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Abstract— One challenge of designing a dc-coupled biomedical
radar sensor is dealing with the dc offset voltage presented
in its receiver. The undesired dc offset is mainly caused by
clutter reflection and hardware imperfection. It may saturate
the baseband amplifier and limit the maximum dynamic range
that a biomedical radar sensor can achieve. AC-coupling the
signal can eliminate dc offset but it will also distort the signal,
and thus may not be acceptable for high precision applications.
In this paper, a dc-coupled biomedical radar sensor is proposed
incorporating an analog dc offset cancelation circuit with fast
start-up feature. It can automatically remove any dc offset in the
baseband signal and emulates an ac-coupling system. It can also
be easily reconfigured into a dc-tracking mode when application
requires. When entering this mode, the initial dc offset will
be removed, whereas future dc change can be recorded. The
proposed solution only uses analog components without requiring
any digital signal processing nor software programing. Therefore,
compared with the existing digitized dc offset calibration tech-
niques, the proposed method has the advantage of low cost, easy
implementation, short delay, and high resolution. The experiment
results demonstrated that a wide range of dc offset can be
successfully removed from the biomedical radar sensor, and its
dynamic range can be maximized. The reconfiguration of the
dc-tracking mode has also been tested and verified. Furthermore,
the proposed dc offset cancelation circuit has the potential to
be easily adopted by other systems that also face the dc offset
problem.

Index Terms— Biomedical radar sensor, DC offset cancelation,
Doppler radar, dynamic range, homodyne receiver, noncontact
sensor, vital signs detection.
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I. INTRODUCTION

ADAR systems are widely used as noncontact sensors

in a variety of measurement systems. One of the appli-
cations is noncontact monitoring of respiration and heartbeat.
Pioneering works using radar sensor for vital signs detection
can be traced back to the last century [1]-[3]. In recent years,
together with the blooming industry of Internet of Things
and portable healthcare devices, noncontact biomedical radar
sensors have gained great momentum in both research and
industrial world [4]-[19]. Thanks to the Moore’s law, the entire
radar sensor can now be integrated into a single system-
on-chip solution [19]-[23]. This permits radar sensors to be
realized with very low cost, low power, and portable size.

Different types of radar systems have been studied as
biomedical sensors. The most popular one is Doppler
radar [4], [5], [17]-[21], [24], [25]. Recently, vital signs detec-
tion using frequency-modulated continuous-wave (FMCW)
radar, ultra-wideband radar, and frequency shift-keying (FSK)
radar have also been published [5]-[10]. The majority of the
receivers of the biomedical radar sensors adopt the homodyne
architecture for the advantage of low power and low cost com-
pared with the heterodyne architecture. However, one disad-
vantage of the homodyne architecture is the dc offset presented
at the output of the receiver mixer [18], [19], [21], [25]-[30].
The dc offset due to hardware imperfection have random
part-to-part variations and temperature variations, whereas the
dc offset caused by clutter reflections vary a lot with the
experiment setup and surrounding environment. Both dc offset
sources are unpredictable, while the clutter reflection maybe
dominant. The resulting dc offset may saturate the baseband
amplifier and limit the system dynamic range.

One way to solve this issue is ac coupling the output of the
mixer to the baseband amplifier [5]. However, it inevitably
distorts the input signal as the dc information is blocked and
some low-frequency components are attenuated. This can be
unacceptable in certain high precision applications such as
unique identification [18] and medical diagnosis [30]. Several
different techniques to address the dc offset in a dc-coupled
biomedical radar system have been proposed in the literature.
Initially, people used manual calibration to tune out the
dc offset [25]. It requires manual calibration with external
equipment to measure the dc offset and the tuning process
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needs to be applied every time the dc offset changes. In [30],
an adaptive feedback loop was proposed to adjust the dc bias of
the operational amplifier (op-amp) and keep the amplifier out
of saturation. The amplifier output is sampled by an analog-
to-digital converter (ADC) first. Then a software algorithm is
used to monitor the ADC output and will change the bias of
the amplifier to a different setting when saturation happens.
However, it may take a few iterations before the circuit recover
from saturation. This process can be done automatically but it
requires external equipment and software programing. In [19],
a customized integrated circuit (IC) with an op-amp and a
current based digital-to-analog converter (DAC) was designed
to tune the dc offset. It eliminates the need for external
equipment, yet still requires the help from software. A couple
of different implementations of canceling the dc offset using
adaptive feedback loop are also published in [21] and [29].
One disadvantage of involving software as part of the feedback
loop is that it takes a long time for the circuit to settle and
for the calibration algorithm to converge due to the iterative
interaction between software and hardware. The settling
time is on the order of seconds. In addition, the feedback
loop solution is potentially vulnerable to the loop stability
issue, and the delay in the feedback path affects the stability.
Another problem is that they must have interfaces between
analog and digital world, i.e., both ADC and DAC are needed.
The quantization noise from ADC and the mismatch from
DAC will limit the resolution of the calibration algorithm.

Previously, an analog dc offset calibration solution was
proposed for differential input signals in [28], which does
not require external equipment nor software. In this paper,
a dc-coupled biomedical radar sensor is proposed with fast-
settling analog dc offset cancelation circuit designed for its
single-ended receiver output. The proposed technique adopts
analog feedforward technique to remove the dc offset pre-
sented in the receiver, which inherently does not have stability
concern. It can operate in two different modes for different
applications. One mode removes the dc offset continuously
and emulates an ac-coupling system. This mode works for
applications that can tolerate dc and low-frequency distortion.
The advantage for this mode is that it is immune to dc offset
drift caused by environment change since it keeps monitoring
and removing any dc change in the system. The other mode
records dc input changes after removing the initial dc offset in
the system at powering up. It provides high precision recording
for the input signal but suffers from dc offset drift problem.
It is suitable for applications where the environment does not
change significantly and thus presenting a small dc offset drift.
The settling time or start-up time of the proposed solution
is much shorter than adaptive feedback solutions and can be
considered negligible for most of the applications. Since the
entire system is built with analog components, the ADC quan-
tization noise and the DAC mismatch effect are eliminated.
The resolution of the designed architecture is mainly limited
by the mismatch of the resistors and the offset of the op-amps,
which can be well controlled by mature fabrication and circuit
techniques such as chopping and autozeroing [31]. Hence, the
resolution is inherently higher than that of the aforementioned
digital solutions.
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Fig. 1.  System block diagram of a conventional dc-coupled homodyne
Doppler radar sensor.

In Section II, a review of the hardware design and vital
signs sensing theory of a typical biomedical radar sensor with
homodyne receiver will be given. Section III introduces the
proposed biomedical radar sensor and analog dc cancelation
circuit design. The experimental results demonstrating the
effectiveness of the proposed dc offset cancelation circuit are
presented in Section IV. Finally, conclusions are drawn and
suggestions for future works are made in Section V.

II. REVIEW OF DOPPLER BIOMEDICAL RADAR SENSOR

The block diagram of a conventional dc-coupled Doppler
radar sensor with the homodyne architecture is shown
in Fig. 1. In vital signs sensing scenarios, first, a pure
radio frequency (RF) sinusoidal at f Hz is generated by an
oscillator. The oscillator is usually implemented as a voltage-
controlled oscillator (VCO) so that the frequency is tunable
with a control voltage. Then, through a power splitter, half of
the RF signal goes to the transmitter antenna and radiates out
to the air. The transmit signal 7'(#) can be expressed as

T(t) =cosQrft+ O(1)) (D

where @ () is the phase noise of 7'(f). When the transmitted
signal reaches the chest wall of a target, it will be reflected
back with its phase modulated by the time-varying body
movements x(7) (i.e., respiration and heartbeat). According
to [22], the received signal R(¢) can be written as

4z x (1) _4xdy P (t_Z(x(t)—i-do)))
A A c
(2

where dj represents the nominal distance between the target
and radar, 4 stands for the wavelength of the RF signal, and
c is the speed of light.

After the reflected signal is received by the receiver antenna,
it is amplified by a low noise amplifier (LNA) and sent
to a mixer for downconversion. A biomedical radar sensor
usually has two orthogonal baseband signals 7(¢) and Q(¢)
to eliminate the null detection point problem [20], [25].
I(t) and Q(r) are generated by mixing the received signal

R(t)=cos (27tft —
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with the in-phase and quadrature local oscillator (LO) signals.
In a homodyne receiver, the LO frequency is the same as
the transmitted frequency, so that only one VCO is needed.
This is one of the reasons that homodyne receivers usually
have lower cost and lower power consumption. In a typical
quadrature homodyne receiver, the in-phase LO signal is the
same as the transmitted signal 7 (¢), while the quadrature one
has 90° phase shift from 7'(z). After downconversion, a low-
pass filter (LPF) is used to filter out undesired high-frequency
components in the baseband outputs. The baseband signals can
be represented as

1(t)=A; cos(4nx(t) +(D(t)—(D(t— 2(x(tz+d0)) +47r/1d0)
3)

0(=A4¢ sin(4nz(t) +<D(t)—q>(,_ 2(x(tz+do))+47;do)
“

where A; and A are gains for I and Q channels, respectively.
The phase noise terms ®(¢) and @ (1 — ((2(x(¢) + do))/c)) are
correlated since they are originated from the same source but
with a different delay. The difference between these two terms
is very small and negligible in short-range applications accord-
ing to the range correlation theory [20], [32]. An intuitive way
to understand this is that the delay is very small for short range
applications so that low-frequency noise cannot change much
during that time. Thus, (3) and (4) can be simplified as

I(t) = A; cos (47[;0) n 4”;10) )
0(t) = Agsin (4’”;0) n 4”;10) . 6)

Finally, 7(r) and Q(t) are sent for amplification before
postprocessing. Usually, a data acquisition device records 7 (t)
and Q(t). Algorithms such as the complex demodulation or the
arctangent demodulation will be applied in the digital domain
to recover the respiration and heartbeat [25], [33], [34].

To achieve the best dynamic range for the system, the base-
band amplifier needs to provide as much gain as possible
without saturation. For different input signal levels, the amount
of gain needed is different. Therefore, a variable gain ampli-
fier (VGA) is more suitable instead of a fixed gain amplifier.
However, if the VGA sees a large dc offset at its input on top
of the signals of interest, the dc offset will also be amplified
and may saturate the amplifier. In this case, the gain of the
VGA must be reduced to avoid saturation and the dynamic
range is sacrificed.

As mentioned before, there are mainly two sources that
cause dc offset at the input of the VGA: hardware imperfection
and stationary clutter reflection. Any mismatch from nonideal
hardware components will results in a dc offset. Besides,
LO leakage is another common hardware dc offset contrib-
utor [35]. The dc offset originated from clutter reflection is
caused by the reflections from stationary objects near the
target. If an object is stationary and in the sight of the radar,
the signal reflected back will have the same frequency as the
transmitted signal but with a constant phase shift related to
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the range to the object. After downconversion, the constant
phase shift becomes a dc voltage at the output of mixer. This
is a special case for (5) and (6). Assuming x(¢) is constant,
I(t) and Q(r) reduce to constant dc values. Depending on
the location, geometry, and material of the stationary object,
the dc offset changes accordingly.

III. PROPOSED BIOMEDICAL RADAR SENSOR WITH
ANALOG DC OFFSET CANCELATION CIRCUIT

The first part of this section covers the system design
of the proposed biomedical radar sensor and the second
part focus on the fast-settling analog dc offset cancelation
circuit.

A. System Design of the Proposed Biomedical Radar Sensor

Fig. 2 shows the system architecture of the proposed bio-
medical radar sensor. It includes a mode control module, an RF
transceiver, and baseband circuits. Although the primary focus
of this paper is Doppler radar, the proposed biomedical radar
can operate in three different modes: Doppler mode, FMCW
mode, and FSK mode. Mode selection is achieved by applying
different control signals to the VCO. The Doppler mode uses
a fixed dc bias for the VCO to generate a single-frequency
signal. When the FMCW mode is chosen, a sawtooth wave-
form is used to continuously modulate the output frequency
of the VCO and a reference pulse sequence (RPS) is used
to synchronize with the period of the frequency modulation.
A simple analog circuit is used to generate the sawtooth
waveform and RPS, which is detailed in [5]. It consists
of a two-input integrator, a hysteresis comparator, and two
diodes. In the FSK mode, the control signal of the VCO is
a square wave. It is generated with an op-amp together with
the existing FMCW control waveform generation circuit. Two
different voltage levels of the square wave define the two
output frequencies of the VCO.

The radar transceiver design is similar to the basic
architecture shown in Fig. 1. On the transmitter path, a power
amplifier (PA) is inserted before the transmitter antenna
to deliver a maximum transmit power of 18 dBm to the
transmitter antenna. A passive //Q mixer (HMC 525) is
chosen in this design to minimize the flicker noise [23], since
vital signs signals normally have very low frequencies. A gain
stage is added to increase the LO input voltage swing of
the mixer. One disadvantage of this passive mixer is that its
outputs swing to negative voltage. Therefore, to save the cost
of generating a negative supply on board, a level shifter is
added to shift up the output of the mixer to achieve a positive
voltage swing. The level shifter is built as an inverting
amplifier with an op-amp. The inversion of signal caused by
this inverting amplifier does not affect the result, since both
the I and Q channels are matched and inverted at the same
time. Ideally, the gain of this inverting amplifier should be
large enough so that the output swing is maximized. However,
due to the dc offset at the output of the mixer, the gain of
this amplifier is set low to avoid the worst-case dc offset
from saturating the detector. Therefore, it is important to have
a VGA that can deal with different input dc offsets voltage
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Fig. 2. Proposed biomedical radar sensor system architecture.

and maximize the dynamic range of the system. An analog vDD
dc offset cancelation circuit is proposed to solve this problem, I
and it will be discussed in detail in Section III-B. c2 EN cal

B. Proposed Analog DC Offset Cancelation Circuit

Because the mixer output is single ended, the proposed R1

: L e . R4
analog dc offset cancelation circuit is designed to process Vi O—wW opP A .
single-ended input signal. A differential version of the analog ’ SWi1 SW2 J_ , OF
dc offset cancelation circuit has been proposed in [28]. How- CiL C
ever, a single-ended design is preferred for interfacing with the 3I
radar RF front-end, which has single-ended baseband outputs. R3
Fig. 3 shows the circuit diagram of the proposed single-ended
circuit in this paper. The input signal Vi, is connected to the R8
level shifter output mentioned in Section II. R1 and C1 form '\"‘\
an LPF to remove undesired high-frequency components from R6 |

0P3>—

Voffset

VVV

the mixer output. Following the LPF is a unit-gain buffer built an
with an op-amp OPI1. This buffer can prevent any loading
effect thatt may affect the .performalllge of thg preceding circuit _’N?G Ve

and provides enough driving capability to drive the next stage. R7

Another RC LPF formed by a resistor R3 and a capacitor C3 is

used to extract dc information from the output of OP1. The Fig. 3. Proposed dc-offset cancelation circuit.

cutoff frequency of this LPF should be smaller than the lowest

signal frequency of interest. In case of vital signs sensing,

the frequency of interest could be as low as 0.1 Hz. Therefore, frequency, a problem for using such a low cutoff frequency
R3 is chosen to be 2 MQ and C3 is chosen to be 10 uF. is that it takes a long time for the system to settle. The time
This gives a cutoff frequency about 0.008 Hz. Since the time constant is calculated to be 20 s for this LPF, and it will take 1
constant of an RC filter is inversely proportional to its cutoff —min for the system to settle within 5% of the final value after

_D Vout
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being powered up. The settling time decides how much delay
the biomedical radar sensor will need to function properly after
it is enabled. For applications that require frequently power
cycle the device, the settling time becomes a very important
parameter.

To solve the slow settling problem, a fast-charging circuit
is proposed to quickly charge the LPF holding capacitor C3
during power up. The fast-charging circuit consists of an RC
high-pass filter (HPF) which senses the supply jump and a
MOSFET switch SW1 that controls the fast-charging path.
The HPF is formed by capacitor C2 and resistor R2. When
the system is powered off, the supply is O V and the voltage
on capacitor C2 is also O V. This is guaranteed by the design
of the power on sequence and the supply switch. The mode
control module will be enabled first, then the transceiver will
be enabled, and the baseband circuit will be enabled at last.
When the baseband circuit is disabled, the supply switch is
connected to ground, whereas when it is enabled, the supply
switch is connected to VDD. As soon as the baseband circuit
is enabled, the HPF senses the supply jump from 0 V to VDD.
Since the voltage on the capacitor C2 cannot jump abruptly,
the HPF output must jump to VDD immediately. Therefore,
the switch SW1 is turned on to let the buffer charge the
holding capacitor C3 directly. After that, capacitor C2 will
be slowly charged up through the resistor R2. After some
time, the voltage on capacitor C2 will increase to VDD, and
the switch SW1 is turned off automatically. The time constant
of this HPF decides how long the fast-charge path will be
on, which can be much smaller than the time constant of
C3 and R3. But the time constant still needs to be long enough
to allow adequate time for charging C3. Besides, C2 needs to
be much larger than the parasitic capacitors on this node to
ignore the capacitive-divider effect. In this design, C2 and R2
values are 1 uF and 200 K€, respectively.

However, shorting holding capacitor C3 to the buffer
directly introduces another problem. Because the capacitance
of C3 is very large, the output pole of the op-amp is pushed
to lower frequency. It will cause stability issue for most
op-amps. If the buffer starts ringing or oscillating, the final
voltage on capacitor C3 will be unknown depending on
when the switch is turned off. There are op-amps that can
handle large capacitance, but usually they are more expensive.
To reduce the design cost, a relatively small resistor R4 is
added in series with switch SW1. When the fast-charging path
is on, R4 and C3 introduce an additional zero. By properly
choosing the value of R4, the impact of this pole and zero on
the stability of the op-amp can be minimized. The larger the
resistance of R4 is the better stability the op-amp will have.
If R4 is infinite, then C3 is isolated from the op-amp com-
pletely. However, larger R4 also results in larger time constant
from R4 and C3 and it leads to longer time to charge C3.
So, there is a tradeoff between start-up time and stability.
To minimize the charging time, the resistance of R4 needs to
be as small as possible, under the condition that the stability of
the buffer is good enough to avoid ringing. The final R4 value
is chosen to be 1 K€ in this design by simulating with the
op-amps spice model. Hence, the time constant for R4 and C3
is 10 ms.

1445

Ideally, after the fast-charging switch is turned off, the
voltage on the capacitor C3 should be equal to the dc voltage
of the input signal. However, there will be a small error
depending on the ac component of the input signal and the
time that the switch is turned off. After the fast-charging
switch is turned off, R3 kicks in and the LPF formed by
C3 and R3 starts to filter out the ac signal. In the end, the small
error will gradually disappear if the cutoff frequency is low
enough to filter out the ac signal completely.

To achieve a low cutoff frequency of the LPF formed by
C3 and R3, the resistance of R3 needs to be large. This
means that the LPF cannot provide enough driving capability.
To overcome this problem, the output of this LPF is connected
to another unit gain buffer built with op-amp OP2. Since the
input source impedance is high for this op-amp, a low input
bias current op-amp should be used here. In this design, a FET
input op-amp with 2 pA maximum input bias current at room
temperature is used, so that the voltage error is less than 4 u'V.
The output of OP2 is named as Vofser, Which is equal to the
dc value of the input signal

Voffset = Vinfdc . (7)

The last stage of the proposed baseband circuit is a differ-
ence amplifier as well as a VGA, which is built with another
op-amp OP3. It subtracts Vyfrser from the input signal first, and
then amplifies the difference signal. The gain is decided by the
ratio of feedback resistor and input resistor of the difference
amplifier. If RS = R6 = Rj, and R7 = R8 = Ry}, then

Ryp

Vout - Rin : (Vm
where Vier sets the common mode of this amplifier and it
is chosen to be half of the supply voltage to allow the
maximum swing for both the positive and the negative sides.
The gain of this difference amplifier is adjustable by changing
the resistance of Ry,. Based on the equation, the real input
of the VGA is exactly the input signal minus its dc offset.
Therefore, with the cancelation circuit, the VGA only sees an
input without dc offset.

The proposed circuit tracks and removes the input dc
offset automatically and continuously. As a result, even if
the signals of interest have useful slow variation dc com-
ponents, it will still be removed from the final output Vi
as it cannot be distinguished from the undesired dc offset.
Equivalently, it emulates a high-pass signal transfer function.
This is the same as running the adaptive feedback loop
continuously. Since the entire system is dc-coupled, the circuit
can be easily reconfigured to pass through the input signal
dc change. In applications that require precise information
including dc and low-frequency components, the LPF can be
connected or disconnected in a controlled manner through
switch SW2. After the baseband is enabled and settled, the
cancelation circuit can be disabled by opening switch SW2.
The holding capacitor C3 can hold the voltage if leakage
current is negligible. By doing this, the initial dc offset will be
removed, whereas the future slow change in signal dc can pass
through. This is the same as enabling the adaptive feedback
loop first to find out the correct hardware setting without

Voffset) + Vief (8)
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Fig. 4. Prototype of the proposed biomedical radar sensor.

saturation, then disabling the adaptive feedback loop to record
dc input information.

IV. EXPERIMENT SETUP AND MEASUREMENT RESULTS

To demonstrate the performance of the proposed biomedical
radar sensor and analog dc offset cancelation circuit, several
experiments were carried out with a fabricated integrated
prototype, which uses a 5-V power supply. Hence the ideal
common mode of the prototype is 2.5 V. A photograph of
the prototype is shown in Fig. 4. All the output signals
from the biomedical radar sensor were sampled through an
NI USB-6009 acquisition unit. Then postprocessing and signal
display were performed in MALAB.

A. DC Offset Cancelation

The dc offsets presented at the 7/Q channel outputs of the
mixer were measured by placing a corner reflector at various
ranges from 0.5 to 2 m in front of the radar. The minimum
and maximum dc offsets were found to be —0.6 and 0.6 V,
respectively, for both channels, which included both hardware
imperfection and clutter reflections. After passing the level
shifters, the signals from the mixer were shifted up to positive
operation range centered at the middle of the supply voltages,
which was 2.5 V. Since the outputs of the level shifters are con-
nected to the input Vin of the proposed dc offset cancelation
circuit shown in Fig. 3, the dc offset range expected in Vin is
estimated to be from 1.9 to 3.1 V. The theoretical dc offset can
be larger depending on the components’ operational ranges.

In the first experiment, the transceiver of the biomedical
radar sensor prototype was bypassed, and the test only focused
on the analog dc offset cancelation circuit. A dc voltage sweep
was performed to characterize the dc performance of the
proposed analog dc offset cancelation circuit. A dc voltage
source was connected to input Vi, of Fig. 3 and the voltage
was slowly swept from 0.5 to 4.5 V. The output Vo, was
measured by a dc meter. The dc transfer function between the
input and output is plotted in Fig. 5, the x-axis is the input
voltage and the y-axis is the corresponding output voltage.
As can be seen, with a wide range of input dc offset (i.e.,
from 1 to 4 V), the output dc voltage is stably kept at 2.5 V.
Only at the extreme of input sweep range (i.e., below 1 V
or beyond 4 V), the dc transfer function starts to bend and
exhibits some error at the output. The reason for the output
error with extreme input voltage is that the op-amps start
to see headroom issue when its output tries to establish a
voltage close to the supply rails. This can be improved by
increasing the supply voltage or choosing rail-to-rail op-amps.
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Fig. 6. Experiment setup with an actuator controlling a reflector.

This experiment verified that the proposed analog dc offset
cancelation circuit can effectively remove the dc offset over a
wide input range.

B. Radar Sensor Dynamic Range Improvement

This experiment was performed with the entire biomedical
radar sensor. An actuator controlling a reflector was used as
the target to generate precisely controlled movement amplitude
and frequency. The experiment setup is shown in Fig. 6. The
biomedical radar sensor was configured in the Doppler mode
and placed to face the reflector at 0.5 m distance. In this
experiment, the transmit frequency of the VCO was 5.8 GHz
and the reflector moved in horizontal direction with a 0.9 Hz
frequency and a 0.5 mm movement amplitude. The output of
mixer was around 0.3 V. The VGA gain was set as 20 dB.
Those parameters were chosen so that the VGA output was
close to its maximal swing. Instead of trying to add different
dc offset to the system, which is difficult to control, Vorset
in Fig. 3 was shifted up and down by forcing the ungrounded
terminal of C3 with a voltage source. The outputs of the
VGA were recorded under different conditions. With analog
dc offset cancelation disabled, if Vofser is skewed to be higher
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Fig. 7. Experiment demonstrating dynamic range improvement with a skewed
common mode voltage.

than the common mode of the mixer output, the baseband
output will saturate in the lower half cycle; if Vogrser is skewed
to be lower than the common mode of the mixer output,
the baseband output will saturate in the upper half cycle. With
analog dc offset cancelation enabled, as long as Vogser 1S within
the working range found in the first experiment, the baseband
output is always recentered at the middle of the supply rails.
The results are shown in Fig. 7. This demonstrated that the dc
offset in the proposed biomedical radar sensor can be removed
automatically and the dynamic range of the system can be
maximized.

C. Fast-Settling Measurement

Settling behavior with and without the fast-charging tech-
nique is compared in this experiment. The experiment started
with the baseband circuit in the power-off state with a dc offset
applied to Vj, in Fig. 3. Then, the baseband circuit was enabled
to observe the baseband circuit output Vi, in Fig. 3. The
fast-charging circuit will be automatically triggered after the
system is enabled. To emulate a conventional design without
fast charging, the output of the HPF formed by R2 and C2 in
Fig. 3 was forced to 0 V by an external voltage source.
Fig. 8(a) shows the settling behavior without fast charging.
Fig. 8(b) shows the setting behavior with the fast charging
and the output of the HPF which controls the fast-charging
path. The result clearly shows that the fast-charging circuit
can significantly reduce the settling time of the system. As can
be seen, without fast-charging feature, the output settling time
constant is about 20 s; with fast-charging feature, the HPF
time constant is about 0.2 s, while the output settling time
constant is about 10 ms.

D. Vital Signs Detection

To further demonstrate the effectiveness of the proposed
biomedical radar, a remote human’s vital signs monitoring
experiment was conducted in a typical lab environment. In this
experiment, a human subject was seated around 1 m in front
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fast-charging circuit enabled.

of the radar. A photograph of the experiment setup is shown
in Fig. 9(a). Both the I and Q outputs of the biomedical
sensor were recorded and presented in Fig. 9(b). The system
was powered on around 16 s. It should be noted that for a
conventional ac-coupled Doppler biomedical radar, the settling
time could be as long as power on period, which means no
valuable data could be acquired for a conventional design in
this scenario. In contrast, shortly after the proposed radar was
powered on (i.e., within 100 ms), the outputs common mode
directly jumped to the middle voltage of supply rails with the
help of the fast charging circuit in this design. Because of the
analog dc offset cancelation circuit, the output common mode
was always fixed at the optimal value independent of clutter
reflection and the distance between the human subject and the
biomedical sensor. Hence the dynamic range of the biomedical
radar can always be maximized. The dc offset cancelation
was carried out automatically after powering-up without extra
configuration. In Fig. 9(b), the O channel output was close to
its maximal possible swing. It should be noted that, due to the
residue phase in Doppler detection [14], it is normal for the
I/Q channels to have different signal amplitude. As a matter of
fact, one of the channels could have nearly no signal at certain
detection distance. This is the reason for using quadrature
channel demodulation for Doppler biomedical radar [14].
Fast Fourier transform (FFT) was applied to the complex
signal combined from the I/Q channels. Respiration rate
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of around 0.22 Hz and heart rate of about 1.36 Hz can be
clearly identified in the FFT frequency spectrum in Fig. 9(c),
which corresponds to 13 breaths and 81 heart beats per
minutes, respectively. The same experiment was repeated for
five different human subjects wearing a heart rate fingertip
sensor as a reference. The results are shown in Fig. 10.

E. DC Input Sensing

To demonstrate the proposed biomedical radar’s capability
to precisely record dc input, a dc input needs to be generated.
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However, since it is difficult to generate a clean step function
from a real target, a square wave generator was used in this
experiment. The input of the baseband circuit was connected to
the square wave generator, and it can be accurately controlled
to avoid uncertainty. The frequency of the square wave was set
low so that the voltage level is fixed for a relatively long time.
As discussed in Section III, the analog dc offset cancelation
does not distinguish whether a dc voltage is from the input
signal or the circuit itself, so the dc input will also be removed.
To sense the input dc offset, the LPF needs to be disabled.
The experiment was carried out with a 0.04 Hz square wave
input. After the system is turned on, the LPF was disabled
first, then enabled. The result is plotted in Fig. 11. As can
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be seen, the first half of the waveform was generated when
the LPF was disabled. The output signal was able to track the
input dec change without any distortion. The level shift between
the input and the output signals is because of the dc offset in
the system. This voltage shift is desirable so that the output
achieves the maximum dynamic range. The second half of the
waveform was generated when the LPF was enabled. When
the dc input changed, the analog cancelation circuit was trying
to remove it. The output is distorted in this case.

V. CONCLUSION

In this paper, a high dynamic range biomedical radar
sensor with analog dc offset cancelation circuit is pro-
posed to eliminate the dc offsets in a dc-coupled homodyne
receiver. A board-level integrated prototype was fabricated and
tested. The experiment results demonstrated that the proposed
sensor can automatically correct a wide range of dc offset and
achieve an improved dynamic range with a short settling time.
Vital signs sensing was also presented with a human subject to
show the robustness of the proposed architecture. On the other
hand, the ability to record input dc change without distortion
was verified with a slow square wave input. One area of future
work will focus on exploring other advantages of dc-coupled
biomedical radar sensor with analog dc offset cancelation,
such as in the FMCW mode and the FSK mode. Moreover,
the analog dc offset cancelation scheme can be expanded to
nonradar circuits that face similar challenges due to dc offsets.
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