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Abstract— This article presents a spectrum-efficient frequency-
shift keying (FSK) radar technology for Doppler frequency-
based moving targets tracking and vital signs (i.e., respiration
and heartbeat) based stationary human subject range detection.
Fundamental theories of range tracking of linearly moving
and periodically moving targets are explained. Different phase
extraction methods are categorized and analyzed based on the
applicable motion types. The advantage(s), disadvantage(s), and
range tracking performance of these methods are compared and
summarized. In addition, special conditions and limitations of
the different phase extraction techniques are studied. Moreover,
range tracking of multiple targets moving in opposite directions
and moving in the same direction is investigated. Range detection
of a stationary human subject with different orientations relative
to the radar line of sight is evaluated. The detection robustness
and consistency are explored by measuring a periodically moving
small corner reflector at various locations relative to the radar.

Index Terms— Frequency-shift keying (FSK) radar, range
tracking, spectrum efficiency, stationary human, vital signs
monitoring, wireless sensor.

I. INTRODUCTION

TRACKING of both moving and stationary human subjects
are of significant interests in both civilian and military

applications [1]. Among them, search and rescue of surviving
victims immobilized under earthquake rubble or collapsed
building debris, hidden intruder detection and tracking
[2], and occupancy sensing for heating, ventilation, and
air conditioning (HVAC) control [3] are the examples to
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be highlighted. A variety of range tracking technologies have
been proposed and investigated in the literature, including
optical camera, infrared detector, LIDAR, ultrasonic sensor,
and radar. Compared with the rest of the range tracking
technologies, wireless radar sensors are attractive for their
benefits of better privacy protection, immunity to ambient
light and temperature changes, robustness against weather
conditions, and the long-range coverage. Among different
types of radar systems, wideband radar systems, such as
frequency-modulated continuous-wave (FMCW) radar [4] and
ultrawideband (UWB) radar [5], can detect the absolute range
of moving objects. However, they occupy a large bandwidth
which means large interference window with increased
probability of jamming to other systems and high operational
bandwidth requirements on system components. Furthermore,
with the exploding popularity of wireless devices, the radio
spectrum has become a scarce commodity in many countries.
In particular, the coming Internet of Things (IoT) era aims
to connect a great number of objects and devices to the core
internet in a wireless manner. Spectrum-efficient sensors are
in great demand to cope with the conflict between massive
IoT connections and limited spectrum resource [6].

Therefore, this study investigates a wireless narrowband
frequency-shift keying (FSK) radar technology, which can
estimate the absolute range of both moving and stationary
human targets with much less bandwidth requirement than
its wideband counterparts. In terms of jamming issues, since
FSK radar occupies almost two frequencies constantly, it may
also be prone to jamming. In addition, the number of required
FSK radar sensors may need to be increased for the long-
range coverage while maintaining the desired measurement
accuracy, which means more frequency usage and jamming
possibilities. In this context, frequency hopping techniques can
potentially be employed for minimal signal interference and
reduced jamming possibilities at the tradeoff of added system
complexity. Since range estimation using FSK radar is based
on the phase difference between the two received signals,
accurate phase extraction becomes very important for reliable
range measurements. Hardware phase demodulation solutions
proposed in [7]–[9] rely on either microwave circuits or analog
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components that complicate the system architecture. For
software phase extraction approaches, Gu and Lien [10]
proposed an in-phase/quadrature (I/Q) trajectory-based
complex-domain range detection method using two-tone
radar. However, only dc-coupled baseband responses were
studied without the consideration of ac-coupled baseband
signals, which are more preferable and more commonly used
due to their higher system dynamic range. Phase extraction
in the time domain and frequency domain was compared
in [11] and [12], but only for range tracking of moving targets.

No systematical analysis on different phase extraction
techniques and performance evaluation has been given to FSK
radar for tracking humans in various situations in the literature.
Therefore, in this article, different phase extraction methods
are categorized and analyzed based on the applicable motion
types, including the time-domain method, frequency-domain
method, and complex-domain method. Special conditions and
limitations are studied, including the presence of multipath
interference, the range distortion issue introduced by the
ac-coupling circuit, the motion peak amplitude limitation, and
the nulling of the fundamental frequency. The advantage(s),
disadvantage(s), and the range tracking performance of the
different phase extraction methods are summarized. In the
authors’ previous studies [13] and [14], only range tracking of
a single moving target was demonstrated. In this study, range
tracking of multiple human targets, including targets moving in
opposite directions and moving in the same direction, is inves-
tigated. In addition, while the range detection performance for
a stationary human subject was evaluated only along the radar
line of sight in the previous study [14], range detection of a
stationary human subject with different orientations relative
to the radar line of sight is further evaluated to better simulate
a practical scenario. Moreover, range detection robustness
and consistency in the presence of multipath interference are
investigated by measuring a periodically moving actuator at
various locations relative to the radar.

The fundamental theories of range tracking of linearly
moving and periodically moving targets are explained in
Section II. Baseband pre-processing is presented in Section III.
Different phase extraction methods are analyzed in Section IV.
FSK radar implementation and experiments are discussed in
Section V. Finally, conclusions are drawn in Section VI.

II. RANGE TRACKING THEORY

As shown in Fig. 1, in the FSK radar system, two discrete
frequencies f1 and f2 are transmitted in a shared RF chain at
a switching rate of fsqr. The frequency shift between the two
carriers is usually small, i.e., in the kHz or MHz range, which
is represented as � f = f2 – f1, assuming f2 > f1. In a
direct-conversion quadrature FSK radar system, such as the
implemented FSK radar shown in Fig. 2, two discrete signal
responses associated with the two carriers exist in both I/Q
channels due to the switching mechanism. It should be noted
that fsqr should be fast enough so that all motion information
is well sampled in spite of the square wave modulation.

The transmit signal can be written as

Tk(t) = Re{exp[ j (2π fkt + ϕo,k(t))]} (1)

Fig. 1. FSK modulation scheme. (a) Time–frequency representation.
(b) Time–amplitude representation.

Fig. 2. Block diagram of the implemented FSK radar system.

where k = 1, 2 and ϕo,k(t) represents the phase noise from
the oscillator. Without generality loss, the amplitudes of all
signals are normalized to unity. Two different types of motions,
i.e., linear motion and periodic motion, typically encountered
in indoor human-aware sensing scenarios will be analyzed.

A. Linear Motion

For range-tracking of a linearly moving target, the reflected
signal will be shifted in frequency due to the Doppler effect.
A phase delay is also generated by the round-trip travel of the
signal. The received signal can be approximated as

Rk(t) ≈ Re

{
exp

[
j

(
2π

(
fk ± 2v fk

c

)
t − 4π R0

λk

+ ϕo,k

(
t − 2R0

c

)
− ϕr,k

)]}

= Re

{
exp

[
j

(
2π( fk ± fd,k)t − 4π R0

λk

+ ϕo,k

(
t − 2R0

c

)
− ϕr,k

)]}
(2)

where c is the speed of light, λk is the wavelength corre-
sponding to each carrier frequency, R0 represents the range to
target at a particular time t = t0, v is the speed of the target at
R0, fd,k stands for the generated Doppler frequency, and ϕr,k

denotes the phase delay in the receiver circuit. The difference
between ϕr,1 and ϕr,2 is normally small since the two carrier
frequencies are very close to each other. Therefore, they will
be neglected in the following analysis. After downconverting
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the amplified received signals using a copy of the transmitted
signals, the baseband complex-valued output is obtained as

Bk (t) = exp

[
j

(
∓2π fd,kt + 4π R0

λk
+ ϕk

)]
(3)

where ϕk = ϕo,k(t) − ϕo,k(t − 2R0/c) is the total residual
phase accumulated in the circuit. According to the range
correlation theory [15], ϕk is very small compared to other
phase terms in (3) and hence will be omitted from the analysis.
By keeping � f very small in comparison with fk , fd,1
and fd,2 will be almost identical, i.e., fd,1 ≈ fd,2. Therefore,
the phase difference between the two baseband signals is

�ϕ(t) = 4π R0

λ2
− 4π R0

λ1
. (4)

Range estimation can be derived accordingly based on this
phase difference associated with the Doppler frequencies as

R0 = c�ϕ(t)

4π� f
. (5)

Multiple targets range detection is possible when their
Doppler frequencies can be separated from the Doppler
spectra. By tracking the phase difference on the corresponding
separated Doppler peak pairs, the associated individual range
can be estimated.

B. Periodic Motion

When the target of interest has a periodic small motion
x(t) = m · sinω0t at a nominal distance D0, where m stands
for the motion peak amplitude and ω0 represents the motion
frequency component, the radar signal will be reflected back
with its phase modulated by the time-varying periodic motion
and a constant phase determined by D0. The received signal
is approximated as

Rk(t) ≈ Re

{
exp

[
j

(
2π fk t − 4πx(t)

λk
− 4π D0

λk
+ ϕk

)]}
.

(6)

Unlike the linear motion scenario, the acquired baseband
signal will be frequency modulated by the periodic motion fre-
quency, which can be represented using spectral analysis [16]
as

Bk(t) = exp

[
j

(
4πx (t)

λk
+ 4π D0

λk
+ ϕk

)]

=
∞∑

n=−∞
Jn

(
4πm

λk

)
exp

[
j

(
nω0t + 4π D0

λk
+ ϕk

)]

(7)

where Jn is the nth-order Bessel function of the first kind.
The periodic baseband signal is represented by the sum of
a series of sinusoids at harmonic frequencies of the motion
frequency (fundamental frequency for n = 1) with their
amplitudes determined by the corresponding Bessel function
and a constant phase determined by the nominal distance D0.
Fig. 3 draws the Bessel coefficients versus the motion peak
amplitude m. The wavelength used is associated with the
lower transmit frequency of the implemented 5.8-GHz FSK

Fig. 3. Bessel coefficients.

radar system, which is f1 = 5.822 GHz. It is shown that
the Bessel coefficient of each harmonic frequency component
varies with different motion amplitudes. It can even reach
zero with certain motion amplitude, which means the corre-
sponding frequency component will vanish from the baseband
spectrum. For example, when the motion peak amplitude is
1.57 or 2.88 cm, the corresponding Bessel coefficient equals
to zero for the fundamental motion frequency, leading to
the nulling of the fundamental frequency. It is not feasible
to extract phase information from the motion frequency in
this scenario. However, note that the phase difference of any
nth-order frequency pair is consistent, which is

�ϕ(t) = 4π D0

λ2
− 4π D0

λ1
. (8)

Accordingly, the target range can be estimated based on this
phase difference associated with the motion frequency or its
harmonics as

D0 = c�ϕ(t)

4π� f
. (9)

Therefore, the phase difference extraction is not limited to a
specific motion frequency pair on the spectrum. To achieve
reliable range estimation, the strongest harmonic pairs should
be selected due to the corresponding highest signal-to-noise
ratio (SNR) when compared to the rest of the frequency
pairs. In addition, as shown in (7), phase extraction at the
frequency component eliminates the effect of motion dis-
placement. Moreover, if the noise is additive white Gaussian
noise (AWGN), its components are distributed across the
spectrum. The effect of noise is almost negligible on the
frequency peaks on the spectrum. Therefore, phase extraction
at the strongest frequency pairs enhances SNR and enables
robust nominal distance estimation.

C. Maximum Unambiguous Range

The maximum unambiguous range of an FSK system is
limited by the periodicity of the sinusoidal wave [17]. Since
�ϕ(t) can only reach a maximum of 2π , range will become
aliased beyond this limit. The maximum unambiguous range
equation can be derived from (5) and (9) as

Rmax = c

2� f
. (10)

Nonetheless, for a given application, the frequency shift can
be adjusted to achieve the desired detection range. If high
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Fig. 4. (a) Simulated I channel baseband responses of a linearly moving target in the presence of multipath reflections. (b) Range estimation results using
the time-domain method. (c) Spectrograms of the simulated baseband responses. (d) Range estimation results using the frequency-domain method.

measurement accuracy is demanded, other reference systems
can be adopted to extend the maximum discernible range
without sacrificing the measurement precision. For example,
in [18], a hybrid FSK-FMCW system was proposed using an
FMCW burst with a small bandwidth to resolve the range
ambiguity issue without losing the measurement accuracy.
The maximum unambiguous range can also be extended by
utilizing more than two carriers [19] or modulating at least
one of the carriers.

III. BASEBAND PRE-PROCESSING

As shown in Fig. 2, the square wave control signal is
utilized to find the correspondence between the two carriers
and their baseband responses. Due to the switching mechanism
of FSK modulation, the separated f1 and f2 responses are not
continuous. In addition, the two responses sample points are
not aligned and a phase offset exists between the two carrier
responses as a result of this nonsimultaneous transmission.
Therefore, if the separated discrete responses are processed
directly, the introduced phase offset has to be taken into
account and compensated to avoid a bias error in the range
measurement [20].

To eliminate the phase offset between the f1 and f2
responses and synchronize the sample points, the equivalent
continuous baseband responses can be reconstructed using
interpolation or filtering. For interpolation-based approaches,
data can be directly interpolated to a sufficient number of
sample points so that all the useful information are well
preserved. The data within each switching section can also
be averaged first before performing the interpolation. In this
way, the quantization noise caused by the analog-to-digital
converter (ADC) and the white noise will be reduced for the
measurement data. Nonetheless, the variations caused by the
quantization noise and the white noise in the direct interpo-
lation approach can also be reduced later in phase extraction
or range estimation stage by applying an average function.
The filtering method low-pass filters the baseband response
to remove the square wave modulation. An appropriate cutoff
frequency between the motion frequency and the square wave
frequency need to be chosen to completely remove the square
wave modulation with minimum loss of information. These
three continuous baseband recovery techniques have a similar
amount of computational load and similar performance. In this
study, the average-and-interpolation technique is selected to
reconstruct the continuous baseband for all the simulations
and measurement data henceforth. Data are interpolated with

the same number of sample points as if the associated carrier
frequency was transmitted continuously.

IV. PHASE EXTRACTION METHODS

Different phase extraction methods are categorized and
summarized according to the applicable motion types. To com-
pare the performance and limitations of the phase extraction
methods, range tracking of linear motion and periodic motion
were simulated in MATLAB with the same radar settings as
the implemented 5.8-GHz radar system used in the experiment
of this study, which has f1 = 5.822 GHz, f2 = 5.834 GHz,
fsqr = 300 Hz, and a sampling frequency fs = 6 kHz.

A. Linear Motion

A one-way moving target was simulated with a constant
speed of 1 m/s and starting distance of 1 m. Since multipath
interferences are of primary interest and are more relevant than
other factors, such as white noise, multipath reflections were
considered in the simulation. Because the undesired indirect
path reflections are irregular in urban sensing environment, the
simulated multipath reflections were designed to have time-
varying amplitudes and random phase delays. The simulated
motion signal is around 45 dB above the noise floor on the
FFT spectrum for 0.09-s FFT window size and 6-kHz sampling
frequency.

1) Time-Domain Method: Fig. 4(a) plots a segment of
the simulated I channel baseband response with irregular
multipath reflections. The instantaneous phase of each carrier
response can be acquired directly with respect to time from
the complex baseband signal. The corresponding raw range
estimation is shown in Fig. 4(b). As can be seen, phase
extraction in the time-domain is very sensitive to multipath
reflections. Even after applying a 0.25 s moving average filter
to the raw range data, some segments of the result are still
severely distorted, as shown in Fig. 4(b). In urban sensing
environment, the clutter reflections are more complicated than
the simulated case. Therefore, the time-domain method may
lead to severe distortions and even unacceptable results.

Moreover, the time-domain phase extraction method cannot
measure the ranges of multiple targets as the phase terms
induced by different targets are inseparable in the time domain
of the baseband signals.

2) Frequency-Domain Method: In contrast, the phase can
also be obtained in the frequency domain. Short-time Fourier
transform (STFT) was performed on the baseband responses
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TABLE I

SUMMARY OF DIFFERENT PHASE EXTRACTION METHODS FOR RANGE TRACKING OF LINEARLY MOVING TARGET

Fig. 5. (a) Simulated ac-coupled baseband response trajectories and corresponding circle-fit trajectories when m = 3 mm. (b) Range estimation results using
the time-domain method. (c) Spectra of ac-coupled baseband responses when m = 2 mm. (d) Spectra of ac-coupled baseband responses when m = 1.57 cm.

with a 0.25-s window length and 60% overlap rate to find
the Doppler frequency peak on both spectra. The phase
comparison was made on the Doppler frequency peak pairs,
as shown in Fig. 4(c). Since the STFT provides an integration
gain in the Doppler spectrum and can isolate the multipath
components that have different frequency signatures than the
desired Doppler frequency, this technique operates based on a
reliable SNR and enables robust distance estimation, as shown
in the range estimation results presented in Fig. 4(d).

In addition, while it is straightforward that the time-
domain method can be applied to varying motion speed and
irregular moving trajectories, it is worth pointing out that
the frequency-domain method also works for such scenarios.
Because in frequency-domain method, the target track can
be split into many short-time segments, the instantaneous
range of each segment can be estimated separately with an
inherent tradeoff between the time and frequency resolution
due to the Heisenberg uncertainty principle [21]. A summary
of the different phase extraction methods for range tracking
of linearly moving target is provided in Table I.

B. Periodic Motion

Since the ac-coupled baseband circuit is more commonly
used due to its high system dynamic range, ac-coupled base-
band responses are considered and analyzed in this study.
A digital first-order Butterworth high-pass filter was designed
with a cutoff frequency of 0.07 Hz to simulate the behavior
of the onboard ac-coupling circuit. AWGN was added to the
ac-coupled baseband responses. In this simulation, the motion
signal is around 70 dB above the noise floor on the FFT spec-
trum for 20-s FFT window size and 6-kHz sampling frequency.

1) Complex-Domain Method: A periodic motion was sim-
ulated with 0.5-Hz motion frequency and 3-mm motion peak
amplitude at a nominal distance of 3.5 m from the radar.

The constellation representation in the complex domain is
commonly used for time-varying periodic movement. The
simulated baseband response trajectories are plotted in the
complex domain in Fig. 5(a). As can be seen, the ac-coupled
f1 and f2 trajectories are shifted from the unit circle because
their dc information are filtered by the ac-coupling circuit.
To solve this problem, an analog dc-offset cancellation circuit
has been proposed in [22] to automatically remove the dc
offset and increase system dynamic range without losing
useful dc information. Park et al. [23] proposed an approach
for calibrating the undesired dc offset while preserving the
useful dc information and obtaining the baseband signal with
the maximum resolution. Software techniques have also been
proposed to shift the trajectories back to the unit circle,
such as circle-fitting [24], which was used in this simulation.
The circle-fitted trajectories are shown in Fig. 5(a) as well.
After the trajectories are shifted back to the unit circle, range
estimation can be acquired by averaging the phase difference
of a number of points or finding the angle difference of the
shape of the trajectories.

However, the following limitation exists for the complex-
domain method. It cannot measure the motion with the ampli-
tude larger than half-wavelength of its carrier frequencies.
This is because when the motion peak amplitude exceeds this
limit, both trajectories will cover the full unit circle instead
of occupying an arc. Hence, there will be no angle difference
between them.

2) Time-Domain Method: Similar to linear motion scenario,
the instantaneous phase of each carrier response can be
obtained directly in the time domain from the complex
baseband signal using arctangent demodulation. The
difference resides in that the dc components are irrelevant
to the desired phase information in linear motion scenario.
However, the range-related phase information is carried
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TABLE II

SUMMARY OF DIFFERENT PHASE EXTRACTION METHODS FOR RANGE DETECTION OF PERIODICALLY MOVING TARGET

by the dc components of the complex baseband signal in
range detection of periodic motion. Therefore, since the dc
information of the ac-coupled baseband responses are filtered,
the range-related phase information are distorted, as shown
from the corresponding range estimation in Fig. 5(b).
As discussed with the complex-domain method, circle-fitting
was adopted in this simulation to recover the desired dc infor-
mation and the range estimation was corrected accordingly.
However, because of the distortion produced by the ac-
coupling circuit, range variations occur in the corrected range
result. Nonetheless, the variation can be efficiently reduced
by applying a moving average window, as shown in Fig. 5(b).

3) Frequency-Domain Method: Range estimation of the
periodic motion can be realized in the frequency domain as
well, which is similar to the linear motion detection except
that phase is sought at the motion frequency or its harmonic
instead of Doppler frequency. Fig. 5(c) shows the spectra of
a 20-s ac-coupled baseband response with AWGN when the
motion peak amplitude equals to 2 mm at 2.5 m. In accordance
with (7), the motion frequency and its harmonics appear on
the spectra. Phase extraction at the frequency peak pairs is
less vulnerable to the noise influence because of the integration
feature of the applied FFT. The phase response of the on-board
first-order high-pass filter is slightly non-linear. However,
as shown in (7), since the f1 and f2 responses carry exactly
the same frequency components except for subtle variations in
amplitudes due to different Bessel coefficient, the two carrier
responses experience roughly the same phase shift introduced
by the high-pass filter. Hence, the phase difference between the
baseband responses is almost intact from the phase distortion
and the effect on the range estimation is almost negligible.
Range estimation of 2.53 m is obtained using (9) from the
motion frequency pair with 0.03-m range error, which verifies
the insignificant phase distortion effect from the ac-coupling
circuit.

A special case example when the peak amplitude causes the
Bessel coefficient of the fundamental motion frequency to be
zero is shown in Fig. 5(d). Consistent with the plot in Fig. 2,
when peak amplitude equals to 1.57 cm at 2.5 m, the amplitude
of the baseband component at the motion frequency equals
zero, resulting in the nulling of the motion frequency from
the spectra. However, according to (7) and (8), any pair of
harmonics could be used to produce the range estimation.
Since the third harmonic pair has the highest SNR, it is

selected to produce the range estimation. Range of 2.51 m
is obtained in this case, which validates the working theory
of FSK radar. In this study, the strongest frequency pair is
selected regardless of its harmonic order for the frequency-
domain method, since it has the highest SNR when compared
to the rest of the frequency pairs.

A longer FFT window has a higher integration gain in
the spectrum and produces more robust range estimation.
However, the resulting low-time resolution may cause imprac-
ticality in real-life scenarios. Therefore, the tradeoff between
FFT window length and time resolution need to be considered
to achieve a balance between reliable measurement and real-
istic performance. For FFT processing, zero-padding can be
used to reduce the picket fence effect [25]. A proper window
function should be applied to reduce the inevitable spectral
leakage when FFT window length is relatively small [26].

It is also worth specifying that as long as the corresponding
frequency components can be successfully detected on the
spectra, the frequency and amplitude of the small periodic
motion will not affect the detection accuracy of FSK radar. It is
possible to detect multiple targets that have different motion
frequencies using the frequency-domain method as long as the
motion peaks associated with different targets can be separated
on the frequency spectra. The summary of the different phase
extraction methods for range detection of periodically moving
target is provided in Table II.

V. EXPERIMENTS

For range tracking of linear motion, authors in [27]
demonstrated the range detection performance of a swaying
human subject at three distances using a dual-frequency
radar. However, the time-domain phase extraction method
was used, yielding very noisy range estimation results.
Time-domain and frequency-domain phase extraction methods
were compared in [11] by measuring the linear movement
of a single and two conducting spheres mounted on linear
positioners, respectively. While obvious range variances were
observed in the time-domain method, robust range estimation
was obtained utilizing the frequency-domain method.

For range detection of periodic motion, one blade covered
by the aluminum foil of a three-blade plastic fan was measured
by a dual-frequency synthetic aperture radar in [28]. The radar
antenna was moved to seven positions forming a synthetic
array aperture to estimate the location of the fan blade.
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However, only the final location result calculated based on
the synthetic array processing was provided without demon-
strating the performance of each distance measurement that
was obtained using a dual-frequency range detection theory.
In [10], a two-tone radar was used to measure the mechanical
motion of a Newton’s cradle at 30 cm. According to the phase
difference of the trajectories associated with the two carriers
in the complex plane, the range estimation of 30.1 cm was
computed. However, only one-time measurement was provided
without including results from repeated experiments.

In this study, the range tracking of a single and multiple
human subjects in motion was conducted using both the
5.8- and 24-GHz FSK radar. Range detection of a stationary
human subject with various orientations relative to the radar
line of sight and range detection of a small corner reflector
undergoing mechanical periodic motion at different locations
relative to the radar were carried out using a 24-GHz FSK
radar system. Since the frequency-domain method has proven
to be more robust, does not have the motion amplitude
limitation, does not require tedious dc offset calibration, and
can be applied to both linear and periodic motions compared
with the time-domain and complex-domain methods, it was
adopted for all of the following conducted experiments.

Fig. 2 shows the block diagram of the designed 5.8-GHz
FSK radar system. An operational-amplifier-based circuit
is employed to generate a 300-Hz square wave signal,
which is used as the control signal of the free-running
voltage-controlled oscillator (VCO) to switch between two
carrier frequencies f1 and f2. The square wave amplitude
levels determine the VCO output frequencies, which are
f1 = 5.822 GHz and f2 = 5.834 GHz, with � f = 12 MHz.
In this case, the maximum unambiguous range is calculated
to be 12.4 m. The power splitter divides the carrier signals
into two equal parts with one half being transmitted with an
average power of 8 dBm while the other half is amplified by a
14-dB gain block and sent to the local oscillator (LO) port of
the mixer. The receiver chain consists of an 11-dB low-noise
amplifier (LNA) and a 14-dB gain block. Two 2 × 2 patch
antennas (one for transmit and one for receive) are used
with 11.3-dB gain and 46◦ half-power beamwidth. Both
the square wave and I/Q channels were recorded using
NI USB-6009 for all the experiments. The square wave
control signal was utilized to separate the f1 and f2 responses.
Note that to successfully recover phase information and to
eliminate the null detection problem (see [29], [30]), the I/Q
channel data were combined to recover the desired motion
frequency in the following experiments.

It has been noted that the multipath interference caused
by the beam spreading and reflections from the surrounding
objects can significantly affect the phase-based range detection
performance of the radar system [31]. In a multipath environ-
ment, the reflected signals from different pathways combine
constructively or destructively with respect to the direct path
signal, resulting in a phase-shifted received signal. The phase
distortion caused by multipath interference is determined by
various factors, such as antenna beamwidth, environment
structure, and radar wavelength. While the application envi-
ronment is beyond control and the effect is difficult to model,

Fig. 6. Range tracking result of a single subject walking back and forth
between 2.5 and 11 m in an interior corridor using the 5.8-GHz FSK radar.

Fig. 7. Photograph of range tracking of two subjects walking in opposite
directions in an interior corridor using the 5.8-GHz FSK radar.

narrow antenna beamwidth can effectively reduce the indirect
pathways. Considering that the tiny periodic motions are
more susceptible to multipath interference than large linear
motions, a 24-GHz FSK radar (InnoSent IVS-162) equipped
with two 4×2 patch antennas was used for range detection of
stationary human subject and range detection of mechanical
movement due to its narrower antenna beamwidth than the
5.8-GHz FSK radar that has 2 × 2 patch antennas.

A. Range-Tracking of Single Moving Human Subject

In this experiment, the 5.8-GHz FSK radar sensor was
mounted on a tristand and placed in an interior corridor.
To avoid the antenna nearfield and limit the experiment within
the maximum unambiguous range, a human subject was asked
to complete two round trips from 2.5 to 11 m with a normal
walking speed. Measurement data were recorded with 6-kHz
sampling frequency. A 0.09-s FFT window length was
chosen along with the hamming window and zero-padding.
After performing FFT on the separated baseband responses,
the Doppler frequencies generated by human walking can
be obtained from both frequency spectra. By comparing the
phase difference between the two Doppler frequencies, the
instantaneous range of the walking subject was estimated
according to (5) and shown in Fig. 6.

B. Range-Tracking of Multiple Moving Human Subjects

Range tracking of two subjects walking in opposite
directions was carried out in the same environment with the
5.8-GHz FSK radar, as shown in Fig. 7. Subject A walked
from 2.5 to 11 m while subject B walked from 11 to 2.5 m.
Both started and stopped the movements around the same
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Fig. 8. Range tracking results of two subjects walking in opposite directions
in an interior corridor using the 5.8-GHz FSK radar.

time with a normal walking speed. Measurement data were
recorded with 6-kHz sampling frequency. The same FFT
settings as the single subject tracking experiment were used.
The Doppler frequencies generated by the two subjects had
opposite signs since the walking directions were opposite.
After applying FFT on the baseband responses, the Doppler
frequency peaks were successfully separated in the frequency
domain and the phase extraction was realized separately
on the associated Doppler peaks. Fig. 8 shows the range
detection results. It is observed that there are three outlier
points at the beginning of the measurement in the walking
trajectory of subject B. Because subject A was much closer
to the radar than subject B initially, the power of the Doppler
frequencies generated by subject A was much higher than
that generated by subject B. As a consequence, the Doppler
frequencies associated with subject B were buried under the
spectral leakage of the Doppler frequencies associated with
subject A. Therefore, the phase information of the three
outlier points was obtained from the spectral leakage of the
Doppler frequencies associated with subject A. This explains
why the outliers are located in the trajectory of subject A.

Note that because of multipath interference, the obtained
Doppler peaks associated with the two carriers are not always
identical to each other. Therefore, in the measurement, only
the Doppler peak pairs that were within 1.5-Hz frequency
difference were kept and the distorted frequency peaks due
to multipath interference were effectively removed.

Compared with the two human subjects moving in opposite
directions scenario, the multipath interferences are much more
complex for targets moving in the same direction in indoor
environments. Therefore, to reduce the effect of multipath
interference, range tracking of two human subjects walking
in the same direction was performed in an outdoor open area.
Because the Doppler frequency is proportional to the carrier
frequency, the higher is the carrier frequencies, the more sep-
arated the Doppler peaks are and thus, the more accurate the
range estimations are. Therefore, the 24-GHz FSK radar was
used. A 700-Hz square wave control frequency was generated
by an external board, which switched the transmit frequency
between 23.8279 and 23.8306 GHz with a frequency shift of
2.7 MHz. The maximum unambiguous range is calculated as
55.5 m. In the experiment, both subjects started the movements
around the same time with one subject walking slower than
the other. The slower-moving subject walked from 2.5 to 8 m
while the faster-moving subject walked from 2.5 to 12 m.

Fig. 9. Range tracking results of two subjects walking in the same direction
in an outdoor open area using the 24-GHz FSK radar.

Fig. 10. Photographs of range detection of a seated human subject with
different orientations relative to the radar line of sight in an interior corridor
using the 24-GHz FSK radar.

Measurement data were recorded with 15-kHz sampling fre-
quency. The recorded data were processed with 0.1-s FFT
window size and 0.03-s sliding step along with the hamming
window and zero-padding. The frequency tolerance was set
at 0.9 Hz, which means that only the Doppler peak pairs
within 0.9-Hz frequency difference were processed. As shown
in Fig. 9, the tracking results agreed well with the ground
truth in the first 3 s. Later, the tracking performance of the
faster-moving target degraded due to the low receiving power
strength and spectral leakage from the slower-moving target.
Overall, the 24-GHz FSK radar has demonstrated acceptable
multi-targets tracking performance in an outdoor open area.

C. Range Detection of Stationary Human Subject

Stationary human subject detection experiment was con-
ducted with the 24-GHz FSK radar in the interior corridor.
The transmit frequencies were 23.8485 and 23.8650 GHz
with a 300-Hz switching frequency generated by a function
generator. The maximum unambiguous range is calculated
as 9.1 m. Photographs of the experimental setup are shown
in Fig. 10. A seated human subject was asked to breathe
normally during the measurement time period of 60 s. Three
measurements were recorded with 6-kHz sampling frequency
at around 1.5 m when the human subject was directly facing
the radar, 45◦ from the line of sight, and −45◦ from the line of
sight, respectively. By comparing the phase difference between
the detected respiration tones on both spectra, the absolute
distance of the subject was estimated. A 20 s FFT sliding
window was used with a 5-s step size. Nine range estimations
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TABLE III

AVERAGE RANGE ERROR/STANDARD DEVIATION RESULTS# OF RANGE

DETECTION OF A STATIONARY HUMAN SUBJECT FACING DIFFERENT
ORIENTATIONS RELATIVE TO THE RADAR

TABLE IV

AVERAGE RANGE ERROR RESULTS# OF RANGE DETECTION OF A

PERIODICALLY MOVING ACTUATOR AT VARIOUS LOCATIONS

were obtained for each measurement. The range error was
calculated as the difference between the average of the nine
range estimations and the ground truth. Range error and
standard deviation results for the three measurements are listed
in Table III.

Approximately, 78% of the range errors were within ±10%
of the ground truth, except for the 0.23-m error measured at
0◦ and the 0.35-m error measured at −45◦. Through extensive
experimentation, it was revealed that multipath interference
was likely the main contribution to the range fluctuation among
other possible error sources including frequency drift [32],
I/Q channel mismatch [33], [34], and effect of antenna direc-
tivity. Nevertheless, the results have demonstrated acceptable
accuracy of using FSK technology to detect the range of a
stationary human subject based on the vital signs.

D. Range Detection of Mechanical Movement

To further verify the detection consistency and robustness,
range detection of a periodic mechanical motion at various
locations was carried out in the interior corridor. An actuator
(Zaber TSB60-I) mounted with a small triangular trihedral
corner reflector (edge length 11 cm) as the target was set
with a motion frequency of 0.5 Hz and peak amplitude
of 2 mm. Three measurements were recorded with 6-kHz
sampling frequency at each location with a 60-s recording
length. Data were processed by a 25-s FFT sliding window
with a 5-s sliding step size, resulting in eight range estimations
for each measurement. Range error was calculated the same
way as in the previous experiment and reported in Table IV.
The standard deviations of all the measurements were less
than 3 cm. Again, multipath interference was deemed to be
the major error source. Even though the range error has
some fluctuations at different locations, the overall range
detection accuracy is acceptable with the largest measured

error being 0.4 m, which equals to 12.7% of the ground truth
and 4.4% of the maximum unambiguous range.

VI. CONCLUSION

A spectrum-efficient FSK technology for both moving and
stationary human subjects tracking is presented in this article.
Fundamental theories of the range tracking mechanisms were
explained. Different phase extraction methods were compared
and summarized for both linear and periodic motion range
detection. In addition, range tracking of both single and
multiple moving human subjects was investigated using both
5.8- and 24-GHz FSK radar. Range detection of a stationary
human subject facing different orientations and an actuator
at various locations has demonstrated acceptable accuracy.
Future study will analyze and minimize the error contribu-
tions due to multipath, frequency drift, and I/Q channel
mismatch.
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