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ABSTRACT This paper presents a highly integrated radio frequency (RF) CMOS receiver module for
monitoring the core body temperature thermometer, which operates in the dual band 1.35 and 2.75 GHz
ranges. The RF receiver IC, such as a Dicke radiometer, includes the full receiver circuits, RF switch
and modulator, and duty calibrating circuit using a 65 nm CMOS process. With the proposed duty cycle
modulation, accurate temperature sensing is achievable even with a receiver gain mismatch and fluctuation.
The measured temperature ranges from 22 to 47.3◦C, and the measured voltage slope is 2.97 mV/ms •

◦C,
and the temperature error is less than 0.9◦C in 1.35 GHz band. The radiometric RF CMOS IC has a size of
1.6 × 2.3 mm2 and the current consumption of 52 mW. Unlike the general skin temperature measurement of
existing infrared (IR) sensors, the RF microwave core body thermometer equipped with an RF receiver IC
that measures core body temperature inside a human body will be used in various fields as a digital healthcare
and medical device.

INDEX TERMS Dicke radiometer, total power radiometer, temperature sensor IC, duty cycle modulator,
RF CMOS.

I. INTRODUCTION
Plank’s law describes the spectral power density of the
electromagnetic radiation emitted by an object as a function
of its temperature and the frequency [1]. The Rayleigh-Jeans
approximation describes the linear relationship between the
radiated spectral power and temperature, enabling us to
measure the temperature using a microwave radiometer by
measuring the power radiated from an object.

In this day, most people try to use invasive methods to
measure deep core temperature. However, invasive methods
can cause damage to human tissues [2], [3].

The associate editor coordinating the review of this manuscript and

approving it for publication was Fabian Khateb .

To minimize this damage, the use of non-invasive meth-
ods for measuring human deep core temperature with a
microwave radiometer has been studied [4], [5], [6]. In our
early studies on measuring deep core temperature with
microwaves, we designed a microwave antenna for this
purpose, provided a brief explanation of the background
theory related to measuring deep core temperature, and
presented the radiometer block diagram [7], [8].

Most of the early literature illustrate radiometers imple-
mented with many discrete monolithic microwave integrated
circuit (MMIC) components. As a result, the overall module
becomes bulky and the power consumption is high [9],
[10], [11]. A few studies have attempted to address the size
problem of integrated chip (IC) based radiometers [12], [13],
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FIGURE 1. A highly integrated radio frequency receiver module for core body temperature monitoring system.

[14], [15], [16]. However, all of them deal with partially
integrated radiometers, which contain many external compo-
nents high power consumption. To reduce the temperature
error considerably, the Dicke radiometer [17], whose gain
error is calibrated, must be employed instead of a total power
radiometer (TPR) [19], [20]. To the best of the authors’
knowledge, this study presents the first Dicke radiometer
system-on-chip (SoC) for measuring core body temperature
that includes the full RF receiver blocks except IF SAWfilter.
The band limited noise powers of the antenna and reference
temperature source are amplified and detected alternatively
via the receiver. By controlling the duty cycle of the switching
clock, the time varying gain error between two different paths
can be calibrated and greatly reduced. Since the measured
output voltage of the Dicke radiometer is proportional
to the temperature difference rather than to the absolute
temperature, the accuracy is fairly good compared with that
of a total power radiometer. Moreover, since the receiver SoC
eliminates most of the external components while consuming
little power, the radiometer can achieve the features of low
power and small size using the Dicke receiver IC.

To choose the proper frequency band for the lower
microwave interferences [21], the dual band receiver is
designed for 1.35 GHz and 2.75 GHz. These bands are
scarcely utilized by communication standards, and it has few
spurious signals. The band for better performance can be
selected while measuring the temperature with respect to the
temperature measurement stability and accuracy.

The signal from the human deep core is weak and
challenging to receive with a microwave radiometer. There-
fore, choosing a frequency band with minimal microwave
interference is crucial. One of the main reasons our proposed
radiometer has a dual-band configuration is to minimize the
possibility of receiving unwanted signals and to ensure global
compatibility. To the best of our knowledge, the 1350 MHz

and 2750MHz bands have only a few instances of microwave
interference in South Korea. However, there is a possibility
that one of these bands may be restricted or widely used
in some countries. Nevertheless, our proposed radiometer
is dual-band, so even if one of the bands cannot be used,
the other band can still be employed to measure deep core
temperature. Fig. 1 shows the proposed Dicke radiometer
for measuring core body temperature. The receiver die
is fabricated using a 65 nm complementary metal-oxide
semiconductor (CMOS) technology. Therefore, the highly
integrated Dicke radiometer SoC can provide the key solution
to realize light and battery-powered non-invasive temperature
sensors for various temperature monitoring applications.

II. MICROWAVE RADIOMETER ARCHITECTRUE AND
CIRCUITS
A. DICKE RADIOMETER ARCHITECTURE
The proposed dual-band Dicke radiometer employs the
conventional heterodyne receiver architecture as shown in
Fig. 2. The RF input port for each band (1.35/2.75 GHz)
is separated, and the following analog circuit blocks after
the down conversion mixer are shared for both bands. The
radiometer receiver includes all the circuit blocks for noise
power detection namely the RF front end amplifier stages,
mixer, local oscillation (LO) generation block, intermediate
frequency (IF) stage power detector, integrator, clock modu-
lation block, and calibration blocks on a single die. Since all
the circuit blocks for the Dicke radiometer are integrated on
a single die, a small sized SoC-based radiometer sensor can
be realized compared with the previously reported modular-
form sensors, which employs many discrete MMICs and
analog components.

The noise power bandwidth is determined by the external
IF surface acoustic wave (SAW) filter bandwidth. The noise
signals from the antenna and reference sources are amplified

VOLUME 11, 2023 124943



I. Kim et al.: Highly Integrated RF Receiver RF CMOS Module for Core Body Temperature Thermometer

FIGURE 2. Proposed dicke radiometer block diagram.

and filtered in the RF front end circuit, and then converted
to a DC voltage that is proportional to the noise power at
the detector input. To confine the noise power bandwidth
with the strict requirement, an IF SAW filter (RF3608D),
whose center frequency and 1 dB bandwidth are 426 MHz
and 19.5 MHz respectively, is used in the IF stage. Since
the measured RF noise bands are approximately 1.35 GHz
and 2.75 GHz, respectively, the desired LO frequencies
for the down-conversion are approximately 924 MHz
and 2324 MHz, respectively, which is generated by a single
CMOS voltage-controlled oscillator (VCO) and frequency
divider. The dual band LO generator circuit is composed of
the VCO core, switched divider, and buffer amplifiers, which
enables proper RF band selection to minimize the in-band
interferers.

Compared with the conventional TPR receiver, the Dicke
radiometer has two switched noise power receiving paths
and achieves precise temperature measurement by using the
power difference rather than the absolute noise power [16].

FIGURE 3. Calibration and temperature measurement procedure.

The procedure of achieving pre-calibration and actual
measurement is illustrated in Fig. 3. During the initial
calibration step, the antenna port is connected to reference 2

(TREF2) and the noise power of reference 2 is received and
detected in the receiver during the ηTP duty, where the duty
cycle modulator generates a switching clock of period TP and
variable duty cycle η. In the next interval of (1 − η)TP, the
RF switch is changed and the noise power from reference 1
(TREF1) is fed to the receiver and measured at the output
of the integrator. Since the receiver voltage gain for each
path has the opposite sign, the voltage integrated during
the full period TP is VREF2 (the output of the integrator
while reference 2 is connected.) subtracted by VREF1 (while
reference 1 is connected.). For a 50 % duty cycle, the gain
mismatch or gain drift between two paths causes a non-zero
voltage (1VOFFSET) at the output of the integrator. Since
the switched integration is repeated N times to achieve a
sufficient signal to noise ratio (SNR), the final integrated
output voltage becomes N·1VOFFSET.

To compensate for the offset voltage, a clock-duty
calibrator adjusts the duty cycle deliberately such that the
integrator output could become zero after the calibration
as shown in Fig. 3. Following the calibration procedure,
the temperature measurement of the target is performed by
measuring the noise power originating from the antenna port.

B. DICKE RADIOMETER CIRCUIT DESIGN
As shown in Fig. 2, the designed radiometer is composed of
a Dicke switch, low noise amplifier (LNA), Mixer, LO gen-
eration circuit, envelope detector, switching modulator, and
integrator. The off-chip IF SAW filter component is used for
the noise bandwidth definition.

FIGURE 4. Calibration and temperature measurement procedure (a) LNA
and (b) power envelope detector.
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Fig. 4 (a) shows the single-band LNA circuit adopting
an inductive source degenerated cascade amplifier with
resistive feedback, compromising between the noise figure
and the bandwidth. The circuit topologies for both bands are
similar, but each LNA is optimized independently according
to the RF input allocated for each band. Following the
LNA, a single to differential (S2D) amplifier is used for
the differential fashion. The differential structure is robust
against common mode noise generated by the power supply
or the substrate, providing low noise receiver performance.
The down conversion mixer is a Gilbert cell-based active
mixer that uses the current bleeding technique. Current
bleeding was used to reduce the flicker noise of the
MOSFET at the transconductance stage and expand the
voltage headroom.

The RF noise power is down-converted, and the effective
noise bandwidth is defined by the off-chip SAW filter in
the IF stage. In the envelope detector shown in Fig. 4 (b),
an output voltage that is linearly proportional to the power
is provided at the output, which corresponds to the absolute
temperature value. The output DC voltage of the envelope
detector linearly increases with the input noise power, where
the slope is 2.3 dBV/dBm. The envelope detector core
is a self-mixing circuit that adopts the Gilbert cell mixer
topology with the active load. The common mode voltage at
the output nodes is sustained at VDD/2 using the common
mode feedback circuit not shown in Fig. 4 (b). The IF-stage
switch in the modulator changes the receiver path for each
power measure of the antenna and reference source, and
is synchronized with the RF switch. The integrator stage
accumulates the measured voltage in a certain period to
increase the integrator output to the desired level and the
SNR is greatly enhanced for accurate measurement. The
antenna to reference switching clock has a 1 µs period and
the integration time is 1 or 10 ms to improve the SNR
performance. Responsivity and noise equivalent power (NEP)
of detector can be defined by following equation (1) and (2)
where Vout_DC is out put DC voltage, PRF_in is input RF
power, and Pn is noise power spectral density.

Rd = Vout_DC/PRF_in (1)

NEP = Pn/Rd (2)

The simulated results for detector responsivity and NEP are
5 × 1011 V and 1.75 × 10−20W/

√
Hz, respectively, at −110

dBm of RF input when external LNA, RFFE, and IF gains of
20 dB, 30 dB, and 30 dB exist. The duty cycle modulator
as shown in Fig. 5 generates a switching clock with the
precisely tuned duty cycle for the RF switch and modulator.
It consists of a variable inverter chain, digitally trimmed
charge pump controller (CPC), and inverter bias generator.
The CPC has 14 binary-scaled CMOS inverter cells, which
provides the digitally tunable unbalanced current between the
NMOS and PMOS cells. Of these, 10 bits are included in the
coarse tuning block and the other 4 bits in the fine calibration
block.

FIGURE 5. Circuit Schematic of duty cycle modulator.

FIGURE 6. Block diagram of dual band LO generator.

The bias generator circuit that uses Vc provides two
separate trimming voltages for NMOS and PMOS transistors
in the inverter delay cell so that the duty cycle tuning the
calibration can be performed. The simulated duty control
scope ranges from 44.9 to 63.78 %, and the resolution of
the duty control is about 0.0012 %/bit. The duty control
circuit only consumes 640 µA at 1.2 V supply. Even though
the duty is not linearly controlled by the duty control code,
the monotonicity is approved in the simulation results. The
simulated power consumption of the full receiver is 32.5 mW
at 1.2 V supply.

The LO generation block is composed of a VCO,
a switched frequency divider, and buffer amplifier, as illus-
trated in Fig. 6.

The VCO core is a CMOS cross coupled topology with
the on-chip LC tank and the switched capacitor bank for the
wide-band frequency tuning. For dual-band LO generation,
the frequency range of the VCO is designed from 0.924 GHz
to 2.324 GHz with a sufficient range margin. Frequency
tuning can be performed with the analog tuned varactor and
the digitally tuned capacitor bank. Since the receiver adopts
the heterodyne architecture, the noise power is unaffected
by the phase noise or slight frequency drift owing to the free-
running VCO. The VCO frequency can be adjusted by using
the switched capacitor combined with an LC resonator via
SPI digital control. The LO generation for the lower band
is fVCO/2 signal provided by the frequency divider, and the
direct VCO output is used for the higher band.

C. DICKE RADIOMETER CALIBRATION
The proposed calibration of the Dicke radiometer was
performed with a Dicke switch, modulator, and duty-cycle
modulator. Owing to the gain and noise figure (NF) mismatch
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and fluctuation between the two receiver paths, a slight
error occurs at the output and it can be eliminated with the
calibration. By steering the RF switch and IF modulator
periodically, the subtracted voltage output of the antenna
noise power from the reference noise power can approach
zero if the exact duty calibration is performed. Concerning
the resolution of the duty-cycle control, the modeling and
formulation of the Dick receiver states that

1η ≤
1TREC
4T

(3)

where 1η denotes the duty calibration resolution, 1Tres
indicates the temperature accuracy, and T is the room
temperature. Therefore, if we assume that T and 1Tres
are 300 K and 0.1 K respectively, 1η should be less than
8.3×10-5. The tunable range of η is set to be 50 % and
the digital duty controller resolution should be more than13
bits (∼ 8,000). A 14-bit duty control scheme with coarse
(10 bits) and fine (4 bits) modulators is applied, and 1η is
approximately 3.1×10−5.
The calibration is performed using the following pro-

cedures. First, the antenna port is connected to a 50 �

source that has the same temperature as the reference
noise source. The reference noise source for calibration
and measurement is implemented using a resistor for
heating, temperature sensor IC, and feedback circuits for the
temperature stabilization. The temperature of the reference
source can be monitored with the temperature sensor IC
output, and a bang-bang control method is employed to
perform heating using the resistor. The integrator DC output
reflects the mismatch and the fluctuation of the gain and NF
between two receiver paths. By measuring the DC value and
controlling the duty cycle digitally, the DC output can reach
to zero value with sufficient accuracy. This is the end of
the calibration. Subsequently, the reference source connected
to the antenna port is replaced by the target noise source
or antenna to measure the temperature of the target. The
temperature difference between the reference temperature
and the antenna or target can be calculated by measuring the
accumulated DC output at the integrator output.

III. MEASUREMENT RESULTS
Fig. 7 shows the fabricated Dicke radiometer IC and the
evaluation module implemented to verify its performance.
The designed radiometer IC was fabricated using a 65-nm
CMOS process. The size of the radiometer IC is 1.6 ×

2.3 mm. An IF SAW filter of 19.5 MHz bandwidth is
mounted on the back side of the PCB board. In this work,
to evaluate the radiometer IC performance irrelevant to the
antenna or environmental characteristics, two 50 � reference
temperature source boards were prepared so that one could
be used as the reference noise source and the other as a
target or test noise source. The resistive heating circuit and
temperature sensor are mounted on the board to measure and
control the board temperature.

FIGURE 7. Dicke radiometer IC die photo and evaluation board.

FIGURE 8. Test set environment for the dicke radiometer IC.

Fig. 8 illustrates the test environments of the calibration
procedure and the measurement of the target temperature.
A current driven heating resistor and a nearby temperature
sensor IC are mounted closely on the reference temperature
board. The heating current can be controlled by a variable
resistor. By monitoring the temperature sensor and adjusting
the resistor value, we can obtain the desired thermal noise
source from the reference temperature board. Due to the
accuracy of the sensor IC, the resolution of temperature
control is around 0.5 ◦C.
Fig. 9 shows the simulated and measured gain and NF of

the RF front-end part, from the LNA to the IF amplifier. The
simulated andmeasured results do not exactly match, and this
is because the simulated results show gain and NFwithout the
SAWfilter. On the other hand, themeasured results show gain
and NF with the SAW filter. The IF SAW filter (RF3608D)
cannot be realized in simulation. As shown in Fig. 10, the
measured gain andNF of the RF front-end part, from the LNA
to the IF amplifier, are 37.8 dB and 3.2 dB, respectively, in the
lower band.

In the higher band, the measured gain and NF are more
than 23 dB and less than 7 dB, respectively. Moreover,
the measured duty control ranges from 40.3 to 72.5 %
with a 14-bit resolution, as shown in Fig. 10. Even though
the linearity varies, the monotonicity is made sure to be
maintained over the full range for the proper duty control.
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TABLE 1. Comparison with the other radiometer performance.

FIGURE 9. Simulated (without SAW filter) and measured Gain (with SAW
filter) and Noise Figure (NF) (a) 1.35 GHz band and (b) 2.75 GHz band.

Fig. 11 (a) shows how the integrator output voltage reaches
zero after the calibration of each band in measurement. The
clock frequency for the Dicke RF switch and modulator
is 1 MHz and the integration time is 5 ms with the 100 Hz
clock. For the integration, the off-chip capacitor is used for
tuning and its value is 10 nF. In the actual experiment,

FIGURE 10. Measured clock duty vs. duty control code (0.0356 %).

FIGURE 11. Integrator output after calibration (a) and actual
measurement of antenna port (b) for 1.35 GHz band.

an external 12 dB LNA module was added at the receiver
input for the additive gain and SNR improvement of the
receiver.
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FIGURE 12. Measured voltage slope and temperature error (a) 1.35 GHz
band and (b) 2.75 GHz band.

In the calibration procedure, the duty of the clock was
initially set to 50 %, and the integrator output voltage
increases or declines. By trimming the clock duty with the
duty control code, the slope can be diminished, and the
calibration is completed when the slope becomes nearly zero.
Fig. 11 (b) shows the measured integrator output voltage.
Initially, when the target 50 � source connected to the
antenna port has the same temperature of 28.5 ◦C as the
reference source, no voltage change occurs at the integrator
output. However, when the temperature of the target board
increases with the heating device on the board, the voltage
slope of the integrator output decreases or increases. The
temperature difference is 24.6 ◦C and the integrated voltage
is 146 mV after 2 ms. Hence, the measured voltage slope is
2.97 mV/ms •

◦C. Similarly, the measured integrator outputs
after the calibration procedure and temperature difference
measurements are performed.

In our IC configuration, the output voltage is converted
into a negative voltage if the test port temperature (TREF2
or TANT) is higher than the reference temperature (TREF1).
Since the slope changes in proportion to the temperature
difference, the temperature error of the proposed Dicke
radiometer was found to be less than 0.9 ◦C by comparing
with the actual temperature sensor on the board, as shown in
Fig. 12 (a) in the 1.35 GHz band. In the 2.75 GHz band the
error is less than 1.3 ◦C as shown in Fig. 12 (b). Measured
average resolution of proposed highly integrated radiometer
is 2.86 mV/ms◦C and 3.81 mV/ms◦C mV/ms◦C at 1.35 GHz
and 2.75 GHz band.

The performances of the dual band radiometer are
summarized in Table. 1. Most earlier studies show the low
IC-integration level of the radiometer, which leads to the large
form-factor and the high power consumption. However, our
proposed design has a much higher level of integration than
previous works and also includes the calibration circuits such
as duty calibrator, which leads to ease the calibration step
only by the digital programming via SPI interface. And they
result in low power consumption, small module size, and easy
calibration.

IV. CONCLUSION
This study presented the design and development of a
highly integrated dual band Dicke radiometer IC that
enables accurate temperature sensing insensitive to the
receiver gain fluctuation when compared with the total
power radiometer. To choose the RF band with only a few
microwave interferences, the dual band receiver was designed
for 1.35 GHz and 2.75 GHz, providing stable wireless
communication. Further, the proposed duty cycle modulator
and receiver architecture can achieve calibration effectively,
and a temperature error less than 0.9◦C was obtained at
room temperature. The implemented Dicke radiometer IC
also allows small and low-power remote temperature sensors
for various applications, such as core body temperature
measurement.
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