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Abstract— This paper presents a study of near-field radiometry
for internal temperature measurements of the human body. The
radiometer has a Dicke architecture and operates in the 1.4-GHz
quiet band for centimeter penetration into tissues with minimized
radio frequency interference (RFI). The total blackbody power
from a tissue stack is received by a probe placed on the
skin, designed to receive a high percentage of the total power
from a buried tissue layer. Temperature retrieval for subsurface
tissue layers is performed using near-field weighting functions
obtained from full-wave simulations. The calibrated radiometer
is demonstrated to track the temperature of a phantom muscle
tissue layer under phantom fat and skin layers within a fraction
of a degree. It is shown that RFI can be reduced through the
use of a second probe and adaptive processing. Measurements
on the human cheek show good agreement with independent
thermocouple measurements inside the mouth.

Index Terms— Blackbody radiation, microwave thermometry,
near field, radio frequency interference (RFI) mitigation.

I. INTRODUCTION

RACKING the difference between internal body tem-

perature and skin temperature is important for a variety
of medical diagnostic and treatment procedures. The internal
temperature of the human body can be considerably different
from that of the skin [1]. The difference between core body
temperature (e.g., heart) and skin varies up to +2 °C [2] over
the circadian cycle for a healthy person. A disrupted circadian
rhythm can result in seasonal affective disorder [3], type-2
diabetes [4], and heart disease [5]. Athletes, soldiers, firefight-
ers, and astronauts under heavy training or challenging ambi-
ent conditions can have abnormal core temperatures, resulting
in hypothermia, hyperthermia, and heatstroke [6], making
internal body temperature monitoring important. Heatstroke in
football players can result in death if not treated promptly [7].
Internal tissue temperature is relevant in cancer detec-
tion [8], monitoring drug delivery for cancer treatment [9],
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hyperthermia temperature control [10], [11], and hypothermic
neural rescue of infants suffering from hypoxia-ischemia [12].

Internal temperature measurements include internal
thermometers, which are generally invasive, and external ones
which are nonportable, expensive, and potentially influenced
by environmental conditions. Internal thermometers, such as
oral, rectal, and esophageal are not convenient for long-term
monitoring, are difficult to insert and can cause irritation [13].
Ingestible telemetric pills measure temperature while in the
digestive track for a limited period of time [14], but are not
reusable, their precise position in the body is unknown, and
it has been shown that drinking cool fluids increases the error
to more than 6 °C [15].

External temperature measurements include magnetic reso-
nance imaging (MRI) and zero heat flux (ZHF). MRI grants
high spatial temperature resolution, but is expensive and not
portable [16]. Other active external thermometers, such as
computer tomography imaging and ultrasound, stimulate the
body with an applicator, while ionizing X-rays can induce
cancer [17]. ZHF eliminates heat loss to the environment and
makes the subcutaneous temperature equal to skin temperature
where it can be measured noninvasively [1], but is not wearable
and becomes less accurate for thick tissue layers that are poor
thermal conductors, such as fat.

The goal of microwave thermometry is a noninvasive, fast,
wearable, inexpensive, and passive device which operates at a
sufficiently low frequency for several centimeters penetration
into the tissues. An illustration of the approach is shown in
Fig. 1. The muscle and skin temperature of a human under
exercise can differ by several degrees [19], and it is important
to monitor the internal temperature, e.g., in the case of heart
overheating. An antenna probe in direct contact with the skin
receives power from the tissue stack and is followed by a sen-
sitive receiver, in our case a Dicke radiometer. An algorithm
is then required to retrieve the temperature of specific tissue
layers.

Previous work in this field includes an approach with
two waveguide probes with a water bolus and a multiband
radiometer at 1-4 GHz is used to retrieve temperature pro-
file in a cooled head model [11], [12], [20]. The potential
of multifrequency microwave radiometry for detecting the
location of a hot spot (tumor) inside a cylindrical muscle
phantom has been investigated in [21]. A company in Russia
developed a radiometer instrument for breast cancer detection
suitable for use in hospitals [22]. Karanasiou et al. [23]
presented a cavity for detecting the temperature profile of
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Fig. 1. Illustration of internal body thermometry using a portable microwave
radiometer. A near-field probe is designed to be placed directly on the skin and
couples the total received blackbody power to a calibrated sensitive receiver,
followed by temperature retrieval processing. The infrared image [18] shows
the temperature of the skin, which follows a different trend than muscle
temperatures during exercise [19].

a simplified human head model. A near-field patch antenna
array for the radiometric sensing of food temperature is
described in [24]. A combination of microwave heating and
radiometry as a means of the noninvasive measurement of
blood perfusion is investigated in [25]-[27]. A noncontact
cavity-backed slot probe was developed to work at 1.4 GHz
on a tissue phantom stack of high-permittivity models for
skin, muscle, and blood [28]. Different radiometer and probe
designs have been investigated to work on human head and
kidney phantoms [29], [30]. The efficiency of a log-spiral
probe was investigated on the human head phantom in [31].

The goal of the work presented in this paper is the demon-
stration of a wearable device for a variety of internal body
temperature measurements. Challenges include understanding
blackbody radiation in the near field, efficient probe design
that includes tissue properties and variation of tissue layers
across the body, compact sensitive stable radiometer design,
estimating internal temperature from total power external mea-
surements, and radio frequency interference (RFI) mitigation.
Initial results with a nonoptimized probe and radiometer
are presented in [31] and [32], and the work here extends
the results to a calibrated sensor with subdegree resolution
with an improved probe design and validation of temperature
retrieval algorithms for single-, two-, and three-layer tissue
phantoms using a new measurement method. In addition, a
two-probe radiometer for RFI mitigation is introduced and
shows improved performance, and a study of the effect of
tissue thickness variation is presented.

Section II discusses reciprocity between absorption and
emission in the near field, showing that simulating volume
power loss density in the body due to a transmitting probe
on the skin can predict the emitted power from the volume
received by the same probe. A circular miniaturized patch
probe with a superstrate is presented and shown to have good
properties on the cheek stack, as described in Section III, along
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Fig. 2. Tllustration of microwave radiometry for internal temperature mea-
surements using a skin-mounted probe. The probe is at a physical temperature
Tp and is on top of a tissue layer stack with temperatures 7;. The Dicke
radiometer measures the total radiated power from the stack, and the weighting
functions of each layer (W;) are used to retrieve layer temperatures.

with a simple Dicke radiometer implemented with off-the-shelf
components. Section IV presents tissue temperature retrieval
using weighting functions for each tissue layer. Measurements
on single-, two-, and three-layer phantoms are presented
in Section V and compared to thermocouple measurements.
Section VI discusses errors due to RFI and presents a signal
processing method that can mitigate this interference. In the
final section, a measurement on a human cheek is compared
to internal and external thermocouple data showing that ther-
mal conduction does not dominate the measurements, since
receiving blackbody radiation is practically instantaneous.

II. MICROWAVE THERMOMETRY PHENOMENOLOGY

All objects at nonzero absolute temperature radiate power
across the entire electromagnetic spectrum according to the
blackbody radiation law [34], which can be approximated by
white noise in the microwave region, with a total power in
a bandwidth B given by P = kT B, where k is Boltzmann’s
constant. Fig. 2 shows the setup of a radiometer placed
on layer 1 (skin), with subsurface tissue layers (e.g., fat,
muscle, etc.) denoted by layer 2, layer 3 etc. The radiometer
receives radiation through the probe which is at a physical
temperature T),. The total power received from the tissue
stack corresponds to a probe temperature T = P/kB.
The tissues radiate power in the microwave frequency
range proportionally to their conductivity. The tissue layer
contributions are weighted also by the near-field radiation
pattern of the probe and can be expressed as

N
TA:ZWi(f,dl,O'l,...,di,O'i,...,dN,O'N)T,' (1)
i=1

where T; is the physical temperature of the ith layer and W;
is the ith layer weighting function, which depends on

frequency f, thickness d, and conductivity o of all layers.
The blackbody curve peaks in the infrared range for a
human body (310 K), but the penetration depth of skin at IR
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TABLE I

DIELECTRIC PROPERTIES OF HUMAN TISSUES AND
SOME TISSUE PHANTOMS AT 1.4 GHz [35], [36]

Tissue o(S/m) Permittivity  dg(cm)
Skin 1.035 1.322
Fat (Infiltrated) 0.150 11.20 3.473
Fat (Non infiltrated) 0.064 5.395 5.317
Muscle 1.142 54.11 1.259
Salmon 1.510 52.50 1.095
Rogers 6010 0.002 10.20 30.08
Rohacell 2.45%x1075 1.050 271.8
Saline (Salinity=9ppt, T=23° C) 1.570 78.00 1.074

is only 2 mm. At lower microwave frequencies, e.g., | GHz,
the penetration depth of a plane wave is 3.2 cm for standard
electrical parameters and tissue thicknesses. Table I gives
values for average tissue properties and associated classical
skin depth. It was shown in [37] that the penetration depth for
a stacked tissue layer in the near field differs from the values
in Table I. Therefore, plane-wave skin depth is not appropriate
in this case, and the interaction of the probe with the tissue
stack needs to be modeled in the near field. The fluctuation-
dissipation theorem can be used to calculate the magnitude of
a thermally fluctuating current density [23], but this method is
not easily extended to arbitrarily shaped probes placed directly
on the skin. Absorbed power is by reciprocity equivalent to
radiated power, so determining the specific absorption rate
through full-wave simulations, in this approach is used to infer
the weighting functions described in (1) can be used to find
the absorbed power in each layer.

Multifrequency radiometry can also be applied [10]-[12],
[20], [21], [38], requiring multiple radiometers, thus increasing
complexity, size, and cost. In this method, the estimated
temperature is sensitive to the many unknown parameters, as
discussed in [20]. Modeling the temperature profile with a
bioheat transfer equation [39] adds a temperature estimate that
improves the accuracy and stability of the retrieved spatial
temperature profile [30], but information on heat rate, heat
exchange, blood perfusion, and heat generation is difficult to
predict. The goal of the research in this paper is not imaging—
rather than being interested in the spatial temperature profile,
the important quantity for the applications listed in Section I is
tracking of internal temperature. Therefore, the temperature of
intermediate layers is not of interest, and the mean temperature
of the desired subsurface layer can be found with a single-
frequency measurement. Unlike in imaging applications, our
probe is not designed to have a small, well-defined focal
point. Instead, it optimizes reception from the internal layer
of interest (muscle in this case), while averaging over a lateral
area of a few centimeters. This makes placement on the body
less critical, and improves the accuracy of core temperature
measurement.

An additional problem in temperature retrieval is low
SNR. To measure internal tissue temperature at centimeter-
depth under the skin, lower microwave frequencies are used,
forcing operation on the tail of the blackbody curve. From
this extremely low-power measurement, the temperature of
a particular tissue layer needs to be retrieved. Note that the
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Fig. 3. Circular patch probe with superstrate and inductive shorting pin and
photograph of the probe with a 4 cm x 4 cm ground plane. The substrate and
superstrate are Rogers 6010 material with €, = 10.2 and 1.27 mm thick.

second mechanism of heat transfer, conduction, is character-
ized by a much longer time constant related to tissue thermal
conductivity and capacitance, while the radiative transfer is
practically instantaneous.

III. THERMOMETER DESCRIPTION

The frequency band of 1.4-1.427 GHz, allocated for radio
astronomy, is selected as it provides a reasonable compromise
between sensing depth, probe size, and background RFI.
At higher microwave frequencies, the penetration depth
reduces to a few millimeters, while at frequencies
below 1 GHz, the spatial resolution associated with finite
probe size is reduced [38]. The goal of this paper is long-term
temperature monitoring and, therefore, the architecture
is chosen toward implementing a wearable device [33].
In Fig. 1, the main parts of the system are the near-field
probe, radiometer, and temperature-retrieval algorithm.

A. Probe Design

The skin-mounted probe needs to be small and conformal,
and receives most of the power from the tissue stack with
as little as possible from outside the body. Although the
probe acts as a receiving antenna, standard antenna design
and analysis is not directly applicable, since it is in the near
field of the tissues.

A circular microstrip patch (Fig. 3) is chosen for its size
and simplicity, as well as partial RFI shielding by the ground
plane. The narrow bandwidth and inherent filtering of a patch
is also beneficial for RFI mitigation since there are a number of
cellular bands in the neighborhood of the quiet 1.4-GHz band.
Although a wide measurement bandwidth is often desired in
radiometry to achieve high temperature resolution, a narrow
bandwidth may be compensated with integration time, as
shown in (2). Core body temperature changes in the order
of minutes and integration time less than 1 s is sufficient for
this application. Since the thickness of tissue layers varies on
different parts of the body, as well as from person to person, a
superstrate is included to reduce the sensitivity of the probe to
the surrounding media. A high-permittivity dielectric material,
Rogers6010, and an inductive shorting pin to ground are used
to reduce the overall size of the probe. The probe with a
4 cm x 4 cm ground plane is shown in Fig. 3. For a more
compact wearable probe, the size of the ground plane can
be reduced by a factor of 4 (2 cm x 2 cm) with only slight
simulated increase in RFI reception.
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Fig. 4. Measured return loss of the probe when placed on the human body
(cheek) showing the design is not optimized for an antenna in air. The probe
is also measured on two different phantoms: a two-layer salmon-water stack
and a three-layer stack of salmon, Rohacell foam and water.
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Fig. 5. Simulated volume loss density in W/m? of the proposed probe placed
on the skin—fat—muscle stack, with a 1-W excitation at the matched feed point.
The simulated stack has lateral dimensions of 12 cm x 12 cm.
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Fig. 4 shows the measured return loss of the probe for
several scenarios, including a real human body (cheek) and
different tissue phantoms. The match at 1.4 GHz is better than
9 dB for all cases, with poor matching at the crowded cellular
frequencies (0.9, 1.8, and 2 GHz). Although matching does
not preferentially enhance the thermal noise power reception
from the core tissue layers, it is important because it increases
total power reception, helping to overcome the very low SNR.

The probe is designed to be matched to the human cheek
model [40] and is optimized with HFSS using tissue properties
listed in Table I. This procedure can be repeated for a
probe that operates on a different part of the body. Although
anatomical tissue layers change significantly throughout the
body, the first layer (skin) has the biggest effect on the design
of the probe, thus only tuning and optimization is required for
other placements on the body. The radiated power received
from a particular layer will by reciprocity be the same as
the power absorbed by the same layer, which is quantified by
volume power loss density, in W/m?>. Fig. 5 shows simulated
absorbed power in each tissue layer. Although fat has a low
electromagnetic loss compared to skin and muscle, it absorbs
a nonnegligible portion of the input power. This is due to
the electric field boundary conditions and the predominantly
normal electric field produced in the skin layer. Skin has a
relative permittivity higher by an order of magnitude than that
of fat, resulting in a higher electric field in fat.

Fig. 6 shows the simulated volume loss density under the
center and edge of the patch probe from Fig. 3. A patch
antenna radiates from fringing field at the edges, and therefore,
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Fig. 6. Simulated volume loss density profile of the probe placed on the stack
of skin, fat, and muscle. The z-axis is perpendicular to the skin surface with
z = 0 at the ground plane of the conformal probe. The solid line corresponds
to the center of the patch, while the profile below the patch edge is shown
by dashed lines.

it is reasonable to expect that the volume loss density will be
high at the probe edges between the substrate and superstrate.
This trend is followed in the first tissue layer under the probe.
However, due to boundary conditions, the fields from the edges
of the patch add by superposition in the region under the probe,
enhancing the loss density in the fat and muscle layers.

B. Radiometer Design

In order to detect very small temperature variations in deep
tissue layers, the radiometer should have high sensitivity, low
noise, low gain drift, and it should be stable. In this paper,
a Dicke radiometer is designed from off-the-shelf surface-
mount components, including a switch, two low-noise
amplifiers (LNA), two bandpass filters, and a sensitive
diode detector, detailed in Fig. 7. The size of the board
is 8.2 cm x 5 cm, as illustrated in Fig. 7.

Considering 27 MHz of bandwidth for the quiet radio
astronomy band and typical body temperature (7' = 310 K),
the probe should be receiving —100 dBm. In order to keep
the input power well within the square-law region of the
diode detector, approximately 45 dB of gain is required [32].
The radiometer components, listed in Table II, are selected to
achieve this gain, with minimum cascaded noise figure.

The measured output voltage versus input power (voltage
responsivity) and frequency response are shown in Fig. 8.
The output voltage of the radiometer, in the square-law region
of the output detector, is linearly related to the noise tempera-
ture of the input source. Therefore, it is sufficient to measure
the output voltage corresponding to each of the two input noise
temperatures to establish the calibration line, for converting
the output voltage of the radiometer to probe radiometric
temperature.

The precision with which temperature can be measured is
often referred to as the radiometer sensitivity or radiometric
resolution (AT'), which is inversely proportional to integration
time and system bandwidth [34]

T +T,

AT = ——=¢ 2
NG 2
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Fig. 7. Block diagram of radiometer showing hardware prototypes built from
off-the-shelf components.

TABLE 11
COMPONENTS OF THE 1.4-GHz RADIOMETER

Component  G(dB)  NF(dB) Part number Manufacturer
SW, -0.55 0.55 SKY13388-465LF Skyworks
LNA; 35 0.6 Tamp-1521GLN+  Mini-Circuits
BPFy /5 -4.14 4.14 SYBP-1420 Mini-Circuits
LNA> 18.5 1.1 Ramp-33LN+ Mini-Circuits

Input Power [dBm]
-120 -115 -110 -105 -100 -95 -90 -85
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Fig. 8. Measured frequency response (bottom axis) at —92 dBm of input

power and voltage responsivity of the radiometer at 1.4 GHz (top axis).
where T is the probe temperature, 7,.. is the radiometer noise
temperature, B is the bandwidth, and 7 is the integration time.
For a resolution of AT = 0.2 K and an integration time
of 1/3 s, the maximum radiometer noise temperature is 290 K.

The measured voltage frequency response, gain, and noise
figure of the radiometer, using an HP 9870B noise figure
meter, demonstrate a gain of 46.5 dB and a noise figure
of 1.58 dB (Fig. 9). The frequency response is measured
at 1.4 GHz at an input power of —92 dBm. Even though the
radiometer cannot amplify the strong interference at 1.9 GHz,
the bandwidth needs to be reduced to the 27 MHz of the
quiet band to minimize interference. Although such a bandpass
filter is not practically achievable with low loss and a small
footprint suitable for wearable applications, the inherently
narrow bandwidth of a patch radiator allows us to restrict
reception to this quiet band.
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Fig. 9. Measured gain and noise figure of the radiometer over frequency.

IV. TEMPERATURE RETRIEVAL

In order to estimate the subsurface tissue layer temperature,
the first step is to express the radiometric temperature of the
probe at the feed point (7T') in terms of the temperatures of all
relevant tissue layers as given in (1). Referring to Fig. 2, for
the case of three layers this becomes

3
T = WiTi=TiW + W+ T3W;3 3)

i=1

where 7; is the temperature of the ith layer and W; is the
ith layer weighting function, which depends on frequency,
thickness (d) of each layer, physical temperature, and con-
ductivity of the materials as well as near-field probe pattern.
The power dissipated in a particular layer normalized to the
total dissipated power gives the following expression for the
weight of each layer:

_ Pai(r)
=

Wi “)
where Pg; is the power dissipated in the ith layer and P, is
the total dissipated power in the volume. The volume used
for calculating the weights is bound by power loss density
values below 10 W/m3, referring to Fig. 5. We feel this is a
good approximation since a very small amount of power is
absorbed by the remaining volume.

With these assumptions, the radiometer temperature is first
corrected for the probe reflection coefficient

T' = (1—|T)T +|T1*T,

1 1
T, = 7 e T (1 - z) Trm (5)
where I' accounts for the impedance mismatch of the probe,
and 7, is incident on the probe from the receiver and cable.
The radiometer temperature is next corrected for the loss in
the cable as

1 1
T”:ZT’+(1—Z) Tim (6)
where L is the loss factor, defined as 1/G for a less-than-unity
gain. This procedure corrects the radiometric observations
up to the plane of the radiometer (shown with dashed line
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Block diagram of measurement setup showing a stack of tissue layers placed on top of the probe. The probe feed is connected to the input port

of a SP3T switch with the other two ports connected to the hot and cold noise sources. The output of the radiometer described in the previous section is
amplified by a dc-gain block and digitized for processing. Four additional thermocouples are used for independent temperature measurement.

in Fig. 2). Given these adjustments, the radiometer output
voltage when the probe is selected by the input switch is

VProbe = /“[Tr::c + bPT” + (1 - bP)Tr;C] ™

where u = CyGkBye. represents the total receiver conversion
factor from a temperature in K to an output value in V,
for a detector sensitivity of C4, a gain of G, and receiver
bandwidth Brec. The factor b, = Bprobe/Brec accounts for
a probe with a narrower bandwidth than the receiver. Since
the reference noise sources are matched across the receiver
bandwidth, their measured voltage is simply

Viet1,2 = i Tree + Tref1.2]- ®)
With these inputs measured sequentially over a 1-s (7 =1 s)
period, the output voltage of the radiometer is
i The +bpT" + (1 =bp)TL], 0 <1 <71/3
Vout = ,U[Tr/ec‘FTrefl]; t/3 <t <2t/3
,u[Tr/eC—}—Trefz], 2t/3 <t <.
©)
The use of two different reference sources at known physical

temperatures Tief1, Tref2 allows for real-time characterization

of the receiver conversion factor x and noise temperature 7,

Vier2 — Vrefl Vietl
- % Troe = Trefl — ——. (10)
ref2 refl M
Solving (7) for T” gives
Virobe 2
7" = 1—-= )71 11
,ubp + bp rec ( )

where b, is computed from separate bandwidth measurements
of the probe and the receiver, as shown in Figs. 4 and 8.
Inverting (6) and (5), we obtain the radiometric temperature
sensed by the probe T
T = LT" + (1 — L)Tym
T'—|TPT;

T = ———. 12
T~ P 12)

Finally, to extract the temperature of the core muscle layer,
consider (3) where layer 2 (fat) temperature is the average of
layer 1 (skin) and layer 3 (muscle)

T =Ti(W1+ W2/2) + T3(W3 + W2/2). (13)
Radiometric temperature 7 from (12), the direct measurement
of surface temperature 77 with a thermocouple, and the

extraction of Wy, Wy, and W3 from a full-wave simulation
allow us to solve the desired internal temperature

T -Ti(Wi + W,/2)

T3
W3 + W2 /2

(14)

V. EXPERIMENTAL VALIDATION

Before in vivo tests, phantom measurements of multiple-
layer tissues are performed in order to validate the approach in
a controlled environment with a single-layer phantom, as well
as two- and three-layer phantom tissue stacks, approximately
10 cm x 10 cm, which is large enough that the edges do not
interact measurably with the probe. An overall block diagram
of the measurement setup is shown in Fig. 10. The probe
is placed directly on the first layer and connected to the
radiometer along with the external hot and cold noise sources.
The output voltage is measured by an analog-to-digital
converter, with an added dc gain stage that results in the
best resolution from the National Instruments PCI-6143
16-bit, 250 kS/s/ch, simultaneous sampling multifunction
data acquisition unit (DAQ). The estimate of temperature at
the radiometer plane is first corrected for the probe reflection
coefficient and the cable loss (typically 0.3 dB). Separate
thermocouples monitor the temperature recorded by a Pico
Technology tc-08 data logger. The computer controls the
dc supply, which controls the noise sources and the switch
which operates at a 0.333-s switching period, determined by
the achievable resolution, AT.
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TABLE III

WEIGHTING FUNCTIONS OF DIFFERENT LAYERS USED FOR ALL
MEASUREMENTS. MUSCLES 1 AND 2 REFER TO TAP WATER
AND SALINE, RESPECTIVELY. FATS 1 AND 2 REFER TO
ROGERS6010 AND ROHACELL, RESPECTIVELY

Measurement Wprobe  Wskin  Wrat  Wauscle
Single layer 0.360 0.640 - -
Two-layer, muscle 1 0.100 0.560 - 0.340
Two-layer, muscle 2 0.100 0.210 - 0.690
Three-layer, fat 1 0.101 0.633 0.025 0.241
Three-layer, fat 2 0.145 0.650 0.010 0.205
43 T T T 0.5
Thermoucouple
\ === === Radiometer
Salt T Eror {023
3 4‘:.
i, ) .‘.. [8)
RN A . l, ¢
g* ! et N &3]
o
A 1-0.25
35 . . . -0.5
0 5 10 15 20
Time (min)
Fig. 11.  Radiometric estimate of the temperature of a water half-space.

The radiometer measurement is shown with a green dashed line, direct
thermocouple measurement is shown in solid blue, and the error between
the two is shown with a black dashed line. A low-pass filter is applied to the
radiometer data.

A. Homogeneous (Single-Layer) Phantom
Temperature Detection

The radiometer basic functionality is assessed with a
single-layer 10-cm-deep water tissue phantom as shown
in Fig. 10. The water is heated to about 43 °C and allowed
to cool off over a period of 15 min. The estimate of the
temperature at the radiometer plane is corrected for the probe
reflection coefficient of —15 dB and a cable loss of 0.3 dB,
as in (6). To estimate the actual temperature of the water,
(3) is solved with weighting functions determined by HFSS
and listed in Table III. The other half-space of the probe
plane is assumed to be at room temperature. The radiometric
temperature estimate is shown in Fig. 11 along with a ther-
mocouple measurement of the water. The plot quantifies the
error between the radiometric and independent thermocouple
measurement, which is at most 0.4 °C.

B. Buried Layer Temperature Tracking

The previous experiment validated the operation of the
probe and the radiometer and its ability to measure temperature
with a subdegree accuracy. The real challenge, however, is to
measure the temperature of a layer of tissue that is not directly
in contact with the probe. For this validation, a 2-mm-thick
layer of smoked salmon is used as a skin phantom [36] and
water is used as a muscle phantom. Two cases are presented
in order to validate the effect of electrical conductivity of a
buried tissue layer. The experiment is described in Fig. 12.
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Fig. 12.  Block diagram of two-layer measurement setup showing a probe
connected to the radiometer measurement setup. Two plastic bags filled with
1.5 L of cold and hot muscle phantom are periodically cycled and placed
on a 2-mm-thick skin phantom. The goal is measuring the temperature of
unknown muscle phantom with the radiometer probe in direct contact with
the skin. One thermocouple is placed on the skin and used in the temperature
extraction algorithm, while the others are used for verification.

Measured temperature tracking is shown in Fig. 13(a) as a
plastic bag filled with tap water is cycled between 10 °C
and 79 °C, while Fig. 13(b) shows the same measurement
but with a saline solution cycled between 15 °C and 30 °C.
The inverse problem i solved using (2) for i = 1,2 where
the weighting functions are again obtained from full-wave
simulations and are given in Table III. The temperature of
first layer is measured using a thermocouple.

The main conclusions from the plots in Fig. 13 are:
1) the radiometer tracks the subsurface temperature and 2) the
thermal conduction is characterized by a much longer time
constant, in the order of tens of seconds, while the radiometric
measurement is practically instantaneous since it occurs at
the speed of light through tissue. Note that in Fig. 13(a),
there is a slight temporal offset between the radiometer and
thermocouple data, due to the fact that the thermocouple was
not in direct contact with the water phantom for this specific
case. Another interesting observation is that the estimated
subsurface temperature is affected by the conductive heating of
the salmon layer, which is seen from the slope of the estimated
temperature for the time periods of hot and cold water. This
is easily seen from the two-layer estimation expression

T — Tsaimon Wsalmon — TprobeWprobe

5)

Twater = W,
water

where when Tggmon slowly increases due to conduction, the
estimated water temperature decreases.

C. Three-Layer Buried Layer Temperature Tracking

Increasing the number of layers to include a phantom layer
of fat adds another term to the estimation (3). To demonstrate
this more complex case, a 1.27-mm thick layer of Rogers
6010 Duroid substrate is added between the salmon and
bag of saline, representing a layer of fat (see Table I). The
experiments are performed as illustrated in Fig. 12 with an
additional layer added, and the results are plotted in Fig. 14(a).
The weighting functions for two fat phantoms are given
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Fig. 13. Measured subsurface temperature tracking of a two-layer phantom
with muscle represented by (a) tap water and (b) 9-ppt saline solution. In (a),
the buried layer temperature is varied over a wide range from 10°C to 79°C,
while in (b) the variation is smaller (10°C to 31°C). The red line shows the
measured salmon (skin) temperature. The solid blue line shows the radiometric
estimation of the muscle temperature, while the dashed green and red lines
show data from thermocouples placed on the muscle and skin phantoms,
respectively.

in Table III. Again, the radiometer has sufficient sensitivity
to track the temperature of layer 3 under two other layers.
To assess the long-term stability of the measurement, the
Duroid layer is replaced by a 3-mm layer of Rohacel foam
(¢, = 1.05), the tap water phantom is heated to 60 °C, and
the temperature is measured as it cools to 45 °C over a 2.5-h
time period at room temperature [Fig. 14(b)]. The discrepancy
between the thermocouple and calibrated radiometric measure-
ment increases after about 1.5 h, resulting in an error as large
as 5 °C. This is attributed to RFI which increases the total
power received from the probe, but does not strongly affect
the power measured from the hot and cold noise sources, as
would thermal drift of the receiver. Section V-D describes one
way to mitigate RFI with a second probe.

D. Radio Frequency Interference Mitigation

The extremely low level of microwave power emitted
by the human body can be masked by weak interference
even when operating in the 1.4-GHz quiet band. Strong
signals in neighboring bands, such as cellular communications
at 1.8 and 1.9 GHz, cause unpredictable fluctuations (usually
spikes) in the measurements. Interference may also come from
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Fig. 14. Two buried temperature measurements over different time scales,
where all thermocouple measurements are performed at the outer interface
of the subscript layer, e.g., Tty is measured at the interface between the fat
and skin (phatom) layers. (a) Subsurface temperature tracking of the buried
muscle (9-ppt saline) temperature under the stack of skin (2-mm salmon) and
fat (1.27 mm of Rogers6010). (b) Radiometric estimate of the temperature of
a muscle (tap water) layer under 3 mm of fat (Rohacel foam) and 2-mm layer
of skin (smoked salmon) over a period of 2.5 h.
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Fig. 15. Buried muscle (water phantom) under skin (salmon) and fat

(Rohacell) measurements in the presence of RFI shows larger errors in
temperature estimation when external signals are received by the probe.

household devices such as fluorescent lights. An example mea-
surement for the three-layer phantom stack with RFI present
is shown in Fig. 15. Although the measurements were done
in a relatively radio-quiet basement, in this case, after 27 min
some interference was observed.

To reduce the effect of interference, a direct measurement
with a second probe is performed and an estimate of the
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Fig. 16. (a) Signal diagram of adaptive interference cancellation algorithm.

(b) RFI observation setup.

interference is subtracted from the main probe measurement.
Although the main probe detects both RFI and noise power
from the body, the RFI probe is situated such that it does
not couple significantly to the body (or phantoms) and thus
measures only RFI. For finite-sized phantoms, the RFI probe
may be placed to the side, as shown in Fig. 16(b); however,
for a human body, it would be placed facing away. Consider
the total signal measured by the radiometer expressed as a
discrete signal after sampling
x[n] =d[n] +v1[n] (16)
where d[n] is the desired noise signal, vi[n] is RFI, and
x[n] is the measured total signal. The relative power of the
RFI is often greater than that of the blackbody radiation,
but is attenuated through the tissues. Furthermore, infor-
mation regarding the process underlying vj[n] is generally
unknown, making it more difficult to separate the desired
signal from the interference. To address this, an adaptive inter-
ference cancellation technique is applied. A reference signal
vp[n] that is correlated with vi[n] is used to formulate an
estimate c;’[n] [Fig. 16(a)]
d[n] = x[n] — 02[n]. (17)
An additional probe is used to observe the environmen-
tal RFI [Fig. 16(b)] resulting in a measured signal v;[n]
which tracks v[n]. The measurements are done sequentially,
resulting in calibratable time misalignment. We assume that
neither vo[n] nor vi[n] are correlated with d[n]. va[n] is
adaptively filtered in order to produce an estimate 01[n], and a
recursive least squares algorithm is used to generate the filter
coefficients. The goal of this algorithm is to minimize the
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Fig. 17. Single-layer temperature estimation using the setup from
Fig. 16(b) with an additional probe and adaptive algorithm, compared with
an uncorrected measurement. The direct thermocouple measurement is also
shown as a baseline.

weighted least squares error

€= . i)el)

i=1

(18)

where e(i) is the difference between the measured signal
d[n] and the estimated interference 0,[n]. The weighting
factor f(n,i) is used to ensure that past data are forgotten
in order to compensate for the nonstationary RFI nature.
Therefore, the adaptive filter can follow the statistical vari-
ations of the observed data and extract an approximately
interference-free estimate of the radiometer signal. Fig. 17
shows the resulting temperature estimate in comparison with
the uncorrected measurement.

VI. DISCUSSION AND CONCLUSION

The experiments in the previous section demonstrated the
feasibility of noninvasive temperature measurements of buried
tissue layers using controllable tissue phantoms. There are
a number of applications where internal body temperature
measurements are critical. Examples include brain temperature
monitoring of infants suffering from hypoxia-ischemia, mea-
suring heating due to inflammations such as arthritis, cancer
detection, urine flow monitoring, hyperthermia temperature
control, and monitoring drug delivery. Some of the applica-
tions can be performed clinically, while others benefit from
long-term monitoring. Since the tissue stacks differ, the probe
should be redesigned in each case, and available full-body
tissue models (e.g., IT’IS virtual population [41]).

One example that requires only relative temperature tracking
is monitoring the heart temperature of people under heavy
training and emergency personnel. Another application that
requires relative temperature is tracking the difference between
the external temperature of the extremities and core tempera-
ture, related to changes in the circadian cycle which has been
shown to be related to sleeping disorders, diabetes, and certain
cancers. Such long-term monitoring requires wearable solu-
tions which can store or transmit data. A wearable uncalibrated
wireless radiometer, described in [42], is used to measure
varied water temperature in a human mouth by placing the
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Fig. 18. (a) To change the temperature under the skin and tissue in the
cheek, water at different temperatures fills the mouth. The goal is tracking
water temperature with a probe on the skin. A thermocouple in the mouth
directly measures the temperature of the water. (b) Calibrated radiometric
temperature of the water inside the mouth, measured through the cheek and
compared to a thermocouple measurement inside the mouth.

radiometer probe on the cheek. Similar measurements are
performed with the calibrated Dicke radiometer as described
in this paper, and using the circular patch with shorting pin
and superstrate probe. Fig. 18(a) shows the probe positioned
on the cheek. The probe is designed for the average thickness
of cheek tissue layers (1.8-mm-thick skin layer, 4-mm-thick
fat layer, and 2-mm-thick muscle layer). In order to change
the temperature inside the oral cavity, cold, room temperature,
and warm water is held in the mouth (Fig. 18). Radiometric
readings observed over a time span of 200 s show that
the radiometer tracks in sifu temperatures measured by a
thermocouple.

In addition to radiometer calibration which is continuously
done with hot and cold noise sources switching, model
calibration will also be required for practical applications,
since tissue layers differ between individuals and body parts.
In particular, the thickness of the fat layer exhibits a large
variation. The sensitivity of the estimated temperature for
different fat thicknesses is studied for the skin—fat—muscle
model by varying the fat layer thickness from 2 to 8 mm.
Weighting functions are calculated for each tissue stack and
then used to estimate the input power to the radiometer using
the same probe. The error in final estimated temperature is then
calculated relative to an assumed fat thickness of 4 mm and is
plotted in Fig. 19. The results show that the temperature error
is less than 0.6 °C across a 4 °C range for a fat layer twice
(8 mm) or half (2 mm) of the assumed thickness (4 mm).
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Fig. 19. Sensitivity of radiometric temperature to uncertainty in fat thickness.
Radiometer outputs are simulated with weighting functions for different fat
thicknesses, but all temperatures are retrieved assuming a thickness of 4 mm.
Offsets are applied, simulating an independent temperature measurement of
37 °C at rest.

This in turn means that exact knowledge of the fat layer
thickness is not required, especially in light of the fact that
muscle temperature is not likely to vary more than 4 °C, even
under extreme conditions.

In summary, this paper presents a study of near-field radiom-
etry for internal temperature measurements of the human
body using a portable Dicke radiometer in the 1.4-GHz quiet
band. The total blackbody power from a tissue stack is
received by a probe placed on the skin, designed to receive
a high percentage of the total power from a buried tissue
layer several centimeters in thickness. Temperature retrieval
for subsurface tissue layers is performed using near-field
weighting functions obtained from full-wave simulations. The
calibrated radiometer is demonstrated to track the temperature
of a phantom muscle tissue layer under phantom fat and skin
layers within a fraction of a degree. In situ measurements on
the human cheek show a good agreement with independent
thermocouple measurements inside the mouth. It is shown that
RFI can be reduced through the use of a second probe and
adaptive processing. Simulations also show that the microwave
thermometer is tolerant to fat layer thickness variation. The
results from this paper show that a miniaturized, wearable,
and more integrated microwave thermometer is feasible.
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