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ABSTRACT Advances and updates in medical applications utilizing microwave techniques and technologies
are reviewed in this paper. The article aims to provide an overview of enablers for microwave medical
applications and their recent progress. The emphasis focuses on the applications of microwaves, in the
following order, for 1) signal and data communication for implants and wearables through the human body,
2) electromagnetic energy transfer through tissues, 3) noninvasive, remote or in situ physical and biochemical
sensing, and 4) therapeutic purposes by changing tissue properties with controlled thermal effects. For signal
and data communication and wireless power transfer, implant and wearable applications are discussed in the
categories of pacemakers, endoscopic capsules, brain interfaces, intraocular, cardiac and intracranial pressure
sensors, neurostimulators, endoluminal implants, artificial retina, smart lenses, and cochlear implants. For
noninvasive sensing, remote vital sign radar, biological cell probing, magnetic resonance and microwave
imaging, biochemical, blood glucose, hydration and biomarker sensing applications are introduced. For ther-
apeutic uses, the developments of microwave ablation, balloon angioplasty, and hyperthermia applications
are reviewed. The scopes of this article mainly concentrate on the research and development efforts in the
past 20 years. Recent review articles on specific topics are cited with accomplishment highlights and trends
deliberated. At the end of this article, a brief history of the IEEE Microwave Theory and Techniques Society
(MTT-S) Biological Effects and Medical Applications committee and the contributions by its members to the
promotion and advancement of microwave technologies in medical fields are chronicled.

INDEX TERMS MTT 70th Anniversary Special Issue, microwave medical application, wireless implant,
physiological signal communication, wireless power transfer, vital sign radar, cell probing, ablation,
hyperthermia.

I. INTRODUCTION
Uses of electromagnetic waves for biological and medical
applications have been advanced at a fast speed in both
research and commercial sectors. Many clinical tools and
systems have been FDA (Food and Drug Administration)
approved and implemented for diagnosis and treatment op-
tions. Investigations into principles of biological, biochemical
and physiological effects have yielded new knowledge and

created potential applications in the future. The spectrum of
the electromagnetic waves for such applications can span from
very low RFs (radio frequencies) to the frequency ranges of
IR (infrared), UV (ultraviolet), visible light, and X-ray. In this
article, the specific range for electromagnetic waves is lim-
ited to RF, microwaves, and millimeter waves in frequencies
from kHz to THz. The features of electromagnetic waves are
used for signal transduction and data communication, energy
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transfer and delivery, noninvasive interrogation and probing,
and modification of tissue properties. With the advances in
new materials, high-speed electronics, miniature antennas,
flexible and deformable substrates, system-on-chip integra-
tion, and multi-physics modeling techniques, these features
find their novel uses in more biomedical applications with
different forms such as wearables, integrated components in
smartphones, and microfluidic systems, and other purposes
including senior care, agriculture, sports, and biospecimen
screening.

A. ABOUT THIS ARTICLE
The progress in technology development and applications
of radio frequency (RF) and microwaves in medicine has
been obvious and far-reaching. To celebrate the 50th anniver-
sary of the IEEE Microwave Theory and Techniques Society
(MTT-S), A. Rosen, M.A. Stuchly and A. Vander Vorst, mem-
bers of the MTT technical committee of Biological Effects
and Medical Applications TC-10, coauthored a review article
“Applications of RF/Microwaves in Medicine,” published in
March 2002 highlighting the biological effects such as energy
absorption in human bodies, wave interaction with the nervous
system, safety and exposure, diagnostic applications with mi-
crowave tomography and tumor detection, and therapeutic
applications such as treatments of cardiac arrhythmias and
noninvasive removal of tumors by ablation [1]. To celebrate
the 70th anniversary of MTT-S, this article aims to review
a limited portion of new research and developments of RF
and microwave techniques in biomedical applications in the
past 20 years. The article is divided into four main sections
with topics of using electromagnetic waves and fields for
communication, power transfer, sensing, and therapeutic uses.
The purpose of this article is to provide brief information and
synopsis about the medical applications of RF and microwave
techniques to readers who plan to pursue deeper details in case
of interest instead of explaining the basic principles or giving
complete specifics. Published review articles about specific
categories are cited for further exploration and understanding
of the topics and knowledge.

II. SIGNAL TRANSDUCTION AND DATA COMMUNICATION
Signal and data communication through the body between
implants and wearables or portable electronics can be cate-
gorized as near-field, mid-field and far-field applications. The
tissue thickness for transcutaneous implant communication is
usually a few millimeters. The dielectric properties are likely
fixed and predictable in and near the implant region. Many
commercial systems have been developed and they are reli-
ably used for wireless data acquisition, implant dosage setting
control, and charging. For implants deeper in the body, the
wave propagation and scattering encounter complex dielec-
tric properties due to individuals’ physical and time-variant
physiological condition variations. The mid-field applications
usually refer to a transceiver placed on or near the skin in
order to communicate with an implant several centimeters
deep inside the body or an endoscopy capsule moving through

the gastrointestinal (GI) tract. Far-field communication refers
to a transceiver that has a distance in the air from the body and
communicates with an implant. For mid-/far-field communi-
cation, because the field coverage areas and power required
are larger, exposure to RF energy needs to be addressed and
limited [2], [3]. Absorption limits per unit weight of body tis-
sues are defined by specific absorption rate (SAR) and specific
absorption to prevent thermal damage. IEEE C95.1 Standard
limits the 10-g averaged SAR and specific absorption for a
6-min time period to 1.6 W/kg and 576 J/kg, respectively [2].
International Commission on Non-Ionizing Radiation Protec-
tion (ICNIRP) Guidelines limit the 10-g averaged SAR of the
head to 2W/kg below 10 GHz and 2-mJ/kg averaged specific
absorption for a single pulse [3]. The modulation theme is
determined by the data type, rate, amount, error tolerance,
and power consumption. A higher carrier frequency provides a
wider bandwidth for a higher data transmission rate, however,
encounters power attenuation issues in tissues.

A. PACEMAKER
A cardiac pacemaker is used to treat abnormal heart rhythms
such as bradycardia (too slow) and tachycardia (too fast).
Conventional cardiac pacemakers and newly-developed lead-
less cardiac pacemakers, which are U.S. FDA approved and
commercially available, have implemented bi-directional data
telemetry with on-off keying (OOK), frequency-shift keying
(FSK), and Gaussian frequency-shift keying (GFSK) mod-
ulation themes [4]. Similarly, an implantable cardioverter
defibrillator (ICD) monitors heart rates and delivers high-
voltage electrical pulses when irregular heartbeats (called
arrhythmias) are detected in order to restore the heartbeat
back to normal [5]. Recorded in-situ electrocardiogram (ECG)
data and control commands are transmitted by data pack-
ets via coupling of implant and transceiver loop antennas at
frequencies in the Industrial, Scientific and Medical (ISM)
band [6].

Reviews in medical societies have concluded that moni-
toring of vital signs through data telemetry provides safety,
convenience and reassurance for patients, and enables a capa-
bility for clinicians to monitor diseases closely for quick and
critical responses [7]. A conventional pacemaker is implanted
under the skin below the collarbone on the left side of the
chest. The leads and wires from the pacemaker are guided
along the vein into the targeted chamber of the heart for
attachment. Signals are coupled between the antenna placed
on the skin and the one in the transcutaneous implant. The
cross-sections of both antennas are similar and the thin skin
tissues allow high-efficiency near-field coupling. Leadless
cardiac pacemakers however encounter more challenges in
coupling signals because the devices, in the shape of a capsule,
are much smaller and implanted inside the chamber of the
heart [8], [9], [10], [11]. The device does not have leads,
which eliminates unwanted external electromagnetic energy
coupling by the conductive wires into the leads causing signal
interference, and reduces mechanical complications inside the
body. The depth of signal propagation across multiple layers
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of skin and heart tissues, and the smaller cross-section of the
coil antenna inside the capsule present power budget issues in
communication. Conformal antenna architectures and higher
ISM-band frequencies have been proposed to achieve better
efficiencies while the pacemaker remains a small form factor.
Fractal-shaped antennas at 915 MHz, 2.4 GHz and 5.8 GHz
with circular polarizations to deal with antenna misalignment
issues have been proposed [12]. Circularly polarized anten-
nas tolerated the uncertain polarization received inside the
heart. Miniaturized meandered-line antennas on high dielec-
tric constant substrates with a size of 3 × 4 × 0.5 mm3 have
been demonstrated at 2.4 GHz. It could communicate within
a distance of 2 m from the external device to the implant
antenna placed inside a body-mimicking solution while the
power remained within 1 W [13] in order to be compliant with
the safety guidelines [2], [3]. With the intention to achieve the
ultra-wideband (UWB) feature while maintaining a miniature
antenna size, a loop radiator above a meandered ground plane
achieved a bandwidth of 3.04 GHz between 790 MHz and
3.83 GHz, which covered the ISM bands and Wireless Med-
ical Telemetry Service (WMTS) (1395–1400 MHz), and the
midfield (1.45–1.6 GHz) bands [14].

B. CAPSULE ENDOSCOPY
Capsule endoscopy was first introduced in 2001 for the visual
evaluation of small bowel diseases. In 2009, it was approved
by the FDA. Over the years, its safety and effectiveness have
been investigated extensively [15], [16], [17]. Wireless cap-
sule endoscopy eliminates the need of using optical fibers or
a CMOS camera via a tethered endoscope, which is bulky
and often requires general anesthesia to examine the gastroin-
testinal (GI) tract. A pill-like swallowable capsule consisting
of cameras, batteries, lighting LEDs, microprocessors, and
RF telemetry takes photos along the GI tract as it travels by
peristalsis. The image data are transmitted wirelessly to a
wearable reader on the body [18], [19], [20], [21]. Multiple
commercial endoscopic capsules are available to image the
esophagus, stomach, small intestine, and colon for diagno-
sis of gastroesophageal reflux disease, obscure GI bleeding,
and Crohn’s Disease. They are also used for the surveillance
of polyps and tumors [22]. Capsule sizes depend on appli-
cations, integration of imaging chips and additional sensors
(such as pH and temperature sensors), and battery capacity
requirements. Typically, a cylindrical capsule has a diameter
of less than 11 mm and a length of less than 3 cm because the
diameters of the adult esophagus and small intestine are about
2.5 cm.

The electromagnetic characteristics are complex in the GI
tract environment, even after the tract is clean with procedural
preparation. The capsule is deep inside the body so signals
encounter multiple layers of tissues with diverse anatomic
shapes. The dielectric constants and conductivities of the hu-
man gastrointestinal tract tissues (stomach, small and large
intestines) are roughly 62–67.2 and 0.87–1.01 S·m−1 at 434
MHz. Typical dielectric constants and conductivities for skin,
muscle, fat, and bone are 46.1 and 0.7 S·m−1, 56.9 and

0.81 S·m−1, 11.6 and 0.08 S·m−1, 13.1 and 0.09 S·m−1,
respectively [23]. Adding the factor of wave scattering in
3-dimensional structures with layers of different types of
tissues and individuals’ physical differences, the signal multi-
path propagation and attenuation parameters are difficult to
estimate. Thus, the worst scenario is often considered for
telemetry designs including the antenna impedance, resonant
frequency, dispersion and power budget.

Existing commercial capsules mostly operate at 434 MHz
[23]. The carrier frequencies utilized for the wireless capsule
applications in the literature range from 20 MHz to 6 GHz
covering several ISM, WMTS, and Medical Implants Com-
munications Services (MICS) bands [24]. Generally speaking,
a higher carrier frequency allows a wider bandwidth for high-
speed data transmissions. Different bands require antenna
redesigns. For example, the typical dielectric constants and
conductivities for skin, muscle, fat, and bone at 2.4 GHz
become 38.1 and 1.44 S·m−1, 52.8 and 1.71 S·m−1, 10.8 and
0.26 S·m−1, and 11.4 and 0.39 S·m−1, respectively [23]. The
dielectric constants are dramatically different for the skin and
conductivities increase more than twice for all tissue types,
compared to those at 434 MHz.

Due to the dimension constraints, different antenna de-
signs have been investigated including loop, dipole, folded
dipole, helical, planar inverted-F antenna (PIFA), slot PIFA,
microstrip, slot loop, patch antennas, and their combinations.
The antennas are located at one end of the capsule or con-
formed to the inner or outer walls of the capsule [24], [25],
[26], [27], [28], [29], [30]. Electrically small fractal antennas
[31], [32] provide miniaturization and wideband character-
istics have also been demonstrated in research [33], [34],
[35]. A summary of the antenna designs, their key features
and performance are listed in Table 1 of [24]. Besides the
impedance and operating frequency, antenna radiation pat-
terns that should be closer to omni-directional in order to
accommodate capsule orientation variations during travel; a
sufficient bandwidth to alleviate impedance detuning as waves
pass different parts of the body when the capsule changes
locations; and a limit on the SAR should all be considered
carefully. Commercial capsules typically have 256 × 256–320
× 320 image resolutions and transmit 2–6 or 28–35 frames
per second. Modulations and protocols including ZigBee and
Bluetooth Lower Energy (BLE) are utilized to transmit large
amounts of image data, depending on the power budget and
bandwidth needs.

Additional sensing functions have been considered in the
capsule endoscopy with parameters such as pH [36], [37],
[38], [39], body core temperature [40], [41], pressure [42],
[43], [44], and concentrations of specific gases [45], [46].
These sensing modalities produce discrete values so they do
not occupy much bandwidth in the telemetry. The GI tract
changes its pH levels in different sections. The esophagus has
a pH level of 5–6, the stomach has a pH of 1.2–3.5, the small
intestine has a pH of 4.6–7.6, and the large intestine has a pH
of 7.5–8. The pressure sensing provides motility information
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in the GI tract. Gas sensing obtains hydrogen, oxygen, carbon
dioxide, and methane data to assess gut microbiome activities
[47]. Recently, capsules are also proposed for the treatment
of chronic idiopathic constipation by on-demand mechanical
vibrations to simulate intestinal peristalsis [48], [49], [50].
The remotely-control commands to vary vibration frequencies
do not require much bandwidth either.

C. BRAIN INTERFACE
Brain-computer interfaces (BCI) are of great interest to record
in vivo neural signals from the brain for diagnosis of neural
disorders, such as epilepsy [51], [52], and control of pros-
thetic devices, such as robotic limbs, with signals from the
motor cortex [53], [54]. BCI can be used to stimulate the
brain or nervous systems to manage symptoms [55] including
Parkinson’s disease [56], [57], seizures [58], dystonia [59],
[60], tremors [61], tinnitus [62], [63], Tourette syndrome [64],
[65], and pain [66], [67], [68], [69], [70]. Research projects
for neural recording and stimulation are currently conducted
for memory loss, depression, schizophrenia, addiction, anxi-
ety, obsessive-compulsive disorder, and more [70], [71], [72],
[73], [74], [75], [76], [77], [78], [79].

One example is an implantable 64-channel wireless neu-
ral recording system, demonstrated with a micro-machined
electrode array implanted on the cortex surface [80]. It de-
tected and recognized neural action potentials and transmitted
spike trains to an external recorder outside the skull. Loop
antennas inductively coupled fields with a distance of 1 cm
across the skull. Carrier frequencies of 4 and 8 MHz pro-
vided energy to the circuits and transmitted data with FSK
to the implant. Reverse telemetry from the implant to the
receiver at a programmed carrier frequency of 174–216MHz
encoded a bit stream of spikes with OOK at 2 Mbps. An-
other batteryless neural interface for 16-channel recording
and 8-channel stimulation was demonstrated in [81]. The
data stream was at 6.78 Mbps with the on-off keying pulse-
position (OOK-PPM) modulation by a carrier frequency of
434 MHz. A monopole antenna was used to transmit data
to a recorder allowing the test animal to move freely. In-
ductive coupling from multiple coils in the animal cage to
the coil in the device at 13.56 MHz powered the interface
implant.

Advances in amplifiers, noise reduction, analog-to-digital
converters, and data compression techniques specific to neural
signals [54] have increased the channel and electrode counts
significantly [82], [83]. Higher electrode counts give better
spatial resolutions for mapping the neural signals in the brain
and in return provide finer motion controls in robotic limbs or
a better understanding of the neural pathways. Higher carrier
frequency provides a wider bandwidth and a higher transmis-
sion rate of spikes, however, it means that signal processing
and communication circuits consume higher powers and pro-
duce more heat. Two factors for designs need to be considered.
The US FDA requires an implant not to exceed a temperature
increase of 0.5 °C in the brain, and US Federal Communi-
cations Commission (FCC) limits SAR of the RF signals to

less than 1.6 W/kg. A review of different electrode scales,
device architectures, and related system blocks for electronics
is provided in [84].

Closed-loop systems have been proposed to better achieve
neural stimulation outcomes. Choosing neuro-stimulation pa-
rameters based on electrical signals recorded on related
neurons can provide real-time feedback to manage neural
activities and thus symptoms. Wireless systems for feedback-
based pain management have been proposed in freely be-
having animal models [85], [86], [87], [88]. Research ad-
vances have been greatly achieved since the demonstration. A
battery-operated closed-loop system for 128-channel record-
ing and 128-channel stimulation utilized the 2.4-GHz Blue-
tooth BLE with an on-chip antenna [89]. The system was
demonstrated in non-human primates and allowed bidirec-
tional wireless communication up to a 2-Mbps data stream
rate at a distance of 2 m. Another battery-operated transceiver
was designed consisting of a UWB transmitter at 3.1–5 GHz
and a receiver at 5.2 GHz [90]. A single commercial chip
antenna for the 3.1–5.2 GHz band was used. The transceiver
supported simultaneous recording and stimulation with a 200-
Mbps uplink and 10-Mbps downlink. Table 1 in [89] compares
closed-loop neuromodulation systems that have been demon-
strated in vivo.

The neural recording and/or stimulation interfaces have
also been implemented for peripheral nerves. For example, a
wireless system recording up to 128 channels with sampling
at 50 kHz and stimulation up to 15 channels was demonstrated
in animal models [91]. The multiple frequencies for recording
from the implant were at 2.7, 3.05 and 3.375 GHz with a
signal transmission distance of 2 m. A full duplex digital
Wi-Fi radio operating at 2.4 GHz was used to communicate
with the stimulation module.

Batteryless or passive neural recording can be accom-
plished with microwave backscattering methods, besides the
inductive coupling with coil antennas for both data transduc-
tion and power transfer [92]. A neural recorder based on the
short-range radio-frequency identification (RFID) principle
was demonstrated with a RFID-tag IC at 915 MHz and loop
antennas in both the reader and implant [93]. The backscatter-
ing technique does not require active electronic components
or power supplies. Thus, there is less heating or power dis-
sipation concern in the brain. Excitation carrier-frequency
signals from an external transmitter mix with the neural action
potentials to produce third-order intermodulation products by
nonlinear varactors. The third-order intermodulation signals
then transmitted back to the reader. A system with intermodu-
lation product frequencies at 4.5–4.9 GHz and interrogating
frequencies at 2.25–2.45 GHz was demonstrated to carry
neural action potentials up to 1 kHz bandwidth [94]. The
implant antenna was a planar sub-resonant slot that operated
at both frequency bands. A tapered slot antenna was used
for both transmitting and receiving due to its wide band-
width. Another dual-band backscattering neural recorder was
demonstrated at 2.4 and 4.8 GHz with the third-order mixing
products of neural signals that had a bandwidth up to 5 kHz
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[95], [96]. Antiparallel diode pairs were used, and the perfor-
mance showed a high sensitivity in recording neural action
potentials. Utilizing a similar back-scattering technique, an
8-channel recorder was demonstrated at 2.4 and 4.8 GHz
[97] in which three photodiodes were integrated in the im-
plant to switch the 8 channels and controlled by external
infrared emitters.

D. IMPLANT SENSORS WITH LOW DATA-RATE
COMMUNICATIONS
Owing to the wireless signal transduction and commu-
nication features providing comfort, convenience and ubiq-
uity, in return the sensing implants enable continuous
and more accurate assessment of physiological and bio-
chemical parameters. For example, a batteryless wireless
endoscopically-implantable sensor implemented in the esoph-
agus that can detect reflux occurrences and their pH values
provide continuous and long-term monitoring of acid and
nonacid gastroesophageal reflux [98]. The capability gives
comfort to patients so they do not change their daily activities
or behaviors. Therefore, the diagnosis is more accurate. The
electronic recording and outpatient procedures are suitable
for a large population of patients. The comfort in long-term
sensing can help greatly in the prognosis of drug treatment.

The monitored parameters may be discrete values thus the
system does not need a high data transmission rate. Some ex-
amples include pressure sensing in the eyes, vascular system,
bladders, and brain.

1) INTRAOCULAR PRESSURE SENSOR
Continuous intraocular pressure (IOP) monitoring for glau-
coma patients has been demonstrated in animal models. One
exemplary implant had a sensing microelectromechanical sys-
tem (MEMS) device on a flexible substrate [99]. The variable
MEMS capacitor was in connection with a coil antenna be-
having as an inductor to form a resonant circuit at around
350 MHz. The measured sensitivity for pressure was 160
kHz/mmHg. A similar approach was implemented on soft
contact lenses to monitor IOP. The capacitance signals were
read by a commercial RFID tag reader at 860–900 MHz with
inductive coupling between the coil on the contact lens and the
one in the eyeglasses or a RFID antenna [100], [101]. Another
example is a contact lens with a silicon nanomembrane as the
strain sensor and a coil antenna made of silver nanofibers and
fine silver nanowires that operated at 13.56 MHz [102]. The
same carrier frequency was used for both energy delivery and
data transmission between the implant coil and reader. Similar
system architectures measured the reflection coefficients of
the coupling between coils on the lens and eyeglasses at res-
onant frequencies of 238–241 MHz in animal models [103].
Further advances integrated a drug delivery mechanism with
the IOP monitoring lenses that had MEMS capacitive sen-
sors and wireless power transfer to trigger drug delivery via
iontophoresis [104]. The resonant frequency shifts between

3.78 and 3.86 GHz indicated pressure changes. The power
transfer frequency was at 850 kHz to trigger the iontophoresis
electrode to release the brimonidine, an anti-glaucoma drug,
loaded in a hydrogel coated on the electrode.

2) CARDIAC PRESSURE SENSOR
Monitoring pulmonary artery pressure in situ can provide
early information for heart failure. The pressure of blood
flowing into the lung indicates the forces generated by
the right ventricle. Such information cannot be obtained
with conventional cuff-based blood pressure measurements.
Continuous in-situ cardiac pressure sensing can be realized
with a MEMS capacitive sensor embedded in a medical
self-expandable stent [105]. The stent was used as an antenna
to transmit pressure data at 2.4 GHz and to couple 3.7-GHz
signals to power the chip and sensor. A voltage-controlled
oscillator (VCO) was used to modulate the data using binary
frequency-shift keying (BFSK). The stent was designed at a
depth of 3.5 cm under the chest skin and the reader was placed
within a 1-m distance from the chest. Currently available,
the commercial FDA-approved product CardioMEMSTM HF
System consists of a capacitive MEMS pressure sensor, an in-
tegrated circuit, and a coil to operate at the resonant frequency
of around 35.7 MHz to detect blood pressure and to prevent
heart failure [106], [107]. The device is implanted in the distal
pulmonary artery with a catheter. By powering the passive
sensor externally, the resonant frequency shifts indicate the
pulmonary artery pressure changes. Clinical trials show
improved outcomes among heart failure patients, particularly
because the system can be used in home settings [108].

3) BLADDER PRESSURE SENSOR
Similar system architectures have also been implemented to
wirelessly monitor acute and chronic bladder pressures for
diagnosis of urinary incontinence [109]. The transmitter was
placed on the skin and operated at 27.12 MHz in the ISM
band. The device contained a commercial MEMS pressure
transducer, an inductive coupling coil, and a rechargeable
battery. Signals were transmitted by the frequency-shift keyed
(FSK) modulation. A similar method was used to power
an implant without a battery at the resonant frequency of
140 kHz via a rectangular coil wrapped around the device.
The pressure data was transmitted by Bluetooth BLE after
analog-to-digital conversion of pressure signals obtained by
a commercial liquid pressure sensor [110]. Another example
of a batteryless implantable bladder sensor had a flexible
diaphragm that transduced pressure variations to capacitance
changes [111]. In series with an inductive coil, the resonant
frequency shifted between 160 and 168.4 MHz, detected by
an external coil, indicating pressure changes. Without batter-
ies, the lifetime can be extended and the size of the implant
allows easier implantation via minimally-invasive procedures.
Continuous monitoring at home settings is more accurate to
confirm symptomatic leakages in daily activities. Treatment
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options such as using neurostimulation on sacral nerves or
posterior tibial nerves to treat an overactive bladder by re-
ducing involuntary contractions can manage symptoms in the
long term [112], [113], [114]. The in-situ pressure monitoring
provides feedback signals to control the neurostimulator for
closed-loop management. The neurostimulator can also be
powered and adjusted by similar wireless power transfer and
data transmission mechanisms.

4) INTRACRANIAL PRESSURE SENSOR
The intracranial pressure inside the skull builds up from the
cerebrospinal fluid in patients who have brain surgeries or
suffer from traumatic brain injury. It can also be due to head
impacts in athletes, soldiers, or people in car accidents [115],
[116]. The intracranial pressure build-up, or hydrocephalus, is
particularly critical for children [117], [118]. Tethered-sensor
approaches have been used to monitor the pressures, but they
are bulky, painful for patients, and limit patients’ mobility.
Implants with their subdural placement of a MEMS sensor in
contact with the cerebrospinal fluid have been demonstrated in
vivo in animal models to continuously monitor the intracranial
pressures [119], [120], [121]. The wireless data communi-
cation between the implant inside the brain and a reader on
top of the head operated in the frequency band of 2.4–2.483
GHz via a rectangular-shaped annular slot antenna [120]. The
antenna was chosen for its radiation efficiency under the 8-mm
thick scalp and less sensitivity to the biocompatible coating
on the device. The device with dimensions of 22 × 26 × 10
(thickness) mm3 had a battery as the implantation aimed for
monitoring within 250 days.

III. WIRELESS POWER TRANSFER
Besides communication, electromagnetic fields and waves can
be used to transfer energy across tissues to power implants.
Battery-operated implants require replacement at the end of
battery life. The procedures may need surgeries that are costly
and painful to patients. Typically, the battery lifespan of a
cardiac pacer or implantable cardioverter defibrillator is about
7–8 years [122]. Advanced setting switching between normal
and low-power modes may help the battery last 10 years.
Commercial neurostimulators used in deep brain stimulation
for Parkinson’s Disease have a battery lifetime of 3.9–6.4
years in clinical settings [123]. The battery life depends
on many factors including individuals’ physiological condi-
tions making it difficult to predict their expected replacement
schedules. For spinal stimulation, the median lifespan of stim-
ulators containing non-rechargeable batteries was found 8.2
years in a large population study [124].

Wireless power transfer for recharging batteries or direct
powering provides an option to reduce required battery
capacity or eliminate battery which can significantly reduce
the implant’s physical size. The size reduction enables
minimally-invasive, endoscopic or natural orifice transluminal
endoscopic (NOTES) [125] implantation procedures for
the implants. Particularly, implants with higher power

consumption due to high transmission data rates, lighting
needs in video capsule endoscopy, or delivery of electrical
currents for therapeutic purposes can benefit from wireless
power transfer. Wireless power transfer techniques for
inductive coupling and high-frequency signal propagation, as
well as the requirements for capsule endoscopy and miniature
devices are discussed in [126]. A comprehensive review of
different techniques including non-radiative and radiative
power transfer methods, and their applications for implants
is in [127]. The strategies for wireless power transfer system
designs involving implants are reviewed in [128]. Efficiencies,
methods and challenges for near-field resonant inductive cou-
pling, near-field capacitive coupling, mid-field and far-field
power transfer are discussed systematically. Medical applica-
tions such as cochlear, retinal, cortical, and peripheral nerve
implants are introduced with a summary of achievements.

A. NEUROSTIMULATOR
A spinal stimulator is implanted under the skin near the upper
buttocks or abdomen with thin wires connecting the stimulator
to the electrodes that are placed on the spinal cord. Applying
inductive coupling to recharge the implanted pulse generator
is convenient for patients in such implantation locations and so
rechargeable batteries have been implemented for commercial
spinal stimulators [129]. Multiple studies show spinal stimu-
lator longevity is higher for rechargeable devices compared to
non-rechargeable ones (7.2 vs 3.7 years and 9 vs 8.2 years,
respectively, in [130] and [124]). A comparison of commer-
cial spinal cord neurostimulators with non-rechargeable and
rechargeable batteries is in [131]. The charging frequencies
through inductive coupling are 77–90 kHz [132], 410–485
kHz [133], and 402–405 MHz [134].

With a different configuration from the spinal stimulators,
the present deep brain stimulation system consists of an elec-
trode wire lead placed in the deep brain regions, such as
the subthalamic nucleus and globus pallidus interna for the
management of Parkinson’s disease [135], connecting to an
external neurostimulator. After the electrodes are located at
the desired target region, the lead comes through a small open-
ing in the skull and connects through an extension wire to the
neurostimulator implanted under the skin near the collarbone
[56]. It is clear that the extension wires for the stimulator
are inconvenient, uncomfortable, potentially dangerous, and
susceptible to electromagnetic wave interference. Therefore,
wireless power transfer from a wearable device, say in a
hat, across the skull into the implant becomes an attractive
option to transmit power and control signals. In [136], Table
1 compares different wireless power transfer techniques for
deep brain stimulation. The typical thickness for power pen-
etration is about 16 mm. The receiving coils in the implants
have cubic or planar square lengths of 1–10 mm. Operating
frequencies cover a wide spectrum from 160 kHz to 907.5
MHz with output powers in the range of 16 µW to 100 mW.
The efficiencies are mostly less than 1% which is low due to
the distance in the inductive coupling. An example to increase
transfer efficiency is by using a multi-stage field coupling
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approach. It was proposed with four coils to increase power
transfer efficiency by reducing load effects [137]. A dual-layer
spiral coil in the implant received energy from an external
helical coil. Externally, the primary coil that was connected
to the source coupled fields to a passive secondary coil tuned
at resonance. The load coil (the fourth one) in the implant
coupled fields to a passive coil (the third one) tuned also at
the same resonance. Both have small dimensions of 5 × 5
mm2. The second and third coils coupled the energy across
the skull at 13.56 MHz. An efficiency of 19.1% was achieved
with a subcutaneous implant depth of 1 cm. The misalign-
ment issue of small antennas inside and outside the body also
reduces power transfer efficiency significantly. An intra-dural
approach was proposed for spinal cord stimulation to address
pain inhibition efficacy issues due to electrode placement on
the spine and overcome the power transfer efficiency loss from
the misalignment of coils [138]. Inductive coupling at 1.6
MHz was implemented between the planar micro-coils of 9
mm in diameter on a pial conformal surface implant and the
coil in an epidural controller [139]. A power level of 5 mW
was transmitted through a tissue thickness of 1 cm.

The cross-section difference between the transmitting coil
and implant coil is a major factor for low power trans-
fer efficiencies of inductive coupling in deep tissues. The
transmitting coil should be sufficiently large to make sure
functional coverage in which the misalignment of coils does
not stop the stimulator from working because the implant coil
dimensions are small. However, the transmitting coil cannot
be too large to wear comfortably by patients. The significantly
mismatched implant and transmitter coil sizes mean a large
portion of electromagnetic fields are lost. The inhomogeneous
distributions of permittivities and conductivities by different
types of tissues further make it difficult to tune the coils to
reach a high-quality factor. The power decays exponentially,
which restricts the penetration depth [140]. At higher frequen-
cies up to a few GHz, evanescent fields generated by plane
waves outside the body can induce energy transfer through the
propagating waves in the tissues. With an array of radiation
elements with tuning phases at their ports, fields can be com-
bined and focused to create a high field density spot deeper in
the tissues. This technique can be utilized in mid-field wire-
less power transfer to a miniature implant [141]. Milliwatt of
power was delivered at 1.6 GHz to an implant that had a 2-mm
diameter in a tissue depth of 5 cm. Similarly, a 4 × 4 patch
antenna array was proposed to focus fields for a 2 × 2 mm2

implant inside the brain at 2.1 GHz [142]. For neural stud-
ies in animal model experiments, it is preferred that animals
can move and behave freely without being tethered to instru-
ments or confined inside small boxes. For example, electrical
neurorecording [81] and neurotransmitter (L-glutamate) mon-
itoring [143] were conducted continuously in freely-moving
animals with multiple-coil wireless charging in animal cages.
The distances of wireless power transfer are typically consid-
ered as far-field coupling in the range of 4–10 cm in the air.

For peripheral nerve stimulation, stimulator miniatu-
rization targeting for minimally invasive implantation limits

the antenna dimensions while still demanding sufficient power
to be delivered to tissues. For deep implants, ultrasound and
RF coupling have been proposed for power transfer [144].
An injectable stimulator with multi-turn micro-coils wrapped
inside a capsule was demonstrated with inductive powering
at 2 MHz [145], [146]. Another example is an inductive
link at 2 MHz used to power a brain stimulator with 8
channels [147], [148]. A transcutaneous implant with a
packaged volume of 0.5 cm3 for epidural spinal stimulation
in rats was demonstrated for 160 stimulation electrodes with
inductive power transfer at 2 MHz and differential phase-shift
keying (DPSK) data transmission at 22 MHz [149]. A
subdermal implant consisting of a coil with a 9.8-mm
diameter that resonates at 13.56 MHz with a quality factor of
22 was demonstrated in mouse models to power a µLED for
optogenetic stimulation [150]. With a miniature three-layer
planar inverted-F antenna to harvest RF energy, an implant
for deep brain stimulation was demonstrated at 915 MHz in a
phantom [151]. A transcutaneous implant coupled RF energy
with a coil of a 1.6-mm diameter at 1.5 GHz for optogenetic
stimulation on the premotor cortex, dorsal cord, cutaneous
nociceptors in mouse models was also demonstrated [152].

B. ENDOLUMINAL IMPLANTS
For implants that are deeper in the body, they face several
challenges for wireless power transfer including the uncer-
tainty of dielectric properties influenced by anatomic and
tissue structures, which can be dynamically changing. Par-
ticularly, the endoscopic capsule or implant in the GI tract
can change their locations and orientations significantly with
GI motility. Therefore, the antenna designs, field distributions
and power budget tolerance need special attention.

A planar spiral inverted-F antenna with circular polariza-
tions at 673 MHz for a leadless pacemaker that could be
implanted in the right ventricle of the heart was demon-
strated [153]. The antenna had a diameter of 5 mm and a
height of 3.2 mm. With a 10-dBm transmitted power, the
implant received a power of –17.8 dBm. A system designed
for deep implants was demonstrated in a phantom at 915
MHz [154]. Powers from an external patch antenna enhanced
with a reflector transferred energy to the 2-circular-slots on
a patch antenna in the implant. Transmission distances were
investigated with respect to their SAR values. For GI appli-
cations to treat gastroparesis, a batteryless implant attached
to the wall inside the stomach that can be delivered by en-
doscopic procedures without major surgery was developed
[155], [156]. The resonant frequencies for power transfer
could also be used for switching dosage control eliminating
additional circuits in order to keep the implant size as small
as possible [157]. It can harvest sufficient electromagnetic
energy through coil coupling and generate electrical currents
to stimulate the stomach to restore its motility, as demon-
strated in live pig models. A mid-field power transfer system
was designed for capsule applications and demonstrated in
phantoms [158]. The antenna had a volume of 8.43 mm3 and
provided multiple functions of data telemetry at 403 and 915
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MHz, power transfer at 1.47 GHz, and switching control at
2.4 GHz. The system power transfer efficiency was 0.67% at
1.47 GHz. Table 1 in [158] summarizes different mid-field,
compared to near-field, power transfer systems at 1.2, 1.47,
1.5, 1.6, 2.4, and 2.45 GHz with patch and coil antennas in
implants. A wireless power transfer system for an imaging
capsule was demonstrated at dual frequencies of 915 MHz
and 2.45 GHz [159]. The reasons for using dual or multiple
frequencies or antennas depend on applications. One reason
is to separate the wireless power transfer and data transmis-
sion frequencies to avoid interference as their power levels
are significantly different. Because the requirements of using
ISM-bands, the frequencies in different bands can be well
separated. Another reason is to consider the tissue attenuation
effects at different frequencies. Particularly the wireless power
transfer needs to maximize its efficiency. Thus the antenna
design considerations for power transfer and data transmission
may become different. The power transfer should also take
the RF-to-dc conversion efficiency into account, while the
data modulation and rate require a certain bandwidth. Both
factors are frequency-dependent. The tissues were typically
assumed to be 6 cm thick in the abdomen area. The implant
in [159] utilized a meandered resonator antenna with quasi-
omnidirectional radiation patterns located at one end of the
capsule and the power transmitter was a log-periodic antenna
placed 5 mm from the skin of the abdomen. Transmission
coefficients were –37.9 and –23.7 dB at 915 MHz and 2.45
GHz. With a transmitting power of 1 W, 8.3 and 13 mW were
received by the implant at 915 MHz and 2.45 GHz.

C. ARTIFICIAL RETINA
Retinal prostheses convert images captured by a camera, and
wirelessly transmit the data to an implant, in which electrodes
stimulate the retina with electrical pulses to produce light
perception [160], [161], [162], [163]. Wireless power transfer
is needed to provide energy to the stimulator inside the eye.
To have a sufficient image resolution, high electrode counts
are desired which presents a challenge to data transmission. A
dual-band telemetry for 256-channel stimulator was demon-
strated with powering at 2 MHz and signal transmission at
22 MHz via two sets of coils [164]. DPSK modulation was
implemented for the 16 × 16-pixel and 4-bit grayscale images
with 2-Mbps data transmission. Another example: a 5-mW
power delivery to the load with a 58.8% efficiency at 2 MHz
and 500-kHz data uplink with coils was demonstrated in phan-
toms [165]. For the commercial epiretinal implant system, the
implant received about 45 mW of power at 3.156 MHz [166].
Increasing the carrier frequency can benefit higher electrode
counts, data rates and power transfer efficiencies. The physical
dimension constraint in the eyes also requires antenna sizes to
be miniaturized while maintaining sufficient bandwidths. An
electrically small circularly-polarized wire patch antenna that
could be operated at 2.45, 5.8, or 8 GHz bands and had a wide
–10 dB impedance bandwidth at 2–11 GHz was demonstrated
in [167].

D. SMART LENS
The power transfer and data transmission methods suitable
for artificial retinas are applicable to smart lens applications.
Electronic sensors and actuators integrated into a contact lens,
generally called Smart Lens [168], [169], have been attract-
ing a lot of attention due to their convenience, ubiquity and
noninvasiveness. Smart lenses have been proposed to mea-
sure intraocular pressures for glaucoma diagnosis and drug
delivery [170], glucose levels in tears for diabetic diagnosis
and therapy [171], lactic acid (lactate) for hypoxia and
changes of physiological or pathological conditions [172],
and cholesterol [173]. MEMS and electrochemical sensors,
MEMS actuators, and drug-loaded hydrogels are utilized for
sensing [174], [175] and drug delivery [176], [177], [178].
Signal transduction, sensor and electronics operation require
wireless powering because contact lenses are too small or soft
to contain a battery. Based on the RFID principle, a planar
receiving ring antenna on a 200-µm thick, soft contact lens,
made of hydroxyethyl methacrylate hydrogel, harvested in-
ductive coupling energy from a transmitting segmented-loop
antenna mounted on a pair of eyeglasses [179]. The lens
received a 1.74-mW power at 920 MHz with a distance of
1 cm to the eyeglasses that transmitted a power of 0.45 W.
A RF-to-dc converted power of 110 µW was used to drive
a capacitive pressure sensor and send back the intraocular
pressure data detected. In another example, an intraocular
pressure monitoring implant with a capacitive sensor utilized
a half-circle monopole antenna at 3.65 GHz for power transfer
and data transmission at 2.4 GHz [180]. The received power
to the rectifier was 20 mW from a transmitting power of 0.6
W. Although it was intended to be an implant, the principle
could be applied to contact lenses.

A soft contact lens with a ring antenna of a 10-mm diameter
at 27 MHz was demonstrated in an animal model [181]. An-
other contact lens with a planar coil on a parylene substrate
received power from a coil mounted on a pair of eyeglasses
in an eye phantom [182]. The receiver coil has outer and
inner diameters of 10 and 6 mm to provide transparency to
the human pupil area which has a diameter of 2–6 mm. It was
found that the quality factor of the coil was reduced when the
coil was placed on the eyes due to the parasitic capacitance
from tissues. Designed for operation at 13.56 MHz, the coil
can be used up to 100 MHz. Varying carrier frequencies, a
power transfer efficiency of 17.5% and a received power of
50 mW from a 2-W power source were obtained at a distance
of 2 cm between the eyeglasses and the contact lens. A sum-
mary review of the powering, sensing and signal transduction
methods for smart lenses can be found in [183].

Effects of microwave powers on eyes and retina at 1.25
GHz have been studied. The results and the prior studies
at other frequencies from 1.3 to 35 GHz are summarized
in [184]. These studies were conducted on various animal
models showing possible effects of cataract formation, corneal
endothelia abnormity, retinal degeneration and electroretino-
gram (ERG) signal variations. A conclusion is drawn that
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retinal injury is unlikely at 4 W/kg for the 1.25-GHz RF
radiation, which is higher than the FCC safety limit of SAR
of 1.6 W/kg, and functional changes occurred at higher SAR
(8.4 or 20.2 W/kg) on the retina are probably reversible.

E. COCHLEAR IMPLANT
Cochlear implants have been approved by FDA and are
commercially available. Wireless power transfer and wire-
less transmission of processed audio-signal data eliminate the
need for wires between the external module that consists of
a microphone and microprocessor, and the implant that con-
nects to an array of electrodes in a flexible wire [185], [186].
The electrodes deliver stimulation pulses to the nerves in the
cochlear of the inner ear mimicking the functions of the hair
cells that convert sound vibrations in the cochlear to neuronal
action potentials. A commercial product [187] is available
with wireless charging via the Qi standard [188]. Because
the skull thickness between the receiver coil in the implant
and the external coil in the transmitter is less than 1 cm and
does not vary much for individuals, the near-field coupling
is sufficient. The received power ranges from 20 to 40 mW
[187], [188]. Recently, a cochlear implant power coupling
system was demonstrated with a 50.5% efficiency [189].

IV. NONINVASIVE SENSING
A. REMOTE VITAL SIGN MONITORING
Over the past two decades, the study of using microwave or
millimeter-wave signals to sense a subject’s vital signs and
motions to help assess the subject’s health condition gained
attention and grew rapidly. The theory is based on the Doppler
radar principle or Doppler effect. Originally published by J.
C. Lin in his 1975 paper [190] and followed by a few other
papers by K.-M. Chen and other researchers [191], [192], this
research field did not see rapid growth till the beginning of
the 21st century, when researchers in Bell Labs demonstrated
the feasibility of using a simple radar front-end architecture
fabricated on a radio-frequency integrated circuit (RFIC) chip
to detect human heartbeat and respiration from a few meters
away [193], [194], [195]. Unlike previous experiments of
using heavy and bulky instruments, the research team used
a direct-conversion receiver architecture and a free-running
oscillator that was not phase-locked to any reference source
because the radar transmitter was used as the local oscillator
for the radar receiver simultaneously. The simple architecture
allows the circuits to be fully integrated on a silicon BiCMOS
or CMOS chip without the need for any other external com-
ponent [193]. The demonstrated low-power RFIC vital-sign
radar chips drew attention from both academia and industry
during the time that we saw a rapid expansion of wireless
communication technologies.

1) RESEARCH BY MTT-28 MEMBERS
Over the past decade, the MTT-28 (formerly TC-10) Bi-
ological Effects and Medical Applications Committee has
been very active in biomedical radar sensors research. A

significant increase in publications manifested tremendous
growth. A subcommittee was created in the International Mi-
crowave Symposia (IMS) to promote this topic with technical
sessions and workshops on this topic.

Following their enabling works in Bell Labs, O. Boric-
Lubecke, V. Lubecke, and J. Lin continued the research efforts
on vital-sign radars in academia. O. Boric-Lubecke and V.
Lubecke’s efforts include but are not limited to arctangent
demodulation, heart rate variability (HRV) assessment, pa-
tient testing, sleep monitoring, and identity authentication
[196], [197], [198], [199], [200]. J. Lin’s efforts focused on
frequency-tuning techniques for optimal detection, nonlin-
ear analysis on detection sensitivity, random body motion
cancellation with multiple radar sensors, and several CMOS
radar-on-chip systems from 5.8 to 60 GHz [201], [202],
[203], [204], [205]. They also collaborated or mentored many
researchers on this promising topic. For example, C. Li’s
group continued to develop frequency modulated continu-
ous wave (FMCW) radars for indoor positioning, passive
biomedical radar sensing, and activity classification such
as potential active shooter detection and inattentive driver
behavior classification [206], [207], [208], [209]. C. Gu’s
team focused on touchless human-computer interaction [210]
in the Google Soli project, which aimed to develop new
human interaction with computers by leveraging accurate
sensing and perception of gestures with microwave radar tech-
nologies. One application was the first smartphone with a
microwave radar inside [211]. The effectiveness of a radar
system for Doppler Cardiogram (DCG) has been clinically
validated to provide diagnostic information for heart diseases
that contained abnormal activities with non-invasive, con-
tinuous blood pressure sensing, and the detection of heart
failure, atrial fibrillation (AF) and premature heartbeat (PHB)
[212], [213], [214].

An exciting innovation in biomedical radar was the self-
injection-locking technique pioneered by T.-S. Horng and
F.-K. Wang’s team in collaboration with J. Lin. Based on
the concept, a see-through-wall radar leveraging human vital
signs was developed [215]. Their works on random body
movement cancellation leveraging mutual injection locking
have assisted in removing a major source of error for non-
contact vital sign detection [216]. Stepped-frequency contin-
uous wave (CW) radar integrated with self-injection-locking
merges the advantages of both architectures into a single sys-
tem to monitor multiple human subjects [217].

To retain individual heartbeats and correct abnormal beats
caused by undesired artifacts, C.-C. Chang and S.-F. Chang’s
groups have proposed a short-time autocorrelation method for
heartbeat segmentation and heart rate variability extraction
using a CW Doppler radar [218]. The team has demonstrated
considerable advancements in analog beam switching/steering
using Butler matrices combined with tunable phase shifters to
achieve an efficient tradeoff in beam resolution and system
complexity [219]. Integrated circuit versions were demon-
strated with a deformed Butler matrix [220] and V-band phase
shifter [221] in CMOS technologies.

142 VOLUME 3, NO. 1, JANUARY 2023



Antennas, passive structures, and metamaterials were fur-
ther developed for biomedical radar research. For example,
C.-T. M. Wu’s team has developed substrate-integrated wave-
guide filters using the complementary split-ring resonators
demonstrated in [222], and K-band vital-sign monitoring us-
ing metamaterial leaky wave antennas to passively sweep in
the azimuth direction by varying frequencies [223]. A super-
regenerative oscillator-integrated system elevated sensitivity
in a simplified system [224]. C.-H. Tseng’s group devel-
oped a leaky wave antenna coupled with coplanar waveguide
passive components [225], wearables using envelope detec-
tion techniques combined with self-oscillating active antennas
[226], and K-band self-injection-locked radar sensors using
the CMOS technology [227].

N. Tavassolian’s group proposed a noncontact heartbeat
signal modeling and estimation method to evaluate human
cardiovascular activities [228], and with a beamforming sys-
tem to receive information from multi-subjects’ respiration
signals [229]. One of the challenges for remote heartbeat sens-
ing is the high amplitude chest movement due to respiration,
which generates harmonics that interfere with the heartbeat
signals. To overcome the issue, the chest wall acceleration
was exploited instead of its displacement [230]. Antenna
radiation characteristics on the performance of a Doppler
radar showed that specific antenna arrangements outperform
others [231].

Data detected by various radar technologies were classified
for human activities by H. Hong and X. Zhu’s group [232]
in clinical collaboration to identify indicators of breathing
disorders [233] and sleep pattern recognition from respira-
tion, heartbeats, and body movements [234], [235]. With
machine learning training and identification, radar responses
were classified for a wide range of human motions [236].
J.-M. Muñoz-Ferreras and R. Gómez-Garcia’s team collabo-
rated with C. Li on range tracking and vital signs detection
[237], [238], including clutter reduction and target isolation,
multiple-patient gesture recognition [239], vital sign monitor-
ing [240], and body movement mitigation [241]. Wearable and
biomedical radar health monitoring systems were developed
in D. Schreurs and M. Mercuri’s group [242], [243]. The
applications focused on fall detection, a major concern for
the elderly as a fall could go unnoticed or undetected for
a dangerously long time. By measuring target positions and
speeds, the algorithms could identify potentially dangerous
falls [244], [245] with an embedded telehealth radar system
for real-time monitoring [246].

2) RESEARCH BY OTHER MTT-S MEMBERS
Multiple-input multiple-output (MIMO) radar-based vital sign
monitoring in scenarios with random body motions has been
investigated by A. E. Fathy’s group [247]. An algorithm based
on a heartbeat template associated with wavelet transforms
was used to reduce the effects of random body swaying on
vital parameter estimation. The MIMO radar was used for
real-time heart rate estimation of multiple subjects [248].

Leveraging precise angular location information, the signal-
to-noise ratios of the heartbeats of each subject could be
maximized. A UWB radar was used for accurate extraction
of the respiration and heart rate of multiple subjects [249],
through-the-wall vital parameter estimation [250], and gait
analysis of a walking subject in combination with machine
learning [251].

An FMCW radar as a handheld guidance aid was devel-
oped by N. Pohl’s group for visually impaired people [252].
A UWB 80-GHz FMCW radar system was employed for
the estimation of respiration and heart rates [253]. Owing to
the large bandwidth, the skin surface displacement calculated
could reach sub-millimeter accuracy. To linearize vital signs
detection and enhance dynamic ranges, L. Ran’s group pro-
posed an extended differentiate-and-cross-multiply (DACM)
algorithm [254], [255], and investigated the possibility of
1-D images of human cardiac motions for clinical diagnosis
of heart diseases [254]. A short-range localization, inverse
synthetic aperture radar (ISAR) for imaging, and vital signs
tracking was also developed in collaboration with C. Li’s
group [237].

For clinical applications, A. Koelpin’s group investigated
the use of radar arrays attached to the bottom side of a
hospital bed for through-clothing vital parameter estimation
[256]. With artificial intelligent techniques, radar-based
HRV studies were implemented in clinical and home-care
scenarios [257]. The impact of nonlinearities on the reciprocal
distance measurement for vital parameter estimation was also
analyzed, showing that intermodulation effects may reduce
the accuracy [258]. The group also conducted contactless
measurements of the pulse wave velocity with a phased array
radar system at 24 GHz [259].

Biomedical radar can assist the mobility of visually im-
paired people [260], [261]. E. Cardillo’s group developed a
range alignment method to differentiate human targets from
non-human moving objects and stationary obstacles by detect-
ing cardiorespiratory activities. Without additional sensors,
the radar self-motion effects could be estimated by analyzing
the signals reflected by stationary clutters [262]. In addition,
the group used radar to identify head motions and eye blink-
ing to aid people with neurodegenerative disorders [263].
Biomedical radar has also shown great promise for transporta-
tion safety. For example, J.-G. Yook’s group has developed a
radar sensor based on voltage-controlled oscillators (VCOs)
combined with a switchable phase-locked loop (PLL) for con-
tinuous monitoring of vehicle driver [264].

3) CROSS-SOCIETAL RESEARCH AND INDUSTRIAL
DEVELOPMENT
Because of the promising vital-sign radar applications in
many fields, significant contributions have been made in
societies other than MTT-S. For example, R. Narayanan’s
group used empirical mode decomposition to produce a
unique feature vector from the human micro-Doppler sig-
nals to classify human motions [265]. They also analyzed
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micro-Doppler signatures from various human activities in
free-space and through-wall environments using a C-band
coherent radar [266]. M. Amin’s group with collaborators
developed signal-processing algorithms and techniques for
elderly fall detection using Doppler radars to reduce false
alarms by deep learning [267], [268]. J. Kernec and F. Fio-
ranelli used radar systems to recognize respiratory disorders
and different sleeping stages [269]. A continuous temporal
sequence was used to identify different human activities and
transitions between activities [270].

S. Pisa’s group developed several UWB radar sensors
with sub-millimeter resolutions to monitor breathing activities
based on a step recovery diode that excites the UWB antenna
and zero-bias Schottky diodes at the receiver. The system
improved small-body movement detection [271], [272]. An
FMCW vital-sign radar that leveraged a high-gain antenna to
spatially filter the clutters was also developed [273]. D. Zito’s
group has developed multiple UWB system-on-chip biomed-
ical radar sensors with CMOS technologies to sense sub-
centimeter chest movements [274]. A wearable system-on-a-
chip UWB radar and an IEEE 802.15.4 ZigBee radio interface
were developed to transmit real-time patient data [275].

The industry has been actively working on this topic.
A dedicated team at the imec has developed several versions
of biomedical radar chips and systems [276], [277], capable
of tracking multiple patients and measuring their vital signs
[278], [279]. The applications have been extended into 2-D
localization of patients using frequency-scanning antennas in
Internet-of-Things (IoT) [279].

B. BIOLOGICAL CELL PROBING
More than a century ago, visionary physical scientists and
engineers were critical to the founding of microbiology or cell
biology. For example, in 1902, Bernstein hypothesized [280]
that a cell is made of a membrane surrounding a cytoplasm
of electrolytes. Indeed, Na, K, or Ca ions could be found after
cells were broken down. However, it was challenging to exper-
imentally prove the ions inside living cells were free to move
and conduct electric currents. This is because, insulated by the
cell membrane, a cell could not conduct any dc current, ac sig-
nals were generated [281] by Hertz only a decade earlier, and
the concept of capacitance was just emerging. Nevertheless, in
1910, Höber was the first to experimentally validate the cell
model by measuring the RC resonance at MHz frequencies
[282]. He estimated that the ac resistivity of cytoplasm was
on the order of 1 �·m. In 1921, Philippson confirmed that the
membrane resistivity was much greater at 108 �·m [283]. In
1925, Fricke measured the membrane capacitance to be on the
order of 0.01 F/m2 [284]. In comparison, the cytoplasm capac-
itance, on the order of femtofarads, was difficult to measure at
MHz frequency ranges [285].

By the early 1940s, the large dispersion in cell suspen-
sions around 1 MHz had been known from the charging
of the membrane capacitance [286]. In 1957, in addition
to the β dispersion around 1 MHz, Schwan conceptualized

α and γ dispersions [287] across the electromagnetic spec-
trum from kHz to THz. Schwan called the dispersion effects
relaxations. Unlike atoms or molecules, the heterogenous
structures of cells and tissues do not support sharp reso-
nances, not to mention biological heterogeneity in individuals.
It means that we can take advantage of the wide electro-
magnetic spectrum to gain the whole picture of a single cell
or a specific type of tissue. However, despite the foresight
of these pioneers, although the impedance spectroscopy of
cells and tissues was advanced to a single cell as opposed
to a suspension of thousands of cells, its frequency range
was mostly limited to 100 MHz due to the experimental
setup [288].

In the past 20 years, instrumentation advances and the inte-
gration of microwave circuits and microfluidic devices enable
in-situ probing of small volumes of biomolecules and bio-
logical cells with dielectric spectroscopy into microwave and
millimeter-wave frequency ranges. A review of biomolecule
and cell sensing principles for RF and microwaves is in
[289]. The sensing mechanisms for microwaves are mainly
based on the detection of polarizations and complex permit-
tivities. Summaries of microfluidics-based microwave sensors
including their principles, and applications for liquids, cells,
biomolecules and bacteria sensing are in [290]. In this section,
we will focus on biological cell probing.

Cells in suspension can be characterized, as a group of cer-
tain cells, in a microfluidic channel or well above embedded
microwave circuits to detect scattering coefficient changes due
to the dielectric contrast between culture media and cells in
media. Fibroblast cells were loaded into a 3-µL microwell
on a microwave substrate-integrated waveguide (SIW) cavity
resonator and probed at a resonant frequency of 13.48 GHz
[291]. Cell concentration in the media and the measured res-
onance frequency shift has a linear relationship. A coplanar
waveguide loaded with an interdigitated finger capacitor was
used up to 40 GHz to distinguish live and dead lymphoma
cell groups by extracting their dielectric properties [292].
A two-port coplanar waveguide transmission line (CPW-TL)
and a one-port CPW-fed interdigitated capacitor (CPW-IDC)
were proposed to measure the permittivities of yeast cells and
mammalian cells from 300 kHz to 50 GHz in a microfluidic
channel with different culture media [293].

Benefiting from the microwave/microfluidics integration,
a single cell can be captured with mechanical structures
in the microfluidic channel or by alternative current (AC)
dielectrophoresis [294], which allows the investigation of
its intracellular properties. Biological cell microscopy utiliz-
ing chemical stains or fluorescent dyes and flow cytometry
to study and sort cells has the advantages of high speci-
ficity, sensitivity, and efficiency. However, instruments are
costly and they involve labeling techniques with stains, flu-
orochromes and fluorophores that may interact with or even
alter biomolecules on the cell membranes or inside the cells
affecting the results. Probing cells with electromagnetic fields
to model the cells or interrogate the molecular properties
however does not involve chemical labels. The principle of
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label-free cell probing with microwaves in a microfluidic
channel is described in [295]. A comparison of cellular anal-
ysis by microwaves to conventional techniques is given in
[296]. The dead and living cancer cells could be identified
within the microfluidic environment at frequencies up to 40
GHz [295]. Since dead and living cells have similar cell
morphology under visual observation, this capability of recog-
nizing and sorting cells by microwaves can be very beneficial
in identifying drug efficacy in the development of chemother-
apy drugs or treatment methods.

A mechanical trap in a microfluidic channel allowed a
single cell to be probed from 40 MHz to 40 GHz with a
coplanar line and a capacitive gap underneath the cell [297].
Another example showed a microchamber in a microfluidic
channel trapped a single cell above a coplanar waveguide
for probing up to 3 GHz [298]. The sensor could distinguish
live from dead Jurkat cells in both time and frequency do-
mains. Similarly, live and dead Escherichia coli bacterial cells
were distinguished with probing in the 0.5–20 GHz frequency
range [299]. The frequency range was further extended to 900
Hz–40 GHz [300], bridging the gap between GHz impedance
spectroscopy and traditional impedance spectroscopy in kHz
and MHz. The extended frequency range allowed better
characterization of not only cytoplasm, but also the cell
nucleus [301].

The single-cell microfluidic device with a coplanar wave-
guide and a capacitive gap has also been utilized for cell
electroporation with intensities of electric fields from 0.4 to
2 kV/cm [302]. Results indicated that dielectric properties
could be monitored and the cell changes or damages from
electroporation could be observed with time, confirmed with
conventional cell study methods. A review of electroporation
techniques and their applications is in [303]. A microstrip line
with a capacitive gap sensitive to the dielectric properties of
liquid or particles was proposed for dielectric spectroscopy
in a microfluidic device [304]. The broadband sensor with a
discontinuity in the microstrip line was used to measure s21

to extract cell capacitances at 0.5–8 GHz, and a capacitive
resonator as a narrowband sensor at 5.49–5.95 GHz detected
cancerous colorectal cells with a 30-MHz frequency shift.
Another device architecture was demonstrated with a folded
circular waveguide cavity integrated in a microfluidic chip
[305]. Two resonators at 3 and 6 GHz were used for single
Chinese hamster ovary cell measurements. Permittivities were
extracted from the scattering coefficients with an ability to
detect dielectric constant contrasts less than 0.3.

Utilizing ac dielectrophoresis, a single cell can be precisely
placed between the electrodes of a coplanar stripline in the
microfluidic channel [294]. The dielectrophoresis signal, in
the orders of 1 MHz and 1 V, does not affect the vitality or
morphology of cells [306], [307], [308], and can be added
onto the probing microwave signals (at GHz) to trap the cell
between electrodes within seconds. The method allows high
throughput of cells for continuous screening. The device could
repeatably distinguish live from dead cells for two different
types of cells. The single-cell intracellular probing and the

wide bandwidths of microwaves allow applying of impedance
spectroscopy on a single cell to establish and validate the
single-cell model articulated by H.P. Schwan [287], [309] and
its equivalent circuit. An equivalent circuit for a single Jurkat
cell was established at 9 kHz–9 GHz with ac dielectrophoresis
to trap single cells for analysis [310], [311]. The model and
equivalent circuit were further expanded to a double-shell
model to identify the nucleus in the cytoplasm. The model
includes shunt resistance-capacitance pairs in the cell mem-
brane, cytoplasm, nuclear membrane, and nucleoplasm [301].
Although the bifurcation of β and γ relaxations had been
previously observed [312], [301] established their correlation
with the nucleus size. The ability to characterize the nucleus
may lead to a better differentiation of normal and cancerous
cells because that is where the major difference resides. To
resolve the nucleus of a live cell spatially and noninvasively, a
scanning microwave microscope based on the same device ar-
chitecture was demonstrated [313]. It is quite a lot of progress
as the concept was originated more than a century ago, when
Höber believed that an ac signal could noninvasively penetrate
through a cell membrane to detect what was inside a live cell.

C. MICROWAVE ENHANCED MAGNETIC RESONANCE
IMAGING
This section will look at recent advances in the area of mag-
netic resonance imaging (MRI). While not intended to be an
exhaustive update on research in this exciting area, references
have been selected in this overview to provide examples of
the breadth of research work being done globally in this im-
portant technical and medical area. The reader is encouraged
to look at various review articles on RF aspects of MRI for a
more thorough background on the subject, for example, from
literature in [314], [315].

MRI scanners have been used for several decades for imag-
ing of biological specimens including humans. MRI scanners
utilize the Zeeman effect [316], as does nuclear magnetic
resonance spectroscopy (NMR) and electron spin resonance
(ESR) imaging [317], [318], [319], [320], by placing the
specimens in a strong magnetic field (B0) and then manipu-
lating the spin magnetization vectors of the nucleons (MRI,
NMR) or electrons (ESR) with a strong transmitted radio
frequency (RF) field (B1) so that, as the spin vectors relax, the
net magnetization can be picked by sensitive coils, antennas
and receivers. This received signal is related to the image
through a Fourier transform (the so-called phase-frequency
diagram), with an inverse Fourier transform operation used
to generate the actual image. As such, there is a significant
interplay between RF electronics and signal processing that
creates the sharp images medical diagnosticians require. The
traditional method of both exciting the spins and receiving the
resulting MR signal is through the use of coils in various sizes,
shapes and arrays [321], [322]. This method is used almost
exclusively for the static B0 fields of less than approximately
3 Tesla. Higher B0 fields yield better signal to noise ratios
(SNRs) and so much research work has been done in various
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transmit/receive structures that resemble coils, traditional an-
tennas such as dipoles or Yagi-Uda antennas, or combinations
[323], [324], [325], [326], [327], [328]. For human imaging,
the conductivity of the body increases with frequency and so
this affects contrast, location of image light and dark regions
and finally, heating increases with increased need for a high
B1 field and so much research focus is in this higher B0 range
to help better understand the phenomenon for both patient
safety and image quality.

To keep SNRs as high as possible requires electronics that
are low-noise and have low magnetic moments if they are to be
located inside the magnet bore [315]. Having the electronics
close to the patient helps to provide better SNRs (reduces
the need for lengths of lossy cables to the pre-amplifiers, for
example) but at the expense of equipment and cabling being
required inside an already crowded magnet bore. To help
mitigate some of this bore overcrowding, work has been done
on wireless power transfer to power in-bore electronics [329],
[330], [331], which also requires low-power in-bore electron-
ics. With low-power in-bore electronics, dynamic ranges can
be limited and so methods for resolving this low dynamic
range are being studied [332]. For the SNR reasons, it is
desirable to have the antennas placed as close as possible to
the field of view of interest. Besides traditional external coils
and antennas, implantable antennas and associated low-power
electronics for imaging are being studied for use at 7 T [329].
Since these implantable electronics are metallic in nature,
unwanted heating and hot spots must be studied to prevent
injury to the patient. Significant studies have been conducted
showing various techniques such as specific placement or
decoy elements and show varying degrees of heating and min-
imization and image impact [333], [334], [335], [336], [337],
[338], [339], [340], [341], [342], [343], [344]. These studies
include looking at the impact of electromagnetic interactions
with implanted lead wires [337], helical stents [338], catheters
[339], as well as a wide range of other implantable devices
[342], [343], [344].

As computing power increases, machine learning, artificial
intelligence, and numerical algorithms and techniques are be-
ing increasingly applied to electromagnetics problems, and
the MRI arena is no exception. As examples of applications
for these computing tools to MRI, significant works have
recently used these tools as ways to increase the speeds of
image processing [344], [345], [346] so that images can be
obtained more quickly, with the goal of imaging movement
such as blood flow [347], [348] or for correcting body motion
occurring during scanning [349]. An example of improved
image quality is by using a deep-learning training approach
[346]. For the RF coils used in MRI scanners, researchers at-
tempt to extract the most SNR that can be physically obtained.
Recent papers looked at the intrinsic performance of RF coils
through a numerical study that should provide a metric for
MRI designers to compare coil quality across manufactur-
ers and customers [321], [323], [342]. Increased computing
power also allows researchers to electromagnetically model
the human body to predict unwanted effects such as heating,

hot spots, or wavelength-dependent light and dark regions in
the images [333], [334], [335], [336], [337], [338], [339],
[340], [341], [342], [343], [344], [350].

In summary, while MRI may seem to be mature since it
has been used for decades and is widely used in the medical
industry, there are still many interesting technical problems to
tackle.

D. MICROWAVE IMAGING
The principles, algorithms, image reconstruction of mi-
crowave imaging are well summarized in [351]. Their applica-
tions for medical and non-medical applications are discussed.
Microwave imaging techniques for breast are particularly
of interest because of breast cancer screening applications.
Reviews in [352], [353], [354] provide historic details of mi-
crowave breast imaging techniques and achievements.

Early screening and detection for asymptomatic women
aged 40 years or older can prevent breast cancer death [355],
[356]. Currently X-ray mammography is widely used for
breast imaging. For further examination, ultrasound, MRI and
positron emission tomography (PET) are used. The mammog-
raphy utilizes low-energy X-ray which presents some risk
factors for radiation exposure and requires painful compres-
sion of the breast [357]. The inaccuracy in distinguishing
dense tissues and tumors could lead to overtreatment and
unnecessary invasive biopsies [356], [358].

Because the temperature of tumors is higher due to in-
creased vascularization and hypermetabolism [359], [360],
[361]. Several studies show that the cancer tumor tempera-
tures increase compared to surrounding tissues is in the range
of 1.3–3.5 °C [362]. Passive radiometry has been used for
breast imaging [363]. A multiprobe radiometer was demon-
strated at 3 GHz with a bandwidth of 1 GHz and it was
able to detect ±0.1 °C changes [364]. A commercial sys-
tem showed better accuracy as an adjunct to mammography
that can significantly reduce false positives for tumor screen-
ing [365]. Another experiment utilized two single-frequency
radio-thermometers at 1.75 GHz (with a bandwidth of 1.5–2
GHz) and 3 GHz (2.75–3.23 GHz), and achieved ±0.1 °C
measurements at a depth of about 5 cm [366]. Clinical results
showed tumor detection typically at depths of 5–30 mm. A
system with an active L-shape monopole antenna operating at
1.57 GHz spatially scanning for imaging was used to demon-
strate the tumor detection [367].

Microwave detection can provide a spatial distribution of
permittivities and conductivities of tissues making it possi-
ble to distinguish tissue types. The energy absorption due to
the whole-body resonance reaches maximum approximately
between 30 and 100 MHz because the resonant wavelengths
are comparable to body dimensions. Increasing operation fre-
quencies to microwaves, the effects decrease and the contrasts
of reflection from different types of tissues increase. A chroni-
cle of investigation of tissues, including healthy and cancerous
ones, and at various frequency bands are summarized in [353].
Different normal tissue types including skin, muscle and fat
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from 0.1 to 100 GHz were characterized [368]. Excised nor-
mal and malignant tissues at 50–900 MHz and 3 MHz–3
GHz were characterized respectively in [369] and [370]. A
large-scale study characterizing excised normal, benign and
malignant breast tissues from 0.1 to 20 GHz was summarized
in [371], [372]. Using a coaxial probe on tissue specimens
from patients to measure the reflection coefficient, dielec-
tric properties were extracted at 0.5–8 GHz [373]. Based on
dielectric properties, microwave imaging of the breast can be
conducted with tomography, radar principles, and microwave-
acoustics techniques.

Microwave tomography, as a passive method, maps the
dielectric properties of the breast utilizing inverse scattering
parameters with reconstruction algorithms [374], [375]. A
32-channel system with 16 monopole transceiving antennas
around the breast when the subject lying on her stomach
acquired signals at 300 MHz–1 GHz [376]. 900-MHz im-
ages were obtained to compare among subjects and later 3-D
images were reconstructed [377]. The system has been used
for prognosis during patients receiving chemotherapy [378].
A similar technique was used at 500 MHz to 3 GHz for
breast imaging, also with 16 antennas [379]. New antenna
structures have been proposed for microwave breast tomog-
raphy including a system with 12 balanced antipodal Vivaldi
antennas operating at 0.5 to 5 GHz in which broadband,
directive and focused beams were achieved [380]. Image re-
construction methods for 2-D and 3-D illustrations have been
demonstrated, for example, in [381], [382], [383].

The radar-based microwave imaging systems, as active
methods, reconstruct images by the reflected signals from the
breast depending on the permittivity and conductivity differ-
ences among tissues, normal or malignant. The methods can
be conducted in the time or frequency domains. Frequencies
above 1 GHz are needed for a better spatial resolution. UWB
pulses are used to illuminate the breast and return signals can
be collected by the same antennas. 3-D images can be ob-
tained by focusing algorithms and array rotation mechanisms
for calibration [384], [385], [386], [387], [388]. The pulse
travel time from one antenna to any selected focal point can
be calculated. The focal points are then scanned to create an
image for the area of interest. The reflections from the tumor
add coherently and the image shows a contrast between tissue
types. Microwave imaging via the space-time beamforming
(MIST) method is applied with the person lying on her
back and antennas are placed on the flattened breast surfaces
[389], [390], [391]. Multiple demonstrations with different
algorithms and hardware have been conducted. For example,
pyramidal single-ridge horn antennas at 6 GHz transmitted
UWB pulses with a 110-ps width for such imaging purposes
[385]. The signals were collected at 17 antenna locations.
3-D images of 6 × 6 × 5 cm3 with a 1-mm pixel resolution
could be achieved. A tumor with 4 mm in diameter under
the skin at a depth of 2 cm in phantom experiments could be
identified.

The tissue sensing adaptive radar (TSAR) method is ap-
plied with the person lying on her stomach and the breast

is extended through a hole and into a tank containing body-
temperature liquid and antennas [392], [393], [394]. Antennas
physically scan with UWB pulses to synthesize an array that
encircles the breast. Resistively loaded monopole and bowtie
slot-line antennas were used. Scanning on tissues first de-
termined the location of the breast and then the reflections
from the skin were adaptively subtracted. A TSAR system has
been used in a clinical experiment [395]. A scanning balanced
antipodal Vivaldi antenna [396] with a UWB bandwidth of
2.4–15 GHz moved around the breast and in the vertical di-
rection to acquire signals at 200 locations over the frequency
range from 50 MHz to 15 GHz. The TSAR images showed
responses consistent with clinical histories.

The microwave-acoustic imaging technique, also termed
microwave thermoacoustic tomography, utilizes microwave
pulses to induce thermoelastic pressure waves on the subject.
Microwave propagation and absorption depend on tissue per-
mittivity and conductivity, while thermoelastic pressure waves
depend on heat dissipation, thermal expansion, pressure level,
and media. The pressure propagation in the media can be
detected by an acoustic (ultrasound) sensor. The imaging prin-
ciple is similar to a conventional ultrasound imager except the
pressure waves are induced by microwave energy instead of
acoustic energy. With specific absorptions in different tissues,
the image contrasts can be greatly enhanced. The history, prin-
ciples, techniques, system implementation, performance, and
trial results for breast imaging and other tissue or organs are
discussed in detail by J. Lin [397], [398]. Short (0.4–25 µs),
high-power (up to 40 kW) pulses at 2.45 GHz are typically
used and the energy causes a rapid temperature rise (10−6

°C in µs). The pressure wave distribution, with fundamental
acoustic frequencies at 22 kHz–1.11 MHz in human tissues,
is detected by an ultrasound receiver array and forms the
image. To cover higher harmonics of the acoustic waves, it
is recommended to have a bandwidth of up to 7.75 MHz
[398]. Investigations on different microwave pulses, powers
and frequencies, as well as the types, array configurations, fre-
quencies and resolutions of the ultrasound detector have been
studied. Comparisons of different systems with their operating
parameters are in Tables 1 and 2 of [399]. An ultrashort pulse
system was demonstrated for whole-breast imaging with a 40
× 27 cm2 radiation area [400]. The illumination microwave
pluses with a 20-ns pulse duration, a peak power of 200 GW
and a repetition rate up to 100 Hz were transmitted from a
linearly polarized conical antenna connected to an aperture
antenna. A ring ultrasound transducer at a center frequency of
5 MHz and having 256 detectors was used for detection. The
system showed a 7-cm imaging depth and a 0.29-mm spatial
resolution in a phantom.

Recently, with the intention to reduce microwave powers
in the instrument, a handheld coherent microwave-induced
thermoacoustic imaging system was demonstrated. It used
120-W pulses at 2.1 GHz and with pulse widths of 200
ns–10 µs. It could generate images that were detected by
an ultrasound transducer at center frequencies of 0.5 and 1
MHz for time-domain imaging [401]. The same technique was
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also demonstrated in the frequency domain utilizing FMCW
and stepped frequency continuous wave (SFCW) modulations
with a peak power of 120 W. The results showed significantly
improved signal-to-noise ratios in the ultrasound images with
microwave SARs limited to 8.74 and 2.47 W/kg. Compar-
isons of different imaging techniques and their performance
characteristics are compared in Table 1 in [402] and Tables
3/A1 in [403]. The microwave-acoustic imaging techniques
have also been in research for other tissues and organs [398]
including the kidney, prostate, blood vessels, joints, and brain
[404], [405], [406], [407], [408], [409], [410].

E. BIOCHEMICAL SENSING
Sensing blood glucose levels is essential for diabetics. Cur-
rently, the most used method is by finger prick to extract a
drop of blood sample onto a test strip which is coated with glu-
cose oxidase enzyme. The chemical reaction varies the strip
impedance providing reading to an electronic reader [411].
The disposable electrochemical test strips as consumables are
still costly and have a limited expiration time. Considering
each diabetic person may need more than 4 strips a day, a
method to eliminate the enzyme-based strips can reduce costs
significantly and make the sensor device ubiquitous and uni-
versal.

The changes in the dielectric properties of blood plasma
with different glucose concentrations at microwave frequen-
cies provide a possible sensing modality. General microwave
sensors to detect permittivities and conductivities of mate-
rials, such as transmission-line, resonator, open-end coaxial
probe, and reflectometry can be applied for blood glucose
measurements [412], [413], [414]. The permittivities and
conductivities of whole blood and blood plasma as glucose
concentrations change are reported in [415], [416], [417].
Blood plasma samples with discrete glucose concentrations
up to 16000 mg/dL were measured at 500 MHz–20 GHz
[417]. As a reference, blood glucose levels for healthy dia-
betics should be less than 100 mg/dL after fasting. Above 126
mg/dL after fasting for a healthy person is considered having
diabetes. The typical limit of detection for an electrochemical
blood glucose test is defined in the range of 20–600 mg/dL.
With blood plasma, the relative permittivity decreases with
the increase of frequency while conductivity increases [418].
The permittivity and conductivity of glucose in deionized
water, termed an aqueous glucose solution, with variations of
concentrations were characterized from 500 MHz to 67 GHz
[419]. The comparison of glucose in blood plasma and water
was discussed for key glucose concentrations and at frequen-
cies of 0.5, 2.5, 5, and 10 GHz in [418]. A Debye relaxation
model was used to obtain permittivities of aqueous glucose
solutions and blood samples up to 40 GHz [420]. There is
also interest to characterize the dielectric properties of human
blood beyond the microwave frequencies. Time-domain spec-
troscopy up to 1 THz found that the absorption coefficients
specific in human blood showed a linear relationship with the
glucose concentrations [421].

1) BLOOD GLUCOSE SENSOR
For easy access to blood samples and repeated uses without
cleaning complications, planar sensing device architectures
are preferred. A review on planar microwave devices to detect
glucose concentrations is in [422]. Tables 1, 2, 3 and 4 summa-
rize the device configurations, parameters, and performance of
sensors based on the detection of resonant frequency, insertion
loss, quality factor, and phase variations, respectively. The
various demonstrations were conducted on aqueous glucose
solutions, blood or blood plasma. The aqueous glucose solu-
tions were for controlled experiments that had fewer chemical
variables, compared to blood. A “relative sensitivity” factor
was defined as the sensing parameter change in percentage
divided by the parameter change in percentage [422] in order
to compare different techniques on an equal basis. The tables
compare the device performance according to the relative sen-
sitivity.

Among the four main techniques, the detection of reso-
nant frequency shifts is more popular due to the sensitive
resonance changes caused by small permittivity changes from
glucose concentration variations. Resonators based on in-
terdigitated finger capacitors, inductor-capacitor (LC) pairs,
split-rings and complementary split-rings, coplanar transmis-
sion lines, microstrip lines, substrate-integrated waveguide
resonators, and combinations of them have been used. Among
the ones with high relative sensitivities, for example, a triple
complementary split-ring on the ground plane of a mi-
crostrip line was demonstrated at 1–6 GHz with a molded
polydime-thylsiloxane (PDMS) microfluidic channel contain-
ing synthetic blood samples of 70–150 mg/dL concentrations
[423]. Three resonant frequencies at 1.44–1.6 GHz, 3.9–4.3
GHz, and 4.9–5.4 GHz indicated glucose concentration varia-
tions. A complementary inductor-capacitor ground plane in a
microstrip line forms its resonance at 1.64 GHz when the goat
blood sample was loaded into the microfluidic cavity [424].
The frequency shifted when glucose concentration changed
and sensitivity was achieved with 56 kHz/(mg/dL).

For the insertion-loss approach, a quarter-wavelength stub,
shunt to a microstrip line, connected an interdigitated finger
capacitor located below a microfluidic channel was used at 7.5
GHz to measure the transmission coefficient changes [425]. A
sensitivity for insertion loss changes of 7.6 × 10−3 dB/(g/L)
was achieved with aqueous glucose solutions within the range
of 30–8000 mg/dL (0.3–80 g/L). Another example was a mi-
crostrip line with a T-shape pattern on a small finger-shaped
tube which was tested with aqueous glucose solutions [426].
The reflection coefficients showed a sensitivity of 1.2 × 10−2

dB/(mg/dL) at 6 GHz for 20–120 mg/dL concentrations and
5.4 × 10−3 dB/(mg/dL) for 100–600 mg/dL.

Owing to the permittivity and conductivity variations, the
quality factors of a resonator change accordingly. Split-
ring resonators were commonly utilized for their planar
and high-quality factor features. A split-ring resonator was
demonstrated with quality factor changes due to the solution
dielectric losses in human blood plasma samples at 5.17 and
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7.17 GHz [427]. A resonator with two mutually-coupled split-
rings was demonstrated at 4.23 GHz with a quality factor
of 48 achieving high relative sensitivity in aqueous glucose
solutions [428]. The phase-based sensor depends on the phase
shifts of a narrow-band signal. For example, a microstrip line
coupled to a split-ring resonator was used at 3.98–4.05 GHz
with aqueous glucose solutions and demonstrated sensitivity
of less than 50 mg/dL by measuring the s21 phase shifts
[429]. A microstrip line loaded with open split-ring resonators
integrated under a microfluidic channel was used in aqueous
glucose solutions to detect the s21 resonant frequency shifts
and s11 phase shifts [430]. A rectangular meandered line res-
onator on a gallium arsenide substrate was used at 9.2 GHz to
detect glucose levels in human serum [431]. A sensitivity of
1.08 MHz/(mg/dL) and a detection limit of 8.01 mg/dL were
reached.

The microwave probing methods for blood glucose con-
centrations are still facing challenges in specificity due to
the indirect sensing principle of detecting dielectric param-
eters, compared to the high specificity of electrochemical
methods, such as utilizing glucose oxidase to directly react
with glucose. The detection inherently is affected by inter-
ferents in blood including many chemical or biochemical
compounds. However, microwaves offer label-free and nonin-
vasive features. The fields can penetrate into skin and tissues
with a lower energy and less scattering by the heterogeneous
biological structures, compared to optics. These features
can potentially provide a continuous, ubiquitous, comfort-
able and convenient means to sense blood glucose levels
in vivo.

2) IN VIVO BLOOD GLUCOSE MONITOR
The discrete sampling of blood glucose levels by the finger-
prick method has two main shortcomings. The capillary blood
is obtained by piercing the skin on a finger with a lancet.
There are many nerve endings in fingers so the method is
painful, especially since it has to be repeated multiple times
a day [432]. The discrete nature of blood sampling does not
allow real-time feedback to avoid hypoglycemia (low blood
sugar) or a means for an electronic interface to control in-
sulin delivery. Hypoglycemia is particularly dangerous for
insulin-dependent diabetics as the patients may become shaky,
lose coordination, feel dizzy and lose consciousness when
the condition worsens quickly within minutes. A continuous
monitoring method for blood glucose levels can dramatically
benefit many patients to avoid danger, keep long-term blood
glucose levels in check and provide a means for automatic
closed-loop insulin delivery with an insulin pump. Reviews
on general blood glucose monitoring techniques, including in-
vasive and noninvasive ones, are summarized in [433], [434],
[435], [436], [437], [438], [439]. [440] reviewed specifically
categories of optical and microwave blood glucose sensing to
compare with electrochemical sensing of saliva, tears, sweat
and interstitial fluids. Similarly, [441] reviewed glucose sens-
ing based on electromagnetic waves.

Noninvasive sensor and parameter extraction algorithms
have been proposed to obtain complex permittivities of glu-
cose using an open-ended coaxial probe at 0.3–15 GHz [442].
The permittivities and conductivities of blood with various
glucose levels were further analyzed in [418] with measured
data from [417] and [442]. It was concluded that dielectric
spectroscopy for blood glucose level assessment is possible
but faces challenges because of the small changes in permit-
tivity within the blood glucose concentration range of interest.
Locations on the body for effective sensing, frequency selec-
tions, devices, and case studies are discussed in [418].

A double-ring resonator operating at 1.4 GHz was demon-
strated to measure blood glucose variations on the abdomen
skin [443]. The resonator has a quality factor of 800 in the air
and 80 on the abdomen. In-vivo tests on humans with oral glu-
cose tolerance tests were compared to commercial glucometer
results and showed similar trends. In vitro experiments were
also conducted to investigate the effects from interferents in
blood. In phantom tests, the resonant frequency shifted lin-
early by about 600 kHz when glucose concentration increased
from zero to about 200 mM. A clinical trial was conducted
on diabetic patients and healthy persons in oral tolerance tests
using the double-ring resonator [444]. Changes in resonant
frequency, bandwidth, and insertion loss were used to analyze
the results. The results from microwave measurements follow
the clinical glucose analyzer temporally in the range of 250–
450 mg/dL. The results in a Clarke Error Grid showed that
the majority of measured data were within the zones A and
B indicating good repeatability in the blood glucose 100–550
mg/dL range.

As the small permittivity changes induce sensitive varia-
tions in millimeter-wave signal propagation, there has been
research conducted to investigate the feasibility of probing
blood glucose noninvasively with signals above 30 GHz. A
circular metal patch resonator fed by a waveguide was used
at 31.9–32.2 GHz and the in-vivo reflection measurements
on a human fingertip showed a frequency shift sensitivity
of 9 kHz/(mg/dL) in the 85–114 mg/dL range [445], [446].
Millimeter-wave transmission and reflection were measured
in the band of 27–40 GHz with waveguides clamped on the
ear of a rat and delivered powers of 0.1–0.2 mW [447],
[448]. With insulin and glucose injections, power absorption
showed temporal correlations with glucose levels at different
frequencies. A millimeter-wave system was tested with an in
vivo pig model in the frequency range of 58–62 GHz [449].
Two 1.5 × 1.5 cm2 patch antennas clamped the pig’s ear, or
between an acrylic tank filled with aqueous glucose solution,
and reflection/transmission coefficients were measured. The
phantom measurements showed a linear relationship between
magnitude changes of s21 and glucose concentrations with a
slope of 0.005 dB/(mmol/L). The animal experiments were
conducted by injections of glucose and the results showed the
millimeter-wave sensor could detect glucose level spikes with
a 13-min delay. A possible reason for the delay may be due
to the ear area where the millimeter-wave signals detect inter-
stitial fluids instead of blood [450]. Experiments were also
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conducted on human subjects. The antennas were clamped
on the right hand and measured the signal variations passing
the thin tissue between the index and thumb fingers. It was
found that the system could detect glucose spikes in humans
during in-vivo intravenous glucose tolerance tests [451]. Sim-
ilar spike delays were also observed. A commercial sensor
worn on the wrist containing a microstrip line to perform
dielectric spectroscopy was proposed to detect blood up to 2
GHz and are under clinical experiments [452], [453], [454].

Beyond millimeter waves, THz time-domain spectroscopy
has been used for biological studies [455], [456], such as
the effects on DNA damages in human blood leukocytes
(white blood cells) [457], skin imaging [458], dysplasia ne-
vus diagnosis [459], [460], breast imaging [461], molecular
spectroscopy [462], and analysis of steroid hormones [456].
Terahertz time-domain spectroscopy in the range of 0.05–
2.5 THz was used to analyze the blood plasma of rats with
diabetes and compared them with healthy ones. The results
showed significant differences in spectral absorptions and re-
flections [463]. An experiment was conducted with six human
subjects through palm skin and showed large variations of
the attenuated total internal reflection at 0.1–0.5 THz in the
standard oral glucose tolerance tests [464]. The attenuated
total internal reflection amplitude increased when the blood
glucose level rose.

3) HYDRATION SENSOR
Regulation of a proper hydration level in the body is critical
for human health. Dehydration affects physical, physiological
and mental conditions significantly and acutely, particularly
for labor workers, the elderly, and children [465], [466], [467],
[468]. Assessment of dehydration levels noninvasively has
been a great challenge. Skin impedance and optical reflection
measurements are influenced by skin thickness, sweat, and the
depth of electrical current or optical signal penetration. At mi-
crowave frequencies, fields can penetrate into the dermis and
hypodermis layers where more blood vessels and sweat glands
exist. A coplanar electrode was used for hydration monitoring
with wet and dry skins measured at resonant frequencies of
367 and 302 MHz in reflectometry [469]. A disposable and
conformable paper-based patch antenna made of copper foil
was demonstrated for sweat monitoring [470]. The paper ab-
sorbed sweat and changed dielectric properties affecting the
first and second resonances at 2 and 3.5 GHz, with a 140-MHz
frequency shift per drop of 0.05-mL 0.2% (0.4-mol/L) NaCl
solution for first resonance, and 300 MHz for second reso-
nance. Dielectric spectroscopy at 2–6 GHz was proposed with
8 strip/patch antennas on printed circuit boards (PCBs) around
a person’s wrist for monitoring hydration levels as a wearable
[471]. A system with two UWB shielded and dielectric-loaded
antennas was used to assess hydration in vivo by measuring
the transmission coefficients through the midpoint of the fore-
arm from 1 to 8 GHz [472], [473]. The permittivities of skin
after dehydration were estimated from the transmission coeffi-
cients. The same system was used for dehydration after fasting

by measuring reflection and transmission coefficients up to 10
GHz [474]. The results indicated the challenges in measuring
the hydration levels of human bodies including the creation of
controllable and repeatable scenarios and conditions. Phan-
toms made of polymers also present limitations. A broadband
antenna at 7.9 GHz, aiming for the 7.35-GHz resonant fre-
quency of water molecules, was used to measure reflection
coefficients from 7 to 9.5 GHz on the tissue-engineered skin
equivalents made of specific hydration and density of matrix
components including various types of cells, collagen, hy-
drogel, and electrolytes [475]. Results showed that resonant
frequencies and return losses corresponded to different skin
equivalents. A flexible and deformable tuned-loop resonator,
with significantly improved quality factors operated at 0.9–1.1
GHz was tested on human bodies to assess hydration progress
[476], [477], [478]. The resonant frequency shifts indicated
hydration levels when a person started getting hydrated from a
dehydrated state. The feasibility of detecting permittivity and
conductivity changes with resonant fields was demonstrated
with dehydration processes in tissue phantoms and fruits. A
complementary split-ring resonator directly attached to an
SMA connector designed at 5.52 GHz was used on phantoms
for demonstration [479]. Resonant frequencies for hydrated,
normal, and dehydrated skin phantoms were 5.3, 5.52, and
5.89 GHz, respectively.

4) BIOMARKER SENSOR
With electrochemical coating on microwave resonators, the
narrow-band frequency responses enable sensitive detection
of small amounts of biochemical or protein targets. Selectivity
or specificity is typically determined by the enzyme or bind-
ing chemicals. Particularly for medical applications, they can
be used to detect bodily fluids or exhaled breath to identify
certain markers for diseases. For example, diabetic patients
without good blood glucose control may have higher acetone
levels in their breath [480]. To measure the low concentration
of gases, a sensitive detection principle is needed such as
the use of microwave resonance. Metal-oxide gas sensors and
optics-based sensors have their respective shortcomings. Mi-
crowave resonance circuits do not require high temperatures
to operate or bulky electronics to operate optics. It provides
an attractive option for a portable instrument. A microstrip
ring resonator covered with a layer of swelling PDMS and
operated at 5.45 GHz with a quality factor of 150 was used
to detect acetone vapor with concentrations of 0–265 ppt
by frequency shifts [481]. A circular disk resonator coated
with single- or multi-walled carbon nanotubes that adsorbed
gas molecules was used at 3.876 GHz to detect ammonia
by frequency shifts [482]. Using microbeads (beaded acti-
vated carbon and polymer-based beads) for gas adsorbents,
a microstrip split-ring was used to sense 2-Butoxyethanol
gas by measuring s21 frequency shifts of 10 and 160 kHz
responded to a 35-ppm concentration with the beaded acti-
vated carbon and polymer-based beads, respectively [483].
Using cobalt phthalocyanine as the selective layer, a grounded
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coplanar waveguide resonator was demonstrated for ammonia
detection of 100–500 ppm and toluene of 500–2000 ppm at
3.65–3.75 GHz [484]. A polycrystalline anatase-phase TiO2

nanotube membrane was placed in the coupling gap of a mi-
crostrip ring resonator for the detection of methanol, ethanol
and 2-propanol at 5.12 GHz [485]. Both frequency shifts and
quality factor variations provide gas information. Another ex-
ample used a comb copolymer phthalocyanine thin film on
microstrip-line interdigitated fingers as the selective material
to detect acetone, ethanol and methanol in the range of 0–200
ppm at 8.64 GHz by measuring resonant frequency shifts and
s11 magnitude changes [486].

For liquid samples, a coplanar waveguide and slotline
ring resonator at the resonant frequency of 3.375 GHz was
proposed for biomolecule detection, such as biotin and strep-
tavidin, by resonance shifts [487]. With the intention to detect
albumin in the concentration range of 0–100 g/L, an inter-
digitated finger without enzyme coating was used to measure
its concentration of albumin dissolved in water between 4
and 5 GHz [488]. The albumin is a precursor for thoraco-
abdominal aneurysms, a lethal vascular disease. A bacterial
detector utilizing interdigitated fingers coated with T4 bacte-
riophage gp37 adhesin, which was to bind Escherichia coli B
in order to recognize its bacterial host lipopolysaccharide, was
demonstrated at the measurement range of 0–3 GHz [489]. A
split-ring resonator in parallel to a microstrip line detected at
10.48 GHz the prostate-specific antigen (PSA) and cortisol
stress hormone with coatings of PSA and cortisol antibodies
on the gold resonance surface [490]. The sensor was designed
to quickly assess the risk of prostate cancers in men.

Millimeter waves and THz have been researched in
uses of detecting biological macromolecules such as amino
acids, peptides, proteins, nucleic acids, and carbohydrates.
The vibrations due to molecular structures, and inter-/intra-
molecular interactions respond to the short wavelengths. THz
spectroscopy provides unique advantages over its wide band-
widths. Spectral characteristics of absorption and resonance
with low noise interference and short pulse widths reveal
biomolecule features effectively. A review summarizes the ad-
vances in frequency uses, instrumentation and the detection of
biomolecules in [491]. Some examples include virus detection
[492], amino acids examination [493], hydration processes in
biological cell membranes [494], detection of carbohydrate
Isomers [495], and detection of the SARS-CoV-2 virus spike
proteins [496].

V. THERAPEUTIC APPLICATIONS
Hyperthermia treatments are performed at around 45 °C and
ablation treatments are typically performed at temperatures
above 55oC. There has been a several-fold increase in the
utilization of microwaves in medicine, since our publication
appeared twenty years ago [1]. This increase represents
new techniques for therapy, detection, and healthcare
communications. Today, the microwave equipment can
be found in most hospitals in the US. A summary of

commercially available systems and their applications as
well as research development are presented in [497]. In this
section, several therapeutic uses of microwaves and ongoing
research activities are discussed.

A. ABLATION AND CATHETER ABLATION
Leonard Taylor, the inventor of the microwave scalpel, de-
scribed the potential utilization of microwaves in the treatment
of various types of solid tumors as a tool for microwave
surgery [498]. The technology has since evolved, to include
microwave treatments of several types of cancer, including
cancers of the liver, kidney, breast, and lungs, just to mention
a few [499].

Microwave catheter ablation is used to thermally treat and
deactivate the heart tissues that produce abnormal electrical
activities. Small microwave antennas or waveguides which are
sufficiently small to fit within a catheter deliver energy to the
tissues directly [500], [501], [502], [503]. Several conditions
can lead to the development of abnormal cardiac rhythms (ar-
rhythmias) [504], [505]. When the heart develops an abnormal
focus or pathway of electrical activities, a rhythm disturbance
becomes the result. In the 1980s, microwave catheter ablation
was researched and developed, but this new modality could
not compete with RF ablation [506], which had been in use for
many years. Recently, however, microwave ablation has been
revisited and has become the subject of new research efforts
owing to the great advances in high-frequency electronics
and the miniaturization of delivery tools [507]. Microwave
ablation is not contact-dependent, unlike RF ablation [508].
Different techniques for energy delivery are discussed in
[509]. The use of microwave energy allows for greater tissue
penetration without a higher risk of endocardial disruption,
and a higher transmural efficacy to heat tissues without dam-
aging vessel walls. Thus, it creates a greater volume of tissue
necrosis for potentially a greater therapeutic effect. Typically,
the frequencies used are in the range of 915 MHz to 2.45
GHz. Lower frequencies can penetrate deeper and have less
heating in the connecting cable. Microwave lesion depth in-
creases exponentially over time, unlike the RF ablation [510].
Microwave ablation has been used intra-operatively for open
heart surgeries and minimally invasive surgeries [509].

Minimally invasive microwave catheters for percutaneous
cardiac ablation require miniature antennas [511], a low re-
flection back to the cable to avoid heating, and immunity of
antenna performance to tissue permittivities. A spiral antenna
was used to deliver up to 150-W output powers at 915 MHz
for catheter ablation [500], [512]. Monopole and helical coils
were also used [510]. A conformal antenna applicator de-
signed for circumferential ablation was demonstrated at 915
MHz [513]. Comparisons of tissue responses and ablation
zones with a power of 50 W for 15 minutes at 1.9 and 10
GHz were discussed in [514].

At 2.45 GHz, absorption rates of blood, muscle and fat
are different, and signal penetration depths vary so the en-
ergy can be purposely delivered into a specific area at a
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distance from the applicator. Their different dielectric con-
stants also affect the field distributions in different layers of
tissues. The wavelengths are reduced in blood and electrically
small antennas thus are preferred. Split-Tip, Cap-Slot, and
Cap-Choke antennas that can fit into a 7–9 French (3 Fr =
1 mm) outer diameter catheter introducer were demonstrated
for atrioventricular (AV) nodal and ventricular ablation [515].
An expanded tip wire antenna in a 6-Fr catheter [516], a slot
array antenna [517], a 13-mm monopole antenna [518], [519],
a helical antenna [520], a parallel loop antenna [521], a double
slot choked antenna [522] and a double-dipole antenna fed by
a substrate-integrated coaxial line [523] were demonstrated at
2.45 GHz in phantoms and/or animals for microwave ablation
purposes.

Besides treating cardiac tissues, a coaxial-based antenna
was designed for tumor ablation at 2.45 GHz with power
radiation to heat up a tumor above 60 °C in order to induce
cell death [524]. Coaxial-slot and coaxial-dipole antennas at
2.45 GHz were also used to generate heating in a region
30 mm away in the probe direction for brain tumor ablation
[525]. Pancreatic cancer [526], lung cancer [527], colorectal
cancer [528], liver cancer [529], and other cancer [530], [531]
treatments were demonstrated. 2.45-GHz microwave ablation
has been used in minimally invasive endoscopic procedures
to treat gastric motility disorders such as gastroparesis. Ab-
lation of GI tissues disrupts irregular electrical activities on
the stomach wall that produce abnormal motility and cause
gastroparesis symptoms [532].

The effectiveness of using microwave energy at 14.5 GHz
for coagulating blood has been shown in [533]. Tumor vas-
cularity in which cancerous cells make blood vessels is an
important factor for tumors to become malignant. RF abla-
tion effects on coagulation necrosis have shown effectiveness
[534] so microwave ablation that can deliver heating more
effectively becomes attractive for treatment. A circular wave-
guide applicator was designed for skin cancer treatment at
14.5 GHz and 10–50 W powers were demonstrated on ovine
skin samples [535]. In another example, microwave energy of
31.8 W was delivered by a waveguide cavity at 14.5 GHz for
the treatment of benign skin tumors, skin tag, cutaneous horn,
and general warts [536].

A microwave applicator was designed to treat snoring
[537]. Chronic snoring is a respiratory disturbance as the soft
palate at the back of the roof of the mouth, tonsils, adenoids
and tongue vibrate as air passes through the mouth when the
airway through the nose is restricted. Long-term snoring can
be the result of obstructive sleep apnea [538], [539]. Surgical
techniques are applied with ablation of the uvula and of the
mucous membrane near the soft palate. Using a surgical laser
can create fibrous scars by ablation of the uvula to reduce vi-
bration of the soft palate. A technique that applied ac currents
via needle electrodes at 465 MHz showed less postoperative
pain in a 22-subject study [540]. The excessive heat by RF
contact can result in unwanted tissue damage and scarring.
This side effect can potentially be minimized by microwaves.
A microwave ablation applicator with a diameter of 1.2 mm

was designed according to the anatomical constraints [537].
Temperatures of above 60 °C at the hot spot and below 40 °C
on the surface of the palate were achieved with a maximum
20-W power that was delivered by a two-lead antenna from a
coaxial cable at 868 MHz. A similar principle was applied on
a tissue resection device with moveable jaws behaving as an
antenna that could deliver energy at 5.8 GHz for coagulation
of tissues by heating, and voltages at 400 kHz and 350 V for
tissue cutting [541].

B. MICROWAVE BALLOON ANGIOPLASTY (MBA)
Percutaneous transluminal balloon angioplasty (PTBA) [542]
has been used as an alternative to coronary bypass surgery
which redirects blood flow around a blocked artery in the heart
[543]. The PTBA technique employs a balloon catheter that is
advanced to the site of the atrial stenosis (the narrowing of an
artery). Pressure, generated by the balloon inflation, dilates the
affected artery. Microwave balloon angioplasty (MBA) pro-
vides a major modification for the PTBA [544], [545], [546].
The MBA catheter contains a microwave cable and an end-fire
antenna assembly encased within the catheter, similar to the
ones mentioned for catheter ablation tools. It is positioned
so that the antenna is centered within the balloon [511]. As
the balloon is inflated, the surrounding tissue is concurrently
heated when microwave energy is applied. The hypothesis,
later validated, is that combining pressure and heat creates
patent vessels, enhancing the dilatory effect of the balloon,
and reduces or eliminates subsequent resistance to blood flow.
MBA takes advantage of the volume heating properties of
microwave radiation. Similar antennas mentioned for ablation
catheters are also applied for angioplasty at 915 MHz and 2.45
GHz. For example, a spiral antenna with a diameter of 10 mm
in a balloon of 20 mm in diameter at 915 MHz delivering
up to 150 W via a coaxial cable in phantoms [547]. Another
example is a balloon catheter with a coaxial antenna at the tip
filled with saline that has high dielectric losses at 2.45 GHz
was used to produce localized heat in a plaque area to remove
blockages inside vessels. The capability was demonstrated in
animal models [548].

Gastroesophageal reflux disease (GERD) is due to the
reflux of acid or nonacid fluids flow back from the stom-
ach into the esophagus [549], [550]. Acid reflux can irritate
and damage the esophagus lining with heartburn feeling.
The content can reach the throat or into the lungs causing
chronic cough, inflammation of the vocal cords, chest pain and
asthma. Non-acid reflux symptoms, which often do not cause
painful heartburn and so patients fail to seek treatment, can
also be significant [551]. Correction of the lower esophagus
sphincter can effectively treat GERD symptoms [552], [553].
Controlled heating on the lower esophageal sphincter muscles
can restore and tighten the valve function of the sphincter to
stop reflux from the stomach to the esophagus. The tissue
thickness is less than 2 mm and the treatment instrument needs
to provide the heat quickly in the precise location to avoid
motion effects and damage to other tissues. Clinical trials have
shown significant efficacy in reducing reflux symptoms using
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commercial contact electrodes outside a balloon to deliver
465-kHz, 5-W RF powers onto esophagus tissues [554], [555].
For using microwaves, a center-fed traveling-wave waveguide
consisting of a slot antenna array with a width of 5 mm and
a length of 40–60 mm was demonstrated [556]. There were
20 slot antennas each with a width of 0.44 mm and a spacing
of 1 mm. The antennas were used to deliver energy into the
sphincter to produce controlled heating around the sphincter.
The radiation structure was mounted outside of the balloon.
The energy of 8–600 J was delivered with 4–20 W pulses at
14.5 GHz for a duration of 2–30 s. The operating frequency
was chosen at 14.5 GHz because of its limited depth of field
penetration which was validated previously in liver and kidney
models [533]. Details about the frequency choice and antenna
structures are in [557].

C. HYPERTHERMIA IN MEDICINE
Hyperthermia cancer therapy is an established process. An
elevated temperature in tissue can help inducing cancer cell
death with chemical or radiation treatments [558], [559],
[560]. It was heavily researched in the 1980s and 1990s. The
popularity of microwave hyperthermia remained relatively
high in several countries in Europe, but not in the USA. Today,
only a small number of medical centers treat recurrence of
breast cancer with microwaves, mostly as adjuvant therapy to
enhance the treatment of radiation and chemotherapy. Hyper-
thermia therapy has been used in a variety of cancers, such as
breast, brain, prostate, melanomas, and soft tissues sarcomas,
to mentions a few. Non-cancer therapies using microwaves are
discussed below.

Microwave treatment of benign prostatic hyperplasia
(BPH) is based on the basic principles behind microwave
balloon angioplasty discussed above. It has been a welcomed
procedure in urology [561], [562], [563]. Benign prostatic
hyperplasia (BPH) is also called prostate gland enlargement
which is common for senior men. The prostate is a gland in
males that produces seminal fluid. It is located at the base of
the bladder and surround the urethra. As a male grows older,
the prostate enlarges and may compress the urethra, obstruct
the urinary tract, and block the urine flow out of the bladder.
It can also cause discomfort and frequent need to urinate,
difficulty in starting urination, and bladder, urinary tract or
kidney problems in long term [564], [565], [566].

As a known vascular modality, microwave balloon catheters
are now used to treat BPH. The Transurethral Microwave
Thermotherapy (TUMT) system is a microwave delivery sys-
tem built into the transurethral catheter inserted through the
tip of the penis into the urethra until it reaches the area of
the urethra surrounded by the prostate. TUMT then destroys
prostatic tissues by raising the temperature in the prostate
to as high as 50 °C [567]. However, the integrity of the
urethral mucosa and other nearby structures is preserved by
an integrated cooling system. The principle of cell death by
heat, the comparison to other thermal treatment techniques,
and efficacies are discussed in [568]. Clinical studies suggest
that TUMT is a safe and effective treatment option for BPH

[561], [569]. A helical coil antenna used in a TUMT at 915
MHz delivered 45-W power and produced heat to maintain a
temperature of 60 °C at the prostate [570], [571]. A coaxial
open-slot antenna encapsulated within an elliptical silicone
balloon filled with saline connected to a silicone catheter was
demonstrated at 2.45 GHz [572]. The temperature can be
maintained at 75 °C for 30 minutes with a power of 70 W.
Instead of the transurethral approach, transperineal microwave
thermoablation used for BPH treatment was also tested in a
clinical trial and showed safe and repeatable results [573]. A
2.45-GHz semi-rigid coaxial antenna with an extended center-
conductor tip coated with dielectric materials was utilized in
the probe with a quarter-wavelength choke section. It deliv-
ered a continuous-wave power of 20 W for 5 minutes. The
temperature was maintained at 39 °C.

Photodynamic therapy [574], [575] is a treatment modal-
ity for Barret’s esophagus [576], a pre-cancer growth in the
esophagus, often due to reflux [577], [578]. The success of
treatment depends on the combination of a photo-sensitizing
agent such as Photofrin [579], the oxygen level at the treat-
ment site, and the specific optical wavelength of 635 nm
to activate the Photofrin. Microwave hyperthermia increases
local blood flow and thus increases the local oxygenation in
the tumor [580]. This process results in the generation of an
effective level of singlet oxygen, which is needed to destroy
the tumor cells. An integrated system was proposed with mi-
crowave antennas and laser diodes in a balloon catheter for the
treatment of Barret’s esophagus [581].

Microwave hyperthermia can also be used in the treatment
of hyperhidrosis [582]. Hyperhidrosis is a condition when a
person produces sweat excessively and above normal physi-
ological needs, regardless of the ambient temperature [583].
A minimally invasive technique was developed by miraDry®

(Sientra, Santa Clara, California, USA), that utilizes mi-
crowave hyperthermia to reduce sweat and treat primary
axillary hyperhidrosis by targeting underarm sweat glands.
A cooling system is used to protect the underarm skin while
microwave energy is applied [584]. An applicator consisting
of an array of four waveguide antennas and a cooling system
was designed to maximize energy absorption near the der-
mal/hypodermal interface [585]. Pre-clinical tests on porcine
models were conducted to optimize its thermal performance.
At 5.8 GHz, low absorption at the epidermis and maximal
absorption at the dermal/hypodermal interface were found,
mostly independent of skin thickness. Each antenna delivered
30-W power and microwave energy levels of 599, 630 and
756 J were tested with coolant at 10 °C. The results were
examined for safety limits. The published results of clinical
trials report that the microwave treatment system is effective
in treating both axillary hyperhidrosis [586], [587] and axil-
lary osmidrosis (sweat related odors) [588]. This method is
currently available in various plastic surgery centers around
the United States.

Microwave techniques in the frequency range of hun-
dreds of MHz to a few GHz will continue to be developed
in therapeutic medicine due to their noninvasive, localized
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control and remote heating features [589], for biomedical
instruments such as blood profusion measurements [590],
[591], [592], and for cosmetic surgery such as the 2.45-GHz
microwave-aided tumescent liposuction [593], [594]. Integra-
tion in treatment instruments, including for the creation of
cavities in solid tumors which will allow for the introduction
of high-dose chemotherapy, at dosages that cannot safely be
applied systemically today, will create more clinical applica-
tions.

VI. CONCLUSION
Microwave technologies in diagnostic and therapeutic
medicine will continue to advance and evoke innovative
healthcare for a variety of tough diseases, bring comfort and
convenience to patients, empower patients and doctors for
effective disease management, and enhance the overall wel-
fare of our society. As in many areas of scientific exploration,
microwaves in medicine will continue to push the boundaries
of the frontier.

VII. THE BIOLOGICAL EFFECTS AND MEDICAL
APPLICATIONS COMMITTEE MTT-28 HISTORY
The Biological Effects and Medical Applications Committee
in the Microwave Theory and Techniques Society (MTT-S)
has been a propelling force to promote RF and microwave
technologies in biomedical applications. The committee has
a long history in MTT-S. To the best of our knowledge from
searching information in IEEE Xplore, the earliest biomedical
session in the International Microwave Symposium (IMS)
was in 1973 held in Boulder, Colorado, USA. The ses-
sion titled “XI session: Microwave Techniques in Biological
Research” was chaired by H. M. Altschuler with 7 papers pre-
sented. Paper titles included “An RF Decoupled Electrode for
measurement of Brain Temperature During Microwave Expo-
sure”, “Theoretical and Experimental Studies of Microwave
Induced Cataracts in Rabbits” and “Bid Feathers as Dielectric
Receptors of RF Field”. In 1974, a session “Analysis and
Application of Microwave in Biology and Medicine” was
chaired by A. Ecker with 7 papers published. In 1975, the
session “Microwave in Medicine” was chaired by P. Polson
with 8 papers presented including “Microwave Measurement
of Respiration” by J. Lin and J. Salinger [595]. The sessions
in IMS for biomedical applications continued. Just a few
examples: in 1979, 1980, 1981 and 1983, there were “Mi-
crowaves in the Bioenvironment” session chaired by R. Olsen
with 5 papers; “Biological Applications and Effects” chaired
by E. Bostow; “Biological Effects and Medical Application”
chaired by W.R. Adey with 9 papers; and “Microwave Bio-
logical Effects” chaired by K. Carr with 8 papers, including
papers titled “Microwave Thermotherapy for the Treatment
of Human Cancer” and “A 5.8-GHz Ophthalmic Microwave
Applicator for Treatment of Choroidal Melanoma”.

To facilitate and promote the fields, a committee was
established in late 1980 by A. Rosen, A. Vander Vorst,
and R. Bansal as MTT-S Technical Committee (TC) 10.
Papers about medical applications using microwaves were

systematically recruited and presented in the symposia. For
example, in 1985 IMS, the session “Biomedical Aspects of
Microwaves” was chaired by J. C. Lin with 6 papers. In 1986
and 1987, the sessions chaired by A. Rosen had 6 and 5
papers, respectively. These presentation counts do not include
the open-forum papers.

Since 1990, the committee has been steadily growing in
memberships and scopes. Consequentially, the committee has
sponsored multiple technical sessions, workshops, and short
courses each year in the International Microwave Symposia
and special issues in the Transactions on Microwave Theory
and Techniques, and Microwave Magazine. For example, the
“Special Issue on Biomedical Applications of RF/Microwave
Technologies” was published in May 2013 of the Transactions
on Microwave Theory and Techniques, guest edited by M.-R.
Tofighi and J.-C. Chiao. Three special issues on medical appli-
cations of RF and microwaves were published in the March,
May and July issues of Microwave Magazine, guest edited by
D. Kissinger and J.-C. Chiao.

Since 2011, the IEEE BioWireless Conference in the
IEEE Radio & Wireless Week (RWW) has been sponsored
by TC-10. The IEEE International Microwave Workshop
Series - Biomedical (IMWS-Bio) since 2013 was also spon-
sored by TC-10. In 2017, the BioWireless Conference and
IMWS-Bio were integrated into a new conference in 2017.
The International Microwave Biomedical Conference (IM-
BioC) has been held by rotation on different continents
each year since 2017. Several members have served the
IEEE MTT-S Distinguished Microwave Lecturers and deliv-
ered biomedical-related research lectures all over the world.
In 2014, a new electronic journal was proposed by TC-10
members and approved by IEEE in 2017. The IEEE Jour-
nal of Electromagnetics, RF, and Microwaves in Medicine
and Biology provides a place to share the sciences and
applications of medicine and biology related to the utiliza-
tion of electromagnetics, radio frequency signals, microwaves
and millimeter waves [596]. In 2020, the Biological Effects
and Medical Applications Committee was renumbered to
TC-28 to be included in the technical category of Systems
and Applications.
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dered dual loop antenna for wireless capsule endoscopy,” AEU-Int. J.
Electron. Commun., vol. 137, Jul. 2021, Art. no. 153792.

[29] J. Lai et al., “Design of a dual-polarized omnidirectional dielectric
resonator antenna for capsule endoscopy system,” IEEE Access, vol. 9,
pp. 14779–14786, 2021.

[30] G. Wang, X. Xuan, D. Jiang, K. Li, and W. Wang, “A miniaturized
implantable antenna sensor for wireless capsule endoscopy system,”
AEU-Int. J. Electron. Commun., vol. 143, 2022, Art. no. 154022.

[31] D. H. Werner and S. Ganguly, “An overview of fractal antenna en-
gineering research,” IEEE Antennas Propag. Mag., vol. 45, no. 1,
pp. 38–57, Feb. 2003.

[32] J. Anguera et al., “Fractal antennas: An historical perspective,” Fractal
Fractional, vol. 4, no. 1, 2020, Art. no. 3.

[33] M. A. N. Hammed, R. A. Fayadh, and H. M. Farhan, “UWB pentag-
onal shaped fractal patch antenna for wireless capsule endoscopy,” in
Proc. IOP Conf. Ser., Mater. Sci. Eng., 2020, Art. no. 012092.

[34] B. Biswas, A. Karmakar, and V. Chandra, “Fractal inspired
miniaturized wideband ingestible antenna for wireless capsule
endoscopy,” AEU-Int. J. Electron. Commun., vol. 120, 2020,
Art. no. 153192.

[35] M. A. N. Hammed and R. A. Fayadh, “UWB elliptical antenna using
fractal geometry for wireless capsule endoscopy,” IOP Conf. Ser.,
Mater. Sci. Eng., vol. 180, 2020, Art. no. 012103.

[36] E. A. Johannessen, L. Wang, C. Wyse, D. R. Cumming, and J. M.
Cooper, “Biocompatibility of a lab-on-a-pill sensor in artificial gas-
trointestinal environments,” IEEE Trans. Biomed. Eng., vol. 53, no. 11,
pp. 2333–2340, Nov. 2006.

[37] J. L. Gonzalez-Guillaumin, D. C. Sadowski, K. V. I. S. Kaler, and
M. P. Mintchev, “Ingestible capsule for impedance and pH monitor-
ing in the esophagus,” IEEE Trans. Biomed. Eng., vol. 54, no. 12,
pp. 2231–2236, Dec. 2007.

[38] F. Xu, G. Yan, Z. Wang, and P. Jiang, “Continuous accurate pH
measurements of human GI tract using a digital pH-ISFET sen-
sor inside a wireless capsule,” Measurement, vol. 64, pp. 49–56,
2015.

[39] H. Weinstein et al., “A new method for determining gastric acid output
using a wireless pH-sensing capsule,” Alimentary Pharmacol. Thera-
peutics, vol. 37, no. 12, pp. 1198–1209, 2013.

[40] R. Monnard et al., “Issues in continuous 24-h core body temperature
monitoring in humans using an ingestible capsule telemetric sensor,”
Front. Endocrinol., vol. 8, 2017, Art. no. 130.

[41] C. C. Bongers, H. A. Daanen, C. P. Bogerd, M. T. Hopman, and T. M.
Eijsvogels, “Validity, reliability, and inertia of four different tempera-
ture capsule systems,” Med. Sci. Sports Exercise, vol. 50, pp. 169–175,
2018.

[42] F. N. Alsunaydih, M. S. Arefin, J. Redoute, and M. R. Yuce, “A nav-
igation and pressure monitoring system toward autonomous wireless
capsule endoscopy,” IEEE Sensors J., vol. 20, no. 14, pp. 8098–8107,
Jul. 2020.

[43] A. Aburub, M. Fischer, M. Camilleri, J. R. Semler, and H. M. Fadda,
“Comparison of pH and motility of the small intestine of healthy
subjects and patients with symptomatic constipation using the wireless
motility capsule,” Int. J. Pharmaceutics, vol. 544, no. 1, pp. 158–164,
2018.

[44] R. J. Saad and W. L. Hasler, “A technical review and clinical assess-
ment of the wireless motility capsule,” Gastroenterol. Hepatol., vol. 7,
no. 12, pp. 795–804, 2011.

[45] J. Z. Ou, C. K. Yao, A. Rotbart, J. G. Muir, P. R. Gibson, and K.
Kalantar-Zadeh, “Human intestinal gas measurement systems: In vitro
fermentation and gas capsules,” Trends Biotechnol., vol. 33, no. 4,
pp. 208–213, 2015.

[46] K. Kalantar-Zadeh et al., “A human pilot trial of ingestible electronic
capsules capable of sensing different gases in the gut,” Nature Elec-
tron., vol. 1, no. 1, pp. 79–87, 2018.

[47] K. Kalantar-Zadeh, K. J. Berean, R. E. Burgell, J. G. Muir, and P. R.
Gibson, “Intestinal gases: Influence on gut disorders and the role of
dietary manipulations,” Nature Rev. Gastroenterol. Hepatol., vol. 16,
no. 12, pp. 733–747, 2019.

[48] S. S. Rao, A. Lembo, W. D. Chey, K. Friedenberg, and E. M. Quigley,
“Effects of the vibrating capsule on colonic circadian rhythm and
bowel symptoms in chronic idiopathic constipation,” Neurogastroen-
terol. Motility, vol. 32, no. 11, 2020, Art. no. e13890.

[49] J. Yu et al., “Safety and efficacy of a new smartphone-controlled
vibrating capsule on defecation in beagles,” Sci. Rep., vol. 7, no. 1,
pp. 1–7, 2017.

VOLUME 3, NO. 1, JANUARY 2023 155



CHIAO ET AL.: APPLICATIONS OF MICROWAVES IN MEDICINE

[50] J. Zhu et al., “Efficacy and safety of vibrating capsule for func-
tional constipation (VICONS): A randomised, double-blind, placebo-
controlled, multicenter trial,” eClinicalMedicine Lancet Discov. Sci.,
vol. 47, 2022, Art. no. 101407.

[51] A. Schulze-Bonhage, “Long-term outcome in neurostimulation of
epilepsy,” Epilepsy Behav., vol. 91, no. 2, pp. 25–29, 2019.

[52] D. M. Kusyk, J. Meinert, K. C. Stabingas, Y. Yin, and A. C. Whiting,
“Systematic review and meta-analysis of responsive neurostimulation
in epilepsy,” World Neurosurg., vol. 167, pp. e70–e78, 2022.

[53] B. Gosselin, “Recent advances in neural recording microsystems,”
Sensors, vol. 11, pp. 4572–4597, 2011.

[54] H. Noshahr, M. Nabavi, and M. Sawan, “Multi-channel neural record-
ing implants: A review,” Sensors, vol. 20, no. 3, 2020, Art. no. 904.

[55] R. E. Gross and A. M. Lozano, “Advances in neurostimulation for
movement disorders,” Neurological Res., vol. 22, no. 3, pp. 247–258,
2000.

[56] A. L. Benabid, “Deep brain stimulation for Parkinson’s disease,” Curr.
Opin. Neurobiol., vol. 13, no. 6, pp. 696–706, 2003.

[57] P. Limousin and I. Martinez-Torres, “Deep brain stimulation for
Parkinson’s disease,” Neurotherapeutics, vol. 5, no. 2, pp. 309–319,
2008.

[58] C. Wu and A. D. Sharan, “Neurostimulation for the treatment of
epilepsy: A review of current surgical interventions,” Neuromodula-
tion: Technol. Neural Interface, vol. 16, no. 1, pp. 10–24, 2013.

[59] W. J. Marks, “Deep brain stimulation for dystonia,” Curr. Treat. Op-
tions Neurol., vol. 7, no. 3, pp. 237–243, 2005.

[60] J. L. Ostrem and P. A. Starr, “Treatment of dystonia with deep brain
stimulation,” Neurotherapeutics, vol. 5, no. 2, pp. 320–330, 2008.

[61] M. L. Kringelbach, N. Jenkinson, S. L. Owen, and T. Z. Aziz, “Trans-
lational principles of deep brain stimulation,” Nature Rev. Neurosci.,
vol. 8, no. 8, pp. 623–635, 2007.

[62] S. Vanneste and D. De Ridder, “Noninvasive and invasive neuromod-
ulation for the treatment of tinnitus: An overview,” Neuromodulation,
Technol. Neural Interface, vol. 15, no. 4, pp. 350–360, 2012.

[63] D. J. Hoare, P. Adjamian, and M. Sereda, “Electrical stimulation of
the ear, head, cranial nerve, or cortex for the treatment of tinnitus: A
scoping review,” Neural Plast., vol. 2016, Jun. 2016, Art. no. 5130503.

[64] W. Xu et al., “Deep brain stimulation for Tourette’s syndrome,” Transl.
Neurodegener., vol. 9, no. 1, pp. 1–19, 2020.

[65] N. Pedroarena-Leal and D. Ruge, “Toward a symptom-guided neu-
rostimulation for Gilles de la Tourette syndrome,” Front. Psychiatry,
vol. 8, Feb. 2017, Art. no. 29.

[66] X. Moisset, M. Lanteri-Minet, and D. Fontaine, “Neurostimulation
methods in the treatment of chronic pain,” J. Neural Transmiss.,
vol. 127, no. 4, pp. 673–686, 2020.

[67] M. Hofmeister et al., “Effectiveness of neurostimulation technologies
for the management of chronic pain: A systematic review,” Neuromo-
dulation, Technol. Neural Interface, vol. 23, no. 2, pp. 150–157, 2020.

[68] S. Hayek, R. Levy, and T. Deer, Neurostimulation for the Treatment
of Chronic Pain (Interventional and Neuromodulatory Techniques For
Pain Management Series, vol. 1). Amsterdam, The Netherlands: Else-
vier, 2012.

[69] T. da Silva Freitas, B. A. de Monaco, and S. Golovac, Neuro-
modulation Techniques for Pain Treatment: A Step-By-Step Guide to
Interventional Procedures and Managing Complications. New York,
NY, USA: Springer, 2021.

[70] Lambru and M. Lanteri-Minet, Neuromodulation in Headache and
Facial Pain Management: Principles, Rationale and Clinical Data.
New York, NY, USA: Springer, 2020.

[71] L. B. Marangell, M. Martinez, R. A. Jurdi, and H. Zboyan, “Neu-
rostimulation therapies in depression: A review of new modalities,”
Acta Psychiatrica Scandinavica, vol. 116, no. 3, pp. 174–181, 2007.

[72] H. Akhtar, F. Bukhari, M. Nazir, M. N. Anwar, and A. Shahzad,
“Therapeutic efficacy of neurostimulation for depression: Techniques,
current modalities, and future challenges,” Neuro-Sci. Bull., vol. 32,
no. 1, pp. 115–126, 2016.

[73] D. Perrotta and R. L. Perri, “Mini-review: When neurostimulation
joins cognitive-behavioral therapy. on the need of combining evidence-
based treatments for addiction disorders,” Neurosci. Lett., vol. 777,
2022, Art. no. 136588.

[74] A. Aleman, S. Enriquez-Geppert, H. Knegtering, and J. J. Dlabac-
de Lange, “Moderate effects of noninvasive brain stimulation of
the frontal cortex for improving negative symptoms in schizophre-
nia: Meta-analysis of controlled trials,” Neurosci. Biobehavioral Rev.,
vol. 89, pp. 111–118, 2018.

[75] F. Rachid, “Neurostimulation techniques in the treatment of nico-
tine dependence: A review,” Amer. J. Addictions, vol. 25, no. 6,
pp. 436–451, 2016.

[76] M. Jansen, J. G. Daams, M. W. Koeter, D. J. Veltman, W. Van Den
Brink, and A. E. Goudriaan, “Effects of non-invasive neurostimulation
on craving: A meta-analysis,” Neurosci. Biobehavioral Rev., vol. 37,
no. 10, pp. 2472–2480, 2013.

[77] R. C. Freire, C. Cabrera-Abreu, and R. Milev, “Neurostimulation
in anxiety disorders, post-traumatic stress disorder, and obsessive-
compulsive disorder,” Anxiety Disord., vol. 1191, pp. 331–346,
Jan. 2020.

[78] I. O. Bergfeld et al., “Invasive and non-invasive neurostimulation
for OCD,” Neurobiol. Treat. OCD, Accelerating Prog., vol. 49,
pp. 399–436, Feb. 7, 2021.

[79] M. D. Johnson et al., “Neuromodulation for brain disorders: Chal-
lenges and opportunities,” IEEE Trans. Biomed. Eng., vol. 60, no. 3,
pp. 610–624, Mar. 2013.

[80] A. M. Sodagar, G. E. Perlin, Y. Yao, K. Najafi, and K. D. Wise, “An
implantable 64-channel wireless microsystem for single-unit neural
recording,” IEEE J. Solid-State Circuits, vol. 44, no. 9, pp. 2591–2604,
Sep. 2009.

[81] Y. Jia et al., “A trimodal wireless implantable neural interface
system-on-chip,” IEEE Trans. Biomed. Circuits Syst., vol. 14, no. 6,
pp. 1207–1217, Dec. 2020.

[82] T. Kaiju et al., “High spatiotemporal resolution ECoG
recording of somatosensory evoked potentials with flexible
micro-electrode arrays,” Front. Neural Circuits, vol. 11, 2017,
Art. no. 20.

[83] A. Obaid et al., “Massively parallel microwire arrays integrated with
CMOS chips for neural recording,” Sci. Adv., vol. 6, no. 12, 2020,
Art. no. eaay2789.

[84] A. Nurmikko, “Challenges for large-scale cortical interfaces,” Neuron,
vol. 108, no. 2, pp. 259–269, 2020.

[85] T. Ativanichayaphong, J. W. He, C. E. Hagains, Y. B. Peng, and J. C.
Chiao, “A combined wireless neural stimulating and recording system
for study of pain processing,” J. Neurosci. Methods, vol. 170, no. 1,
pp. 25–34, 2008.

[86] C. Zuo et al., “A digital wireless system for closed-loop inhibi-
tion of nociceptive signals,” J. Neural Eng., vol. 9, no. 5, 2012,
Art. no. 056010.

[87] A. Farajidavar, C. E. Hagains, Y. B. Peng, and J. C. Chiao, “A
closed loop feedback system for automatic detection and inhibition
of mechano-nociceptive neural activity,” IEEE Trans. Neural Syst.
Rehabil. Eng., vol. 20, no. 4, pp. 478–487, Jul. 2012.

[88] A. Farajidavar, S. M. Athar, C. E. Hagains, Y. B. Peng, and J. C. Chiao,
“Detection of thermal pain in rodents through wireless electrocorticog-
raphy,” in Proc. IEEE Annu. Int. Conf. Eng. Med. Biol. Soc., 2012,
pp. 2535–2538.

[89] A. Zhou et al., “A wireless and artifact-free 128-channel neuromodu-
lation device for closed-loop stimulation and recording in non-human
primates,” Nature Biomed. Eng., vol. 3, no. 1, pp. 15–26, 2019.

[90] Y. Lin et al., “A 3.1–5.2 GHz, energy-efficient single antenna,
cancellation-free, bitwise time-division duplex transceiver
for high channel count optogenetic neural interface,” IEEE
Trans. Biomed. Circuits Syst., vol. 16, no. 1, pp. 52–63,
Feb. 2022.

[91] A. Deshmukh et al., “Fully implantable neural recording and stimu-
lation interfaces: Peripheral nerve interface applications,” J. Neurosci.
Methods, vol. 333, 2020, Art. no. 108562.

[92] K. Guido and A. Kiourti, “Passive RF neural electrodes,” in Neu-
ral Interface Engineering. New York, NY, USA: Springer, 2020,
pp. 299–319.

[93] S. Rao et al., “Miniature implantable and wearable on-body anten-
nas: Towards the new era of wireless body-centric systems [antenna
applications corner],” IEEE Antennas Propag. Mag., vol. 56, no. 1,
pp. 271–291, Feb. 2014.

[94] H. N. Schwerdt, F. A. Miranda, and J. Chae, “Analysis of electromag-
netic fields induced in operation of a wireless fully passive backscat-
tering neurorecording microsystem in emulated human head tissue,”
IEEE Trans. Microw. Theory Techn., vol. 61, no. 5, pp. 2170–2176,
May 2013.

[95] C. W. L. Lee, A. Kiourti, J. Chae, and J. L. Volakis, “A high-
sensitivity fully passive neurosensing system for wireless brain signal
monitoring,” IEEE Trans. Microw. Theory Techn., vol. 63, no. 6,
pp. 2060–2068, Jun. 2015.

156 VOLUME 3, NO. 1, JANUARY 2023



[96] A. Kiourti, C. W. Lee, J. Chae, and J. L. Volakis, “A wireless fully
passive neural recording device for unobtrusive neuropotential mon-
itoring,” IEEE Trans. Biomed. Eng., vol. 63, no. 1, pp. 131–137,
Jan. 2016.

[97] W. Chen, C. W. Lee, A. Kiourti, and J. L. Volakis, “A multi-channel
passive brain implant for wireless neuropotential monitoring,” IEEE
J. Electromagn. RF Microw. Med. Biol., vol. 2, no. 4, pp. 262–269,
Dec. 2018.

[98] H. Cao et al., “An implantable, batteryless, and wireless capsule with
integrated impedance and pH sensors for gastroesophageal reflux mon-
itoring,” IEEE Trans. Biomed. Eng., vol. 59, no. 11, pp. 3131–3139,
Nov. 2012.

[99] P. Chen, S. Saati, R. Varma, M. S. Humayun, and Y. Tai, “Wireless
intraocular pressure sensing using microfabricated minimally invasive
flexible-coiled LC sensor implant,” J. Microelectromech. Syst., vol. 19,
no. 4, pp. 721–734, 2010.

[100] J. C. Chiou, Y. Huang, and G. Yeh, “A capacitor-based sensor and a
contact lens sensing system for intraocular pressure monitoring,” J.
Micromech. Microeng., vol. 26, no. 1, 2015, Art. no. 015001.

[101] G. Yeh, T. Wu, S. Tsai, S. Hsu, and J. Chiou, “Toward a wireless
contact lens sensor system with a micro-capacitor for intraocular pres-
sure monitoring on in-vitro porcine eye,” in Proc. IEEE Sensors Conf.,
2015, pp. 1–4.

[102] J. Kim et al., “A soft and transparent contact lens for the wireless
quantitative monitoring of intraocular pressure,” Nature Biomed. Eng.,
vol. 5, no. 7, pp. 772–782, 2021.

[103] J. Zhang et al., “Smart soft contact lenses for continuous 24-hour mon-
itoring of intraocular pressure in glaucoma care,” Nature Commun.,
vol. 13, no. 1, pp. 1–15, 2022.

[104] C. Yang et al., “Intelligent wireless theranostic contact lens for electri-
cal sensing and regulation of intraocular pressure,” Nature Commun.,
vol. 13, no. 1, pp. 1–15, 2022.

[105] E. Y. Chow, A. L. Chlebowski, S. Chakraborty, W. J. Chappell, and
P. P. Irazoqui, “Fully wireless implantable cardiovascular pressure
monitor integrated with a medical stent,” IEEE Trans. Biomed. Eng.,
vol. 57, no. 6, pp. 1487–1496, Jun. 2010.

[106] I. Pour-Ghaz, D. Hana, J. Raja, U. N. Ibebuogu, and R. N. Khouzam,
“CardioMEMS: Where we are and where can we go?,” Ann. Transl.
Med., vol. 7, no. 17, 2019, Art. no. 418.

[107] M. A. Fonseca, M. G. Allen, J. Kroh, and J. White, “Flexible wire-
less passive pressure sensors for biomedical applications,” in Proc.
Solid-State Sensor Actuator Microsyst. Workshop (Hilton Head), 2006,
pp. 37–42.

[108] A. Kotalczyk, J. F. Imberti, G. Y. Lip, and D. J. Wright, “Telemed-
ical monitoring based on implantable devices-the evolution beyond
the cardiomemsTM technology,” Curr. Heart Failure Rep., vol. 19,
pp. 7–14, 2022.

[109] S. J. Majerus, P. C. Fletter, M. S. Damaser, and S. L. Garverick,
“Low-power wireless micromanometer system for acute and chronic
bladder-pressure monitoring,” IEEE Trans. Biomed. Eng., vol. 58,
no. 3, pp. 763–767, Mar. 2011.

[110] Y. Zhong et al., “Development of an implantable wireless and bat-
teryless bladder pressure monitor system for lower urinary tract
dysfunction,” IEEE J. Transl. Eng. Health Med., vol. 8, 2019, Art, no.
2500107.

[111] H. Y. Lee, B. Choi, S. Kim, S. J. Kim, W. J. Bae, and S. W. Kim,
“Sensitivity-enhanced LC pressure sensor for wireless bladder pres-
sure monitoring,” IEEE Sensors J., vol. 16, no. 12, pp. 4715–4724,
Jun. 2016.

[112] S. W. Siegel et al., “Long-term results of a multicenter study
on sacral nerve stimulation for treatment of urinary urge inconti-
nence, urgency-frequency, and retention,” Urology, vol. 56, no. 6,
pp. 87–91, 2000.

[113] N. Y. Siddiqui, J. M. Wu, and C. L. Amundsen, “Efficacy and ad-
verse events of sacral nerve stimulation for overactive bladder: A
systematic review,” Neurourol. Urodyn., vol. 29, no. S1, pp. S18–S23,
2010.

[114] A. A. Bhide, V. Tailor, R. Fernando, V. Khullar, and G. A. Digesu,
“Posterior tibial nerve stimulation for overactive bladder-techniques
and efficacy,” Int. Urogynecology J., vol. 31, no. 5, pp. 865–870, 2020.

[115] R. C. Cantu, “Head injuries in sport,” Brit. J. Sports Med., vol. 30,
no. 4, pp. 289–296, 1996.

[116] N. Haider et al., “Intracranial pressure changes after mild trau-
matic brain injury: A systematic review,” Brain Inj., vol. 32, no. 7,
pp. 809–815, 2018.

[117] D. Shprecher, J. Schwalb, and R. Kurlan, “Normal pressure hydro-
cephalus: Diagnosis and treatment,” Curr. Neurol. Neurosci. Rep.,
vol. 8, no. 5, pp. 371–376, 2008.

[118] K. T. Kahle, A. V. Kulkarni, D. D. Limbrick Jr., and B. C. Warf, “Hy-
drocephalus in children,” Lancet, vol. 387, no. 10020, pp. 788–799,
2016.

[119] U. Kawoos, M. Tofighi, R. Warty, F. A. Kralick, and A. Rosen, “In-
vitro and in-vivo trans-scalp evaluation of an intracranial pressure
implant at 2.4 GHz,” IEEE Trans. Microw. Theory Techn., vol. 56,
no. 10, pp. 2356–2365, Oct. 2008.

[120] X. Meng et al., “Dynamic evaluation of a digital wireless intracra-
nial pressure sensor for the assessment of traumatic brain injury in
a swine model,” IEEE Trans. Microw. Theory Techn., vol. 61, no. 1,
pp. 316–325, Jan. 2013.

[121] U. Kawoos, X. Meng, M. Tofighi, and A. Rosen, “Too much pressure:
Wireless intracranial pressure monitoring and its application in trau-
matic brain injuries,” IEEE Microw. Mag., vol. 16, no. 2, pp. 39–53,
Mar. 2015.

[122] F. Morady, Electrophysiologic Interventional Procedures and Surgery.
Philadelphia, PA, USA: Elsevier, 2012.

[123] A. L. Sette et al., “Battery longevity of neurostimulators in Parkinson
disease: A historic cohort study,” Brain Stimulation, vol. 12, no. 4,
pp. 851–857, 2019.

[124] T. R. Deer et al., “Clinical longevity of 106,462 rechargeable and
primary cell spinal cord stimulators: Real world study in the medicare
population,” Neuromodulation, Technol. Neural Interface, pp. 1–8,
Jun. 9, 2022.

[125] S. Atallah, B. Martin-Perez, D. Keller, J. Burke, and L. Hunter,
“Natural-orifice transluminal endoscopic surgery,” J. Brit. Surg.,
vol. 102, no. 2, pp. e73–e92, 2015.

[126] S. Rao and J. C. Chiao, “Body electric: Wireless power transfer for
implant applications,” IEEE Microw. Mag., vol. 16, no. 2, pp. 54–64,
Mar. 2015.

[127] S. R. Khan, S. K. Pavuluri, G. Cummins, and M. P. Desmulliez,
“Wireless power transfer techniques for implantable medical devices:
A review,” Sensors, vol. 20, no. 12, 2020, Art. no. 3487.

[128] S. Yoo, J. Lee, H. Joo, S. Sunwoo, S. Kim, and D. Kim, “Wireless
power transfer and telemetry for implantable bioelectronics,” Adv.
Healthcare Mater., vol. 10, no. 17, 2021, Art. no. 2100614.

[129] J. Parker and P. Single, “Power use in neurostimu-lators,” in Essential
Neuromodulation. Amsterdam, Netherlands: Elsevier, 2022, ch. 10,
pp. 231–253.

[130] S. Costandi et al., “Longevity and utilization cost of rechargeable
and non-rechargeable spinal cord stimulation implants: A comparative
study,” Pain Pract., vol. 20, no. 8, pp. 937–945, 2020.

[131] C. Davies, C. Komoroski, and L. Roy, “Evaluation of an innovative
spinal cord stimulator platform for the treatment of chronic pain,” Pain
Manage., vol. 8, no. 3, pp. 167–174, 2018.

[132] Manuel, Precision Spectra Spinal Cord Stimulator System Informa-
tion for Prescribers. Boston Scientific Corporation, 2017, ISBN:
91008787-03.

[133] Manual, Nevro Patient Manual. Nevro Corp., 2015. [Online]. Avail-
able: https://nevro.com/English/us/patients/overview/default.aspx

[134] Manuel, Algovita Spinal Cord Stimulation System Programmer
Charger and Pocket Programmer. Algostim, LLC, 2014. [Online].
Available: https://fccid.io/2ABU84200/User-Manual/User-Manual-
2334847

[135] R. F. Dallapiazza et al., “Considerations for patient and target selection
in deep brain stimulation surgery for Parkinson’s disease,” in Parkin-
son’s Disease: Pathogenesis and Clinical Aspects. Brisbane, QLD,
Australia: Exon Publications, 2018, ch. 8, pp. 145–160.

[136] Y. Zhou, C. Liu, and Y. Huang, “Wireless power transfer for im-
planted medical application: A review,” Energies, vol. 13, no. 11,
2020, Art. no. 2837.

[137] C. J. Yang, C. Chang, S. Lee, S. Chang, and L. Chiou, “Efficient four-
coil wireless power transfer for deep brain stimulation,” IEEE Trans.
Microw. Theory Techn., vol. 65, no. 7, pp. 2496–2507, Jul. 2017.

[138] H. K. P. Feirabend, H. Choufoer, S. Ploeger, J. Holsheimer, and J.
D. Van Gool, “Morphometry of human superficial dorsal and dorso-
lateral column fibres: Significance to spinal cord stimulation,” Brain,
vol. 125, no. 5, pp. 1137–1149, 2002.

[139] A. Howard III et al., “Intradural approach to selective stimulation
in the spinal cord for treatment of intractable pain: Design princi-
ples and wireless protocol,” J. Appl. Phys., vol. 110, no. 4, 2011,
Art. no. 044702.

VOLUME 3, NO. 1, JANUARY 2023 157

https://nevro.com/English/us/patients/overview/default.aspx
https://fccid.io/2ABU84200/User-Manual/User-Manual-2334847
https://fccid.io/2ABU84200/User-Manual/User-Manual-2334847


CHIAO ET AL.: APPLICATIONS OF MICROWAVES IN MEDICINE

[140] D. K. Freeman and S. J. Byrnes, “Optimal frequency for wire-
less power transmission into the body: Efficiency versus received
power,” IEEE Trans. Antennas Propag., vol. 67, no. 6, pp. 4073–4083,
Jun. 2019.

[141] J. S. Ho et al., “Wireless power transfer to deep-tissue microimplants,”
Proc. Nat. Acad. Sci., vol. 111, no. 22, pp. 7974–7979, 2014.

[142] M. Abdolrazzaghi, R. Genov, and G. V. Eleftheriades, “Antenna array
for wireless power transfer to deep-brain implants,” in Proc. IEEE
Int. Symp. Antennas Propag. USNC-URSI Radio Sci. Meeting, 2022,
pp. 2018–2019.

[143] M. Nguyen et al., “Wireless power transfer for autonomous wearable
neurotransmitter sensors,” Sensors, vol. 15, no. 9, pp. 24553–24572,
2015.

[144] J. Charthad et al., “A mm-sized wireless implantable device for elec-
trical stimulation of peripheral nerves,” IEEE Trans. Biomed. Circuits
Syst., vol. 12, no. 2, pp. 257–270, Apr. 2018.

[145] E. Loeb, C. J. Zamin, J. H. Schulman, and P. R. Troyk, “Injectable
microstimulator for functional electrical stimulation,” Med. Biol. Eng.
Comput., vol. 29, no. 6, pp. NS13–NS19, 1991.

[146] R. Troyk, “Injectable electronic identification, monitoring, and stimu-
lation systems,” Annu. Rev. Biomed. Eng., vol. 1, no. 1, pp. 177–209,
1999.

[147] H.-M. Lee and M. Ghovanloo, “A power-efficient wireless capacitor
charging system through an inductive link,” IEEE Trans. Circuits Syst.
II, Exp. Briefs, vol. 60, no. 10, pp. 707–711, Oct. 2013.

[148] H. Lee, K. Y. Kwon, W. Li, and M. Ghovanloo, “A power-efficient
switched-capacitor stimulating system for electrical/optical deep brain
stimulation,” IEEE J. Solid-State Circuits, vol. 50, no. 1, pp. 360–374,
Jan. 2015.

[149] Y. Lo et al., “22.2 A 176-channel 0.5 cm3 0.7 g wireless implant for
motor function recovery after spinal cord injury,” in Proc. IEEE Int.
Solid-State Circuits Conf., 2016, pp. 382–383.

[150] G. Shin et al., “Flexible near-field wireless optoelectronics as subder-
mal implants for broad applications in optogenetics,” Neuron, vol. 93,
no. 3, pp. 509–521, 2017.

[151] M. K. Hosain, A. Z. Kouzani, M. F. Samad, and S. J. Tye, “A miniature
energy harvesting rectenna for operating a head-mountable deep brain
stimulation device,” IEEE Access, vol. 3, pp. 223–234, 2015.

[152] L. Montgomery et al., “Wirelessly powered, fully internal optogenetics
for brain, spinal and peripheral circuits in mice,” Nature Methods,
vol. 12, no. 10, pp. 969–974, 2015.

[153] A. Abdi and H. Aliakbarian, “A miniaturized UHF-band rectenna
for power transmission to deep-body implantable devices,” IEEE J.
Transl. Eng. Health Med., vol. 7, 2019, Art. no. 1900311.

[154] S. Ding, S. Koulouridis, and L. Pichon, “Implantable wireless trans-
mission rectenna system for biomedical wireless applications,” IEEE
Access, vol. 8, pp. 195551–195558, 2020.

[155] S. Deb et al., “An endoscopic wireless gastrostimulator (with video),”
Gastrointestinal Endoscopy, vol. 75, no. 2, pp. 411–415, 2012.

[156] S. Deb et al., “Development of innovative techniques for the en-
doscopic implantation and securing of a novel, wireless, miniature
gastrostimulator (with videos),” Gastrointestinal Endoscopy, vol. 76,
no. 1, pp. 179–184, 2012.

[157] S. Dubey and J. C. Chiao, “Implantable radio frequency powered
gastric electrical stimulator,” IEEE J. Electromagn. RF Microw. Med.
Biol., vol. 6, no. 3, pp. 340–347, Sep. 2022.

[158] A. Basir and H. Yoo, “Efficient wireless power transfer system with
a miniaturized quad-band implantable antenna for deep-body multi-
tasking implants,” IEEE Trans. Microw. Theory Techn., vol. 68, no. 5,
pp. 1943–1953, May 2020.

[159] A. Iqbal, P. R. Sura, M. Al-Hasan, I. B. Mabrouk, and T. A. Denidni,
“Wireless power transfer system for deep-implanted biomedical de-
vices,” Sci. Rep., vol. 12, no. 1, pp. 1–13, 2022.

[160] D. Weiland, W. Liu, and M. S. Humayun, “Retinal prosthesis,” Annu.
Rev. Biomed. Eng., vol. 7, pp. 361–401, 2005.
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