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Abstract— In this article, we present an on-chip Dicke radiome-
ter for noninvasive internal body temperature measurements.
The switch and low-noise high-gain amplifier are implemented
in a 0.1-um enhancement-mode pseudomorphic high-electron-
mobility transistor (pHEMT) GaAs process. The single-pole
double-throw (SPDT) switch in a series-shunt topology with a
resonating inductor shows an insertion loss of 0.29 dB and an
isolation of 30.8 dB at 1.4 GHz. The low-noise amplifier (LNA)
has a measured stable gain of 45.2 dB and a noise figure of
0.52 dB. Following the gain path, two bandpass filters with a
64-MHz power-equivalent bandwidth centered at 1.4 GHz help
reduce electromagnetic interference. The monolithic microwave
integrated circuit (MMIC) of the radiometer shows 45 dB of
gain and 0.88-dB noise figure at 1.4 GHz. When connected
to a near-field antenna probe, measurements are obtained on
a skin-muscle phantom to track the muscle temperature. The
near-field antenna is designed to receive blackbody radiation
from a 15-mm-thick muscle phantom under a 2-mm-thick skin
phantom. To retrieve the subcutaneous temperature of the
muscle, the calibrated radiometer measures total noise power
with an integration time of 2 s. Compared to a thermocouple mea-
surement performed 30 s before the radiometric measurement,
an average error of (.77 K is obtained. In vivo thermometry of
water inside a human cheek is performed for validation, and the
impact of varying skin properties on temperature estimation is
studied in simulations.

Index Terms— Detector, GaAs monolithic microwave inte-
grated circuit (MMIC), low-noise amplifier (LNA), microwave
thermometry, radiometer, RF switch, thermal noise.

I. INTRODUCTION

HE acquisition and long-term monitoring of internal
tissue temperature is a valuable metric with benefits
across the medical space. For instance, artificial hypothermia
is needed for emergency cardiac repair surgery, during which
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the blood supply is interrupted. However, a smooth return to
normothermia is required within only 30 min to avoid brain
damage. Throughout this procedure, the brain temperature
is typically monitored with a proximal nasal catheter [1],
which does not give an accurate measurement of the brain
temperature. Another case where internal temperature mea-
surements are useful is the monitoring of muscle temperature
in first responders, athletes, and military personnel, which
can help prevent heat-related injuries and optimize athletic
performance [2], [3]. Furthermore, the diagnosis of sleep
disorders is related to body core temperature [4] and tracking
internal temperature can inform external modifiers for sleep
disorder treatment. Internal tissue temperature is also an indi-
cator of infection, joint inflammation [5], and burn healing [6].
In addition to diagnostics, therapeutic methods, such as cancer
hyperthermia, e.g., [7], can critically benefit from internal
tissue temperature monitoring.

Currently, there is no commercially available wearable
device that can noninvasively measure temperature at a few
centimeters depth in the body. Invasive methods include needle
probes and radio pills, while noninvasive indirect relative
MRI high-resolution temperature mapping is large and expen-
sive [8]. Heat-flux devices have been demonstrated in clinical
settings [9]. However, this method detects the temperature
at a limited depth below the skin. More recently, heat-flux
sensors have been used in wearable form, focusing on exercise
monitoring [10]. In this article, we focus on microwave
radiometry for internal tissue thermometry. The approach is
shown in Fig. 1, where a near-field antenna attached to the
outer skin receives thermal power from a stack of tissue layers.
The very low received power (tens of femtowatts) is amplified
and detected by a Dicke radiometer. A separate thermocouple
on the skin allows estimation of the temperature of the inner
tissue layers.

The power spectral density, p, of thermal radiation can
be approximated as white noise in the microwave frequency
range

hf

P=—w
eir — 1

~ kT for f<KkT/h (1)
where & and k are Plank’s and Boltzmann’s constants, f is
the frequency, and T is the temperature in kelvin. For nor-
mal human body temperature around 310 K, the blackbody
curve peaks in the infrared frequency range at approxi-
mately 18 THz. However, at this frequency, the penetration
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Fig. 1. Tlustration of noninvasive internal body thermometry with a
microwave radiometer placed below the sternum [11]. A near-field antenna
is placed on the skin to receive thermal power from a stack of tissue layers.
This signal is transferred to a low-noise receiver, and the output is processed
with a temperature estimation algorithm. A thermocouple on the skin provides
additional information to the algorithm.

of electromagnetic waves in most tissues is very small (on the
order of millimeters). Therefore, infrared measurements can
only give skin temperature. We refer to the depth at which tem-
perature can be measured as “sensing depth.” To receive power
from subsurface tissue layers, a lower microwave frequency
of around 1.4 GHz is used as a compromise between sensing
depth and size of the thermometer components, especially the
filters and the near-field antenna placed on the skin.
Although a heterodyne receiver can also be used to detect
thermal radiations, the radiometer approach is simpler and
potentially has lower power consumption. Microwave radiom-
etry for internal tissue measurements has been demonstrated
in the literature over the past few decades, e.g., with a
0.9-1.2-GHz Dicke radiometer with a matched loop antenna
placed on the stomach, Enander and Larson [12] measured
a 1.5 °C temperature change when drinking cold water.
A 45-GHz radiometer with a horn antenna was used to obtain
temperature body images that were reported to show the heart
location in [13]. In [14], a multifrequency Dicke radiometer
at 1.5, 2.5, and 3.5 GHz was used to differentiate surface and
subsurface temperature. A 1.4-GHz Dicke radiometer with off-
the-shelf components, a power consumption of around 0.6 W,
and a noise figure of 1.58 dB was demonstrated in [15] to
measure the temperature of a muscle tissue phantom under
the skin and fat layers with as low as 0.2 K resolution. More
recently, a 3.4—4.2-GHz Dicke radiometer with a circulator for
reflection coefficient fluctuation reduction and with a power
consumption of 1.05 W is shown in [16], with applications
such as breast cancer detection and back pain assessment.
Previously published radiometers were implemented from
off-the-shelf components, resulting in a size not smaller than
about 3 x 3 cm. With the goal of reducing the size of the
radiometer as well as its power consumption, the approach
taken in this article is to monolithically integrate several
radiometer components. This can enable a wearable low-power
device that is less susceptible to interference. The results in
this article expand on the research presented at the IEEE
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Fig. 2. Diagrams of different radiometer architectures: (a) Dicke, (b) corre-
lation, and (c) hybrid radiometers.

International Microwave Symposium 2023, San Diego [17].
Section II gives an overview of radiometer architecture trade-
offs and the main parameters that motivate the choice of
the Dicke architecture for integration on a GaAs pseudomor-
phic high-electron-mobility transistor (pHEMT) monolithic
microwave integrated circuit (MMIC). Section III describes
the design and characterization of the near-field antenna
that receives thermal radiation from the skin and subcu-
taneous tissue layers. Section IV presents the design and
measurements of the MMIC radiometer switch and low-noise
amplifier (LNA) components. Section V gives details on
radiometer implementation and characterization. Section VI
presents the new results for radiometry measurements and
temperature estimation in several scenarios: two phantom
stacks and in vivo on a human cheek. The phantom mea-
surements are performed for temperatures above and below
room temperature for up to 45 min and show promising results
with average errors of 0.1 and 0.31 K, respectively. Finally,
Section VII discusses the simulation results that quantify the
sensitivity of temperature estimation to tissue layer properties
and summarizes the results of this article.

II. RADIOMETER OVERVIEW

A key metric for radiometer performance is the minimal
detectable temperature difference, AT, which depends on
the system noise temperature Ty, measurement bandwidth
B, and integration time t. Several radiometer architectures,
shown in Fig. 2, can be compared in terms of this metric to
point to tradeoffs for any given application. For the simplest
total power radiometer, which consists of an LNA, filter,
and detector [18], the temperature resolution, or sensitivity,
is given by

Tsys
VTB

and is susceptible to drift and fluctuations, which cannot be
calibrated during operation.

AT =

@)
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TABLE I

COMPARISON OF RADIOMETER ARCHITECTURES

] Dicke [16] | Correlation [21] | Hybrid [20] |
. . |- No switch loss|7; NO switch loss
Pros |~ Gain fluctuation (but coupler loss) (but coupler loss)
calibrated 2100% duty cycle |~ Gain flucturation
calibrated
— Sensitive to input | — Duplicate — Duplicate
Cons impedance components components
— Limited time on | — Sensitive to phase | — Limited time on
target balance target

Other radiometer architectures include the Dicke radiometer,
correlation radiometer, and a combination of the two, which
we refer to as the “hybrid radiometer.” A Dicke radiometer
uses a switch after the antenna for calibrating gain fluctuations
of all components that follow. This is performed by comparing
to a known thermal source at the expense of a commonly
chosen 50% duty cycle of the measurement, which reduces
the total received power from the target [18]. However, the
loss of the switch increases Tys.

The correlation radiometer has a balanced hybrid coupler
with two low-noise gain paths, with the advantage of continu-
ous measurement of both the target and reference. In addition,
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
of the phase [19]. However, this structure is sensitive to gain
fluctuation in the detector stage due to the two separate paths.
For the hybrid topology [20], the switch is placed after the
hybrid couplers. This architecture is robust to load impedance
variations, and the switch also reduces sensitivity to gain
fluctuations of components that follow it. Besides reducing the
overall uncertainty, the hybrid radiometer is ideally balanced,
meaning that the voltage difference between outputs is zero.
This further reduces the uncertainty from the flicker noise of
the components before the switch. Table I shows a summary
of the achievable AT, as well as the pros and cons of various
architectures. In this article, 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. 3 shows the block diagram of the Dicke radiome-
ter. A near-field antenna is designed to effectively receive
blackbody radiation from a buried tissue layer. It couples the
total 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 slow-varying gain
fluctuations. The 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. At the output of the postdetection amplifier, the
voltage from a room-temperature source is on the order of
10 mV. After considering the detector responsivity, loss in
the filters, switch loss, and cable loss, as well as near-field
antenna mismatch, a requirement for the LNA gain is found
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Fig. 3. 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 bandpass filter, detector, and dc
amplifier. The output is digitized and processed for temperature retrieval.
A thermocouple logger monitors skin temperature.

to be >45 dB, assuming a room-temperature input power
of —100 dBm in the 1.4-GHz quiet radio astronomy band.
The overall receiver noise figure is primarily determined by
the first-stage LNA noise figure and loss of the switch. The
design of the radiometer components is discussed next.

III. NEAR-FIELD ANTENNA DESIGN

To receive blackbody radiation from a subcutaneous tis-
sue layer, a near-field antenna different from a free-space
radiator is designed. The goals for the design include small
size for wearability, combined with spatial resolution in the
lateral dimension and sensing depth in the vertical direc-
tion (see Fig. 3). Previously published works have used,
e.g., slot [15], bow-tie [22], and waveguide [23] topologies,
with more examples given in [24]. A rectangular patch topol-
ogy is selected for simplicity because the ground plane reduces
back lobes that can receive interference. The goal, in this case,
is to receive as much power as possible from the muscle layer
under the skin layer. A 2-mm skin phantom (¢, = 28 and
o = 0.82 S/m) from [25] is placed on top of a plastic bag
filled with saline solution (¢, = 77.7 and 0 = 1.26 S/m)
used as a muscle phantom, approximating the values given
in [26]. The muscle phantom is kept in a water bath with a
temperature controller that sets the temperature to a known
value for characterizing radiometer accuracy.

A coaxial-fed rectangular patch is designed by simulation in
Ansys HFSS. The x and y dimensions of the tissue phantom
layers are 6 x 6 cm, surrounded by air. A 1.27-mm-thick
Rogers RO3010 material is used for the substrate and super-
strate, with dimensions shown in Fig. 4. The Rogers RO3010
substrate has a high permittivity of €, = 10.2, which reduces
the size of the near-field antenna. The superstrate placed
on top of the rectangular patch allows deeper penetration
depth by acting as an intermediate matching layer as well as
focusing the near-field coupling. The superstrate also reduces
the sensitivity of return loss to different tissue layers. The
resulting size of the rectangular metal patch is 42 x 40 mm for
operation at 1.4 GHz. The simulated and measured reflection
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Fig. 4. Cross section of the near-field antenna designed for thermal power
retrieval, with a high sensing coefficient from the muscle phantom layer (left)
and top view of the near-field antenna with detailed parameters (right).
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Fig. 5. 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 compar-
ison.

coefficient magnitudes are shown in Fig. 5. The comparison
with the antenna measured in air clearly shows that it is
designed to be matched to a specific tissue stack.

The total thermal power received by the near-field antenna
is a weighted sum of the powers from different tissues, and
therefore, the equivalent total temperature that is measured by
the radiometer can be written as

N
T=>W-T,
i=1

where 7; is the temperature of the ith layer and W; is
the corresponding weighting factor, which can be deter-
mined from full-wave electromagnetic simulations, described
in Section VI. To estimate the temperature of a buried tissue
layer, the weights W; are determined by calculating the per-
centage of power dissipated in the ith tissue layer relative to
the total power delivered to the tissue stack when the probe
transmitting and using reciprocity as in [15]. An example
is shown in Fig. 6 for the probe design from Fig. 4 and
the skin—muscle stack described above. By integrating the
power density of Joule losses in a single layer ( fw psdV; =
fv; 0;|E;|*dV;) and dividing by the total dissipated power, the
weighting factor for the muscle and skin is, in this case, found
to be 68% and 28%, respectively.

3)

IV. MMIC DICKE RADIOMETER DESIGN

In this section, the design of the GaAs MMIC, which
includes a single-pole double-throw (SPDT) switch and
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Fig. 6. 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 being in the surrounding air and unaccounted for here.

Skin: 28.3%
Superstrate
ugstrate 3.2%

Port2
(] (]
Port3
= Port3
-
Portl

N
Ty=10x 141 um R, =9.2 kohm Probe/Bond Pads Resistor Layer
Ty =4x26um V+=2V Metal Layers Il Via Layer
L.=19.4nH V-=0V I Capacitor Layer
R; =50 ohm

Fig. 7.  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.

three-stage LNA, is described. Both switch and LNA are
implemented in the 110-nm PIHI-10 WIN Semiconductors
GaAs process and are characterized first separately and then
integrated into a single die.

A. SPDT Switch Design and Measurement

Fig. 7 shows the circuit schematic, layout, and parameter
values of an absorptive SPDT switch chosen for this design.
The switch insertion loss is important because it is the first
component of the radiometer and directly contributes to noise.
The isolation should be better than 30 dB so that a noise
power corresponding to less than 0.3 K from the reference
load leaks into the near-field antenna port. The return loss
should be higher than 10 dB for an SNR reduction of less
than 10% for power transfer to the LNA. The SPDT switch
uses a shunt-series topology for high isolation. The transistors
are turned on and off by biasing the gate to 2 and 0 V,
respectively. R; is a 50-€2 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 Ty and Ty, are 0.7 and
0.06 pF, respectively. An inductor L., is used to create
resonance with these two capacitors. The resonating inductor
also biases all the nodes in the switch, avoiding extra loss and
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Fig. 9. (a) Circuit schematic and component values for the three-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 used layers are shown with different colors.

voltage drop from biasing resistors. Fig. 8 shows the measured
and simulated switch performance. 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 dimensions of the switch are 0.9 x 0.9 mm.

B. LNA Design

Since >45 dB of gain is required at 1.4 GHz and a low-noise
figure, a three-stage LNA is designed [27]. Fig. 9(a) shows the
circuit schematic, circuit component values, and bias points of
the LNA. The stability of an LNA is crucial since the LNA is
multistage with >45-dB gain. Several techniques improve the
stability, including the use of a source degeneration inductor
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Fig. 11. Photograph of the GaAs MMIC SPDT switch and a three-stage
LNA. The total chip dimensions are 3.75 x 1.7 mm.

as a feedback technique [28] and the use of an RC shunt
filter at the output to avoid negative resistance [29]. The LNA
design achieves stability using source degeneration and five
RC filters that operate as an interstage matching network.
For multiple-stage LNAs, multiple filters are needed to ensure
stability in all stages. The distribution of the filters allows
improved stability with less than 0.02-dB noise figure degra-
dation according to simulation.

The layout of the LNA with dimensions 2.6 x 1 mm is
shown in Fig. 9(b), where the device sizes and biasing are
also given. The LNA power consumption is 84.4 mW. Fig. 10
shows the measured and simulated S-parameter magnitudes.
The peak gain is 52.3 dB at 0.94 GHz and the gain at
1.4 GHz is 45.2 dB, which satisfies the aforementioned gain
requirement. The measured |S;;| < —10 dB is for 1.05-1.5
and 2.45-3.7 GHz and the measured |S,;| < —10 dB is
for 0.83-3.3 GHz. The noise figure was measured using a
Keysight 8970B noise figure meter with a 346B noise source,
and at 1.4 GHz, NF na = 0.52 dB.

V. RADIOMETER IMPLEMENTATION

Both the SPDT switch and LNA are implemented on a
single GaAs MMIC with a die size of 3.75 x 1.7 mm,
as shown in Fig. 11. For characterization, the MMIC is
packaged on a 45 x 45 mm printed circuit board (PCB) of
0.254-mm-thick Rogers 4350B substrate. Fig. 12 shows the
S-parameter measurements of the packaged LNA together with
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Fig. 13. 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.

the SPDT switch. The gain of the through ports (from ON
switch input to LNA output) at 1.4 GHz is 45.1 dB, and
the gain through the isolation port (from OFF switch input
to LNA output) is 15.5 dB. The return loss at 1.4 GHz is
above 10 dB at all ports. 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 factor is shown in Fig. 13. The measured and simulated
noise figure of the through port is shown in Fig. 14, and at
1.4 GHz, NF,,q = 0.88 dB.

To limit received noise power bandwidth and reduce out-of-
band interference, two off-chip bandpass filters are connected
to the output of the packaged MMIC (see Fig. 3). The first
bandpass filter [30] has a bandwidth of 160 MHz from 1.32 to
1.48 GHz and an out-of-band rejection of 32-41 dB from dc
to 2.4 GHz. The second bandpass filter is an surface acoustic
wave (SAW) filter that has a narrower bandwidth of 64 MHz
from 1.38 to 1.44 GHz [31]. Including the filter loss, the gain
at 1.4 GHz is 41.9 dB and the gain across frequency near the
operating band is shown in Fig. 15. The 3-dB bandwidth of

—=— Measurement

- Simulation
% 1.2+ \
2 \ . .-
o - \././ —a S
& 1.0 \ o
= " \ ]
2
'S 0.84
z

1.0 1.1 1.2 1.3
Frequency (GHz)

Fig. 14. Measured and simulated noise figure of the packaged SPDT switch
and LNA MMIC front end of the Dicke radiometer.
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Fig. 15. 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.

the radiometer is about 63 MHz from 1.377 to 1.44 GH, wider
than the targeted 27-MHz bandwidth.

Since the integration time [t in (2)] can be long for thermal
measurement time scales, we attempt bandwidth reduction to
minimize interference. Narrowband matching of the detector is
used to reduce the radiometer bandwidth from 62 to 60 MHz.
The detector is designed with the Skyworks SMS7630-079
diode, integrated with a matching circuit comprising a A /4 res-
onator and shunt capacitors. This configuration effectively
matches the impedance characteristics of the diode over a
frequency range of approximately 60 MHz centered around
1.412 GHz [32]. The rectified dc voltage is amplified through
a postdetection amplification stage, featuring a voltage gain
of 100 V/V. This amplification is integrated into the identical
board of the detector. The dc amplifier operates within a 5-V
voltage range while consuming a current of under 1 mA.

Fig. 16 shows the responsivity of the radiometer from the
input through port to the output of the dc postamplification
stage. The measurement is done with a sinusoidal signal at
1.4 GHz at the input to the radiometer. The voltage responsiv-
ity 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. 17 and is a function of frequency over the operating
bandwidth.
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Fig. 16. Measured voltage responsivity of the radiometer from the through
port to the output of the dc amplifier. The responsivity is 213 GV/W at
1.4 GHz.
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Fig. 17. Measured frequency response of the entire Dicke radiometer
responsivity when the input switch is on.

The gain impacts the sensitivity due to the oscilloscope
resolution limit. The voltage amplitude resolution of the
oscilloscope (DSOX1102G) is 3.14 ©V, and the corresponding
AT = AV /(kBR(f)) = 0.0226 K, where k is Boltzmann’s
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 consider any
input noise, and therefore, the uncertainty from the oscillo-
scope 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 74 = 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 and
filter) across the operating bandwidth from 1.35 to 1.45 GHz.
This results in AV = kT4yBR = 9 mV. The Allan deviation
of the output voltage of the radiometer is shown in Fig. 18 for
integration times from 10 us to 100 s.

VI. TEMPERATURE MEASUREMENTS

Temperature measurements are done with the radiometer
input connected to the near-field antenna placed directly on
the skin tissue phantom. A bag of saline muscle phantom is
placed under the skin phantom and is either hot (at 60 °C)

© 1E-3 4
=)
.2
g
>
5]
<
=
=
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T T T T T T
1E-5 1E-4 0.001 0.01 0.1 1 10 100
Integration time, 7 (s)
Fig. 18. Allan deviation of the Dicke radiometer to 100-s integration time,

obtained from measured data. A minimum in the Allan deviation is observed
at an integration time of approximately 10 s, with a value on the order of
1.06 x 10~*. In this work, an integration time of T = 2 s is used, with a
corresponding Allan deviation of 1.7 x 107,

Near-field
antenna Thermocouple
1

0

Skin phantom

Cold muscle
phantom (25°C)

Hot muscle
phantom (60°C)

Fig. 19. Illustration of the two-layer measurement setup. Two bags of saline
muscle phantom 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. The output voltage
is then data processed and the estimated temperature is compared to the real
“ground truth” temperature.

TABLE II
ELECTRICAL PROPERTIES OF MATERIALS AT 1.4 GHz [25], [26]
Material Thickness e o(S/m)
(mm)

Skin phantom 2 28 0.84
Saline 15 77.7 1.26
Playdoh 15 32 54
Skin (cheek) 2 39.6 1.04
Fat (cheek) 2 54 0.06
Muscle (cheek) 2 54.1 1.14

or cold kept at room temperature (25 °C). In the experiment,
two saline bags are alternated, as shown in Fig. 19. Since the
temperature of the muscle can be controlled in this experiment,
the calculated weighting factors W , can be validated. Table II
gives permittivities and conductivities of the materials used in
the experiments in this section.

For these measurements, the radiometer is calibrated against
a reference noise source, and in this case, a matched 50-Q2
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. The load is
thermally isolated using polystyrene foam. The output dc
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Fig. 20. 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 20-s intervals. The output voltage increases with the hot muscle phantom,
as expected. The spikes around 20, 40 s, and so on, shaded in gray, are periods
when the muscle phantom is alternated and the antenna is thus not behaving
as designed.

voltage of the radiometer, captured on a sampling oscilloscope,
measures both the signal from the near-field antenna and the
signal from the reference noise source. The calibration is
done in the data processor by subtracting the two voltages.
This calibration reduces the effects of gain fluctuation of the
components.

Fig. 20 shows the measured and calibrated output dc voltage
of the radiometer. At the start of the measurement (¢ = 0), the
cold muscle phantom is in place. After about 20 s, the cold
muscle phantom is replaced by the hot phantom. During this
transient of about 5 s, the near-field antenna is not operating
as designed, and thus, the voltage in these intervals is not
meaningful and is shaded in gray in the plot. With the cold
muscle phantom, the radiometer shows lower voltage than with
the heated muscle phantom, as expected.

A temperature retrieval algorithm is used to estimate the
temperature of the muscle layer. The radiometer measures the
total noise temperature from the skin and muscle phantoms in
addition to the ambient temperature. Assuming that the ambi-
ent contribution is negligible, the total radiometric temperature
can be written as a weighted sum

Tlotal = Wskin Tskin + Wmuscle Tmuscle (4)

where the coefficients Wy, and Wisele are found from the
percentage of noise power in each of the two separate layers,
calculated by integration of the simulated volume loss power
density using reciprocity [15]. The assumption of negligible
ambient contribution is validated in simulations, which result
in an environment weighting factor below 5%. Fig. 6 shows
the simulated volume Joule loss density of the near-field
antenna and phantom tissue stack simulated in transmission
with 1 W of input power at the probe feed. The coefficients
are found as the ratio of the Joule loss in a particular
volume to the total Joule loss in the whole stack up, and the
values are shown in Fig. 6. The tissue stack volume in the
simulations is truncated to 6 x 6 x 1.7 cm, and a larger
size derives the same results. The temperature of the skin
phantom, Ty, is independently measured by an individual
thermocouple in direct contact with the skin and assumed to

Temperature (°C)

Tmuscle( Radiometer) ------- Tmusc]e(hOt) Tlolal
10 Tskin ------- Tmusc]e(COId)
0 10 20 30 40 50 60 70 80 90 100

Time (s)

Fig. 21. Measured temperature of the muscle tissue phantom, using Tgin
(green line) measured by a thermocouple and subtracted in the algorithm. 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.

(W/m?)
50000

. 0,
25000 Playdoh: 69.8%
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Superstrate
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Fig. 22. Full-wave simulations of volume Joule loss density (W/m3) with 1 W
at the feed. Playdoh is used as a muscle phantom instead of saline, as shown
in Fig. 6. 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.

be known. The temperature of the muscle, Tiyscle, 1S calculated
from (4). Fig. 21 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.

A. Measurements With a Different Muscle Phantom

A second temperature measurement is done using playdoh
as a muscle phantom instead of a saline bag, with properties
given in Table II. The measurement using a saline plastic bag
has the limitation of unavoidable air bubbles, which occur in
different parts of the phantom during different time intervals
of the measurement. An additional limitation is that the actual
temperature of the muscle phantom is known for a limited
time after the saline phantom is taken out from a heated
water bath, which affects measurement accuracy. In contrast,
the true-time temperature of the playdoh phantom can be
sampled with a thermocouple placed inside the playdoh. For
this temperature test, a thermal insulator is placed between
the skin and muscle phantoms to slow down the time to
reach thermal equilibrium, allowing the temperatures of the
muscle and skin to be different for a longer period. Due to
the electrical property differences between the playdoh and
the saline phantoms, shown in Table II, the weighting factors
are also different, as shown in Fig. 22.

The temperature measurement takes 400 samples over about
45 min. The test uses hot and cold muscle phantoms, and both
measurement results are shown in Fig. 23. The test with the hot
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Fig. 23.  Temperature measurement (with thermocouple) and estimation
(from radiometer output) when playdoh muscle phantom is placed under the
skin phantom. Both hot playdoh (top) and cold playdoh (bottom) tests are
conducted for validation across temperatures.

muscle phantom shows that it cools as the skin phantom heats.
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 (27% for skin instead of 28.3%). The estimated muscle
phantom temperature matches the real-time value measured
with a thermocouple with an average error of 0.247 °C and
a maximum error of 1.25 °C. The thermocouple is placed at
the bottom of the playdoh about 3 mm above the insulator
since this is the area where most of the blackbody radiation
originates due to the high Joule loss.

A second test is done with a cooled playdoh phantom.
The estimation, in this case, has an average error of 0.1 °C
and a maximum error of 0.31 °C compared to the actual
measured temperature. This test verifies that the radiometer
can measure buried layer temperatures both above and below
room temperature.

B. Noninvasive Passive In Vivo Temperature
Measurements

In vivo measurements are done using temperature-varying
tap water inside the mouth. This measurement is passive
and noninvasive, with water temperature that can be var-
ied in the mouth, and the near-field antenna placed on the
cheek, as shown in the photograph in Fig. 24. The same
near-field antenna used in previous tests with phantoms is
reasonably well-matched to tissue layers of the human cheek

767
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Thermocouple
on cheek

in mouth

Fig. 24. 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
at Boulder.)
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Fig. 25. 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.

with properties given in [33]. In this test, a circulator is
connected between the antenna and the input of the radiometer
to avoid power fluctuations due to antenna mismatch. With
the near-field antenna attached on the cheek, a thermocouple
is placed inside the mouth to measure the actual temperature
of the water. Another thermocouple is placed on the skin next
to the antenna to monitor any temperature change of the skin.
Hot and cold water is held in the mouth for 20 samples (about
110 s) as the radiometer measures the temperature change of
the water. The temperature of the skin did not change during
these measurements.
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TABLE III

WEIGHTING FACTORS OF TISSUE LAYERS
WITH SKIN PROPERTY VARIATION

Property | Mean value | STD dev WI\//I-:Z MIXI::”
Thickness 2 mm 8% 0.291 0.265
€r 28 10% 0.303 0.259
o 0.84 S/m 10% 0.298 0.261

Equation (3) is used to estimate the water inside the cheek,
using weighting factors calculated by full-wave simulations
of the near-field antenna placed on the cheek tissue stack of
skin, fat, and muscle with properties shown in Table II. The
calculated weighting factor of the water inside the cheek is
Waater = 17%, and the estimated temperature results of these
measurements are shown in Fig. 25. The radiometer estimation
follows the real-time thermocouple temperature measurement
of the water with an average error of 1.17 °C.

VII. CONCLUSION AND DISCUSSION

In summary, this article demonstrates a switch and stable
45-dB gain LNA implemented on a GaAs MMIC with a noise
figure of 0.88 dB at 1.4 GHz, showing for the first time that a
radiometer for internal body temperature can be miniaturized
by MMIC integration. With a near-field antenna probe at the
input to the MMIC, discrete filters, and a detector stage at the
output, 60-MHz bandwidth measurements are obtained on a
skin—muscle phantom to track the muscle temperature. Proper-
ties of tissue layers, however, including thickness, permittivity,
and conductivity, vary from person to person and from one part
of the body to another. Thus, we investigated in simulations
the effect of this variation on the measured temperature of a
subcutaneous tissue layer.

A. Temperature Estimation Sensitivity

The sensitivity of the temperature estimate depends on the
values of the weighting factors that, in turn, depend on tissue
property variations. For example, the relative permittivity of
dry and wet skin can vary by 6% at 1.4 GHz [26], while
forehead skin thickness can vary by +8% between different
human bodies [34]. This literature provides standard deviation
values for the properties of human skin, which we use to
determine the property range in the simulation. The weight
of the skin changes by 2.6 percentage points (pp) when the
thickness is varied from 1.84 to 2.16 mm. When varying
the permittivity and conductivity, the weight of the skin
changes by 4.4 and 3.7 pp, respectively. For the simulations
we considered, the permittivity of the skin had the largest
impact on the weighting factor values. More details about the
tolerance are shown in Table III.

Fig. 26 shows the volume Joule loss density for two skin
layer property scenarios, Cases 1 and 2, where all three
properties are varied to extreme conditions. The muscle phan-
tom thickness is constant for all simulations as it matches

(W/m®)
75000.

50000

25000
M

Fig. 26. Side-by-side comparison of simulated volume loss density when skin
properties are varied. Left: skin phantom properties: thickness, # = 1.84 mm,
€ =30.8, and 0 = 0.756 S/m. The resulting skin weighting factor is 22.7%.
Right: skin phantom properties: & = 2.16 mm, € = 25.2, and o = 0.924 S/m.
The resulting skin weighting factor is 33.5%.

Superstrate

the dimensions used in measurement setups. In Case 1, the
weight of the skin is at its lowest. The skin has thickness,
permittivity, and conductivity of 4 = 1.84 mm, ¢ = 30.8,
and ¢ = 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, increasing the weight of the
muscle. The weights corresponding to this configuration are
Wein = 0.227 and Wpysee = 0.739. The weighting factor of
the muscle increased by 5.8 pp compared to the simulation
done without the variation, as shown in Fig. 6.

Case 2, when the weight of the skin is at its highest, has
thickness, permittivity, and conductivity of 47 = 2.16 mm,
€ = 252, and 0 = 0.924 S/m, respectively. The weighting
factors of the phantom layers are Wy, = 0.335 and Wiyscle =
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 variation in muscle weighting
factor may vary up to 10.5 pp, given nominal physiological
skin tissue properties. In both cases, the simulated reflection
coefficient and radiated power have negligible differences of
less than 0.4%.

Using the radiometer output voltage data shown in Fig. 20,
different skin layer weighting factor values result in different
muscle temperature estimation errors. For Case 1, where the
skin weight is lowest, the average error increases to 1.14 °C
with a maximum error of 4.04 °C. Meanwhile, for Case 2,
the average error increases to 1.58 °C with a maximum
error of 4.62 °C. This is a 0.37 °C and 0.81 °C increase
from the original average error of 0.77 °C. Knowledge of the
tissue properties reduces the estimation error by improving
the computation of the layer weights. Average temperature
estimation errors are <2 °C, even without consideration of
the tissue properties. Thus, the absolute error in temperature
estimation for real medical use cases, in which the temper-
ature swing would be roughly 5 °C [35], is expected to be
smaller.

B. Conclusion

In conclusion, this article demonstrates that a Dicke
radiometer with GaAs MMIC front-end switch and LNA can
be used with a near-field antenna to measure the temperature
of a buried tissue layer. The near-field antenna is designed
to receive blackbody radiation from a 15-mm-thick muscle
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phantom under a 2-mm-thick skin phantom. This configuration
was assembled and tested, with a difference in radiometric
temperature measurements of the subcutaneous muscle layer,
compared to a thermocouple “ground truth” measurement,
averaging 0.77 °C. Several other tests were performed, includ-
ing measurements with a different muscle phantom as well
as a noninvasive, passive in vivo measurement of water
inside the human cheek. These measurements illustrate similar
agreement between radiometric and direct-contact temperature
measurements. An additional consideration necessary for the
clinical application of microwave thermometry is the impact
of tissue property variation on the accuracy of internal layer
temperature estimation, which is investigated here in simula-
tions and shows that up to 10.5 pp of skin weight factor can
change. Finally, the power consumption of this radiometer is
about 80 mW, compared to >0.5 W for a similar device with
off-the-shelf components.
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