSRR is higher by 5% to 10% than the antennas
with CSRR. The directivity and gain of the dual polarized patches
with CSRR is higher by 2dB to 3dB than the antennas without
CSRR. Electrical computed and measured results of several efficient
antennas with and without CSRRs are presented in this paper. The
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bandwidth of the active dual polarized antennas is around 30% to
50% for S11 lower than -6dB. The dual polarized antenna efficiency,
bandwidth, gain and radiation pattern were improved by optimizing
the sensor dimensions and feed network. The active receiving and
transmitting dual polarized antennas gain is around 14dB. The
receiving module noise Figure is around 1Db, with TAV541 LNA.
The wearable active and passive dual polarized antennas can be
operated as linear polarized sensors.

The dual polarized sensors and antennas discussed in this article
may operate in healthcare systems that improves the daily health
and the life conditions of patients. Wearable sensors and medical
devices seem to be an important choice for medical organizations,
medical centers, and patients. Dual polarized wearable devices
support the evaluation of personal medical devices with online
immediate physician response to cure and improve patients’ health.
The energy harvesting units connected to the sensors provides selfpowered autonomous compact sensors. In future work more types
of fractal and metamaterial compact antennas and sensors with
high efficiency for IoT, and 5G communication systems with energy
harvesting units will be developed. In future research metamaterial
fractal linear and dual polarized efficient sensors and antennas for
wireless communication systems, healthcare, IoT and 5G systems
will be developed.

Funding

This research received no external funding.

Conflicts of Interest

The author declares no conflict of interest.

References

1. James JR, Hall PS, Wood C (1981) Microstrip Antenna Theory and Design.
Institution of Engineering and Technology (IET): London UK.
2. Sabban A (2017) Novel Wearable Antennas for Communication and
Medical Systems. Taylor & Francis Group: Boca Raton, FL, USA.
3. Sabban A (2016) Wideband RF Technologies and Antennas in Microwave
Frequencies. Wiley: Hoboken, NJ, USA.

4. Sabban A (2015) Low Visibility Antennas for Communication Systems.
Taylor & Francis, Boca Raton, FL, USA.
5. Sabban A (2013) New Wideband Printed Antennas for Medical
Applications. IEEE Trans. Antennas Propag 61(1): 84-91.

6. Rajab K, Mittra R, Lanagan M (2005) Size Reduction of Microstrip
Antennas using Metamaterials. In Proceedings of the 2005 IEEE APS
Symposium, Washington, DC, USA.

7. Pendry J B, Holden A J, Stewart W J, Youngs I (1996) Extremely Low
Frequency Plasmons in Metallic Meso-structures. Phys Rev Lett 76(25):
4773-4776.
8. Pendry J B, Holden A, Robbins D, Stewart W (1999) Magnetism from
conductors and enhanced nonlinear phenomena. IEEE Trans Microw
Theory Tech 47(11): 2075-2084.

Copyright@ Albert Sabban | Biomed J Sci & Tech Res | BJSTR. MS.ID.006550.

DOI: 10.26717/BJSTR.2022.41.006550
9. Marque´s R, Mesa F, Martel J, Medina F (2003) Comparative analysis
of edge and broadside coupled split ring resonators for metamaterial
design-Theory and Experiment. IEEE Trans Antennas Propag 51(10):
2572-2581.
10. Marque´s R, Baena J D, Martel J, Medina F, Falcone F, et al. (2003) Novel
small resonant electromagnetic particles for metamaterial and filter
design. In Proceedings of the ICEAA’03, Torino, Italy, 8-12 September,
pp. 439-442.

11. Marqués R, Martel J, Mesa F, Medina F (2002) Left-Handed-Media
Simulation and Transmission of EM.
42. Waves in Subwavelength Split-Ring-Resonator-Loaded
Waveguides. Phys Rev Lett 89(18): 183901.

Metallic

12. Zhu J, Eleftheriades G (2008) A Compact Transmission-Line Metamaterial
Antenna with Extended Bandwidth. IEEE Antennas Wirel Propag Lett 8:
295-298.

13. Baena J D, Marque´s R, Martel J, Medina F (2003) Experimental
results on metamaterial simulation using SRR-loaded Waveguides. In
Proceedings of the IEEE- AP/S International Symposium on Antennas
and Propagation, Columbus, OH, USA, 22–27 June 2003, pp.106-109.
14. Marques R, Martel J, Mesa F, Medina F (2002) A new 2D isotropic lefthanded metamaterial design: Theory and experiment. Microw Opt
Technol Lett 35(5): 405-408.

15. A Sabban (2020) “New Compact Wearable Metamaterials Circular Patch
Antennas for IoT, Medical and 5G Applications”. MPDI Appl Syst Innov
3(4): 42.
16. Sabban A (2016) Small Wearable Metamaterials Antennas for Medical
Systems. Appl Comput Electromagn Soc J 31(4): 434-443.

17. Sabban A (2011) Microstrip Antenna Arrays. In: Microstrip Antennas;
Nasimuddin N (Eds.)., InTech: London, UK, pp. 361-384. ISBN 978-953307-247-0.
18. Sabban A (2016) Wearable Antenna Measurements in Vicinity of Human
Body. Wirel Eng Technol 7(3): 97-104.

19. A Sabban (2018) “Active Compact Wearable Body Area Networks for
Wireless Communication, Medical and IOT Applications”. MDPI ASI
Applied System Innovation Journal 1(4): 46.

20. Chirwa L, Hammond P, Roy S, Cumming DRS (2003) Electromagnetic
radiation from ingested sources in the human intestine between 150
MHz and 1.2 GHz. IEEE Trans Biomed Eng 50(4): 484-492.
21. Werber D, Schwentner A, Biebl E M (2006) Investigation of RF
transmission properties of human tissues. Adv Radio Sci 4: 357-360.

22. Gupta B, Sankaralingam S, Dhar S (2010) Development of wearable and
implantable antennas in the last decade: A review. In Proceedings of the
2010 10th Mediterranean Microwave Symposium, Guzelyurt, Cyprus, 2527 August 2010, pp. 251-267.
23. Thalmann T, Popovic Z, Notaros BM, Mosig JR (2009) Investigation and
design of a multi-band wearable antenna. In Proceedings of the 3rd
European Conference on Antennas and Propagation EuCAP 2009 Berlin,
Germany, pp. 462-465.

24. Salonen P, Rahmat-Samii Y, Kivikoski M (2004) Wearable antennas in
the vicinity of human body. In Proceedings of the IEEE Antennas and
Propagation Society Symposium. Monterey, CA, 20–25 June, pp. 467-470.
25. Kellomäki T, Heikkinen J, Kivikoski M (2006) Wearable antennas for FM
reception. In Proceedings of the First European Conference on Antennas
and Propagation Nice, France, pp. 1-6.
26. Lee Y (2003) Antenna Circuit Design for RFID Applications; Microchip
(application note 710c); Microchip Technology Inc: Chandler, AZ, USA.

32390

Volume 41- Issue 1

27. Sabban A (1986) Microstrip Antenna and Antenna Arrays. U.S. Patent
US 4,623,893.
28. Wheeler H A (1975) Small antennas. IEEE Trans Antennas Propag 23(4):
462-469.

29. Jamil F, Ahmad S, Iqbal N, Kim D (2020) Towards a Remote Monitoring of
Patient Vital Signs Based on IoT- Based Blockchain Integrity Management
Platforms in Smart Hospitals. Sensors 20(8): 2195.
30. Jamil F, Iqbal M A, Amin R, Kim D (2019) Adaptive Thermal-Aware
Routing Protocol for Wireless Body Area Network. Electronics 8(1): 47.

31. Shahbazi Z, Byun Y C (2020) Towards a Secure Thermal-Energy Aware
Routing Protocol in Wireless Body Area Network Based on Blockchain
Technology. Sensors 20(12): 3604.
32. Lin J, Itoh T (1994) Active integrated antennas. IEEE Trans Microw
Theory Tech 42(12): 2186-2194.
33. Mortazwi A, Itoh T, Harvey J (1998) Active Antennas and Quasi-Optical
Arrays; John Wiley & Sons: New York, NY, USA.

34. Jacobsen S, Klemetsen Ø (2008) Improved Detectability in Medical
Microwave Radio-Thermometers as Obtained by Active Antennas. IEEE
Trans Biomed Eng 55(12): 2778-2785.
35. Jacobsen S, Klemetsen O (2007) Active antennas in medical microwave
radiometry. Electron Lett 43: 606.

36. Ellingson S W, Simonetti JH, Patterson CD (2007) Design and evaluation
of an active antenna for a 29–47 MHz radio telescope array. IEEE Trans.
Antennas Propag 55(3): 826-831.
37. Segovia Vargas D, Castro Galan D, Munoz LEG, González Posadas V
(2008) Broadband Active Receiving

ISSN: 2574-1241
DOI: 10.26717/BJSTR.2022.41.006550

DOI: 10.26717/BJSTR.2022.41.006550
43. Patch with Resistive Equalization. IEEE Trans Microw Theory Tech
56(1): 56-64.

38. Rizzoli V, Costanzo A, Spadoni P (2008) Computer-Aided Design of UltraWideband Active Antennas by Means of a New Figure of Merit. IEEE
Microw Wirel Components Lett 18(4): 290-292.
39. Sabban A (1983) A New Wideband Stacked Microstrip Antenna. In
Proceedings of the IEEE Antenna and Propagation Symposium, Houston,
TX, USA.
40. Sabban A (2012) Dual Polarized Dipole Wearable Antenna. US Patent
8203497.

41. J A Paradiso, T Starner (2005) Energy scavenging for mobile and wireless
electronics. IEEE Pervasive Computing 4(1): 18-27.

44. C R Valenta, G D Durgin (2014) Harvesting wireless power: survey of
energy-harvester conversion efficiency in far-field, wireless power
transfer systems. IEEE Microwave Magazine 15(4): 108-120.
45. P Nintanavongsa, U Muncuk, DR Lewis, K R Chowdhuryn (2012) Design
optimization and implementation for RF energy harvesting circuits.
IEEE Journal on Emerging and Selected Topics in Circuits and Systems
2(1): 24-33.

46. K K A Devi, S Sadasivam, N M Din, C K Chakrabarthy (2011) “Design of
a 377 Ω patch antenna for ambient RF energy harvesting at downlink
frequency of GSM 900,” in Proceedings of the 17th Asia Pacific Conference
on Communications (APCC ‘11), Sabah, Malaysia, pp. 492- 495.
47. ADS Momentum Software, Keysightt.

Assets of Publishing with us

Albert Sabban. Biomed J Sci & Tech Res

• Global archiving of articles

Submission Link: https://biomedres.us/submit-manuscript.php

• Authors Retain Copyrights

This work is licensed under Creative
Commons Attribution 4.0 License

• Immediate, unrestricted online access
• Rigorous Peer Review Process
• Unique DOI for all articles

https://biomedres.us/

Copyright@ Albert Sabban | Biomed J Sci & Tech Res | BJSTR. MS.ID.006550.

32391

