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Miniaturization of Microwave Radiometers for Internal Body Thermometry

Thesis directed by Prof. Zoya Popovié¢

This thesis presents the development and characterization of microwave radiometer sensors for
non-invasive internal body temperature measurement, addressing a need for accurate, real-time, and
non-invasive thermometry. The work spans the design, implementation, and validation of advanced
radiometer architectures and near-field antennas, integrating them into compact sensors capable of
deep tissue temperature sensing.

The theoretical foundations of radiometry are presented, highlighting key parameters such as
sensitivity and calibration methods. Various radiometer architectures, including Dicke, correlation,
and hybrid correlation-Dicke designs, are analyzed. This is followed by the design and charac-
terization of GaAs MMIC radiometer front-ends, including low-noise amplifiers (LNAs), switches,
and hybrid couplers. These MMICs achieve low noise figures and power efficiency, enabling high
sensitivity in compact form factors.

Near-field antennas are developed to optimize power absorption from targeted tissue layers,
including single and dual-feed architectures. Electromagnetic simulations validate their performance
in layered dielectric environments, ensuring effective thermal power retrieval from human tissues.
Two-layer tissue phantoms are used to experimentally validate the system, providing controlled test-
ing environments with known temperature distributions. The results demonstrate the radiometer
ability to resolve internal temperature variations with average errors as low as 0.1 °C.

In-vivo measurements are conducted using human cheek tissue, demonstrating the sensor
capability to monitor the temperature of liquid held in the mouth. Repeatability and sensitivity
analyses confirm the robustness of the system under realistic application conditions, accounting for
variations in tissue properties and environmental factors.

This thesis establishes a framework for non-invasive internal body thermometry using mi-
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crowave radiometers. The combination of MMIC technology, advanced antenna design, and exper-

imental validation forms a foundation for future integration into wearable medical devices, offering

significant potential for applications in continuous health monitoring and diagnostics.
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1.1 Motivation

Knowledge of internal tissue temperature has numerous medical applications, ranging from
surgical and therapeutic to wellness. Several examples are illustrated in Fig.[I.1] with key applica-
tions where precise temperature knowledge is essential, each of which is described in detail below.

Artificial hypothermia in cardiac surgery: In emergency cardiac repair surgeries, arti-
ficially induced hypothermia is a critical step, as it allows clinicians to safely halt the blood supply
to the brain temporarily while minimizing the risk of tissue damage [2]. However, to prevent brain
injury, a smooth return to normothermia is required within only 30 minutes. Throughout this proce-
dure, brain temperature monitoring is typically conducted via a proximal nasal catheter [10], which
provides indirect measurement. However, this measurement often has a delayed response and does

not provide an accurate real-time measurement of the brain temperature.



(b) (©)

Figure 1.1: Accurately assessing internal body temperature has significant implications for various
medical applications, including: (a) Measurement of brain temperature during cardiac surgery to
about 15°C [2], (b) precise temperature measurement of the tumor tissue during hyperthermia
treatment [3], and (c) tracking core body temperature for monitoring sleep disorder [4].

Hyperthermia treatment: During hyperthermia treatment, tumor tissues are carefully
heated to approximately 40°C. This approach reduces the amount of chemotherapy required,
thereby minimizing side effects and improving the patient’s quality of life [IT][12][3]. However,
despite the therapeutic potential, challenges remain. There is currently no reliable method to ac-
curately measure the temperature of the tumor and its surrounding tissues in real-time. Accurate
temperature monitoring is essential to ensure optimal heating of the targeted area without affecting
nearby healthy tissue.

Monitoring sleep disorder: Measuring core body temperature is an important tool in the
monitoring and management of sleep disorders. Approximately 60 million adults in the U.S. expe-
rience frequent sleep difficulties. Sleep disorder impacts individual well-being as well as significant
cost, with an estimated annual indirect cost of $60 billion due to reduced productivity [4]. The inter-
nal body temperature is synchronized with melatonin levels and sleep propensity. This relationship
is depicted in the plot in Fig. [4], showing internal body temperature changes in synchrony with

melatonin. Thereby, tracking temperature fluctuations can provide insights into sleep disorders.
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Figure 1.2: Illustration of the relationship between core temperature, likelihood of sleep, and mela-
tonin. The figure is provided by [4].

Heat-related injury: Monitoring muscle temperature in individuals exposed to high phys-
ical stress, such as first responders, athletes, and military personnel, can help prevent heat-related
injuries. By monitoring muscle temperature in real-time, overheating can be recognized early, allow-
ing the prevention of heat exhaustion, heatstroke, and other conditions. Additionally, temperature
tracking enables optimal performance management, ensuring these individuals can operate at peak
efficiency [13, [14].

Infection and inflammation indicators: Internal tissue temperature serves as a critical
indicator of infections, joint inflammation [I5], and burn healing [16]. An increase in temperature
can signal potential infection or inflammation in joints. In burn patients, monitoring temperature
in affected tissues provides crucial insights into the healing process, helping clinicians to adjust

treatments and enhance recovery outcomes.

1.2 Existing Methods

Currently, there is no commercially available wearable device capable of non-invasively mea-
suring temperature at depths of a few centimeters within the body. Various methods exist to

measure internal body temperature, each with distinct limitations, as illustrated in Fig.[T.3]
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Figure 1.3: Existing methods for internal body thermometry. (a) Thermometer pills, (b) MRI, and
(c) heat-flux device.

Invasive methods, such as needle probes and ingestible radio pills, offer accurate internal
temperature readings but come with notable drawbacks. Needle probes, though precise, are invasive
and uncomfortable, making them unsuitable for continuous temperature monitoring outside clinical
settings. Radio pills are difficult to localize within the body and can produce variable, unreliable
measurements influenced by food intake and intestine temperature. Furthermore, both methods are
single-use, which adds to their cost over time, especially in scenarios requiring repeated monitoring.

Non-invasive approaches have also been explored but have limitations. For example, Mag-
netic Resonance Imaging (MRI) can measure internal temperature accurately [I7], yet its high cost
and non-wearable nature make it impractical for continuous or outside clinical settings monitoring
[18]|19]. Heat-flux devices, demonstrated in clinical settings [20] can measure temperature indirectly
by measuring the heat flow from the internal to the surface during thermal equilibrium. However,
this is limited to detecting it at shallow depths below the skin on the order of 1cm due to the
thermal resistance of the tissues. Recently, heat-flux sensors have been adapted for wearable use,
primarily focusing on exercise monitoring [21]. Despite the existence of these methods, there re-
mains a need for a non-invasive, wearable device that can measure temperature at greater depths

within the body, a few cm at least with some spatial resolution.

1.3 Microwave Thermometry

Microwave thermometry offers a promising solution for a non-invasive, passive, and wearable

device capable of measuring subcutaneous internal temperature.
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Figure 1.4: Illustration of non-invasive internal body thermometry using a microwave radiometer
placed below the sternum [5]. A near-field antenna is placed on the skin to detect thermal power
from a stack of tissue layers. This signal is transferred to a low-noise receiver, depicted as a
Dicke radiometer in this example, and processed through a temperature estimation algorithm. A
thermocouple on the skin provides additional data to enhance the accuracy of the temperature
estimation algorithm.

The method estimates the temperature of specific tissue layers by analyzing the total thermal
noise power emitted from a combination of layered tissues [22, 23] 24], 25]. The high-level approach
is shown in Fig.[[.4] The system involves a near-field antenna placed on the skin, which passively
captures thermal power from various tissue layers. To detect this extremely low-power signal (in
the range of tens of fW), the system uses a highly sensitive receiver known as a radiometer, which
amplifies and processes the captured thermal noise. The figure shows a type of radiometer known
as a Dicke radiometer, a widely used design in radiometry. Additionally, a separate thermocouple
placed on the skin provides data for an estimation algorithm used to determine the temperature of
the inner tissue layers.

Microwave thermometry functions by detecting black body radiation, which is noise present
in all materials at temperatures above absolute zero (0K). This phenomenon is a fundamental

concept in thermodynamics, as in Oliver’s excellent review on thermal and quantum noise [26].



Oliver’s paper starts with the basic laws of thermodynamics and Planck’s law, stating that the

average energy in a resonator per mode is given by W = %, where h is the Planck constant

(6.63 - 10_34[$]), k is Boltzmann constant (1.38 - 10_28[%]), f is the frequency (Hz), and T is

the temperature (K). Building on these principles, the paper proceeds to calculate the volumetric
and spectral mode density in one (m;) and three dimensions (ms). Since each mode possesses an
average energy W, the thermal energy density(p) is expressed as p = mW.

Referring to Fig. where a 1-D transmission line feeds a 3-D antenna, we first find the
equation of the power p; on a resonant line. Assume that the 1-D shorted resonant transmission
line has a length | = nA\/2 = ne/2f, where n is an integer number, \ is the wavelength, and c is the
velocity of propagation. For a sufficiently long [, the mode density becomes frequency-independent

and can be represented as my = llim %‘fl—? = % This expression describes the number of modes per

— 00

unit length per unit bandwidth in a 1-D transmission line. When this transmission line is connected
to a matched load Zj in thermal equilibrium, the load delivers and absorbs an equal amount of power

hf To

to the transmission line. The energy density in the line is thus given by p; = m;W = %m

obtain the amount of power flowing in one direction along the transmission line, the energy density
has to be multiplied by propagation velocity and divided by 2. The division by 2 is necessary because
the energy density equally contributes to the power propagating in the forward and backward
directions. This results in the power expression p = %

When extended to 3-D, accounting for two polarization states, the number of modes per

2
volume per Hz is mg = 87;; . In this 3-D scenario, the mode density is proportional to the square

of the frequency. The average electromagnetic energy density in the cavity can be expressed as:

—  8mhf3 1
p3=msW = — g

(1.1)
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Figure 1.5: Black-body intensity curve of spectral radiance. Curves are shown for the temperature
of the Cosmic Background Radiation (CMB), a healthy human, and the sun.

This equation defines the black body radiation curve, which is essential for understanding the
thermal emission of objects of various temperatures. Black body curves for Cosmic Microwave
Background (CMB), healthy humans, and the Sun are illustrated in Fig.[I.5] For a healthy human
body temperature around 310K, the black body curve peaks in the infrared frequency range at
approximately 18 THz. However, at this frequency, the electromagnetic wave penetration into most
tissues is limited to depths on the order of millimeters. For example, the plane-wave sensing depth
in various tissues is shown in Table2.2] Therefore, infrared thermometry primarily captures skin
temperature rather than deeper tissue temperatures. This depth at which temperature can be mea-
sured is referred to as the “sensing depth”. To achieve greater sensing depth, microwave frequencies
are employed. However, microwave frequencies are on the tail of the power spectral density curve
described by eq.

Coming back to the 3-D case, the black-body object can be modeled as a matched transmission
line connected to an antenna within an enclosed thermal equilibrium environment, as shown in

Fig.[I.6l In this thermal equilibrium setup, the power delivered from the transmission line and



radiated by an antenna equals the power received by the antenna (P,.q = Prec). The total power

received by the antenna can be written as:

hfB

hf
exT — 1

pP= (1.2)

Since hf/kT < 1 at microwave frequencies, the power spectral density P can be approximated as
P = KTB. This approximation implies that, in a radiometer system, the power received from a
stack of tissue layers will be directly proportional to the tissue temperature. By capturing this power
using a near-field antenna, the system can estimate internal temperatures based on the detected

thermal noise emissions.

Figure 1.6: An antenna transmitting and receiving in a closed system in thermal equilibrium.

In the U.S., various frequency bands have been designated for distinct purposes, such as tele-
vision broadcasting and mobile communications. Among these, the band from 1.4 to 1.427 GHz
stands out as a relatively narrow band reserved exclusively for passive radio astronomy. This "quiet
band" offers minimal radio frequency interference(RFI), making it ideal for sensitive passive mea-
surements. The f = 1.4 GHz frequency has been selected as the operating frequency for microwave
thermometry due to its advantageous combination of factors: it provides sufficient sensing depth,

receives low RF interference, and supports manageable component sizes, such as the size of the



near-field antenna.

1.4 Previous Research

Microwave radiometry for internal tissue measurements has been demonstrated in the litera-

ture over the past few decades.

(@) (b)

Figure 1.7: Previous works on microwave radiometers for internal body temperature measurement.
(a) Multi-frequency Dicke radiometer at at 1.5, 2.5, and 3.5GHz [6]. (b) Dicke radiometer at
3.4-4.2,GHz with a circulator at the input [7]. (c) Dual-band Dicke radiometer operating at 1.35
and 2.75 GHz implemented on CMOS [§].

For instance, a multi-frequency Dicke radiometer operating at 1.5, 2.5, and 3.5 GHz with a
1 GHz bandwidth is shown in Fig.[l.7(a) [6]. This microwave radiometer was used in a water-bath
experiment, demonstrating its capability to measure the temperatures of the surface layer, the
subjacent layer, and the boundary depth between these layers, showcasing its capability to capture
temperature gradients at different depths.

In another study, a Dicke radiometer operating at 3.4-4.2,GHz with a circulator for reducing
reflection coefficient fluctuations is presented in Fig.(b) [7]. With a power consumption of 1.05 W,
this radiometer has applications in breast cancer detection and back pain assessment.

Another example is a dual-band Dicke radiometer operating at 1.35 and 2.75 GHz, imple-
mented on a 65 nm CMOS process to achieve a compact design, as shown as Fig.c) [8]. This

radiometer employs two 50 €2 noise sources for precise temperature measurements, achieving an error
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of less than 0.9 °C was obtained under room temperature conditions.

Additional studies have explored other frequency ranges and applications. A 0.9-1.2 GHz
Dicke radiometer with a matched loop antenna, positioned on the stomach, was used to observe a
1.5,°C temperature change following the ingestion of cold water [27]. Another study implemented
a 45 GHz radiometer with a horn antenna to capture body temperature images, which successfully

revealed the location of the heart [2§].
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Figure 1.8: Previous works on microwave radiometers for internal body temperature measurement
from University of Colorado Boulder. (a) Dicke radiometer (b) modular correlation radiometer.

Microwave radiometer research at the University of Colorado Boulder has also contributed
significantly to this field. A 1.4 GHz Dicke radiometer with off-the-shelf components, with a power
consumption of approximately 0.6 W and a noise figure of 1.58 dB, is demonstrated in F ig.(a)
[23]. This radiometer successfully measured the temperature of a muscle tissue phantom beneath
skin and fat layers with a resolution as low as 0.2 K. More recently, Fig.b) [29] shows a modular

correlation radiometer design using off-the-shelf components.
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Previously published radiometers, which were built from off-the-shelf components, typically
have a minimum size of about 3cm x 3cm, which poses limitations for wearable applications. To
address the need for a smaller and more power-efficient radiometer, this thesis proposes a monolithic
integration of key radiometer components. This integrated approach is intended to produce a
compact, wearable, and low-power device that is less susceptible to interference, positioning it as

an ideal candidate for continuous internal temperature monitoring.

Table 1.1: Microwave radiometers for internal body thermometry

Radiometer f (GHz) Type AT
IMS 1984 [6] 1.5, 2.5, 3.5 Dicke 0.5
Emerg. Elec. 2018 [30] 1.1-1.6 Dicke 0.5
Sens. 2021 [7] 3.4-4.1 Dicke 0.2
Access 2023 [§] 1.35, 2.75 Dicke 0.9
This Work 14 Hybrid 0.35
1.5 Radiometer Miniaturization

Figure 1.9: Illustration of a few different radiometers describe for this work. From left to right, the
form factor of the radiometer is reduced for wearability. A radiometer MMIC is placed on top of a
penny.



12

The focus of this thesis is on the miniaturization of the radiometer hardware to enable con-
tinuous monitoring of internal body temperature across various environments. A compact and
wearable device is essential to meet the practical demands of long-term temperature measurement
applications. As illustrated in Fig.[[.9] several radiometer designs are presented, each achieving
a progressively smaller form factor than its previous version. To further reduce the size, the ra-
diometer is implemented on a Monolithic Microwave Integrated Circuit (MMIC), which integrates
multiple radiometer components into a single chip. This approach not only significantly decreases
the device’s physical dimensions but also minimizes the potential for external interference, as the

compact structure reduces signal paths and the associated exposure to ambient noise sources.

1.6 Thesis Goal and Outline

With the goal of miniaturizing the radiometer for wearable applications, continuous research
for miniaturized radiometer design is needed. This thesis demonstrates the design of different
radiometers capable of sensing to a depth of approximately 3 cm beneath the skin and advanced
measurement methodologies.

Chapter 2 outlines the design of the near-field antenna, which is used to capture black-
body radiation emitted from layered tissues. Various types and near-field antennas are explored
to optimize size reduction while mitigating the reception of RFI, which is critical for enhancing
measurement accuracy in diverse environments.

Chapter 3 provides an overview of different radiometer architecture options, emphasizing
key design tradeoffs and parameters that motivate the choice of hybrid radiometer architecture.
This hybrid concept is illustrated first through the design of a PCB using off-the-shelf components,
followed by implementation on a GaAs MMIC to achieve greater miniaturization and efficiency.

Chapter 4 describes the MMIC design of a Dicke radiometer, focusing on the detailed design
of essential components such as the LNA and RF switch. Packaging considerations for the MMIC
are also discussed to ensure connection to the near-field antenna as well as other components.

Chapter 5 presents experimental results from radiometry measurements and temperature
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estimation across various phantom tissue configurations. These results validate the accuracy and
depth of the radiometer’s sensing capabilities under controlled scenarios.

Chapter 6 extends the testing to in-vivo measurements, where the near-field antenna is po-
sitioned on the cheek to measure temperature variations of a liquid inside the cheek. This setup
demonstrates the device’s capability to capture real-time internal temperature changes in a biolog-
ically relevant setting.

Chapter 7 concludes with a summary of the key contributions of this work and proposes

directions for future research.
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Nearfield Antenna
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2.1 Introduction

For a microwave thermometer, a near-field antenna is connected to the input of the radiometer.
Unlike typical free-space radiators, near-field antennas are specifically designed to detect black-body
radiation emitted from subcutaneous tissue layers. Key design goals for these antennas include
achieving a compact form factor suitable for wearable applications, along with providing spatial
resolution in the lateral dimension, and ensuring sufficient sensing depth in the vertical direction to
capture temperature readings from layers within.

Previously published works have examined various antenna topologies, which are summarized
in Table.2.1] These topologies include waveguide, cavity-backed slot, circular patch, bow-tie, and
rectangular patch antennas, among others. While each design has unique benefits, many do not

prioritize the efficient reception of black-body radiation from subcutaneous layers. Additionally,
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many existing designs feature wideband characteristics to facilitate the reception of higher power
for easier detection. Nonetheless, wideband near-field antennas can increase the system’s suscep-
tibility to radio frequency interference (RFI), which can introduce significant measurement errors,
particularly in variable environments.

This chapter presents the design of several near-field antenna configurations, along with de-
tailed analysis aimed at developing the optimal antenna for internal body temperature measurement.
These antennas will be used for internal body temperature measurements presented in chapters 5

and 6.

Table 2.1: Previous works on near-field antenna for microwave thermometry

Reference Frequency | Size(mm) Topology
Sensors [31] 1.2-1.6 45 x 45 cavity back slot
TMTT [23] 1.4 40 x 40 circular patch
Access [32] 1.25, 2.7 20 x 30 bow-tie
APS [33] 14 37 x 41 rectangular patch
Dissertation [34] 1.5-3.1 29.5x 30 folded dipole
TBME [35] 1.1-1.6 28 cavity log spiral

2.2 Weighting Factor Analysis

Before discussing the design of various near-field antennas, it is essential to understand the
concept of weighting factors, which play a critical role in accurately estimating internal tissue
temperatures. As mentioned in Chapter 1, a matched antenna receives thermal power, quantified as
kT B, enabling the capture of temperature information from multiple tissue layers. The weighting
factor is a measure that indicates the contribution of each individual tissue layer to the total received
power.

Reciprocity is utilized in simulations to analyze the weighting functions of the near-field
in tissue layers. While reciprocity is a well-established principle for far-field antennas, it is equally

applicable to near-field scenarios. In the case of near-field antennas, the absorption of power emitted
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by the antenna can predict the amount of power that the antenna will receive from the attached
dielectric layers. Specifically, the power received by the antenna from a given layer is proportional
to the power loss that would be observed if the antenna were transmitting through that same
layer. Thus, by simulating the power absorption when transmitting, it is possible to estimate the
contribution of each layer to the received signal. This method allows for an understanding of the
depth-specific sensitivity of the antenna. A more detailed derivation of this approach to weighting

functions in radiometric measurements is provided in [36].
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Figure 2.1: A near-field probe positioned on the stack of 4-layer tissue stack. Thermal power is
received by the antenna and transferred to a radiometer to detect Tiotq;, which is the weighted sum
of the temperatures in different layers.

Fig.[2.7] illustrates one example of how the internal temperature is estimated, shown as a
4-layer tissue stack. In this setup, the received thermal power, represented as kT B, is measured
by a near-field antenna connected to a sensitive receiver. Knowing the received power enables the
calculation of the total temperature (T}oq;). The total temperature is determined by the weighted
sum of the temperatures of all the layers sensed by the antenna. Specifically, T}, is the sum of the
temperatures of each individual layer, where each layer’s contribution is proportional to a specific
weighting factor. Consequently, the total thermal noise power received by the near-field antenna
is defined by a weighted sum of the power contributions from each tissue layer within the sensing

depth. This relationship can be expressed as:
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N
Tyotar = »_ Wi Tj (2.1)
i=1
Where T; is the temperature of the i-th layer, W; is the weight representing the contribution of the
i-th layer to the total received power, and N is the number of significant layers, including a lossy
antenna. This weighted sum approach enables an estimation of the internal temperature by taking
into account the contribution of each tissue layer to the overall thermal noise power received by the
near-field antenna.

In this model, the individual layer temperatures T; are the unknowns that need to be estimated
using an algorithm. Accurate estimation requires prior knowledge of the weighting factors W;. These
weights are derived from a 3-D electromagnetic simulation. In this work, Ansys HFSS software is
utilized for the simulation, where a near-field antenna is modeled in contact with a stack of phantom
or real tissues. Knowing the dielectric constants of each layer in the stack, which significantly impact
the weighting factors, is an essential input to these simulations. The profiles of the dielectric layers
used in this study are detailed in Table.[2.2]

The weighting factor W; for each layer is determined by the ratio of the Joule loss in a specific

volume v; to the total Joule loss across all layers. This is expressed by the following equation:

N fvi pJ($7y; Z) dv

W; =
fV pJ(mayv Z) dv

; (2.2)

where pj(x,y,z) is the Joule loss density at every point within the tissue, v; is the volume of the
i-th layer, and V is the total volume of the tissue considered in the simulation.

Even with known weights W; and T; obtained from a thermocouple placed externally on the
skin, there are still three unknowns and only one equation. Therefore, additional assumptions are
required to resolve the unknowns. These assumptions may include defining an expected temperature
range for specific layers or stating that the temperature difference between two layers falls within a

certain degree, thereby enabling a more accurate internal temperature estimation.
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Table 2.2: Phantom and tissue electromagnetic properties at 1.4 GHz. [I]

Tissue €r o(S/m)

Human skin dry 39.6 1.03
Human skin wet 44.6 1.04

Human muscle 54.1 1.14
Human fat 5.39 0.64
Skin phantom [37] 23 0.84
Saline [38] 7.7 1.26
Tap water 5.39 0.15
Playdoh 32 5.4

Rogers 6010 [39] 10.2 0.0027

2.3 Rectangular Patch Antenna
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Figure 2.2: Cross-section of the near-field antenna designed for thermal power retrieval, featuring a
high sensing coefficient from the muscle phantom layer (left), along with top view of the near-field
antenna with detailed parameters (right).

The first near-field antenna designed for this project is a rectangular patch antenna. This
topology was selected for its simplicity and because the ground plane helps reduce back lobes
that could receive interference. This antenna is intended for use with both a 2-layer phantom stack,
representing skin and muscle, as well as the human cheek tissue stack. The primary design objective

is to capture as much power as possible from the muscle layer located beneath the skin layer. If the
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weight of the skin is too high compared to that of the muscle weight, the error in estimating the
muscle phantom temperature increases. This occurs because the amount of power received from the
muscle decreases significantly.

To achieve these goals, a coaxial-fed rectangular patch is designed using simulation in Ansys
HFSS. A 1.27mm thick Rogers RO3010 material is used for the substrate and superstrate, with
dimensions shown in Fig.2.2 The antenna is positioned on top of a 2mm thick commercial skin
phantom layer (¢, = 28,0 = 0.82S/m) based on the model from [37]. This layer is placed over
a plastic bag filled with saline solution (¢, = 77.7,0 = 1.26S/m) used as a muscle phantom, ap-
proximating the values given in [38]. The z and y dimensions of the tissue phantom layers are
6 cm x 6 cm, and the setup is surrounded by air. The Rogers RO3010 substrate has a high permit-
tivity of €, = 10.2, which reduces the size of the near-field antenna. The superstrate, placed atop
the rectangular patch, serves as an intermediate matching layer to improve near-field coupling and
facilitates deeper penetration into the tissues. Additionally, the superstrate reduces the sensitivity
of return loss to variations in tissue layers. The resulting dimensions of the rectangular metal patch

are 42 mmx 40 mm.
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Figure 2.3: Simulated and measured reflection coefficient magnitude when the near-field antenna

is placed onto the phantom tissue stack. The measured reflection coefficient is also shown for the
antenna in free-space for comparison.
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Figure 2.4: Full-wave simulations of volume Joule loss density (W/m?) of the near-field antenna on

a skin-muscle phantom with 1 W at the feed. The weighting factors (percentages of total power) are
also stated, with 3% of the total power radiation into free space outside the tissue and unaccounted
for here.

Figure2.3] shows the simulated and measured reflection coefficient magnitudes of the antenna
when placed onto the phantom tissue stack. The reflection coefficient is also measured in the air for

comparison, demonstrating that the antenna is matched to the specific tissue stack configuration.

Fig2.4] illustrates the full-wave simulation results illustrate the volume density of Joule loss

for the near-field antenna positioned on the 2-layer skin-muscle phantom. During this simulation,
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the antenna operates in transmission mode with 1 W input power at the feed. By integrating the
power density of Joule losses within each layer ( f% pydV; = sz oi|F;|2dV;) and dividing by the total
dissipated power, the weighting factor for the muscle and skin are determined. In this setup, 68% of
the total power is absorbed by the muscle layer, and 28% by the skin layer, with 3% of the power,

dissipated in the surrounding air, which is not accounted for in this analysis.

2.4 Slotted Circular Antenna

In the next antenna design, a circular patch antenna with slots is selected, utilizing a high-
permittivity Rogers 3010 substrate (e, = 10.2) to minimize size. The ground plane in this design
is essential for minimizing back lobes that could pick up interference. Fig.[2.5]illustrates the cross-
section of the near-field antenna design. The use of two nested C-shaped slots increases the electrical
length, effectively miniaturizing the antenna to fit onto a 3.5 cm diameter substrate. The same high-
permittivity material is used as a superstrate, enhancing the antenna’s robustness to impedance
changes caused by variations in skin characteristics. This superstrate also reduces the electric
field intensity on the skin, lowering power losses in the skin layer and allowing for greater power

absorption in the underlying muscle layer.
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Figure 2.5: Top view and cross-section of the near-field antenna designed for thermal power retrieval.
The sides of the antenna are covered by metal shielding.

The near-field antenna design incorporates a conductor around the sides of the substrate



22

and superstrate to reduce RFI. RFI from communication and other bands with allocations close
to 1.4 GHz frequency range introduces additional power that results in an increase in measured
temperature that does not reflect the body temperature increase and can result in substantial
errors. By containing the fringing fields that extend to the ambient environment, the side shielding
limits RFI. Simulations indicate that this side shielding reduces the amount of received RFI by more

than 15% compared to an antenna without side shielding.
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Figure 2.6: (a) Measured reflection coefficient of the near-field antenna when placed on the cheek
and phantom stack. (b) Total E-field magnitude on the conductor surface of the near-field antenna
at 1.4 GHz when placed on the cheek. This indicates the normal E field of the surface.

Fig.[2.6] presents the measured reflection coefficient magnitude of the near-field antenna when
placed on the tissue phantom stack and the cheek. The electrical properties of the tissue layers
used for the simulation are documented in [I], and the properties of liquids are found in [40]. This
figure also illustrates the total E-field magnitude across the conductor surface at 1.4 GHz when the
antenna is placed on the cheek.

Fig[2.7 illustrates the simulated volume density of Joule loss of the near-field antenna on the
2-layer phantom and cheek tissue stack. In these simulations, the antenna operates in transmission

mode with 1 W of input power at the feed. The weighting factors for each tissue layer are also
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provided. These weights are derived from the ratio of Joule loss density in each layer to the
total loss and are crucial for accurate estimation of the internal temperature, as they quantify the

contributions from each tissue layer to the overall received power.

Joule loss Antenna: 2.2%
Skin: 40.9%

Muscle: 56.9%

Antenna: 3.3%

Skin: 46.8%
Fat: 10.4%
Muscle: 6%

Liquid: 33.4%

0 (b)

Figure 2.7: Simulated Joule loss density of antenna on (a) skin-muscle phantom stack and (b) tissue
stack of the cheek with 1 W of power at the feed. The weights of each layer are shown. The weights
are used to estimate the temperature of the internal layer.

2.5 Two-feed Antenna

In the case of a conventional single-feed antenna applied to an N-layer tissue model, the
equation introduces N unknown temperatures (74, Ts, ..., Tw) if there are no separate thermocouple
sensor to measure the temperature of the skin. However, it provides only a single equation, thereby
leading to an underdetermined system that necessitates estimation techniques to resolve this in-
verse problem. To address this limitation, a multiple-sensing depth antenna (Fig. can provide

additional equations through new weighting factors W;; and W;s, corresponding to the two feeds.
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Figure 2.8: Concept diagram of dual-feed near-field antenna. Two antenna is implemented on one
hardware, separately receiving black body radiation from a skin-muscle tissue stack. (7: tempera-
ture, W: weighting factor)
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Figure 2.9: Block diagram of internal body thermometry with dual-feed near-field antenna. This
allows more information on multi-stack tissue layers.

Another effective approach to achieve different weighting factors involves utilizing different op-
erating frequencies. Previous studies have explored multi-band frequency NFAs [6], 4], 32]. Despite
their potential, these solutions face significant challenges in design, characterization, and suscepti-
bility to interference, making their implementation less practical. To address these issues, this NFA
is a dual-sensing depth NFA with a Dicke radiometer, as shown in Fig.[2.9] is introduced. This
NFA design enables two radiometer measurements using a single antenna and a single narrowband
radiometer, simplifying implementation while improving performance.

To effectively capture black-body radiation emitted by subcutaneous tissues, a coaxial-fed
circular patch antenna was designed and simulated in Ansys HFSS, taking into account the dielec-
tric properties of tissue phantoms. The simulation setup includes a 6 cm x 6 cm X 22 mm volume,

surrounded by air. A 2mm skin phantom (¢, = 28,0 = 0.82S/m) from [37] is placed over a 20 mm
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Play-Doh muscle phantom (¢, = 32,0 = 5.4S5/m).

While earlier studies aimed at increasing sensing depth along the vertical axis [42], the unique
contribution of this NFA design lies in its ability to differentiate the weighting factors for various
tissue layers, e.g. in this case the skin and muscle layers. This distinction allows independent
temperature measurements for each layer. For the skin-muscle phantom setup, the overall measured
temperature is expressed as a weighted sum of the individual layer temperatures: Tiorq; = WsTs +
Wi Tm. The total temperature, Ty, is measured using a radiometer, as described in the next
section. The weighting factors for the skin and muscle, Wy and W,,, are calculated via integration
of the volume loss power density using a full-wave EM simulation tool. The weighting factors are
found when the NFA transmits in simulation 1 W.

With the weighting factors obtained from EM simulations, the system reduces to two un-
knowns, T and T,,,. Previous single-feed approaches lacked a method to determine the temperatures
of both layers without an independent skin temperature measurement. In contrast, the dual-feed
antenna enables this capability. For the two-feed design, the temperatures received at each feed can

be expressed as:

T;totall = WslTs + Wmle (23)

TtotalQ - WSQTS + WmQTm (24>

These two equations, corresponding to the two feeds, form a solvable system with two unknowns,

making it possible to independently determine the temperatures of the skin and muscle layers.
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Figure 2.10: (a) Cross section of the two-feed near field antenna. (b) Reflection coefficient of
near-field antenna when placed on the skin-muscle phantom. Measurement shown in solid line and
simulation shown dashed line.

The determination of weighting factors is intrinsically tied to the design of the NFA. For this
dual-feed antenna, the superstrate thickness plays a crucial role. To achieve a higher weighting
factor for the muscle and increase the sensing depth, it is essential to minimize losses in the skin
layer. Given that tissue conductivity is a fixed property, reducing the electric field strength within
the skin layer is essential for maximizing the Joule loss density, p, in the muscle. This relationship

can be analyzed using the boundary conditions for the electric field:

E1 €9
Eltang = E2tang and E2ZZ:: = a (25)

where the subscript “1” corresponds to the superstrate of the antenna, while subscript “2” refers to
the skin. It is observed that the tangential component of the electric field remains consistent across
the boundary, as it is preserved from one layer to the next. In contrast, the normal component of
the electric field in the skin layer is influenced by the normal electric field in the adjacent layer,
which, in this case, is the antenna’s superstrate. This dependence highlights the critical role of the
superstrate’s permittivity and thickness in shaping the electric field distribution within the skin

layer. On the other hand, the boundary condition for the current density is:
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Einorm 02
J1norm = Jonormal - = (26)
Eanorm 01

Given the high conductivity of the skin, an excessively large tangential electric field component
(Etang) would result in the skin layer dominating thermal noise power emission. However, skin also
has a high permittivity, therefore, with an appropriate permittivity and thickness of the superstrate,
which is between the main radiator and the skin, the normal E-field component in the skin can be
minimized. Thus, for an NFA with high weighting factor in a subcutaneous layer, the conductive
layer of the patch is designed to have a substantial tangential component, while the superstrate is
chosen to control the ratio of the normal and tangential components.

Figure(a) illustrates the cross-section of the NFA. The simulated and measured reflection
coefficient magnitudes are presented in Fig.b). The antenna is fabricated using Rogers RO3010
(e, = 10.2) material with a diameter of 3.5cm. Patch 1, connected to Feedl, is a circular patch
antenna featuring a C-slot to miniaturize its size and is covered by a 0.508 mm thick superstrate.
Patch 2, connected to Feed 2, is a ring antenna with the superstrate and also substrate 1 on top of
it, resulting in a total of 1.778 mm thick superstrate.

The thicker superstrate in Patch 2 effectively reduces the electric field strength at the boundary
between the superstrate and the skin. This reduction is visualized in Fig.[2.11], which illustrates the
simulated electric field magnitudes for Feedl and Feed2. Notably, Feedl exhibits a higher electric
field at the boundary, leading to greater power dissipation in the skin region and, consequently, a
higher weighting factor for the skin layer. In contrast, Feed2 experiences reduced losses in the skin,
enabling a higher weighting factor for the underlying muscle layer. This differentiation in electric
field distribution demonstrates the effectiveness of the dual-feed design in achieving distinct sensing

depths.
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Figure 2.11: Simulated E-field magnitude at the boundary of the near-field antenna and skin phan-
tom with 1 W on (a) Feedl and (b) Feed2.

Figure[2.12)shows the simulated weighting factors as a function of distance from the superstrate-
skin interface. The skin and muscle layers are sliced horizontally in the simulation into 0.5-mm thick
layers, and the volume power density is integrated throughout each slice to calculate the correspond-
ing weighting factors.

For Feedl (depicted in black), the weighting factors are significantly larger in the skin layer
compared to those of Feed2 (depicted in red). However, Feed2 demonstrates a higher weighting
factor in the muscle layer due to its reduced power losses in the skin layer. The total weights used
in Egs. and are found by adding contributions of all slices, for both feeds. For Feedl, the
weighting factors are W, = 0.526 and W,,,; = 0.474, while for Feed2, the weighting factors are W
= 0.403 and W2 = 0.597. These parameters are used in Chapter 5 to estimate the individual layer

temperatures.
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Figure 2.12: Simulated weighting factors as a function of distance from the superstrate-skin interface.
The volume joule loss (W/m?) is also shown when Feedl and Feed? is transmitting 1 W.

2.6 Conclusion

This chapter presents the design and analysis of near-field antennas for internal body tem-
perature measurement, focusing on two configurations: a rectangular patch antenna and a slotted
circular patch antenna. Both designs are optimized for operation at 1.4 GHz and demonstrate com-
patibility with tissue phantom stacks and human cheek tissues. The rectangular patch antenna,
measuring 42 mm x 40 mm, provides high sensing coefficients from muscle layers. In contrast, the
slotted circular patch antenna, with a diameter of 3.5 cm has improved RFI shielding through metal
sidewalls.

These antennas have been recognized for their compact size. The rectangular patch antenna
was highlighted in IEEE publications, including a conference paper at IMS 2023 [42] and extended
research in IEEE TMTT 2024 [43]. The slotted circular patch antenna was presented at the IEEE
MTT-S International Microwave Biomedical Conference (IMBioC 2024) [44], earning the Best Paper

Award.
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MMIC Dicke Radiometer Design
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3.1 Radiometer Theory

This section discusses key specifications for a radiometer and compares various radiometer
architectures. A key metric for radiometer performance is the minimal detectable temperature
difference, AT, which depends on the system noise temperature 7,5, measurement bandwidth
B, and integration time 7. The value of T, is dominated by the first amplifying stage and the
components preceding it. In this work, the measurement bandwidth is limited by the SAW filter,
with a 1dB bandwidth of 45 MHz. The integration time used in this work is 5s and 2s. Radiometer
architectures, shown in Fig.[3.1 can be evaluated based on AT, allowing for tradeoff analysis to
meet, the needs of different applications. For the simplest total power radiometer, which consists of

an LNA/ filter, and a detector [45], the temperature resolution, or sensitivity, is expressed as:
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Tsys

AT = :
VB

(3.1)

The total power radiometer is highly susceptible to drift and fluctuations caused by factors such
as inconsistent operating voltage, temperature changes, and environmental vibrations. These drifts
cannot be calibrated during operation for the total power radiometer. Since the radiometer includes
multiple amplifiers to achieve high gain, even small changes in gain can result in significant errors in
temperature measurement. Therefore, a method to calibrate and compensate for these fluctuations

is essential.
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Figure 3.1: Diagrams of different radiometer architectures: (a) Dicke; (b) correlation; and (c) hybrid
radiometers.

Other radiometer architectures which do allow for gain fluctuation calibration, include the
Dicke radiometer, correlation radiometer, and a combination of the two, which we refer to as the
“hybrid radiometer”. A Dicke radiometer includes a switch after the antenna, allowing for calibration

of gain fluctuations of all components that follow. This is performed by comparing the measurement
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Table 3.1: Comparison of radiometer architectures

Dicke [7] Correlation Hybrid
[46] [47]
AT 2T,ys/VTB V2T yys/VTB 2T,ys/VTB
NN . . — No switch loss (but coupler loss)|- No switch loss (but coupler loss)
Pros |- Gain fluctuation calibrated -100% duty cycle — Gain flucturation calibrated
Con - Se?ritlggafcénput — Duplicate components — Duplicate components
ons P — Sensitive to phase balance — Limited time on target

— Limited time on target

to a known thermal reference. However, the switching reduces the effective measurement time due
to the commonly used 50% duty cycle, which reduces the total received power from the target by
50% [45]. Additionally, the switch introduces losses, which increase Tyys.

The correlation radiometer has a balanced hybrid coupler with two low-noise gain paths,
with the advantage of continuous measurement of both the target and reference. Additionally, the
coupler makes this design less sensitive to impedance mismatches at the inputs since the output
noise signal is only affected by the reflection of the source input and independent from the phase
[48]. However, this structure remains sensitive to gain fluctuations in the detector stage due to
the two separate paths. For the hybrid radiometer topology [47], the switch is placed after the
hybrid couplers. This architecture is robust to load impedance variations and reduces the impact of
gain fluctuations by positioning the switch before the components that follow it. Besides reducing
the overall uncertainty, the hybrid radiometer is ideally balanced, meaning the voltage difference
between outputs is zero. This will be delt more in detail in the next chapter. This balance, which
will be discussed in more detail in the next chapter, further minimizes uncertainty by reducing the
flicker noise contribution from components preceding the switch. Table[3.1] shows a summary of
the achievable AT, as well as the pros and cons of various architectures. In this chapter, we show
an implementation of a Dicke architecture, chosen due to its simplicity and the fact that human
temperature changes on a scale much slower than the required switching period.

Fig.[4.7 shows a block diagram of the Dicke radiometer configuration. A near-field antenna is

designed to effectively receive black-body radiation from a buried tissue layer. It couples the total
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radiometric power received from all tissue layers to a switch that alternates between the tissue stack
and a known noise reference. This allows calibration for gain fluctuations that are slow-varying
compared to the switching speed.

The system’s LNA gain is selected to meet a gain budget and is followed by broadband
and narrowband bandpass filters. The detector converts the amplified thermal noise input to a
dc voltage. The voltage amplitude resolution of the ADC, in this case, the oscilloscope, is AV =
EAT - BRG = 0.8 uV, where k is the Boltzmann constant, AT is the temperature resolution, B is
frequency bandwidth, R is detector responsivity, and G is the RF gain. The goal of the radiometer
is to achieve a temperature resolution of 0.1 K. The calculation shows that the product BRG, which
represents the responsivity of the entire radiometer, should be greater than 5.8x10'7 V/W. Assuming
the detector has a responsivity in the order of 103 V/W, and that the radiometer bandwidth is limited
by the bandpass filter with a bandwidth of 45 MHz, the minimum required RF gain is 46 dB.

The design of the GaAs MMIC which includes a single-pole double-throw (SPDT) switch and
3-stage LNA, is described here. Both switch and LNA are implemented in the 110nm PIH1-10
WIN Semiconductors GaAs process, known for its low noise and high-gain characteristics, as well
as its single-polarity bias requirement. The components are first characterized separately, and then

integrated on a single chip.
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Figure 3.2: Block diagram of a Dicke radiometer connected to a phantom tissue stack of skin and
muscle. The Dicke switch and LNA are implemented on a GaAs MMIC and followed by off-chip
band-pass filter, detector, and dc amplifier. The output is digitized and processed for temperature
retrieval. A thermocouple logger monitors skin temperature.

3.2 SPDT Switch Design

N . Port2 .
R,
Port2 -
ELres — Port3
= Port3
Portl Ts1
Portl
V- e
Ty=10x 141 um R,=9.2 kohm Probe/Bond Pads Resistor Layer
To=4x26um V+=2V Metal Layers Il Via Layer
L,.=19.4nH V-=0V Il Capacitor Layer
R, =50 ohm

Figure 3.3: Circuit schematic (left) and layout (right) of the SPDT switch. Parameter values and the
main metal, via, pad, capacitor, and resistor layers are shown. Several process layers are removed
for clarity.
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An SPDT switch is the first component of a Dicke radiometer, which alternates between
two inputs for calibration. The insertion loss of the switch is crucial, as it directly contributes to
the radiometer’s total noise figure, affecting overall system sensitivity. The isolation should exceed
30dB to ensure that the noise power corresponding to less than 0.3 K from the reference load at
300K leaks into the near-field antenna port. Additionally, the return loss should exceed 10dB to
limit the signal-to-noise ratio (SNR) reduction to less than 10% during power transfer to the LNA.
SNR is the ratio of the wanted power to the noise power. If the return loss is 10 dB, the noise power
stays the same, however, the wanted power decrease by 10%.

Fig.[3.3]illustrates the circuit schematic, layout, and parameter values of an absorptive SPDT
switch selected for this design. The SPDT switch uses a shunt-series topology for high isolation.
The transistors are turned on and off by biasing the gate to 2V and 0V. R; is a 502 resistor seen
at the off port when Ty is on. This reduces the reflection coming in from the off port. The inductor
between the shunt and series transistors is used to create a resonance with the parasitic capacitance
of the off transistors, improving the insertion loss and isolation of the switch. The off capacitors of
Ts1 and Ty are 0.7 pF and 0.06 pF, respectively. An inductor L,es is used to create resonance with
these two capacitors. The resonating inductor also biases all the nodes in the switch, avoiding extra

loss and voltage drop from biasing resistors.
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Figure 3.4: Measured (solid line) and simulated (dashed line) performance of the MMIC SPDT
switch.

Fig.[3:4] presents both the measured and simulated performance of the MMIC SPDT switch.
The minimum insertion loss is 0.24 dB at 1.61 GHz, and the maximum isolation is 63 dB at 1.58 GHz.
At the design frequency of 1.4 GHz, the insertion loss is 0.29 dB and the isolation is 30.8 dB. A slight
frequency shift is shown for the return loss due to an impedance mismatch of the load termination
during the measurement. The compact dimensions of the switch are 0.9 mmx0.9 mm, making it

suitable for integration within the overall radiometer.
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3.3 LNA Design
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Figure 3.5: (a) Circuit schematic and component values for the 3-stage LNA integrated into a GaAs
MMIC. The element values and bias points are shown in the table. Five distributed filters are used
as matching and stability networks. (b) Layout of the chip, where the various layers are shown with
different colors.

For an LNA with more than 45dB of gain at 1.4 GHz, a 3-stage common-source topology is
chosen for its high-gain and low-noise characteristics [49]. Fig.[3.5(a) shows the circuit schematic,
including circuit component values, and bias points, with layout in Fig.|3.5(b).

The design of the first stage is crucial for an LNA since it is dominant in determining the
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noise figure of the cascade. For wideband applications, a common-gate structure is often used,
providing an approximate input impedance of 1/g,,, where g,, is the small-signal transconductance.
The common-source topology is used for a high-gain and low-noise LNA because it can achieve
simultaneous gain and noise matching. For the first stage, a device size of 4 x 164 um and a current
density of 25 mA /mm is chosen for the lowest minimum noise figure (NF,,;,). The difference in
impedance between optimum noise matching and conjugate matching is crucial in an LNA design.
A source degeneration (feedback) inductor (Lj) is used to shift the optimum noise matching to a
point closer to the input impedance, allowing simultaneous noise and impedance matching [50]. A
low-loss input matching network is needed since the input matching network has a crucial effect on

the overall NF.

K factor
(=)
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-154 —— w/o filters
1 — w/ filters
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Frequency (GHz)

Figure 3.6: Simulated K factor comparison w/ and w/o filters. K> 1 for frequencies up to 80 GHz
when filters are included.

The stability of an LNA is crucial since the LNA is multi-stage with > 45dB gain. Several
techniques improve the stability, including the use of a source degeneration inductor as a feedback
technique [51] and the use of an RC shunt filter at the output to avoid negative resistance [52].
The LNA design achieves stability using source degeneration and five RC filters that operate as
an inter-stage matching network. For multiple-stage LNAs, multiple filters are needed to ensure
stability in all stages. For multiple-stage LNAs, multiple filters are needed to ensure stability in all

stages. The distribution of the filters allows improved stability with minimal degradation in NF.
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Stability is verified up to 80 GHz due to the high cutoff frequency of the PIH110 GaAs process.
Fig. shows the K factor of the LNA with and without the filters. Without the filters the K factor
drops below 1 at 0.69-2.26 GHz, 20.1-24.6 GHz, and 27.7-31 GHz. Including all filters, K>1 in all
frequency up to 80 GHz with a minimum of 1.83 at 0.75 GHz. A filter is not placed before the first
transistor to avoid NF degradation. The filter’s positions within the circuit provide minimal NF

degradation of 0.02dB at 1.4 GHz while stabilizing the LNA, according to simulation.

Figure 3.7: Chip photograph of the fabricated two LNAs, 3mm x 3mm in size.

Fig. 3.7 shows a photograph of the two-in-one chip LNAs fabricated using the 0.1 um pHEMT
GaAs process. The size of the two-LNA die for 1.4 GHz operation is 3mm x 3mm and size of
one LNA excluding the pads and unnecessary routings is 2.6 mm x 1mm. Two LNAs are placed

side-by-side in a single for integration into a correlation radiometer circuit as shown in Fig.b)(c).
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Fig. [3.8a] shows the LNA’s S-parameter measurement and simulation results. A probe-tipe

SOIT calibration is performed to the GSG probe reference planes. The peak gain is 52.3dB at

0.94 GHz and the gain at 1.4 GHz is 45.2 dB. The measured reflection coefficients show that |S11| <

-10dB for 1.05-1.5 GHz, 2.45-3.7 GHz and |S22| < -10dB for 0.83-3.3 GHz. Fig. shows the

measured and simulated NF. The NF is measured using a Keysight 8970B noise figure meter with

a 346B noise source. The minimum NF is 0.35dB at 1.54 GHz and at 1.4 GHz, the measured
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Table 3.2: Performance Comparison of GaAs L-band LNAs

This work [53] [54] [55]
EuMC ’15 | RFIT '18 | MMS ’18
Process 0.1um 0.15um 0.15um 0.25 um
GaAs GaAs GaAs GaAs
Frequency [GHz] | 1.05-1.5 1.6-3.1 1.5-3.7 0.1-10
Gain [dB] 45.2 30.5 31.8 20
NF [dB] 0.52 0.65 0.73 14
Pge [mW] 84.4 54.5 25 450

value is 0.52dB. The measurement of the NF is about 0.12dB higher than the simulation results.
According to the high-frequency PIH110 process handbook, there is no NF data available in the
model below 2GHz in which the interpolation is used, and is a possible source of discrepancy
between measurement and simulation.

Table shows a comparison of L-band GaAs LNAs. Although some LNAs built with
discrete InP transistors [56] achieve similar gains and lower noise figures, this work demonstrates the
highest gain compared to other demonstrated GaAs MMICs with comparable power consumption,

representing an optimal balance between gain, noise figure, and power efficiency.

3.4 Radiometer Measurements

Both the SPDT switch and LNA are integrated onto a single GaAs MMIC with a die size
of 3.75mm x 1.7mm, as shown in Fig.[3.9] For characterization purposes, biasing, and convenient
connections, the MMIC is packaged on a 45 mmx45 mm printed circuit board (PCB) on a 0.254 mm

thick Rogers 4350B substrate.
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1.7 mm

Figure 3.9: Photograph of the GaAs MMIC SPDT switch and a 3-stage LNA. The total chip
dimensions are 3.75 mm x 1.7 mm.

Fig.[3.10]shows the S-parameter measurements of the packaged LNA together with the SPDT
switch. The gain of the through ports (from on switch input to LNA output) at 1.4 GHz is 45.1dB,
and the gain through the isolation port (from off switch input to LNA output) is 15.5dB. The
return loss at 1.4 GHz is above 10dB at all ports, indicating effective impedance matching. The
resonance at 0.8 GHz is due to the biasing structure involving a 0.2 nH inductor and a 100 pF shunt
capacitor. To verify stability, the measured and simulated K factors are illustrated in Fig.[3.11]
The measured and simulated noise figure of the through port is shown in Fig.[3.12 and at 1.4 GHz,

NF,,q = 0.88dB.
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Figure 3.10: Measured (solid line) and simulated (dashed line) S-parameter magnitudes of the
packaged SPDT switch and LNA MMIC portion of the Dicke radiometer. A coaxial calibration is
performed to the connector reference planes.

—— MMIC meas.
- — — MMIC sim.
— — — LNA alone sim.

02 04 06 08 1.0 1.2 14 16 1.8 20 22 24
Frequency (GHz)
Figure 3.11: Measured and simulated stability K factor of the MMIC (LNA with switch), as well

as simulated LNA K factor. The measured K factor of the LNA alone is not calculated since the
reverse isolation was below the noise floor in the S-parameter measurement.
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Figure 3.12: Measured and simulated noise figure of the packaged SPDT switch and LNA MMIC
front end of the Dicke radiometer.
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Figure 3.13: Measured (solid line) and simulated (dashed line) gain from the input of the on switch
of the packaged MMIC to the output of the off-the-shelf bandpass filters. The gain has a 3-dB
bandwidth of 64 MHz from 1.38 to 1.44 GHz.

To limit the received noise power bandwidth and minimize out-of-band interference, two off-
chip band-pass filters are connected to the output of the packaged MMIC, as shown in Fig.[4.7] The
first band-pass filter[57] has a bandwidth of 160 MHz from 1.32 GHz to 1.48 GHz and an out-of-band
rejection of 32-41dB from dc to 2.4 GHz. The second band-pass filter is a SAW filter that has a
narrower bandwidth of 64 MHz from 1.38 GHz to 1.44 GHz[58]. Including the filter loss, the gain
at 1.4 GHz is reduced to 41.9dB and the gain across frequency near the operating band is shown

in Fig.[3.13] The 3-dB bandwidth of the radiometer is about 63 MHz from 1.377 to 1.44 GH, wider



than the targeted 27 MHz bandwidth.
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Figure 3.14: Measured voltage responsivity of the radiometer from the through port to the output
of the dc amplifier. The responsivity is 213GV /W at 1.4 GHz.
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Figure 3.16: The Allan deviation of the Dicke radiometer to 100sec integration time, obtained
from measured data. A minimum in the Allan deviation is observed at an integration time of
approximately 10 seconds, with a value on the order of 1.06-10~%. In this work, an integration time
of 7 = 2s is used, with a corresponding Allan deviation of 1.7 - 1074,

Since the integration time (7 in Eq. ) can be extended due to the relatively slow timescale
of thermal measurements, bandwidth reduction is pursued to minimize interference. Narrowband
matching of the detector is used to reduce the radiometer bandwidth from 62 MHz to 60 MHz.
The detector is designed with the Skyworks SMS7630-079 diode, integrated with a matching circuit
consisting of a \/4 resonator and shunt capacitors. This configuration effectively matches the diode’s
impedance over a frequency range centered at 1.412 GHz with a bandwidth of approximately 60 MHz
[29]. The rectified dc voltage from the detector is amplified through a post-detection amplification
stage, featuring a voltage gain of 100. This amplification is integrated into the identical board of
the detector. The dc amplifier operates within a 5V voltage range while consuming a current of
under 1 mA.

Fig.[A.13D] shows the responsivity of the radiometer from the input through port to the output
of the dc post-amplification stage. The measurement is done with a sinusoidal signal at 1.4 GHz at
the input to the radiometer. The voltage responsivity of the full radiometer at 1.4 GHz is 213 GV /W,
assuming a 1 M) dc load and a 50€2 input impedance. The measured voltage responsivity at the
output of the detector for an RF input signal at the switch port when the switch is on is shown in
Fig.[3.15] and is a function of frequency over the operating bandwidth.

The system gain directly impacts sensitivity, constrained by the oscilloscope resolution limit.
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The oscilloscope (DSOX1102G) used in this setup has a voltage amplitude resolution of 3.14 V.
The corresponding temperature resolution AT is calculated as AT = AV/(kBR(f)) = 0.0226 K,
where k is the Boltzmann constant, B = 100 MHz is the measurement bandwidth and R(f) is
the frequency-dependent full receiver detector voltage responsivity in V/W. This calculation does
not take into account any input noise, therefore the uncertainty from the oscilloscope resolution is
0.0226 K and this reduces the sensitivity of the radiometer.

The impact of the LNA and switch noise figure on radiometer sensitivity can be estimated
based on the measured noise figure, gain, and detector responsivity. The 0.88 dB noise figure of the
front-end translates to a noise temperature Ty = 65.1 K. The corresponding increase in detected
voltage due to this noise is found by integrating the responsivity of the radiometer (including
the detector, filter, etc.) across the operating bandwidth from 1.35 to 1.45 GHz. This results in
AV = kTABR = 9mV. The Allan deviation of the output voltage of the radiometer is shown in
Fig.[3.16], presents the noise stability over integration times ranging from 10 ps to 100 sec, providing

insight into measurement precision over time.

3.5 InGaAs Dicke Radiometer

A Dicke radiometer is designed with a switch positioned after the antenna, followed by an
LNA, filtering, detection, and dc amplification stages, which allows sampling of the output sig-
nal. The circuit schematic of a switch and a 3-stage LNA implemented in the 0.18 um InGaAs
enhancement-mode and depletion-mode HEMT WIN Semiconductors PQH-0P process is shown in
Fig.[3.17

The single-pole triple-throw (SP3T) switch adopts a shunt-series topology to achieve high
isolation, which is crucial for minimizing signal leakage between paths. To further optimize the
design, an inverter circuit is incorporated using logic devices within each path of the switch. This
approach reduces the number of required bias pads. The insertion loss of the switch is 0.4 dB and

isolation is 35.2dB at 1.4 GHz.
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Figure 3.17: Circuit schematic for the Dicke radiometer with a SP3T switch and a 3-stage LNA.
Transistor sizes, biasing voltages, and dc currents are shown in the figure. Stability is ensured
through RC feedback in each stage, as well as low-pass and high-pass filters at the gates, and
verified through Nyquist simulations.

A 3-stage LNA is designed to achieve >45dB gain at 1.4 GHz. To meet the requirements for
high-gain and low NF, a common-gate configuration was adopted. This configuration effectively
minimizes the noise figure while providing significant gain, making it well-suited for sensitive appli-
cations like radiometry. The MMIC implementation of the LNA, which includes the SP3T switch,
is shown in Fig. B.18 The MMIC measures a compact 3mmx 1.1 mm. Compared to other on-chip
radiometers with comparable gain, the size is very compact.

Fig. [3.19 shows the S-parameter and NF measurements of the LNA together with the SP3T
switch. The gain of the through ports at 1.4 GHz is 45.2dB. The isolation, defined as the signal
attenuation between input and output when the switch is in the "off" state, is measured at 15.5,dB.
The NF of the through port is 1.26dB at the same frequency, which is a critical parameter for
ensuring high sensitivity in radiometer applications. To reduce out-of-band interference, an off-chip
band-pass filter is connected at the output of the MMIC. When accounting for the insertion loss

introduced by the filter, the overall gain of the system is reduced to41.9dB.
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Figure 3.18: Photograph of SP3T switch and LNA for a Dicke radiometer. The size of the MMIC
is 3mm x 1.1 mm.
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Figure 3.19: Measured and simulated S-parameter magnitudes and noise figure of the SP3T switch
and LNA MMIC for a Dicke radiometer.

3.6 Conclusion

In conclusion, this chapter details the design and implementation of a MMIC Dicke radiometer
for non-invasive internal body temperature measurement. By integrating an SPDT switch and a
high-performance LNA into a compact and power-efficient MMIC design, this radiometer achieves

a balance between high sensitivity, low power consumption, and compact size. The switch and LNA
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were designed using advanced GaAs and InGaAs processes, known for their low-noise characteristic.
The compact design not only simplifies integration into radiometric systems but also makes it a
viable solution for portable and wearable devices.

This work was the first on-chip radiometer for internal body temperature measurement at the
time of publication at IMS 2023 [42] and extended research in IEEE TMTT 2024 [43]. The 3-stage

LNA is published at IEEE RWS 2023 [59].
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This chapter begins with an analysis of the "hybrid" radiometer architecture, which combines

the benefits of a correlation and a Dicke radiometer. Initially, this architecture is implemented on

a printed circuit board (PCB) with off-the-shelf components. After validation, parts of the hybrid

radiometer, up to the filter, are implemented in a GaAs MMIC for further miniaturization.

4.1 Hybrid Radiometer Architecture

The radiometer architectures were briefly introduced in the previous chapter. In this section

a hybrid design that combines elements of both correlation and Dicke radiometers is explored in

greater detail. This hybrid approach offers the advantage of reduced sensitivity to load impedance

variations, while the switch minimizes sensitivity to gain fluctuations in the components that follow

the switch.
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The operation of the hybrid radiometer is outlined below, with reference to the ports shown
in Fig. We assume that the random processes ng(t), k = 1,...,6 are Gaussian-distributed
noise signals with zero mean, and band-limited to the observation (measurement) bandwidth Af.
The mean power received from the NFA is (|ny(t)|?) = kT Af, where k is the Boltzmann constant,
and T is the target temperature in K. The reference load is at temperature Tg, so that it delivers a
power (|na(t)|?) = kTrAf. When biased separately, the amplifiers LNAT and LNA2 add effective
uncorrelated zero-mean Gaussian noise with power (|ng4(t)?) = kT34Af referenced to the LNA

input.
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Figure 4.1: Block diagrams of correlation and hybrid radiometers, showing noise sources n;(t).

To show the robustness of the hybrid radiometer against gain fluctuations, The unit LNAs
(LNA1,LNA2) have asymmetric gains G; = G, + AG, and Gy = G1 + G4, where G, is the mean
value, and AG. and AG4 are common and differential gain fluctuations, respectively. The average
noise temperatures at the output of the second coupler are (|nsg(t)|*)/(kAf) = 1To1(VGi +
VG2)? + 3G Ts + 3G Ty

In the hybrid radiometer, the noise powers are detected after the switch with a single detector,
with a voltage responsivity Ry, = R, + AR, that fluctuates. For a correlation radiometer, these

powers are received by separate detectors having common and differential responsivity fluctuations,
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Re1 = Ro + AR and R = R + ARy, The temperature of the target can be estimated from
the measured post-detection voltage difference AV = Vo — V; as T = AV/(kG,R,Af) + Tk.
Considering only the effects of gain fluctuations and ignoring higher-order terms, the temperature
estimated by the correlation radiometer is 7°' = T' 4+ AT. The uncertainty AT can be shown to

have the form:

AT — [(AGC . AGd> (1 . ASRC> . ASRC] T —T)

G, 2G, Ro R,
ARy AG, AGy
4.1
-~ <1+ GO+2GO)T (4.1)

Amd AGC AGd
+ T35 | 1+ + Ty (1+ .
2R, { 5 < G, ! G,

Therefore, the gain and responsivity fluctuations originating from flicker noise increase the
uncertainty of the estimation [29]. More importantly, that uncertainty does not vanish for a perfectly
balanced correlation radiometer (7' = Tx). One advantage of a hybrid architecture is that ARy =0
because a single detector observes both outputs of the second hybrid coupler by switching faster

than the responsivity fluctuations. Besides reducing the overall uncertainty, the hybrid radiometer

can be balanced, becoming immune to flicker noise.

4.2 PCB Design

The hybrid radiometer is assembled with off-the-shelf (OTS) components, as listed in Ta-
ble fI] The fabricated circuit, measuring 10 cmx6.7 cm, is shown in Fig. £.2] It is built on a
Rogers 3010 substrate with a thickness of 1.27 mm, selected for its high permittivity (e, = 10.2) in
order to reduce size.

Since the noise power received from the body is low compared to other ambient signals at
radio frequencies, the radiometer is designed in the 1.4 GHz quiet band allocated to radioastronomy.

As explained in chapter 3.1, an RF gain greater than 45 dB is required.
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Table 4.1: Components in the designed radiometer.

Component | Manufacturer Description
Hybrid coupler Anaren 1L=0.3dB
LNA1, LNA2 Qorvo G=16.4dB, NF= 0.4dB
Switch MACOM IL=0.65dB
LNA3 Mini-Circuits G=35dB, NF= 0.6dB
BPF1 Mini-Circuits IL=1.4dB
BPF2 Tai-saw Tech. IL=2dB
Diode(detector) Skyworks SMS7621-079LF
DC amplifier Diodes Inc. G=100

Figure 4.2: Photograph of the hybrid radiometer prototype. Off-the-shelf components are used on
a 10cmx 7.6cm PCB.

The simulated 3-port S-parameters from the RF input ports 1 and 2 to the input of the
detector, where the reference plane is shown as dashed line in Fig.[1.2] after BPF2, are shown in
Fig.[4:3] The simulated gain from input to this reference is 45.5 dB, meeting the design specifications.
The measured input reflection coefficients are also shown, with |S7;| < —10dB from 0.95-1.7 GHz,
indicating effective impedance matching across this band.

The detector was fabricated and characterized separately, with voltage responsivity shown in
Fig. It achieves an average responsivity of 4.1 x 103 V/W. The detector diode has an impedance

of Zp = 27 — 58122, which is matched to the 50 circuit. First, a high-impedance transmission
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line moves a highly-capacitive impedance point to inductive. Then, two shunt SMD capacitors are
used to move the inductive and low resistive impedance to 50 ). The matching optimizes power

transfer and allow higher responsivity across the target frequency range.

[\
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Figure 4.3: Simulated (dashed) and measured (solid) S-parameters of the radiometer prototype
using components from Table The shaded area indicates the design frequency band.
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Figure 4.4: Measured voltage responsivity of the detector at 1.415 GHz.

The calibration and temperature measurement setup for the hybrid radiometer is illustrated

in Fig.[4.5]
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Figure 4.5: Measurement setup for temperature load testing. The design of the temperature con-
trolled load using Peltier cell is shown. Two of these loads at temperature T7 and 75 are connected
to the input of the radiometer and the dc output voltage of V7 and V5 are measured with an oscil-
loscope.

To calibrate the hybrid radiometer, two temperature controllable 50 Q2 loads, set at temper-
atures 17 and T5 are connected to the input ports. Each load includes a chip resistor connected
to a 50,02 transmission line, mounted on a separate board. The circuit is attached to a Peltier
thermoelectric cell, controlled by a ThorLabs MTD415T thermistor temperature controller, using
thermally conductive tape, with the other side of the Peltier element connected to a heat sink.
The structure is thermally isolated using polystyrene foam. Due to the imbalances from the hybrid
couplers, amplifiers, and switch, the output voltages in the two switch states represent a linear

combination of the inputs at ports 1 and 2, given by:

Vi=anTi + ol + aag (4.2a)
Vo = a1 T + a1 + aos. (4.2b)

Defining a; = a1 — a0,

AV =V, — Vo =Ty + a1y + as. (4.3)
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The constants a; are determined by applying known temperature pairs of 77 and T5. While
only three distinct pairs of 77 and 15 are theoretically required to solve for the three unknowns,
13 pairs of temperatures are used in the experiment to minimize errors and improve accuracy. The
values of «; are then calculated through linear fitting.

Two different estimation methods for determining temperature 7T} are next compared. Method
1 uses the measurement of AV at the output of the post-detector amplifier to directly estimate the

temperature as:

T = — + —Th + —. (4.4)

Method 2 dynamically adjusts the reference temperature Ty so that AV a 0. This reduces

E3) to:

Test — %Tz + % (4.5)
1 1

Method 2 reduces the error caused by the gain fluctuation of the components. Quantities «
vary proportionally to gain fluctuations, so their ratio remains constant [7].

Radiometric temperature measurements are performed to compare the two methods. The
temperature controlled load at Port 1 is set to temperatures 15° — 33°C. Fig[4.6]shows the estimated
temperature and the error. AV is an average value integrated over 5 seconds to reduce radiometric
uncertainty. The average errors using Method 1 and Method 2 are 0.386 °C and 0.773 °C. In Method
2, the temperature control algorithm for 75 and the limit to the temperature control resolution causes
overshoot and residual error in AV. Improvement in the algorithm is needed to make AV ~ 0 for

Method 2 to have lower error.
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Figure 4.6: Measured temperature estimated from two calibration methods, measured on two dif-
ferent days, with and integration time of 5seconds.

4.3 MMIC Design

For further miniaturization, the hybrid radiometer is implemented on a GaAs MMIC. Fig. [£.7]
is a block diagram of a hybrid Dicke-correlation radiometer. The architecture comprises a 3-dB
coupler, two LNAs, another 3-dB coupler, and a switch. The system’s NF' is primarily determined
by the coupler insertion loss and the NF of the LNAs. Previous works have achieved > 45dB gain
levels using multiple cascaded off-the-shelf LNAs [7] and a 3-stage LNA after a Dicke switch [43].
In this work, the 45dB gain is accomplished using two MMIC chips, both fabricated using WIN
Semiconductor’s PIH1-10 process. This process features enhancement-mode (E-mode) pHEMT

devices with a threshold voltage (Vt) of 0.3V and cutoff frequency ft=100 GHz, making it well-

suited for high-frequency, low-noise applications.
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Figure 4.7: Block diagram of the correlation-Dicke hybrid radiometer for internal tissue thermom-
etry.

All circuit components from the input coupler to the output of the switch are integrated on
a single GaAs MMIC with size 3.8 mm x 2.4mm. Fig.[4.§| displays the circuit schematic and the
layout of these elements. This configuration allows the radiometer to switch between measuring two
different thermal noises, a combination of the thermal noise from the tissue and a known reference.
The switching frequency of 10 Hz is high enough to calibrate for the gain fluctuation of the compo-
nents after the switch. The MMIC output is followed by filtering and additional amplification prior

to detection. Detailed descriptions of each component are provided in the following subchapters.
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Wt ¢

(b)

Figure 4.8: (a) Schematic and (b) layout of MMIC with two hybrid couplers, one-stage LNA in each
path, and an SPDT switch.

4.3.1 Lumped-Element Hybrid Coupler

At lower microwave frequencies, transmission-line branch-line couplers while A/4 lines can be
prohibitively long for MMIC implementation. To reduce the size, couplers can be designed using
lumped element approximations of A/4 lines [60]. The lumped element model of the hybrid coupler
is characterized by equations involving inductance (L.) and capacitance (C.) based on characteristic
impedance(Zy) for a m model of a A\/4 line and frequency (f). The inductance and capacitance are

given by:

L.=2Zy/2nf) and C.=1/(Zp27f). (4.6)
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Initial values for the inductors and capacitors are calculated using these equations and then
fine-tuned through electromagnetic (EM) simulations. Fig.[4.10| shows the simulated S-parameter
magnitude and phase performance of the coupler. Without EM simulations, the frequency of op-
eration is 1.22 GHz. After conducting EM simulations, the final coupler design achieved a 3.7 dB
loss from the input port to the output and coupled port with only 0.02dB loss imbalance between
the two at 1.4 GHz and the maximum imbalance at the operation frequency of 1.37-1.45GHz is
0.34dB. The phase difference between the output port and the coupled port is 89.7°, showing only
0.3° imbalance at 1.4GHz and the maximum imbalance at the operation frequency is 1°.

The compact design of the coupler, measuring 1.05 mm x 0.6 mm, is significantly smaller than
a traditional branch-line hybrid coupler, which would require A\/4 = 14.8 mm for a transmission
line on a GaAs wafer (¢, = 13.1) at 1.4 GHz. This compact design allows for the integration of the
coupler into the MMIC hybrid radiometer architecture, significantly reducing the overall footprint

of the MMIC.
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Figure 4.9: (a) Schematic of lumped-element on-chip hybrid coupler (b) Layout of hybrid coupler.
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Figure 4.10: (a) S-parameter magnitude and (b) phase difference of S21 and S31 of the hybrid
coupler. The coupler performance with PDK components is shown in dashed lines, and the perfor-
mance with EM simulation is shown in solid lines.

4.3.2 LNA and SPDT Switch

Following the first coupler, a single-stage common-source LNA is implemented. The device
size of 4 x 164 um and a current density of 13mA /mm are chosen as a compromise between the
lowest minimum noise figure (NF,,;,,), input impedance, and power consumption. The LNA features
a degenerative inductor (Ls=0.7nH) at the source of the transistor, allowing for simultaneous gain
and noise matching. A shunt RC network, consisting of Ry and C; at the drain of the transistor,
acts as a low-pass filter to improve the stability of the LNA. The gain of the LNA is 15.5dB at
1.4 GHz and the simulated noise figure is 0.43 dB. After the LNA, another lumped element coupler
is placed, followed by the second coupler, an SPDT, described in Chapter 3.

The measured and simulated performance of the first MMIC, from Fig. .8 is shown in
Fig. 4.11] The peak gain is 13.44dB at 1.4 GHz. The measured |Sii| is less than -10dB for
0.7-1.73 GHz, and | S22/ is less than -10dB for dc-1.63 GHz. The minimum measured NF is 1.31dB
at 1.36 GHz and NF=1.41dB at 1.4 GHz. The measurement of the NF is approximately 0.19dB
higher than the simulation results, likely due to model limitations of the high-frequency process at

these low frequencies.



63

3.5

3.0

~ - 2.5
g z
3 208
2 =g
: :
[y om]
2 ——S31 (through) || 2
R ——S32 (isolation) &

——Ssi1 10

—S33
—=— NF meas. 0.5
. —— NF sim.
-25 T T T T T T T 00

T T T
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24
Frequency (GHz)

Figure 4.11: Measured (solid line) and simulated (dashed line) S-parameter magnitude and noise
figure of the MMIC hybrid radiometer.

4.3.3 Radiometer Implementation

Following the MMIC described in the previous subsection, a narrowband bandpass filter and
an additional LNA, providing approximately 35dB of gain [49], are interconnected on a 20 mil
Rogers 4350b PCB, as shown in Fig. [f.12] The S-parameters of the packaged RF components of
the radiometer are illustrated in Fig/f.13a]l The radiometer shows 49 dB of gain in the through path

and about 32dB at S32, which is a 17dB gain difference.
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Figure 4.12: Photograph of hybrid correlation-Dicke radiometer mounted on a PCB. An on-chip
hybrid radiometer MMIC, BPF, and on-chip three stage LNA are placed in order. The size of the
PCB is 42.7mm x 30 mm.

Subsequently, the amplified RF signal is routed to an RF-to-DC detector [29]. Fig
displays the measured voltage responsivity of the radiometer. This measurement is conducted by
using a signal generator at the radiometer’s input and using an oscilloscope to record the output
DC voltage while increasing the signal power. The slope of the voltage change in response to the
increasing power defines the radiometer’s responsivity. The responsivity is frequency dependent and
peaks at 1.405 GHz with a value of Rpeqr = 95V /nW. The integrated responsivity over frequency

is computed as 4.28x10° V/nW.
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Figure 4.13: (a) Measurement of RF gain of the radiometer from the inputs to the node before the
detector. (b) Measured responsivity (Vy./Prp) of the radiometer.

In the microwave frequency range, the power spectral density p of thermal radiation can
be approximated as white noise, expressed as p = k7. Therefore, AV = kAT R, B, and B is
the power equivalent bandwidth. By applying this equation, we calculate AV/A T = 59 uV /K,
indicating that the dc voltage increases by 59 uV with a 1 C® rise in temperature at the receiving

element. This value is used to calculate Tyyq from voltage, explained in chapter 5 and 6.
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4.4 Conclusion

In conclusion, this chapter demonstrates the development of a hybrid correlation-Dicke ra-
diometer, combining the advantages of correlation and Dicke architectures to enhance robustness
against gain fluctuations and load impedance change. The initial design, implemented on a PCB us-
ing off-the-shelf components, validates the hybrid architecture’s performance. The measured results
confirms its ability to achieve the required sensitivity and stability for internal body temperature
measurements.

For further miniaturization and integration, a GaAs MMIC implementation of the hybrid
radiometer was designed and fabricated. This chip integrates key components, including hybrid
couplers, LNAs, and a switch, within a compact footprint of 3.8 mm x 2.3 mm, achieving a noise
figure of 1.31dB and gain of 13.4 dB. This MMIC is mounted on a PCB with other components and
achieves gain of 49 dB.

This work was recognized at multiple international conferences, including the European Mi-
crowave Conference (EuMC 2022) [47| where it was a finalist for the Young Engineer award, and
the IEEE International Microwave Biomedical Conference (IMBioC 2024) [44], where it received

the Best Paper Award.
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This chapter presents the internal temperature measurements obtained using the near-field
antennas and microwave radiometers described in previous chapters. The focus here is on tempera-
ture measurements with human tissue phantoms, which offer a more controlled testing environment
compared to in-vivo measurements. Phantoms allow for consistent dielectric properties, regulated
temperature control, and the insertion of a thermocouple for direct "ground truth" temperature

measurement, facilitating more precise and repeatable testing.

5.1 Tissue Phantom Background

It is essential for the phantoms to closely replicate the electrical properties of human tis-
sues. These dielectric properties are incorporated into the electromagnetic simulations in HFSS
and influence both the design of the near-field antenna and the calculation of the weighting factors.

Previous studies have used various materials, such as smoked salmon, chicken breast, and agar,
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as tissue phantoms to mimic tissues [36]. Additionally, other studies have focused on developing
and characterizing the dielectric parameters of these phantoms, ensuring they provide a stable and

accurate representation of human tissue properties [61], 62, [63].

5.2 Two-layer Phantom Temperature Measurements with GaAs Dicke MMIC

An internal phantom temperature measurement is conducted using a two-layer phantom that
replicates skin and muscle tissues. The skin layer is represented by a 2mm thick SPAEG’s skin
phantom [37], while materials such as saline and Play-Doh are used to simulate muscle tissue. The
near-field antenna, discussed in Chapter 2, is positioned on the skin phantom to detect black-body
radiation from the two-layer stack.

For a two-layer tissue model, the total weighted temperature, shown in eq2.1] is expressed

as:

ﬂotal = WskinTskin + WmuscleTrnuscle ) (51>

The weights of each layer, Wi and Winuscle, are determined through the integration of Joule
loss density in an EM simulation. The total temperature(Tiota1) is determined based on the ra-
diometer characterization described in chapter 3 and 4. The skin temperature(Tgyy) is measured
using a thermocouple. By applying the eqJ5.1] the only remaining unknown variable is the muscle

temperature(Tynyscle ), which represents the internal temperature.
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Figure 5.1: Cross-section of the near-field antenna designed for thermal power retrieval, featuring a
high sensing coefficient from the muscle phantom layer (left), along with top view of the near-field
antenna with detailed parameters (right). Details about the design is given in chapter 2.3.

Radiometer MMIC

Reference noise source

Temperature logger Phantom on antenna

Figure 5.2: Photograph of test setup for temperature measurement.

First, temperature measurements are performed using the rectangular patch antenna de-
scribed in Chapter 2.3 and shown in Fig. [5.1] The near-field antenna is connected to the input of
the Dicke radiometer MMIC described in Chapter 3.4 Fig.|3.91 For these measurements, one of the
radiometer inputs is connected to the near-field antenna, which is placed directly on the skin tissue
phantom. Beneath the skin phantom, a saline-filled bag simulates muscle tissue and is either heated
to 60°C (referred to as the ’hot muscle phantom’) or kept at room temperature (25°C, referred
to as the ’cold muscle phantom’). During the experiment, the hot and cold muscle phantoms are
alternated, as shown in Fig. By controlling the muscle phantom temperature in this setup, the
calculated weighting factors Wi and W5 can be validated.

For these measurements, the radiometer is calibrated against a reference noise source, in this
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case, a matched 50-Q coaxial load held at 25°C controlled by a ThorLabs MTD415T thermistor
temperature controller. The load is placed on top of a Peltier element connected to a heat sink and
is thermally insulated with polystyrene foam. The radiometer output dc voltage, measured with a
sampling oscilloscope, captures signals both from the near-field antenna and from the reference noise
source. Calibration is achieved by subtracting these two voltages in the data processor, mitigating

the impact of gain fluctuations within the radiometer components.

Near-field
antenna Thermocouple

Figure 5.3: Illustration of the two-layer measurement setup. Two bags of saline muscle phantom
(e, = 77.7,0 = 1.26) are used. One is a hot phantom at 60°C, and the other is a cold phantom kept
at room temperature, 25°C. These two phantoms are placed alternately one at a time under the
skin phantom (e, = 28,0 = 0.84) . The output voltage is then data processed and the estimated
temperature is compared to the real “ground truth” temperature.

Fig.[5.4shows the measured and calibrated output dc voltage of the radiometer, along with the
temperatures of the hot and cold muscle phantom. This voltage represents the difference between
the two inputs. At the staart of the measurement (¢ = 0), the cold muscle phantom is beneath the
skin phantom. After approximately 20 seconds, the cold muscle phantom is swapped with the hot
muscle phantom. During each 5second transition period, the near-field antenna does not function
as intended, due to mismatch. Thus, the voltage readings in these intervals are not meaningful and
are shaded in grey in the plot. As expected, the radiometer shows a low output voltage when the

cold muscle phantom is in place compared to the hot muscle phantom, indicating that the received



71

noise power is lower with the cold phantom.

S z
E =
o 4
an o
8 =]
B ('-B
> L3
Voltage 5o O
45 e Tmuscle(hOt) [
5.0 - . . . ' ‘ . . o - 0T Tmluscle(colld) - 10
0 10 20 30 40 50 60 70 8 90 100

Time (s)

Figure 5.4: Measured calibrated output of the detector when a hot (60°C) and cold (25°C) muscle
phantom is placed under the skin phantom approximately at 20s intervals. The output voltage
increases with the hot muscle phantom, as expected. The spikes around 20, 40s, etc., shaded in
gray, are periods when the muscle phantom is alternated and the antenna is thus not behaving as
designed.

Using the calibrated voltage and known skin temperature, the temperature of the muscle
layer, Tnuscie, can be estimated using eq}5.1} The radiometer measures the total noise temperature
from the skin and muscle phantoms, in addition to any ambient temperature. In this analysis, eq/5.1]
assumes the ambient contribution is negligible. This assumption is validated in simulations, which
result in an environment weighting factor below 5%.

The coefficients Wgyin and Winuscle Tepresent the percentage of noise power from each of the
two separate layers, calculated by integration of the simulated volume loss power density using
reciprocity [23]. Fig. shows the simulated volume Joule loss density for the near-field antenna
and phantom tissue stack, simulated in transmission with 1 W of input power at the probe feed.
The weighting coeflicients are determined as the ratio of the Joule loss in a particular volume to

the total Joule loss across the stack up, and the values are shown in Fig.[5.5
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Figure 5.5: Full-wave simulations of volume Joule loss density (W/m3) of the near-field antenna on
a skin-muscle phantom with 1 W at the feed. The weighting factors (percentages of total power) are
also stated, with approximately 3% of the total power being in the surrounding air and unaccounted
for here. The thickness of the skin is 2mm and the thickness of the muscle is 15 mm.

In the simulations, the tissue stack volume is truncated to 6 cm x 6 cmx 1.7 cm, with tests of
larger volumes yielding similar results, confirming the validity of this approximation. The temper-
ature of the skin phantom, Ty, is independently measured by a thermocouple in direct contact
with the skin and is considered known. The temperature of the muscle, Ty uscle, i calculated from

eqp.1} Fig.[5.6] shows Tiuscle compared to the actual known temperature of the saline phantom.

The average error is 0.77 °C and the maximum error is 3.2 °C.
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Figure 5.6: Measured temperature of the muscle tissue phantom, using Tk, (green line) measured
by a thermocouple and subtracted in post-processing. The red and blue dotted lines show the
temperatures of the water bath used to set the known phantom temperature, 60°C and 25°C.
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A second temperature measurement is conducted using Play-Doh as the muscle phantom
instead of a saline bag, with its dielectric properties listed in Table[2.2] The saline bag method had
limitations due to unavoidable air bubbles, which introduced inconsistencies as bubbles moved to
different parts of the phantom at various points during the measurement. Additionally, the true
temperature of the saline muscle phantom could only be known for a limited time after it was
removed from a heated water bath, impacting measurement accuracy.

In contrast, the Play-Doh phantom allows continuous temperature measurement using a ther-
mocouple inserted directly into the Play-Doh, providing a more stable reference temperature. For
this temperature test, a thermal insulator is placed between the skin and muscle phantoms to delay
thermal equilibrium, ensuring that the muscle and skin temperatures remain distinct over an ex-
tended period. Due to the electrical property differences between the Play-Doh and the saline, the
weighting factors are also different, as shown in Fig.

(W/m?)

50000 .

Playdoh: 69.8%

Insulator
Skin: 27%
Superstrate

Substrate: 2.5%

Figure 5.7: Full-wave simulations of volume Joule loss density (W/m?) with 1 W at the feed. Play-
Doh is used as a muscle phantom instead of saline. A thermal insulator is placed between the skin
and muscle layer to delay the time of thermal equilibrium. The weighting factors (percentages of
total power) are also stated. The thickness of the skin and muscle is 2mm and 15 mm.

The temperature measurement takes 400 samples over approximately 45 minutes. The test
uses hot and cold muscle phantoms, and both measurement results are shown in Fig.[5.8] For the
hot muscle phantom test, a cooling trend of the muscle phantom is observed as the skin phantom
warms up. The skin phantom temperature is subtracted from the total temperature, using the same

method as for the saline phantom. However, the algorithm uses a different weighting factor value
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(27% for skin instead of 28.3%) due to different electrical properties of the muscle phantom.

The estimated muscle phantom temperature closely aligns with the real-time value measured
by a thermocouple, showing an average error of 0.247°C and a maximum error of 1.25°C. The
thermocouple is placed at the bottom of the Play-Doh about 3 mm above the insulator since this is

the area where most of the blackbody radiation originates due to the high Joule loss.
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Figure 5.8: Temperature measurement (with thermocouple) and estimation (from radiometer out-
put) when Play-Doh muscle phantom is placed under the skin phantom. Both hot Play-Doh (top)
and cold Play-Doh (bottom) tests are conducted for validation across temperatures.

Another test is conducted using a cooled Play-Doh phantom. The estimation, in this case,

has an average error of 0.1°C and a maximum error of 0.31 °C ompared to the actual temperature
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measured with a thermocouple. This test verifies that the radiometer can accurately measure the

temperature of buried layers both above and below room temperature.

5.3 Two-layer Phantom Temperature Measurements with Hybrid Radiome-
ter MMIC

Metal shield
Y —
W

feed -

— \

Figure 5.9: Top view and cross-section of the near-field antenna designed for thermal power retrieval.
The sides of the antenna are covered by metal shielding.

The 2-layer skin and muscle measurement was also conducted using the hybrid radiometer
MMIC, described in Chapter 4.3 Fig.[4.7] along with the circular slotted near-field antenna from
Chapter 2.4 and shown in Fig.[5.9] The near-field antenna is connected to the input of the radiometer
using a coaxial cable. A 50() resistor at room temperature is connected to the other input as a
known reference noise source. The SPDT switch on the MMIC alternates between these two inputs
at a speed of 10 Hz to calibrate gain fluctuations.

During the measurement, the radiometer’s output dc voltage is continuously recorded using
an oscilloscope. The voltages from the two states of the switch are subtracted for calibration and
the difference is then integrated for 1second to reduce error, and this integrated value is referred to

as AV.
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Figure 5.10: (a) Measurement setup of temperature measurement on a 2-layer phantom. (b) Mea-
sured temperature of 2 layer phantom. Skin temperature is subtracted from the total temperature
to derive Tipyscie- (¢) plot compares Tyscie from the thermocouple measurement. 7T,,1 and T,z is
the temperature measured from the thermocouple at the top and bottom of the muscle phantom.
T is the average of 1,1 and T;,9 and T, is the combination of T;,; and T},2 in 6:4 ratio.

The temperature measurement setup for the 2-layer skin-muscle tissue phantom, shown in
Fig includes a Peltier module positioned at the base of the muscle layer to control its temper-

ature from the bottom. A 2mm thick Spaeg phantom [37] is positioned on top of a 2 cm thick Play-
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Doh, used as a muscle phantom. Three thermocouple sensors are placed to measure real-time tem-
perature: one on the skin phantom(7s;,); the second on the top of the muscle phantom (T, scle1);
and the third one on the bottom of the muscle phantom (7}, scie2)-

During the measurement, the Peltier module is initially turned off to measure the phantom
stack at room temperature. The Peltier cell then cools the muscle phantom for about 10 minutes
before heating it up. The voltage difference is integrated for 1s, yielding a value that is called AV'.
As the measurement proceeds, AV changes and is divided by the AV/AT value calculated from the
characterization of the radiometer in Fig.[£.13D]in Chapter 4 to determine the temperature change.
The weighting factors are then applied to estimate the temperature of the muscle using the following

equation:

,Ttotal = Wskin ’ Tskin + Wmuscle : Tmuscle + Want : Tant (52)

The value of Tin, measured with a thermocouple, is used to calculate Thuscle- We assume
that the skin and antenna temperature are the same, Ty, = Tant. Fig.[5.10b] shows both the
total measured temperature, Titq;, aswell as the calculated muscle temperature, T,,uscie- The
radiometer’s measurements align with the expected cooling and heating trends observed in the
muscle phantom, as confirmed by a thermocouple sensor within the phantom.

In Fig.[5.10d the temperature measurements from the radiometer are compared with both the
average of the two muscle phantom thermocouple readings and a 6:4 weighted ratio of the top and
bottom thermocouple outputs. For the average real-time temperatures measured by thermocouples,
the radiometric estimation exhibits an average error of 0.95°C. However, for the 6:4 weighed ratio
plot, the error decreases to 0.35°C. This reduction in error occurs because the near-field antenna,
positioned on top of the skin, receives more thermal noise from the upper portion of the muscle
layer, giving it a higher weight in the temperature calculation and thus improving accuracy with

the 6:4 weighted approach.
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5.4 Two-layer Phantom Temperature Measurements with InGaAs MMIC
Dicke

Temperature measurements were performed using the InGaAs-based radiometer in conjunc-
tion with a dual-feed NFA, as depicted in Fig.|5.11] on a tissue phantom. A 20mm thick heated
Play-Doh layer, simulating muscle tissue, is placed beneath a 2mm thick skin phantom. This test
setup tracks the changes in skin and muscle temperatures as they approach thermal equilibrium.
As the skin phantom that starts at room temperature (20°C) heats from the 34°C heated muscle
phantom, the radiometer reads a temperature increase over time. Thermocouples embedded within
the muscle phantom and placed on the surface of the skin phantom enable direct “ground truth”

temperature measurements.
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Figure 5.11: (a) Cross section of the two-feed near field antenna. (b) Reflection coefficient of
near-field antenna when placed on the skin-muscle phantom. Measurement shown in solid line and
simulation shown dashed line.

Figure[5.12] illustrates the relative temperature measurements acquired using the radiometer.
For calibration, the radiometer is referenced against a known noise source, specifically a 50-2 load
maintained at room temperature. This calibration ensures accurate conversion of the radiometer’s
output signal into temperature values. Using the radiometer’s characterization parameters, the total

power temperatures, Tiotqn and Tiopqai2, are derived from the output voltage levels recorded by a
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sampling oscilloscope. By incorporating the known weighting factors of the skin and muscle layers,

a temperature retrieval algorithm is applied to estimate the individual temperatures of the skin (7)

and muscle (7},). This algorithm is a linear relationship between the total measured temperature

and the weighted contributions of each layer:

T;Sotall = WslTs + Wmle

T%otalZ = WSQTS + WmQTm
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Figure 5.12: Temperature measurement of the system using 2-layer tissue phantom stack up, showing
thermocouple “ground truth” measurements in dashed line. Tjoiq1 and Tipq2 are measured when
the switch connects the radiometer input to Feedl and Feed2, respectively.

The accuracy of the radiometer’s temperature measurements was evaluated, with the following

results. The average error for Ty is 1.58 °C and the maximum error is 3.8 °C. The average error

for T;,, is 0.57°C and the maximum error is 1.79 °C. These results demonstrate the system’s higher

accuracy in estimating muscle temperature compared to skin temperature.
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Fluctuation in the temperature measurements is quantified as follows. For this NFA design,
with a difference in weighting factors (W,,; and Wy,2) of only 0.123, a 1°C fluctuations in Tiua1
causes fluctuation of 4.84°C in T and 3.27°C in T,,. If an antenna with a larger difference in the
two weighting factors is designed, for example 0.246 (twice as large) difference in W,,; and W2,
the same 1°C fluctuation in Tj,se1 would result in smaller fluctuations of 2.42°C for T and 1.63°C

for T,,.

5.5 Conclusion

In conclusion, this chapter highlights the successful application of the developed radiometers
for human tissue phantom temperature measurements. By employing near-field antennas designed
for deep tissue sensing, along with Dicke and hybrid correlation-Dicke radiometer architectures,
precise internal temperature measurements are achieved using two-layer tissue phantoms. The
integration of controlled testing environments with reliable phantom materials enables the validation
of weighting factors and provides direct comparisons with thermocouple measurements.

The results demonstrates the capability of the Dicke radiometer MMIC to distinguish temper-
ature variations within the tissue layers effectively. Furthermore, testing with the hybrid radiometer
MMIC paired with a circular NFA demonstrates enhanced performance. Measurements performed
using a 2-feed NFA show the ability to monitor temperature variations in two-layer phantoms
without reliance on external thermocouple measurements. With average temperature measurement
errors as low as 0.1 °C for certain setups, these findings affirm the system’s potential for non-invasive
internal temperature monitoring.

This work was published in various IEEE publications. the Dicke radiometer with rectangular
antenna was presented at IMS 2023 and published in the special issue of IEEE MWTL [42] and
extended to IEEE MTT 2023 [43]. The hybrid radiometer with circular antenna was presented in

IEEE ImBioc 2024 [44].
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In-vivo Measurements
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This chapter focuses on in-vivo temperature measurements, which are critical for demonstrat-
ing the capability of the sensor to measure internal human temperatures. However, such measure-
ments are challenging because accurately determining the ground truth temperature is difficult.
For instance, demonstrating the ability to measure brain temperature is problematic as inserting a
sensor into the brain for comparison would require animal studies, .

To address this, the method used in this work involves measuring the temperature of a liquid
inside the subject’s mouth while placing the near-field antenna on the cheek. This setup allows for
the insertion of a separate thermocouple inside the mouth to provide a ground truth measurement
for comparison.

This chapter begins by demonstrating the capability of 3 versions of the sensor, all at 1.4 GHz,
to measure the temperature of a changing liquid inside a human cheek. This allows to compare

3 different radiometers and NFA designs. Following this, a repeatability analysis is conducted to
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evaluate the consistency of measurements, along with an assessment of the system’s sensitivity to

variations in tissue properties.

6.1 In-vivo measurement with Dicke MMIC
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Figure 6.1: Cross-section of the near-field antenna designed for thermal power retrieval, featuring a
high sensing coefficient from the muscle phantom layer (left), along with top view of the near-field
antenna with detailed parameters (right). Details about the design is given in chapter 2.3.

Figure 6.2: Photograph of test setup for temperature measurement. Hot and cold muscle phantoms
are alternated and placed on top of the skin phantom, with the near-field antenna underneath and
not visible in the photo.

The In-vivo measurement is first demonstrated using the rectangular patch antenna intro-
duced in Chapter 2.3 and shown again in Fig.[6.1] This NFA is connected to the Dicke radiome-
ter MMIC described in Chapter 3 and shown in Fig.[6.2] This measurement is conducted using
temperature-varying tap water inside the mouth, providing a passive and non-invasive test setup.
The near-field antenna is placed on the cheek, as shown in the photograph in Fig.[6.3] while the

water temperature is varied inside the mouth.
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Figure 6.3: In-vivo measurement conducted on a human cheek. The near-field antenna is placed on
the cheek to measure the temperature of hot or cold water inside the mouth. A thermocouple is
placed inside the mouth to independently measure water temperature. (Courtesy Sofia Mvokany,
University of Colorado, Boulder.)

The rectangular patch near-field antenna, previously tested with phantoms and detailed in
Chapter 5, is well-matched to the tissue layers of the human cheek, with properties described in [I].
In this test, a circulator is connected between the antenna and the input of the radiometer to avoid
power fluctuations due to antenna mismatch.

During the measurement, the near-field antenna is positioned on the cheek, and a thermocou-
ple is placed inside the mouth to measure the actual water temperature. An additional thermocouple
is positioned on the skin near the antenna to monitor any changes in skin temperature. Hot and
cold water are alternately held in the mouth for 20samples (about 110s), while the radiometer
records the temperature changes of the water. Notably, no significant changes in skin temperature
were observed during these measurements, ensuring that the radiometer’s readings were primarily

influenced by the water temperature inside the mouth.
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Figure 6.4: In-vivo temperature measurements on the cheek with hot water (top) and cold water
(bottom) in the mouth. The temperature of the skin and the water inside the mouth is measured
independently with thermocouples.

Equation is used to estimate the water inside the cheek, applying weighting factors
calculated by full-wave simulations of the near-field antenna placed on the cheek tissue stack com-
prising skin, fat, and muscle with properties shown in Table[2:2] The calculated weighting factor of
the water inside the cheek is Wyater = 19.5%.

The estimated temperature results from these measurements are shown in Fig.[6.4] For both
hot and cold water tests, the radiometer’s temperature estimation closely tracks the real-time ther-

mocouple measurements of the water temperature. The radiometer measurements shown an average
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error of 1.17°C and maximum error of 3.2°C. The errors are the combination of many factors of
the radiometer such as the reflection coefficient variation of the NFA and the RFI. The RFI near
the 1.4 GHz band is substantially higher power then thermal noise, having a big influence in the
radiometer measurement. Therefore, there needs to be a method to reduce RFI received by the

NFA.

6.2 In-vivo measurement with Hybrid Radiometer PCB

Next, similar in-vivo measurements are performed with the hybrid radiometer implemented
on a PCB. For these tests, the rectangular patch near-field antenna is utilized with the hybrid
radiometer prototype described in Chapter 4.2 and reshown in Fig.[6.5] The near-field antenna
uses a corner-fed rectangular patch topology on a 1.27 mm thick Rogers RO3010 substrate. The
rectangular patch is similar to the rectangular patch shown for the previous measurement. However,
the size of the patch is different and shown in [33]. The substrate size is 41.85 mm x 36.7 mm with
patch size 29.15mm x 4mm. This NFA is designed specifically for the tissue layers of the cheek
[1]. The near-field probe is positioned on the skin over the cheek. The reflection coefficient of this

antenna is illustrated in Fig. [6.6]

Figure 6.5: Photograph of the hybrid radiometer prototype.
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Figure 6.6: Measured reflection coefficient magnitude of the near-field antenna when placed on the
cheek, comparing the match in air, on the cheek and simulations on the cheek. The shaded area is
the design frequency band.

The weighting factors are determined by calculating the Joule losses, which depend on the

electric field and conductivity properties of the cheek tissues. These calculations are shown in

Fig

Muscle: 14.2%
Fat: 10.2%

Skin: 56.5%
— Superstrate
Substrate

Figure 6.7: Full-wave simulations of volume Joule loss density (W/m?) of the near-field antenna on
a cheek tissue stack. The weights (percentage of total power) of cheek tissue layers are also stated.

The two input ports of the hybrid radiometer are connected to a reference load and the near-
field antenna. The temperature of the reference load is stabilized using a Thorlabs temperature

controller. The near-field antenna is attached to the cheek with adhesives, and a circulator is
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included in the setup to prevent power fluctuations caused by probe mismatch.

The measured voltage at the output of the dc amplifier is shown in Fig. The voltage differ-
ence, AV increases linearly with the temperature of the water inside the cheek, with a responsivity
of 0.061mV /°C.

When measured with a temperature-controllable load, the responsivity is 0.196 mV /°C, ac-
cording to the temperature controlled load test done in Fig.[d.6] Using this data, the weighting
factor of the water is determined to be 0.061/0.196 = 31 %, instead of the 11% obtained from
full-wave simulations. This discrepancy is primarily attributed to the variability in the electrical

conductivity of tap water, which differs from the simulated assumptions.
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Figure 6.8: Top: Measured voltage at output of the radiometer as cold water in the mouth warms
up. The temperature is measured with a thermocouple in the mouth. Bottom: Measured AV versus
time for the same data set, with a linear fit and error of AV compared to the measured temperature.
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6.3 In-vivo measurement with Hybrid Radiometer MMIC

A

S N

Figure 6.9: Top view and cross-section of the near-field antenna designed for thermal power retrieval.
The sides of the antenna are covered by metal shielding. Details in Chapter 2.4.

Figure 6.10: Photograph of hybrid correlation-Dicke radiometer mounted on a PCB. Details in
chapter 4.2.

In-vivo measurements are also conducted using the circular near-field antenna detailed in
chapter 2.4 and the hybrid radiometer MMIC described in chapter 4.3. The near-field antenna is
positioned on the cheek, as shown in Fig.[6.11] Again, a thermocouple inserted inside the mouth
serves as a ground-truth reference for the actual temperature of the liquid. Additionally, two other

thermocouples are placed on the skin adjacent to the antenna to monitor any skin and antenna
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temperature changes.

Thermocouple  Thermocouple  Near-field
in mouth on skin antenna

Figure 6.11: In-vivo temperature measurement on the cheek with liquid in the mouth. The tem-
perature of the liquid, skin, and antenna is measured independently with thermocouples.

The measurement process begins with placing room-temperature liquid held in the mouth,
followed by a 30s radiometric measurement. Then, the liquid in the mouth is replaced with a
heated liquid, around 43 °C. Another 30s of radiometric measurement is conducted to track the
temperature change of the liquid.

Weighting factors of this NFA were used to estimate the temperature of the liquid. The
near-field antenna is placed on a tissue stack of skin, fat, muscle, and liquid. The calculated
weighting factors are Wekin = 46%, Wiy = 10.4%, Wiyscle = 6%, Wiiquia = 33.4% and the estimated
temperature results of these measurements are shown in Fig.[6.12] The radiometer estimation follows
the real-time thermocouple temperature measurement of the liquid with an average error of 0.72°C

and maximum error of 2.5°C.
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Figure 6.12: Measured temperature of liquid using radiometer output. The temperature is compared
with the real-time temperature measured with a thermocouple inside the mouth.

6.4 Repeatability

Measurement repeatability is crucial for ensuring consistent and reliable thermometry results.
However, previous works on microwave radiometers have not addressed repeatability. In this study,
repeatability tests are conducted using the same setup as described in the previous section (Chapter
6.1.3). The near-field antenna is alternately placed on and off the skin of the cheek, and the test
is performed with three different subjects. The test is conducted with three different subjects.
It is assumed that the temperature of the cheek, as well as internal and external tissues, remains
constant throughout the measurement. Therefore, the measured relative temperature should remain
consistent each time the near-field antenna is placed on the skin.

Fig.[6.13] presents the measurement results, normalized to the mean value of each test run.
The fluctuation in temperature, denoted as AT, represents the variation in the radiometer’s output
in temperature from the mean value. The measurement shows the maximum fluctuation of 2.5, 3.9,

and 2.8 °C for the three subjects tested.
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Figure 6.13: Radiometer in-vivo measurements repeated on multiple days for three subjects. The
near-field antenna is placed on and off the cheek of the subjects. The transition period when the
antenna is not on the cheek is shown in grey.

The primary cause of these fluctuations is attributed to changes in the reflection coefficient
at the antenna feed. For instance, if the permittivity of the skin changes 10% in simulation, which
is a reasonable change of skin tissue [64], the reflection coefficient minimum changes from —16 dB

to —15dB. The percentage of reflected power is shown below:
2
Reflected power(%) = I'? = 100(10_%) = 2.514 (6.1)

2
Reflected power(%) = I'2 = 100(10"2) = 3.162 (6.2)

This results in a 0.65% change in the reflected power, and a subsequent temperature error of 1.95 K in
a 300 K environment. The repeatibility can be improved by e.g. measuring the reflection coefficient

continuously and calibrating for the mismatch. Alternatively, a circulator can be used as in [7].
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6.5 Sensitivity Study

The overall error in the internal temperature estimation is higher in the in-vivo measurements
compared to measurements using phantoms. This discrepancy arises from several factors, including
uncertainties in the temperatures of fat and muscle layers, as direct ground-truth measurements
are not feasible without invasive methods such as needle probes. However, one of the main reasons
for this increased error is the uncertainty in the electrical properties and thickness of the tissues.
While the previous subsection discussed repeatability in measuring T}, this section explores how
variations in the electrical characteristics and thickness of tissues affect the temperature estimation
algorithm.

Tissue layer properties, such as thickness, permittivity, and conductivity, vary significantly
between individuals and across different body regions. To understand the impact of this variability,
simulations were conducted to assess how changes in these properties influence the temperature
measurements of subcutaneous tissue layers.

The sensitivity of the temperature estimate depends on the values of the weighting factors,
which are directly influenced by variations in tissue properties. For example, the relative permittivity
of dry and wet skin can vary up to £6% at 1.4 GHz [38], while forehead skin thickness can vary by
+8% between different human bodies [64]. These variations, documented in the literature, provide
standard deviation values for human skin properties, which were used to establish a property range
for simulation.

Simulation results indicate that variations in skin thickness, from 1.84 mm to 2.16 mm, result
in a 2.6 percentage point (pp) change in the skin’s weighting factor. When varying the permittivity
and conductivity, the weight of the skin changes by 4.4 pp and 3.7 pp, respectively. Among these
factors, skin permittivity has the largest influence on the weighting factor values, demonstrating
its critical role in temperature estimation accuracy. The sensitivity analysis and corresponding
tolerances for weighting factors are summarized in Table[6.1] These findings highlight the impor-

tance of accurately characterizing tissue properties to improve the precision of in-vivo temperature
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measurements.

Table 6.1: Weighting factors of tissue layers
with skin property variation

Property Mean STD Max Min
value dev Wekin | Wagin

Thickness 2mm 8% 0.291 0.265
€ 28 10% 0.303 0.259

o 0.84S/m 10% 0.298 0.261

Fig.[6.14] shows the volume Joule loss density for two scenarios of the skin-muscle stackup,
Case 1 and Case 2, representing extreme variations in skin layer properties. The muscle phantom
thickness is held constant across all simulations to match the dimensions used in the experimental
setup.

In Case 1, the skin properties are set to minimize its weighting factor, with a thickness
of h = 1.84mm, permittivity ¢ = 30.8, and conductivity ¢ = 0.756 S/m, respectively. Due to
the reduced loss of the skin layer, the excitation from the near-field antenna senses deeper into
the muscle, thereby increasing the muscle weighting factor. The weights corresponding to this
configuration are Wy, = 0.227 and Winuscle = 0.739. The weighting factor of the muscle increased
by 5.8 pp compared to the simulation done without these variation.

(W/m?)

75000.

50000

Muscle

25000

A

Figure 6.14: Side-by-side comparison of simulated volume loss density when skin properties are
varied. Left: skin phantom properties: thickness, h=1.84 mm, ¢=30.8, and 0=0.756S/m. The
resulting skin weighting factor is 22.7%. Right: skin phantom properties: h=2.16 mm, €=25.2, and
0=0.924 S/m. The resulting skin weighting factor is 33.5%.

Skin
Superstrate
Substrate
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In Case 2, the skin properties maximize its weighting factor, with a thickness of h = 2.16 mm,
permittivity e = 25.2, and conductivity o = 0.924 S/m, respectively. The weighting factors of the
phantom layers are Wiy = 0.335 and Wiyyscle = 0.634. In contrast to Case 1, the weighting factor
of the muscle decreased by 4.7 pp compared to the simulation done without the variation. Thus,
the muscle weighting factor varies by as much as 10.5 pp depending on the physiological skin tissue
properties. Across both cases, the simulated reflection coefficient and radiated power differ by less
than 0.4%, indicating that the variation in the weighting factor is not due to the change in the
reflection coeflicient.

Using the radiometer output voltage data in Chapter 3, and shown in Fig.[5.4] the impact of
different skin layer weighting factors on muscle temperature estimation errors was evaluated.

For Case 1, where the skin weighting factor is at its lowest, the average error in muscle
temperature estimation rises to 1.14°C, with a maximum error of 4.04°C. Meanwhile, for Case
2, where the skin weighting factor is at its highest, the average error increases to 1.58 °C with a
maximum error of 4.62°C. These correspond to increases of 0.37°C and 0.81°C increase from the
original average error, respectively, compared to the original average error of 0.77°C observed in
simulations without skin property variations.

Accurate knowledge of tissue properties, such as thickness, permittivity, and conductivity,
reduces estimation errors by improving the computation of layer weighting factors. However, even
without explicit consideration of tissue properties, the average temperature estimation errors re-
main below 2°C. In real medical applications, where typical temperature swings are approximately

5°C[65], this level of error is expected to have a minimal impact on diagnostic accuracy.

6.6 Conclusion

In conclusion, this chapter presents the demonstration of non-invasive internal temperature
measurement using near-field antennas and microwave radiometers in an in-vivo setting. By employ-
ing various radiometer designs, including the Dicke MMIC and hybrid radiometer MMIC, this work

successfully validates the capability to monitor the temperature of liquid inside the human cheek.
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The tests leverage both rectangular and circular near-field antennas, highlighting their performance
under real-world conditions.

Key findings include the radiometer’s ability to achieve high accuracy, with average errors of
1.17°C for the Dicke radiometer and 0.72°C for the hybrid radiometer. The improved performance of
the hybrid radiometer is attributed to its advanced design features, including improved robustness to
RFT due to metal-shielded near-field antenna design. Furthermore, repeatability tests demonstrates
consistent temperature measurements across different users, while sensitivity analysis quantified the
effects of tissue property variations on weighting factors and estimation accuracy.

This work was published in various IEEE publications. The Dicke radiometer with rectangular
antenna was published in IEEE MTT 2023 [43]. The hybrid radiometer with circular antenna was

presented in IEEE ImBioc 2024 [44].
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Conclusion and Future Work
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7.1 Summary and Contributions

This thesis develops and characterizes microwave radiometers for non-invasive internal body
temperature measurement, addressing the need for accurate, real-time thermometry. It presents the
design, implementation, and validation of advanced radiometer architectures, including Dicke and
correlation-Dicke hybrid designs, as well as GaAs MMIC radiometer front-ends featuring LNAs,
switches, and couplers to achieve high sensitivity in compact form factors. Near-field antennas
are optimized for deep tissue sensing, with performance validated through full EM simulations and
two-layer tissue phantoms, achieving temperature resolution errors as low as 0.1/ cireC. In-vivo tests

using human cheek tissue confirm the sensor’s effectiveness under realistic conditions, demonstrating
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repeatability and robustness against variations in tissue properties. This work establishes a com-
prehensive framework for integrating microwave radiometers into wearable medical devices, offering
a foundation for future advancements in continuous health monitoring and diagnostic applications.

The contributions of this thesis include the design and implementation of three novel near-field
antennas. This includes the first demonstration of a dual-feed near-field antenna. Additionally, it
features the first successful demonstration of on-chip radiometers, achieving a significant reduction
in power consumption to approximately 80 mW for MMIC radiometers, compared to over 0.5 W for
radiometers designed with off-the-shelf components. These radiometers were successfully applied to
measure the temperature of tissue phantoms and water inside the cheek, providing precise temper-
ature estimates for internal tissue layers. These advancements represent a significant leap forward
in biomedical sensing and radiometry, showing potential for compact, efficient, and accurate sensors

for non-invasive internal temperature monitoring.

7.2 Future Work

There are numerous opportunities to advance the development of a more precise and fully
portable radiometer system for internal body thermometry. Future research efforts could focus on
improving the accuracy of temperature measurements, further miniaturizing hardware components,
and refining algorithms for more robust temperature estimation. This section discusses specific
areas for improvement in near-field antennas, radiometer hardware, and temperature estimation

algorithms.

7.2.1 Antenna with Spatial Pattern Diversity

Chapter 2 introduces a dual-feed antenna capable of measuring two total temperatures, each
with distinct weighted contributions from different tissue layers. While this design shows significant
promise, alternative approaches can further enhance temperature differentiation. One approach
involves using antenna arrays to improve spatial resolution. For instance, previous studies demon-

strate the use of four NFAs positioned around the head[66] to monitor conductivity changes in
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a phantom. Antenna arrays allow for the measurement of larger areas, including the brain, and
enable temperature measurements using various NFA combinations. For example, a configuration
with four antennas generates a distinct field pattern compared to a two-antenna setup, providing ad-
ditional equations to solve the complex problem of determining temperatures in N unknown layers,
as discussed in Chapter 2.5.

Another approach involves designing multi-band NFAs that support various field patterns,
each with unique weighting factors, as demonstrated in [41]. This design allows the radiometer to
selectively target tissue layers at different depths. Additionally, optimizing the existing dual-feed
NFA offers another avenue for improvement. Increasing the difference in weighting factors between
the two feeds significantly enhances the precision of layer-specific temperature measurements. As
described in the fluctuation analysis in Chapter 5.4, a greater separation in weighting factors reduces
sensitivity to fluctuations in the total measured temperature. This results in more robust and reliable

temperature retrievals, even under varying environmental conditions.

7.2.2 Heterodyne Receivers

Measuring internal body temperature with a wideband or multi-band NFA, discussed in the
previous section, requires a wideband or multi-band radiometer. The radiometer designs in this the-
sis use narrow-band band-pass filters to reject out-of-band signals. However, wideband radiometers
are sensitive to RFI in the outer bands, which introduces noise into temperature measurements. To
mitigate RFI, a heterodyne receiver can be employed.

The heterodyne receiver first amplifies the RF signal, similar to a conventional narrow-band
radiometer. After amplification, the RF signal is down-converted to an intermediate frequency
(IF), where a low-pass filter removes unwanted outer-band signals. The operational frequency is
determined by the local oscillator (LO) signal connected to the mixer with the RF signal. The
operational bandwidth is defined by the low-pass filter’s bandwidth after down-conversion, which is
a trade-off of receiver sensitivity and error from RFI. Additionally, tuning the LO frequency allows

the sensor to identify and operate at frequencies with minimal RFI. Implementing a heterodyne
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receiver on-chip requires designing and integrating a mixer, an oscillator, and a wideband amplifier.

7.2.3 Phantom Manufacture and Characterization

Investigating methods for fabricating realistic tissue phantoms and accurately determining
their permittivity is essential for improving tools used to validate radiometer temperature mea-
surements. This thesis employs a commercially available 2mm skin phantom [37] and saline or
Play-Doh to mimic muscle tissue. However, phantoms with controllable thickness and permittivity
are required to validate temperature estimation algorithms effectively. Additionally, for long-term
usability, these phantoms must be shelf-stable.

Previous research has explored manufacturing multi-layer tissue phantoms [67), 63|, where
permittivity is measured using a dielectric probe kit. When fabricating phantoms, defining the
material’s permittivity is crucial for enabling accurate simulations in full EM simulators for calcu-
lating weighting factors. Fig.m illustrates a grounded coplanar waveguide (GCPW) setup with
the material under test (MUT) shown in blue. The effective permittivity is derived from measured

S-parameters, allowing calculation of the MUT’s permittivity.
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Figure 7.1: (left) Sideview of a GCPW measuring the permittivity of material €.3. €2 is the PET
layer and €,1 is a known substrate. (right) Extracted permittivity of Rogers 6010. Measurement
shows error within 10%

Previous work [68] demonstrates an error margin within 10% for Rogers 6010. By develop-

ing more precise methods for measuring permittivity, it becomes possible to validate temperature
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measurements for multi-tissue layers and conduct sensitivity analyses using a variety of permittivity

variations.

7.2.4 Miniaturization of Hardware

Further miniaturization of the radiometer presents a promising direction for developing highly
compact systems suitable for portable or wearable applications. Integrating the radiometer directly
behind the NFA would create a highly compact sensor. Components can be mounted on an addi-
tional substrate layer added behind the NFA’s ground plane.

The smallest NFA developed in this work is a 3.5 cm diameter circular design. An MMIC,
including the front-end of a Dicke radiometer, measures just 3mm x 1.1mm. To further reduce size,
the detector, currently implemented on a PCB, can also be integrated into the MMIC.

A critical component for integration is a high-rejection band-pass filter to mitigate outer-band
interference. Designing such filters on-chip remains challenging due to the low Q-factor of fabrication
processes. Currently, off-the-shelf SAW and cavity filters are used, but cavity filters, while effective,
are bulky. Reducing their size while maintaining performance is essential for successful integration

into a miniaturized radiometer system.

7.2.5 Interference Mitigation

Enhancing interference mitigation is another critical area of focus. Improved metal shielding
can significantly reduce environmental noise and electromagnetic interference, thereby increasing
the radiometer’s reliability. These improvements can be implemented both in the radiometer’s
packaging and in the design of the NFA itself.

Advanced interference cancellation techniques, such as adaptive filtering and interference can-
cellation algorithms, can further enhance the system’s robustness in challenging environments. Mea-
surements were conducted in various test settings and locations, and depending on the observed
RFI, the radiometer circuitry was placed inside a metal shielding box, as shown in Fig.[7.2]

The current metal box is significantly larger than the radiometer circuitry, but a custom
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metal box can be fabricated to fit the circuit precisely while maintaining convenient connections
to measurement equipment. Additionally, a 3D-printed platform can be designed to minimize RFI

and improve isolation between components on the radiometer, as demonstrated in [69].
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Figure 7.2: A shielded metal box is used to reduce RFI, covering the radiometer circuit to improve
measurement accuracy. The right figure shows the time transient of the radiometer’s output voltage.
When the box is open, RFI introduces instant spikes in the output voltage, leading to temperature
measurement errors. With the metal box closed, the spikes are significantly reduced, resulting in
more stable output voltage and improved measurement reliability.

However, these metal boxes are heavy and bulky, which conflicts with the goal of creating a
wearable device. A simpler and more effective method involves post-processing the output data, as
successfully demonstrated in [70]. This approach uses an auxiliary antenna to cancel out interference,
isolating the desired thermal noise. Integrating this technique with the radiometer allows stable and
accurate measurements across a wide range of conditions by dynamically adjusting to varying noise

and interference levels.

7.2.6 Neural Network for Tissue layer Characterization

Integrating machine learning, particularly neural networks, into radiometric sensors offers
significant potential for improving temperature estimation, as illustrated in Fig.[7.3] Currently, the
thickness and permittivity of tissue layers are generalized and simulated using full EM simulations
to derive weighting factors. However, these properties can vary significantly across individuals and

across different parts of the body.
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Figure 7.3: Previous work has demonstrated the use of a neural network model to estimate the
thickness of tissue layers [9]. Tissue-dependent weighting factors are then applied to estimate the
temperatures of individual layers. In this approach, a wideband antenna collects reflectometry data
from a VNA operating in the 2 to 13.5 GHz range. The collected data is processed using a long
short-term memory (LSTM) algorithm to determine the layer properties.

In the proposed approach, a wideband NFA is placed directly on the tissue layers, and a sep-
arate vector network analyzer (VNA) measures the reflection coefficient. This measured coefficient
contains valuable information about the thickness and dielectric properties of the tissue layers, as
these characteristics directly influence the reflected signal. By training neural networks on these
reflection coefficients, the system can learn to estimate the thickness and permittivity of the lay-
ers in real-time, dynamically adapting to individual variations. This adaptive capability enables
radiometric sensors to deliver personalized and highly accurate temperature measurements.

By addressing these areas, future work can significantly advance radiometric sensing tech-
nologies, enabling the development of highly accurate, compact, and robust systems for biomedical

applications.
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