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Abstract— In this letter, we present an on-chip radiometer for
noninvasive internal body temperature measurements. The switch
and low-noise, high-gain amplifier parts of the Dicke radiometer
are designed as a single monolithic microwave integrated circuit
(MMIC) using enhancement-mode 0.1 µm GaAs pseudomorphic
high electron mobility transistor (pHEMT) technology. The
radiometer shows 45 dB of gain and 0.88 dB noise figure (NF)
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 the 15 mm thick muscle
phantom under the 2 mm thick skin phantom. To retrieve the
subcutaneous temperature of the muscle, a radiometer calibra-
tion is performed with a reference noise source by switching
at 10 Hz. The integration time of the measurements is 2 s. A
27-MHz bandwidth results in an average measurement error of
0.77 K compared to a thermocouple measurement of the muscle
phantom performed 30 s before the radiometric measurement.

Index Terms— GaAs monolithic microwave integrated circuit
(MMIC), low noise amplifier, phantom tissue, radiometer,
single-pole double-throw (SPDT) switch, thermometer.

I. INTRODUCTION

THE 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 an emergency cardiac repair surgery, during which
the blood supply is interrupted. However, a smooth return to
normothermia is required within only 30 min. Brain tempera-
ture is monitored throughout this procedure to ensure proper
temperature maintenance, currently with nasal catheters [1].
On a more widely applicable basis, the monitoring of muscle
temperature in first-responders, athletes, and military person-
nel 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 assist with sleep disorder treatment.
Tissue temperature is an indicator of not only infection,
but also healing for burn patients [5]. Joint inflammation
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Fig. 1. Illustration of noninvasive internal body thermometry with a
microwave radiometer placed below the sternum [10]. 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.

detection additionally depends on reliable tissue temperature
measurements [6].

Currently, there is no commercially available wearable
device that can noninvasively measure temperature at a few
cm depths in the body. Magnetic resonance imaging (MRI) can
give indirect relative measurements with high resolution, but it
is large and expensive. Heat flux devices can be wearable, but
their usability outside clinical or laboratory settings remains
limited [7]. A method that has been shown in the literature is
using microwave radiometry in the 1–3 GHz range, e.g., [8],
[9] where the tissue sensing depth is on the order of cm.
However, the thermal power P = kT B received with a
measurement bandwidth B on the order of tens of MHz,
is very low, in the −100 dBm range for normal human
temperatures. Therefore, radiometer receivers need to have
high gain and low noise. The approach in this letter is shown
in Fig. 1, a near-field antenna attached to the outer skin
receives thermal power from a stack of tissue layers. These
data are amplified by the Dicke radiometer, and then the
power detector converts the data to be used for calibrated
temperature analysis. A separate thermocouple on the skin
allows the estimation of the temperature of the inner tissue
layers. The radiometer design and temperature retrieval are
described in this letter.

II. RADIOMETER OVERVIEW

A key metric for a radiometer is the minimal detectable
temperature difference, 1T , which depends on the hardware
and is described by a noise temperature Tsys, the measurement
bandwidth B, and the integration time τ [11]. For the total
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TABLE I
COMPARISON OF RADIOMETER ARCHITECTURES

Fig. 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 bandpass filter, detector, and dc
amplifier. The output is digitized and processed for temperature retrieval.
A thermocouple logger monitors skin temperature.

power radiometer, the resolution is given by

1T =
Tsys

√
τ B

but this simple architecture, consisting of a low-noise ampli-
fier (LNA), filter, and detector, is susceptible to drift and
fluctuations and cannot be calibrated while operating. Other
radiometer architectures include the Dicke radiometer, correla-
tion radiometer, and a combination of the two, which we refer
to as the “hybrid.” A Dicke radiometer uses a switch to allow
calibration against a known thermal source at the expense of
50% duty cycle of the measurement [11]. Table I shows a
summary of the achievable 1T , as well as the pros and cons of
various architectures. In this letter, 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. 2 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 in order to calibrate for gain fluctuations. The
LNA gain is selected to meet a link 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 post-detection amplifier, the voltage from
a room-temperature source is on the order of 10 mV. After
taking into account the detector responsivity, loss in the filters,
switch loss, and cable loss with near-field antenna mismatch,
a requirement for the LNA gain is found to be ≥45 dB,

Fig. 3. (a) Cross section of the near-field antenna designed for thermal
power retrieval, with a high sensing coefficient from the muscle phantom
layer. (b) Simulated and measured reflection coefficient magnitude when
the near-field antenna is placed on to the phantom tissue stack. The mea-
sured reflection coefficient is also shown for the antenna in free space for
comparison.

assuming a room-temperature input power of −100 dBm in a
27-MHz bandwidth of the 1.4 GHz quiet band. The overall
receiver noise figure (NF) is primarily determined by the
LNA first stage NF and loss of the switch. The design of
the radiometer components is given next.

III. MMIC DICKE RADIOMETER DESIGN

In this section, the design of the radiometer components is
described, starting from the near-field antenna, followed by the
GaAs monolithic microwave integrated circuit (MMIC) switch
integrated with a three-stage LNA.

A. Near-Field Antenna

For receiving blackbody radiation from a subcutaneous
tissue layer, a near-field antenna different from a free-space
radiator is designed. The goal is to receive as much power as
possible from the muscle layer under the skin layer in this case.
A 2 mm skin phantom (ϵr = 28, σ = 0.82 S/m) from [14] is
placed on top of a plastic bag filled with saline solution (ϵr =

77.7, σ = 1.26 S/m) used as a muscle phantom, approximating
the values given in [15]. The muscle phantom is kept in a water
bath with a temperature controller to set the temperature to a
known value for characterizing the radiometer accuracy.

A coaxial-fed rectangular patch is designed by simulations
in Ansys HFSS using the above properties of the muscle
phantom with dimensions 6 × 6 cm and 1.5 cm thickness,
surrounded by air. A 1.27 mm thick Rogers RO3010 material
is used for the substrate and superstrate, Fig. 3(a). The result-
ing size of the rectangular metal patch is 42 × 40 mm2 for
operation at 1.4 GHz, and its simulated and measured reflec-
tion coefficient magnitude is shown in Fig. 3(b). The compar-
ison with the antenna measured in air clearly shows that it is
designed to be matched to a specific tissue stack.

B. Switch and LNA Design

Fig. 4(a) illustrates the circuit schematic of an absorptive
single-pole double-throw (SPDT) switch and a three-stage
LNA implemented in the 110 nm PIH1-10 WIN Semicon-
ductors GaAs process. The SPDT switch uses a shunt-series
topology for high isolation. 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 resonating
inductor also biases all the nodes in the switch, avoiding extra
loss and voltage drop from biasing resistors. Fig. 5 shows the
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Fig. 4. (a) Circuit schematic and (b) photograph of the GaAs MMIC SPDT
switch and a three-stage LNA. The total chip dimensions are 3.75 × 1.7 mm.

Fig. 5. Measured (solid line) and simulation (dashed line) performance of
an MMIC SPDT switch.

Fig. 6. Measured S-parameter magnitudes of the packaged SPDT switch
and LNA MMIC front end of the Dicke radiometer. A coaxial calibration is
performed on the connector reference planes.

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. The dimensions of the
switch alone are 0.9 × 0.9 mm.

A three-stage LNA is designed to achieve >45 dB gain
at 1.4 GHz [16]. Stability is crucial for an LNA with high
gain. Therefore, five distributed low-pass and high-pass filters
are used at interstage nodes to ensure stability and minimize
NF degradation. Fig. 6 shows the S-parameter measurements
of the LNA together with the SPDT switch. The gain of the
through ports at 1.4 GHz is 45.1 dB and the isolation [trans-
mission between ports 2 and 3 in Fig. 4(a)] is 15.5 dB. The
NF of the through port is 0.88 dB at 1.4 GHz. To reduce out-
of-band interference, an off-chip bandpass filter is connected

Fig. 7. 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 photograph.

Fig. 8. Measured calibrated output of the detector when hot (60 ◦C) and
cold (25 ◦C) muscle phantoms are placed on the skin phantom and alternated
for about 20 s. The output voltage increases with the hot muscle phantom,
as expected. The spikes around 20, 40 s, etc., are periods when the muscle
phantoms are being alternated and the antenna is not behaving as designed.

to the output of the MMIC. Including the filter loss, the gain
is 41.9 dB. The dimension of the LNA is 2.6 × 1 mm. For
biasing and convenient connections, the MMIC is packaged
on a 45 × 45 mm printed circuit board (PCB) board.

IV. MEASUREMENTS AND TEMPERATURE ESTIMATION

Temperature measurements are done using the radiometer
and the near-field antenna on the tissue phantom, as shown
in Fig. 7. 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◦. These two phantoms are placed
alternately on the skin phantom. Fig. 8 shows the measured
output dc voltage of the radiometer. With the cold muscle
phantom, the radiometer shows lower voltage than with the
heated muscle phantom, as expected. For these measurements,
the radiometer is calibrated against a reference noise source,
in this case, a 50-� temperature-controlled coaxial load.

From the measured output voltage level on a sampling oscil-
loscope, a temperature retrieval algorithm is used to estimate
the temperature of the muscle. The radiometer measures the
total noise temperature from the skin and muscle phantom,
and ambient. Assuming the ambient contribution is negligible
(validated by simulations), the total radiometric temperature
can be written as a weighted sum

Ttotal = WskinTskin + WmuscleTmuscle

where the coefficients Wi are found from the percentage of
noise power from each of the two separate layers, calculated by
integration of the volume loss power density using reciprocity
as in [9]. Fig. 9 shows the simulated volume Joule loss of
the antenna and 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 and the values are shown in Fig. 9. The
temperature of the skin phantom, Tskin is known since it is
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Fig. 9. 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 coefficients (percentages of total power) are also stated, with 3%
of the total power being in the surrounding air and unaccounted for here.

Fig. 10. Measured temperature of the muscle tissue phantom, using Tskin
(green line) measured by a theromocouple 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◦ and 25◦.

measured by an individual thermocouple placed on the skin.
The temperature of the muscle Tmuscle is calculated from the
above equation, and Fig. 10 shows Tmuscle 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.

V. CONCLUSION

This letter demonstrates a switch and stable 45-dB gain
LNA GaAs MMIC with an NF 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.
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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