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Abstract—This work presents a single-antenna self-injec-
tion-locked (SIL) radar to reduce the hardware complexity of
continuous-wave (CW) Doppler systems. The theory provides a
basis for determining the signal-to-noise spectral density ratio
(SNDR) with the effects of clutter. Experimental results agree
closely with the theoretical predictions, showing that the clutter
does not affect the optimal SNR performance in an SIL radar. A
single-antenna SIL radar array is designed to detect vital signs
with random body movement cancellation. To this end, a subject
is placed between two single-antenna SIL radars to measure
the rates of respiration and heartbeat using Doppler shift, and
the effects of random movement of the subject are cancelled by
wireless mutual injection locking (MIL) of the two radars. In an
experiment, a prototype of such a two-radar array with a spacing
of 2 m was implemented at 2.4 GHz, providing accurate and
reliable cardiopulmonary monitoring of a subject who jogged on
a treadmill with random body motion of many centimeters.

Index Terms—Clutter effects, continuous-wave (CW) radar,
Doppler radar, injection locking, random body movement cancel-
lation, vital sign detection.

1. INTRODUCTION

ONTINUOUS-WAVE (CW) Doppler radars have been

developed for accurate and reliable cardiopulmonary
monitoring [1]-[6]. They offer more flexibility in the moni-
toring sites on the patient than other methods do and thus makes
the patient less uncomfortable. Several technical difficulties
in the use of such radars have been overcome. For example,
the null detection points at every odd multiple of one-eighth
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wavelength from the radar to the subject can be eliminated
using a quadrature architecture [1]. However, the quadrature
imbalance often introduces a residual phase error, which re-
duces the accuracy of detection [2]. Since a CW Doppler radar
with a higher operating frequency is more sensitive to detect
small movements of the chest wall, millimeter-wave circuits
are utilized to improve sensitivity [3]. However, designing
robust millimeter-wave radars with low power consumption
and low cost is still challenging. In our previous work [4], a
two-antenna self-injection-locked (SIL) radar was proposed to
achieve a high signal-to-noise spectral density ratio (SNR) in
the demodulator output and to increase the sensing distance by
a factor of four by doubling the operating frequency. Addition-
ally, the null detection points and cofrequency interference can
be eliminated using a swept frequency in the oscillator.
Recently, arctangent demodulation [5] and complex signal
demodulation [6] are two popular methods for combining
I/Q outputs into a single channel signal to improve detection
accuracy. However, the clutter signals that result from antenna
coupling and stationary object reflection degrade the detection
performance. Thus, much effort has been made to solve this
problem [7]-[10]. A possible approach uses a low-corner-fre-
quency high-pass filter to remove concurrent dc offset and to
preserve desired information [7]. In one approach [8], a gen-
erator outputs a signal with the same-amplitude but anti-phase
to the received clutter signal to cancel the clutter effect at the
RF frontend. Another work [9] presented a phase-diversity
Doppler radar with minimized dc clutter noise. It included three
antennas—one for transmitting and the other two for receiving,
separated by half of a wavelength. The center estimation algo-
rithm with dc cancellation [10] has been proposed to resolve
this issue. However, these approaches [7]-[10] generally in-
crease system complexity, cost, and power consumption.
Another great challenge that remains to be resolved is the in-
fluence of random body movement on the vital sign detection,
because filtering the resultant Doppler shift out of the radar de-
tection output is difficult. Only a few studies have addressed
this issue. In one study [11], an empirical mode-decomposition
method was adopted to remove the effects of body movement.
However, it is effective only when the motion can be well repre-
sented as a set of intrinsic mode functions. Several methods [6],
[12], [13] use two radars to cancel out the Doppler shift that is
caused by random body motion. However, these methods rely on
the use of different operating frequencies or orthogonal antenna
polarization for enhancing isolation between the two radars, and
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Fig. 1. Previously proposed two-antenna SIL radar architecture for vital sign
detection.

the collection of baseband data from the two radars to cancel the
body motion signal. Accordingly, the system complexity is also
increased, leading to an excessive cost and power dissipation.
Furthermore, the cancelled motion range is usually quite lim-
ited because random body movement and dc-clutter noise easily
saturate the high-gain baseband circuit for amplifying vital-sign
signals.

In this research, the single-antenna SIL radar is proposed to
detect vital signs. Unlike the conventional single-antenna radar,
which normally includes a circulator [14]-[16] or a coupler with
high isolation [8] to separate transmitted and received signals,
our proposed radar is based on self-injection locking to transmit
and receive signals through the same antenna connected to one
of the differential output terminals of an oscillator. Notably,
there is no need to isolate the transmitted signal from the re-
flected signal in our proposed radar. Moreover, in the past, mu-
tual injection locking (MIL) techniques were mainly used in
phased arrays with beam-steering capabilities [17]-[19]. To the
best of our knowledge, this research, for the first time, develops
an MIL-based Doppler radar array for vital sign detection with
random body movement cancellation. In an array structure, two
SIL radars are synchronized by wireless MIL. Cancellation au-
tomatically occurs in the SIL oscillator stages under a specific
MIL condition and thus does not need further processing of the
baseband data from the two radars. Accordingly, almost no ad-
ditional hardware beyond the two standalone radars is required.
We have presented the self and mutual injection locking tech-
niques for use in two-antenna Doppler radars to detect vital
signs with random body movement cancellation in our prelimi-
nary publication [20]. This paper substantially expands the work
in [20] to provide a single-antenna version of the system with
careful analysis of the clutter effects. Experiments with the new
proposed single-antenna SIL radars show very promising appli-
cations in fitness equipment with cardiopulmonary monitors.

II. SIL RADAR USING A SINGLE ANTENNA
VERSUS TWO ANTENNAS

As studied in our previous publications [4], [20], Fig. 1 shows
the two-antenna SIL radar, which mainly contains a transmit
(Tx) antenna, a receive (Rx) antenna, a differential voltage-con-
trolled oscillator (VCO) using a push—pull configuration with
an injection port, and a frequency demodulator composed of a
passive mixer and a delay line. Both Tx and Rx antennas offer
a high gain of more than 12 dBi in the 2.4-GHz ISM band.
The VCO delivers a differential output power of about approx-
imately O dBm at a center frequency of 2.4 GHz with a tuning
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Fig. 2. New proposed single-antenna SIL radar architecture for vital-sign
detection.

range of up to 500 MHz. The mixer has a conversion loss of
about 7.5 dB, and the delay line has a time delay of 22.5 ns.
The radar transmits the VCO’s positive differential output signal
S .(t) via one antenna and receives the reflected signal with
Doppler phase modulation via another antenna. The received
signal is then fed into the injection port of the VCO to form
an SIL VCO. The clutter signal S.(t) due to coupling between
Tx and Rx antennas can be very effectively reduced by properly
choosing the beam width and direction of the two antennas. The
frequency demodulator then extracts the vital-sign information
from the VCO’s negative differential output signal S__, (¢) with
high SNDR.

In contrast, Fig. 2 shows the new proposed single-antenna
SIL radar with the same components as in Fig. 1, except for
the removal of the Rx injection input and antenna and the VCO
output buffer. The radar uses the same antenna to transmit the
CW output signal S7, (#) toward the subject and to receive the
reflected Doppler signal S;(t) without the need to isolate both
signals. The received Doppler signal is injected into the differen-
tial VCO via the positive differential output terminal to establish
an SIL loop. The clutter reflected from the antenna S.(¢) actu-
ally has no influence on the optimal SNR performance of the
SIL radar, which will be further validated in the following sub-
sections.

A. Experimental Setups

Fig. 3(a) shows the setup for measuring the SNDR gain of the
two-antenna SIL radar in Fig. 1. The circulator is used to iso-
late the output port from the injection port for the two-antenna
SIL radar. The output signal S, (¢) is divided into two signals.
One is phase-modulated by a sinusoidal waveform of frequency
wm,, phase-shifted, and attenuated to represent a Doppler signal
Sa(t); the other signal is phase-shifted, attenuated, but unmod-
ulated to represent a clutter signal S.(t). Assume that the com-
bined transmission coefficient of the attenuator and phase shifter
is A1e®t and Ase®? in the path of the clutter signal S, () and
the Doppler signal S,(t), respectively, while the splitter, com-
biner, and circulator are ideally lossless with zero time delay.
After power combination, the injection signal Sin;(¢) is fed back
via the circulator to establish the SIL loop and is given by

Sinj(t) = Se(t) + Sa(t)

Al it AQ
= ——¢P1 8t (1) + =
\/Qe out( ) \/5
X €255 () + h(t), for Fig.3@) (1)
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Fig. 3. Experimental setups for measuring the SNR gain of different SIL radar
architectures. (a) Experiment 1 for two-antenna SIL radar architecture. (b) Ex-
periment 2 for single-antenna SIL radar architecture.

where h(t) is the impulse response of the phase modulator.
Fig. 3(b) shows the SNDR measurement setup for the single-
antenna SIL radar in Fig. 2 using the same differential VCO, the
same phase modulator, and the same ideal splitter and circulator
as in Fig. 3(a). The output signal S (¢) splits into two signals
and combines them after each signal has passed through a dif-
ferent path. As shown in Fig. 3(b), one signal leaves and returns
via the path with a phase shifter, an attenuator, and a short cir-
cuit at the end to represent a clutter signal S..(t); the other signal
is phase modulated, phase-shifted, attenuated and then fed back
via a circulator to represent a Doppler signal S;(t). Let us also
assume that the combined transmission coefficient of the atten-
uator and phase shifter in the clutter and Doppler signal path is
Ase’®s and Auei®, respectively. In this architecture, the VCO
uses the same port to transmit the output signal S, (¢) and re-

out

ceive the injection signal Si,;(t), where Si,;(¢) is given by

Sinj(t) = Se(t) + Sa(t)

— _A_§6i2¢3 St
\/5 out
x 918 (1) h(t),
Notably, the attenuator and the phase shifter in
Fig. 3(a) and (b) can both be varied to adjust the injection
amplitude and phase shift. The signal in the other differential
output terminal S, (¢) is sent to a signal source analyzer to

measure its power spectral density (PSD). A constant voltage
V4 is applied to determine the oscillation frequency weg.. From

Ay
(t) + ﬁ

for Fig. 3(b). (2)
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(1) and (2), the two architectures generally yield the same
performance when the following four conditions are satisfied:
Al = A%,(,bl = 2¢3 — 7T,A2 = A4, alld(,bg = ¢4.

B. System Model With Clutter Effects

As shown in Figs. 1 and 2, an RF CW signal is generated by
the VCO and emitted toward the subject. The time-varying po-
sition of the chest wall, caused by cardiopulmonary activities,
modulates the phase of the transmitted signal. However, clutter
from antenna coupling, as shown in Fig. 1, and antenna reflec-
tion, as shown in Fig. 2, occur in the testing environment. The
clutter signal has the same frequency as the transmitted signal
but without the phase modulation that is determined by vital-
sign information. The radar then receives the Doppler signal and
clutter signal and injects them into the VCO to cause the VCO
to enter an SIL state.

Therefore, the injection signals have two components: the
Doppler signal Sy(¢) caused by the cardiopulmonary activities
of subject, which has a constant amplitude E;,; 4 and an instan-
taneous frequency winj 4(t), and the antenna clutter signal S..(t)
with constant amplitude Fi,;. and instantaneous frequency
Winj,«(t). Based on Adler’s analysis [21], when S;,;j(t) enters
the VCO, the output signal can be regarded as a vector that
rotates clockwise with a beat frequency da(t)/dt with respect
to Sinj(t), where «(t) is the phase difference from Si,;(¢)
to Sosc(t). Hence, the instantaneous VCO output frequency
Wout (%) is given by

da(t
(1) = wng(t) + 220 3)
where
at) = a(t) + aq(t). 4)

a.(t) and a4(t) represent the phase differences from S.(¢) and
Sa(t) to Sesc(t), respectively. From Figs. 1 and 2, the clutter
signal arising from antenna coupling or antenna reflection
clearly has a shorter propagation delay than the Doppler signal
that is reflected from a subject. Thus, the Adler’s equation [21]
with respect to the clutter signal and the Doppler signal can be
written, respectively, as

do,. .

% = Wose — Winj,e(t) — WLR, e Sin a.(t) 5)
do .

d—td = winj,c(t) — wout(t) — WLR,d SIN Ozd(t). (6)

In (5) and (6), the locking ranges for the two signals are respec-
tively given by
Wosc Einj,c

WLR.c = 7)
b 2Qtank Eosc (

Winj,e Finj,d
WLR,d = 5~ (8)
2Qtank Eosc

where Qank is a quality factor of the VCO’s tank circuit. For-
mulas (4)—(6) yield

do(t
—(1( ) =Wosc — Wout (t) — WLR,c sin ac(t) — WLR,d sin ad(t)'

dt
©))
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When the SIL VCO is in the steady state, the time-varying vari-
ables in (9) approach constant values. Therefore, (9) equals O,
yielding

Wout = Wose — WLR,c sin ¢c — WLR,d sin (;st (10)
where wout, e, and ¢, are the steady-state values of
Wout (1), ae(t), and «gy(t), respectively. Notably, under the
SIL condition, ¢. and ¢, are equal to the propagation phase
delay of the clutter signal and the Doppler signal, respectively,
and are given by

(11)
12)

¢c = 2WoutTe

(:bd = 2WoutTd

where 27, and 274 represent the round-trip path delay of the
clutter signal and the Doppler signal, respectively.

By referring to the frequency-domain model established in
[4] for an SIL VCO, the VCO output phase shift ¢, (s) can be
determined as a combination of the Doppler phase modulation
¢,(s) and the VCO output phase noise ¢, (s), that is,

d)out(s) = Hm(s) ° (;ZS’U(S) + HO(S) ) d)’ﬂ(s) (13)
where, for s7y < 1
Hy(s) ~ WLR,d COS Pd (14)

8(1 + WLR,d COS ¢ - 2Td)

is a transfer function of integration with respect to ¢,,(s) and

1
1 + WLR,d COS Qq - 274

H,(s) 15)

is a transfer function of suppression with respect to ¢, (s). To
extract the phase-modulated signal, a frequency demodulator
that is based on delay-line discrimination is subsequently ap-
plied to process the VCO output signal. For a time delay 77 in
the delay-line discrimination process, the baseband phase detec-
tion output ¢y, (s) can be expressed as

bout () - STf

Pui(5) =
N WLR,d COSs ¢Sd " Tf )
1+ 2wiR,qC0SPa - Ty $o(s)

STf
1+ 2wiR,acosdq - T4

(16)

From (16), the SIL radar architecture functions as a first-
order delta—sigma modulator for noise shaping to enhance the
SNDR of the phase-modulated signal. The SIL mechanism acts
like an integrator to reinforce the low-frequency components of
the phase-modulated signal and like an attenuator to suppress
the phase noise. In contrast, frequency demodulation involves
a differential operation to restore the phase-modulation signal
without distortion and, in the meantime, push the phase noise
out of the modulation bandwidth to higher frequencies. The
SNDR gain is defined as the ratio of the SNDR after to that be-
fore the delta—sigma modulation process, and it is of the form

|Hm(3)|2 _ wLR,d COS¢d 2

[Ho(s)]* s

GsNr = (17
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C. SNDR Gain Experiments

Next, measurements that verify the developed theory are pre-
sented. Fig. 3(a) and (b) shows the experimental setups for two-
antenna and single-antenna SIL radars, which have the same
SNDR gain under the SIL condition if the attenuation and phase
shift of each path are properly tuned.

First, the Doppler signal paths in the two experimental setups
are terminated by matched loads to measure the frequency
change from wyse t0 woyt because of the clutter effects. For
Ein;.q ~ 0, this frequency change can be obtained from (10) as

AW = Wose — Wout R WLR, SN Pe. (18)
Fig. 4 compares the theoretical and measured results versus the
clutter signal phase delay ¢... In this experiment, the VCO with a
tank quality factor of around 34 initially oscillates at 2.480 GHz.
The clutter to oscillation signal amplitude ratio Eip; ./ Eosc is
set as 0.03. The calculated corresponding locking range wi g, is
about 27 x 1.1 MHz. In Fig. 4, the solid line represents the calcu-
lated frequency change using (18). The circle and diamond sym-
bols respectively represent the measured results using two ex-
perimental setups. These three sets of results agree very closely
with each other. The maximum frequency change is = 1.1 MHz
as ¢. is equal to 90° or 270°.

Fig. 5 shows the clutter effect on the detection of a Doppler
signal with an amplitude ratio Ej,j ¢/ Fosc set equal to 0.007.
The black line represents the calculated SNDR gain versus the
Doppler signal phase delay ¢4 when the clutter signal is ter-
minated by a matched load rather than injected into the VCO
in the two experimental setups. Considering the clutter signal
that causes the maximum frequency change of 1.1 MHz at a
clutter signal phase delay of 90°, the clutter-affected SNR gain
is plotted according to (17), as shown by the gray line in Fig. 5.
Notably, the clutter signal frequency wjy;,. required for evalu-
ating the locking range wrr,q in (17) is almost equal to weut
in the steady state. The plus signs in black, cross signs in black,
plus signs in gray, and cross signs in gray represent the measure-
ments made using experimental setup 1 without clutter, experi-
mental setup 2 without clutter, experimental setup 1 with clutter,
and experimental setup 2 with clutter, respectively. Again, there
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is excellent agreement between the measurements and theoret-
ical predictions. Clearly, Fig. 5 shows that the clutter effect is
equivalent to an additional shift of ¢4, which does not affect the
maximum SNDR gain. Restated, the clutter signal has an im-
pact on the steady-state VCO output frequency and then causes
a change in the Doppler signal phase delay ¢4 and subsequently
in the SNDR gain Gsng. However, the single-antenna SIL radar
with considerable clutter can achieve the same maximum SNDR
gain as the two-antenna SIL radar with minimized clutter if its
operating frequency or the position of the subject is properly ad-
justed.

D. Vital-Sign Sensing Experiments

In the following experiments for vital sign detection, an adult
who is breathing normally is seated one meter from the radar,
whose initial output frequency is at 2.4 GHz. Figs. 6(a) and 6(b)
show the experimental setups for the two radar architectures,
with no object within sensing distance in front of the radar. In
Fig. 6(c), a 60 x 60 cm? metal plate is placed near the sub-
ject to cause another stationary clutter in the radar reception.
In Figs. 6(a)—(c), the one-meter distance between the subject
and the SIL radar is eight wavelengths long at 2.4 GHz, which
indicates that the subject is at the optimal detection point for
maximum SNR gain because ¢, is 32 7 in evaluating (17). In
contrast, Fig. 6(d) illustrates another single-antenna SIL radar
experiemnt to detect the subject’s vital signs at a null detection
point with a sensing distance of 1.016 m or a ¢4 of 32.5 7. In
the above experiments, the transmission coefficient between Tx
and Rx antennas in Fig. 6(a) is around 0.03. As for the single-an-
tenna SIL radars in Figs. 6(b)—(d), the antenna reflection coef-
ficient is around 0.2. The radar detection output signals were
processed by a digital filter with the passband 0.1-10 Hz.

Fig. 7 plots the detected vital-sign waveforms in the four exper-
iments of Fig. 6. The root-mean-square (rms) values of the wave-
forms in Fig. 6(a)—(c) are 0.825, 0.823, and 0.822 V, respectively,
revealing that the three kinds of clutter have very little influence
on the detection outcome when the subjectis at the optimal detec-
tion point. In Fig. 6(d), the gray line exhibits an output vital-sign
waveform with vanishing amplitude because the subject was at a
null detection point when the SIL radar operated at a single fre-
quency of 2.4 GHz. However, by instead performing a frequency
sweep in the ISM band from 2.4 to 2.484 GHz, the radar provided

3581

dy =1 m (optimal
detection point)

|¢ _________
Tx Ant
Sbb (t) <—fdoSIICjut+ T 0,03
Radar | Se(7)
OrRd S
. a(t)
™ Rx Ant.
(a)
dy =1 m (optimal
detection point)
————————— >
Ant.
SIL n
Radar S (f
o a(h)
DLR.d =02
Sbb(t) - fdo Sc(l)
(b)
dy=1.03m
|€ 7777777777
Metal
Ant. Plate
SIL Seat)
Radar :
v | Vs,
@LRd ~02
Sbb(r) < fdo Sc] (t)
R
dp =1 m (optimal
detection point)
(c)
do=1.016 m (null
detection point)
Ant
SIL
Radar Sq(0)
out+ J d
@DrR d r~0.2
Sy (1) +{fdo S.(1)
(d)

Fig. 6. Experimental setups for using SIL radars to detect vital signs of a sub-
ject. (a) Two-antenna SIL radar with the effect of antenna coupling clutter. (b)
Single-antenna SIL radar with the effect of antenna reflection clutter. (c) Single-
antenna SIL radar with the combined effect of antenna reflection clutter and sta-
tionary object clutter. (d) Single-antenna SIL radar with the problem of null de-
tection point.

an output waveform with sufficient amplitude for vital sign de-
tection, as plotted by the black line.

Fig. 8 shows the Fourier-transformed output spectra. In
Fig. 8(a)—(c), the peak voltages associated with respiration
are 1.074, 1.061, and 1.042 V, respectively. Those associated
with heartbeat are 0.189, 0.183, and 0.169 V, respectively.
All three outcomes provide sufficient amplitude to identify
vital-sign information: a breathing rate of 18 beats/min and a
heartbeat rate of 78 beats/min. Based on the above experiments
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Fig. 7. Detected vital-sign waveforms for different experimental setups in
Fig. 6. (a) Setup of Fig. 6(a). (b) Setup of Fig. 6(b). (c) Setup of Fig. 6(c).
(d) Setup of Fig. 6(d).

and theory, the SIL radar has strong resistance to any kinds of
stationary clutter. Therefore, the two-antenna SIL radar, which
aims at mitigating the antenna clutter, can be replaced by the
single-antenna SIL radar, since the antenna clutter actually
has negligible impact on the SIL radars for Doppler detection.
The obvious advantages include low system complexity, low
cost, low power consumption, and high SNDR performance.
Fig. 8(d) compares the vital-sign spectra from the single-an-
tenna SIL radar output between the detected results shown
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Fig. 8. Detected vital-sign spectra for different experimental setups in Fig. 6.
(a) Setup of Fig. 6(a). (b) Setup of Fig. 6(b). (c) Setup of Fig. 6(c). (d) Setup of
Fig. 6(d).

by the gray line that were obtained at a null detection point
with a single frequency and the improved results shown by the
black line that were obtained using a swept frequency. Clearly,
the use of swept frequency can effectively resolve the null
detection point problem. A breathing rate of 19 beats/min and
a heartbeat rate of 75 beats/min can be identified by the black
line in Fig. 8(d).

III. TWO MUTUALLY INJECTION-LOCKED SIL RADARS FOR
RANDOM BODY MOVEMENT CANCELLATION

Fig. 9 displays the proposed two-radar array for cancelling the
effects of random body movement on the detection of vital signs.
In Fig. 9, a subject is assumed to move back and forth randomly
between two single-antenna SIL radars, one in front and one
behind the subject, with an instantaneous displacement x;(t).
The two radars, SIL radars 1 and 2, with different locking ranges
wiRr1,d and wir2,q are mutually injection-locked through their
antennas with the proper beam width and direction. Notably, in
Fig. 9, the round-trip propagation delays from SIL radar 1 to
the front of the subject and from SIL radar 2 to the back of the
subject equal 2741 and 2749, respectively, and the propagation
delay over a body thickness equals 7;,. Therefore, the one-way
propagation delay 7, between the two radars can be regarded as
Tdl + Tda2 + Tb.

Fig. 10 shows the equivalent frequency-domain model for the
proposed two mutually injection-locked SIL radars. Under the
MIL condition, the VCO output phase signals in both radars are
given by

WLR1,d _
s1(8) = ———————@s2(8)e STS+ out1{$ 19
ha(6) = S o (6)e™ " fa(s) (19)
WLR2,d _
s2(8) = ———"" ¢ 1(8)e ¥+ ——n-Poua(s) (20
o) = ST (1) b ials) (20)
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Fig. 9. Proposed two mutually injection-locked SIL radars for cancelling the
effects of random body movement on vital-sign detection.
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Fig. 10. Frequency-domain model of the proposed two mutually injec-
tion-locked SIL radars.

where

bout1(8) = Hm1(s) - (du(s)—n(s))+Hor(s) - dnr(s) (21)
Pout2(s) = Hma(s) - (¢u(5)+¢6(s))+ Hoa(s) - pn1(s) (22)

are the VCO output phase shifts in both radars under the SIL
condition. Notably, in (21) and (22), ¢, (s) and ¢4(s) repre-
sent the phase modulation due to vital signs and movement of
the body, respectively. Since vital signs are associated with an
inward-and-outward chest motion, whereas body movement is
back and forth, the resultant phase modulation in the detection
outputs of the SIL radars 1 and 2 are the difference between
two individual Doppler shifts and the sum of the two individual
Doppler shifts. Solving (19) and (20) for the VCO output phase
shift ¢s1(s) in SIL radar 1 under the MIL condition gives

¢sl(3)
_ 5¢out1(5)+(WLR1,dPout2(5) - €7 +WLR2, dPout1(5))

5+ (WLR1,d+WLR2.d) +WLR1,awLR2,a(1—€ 527 /5
wLR1,d¢out2(S)+wLR2,d¢out1(S)

, for s7, < 1.
WLR1,d T WLR2,d +2WLR1,dWLR2,dTs
(23)
Substituting (21) and (22) into (23) yields
wrr1,dHm2(8) + wire,aHmi ()
¢sl(8) ~ - (:bv(s)

WLR1,d + WLR2,d + 2WLR1,dWLR2,dTs
wiR1,dHm2(5) — wrr2,aHm1(s)
WLR1,d + WLR2,d + 2WLR1,dWLR2,d s #(s)
. wrr1,dHo2(8)Pn2(s) + wire,aHo1(8)Pn1(s)
WLR1,d + WLR2,d + 2WLR1,dWLR2,d s

(24)

¢s2(s) can be derived similarly. However, it need not be because
the baseband data from SIL radar 2 are not used. To cancel the
effects of body movement, the second term on the right-hand
side of (24) must vanish, yielding the cancellation condition

wLR1,dHm2(8) = wir2,aHm1(s). (25)
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Fig. 11. SIL path delay difference versus radar’s operating frequency under the
condition of random body movement cancellation.

Further, substituting (14) into (25) gives

COS Qa2 _ oS ¢q1 26)

142wrR2,d €COS g2 - Taz  14+2wrR1,d COS a1 - Tar

where ¢41 and ¢4; represent the Doppler signal phase delay
for SIL radars 1 and 2, respectively. Since the two radars op-
erate at the same frequency w, under the MIL condition, from
(12), we have that ¢g; = 2weuiTa1 and Pgo = 2wWeutTg2. For
WLR1,dTs < 1 and wir2,q7s <K 1,

2mm

Arg = 2(7}11 — ng) = meEN 27

out

is the cancellation condition for random body movement.
Fig. 11 explains the relation between the SIL path delay
difference (A74) and the radar’s operating frequency (wWout)
according to (27). It can be seen from the figure that, to achieve
the cancellation condition, w,,¢ should be particularly chosen
for a given A7y unless A7y = 0. Therefore, the cancellation
of random body motion can be realized by varying the radar’s
operating frequency or the subject’s offset position with respect
to the center between two radars, and is approximately inde-
pendent of the locking range of the individual radars. If none
of the above two options are allowed in practical applications,
an additional phase shifter can then be used to achieve the
cancellation condition, as demonstrated in [20].

Under the cancellation condition, the baseband phase detec-
tion output in SIL radar 1 is derived as

~

2WILR1,dWLR2,dTf1 COS g
rp () v TR IRRAIL 2R g ()
WLR1,d T WLR2,d
L 5T (WLR2,d¢n1(8) + WLR1,dPn2(5))
WLR1,d T WLR2,d ’

(28)

According to (28), the optimal SNR of the two-radar array de-
tection output is obtained by satisfying
b1 = Wout - 2Ta1 = 2nmw,n € N. (29)

Combining conditions (27) and (29) can determine w,y,; and
ATty completely.
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Fig. 12. Experiment setup for cancelling the Doppler shift caused by a back-
and-forth motion.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 12 shows an experimental setup, with a metal plate
placed at the center between the two single-antenna SIL radars,
to verify the effectiveness of the proposed method for can-
celling the effects of random body movement. Both radars
are mutually injection-locked at the same frequency (approxi-
mately 2.4 GHz), and the distance between the two radars sg is
2 m. A PC-controlled actuator is used to move the metal plate
back and forth with an instantaneous displacement of

Tp (t) =1 maXA(t) 30)
where A(%) is a normalized periodic triangular waveform func-
tion.

Fig. 13 compares the measured detection results obtained
using various upper displacement limits (2 max) under the
setup with only one radar and the setup with the two-radar
array. This setup was made by turning off or on the SIL radar 2.
The one-radar detection results, plotted as solid lines in Fig. 13,
indicate that the detected motion signal exhibits low distortion
at small zpmax values of, say, less than 1 cm, but becomes
obviously distorted as zp max increases to close to a quarter of
a wavelength (around 3.1 cm). This result can be explained by
the following derivation of the motion signal detected using
only one radar. The baseband signal in the SIL radar 1 Sy (t)
is proportional to the frequency change in a dynamic steady
state. Assuming no clutter, Syp1 (¢) can be derived from (10) as

Sbbl(t) 0.8 Aw(t) = WLR1,d sin ¢d1 (t)
(ot an(t)) @D

2"-)out

= WLR1,d Sin <
c

where c is the speed of light. Formula (31) reveals that the dis-
tortion of the waveforms in the bottom two graphs of Fig. 13 for
the one-radar results arises mainly from the sine term in (31).
As indicated by the dashed lines in Fig. 13, the two-radar
array achieves excellent Doppler shift cancellation. To demon-
strate the effectiveness of the cancellation, the rms values for the
motion signals that are detected by only one radar and by the
two-radar array are computed for comparison. The rms values
that correspond to the four motion signals with x . €qual to
1,2, 3, and 4 cm are 0.702, 1.251, 1.525, and 1.546 V, respec-
tively, when one radar is used, but only 0.022, 0.044, 0.087,
and 0.092 V, respectively, when the two-radar array is used. The
reduction percentages are therefore 96.9%, 96.5%, 94.3%, and
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Fig. 13. Detected motion waveforms for the experimental setup in Fig. 12.
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Fig. 14. Experimental setup for using SIL radars to detect vital signs of a sub-
ject jogging on a treadmill.

94.0 %, respectively, revealing a decrease in cancellation as the
upper displacement limit increases.

Fig. 14 shows the cardiopulmonary monitoring setup for an
adult subject who is jogging on a treadmill, which is placed in
the middle of the 2-m spaced two-radar array under the same
operating conditions as in the preceding experiment. During the
sensing period, the subject’s movement is restricted to within
10 cm. The subject jogged for over 10 min with random body
motion. Fig. 15(a) and (b) plots the detected vital-sign wave-
forms using a one-radar array and a two-radar array, respec-
tively. Comparing Fig. 15(a) and (b) demonstrates that the two-
radar array, with random body movement cancellation, yielded
a more uniform waveform than the single radar, whose results
include no cancellation, because, in the latter case, random body
movement causes a nonuniform vibration in the waveform, but
these effects are cancelled in the former case. The Fourier trans-
form of the results in Fig. 16(a) and (b) yields the detection
output spectra in Fig. 15(a) and (b). The respiration signal can
be clearly identified in the one-radar results, but distinguishing
between the heartbeat signal and the random body motion signal
is difficult. In contrast, both respiration and heartbeat signals, in-
dicating a breathing rate of 30 breaths/min and a heartbeat rate
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Fig. 15. Comparison of detected vital-sign waveforms between one SIL radar
and two mutually injection-locked SIL radars for the experiment in Fig. 14. (a)
One SIL radar. (b) Two mutually injection-locked SIL radars.
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Fig. 16. Comparison of detected vital-sign spectra between one SIL radar and
two mutually injection-locked SIL radars for the experiment in Fig. 14. (a) One
SIL radar. (b) Two mutually injection-locked SIL radars.

of 130 beats/min during fitness exercise, can be clearly identi-
fied in the two-radar array results with random body movement
cancellation.

With the (31), the subject’s instantaneous displacement x (1)
can be computed from the data in Fig. 15(a), yielding a result
that includes cardiopulmonary motion and random body mo-
tion. As shown in Fig. 17, the nonperiodic random body mo-
tion can be estimated approximately by further filtering out the
breathing contribution.

Attention should be paid to the fact that the MIL signal may
be blocked by the subject. Fig. 18 shows the path loss between
two antennas of radar array as the subject’s position varies. The
solid line and dotted line show the measured path losses when
the subject is at the center position and at an offset position
of 10 cm from the center, respectively. The difference in path
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Fig. 17. Random body motion waveform estimated from the radar detection
results in Fig. 15(a).
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Fig. 18. Measured path loss between two mutually injection-locked SIL radars.

loss at 2.4 GHz is about 5.5 dB. A larger path loss corresponds
to a greater difficulty in establishing an effective MIL path for
random body movement cancellation. To cancel the effect of
larger random body movement, an additional bidirectional am-
plifier between the antenna and the VCO can be used to increase
the locking range of individual single-antenna SIL radars.

V. CONCLUSION

This paper presents a single-antenna SIL radar array that can
eliminate the effects of random body movement on the detection
of vital signs using MIL techniques. First, this work provides
a theoretical basis for predicting the SNR gain performance of
an SIL radar with clutter effects. The experiments yield very
promising results that are consistent with the theoretical pre-
dictions. Then, the study provides a frequency-domain model
for deriving the conditions under which the Doppler shift that
results from random body motion can be cancelled while max-
imizing the SNR for the proposed radar architecture. Experi-
ments on actuator-controlled motion experiments verify the the-
oretical predictions of excellent cancellation of the Doppler shift
that is caused by back-and-forth motion. In practical applica-
tions, the proposed architecture can be used for the high-quality
monitoring of the cardiopulmonary activities of a subject who
jogs on a treadmill with a considerable degree of random body
motion.
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