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Abstract— In this article, fully integrated binary phase shift
keying (BPSK) tags are presented to work in conjunction with
narrowband frequency-shift keying (FSK) radar for concurrent
multitarget range tracking and vital signs sensing. Without the
employment of any radio frequency (RF) mixer, the developed
BPSK tag introduces a frequency offset by generating periodic
phase shifts to the radar carrier frequencies with optimized
power level. The theory of BPSK tag-based range tracking and
vital signs sensing in conjunction with FSK radar signal is devel-
oped. An impedance-modulated 24-GHz tag architecture without
any active RF components is proposed and its implementation
and characterization are presented. The system performance is
evaluated in the following residential indoor scenarios: single tag
ranging, concurrent multiple tags and an untagged human target
detection, and multiple tagged human targets tracking. Promising
ranging performance demonstrates the potential for the proposed
system to be adopted in various indoor tracking applications.

Index Terms— Binary phase shift keying (BPSK),
frequency-shift keying (FSK) radar, identification and tracking,
multiple targets, range tracking, vital signs sensing, wireless
sensor.

I. INTRODUCTION

THE arising Internet of Things (IoT) era aims to link
wearable sensors, everyday objects, and devices to the

core Internet in a wireless manner for a human-centered
environment. Contextual information, such as human location,
activities, and surrounding objects, will be collected to realize
context-aware computing. As the IoT market continues to
grow, its key enabler, radio frequency identification (RFID)
technology, has drawn increasing attention in recent years.
RFID technology [1]–[5] uses radio waves to communicate
between the tag and the reader. Radio frequency (RF) enabled
identification and tracking approaches have the benefits of
contactless, lightweight, and multitag sensing that do not
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require line-of-sight arrangements. While commercial RFID
tags have been widely used in identifying objects and coarse-
grained localization (i.e., when an object is in the proximity of
the detector), they lack the ability to provide accurate location
information of objects. Therefore, several customized RF tags
have been proposed in the literature [6]–[17], which provide
the capability to identify and track the location of the tagged
humans or objects.

In general, these customized RF tags can be divided into two
categories: passive and active. Passive tags do not require a
power source (i.e., battery) to operate. Harmonic [6]–[10] and
intermodulation tags [11]–[14] are both passive RF tags, which
exploit the nonlinear properties of electronic components, such
as diodes, transistors, and mixers, to differentiate the tag from
natural clutters, such as furniture, walls, and plants, which
do not exhibit nonlinear behaviors by detecting responses
from the tags at the nonlinear frequency tones. However,
harmonic tracking systems suffer from high path loss and
signal licensing issues. Intermodulation systems require a
costly hardware architecture in order to suppress the funda-
mental tones and amplify the intermodulation responses. Fur-
thermore, both tracking approaches lack identification func-
tionality, which means they cannot identify multiple tags
simultaneously.

Conversely, active tags need a power source. Subharmonic
tags [15] fall under the active tag category because they require
the use of a frequency divider, mandating a power source. The
subharmonic tracking sensor has lower path loss due to lower
nonlinear frequency(s) compared with the harmonic one, when
both operate at the same fundamental frequency. However, this
advantage comes at the cost of larger receiver and tag sizes.
A self-injection-locked (SIL) active tag was proposed in [16]
for concurrent vital sign and location detection of multiple
individuals. Note that the detection of “stationary” human
subjects in that work was still based on the physiological
motions of the target, e.g., through breathing and heartbeat.
This motion-based sensing approach cannot detect completely
stationary targets (i.e., motionless targets), which limits its
applications. Moreover, due to clock synchronization protocol
and mutual injection pulling issues in time division multiple
access (TDMA) and code division multiple access (CDMA),
frequency division multiple access (FDMA) was selected
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and implemented manually to simultaneously detect multiple
subjects, adding operational complexity and cost. A switched
injection-locked oscillator-based active backscatter tag was
designed in [17] for frequency-modulated continuous-wave
(FMCW) radar systems to improve range accuracy in dense
multipath environments. However, FMCW radar [18]–[20]
occupies a large bandwidth, which leads to high bandwidth
requirements on system components and high spectrum usage.
Significant expansion in wireless communications has led to a
shortage in the available radio spectrum [21]. An identification
and tracking system that occupies less bandwidth is thus
preferred to tackle the spectrum shortage issue.

Narrowband frequency-shift keying (FSK) radar technology
has been investigated in previous works [22]–[26] for Doppler
frequency-based moving target tracking and vital signs-based
stationary human target detection with much lower bandwidth
usage than its wideband counterparts (e.g., FMCW radar).
However, because the range detection mechanism is motion
based, it lacks the ability to detect completely stationary
targets. In addition, since the vital sign frequencies of multiple
individuals tend to overlap, it is not reliable to sense vital
sign information from multiple individuals, let alone vital
signs-based multitarget tracking.

In this work, active binary phase shift keying (BPSK) tags
are proposed to work in conjunction with an FSK radar for
ubiquitous range tracking and motion sensing of multiple
targets. Moreover, the BPSK tags enable detection and location
of completely stationary objects even without any vibration or
physiological motion. The proposed BPSK tag design shifts
the phase of the carrier signals periodically, which is equivalent
to generating a frequency offset to the carrier frequencies.
By programming each BPSK tag with its own unique modula-
tion frequency, multiple BPSK tags can be detected simultane-
ously based on their unique signature without any modification
to the FSK radar reader or the employment of multiple access
technology. In addition, unlike harmonic and subharmonic
tags that require either two different antennas or a single
antenna operating at two frequency bands, the impedance-
modulated BPSK tag only needs one antenna designed for
a single frequency band, thus reducing the tag size and design
complexity. Furthermore, the BPSK tag utilization results in
an intermediate frequency (IF) in the baseband, corresponding
to the modulation frequency of the tag. Hence, low-frequency
environmental noise can be avoided in motion sensing and
its associated range tracking since the motion frequency is
shifted to the vicinity of the low-IF [27]–[29]. The tradeoff
is that the low-IF topology requires higher sampling rate and
more computation resources for the radar reader. Nonetheless,
low-cost high-speed off-the-shelf analog-to-digital converters
(ADCs) and modern digital processors are readily available to
meet such needs.

The BPSK tag-based range tracking and vital signs sensing
theories are explained in Section II. BPSK tag design and
implementation are presented in Section III. Various types of
experiments are provided in Section IV. The advantages and
limitations of the proposed system are discussed in Section V.
Finally, conclusions are drawn in Section VI.

Fig. 1. Illustration of the proposed BPSK-tag-based range estimation of a
tagged object.

II. FUNDAMENTAL THEORY

As shown in Fig. 1, in an FSK radar system, the transmit
frequency is switched back and forth between two frequencies,
f1 and f2, at a switching rate of fsqr. The frequency shift
between the two carriers, i.e., � f = f2 – f1, is small, when
being compared to the carrier frequencies. The transmit signal,
neglecting the switching process between the two frequencies,
can be represented as

Tk(t) = cos
(
2π fk t + ϕo,k(t)

)
(1)

where k = 1, 2 and ϕo,k(t) is the phase noise from the
oscillator. Without loss of generality, the amplitudes of all
signals are normalized to unity.

In BPSK modulation, the modulating signal m(t) is
restricted to two amplitudes, which are here assumed to be
A = ±1. Each amplitude introduces a constant phase shift to
the carrier signal, resulting in the following modulated signal:

s(t) =
{

cos(2π fk t + ϕL), when A = 1

cos(2π fk t + ϕH ), when A = −1.
(2)

The difference between the two phase shifts is maximized
and typically chosen as ϕH – ϕL = 180◦, which allows to inter-
pret BPSK as double-sideband suppressed carrier modulation.
Exploiting cos(α + 180◦) = − cos(α) yields

s(t) =
{

cos(2π fk t + ϕL), when A = 1

− cos(2π fk t + ϕL), when A = −1.
(3)

BPSK tag-based range tracking and vital signs monitoring will
be analyzed in Sections II-A and II-B.

A. BPSK Tag-Based Range Tracking

The proposed BPSK tag alternates the phase of the carrier
signal periodically by modulating the tag’s impedance between
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Fig. 2. Modulation signal of the BPSK tag. (a) Signal representation in the
time domain. (b) Spectrum representation in the frequency domain.

two states: open circuit and short circuit. The modulating
signal m(t) with a modulation frequency of fm = 1/Tm

that is much smaller than the FSK switching rate fsqr is
shown in Fig. 2(a). It can be represented using Fourier
expansion as

m(t) = 4

π

∞∑
n=1

1

n
sin

(nπ

2

)
cos(2πn fmt). (4)

Note that only odd harmonic frequencies are present in (4).
The BPSK tag is designed such that when m(t) = 1, it reflects
the carrier signals with a phase offsets ϕL and when m(t) =
−1 with ϕH = ϕL + 180◦. Thus, the received signal can be
written as

Rk(t)=m(t) cos

[
2π fk t−ϕd,k −ϕL +ϕo,k

(
t− 2d

c

)
−ϕr,k

]
(5)

where c is the speed of light, d represents the range to target at
a particular time t = t0, ϕd,k = 4πd/λk , λk is the wavelength
corresponding to each carrier frequency, and ϕr,k denotes the
phase delay in the receiver circuit. Since ϕr,1 and ϕr,2 are
normally very small and are very close to each other, they will
be neglected in the following analysis. The received signals
will be down converted using a copy of the transmit signal at
the mixer to obtain the complex valued baseband output

Bk(t) ≈ m(t) exp
[

j
(
ϕd,k + ϕL + ϕk

)]
(6)

where ϕk = ϕo,k(t)−ϕo,k(t− 2d/c) is the total residual phase.
According to range correlation theory [30], ϕk is very small
compared to the phase delay term caused by the distance to the
target and, hence, will be omitted from the following analy-
sis. Applying Fourier expansion by substituting (4) into (6),
the baseband signal equation becomes

Bk(t) ≈ 4

π

∞∑
n=1

1

n
sin

(nπ

2

)
cos(2πn fm t) exp

[
j
(
ϕd,k + ϕL

)]
(7)

with Fourier transform

Xk( f ) ≈ 2

π

∞∑
n=1

1

n
sin

(nπ

2

)
e j(ϕdk+ϕL )

×[δ( f − n fm) + δ( f + n fm)]. (8)

Fig. 1 shows the modulation frequency and its odd number
harmonics being part of the spectrum of both f1 and f2

responses. Though all the harmonics carry the same phase
information for each carrier response spectrum, the phase
information is sought at the fundamental tone pair for their
highest signal-to-noise ratio (SNR) compared with the rest of
the harmonic tones, assuming a white noise environment. The
phase difference of the fundamental tone pair is calculated as

�ϕ(t) = ϕd,2 − ϕd,1 = 4πd

λ2
− 4πd

λ1
. (9)

Range estimation can be derived accordingly as

d = c�ϕ(t)

4π� f
. (10)

Simultaneous identification and tracking of multiple tags
are made possible by programming each tag with a unique
modulation frequency. Individual ranges can be obtained by
tracking the phase difference on the associated modulation
frequency pairs for the tag of interest.

B. BPSK Tag-Based Multitarget Vital Signs Sensing and
Range Detection

In an FSK radar system, where a stationary target of
interest at nominal distance D has a periodic physiological
body movement (i.e., respiration or heartbeat) that can be
modeled as x(t) = μsin(2π f0t), with μ being the motion
peak amplitude and f0 the motion frequency, the radar signal
will be reflected with its phase modulated by the time-varying
physiological motion x(t) and a constant phase determined
by D. The received signal is represented as [25]

Rk(t)=cos

(
2π fk t−ϕx,k −ϕD,k +ϕo,k

(
t− 2D

c

)
−ϕr,k

)
(11)

where ϕx,k = 4πx(t) /λk and ϕD,k = 4π D/λk . Similarly, when
a BPSK tag with a modulating signal m(t) is attached to the
human target, additional periodic phase shifts of ϕL and ϕH

are generated. The corresponding received signal is

Rk(t)

= m(t) cos

(
2π fk t−ϕx,k −ϕD,k −ϕL +ϕo,k

(
t− 2D

c

)
−ϕr,k

)
.

(12)

As mentioned previously, the ϕr,k term will be omitted. After
the down-conversion, applying the range correlation effect,
the complex-valued baseband output is obtained as

Bk(t) ≈ m(t) exp
[

j
(
ϕx,k + ϕD,k + ϕL

)]
= m(t) exp

[
j

(
4πx(t)

λk
+ ϕD,k + ϕL

)]

= m(t) exp

[
j

(
4πμ sin(2π f0t)

λk
+ ϕD,k + ϕL

)]

= m(t)
∞∑

l=−∞
Jl

(
4πμ

λk

)
exp

[
j
(
2πl f0t + ϕD,k + ϕL

)]
(13)

where the Bessel series approximation [31] was applied in
the last step with Jl denoting the lth order Bessel function of
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Fig. 3. Illustration of the spectra of BPSK-tag-based multihuman detection.
(a) Spectrum when only tagged human target 1 is present. The corresponding
modulation frequency is fm1 and vital sign frequency is f01. (b) Spectrum
when only tagged human target 2 is present. The corresponding modulation
frequency is fm2 and vital sign frequency is f02. (c) Spectrum when both
targets are present. f ′

0 is the result of overlapping of f01 and f02.

the first kind. Replacing m(t) by its Fourier series expansion
results in

Bk(t) = 4

π

∞∑
n=1

1

n
sin

(nπ

2

)
cos(2πn fmt)

∞∑
l=−∞

Jl

(
4πμ

λk

)

× exp
[

j
(
2πl f0t + ϕD,k + ϕL

)]
(14)

with the following Fourier transform:

Xk( f ) = 2

π

∞∑
n=1

1

n
sin

(nπ

2

) ∞∑
l=−∞

Jl

(
4πμ

λk

)
e j(ϕD,k+ϕL)

×[δ( f − n fm − l f0) + δ( f + n fm − l f0)]. (15)

As shown in Fig. 3(a) and (b), the vital sign frequency f0 is
modulated onto the tag’s modulation frequency fm , resulting
in frequencies nfm ± lf0 in the spectrum. The phase difference
of any frequency peak pair is the same, which is

�ϕ(t) = 4π D

λ2
− 4π D

λ1
. (16)

Accordingly, the target range can be derived as

D = c�ϕ(t)

4π� f
. (17)

Though phase difference and range estimation can be calcu-
lated from the vital sign frequency pair, the results are sus-
ceptible to close proximity noise and interference. In addition,
the vital sign frequencies of multiple individuals are likely to
be similar. As can be seen from Fig. 3(c), since f01 and f02

are very close to each other, when both targets are present,
their vital signs overlap and cannot be separated. Therefore,
simultaneous multitarget vital sign sensing and its correspond-
ing range estimation cannot be achieved from the f0 pairs.
In comparison, since BPSK tags are registered with different
modulation frequencies (e.g., fm1, fm2, etc.), by finding the
phase differences at known modulation frequencies or their
related pairs (i.e., nfm± lf0, n �= 0), concurrent multitarget vital

sign sensing and range detection can be accomplished. Note
that Fig. 3 shows narrowband spectra instead of the spectral
lines derived in (15), which assumed infinite length periodic
signals. Finite observation time is modeled as windowing of
the infinite length signal and results in the Fourier transform of
the window function emerging at the location of the spectral
lines.

Note that the modulation frequencies should be sufficiently
separated, and the strongest modulation frequency-related pair
should be selected to achieve the most reliable range detection
performance.

C. Range Resolution
Range resolution is the ability of a radar system to dis-

tinguish between two adjacent targets. For FMCW radar,
its range resolution depends on the carrier bandwidth. For
a conventional FSK radar system, it does not have range
resolution because it does not occupy a bandwidth. For the pro-
posed BPSK tag-assisted FSK radar system, it possesses range
resolution because it is capable of resolving closely spaced
targets. However, the range resolution is largely determined by
the successful detection of BPSK tags’ modulation frequencies
or their associated frequency products on the spectra, which
is related to the selection of modulation frequencies and fast
Fourier transform (FFT) window size.

If the BPSK tags’ modulation frequencies are set apart
enough so that there is no interference between the desired
modulation frequency-related pairs and other frequency prod-
ucts, the tagged multiple targets can be successfully detected
no matter how closely spaced they are. If the spectral leakages
cause interferences, longer FFT window size can be used to
reduce the spectral leakage, yet at the tradeoff of slower range
update rate.

Therefore, the range resolution of the proposed system is
determined by the selection of tags’ modulation frequencies,
the FFT window size, and the desired range update rate.

D. Modulation Frequency Selection

According to (8) and (15), besides the modulation frequen-
cies, their odd number harmonics will also be present on the
spectra. To avoid the interference between the modulation fre-
quencies and the harmonics, the lowest modulation frequency
should be set to more than one third of the highest modulation
frequency. The rest of the modulation frequencies should be set
in between with sufficient frequency separation. In this way,
possible interference is avoided because all the harmonics will
have higher frequencies than the modulation frequencies.

E. Maximum Unambiguous Range
Due to the periodicity of the sine wave, �ϕ(t) can only

reach a maximum of 2π . Therefore, FSK radar has a maximum
unambiguous range limitation of

Rmax = c

2� f
. (18)

The maximum unambiguous range is inversely proportional
to the frequency shift between the two carrier frequencies.
Therefore, frequency shift can be reduced to accommodate
higher maximum discernible range requirement at the tradeoff

Authorized licensed use limited to: Texas Tech University. Downloaded on May 21,2021 at 22:34:37 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: 24-GHz IMPEDANCE-MODULATED BPSK TAGS FOR RANGE TRACKING AND VITAL SIGNS SENSING OF MULTIPLE TARGETS 1821

Fig. 4. Architecture of the BPSK tag design.

of reduced measurement precision. If measurement precision
needs to be maintained while longer maximum unambiguous
range is desired, a smart handover from period to period using
a continuity constraint on the distance assisted by a reference
system can be implemented [22]. The maximum unambiguous
range can also be increased by utilizing more than two carriers
[32] or modulating at least one of the carriers.

III. BPSK TAG DESIGN AND IMPLEMENTATION

In an FSK radar system, when the target is completely
stationary, a Doppler shift is not applied to the radar signals,
making the target reflections indistinguishable from the clutter
response. Therefore, it is necessary to introduce a unique
frequency offset, e.g., through BPSK modulation as discussed
in Section II, to the stationary target response so that it
can be separated from other stationary clutters. The most
direct approach is upconverting the carrier signals using a
mixer-based tag. However, RF mixers can be costly and/or
power intensive. In addition, this type of architecture requires
separate receive and transmit antennas at the cost of approxi-
mately twice the size of a single-antenna tag.

To implement a BPSK modulation without the involvement
of an RF mixer, a backscatter tag with a variable reflection
coefficient � is designed to periodically change the phase of
the reflected signal. To maximize the strength of the reflected
signal (i.e., reflecting the entire signal), the magnitude of �
should be equal to one for any selected phase shift. Hence,
short (� = −1) and open (� = 1) circuits at the antenna
port are desired so that ideally, when � = −1, all the carrier
signals are reflected back with 180◦ phase shift; when � = 1,
all the carrier signals are reflected back with 0◦ phase shift.

The schematic of the proposed 24-GHz backscatter tag is
depicted in Fig. 4. When the switching signal is in a low
state, a 12-mA dc bias current flows through the pin diode to
ground. The RF ground (i.e., short circuit) created by the radial
stub RS1 is in parallel with the RF open created by the radial
stub RS2 and the quarter-wave transformer. A half-wavelength
transmission line is used to connect the pin diode to the rest
of the structure and for the antenna connection. Conversely,
when the switching signal is in a high state, the pin diode
is reverse biased and thus no dc current will be flowing to

Fig. 5. Photographs of the fabricated BPSK tag.

Fig. 6. Simulation result of the series-fed antenna at 24 GHz.

the circuit. In this state, the pin diode can be modeled as a
high impedance that is in parallel with the RF open created by
RS2 and the quarter-wave transformer. If the RF open is well
designed, it will exhibit a much higher impedance compared
with the pin diode at 0 V reverse bias condition. Therefore, the
reflection coefficient will be highly dependent on the diode’s
isolation.

Photographs of the implemented tag are shown in Fig. 5.
Two tags, named Tag 1 and Tag 2, were fabricated on a thin
flexible substrate (CuClad 217). To switch between short and
open circuit, a pin diode (MACOM MADP-000907-14020)
is utilized. The modulation switching signal is generated by
an on-board microcontroller (Microchip PIC18F24K42T-I).
An output buffer (Toshiba SSM3J56ACT) and a bias resistor
Rbias are added to drive the diode’s current. A 3-V coin cell
battery is mounted on the back side to supply the tag. The
current consumption for each tag is 12 mA in the diode-ON-
state and 0 mA in the diode-OFF-state. The power consumption
is approximately 18 mW. A series-fed antenna was designed
and used for both receiving and transmitting. Its simulation
result is shown in Fig. 6. The simulated peak gain is 13 dB
with a half-power beamwidth of 20◦ on E-plane and 80◦ on
H -plane.

Simulations were carried out to evaluate the performance
of the proposed tag architecture over the frequency range
of 23.5–24.5 GHz. Electromagnetic (EM) structures were used
to model the transmission lines and a manufacturer-provided
S-parameter file for the desired bias conditions was applied to
model the diode. The reflection coefficients of the fabricated
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Fig. 7. Simulated and measured reflection coefficients for frequency range
of 23.5–24.5 GHz. (a) Magnitudes. (b) Phases.

tag were measured with an Agilent 8722ES vector network
analyzer (VNA). To interface with the VNA, the antenna of
the tag was cutoff, a SubMiniature version A (SMA) connector
was attached to the end of the microstrip line, and the intro-
duced phase delay was removed during the calibration process.
Comparisons between the tag’s simulated and measured reflec-
tion coefficients are depicted in Fig. 7. For the short-circuit
state at 24 GHz, the magnitudes of the simulated and measured
reflection coefficients are 0.7875 and 0.7745, respectively;
the corresponding phase results are −200.8◦ and −206.6◦,
respectively. For the open circuit state at 24 GHz, the simulated
and measured magnitudes are 0.9167 and 0.8385, respectively,
with the corresponding phases being −48.25◦ and −49.4◦,
respectively.

Overall, the measured and simulated reflection coefficients
agree well. The variation in amplitudes compared with the
ideal values can be explained by the nonidealities of the diode
and transmission line losses and the small discrepancy between
the simulated and measured phase values at the short state
by the circuit’s parasitic capacitances and fabrication errors
(e.g., 125 μm of microstrip length variation introduces 10◦
error in phase). The phase shift of around 49◦ from the
ideal value of 0◦ for both simulated and measured phases
at the open state is caused by the finite isolation of the
diode. It should be noted that the small difference between the
measured results and the ideal values does not affect the tag’s
overall performance, since on average 83% of the signal is
reflected back from the tag to the radar. In addition, although
the measured reflection coefficients amplitudes at the short
and open states (i.e., 0.7745 and 0.8385) are different, they
do not affect the range measurement because the range is
calculated from the phase difference of the carrier responses.
Because the two carrier frequencies are very close to each
other, their reflection coefficients are assumed to be the same,
i.e., independent of the carrier frequencies. Therefore, the tag
introduces the same phase shift for the two carrier frequencies,
which cancels out while calculating the difference between the
phases from the f1 and f2 component.

TABLE I

SPECIFICATIONS OF THE 24-GHz FSK RADAR

Moreover, even though the measured phases (i.e., −206.6◦
and −49.4◦) at the two states both shifted from the ideal
values of −180◦ and 0◦, the phase difference between them
(i.e., 157.2◦) is close to the desired 180◦, which is more impor-
tant than their absolute values for up-conversion purposes.
Theoretically, any two phase shifts will generate two different
voltage levels in the baseband signal. A phase difference
of 180◦ between the two phase shifts is ideal because in this
case, the voltage difference between the two voltage levels is
maximized and a large modulation index is achieved. After
FFT, the resulting modulation frequency peak will have a
higher power level and higher SNR than a lower phase differ-
ence case. Though the achieved phase difference of 157.2◦ is
less than the ideal value of 180◦ and hence resulting in a lower
modulation index, it is sufficient to achieve a good modulation
index and fulfill the desired up-conversion goal.

IV. EXPERIMENTS

For system level experiments, Tag 1 and Tag 2 were
programed with a modulation frequency of fm1 = 68.7 Hz
and fm2 = 108.4 Hz, respectively. A 24-GHz FSK radar
(InnoSent IVS-162) equipped with two 4 × 2 patch anten-
nas was used for the following experiments. A list of the
radar specifications is provided in Table I. A 1.2-kHz square
wave control frequency is generated by a function generator
(Instek GFG-8210), which switches the transmit frequency
between 23.8189 and 23.8651 GHz with a frequency shift
of 46.2 MHz. The maximum unambiguous range is calcu-
lated according to (18) as 3.25 m. Both, the square wave
and in-phase/quadrature (I /Q) channels, were recorded using
National Instruments (NI) USB-6009. All the experiments
were carried out in a residential indoor environment.

A. Single Tag Ranging

In the first experiment, the performance of each tag was
evaluated at various locations from the radar. A photograph
of the experimental setup is shown in Fig. 8(a). A wooden
board was used as a mount support for Tag 1, which was
then mounted on a tripod. Tag 1 was moved from 0.4 to
2.8 m in increments of 0.4 m. Three measurements of 0.5-s
duration with sampling frequency of 15 kHz were recorded at
each location. The square wave control signal was utilized to
separate the f1 and f2 responses [25]. A segment of the I /Q
channels of the separated f2 responses recorded with Tag 1 at
0.4 m is shown in Fig. 8(b), where the BPSK modulation effect
caused by the alternating phase shifts can be clearly observed.
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Fig. 8. (a) Photograph of the experimental setup of Tag 1 range measurement.
(b) Segment of the separated f2 responses recorded with Tag 1 at 0.4 m.
(c) Corresponding spectra of (b).

Fig. 9. Range estimation results of a single tag at various locations. (a) Tag
1. (b) Tag 2.

A 0.1-s FFT sliding window resulting in a 10-Hz frequency
resolution was chosen with a 0.05-s sliding window step.
Nine range estimations were thus obtained, and their average
was used as final result for each measurement. As can be
seen from the spectra in Fig. 8(c), of the separated baseband
responses, the modulation frequency of Tag 1 and its third
harmonic occur on both the f1 and f2 responses, which verifies
the fundamental theory of BPSK tag-based range tracking.
By comparing the phase difference between the modulation
frequency pair, the range to the tag was estimated according
to (10). The same experimental procedure and settings were
implemented for Tag 2. The range estimation results of the
two tags are plotted in Fig. 9(a) and (b), respectively. Approx-
imately, 76% and 90% of the range results are within ±10%
and ±20% of the ground truth for Tag 1; 86% and 95% of the
range results are within ±10% and ±20% of the ground truth
for Tag 2.

In a multipath environment, the signals reflected from many
different directions and pathways combine constructively and
destructively, leading to a phase-shifted signal response with
respect to the direct path reflected signal, which can deteriorate
the performance of phase-based range tracking radars [33].

Fig. 10. Photographs of the experimental setup of concurrent multitag and a
human target detection. The human target was seated at 1.6 m. (a) Tag 1 and
Tag 2 were located at 0.8 and 2.4 m, respectively. (b) Tag 1 and Tag 2 were
located at 2.4 and 0.8 m, respectively.

The multipath interference effect is determined by various
factors, such as environment structure and antenna beamwidth.
Therefore, the phenomenon that the two tags have a very
similar measurement performance at the same location can
be explained by multipath interference. While the application
environment is difficult to control, narrow antenna beamwidth
can effectively reduce the indirect reflections at the expense of
a narrower field-of-view. Therefore, proper antenna beamwidth
needs to be chosen for a given application, with consideration
of the amount of multipath interference and acceptable field-
of-view. In addition, signal equalization technique [34], [35]
has potential to reduce multipath distortion, which will be
explored in future work.

Though FFT was used in the baseband processing, given
that the frequencies of the targets are known (i.e., tags’
modulation frequencies), a more efficient processing approach
is calculating the discrete Fourier transform (DFT) in the
vicinity of those frequencies for a desired window size.

B. Concurrent Multitag and a Human Subject Detection

In the second experiment, a human subject along with
the two tags was detected simultaneously. As demonstrated
in Fig. 10(a) and (b), for experiment scenario 1, Tag 1 and Tag
2 were placed at 0.8 and 2.4 m, respectively; for scenario 2,
Tag 1 was moved to 2.4 m and Tag 2 to 0.8 m. The untagged
human target was seated at 1.6 m for both scenarios. Three
measurements were recorded for each scenario with 15-kHz
sampling frequency. A 60-s duration of the baseband signal
was recorded for each measurement. FFT calculation was
applied to the baseband data with 20-s window size, 5-s sliding
step, Hamming window, and zero-padding for 260 s. Nine
range estimations were calculated and the average of them was
used as final range value for each measurement. As shown
in Fig. 11(a) and (b), the range estimations of Tag 1 and
Tag 2 were obtained from their own modulation frequency
pairs (i.e., fm1 = 68.7 Hz and fm2 = 108.4 Hz), while the
range to the human target was acquired from the respiration
frequency pair (i.e., f0 = 0.275 Hz) [25]. Measurement results
can be found in Fig. 12. Again, acceptable range estimation
was achieved with approximately 72% and 94% of the range
results within ±10% and ±20% of the ground truth.
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Fig. 11. Spectra when Tag 1, untagged human target, and Tag 2 are at 0.8,
1.6, and 2.4 m, respectively. (a) Low-frequency part of the spectra (0–2 Hz).
(b) Spectra around the tags’ modulation frequency.

Fig. 12. Range estimation results of multiple tags and an untagged human
subject. (a) Tag 1 and Tag 2 are at 0.8 and 2.4 m, respectively. (b) Tag 1 and
Tag 2 are at 2.4 and 0.8 m, respectively.

Note that for practical implementations, parallel computing
can be utilized to improve detection efficiency, where a long-
time window can be used for the detection of respiration rate
and a shorter time window can be used for the concurrent
tag(s) detection. In addition, among rectangular window and
Hamming window, the rectangular window provides better
frequency resolution, while the Hamming window has higher
dynamic range. Therefore, depending on the intended appli-
cation, different window function can be chosen to achieve
optimized signal processing results.

C. Multiple Tagged Human Subjects Detection

The purpose of the third experiment is to determine the
ranges and vital signs from two tagged humans simultane-
ously. As illustrated in Fig. 13, the tags are attached to
the chest of the two human subjects using nonelastic belts:
Tag 1 attached to Subject 1 at 1.6 m; Tag 2 attached to
Subject 2 at 0.8 m. Subject 2 also wore an elastic respiration
belt as reference for the respiration measurement. A 60-s
data segment was recorded with 10-kHz sampling frequency.
Spectrogram calculation was performed on the respiration belt
and baseband responses with a 20-s window length and 98%
overlap rate. The spectrogram of the respiration belt data is
plotted in Fig. 14(a), which clearly shows the respiration rate
f02. Its median normalized frequency is extracted and will be
used as ground truth reference. Fig. 14(b) shows the spectro-
gram obtained from the f1 responses, limited to 0–0.8 Hz.
As illustrated, the respiration frequencies of the two subjects
interfere with each other, causing them to be inseparable.

Fig. 13. Photograph of the experimental setup of multiple tagged human
targets detection.

In comparison, distinct peaks related to the respiration rate f02

(i.e., fm2 ± f02) can be easily identified next to the modulation
frequency fm2 of Tag 2 in Fig. 14(c), which coincide well
with the reference. The respiration rate accuracy is calculated
as the percentage of time that the detected rate is within 10% of
the reference rate. The detection accuracy for both the fm2 +
f02 and fm2 − f02 frequencies is calculated to be 100%. Note
that since the modulation frequencies have some variations
with time, the measured instantaneous fm2 was used for
accuracy calculation instead of a constant value of 108.4 Hz.
The fm1 part of the f1 responses spectrogram is presented
in Fig. 14(d), where fm1 can be clearly located. However,
Subject 1’s respiration rate f01 (i.e., fm1 ± f01) cannot always
be identified. Theoretically, since Subject 1 is closer to the
radar than Subject 2, the fm1 and fm1 ± f01 frequencies should
have higher power levels than the corresponding frequency
components for Subject 2. The reason it is the opposite case
can be caused by factors such as Subject 1’s smaller chest wall
movement and smaller illumination area due to misalignment
of Tag 1 and radar. It was later discovered that the tags’
movements were significantly constrained by the nonelastic
belts that were used to attach the tags to the subjects, which
also affect the vital signs sensing performance.

Range estimations for Subject 1 and Subject 2 were obtained
from the fm1 pair and fm2/ fm2+ f02 pair, respectively, as shown
in Fig. 15. Calculation of the FFT on a 20-s sliding window
with 5-s sliding step, Hamming window, and zero-padding for
85 s resulted in nine range calculations. The fact that the
respiration frequencies of multiple targets were successfully
recovered based on BPSK tags and the results from the fm2

pair and the fm2 + f02 pair are very close to each other
validates the theory of BPSK tag-based vital sign sensing and
its corresponding range estimation.

To validate the aforementioned possible affecting factors
for multivital-signs sensing, the second multihuman detection
experiment with the same experiment setup was carried out,
except that the nonelastic belts were replaced with elastic
straps, Subject 1 was arranged to be more aligned with
the radar line of sight, and Subject 1 wore the respira-
tion belt instead. The obtained spectrogram plots are shown
in Fig. 16. As can be seen, both subjects’ respirations can
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Fig. 14. Vital signs sensing results of the first multihuman detection
experiment. (a) Spectrogram of the respiration belt data obtained from
Subject 2. The extracted median frequency reference is shown in blue line.
(b) Low-frequency part of the f1 responses spectrogram (0–0.8 Hz) with
the respiration reference obtained from (a). (c) fm2 part of the f1 responses
spectrogram with the respiration references obtained from (a). (d) fm1 part of
the f1 responses spectrogram.

Fig. 15. Range estimation results of the first multihuman detection experi-
ment (associated with Fig. 14).

be clearly identified; next, their modulation frequencies and
Subject 1’s respiration f01 (i.e., fm1 ± f01) agree with the
reference. The detection accuracy for the fm2 + f02 and fm2

− f02 tones is calculated as 81% and 92%, respectively.
Comparing Fig. 16(c) and (d) with Fig. 14(c) and (d), it is

shown that the power levels of the modulation frequencies

Fig. 16. Vital signs sensing results of the second multihuman detection
experiment. (a) Spectrogram of the respiration belt data obtained from
Subject 1. The extracted median frequency reference is shown in blue line.
(b) Low-frequency part of the f1 responses spectrogram (0–0.8 Hz) with
the respiration reference obtained from (a). (c) fm2 part of the f1 responses
spectrogram. (d) fm1 part of the f1 responses spectrogram with the respiration
references obtained from (a).

and vital signs frequencies of both subjects are higher for
the second experiment, confirming that the tags’ movements
in the first experiment were constrained by the nonelastic
belts and the tags’ movements in the second experiment were
stronger due to the employment of elastic straps. Subject
1’s associated frequency power levels are lower than that of
Subject 2 for both experiments, despite that Subject 1 was
located closer to the radar, proving that the reason is Subject
1’s smaller breathing motion amplitude. The power level
difference between Subject 1 and 2 was smaller for the second
experiment when Subject 1 was closer to the radar line of
sight, proving that the smaller illumination area due to the
misalignment of Tag 1 and radar was a contributing factor for
the previous poor respiration measurement.

The range estimation results of the second multihuman
detection experiment are shown in Fig. 17. In comparison,
the second range results have larger errors (about 24 cm for
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TABLE II

PERFORMANCE COMPARISONS WITH RELATED STATE-OF-THE-ART RADARS IN LITERATURES

Fig. 17. Range estimation results of the second multihuman detection
experiment (associated with Fig. 16).

Subject 1 and 31 cm for Subject 2) and standard deviations
than the previous results shown in Fig. 15. Through exper-
imentation, it is observed that random errors of 20–30 cm
for multihuman detection are common, which are caused by
multipath interference.

The nonideal vital signs sensing performance in the first
multihuman detection experiment and the range estimation
performance in the second experiment indicate that the
detection system still has room for improvement to achieve
a more robust multihuman detection. Nonetheless, the vital
signs sensing and ranging performance demonstrate that
the proposed system has potential to be utilized in various
tracking scenarios.

V. ADVANTAGES AND LIMITATIONS

Table II compares the performance of the proposed work
with related state-of-the-art customized RFID radar systems
in literature. Although the passive tag-based nonlinear radar
systems [6], [12] do not require a power source for the
tag, their radar designs are more complicated and costly
due to the nonlinear frequency operation compared with the
proposed linear radar system. The work in [6] utilizes CDMA
and TDMA for multitarget detection, bringing the benefits
of better immunity to multipath interference and high range
accuracy than the proposed system, at the expense of hardware

complexity and computation load. The active subharmonic tag
system reported in [15] has comparable range accuracy as
the proposed work, yet this subharmonic technology and the
harmonic technology in [6] both occupy two frequency bands,
which increase frequency band licensing cost. The active SIL
tag technique reported in [16] shows better range accuracy for
multitarget tracking than this work. However, the manually
implemented FDMA protocol is less convenient and more
complicated than the corresponding digital modulation scheme
utilized in the proposed BPSK tag. In addition, since its range
tracking is motion based, the SIL technique cannot track the
range of completely stationary target. In summary, the pro-
posed BPSK tag incorporated FSK radar system offers the
advantages of simple radar architecture, single frequency band
occupation, simple digital modulation, completely stationary
target detection capability, and low cost, while the tradeoffs
are active tag operation, sensitive to multipath interference,
and moderate range accuracy.

The aforementioned experiments have demonstrated the
ability of FSK radar to detect the respiration rates of sin-
gle/multiple human subjects relying on BPSK tag(s) under
controlled testing conditions. In other words, there are no ran-
dom body movements present. However, during the acquisition
of the vital signs in real-world applications, the subjects are
likely to have random movements, such as moving hands,
legs, and body, which may disrupt the desired vital signs
information. Certain thresholds and features will have to be
implemented in order to filter out the false alarms caused
by the user-induced motion artifacts. Several random body
movement cancellation techniques have also been proposed
in the literature [36]–[38], which either require a complicated
system architecture or signal processing approaches, all of
which fall short to fully resolve the issue. Hence, this remains
one of the critical challenges that prevents the radar-based vital
signs sensing technology from being widely used. In addition,
it should be noted that a long FFT window size (e.g., 20 s)
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is required to obtain the low respiration frequency with good
accuracy, which results in a low time resolution and needs to
be considered for practical scenarios.

The proposed system relies on different BPSK tag modula-
tion frequencies for multitarget identification and tracking. The
number of tagged targets that the proposed system can detect
is directly related to tag capacity, which is limited by the sam-
pling frequency that the ADC can support. Higher sampling
capability can accommodate higher modulation frequencies
and larger number of modulation frequencies, at the expense
of increased cost and computation load. Moreover, regarding
mass production, those tags with identical frequencies must
not be used in the same setting.

VI. CONCLUSION

A BPSK tag-based noncontact vital sign sensing and range
tracking system has been demonstrated. The tag consists of
simple microwave structures and readily available commer-
cial off-the-shelf components, such as diode, transistor, and
microcontroller, without the need for a mixer. Spectral analysis
is performed to develop the tag-based vital sign sensing
and ranging theories. Compared with the traditional FSK
radar, the proposed BPSK tags enable the capability to detect
completely stationary objects, multiple respirations, and ranges
of multiple targets. Experimental results have verified the
functionalities and demonstrated the potential for the proposed
system to be utilized in various tracking scenarios.
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