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Abstract— Compared with a conventional Doppler radar in
which target displacement results in phase modulation, target
displacement in a self-injection-locked oscillator (SILO)-based
radar results in frequency modulation. Since the instantaneous
phase is the time integral of frequency, the SILO-based radar
is considered to have higher sensitivity than the conventional
Doppler radar. However, a direct comparison between the
SILO-based radar and the conventional Doppler radar is still
needed to quantitatively understand the sensitivity difference.
This article provides a rigorous time-domain analysis of the
sensitivity of the SILO-based radar with a delay-based frequency
demodulator for small-amplitude periodic motions. The analy-
sis follows an approach similar to the time-domain analysis
for the conventional Doppler radar. It reveals that two null
detection point mechanisms could arise in SILO-based radar
systems. The target distance may introduce one null detection
point, and the delay added in the frequency demodulator may
introduce another. Furthermore, this article also proposes an
SILO-based radar with dual null detection points’ removal.
Unlike the Doppler radar, where I/Q demodulation eliminates
the null detection point introduced by the target distance, 1I/Q
demodulation in the SILO-based radar only eliminates the null
detection point introduced by the delay cable. To overcome
the other null detection point mechanism, a phase shifter is
introduced after the LNA. Experiments were carried out to
validate the proposed time-domain analysis and demonstrate
that both the techniques need to be used simultaneously to
remove both null detection points in the system. The sensitiv-
ity comparison was performed using a conventional Doppler
radar and an SILO-based radar built with identical microwave
components.

Index Terms—Doppler radar, injection-locking, linearity,
microwave motion sensors, null detection point, self-injection-
locked oscillator (SILO) radar, sensitivity.
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I. INTRODUCTION

ICROWAVE low-cost radars have shown great potential

for noncontact motion detection. Since radar sensors
offer accurate measurements under noncontact operation, they
may play a crucial role in several areas, including disaster res-
cue [1]-[3], gesture recognition [4], [5], fall detection [6]-[8],
structural health monitoring [9]-[11], and vital sign monitor-
ing [12]-[20]. Radar-based structural health monitoring relies
on the assessment of the structural proprieties by remotely
detecting the reciprocal motion of a structure. Similarly, radar-
based vital-sign sensing detects the periodic motion of the
chest wall caused by the cardiopulmonary phenomena or
breathing. These remote sensing techniques, along with the
rapid development of the Internet of Things (IoT), big data
science, and artificial intelligence, could significantly improve
the quality of service provided by the healthcare system,
infrastructure maintenance, and consumer products sector.

Over the past decade, the self-injection-locked oscillator
(SILO)-based radar has attracted researchers’ attention due
to its simple architecture and high sensitivity, especially for
vital sign sensing [20]-[23]. Since it does not require a
local oscillator (LO), the SILO-based radar also provides
inherent clutter rejection, particularly to stationary clutters,
which are common sources of interference in the conventional
Doppler radar [13]. Moreover, the simplest SILO-based radar
requires only an injection-locked oscillator as the active radio
frequency (RF) component due to its high sensitivity [22],
as shown in Fig. 1(a).

While the time-varying position of targets generates phase
modulation in the transmitted signal for a conventional
Doppler radar, the target displacement induces frequency mod-
ulation in the transmitted signal for an SILO-based radar [14],
[20]. Because the phase is the time integral of the frequency,
the SILO-based radar inherently integrates and amplifies the
targets’ Doppler motion in the phase domain. In [13] and [22],
the SILO-based radar’s operation was studied using frequency-
domain analysis. However, the conventional analysis for the
Doppler radar follows a time-domain approach [15], making
it challenging to provide a quantitative sensitivity comparison
between the two radar architectures.
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Fig. 1. Radar-based motion detection. Block diagram for (a) SILO radar and

(b) Doppler radar.

In this article, a rigorous time-domain analysis for the sen-
sitivity of the SILO-based radar for small-amplitude periodic
motion is derived. It follows the identical time-domain-based
methodology as that used for the conventional Doppler radar
sensitivity analysis. Therefore, the sensitivity equations for
both the SILO-based radar and the conventional Doppler radar
have a similar format for easier comparison. The proposed
analysis also reveals that the SILO-based radar with delay-
based frequency demodulation has two different types of null
detection points: one null detection point that is encountered
at every quarter wavelength distance from the SILO-based
radar to the target and another may be introduced by the delay
added in the frequency demodulator. A null detection point is
a condition that the baseband signal only has a DC component
plus even-order harmonics, and the fundamental frequency of
the target displacement cannot be recovered. The detail of the
null detection point will be discussed in Section II. In contrast,
the conventional Doppler radar has only one null detection
point introduced by the distance between the target and the
Doppler radar sensor. This can be overcome by adopting
quadrature demodulation (using in-phase and quadrature 1/Q
channels) [14], [24]. In this article, the proposed time-domain
analysis shows that when quadrature demodulation is adopted
in the SILO-based radar, it cannot eliminate the null detection
point introduced by the distance. Instead, it can be used to
eliminate the null detection point introduced by the delay
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added in the frequency demodulator. One way to address the
null detection point introduced by the target distance in an
SILO-based radar is the path diversity transmission, which
switches between two orthogonal paths [25]. However, it did
not optimize for the sensitivity. In [26] and [27], the null
detection point from the target distance of a Doppler radar was
addressed with a phase shifter in the receiver path. According
to our analysis, a similar approach should also work for
an SILO-based radar to achieve the best sensitivity with a
simple search algorithm. Therefore, an SILO-based radar that
eliminates both null detection points simultaneously can be
designed by combining the aforementioned techniques. It is
worth noting that in [28] and [29], a phase shifter was also
used in an SILO-based radar,but the function was different.
In [28], the phase shifter was used to eliminate the large
frequency shift caused by the strong clutter, which may cause
the SIL mechanism to fail. In [29], the phase shift was adjusted
repeatedly, switching between 0° and 90° to remove the output
distortion due to the target’s large displacement.

The rest of the article is organized as follows. Section II
provides the theory and sensitivity analysis for the Doppler
radar and the SILO-based radar using time-domain analysis.
Section III explains the proposed architecture. To validate the
analysis and demonstrate the proposed architecture’s effective-
ness for removing the dual null detection points, the experi-
mental results are presented in Section IV. The sensitivities
of the conventional Doppler and SILO-based radars are also
compared. Finally, the conclusions are drawn in Section V.

II. THEORY AND SENSITIVITY ANALYSIS
A. Doppler Radar

The conventional Doppler radar architecture is shown in
Fig. 1(b). A free-running oscillator generates a sinusoidal
signal, and it is transmitted toward a target of interest through
a transmitting (TX) antenna. The transmitted signal 7 (r) can
be written as

T(t) = sin(2z f1) (0

where f is the frequency of the free-running oscillator. After
being reflected by the target, the signal is picked up by
a receiving (RX) antenna. The received signal R(?) is the
delayed and attenuated version of T'(¢). For simplicity, and
without loss of generality, the attenuation and constant phase
shift are ignored in this analysis, and R(f) is given by

R(1) = sinQ2z f (1 — 14(1))) )

where 1,(t) is the time delay between the transmitted and
received signals. Although (1) and (2) have the same amplitude
for simplicity of the equation, it needs to be noted that
significant gain is required for the RF front-end to achieve
this. Assuming the distance from the target to the radar is dy
and the target moves periodically with an amplitude of m and
a fundamental angular frequency of w,,

() = % _ 2(dy + m sin (w,,t)) 3)

c

where d is the total distance between the target and the radar,
and c is the speed of light. The received signal is amplified

Authorized licensed use limited to: Texas Tech University. Downloaded on August 31,2022 at 22:02:00 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

TANG et al.: DUAL NULL DETECTION POINTS REMOVAL AND TIME-DOMAIN SENSITIVITY ANALYSIS 3

by a low-noise amplifier (LNA) and then down-converted to
in-phase and quadrature baseband signals /() and Q(¢) by
a quadrature mixer. The same oscillator output is sent to the
mixer as the LO signal through a power divider. /(¢) and Q(¢)
can be written as

. l drmsin (w,t)  4ndy
1(t) = 5 cos( h +— ) (4)
0() = % Sin(47rm s1/111 (o) N 471(10). )

With low-pass filtering and applying a fast Fourier trans-
form (FFT) on the baseband signal, the periodicity of the
target movement @, can be extracted [30]. Since sin(x) &~ x
and cos(x) &~ 1 — (x?/2) when x is small, if only one channel
output is used, there is a chance that the output signal is cos(x)
and that the FFT output only has the DC component and
the second-order harmonic depending on the constant phase
4rdy/ L. For example, considering only () is used (6), as
shown at the bottom of the next page. When the target distance
satisfies the top equation, it is at the null detection point.
When the target distance satisfies the bottom equation, it is
at the optimal detection point. Hence, both 7(¢) and Q(¢) are
needed to recover the fundamental frequency with different
target distances. 4z /4 in (6) is defined as modulation gain for
the Doppler radar.

B. SILO-Based Radar

The injection-locked oscillator’s output phase dynamics
were derived by Adler [31] originally in 1946. Later,
it was derived by different people with somewhat different
approaches [32]-[36]. Adler’s equation is given below

do .
2 = @0~ @inj — oL sin(0) @)
o T
_ @olfinj| 8
T 20 o] ®

where 6 is the output signal phase referred to the injection
signal, wy is the angular frequency of the free-running oscilla-
tor, wiy; is the angular frequency of the injection signal, ey, is
the angular frequency locking range, Q is the quality factor of
the oscillator’s LC tank, Iiy; is the amplitude of the injection
signal, and I, is the amplitude of the free-running oscillator
output. In an SILO, the oscillator output is fed back to the
injection port, so the phase difference 6 between the output and
injection signals is known. Under steady-state, the oscillator
output is locked to the injection signal, and so the frequency
of the oscillator wyy can be calculated from (7) by setting
d6/dt to zero, as shown in the following:

Wout = Winj = Wy — o, sin(0). 9)

The equation above indicates that the phase delay change
provokes frequency changes in the output signal. Furthermore,
the relationship between the phase and the frequency changes
is not a linear function, and instead, it follows a sinusoidal
function. For the SILO-based radar, the oscillator is always
assumed to be locked when the target movement is slow, and
d6/dt being zero still holds. Also, @ is decided by the round

trip time delay of the RF signal. From (3), it can be shown
that

4z fd
g mfd (10)
c
Substituting (10) into (9) and replacing w with 2z f
AT foud
Jou = fo — frsin (%) (11)

This equation is an implicit function and cannot be solved
easily with a closed-form expression. It can be reformulated
as

Af =—fL sin( (12)
where Af = fou — fo. It should be noted that f; < fo under

small signal injection. Like in the Doppler radar analysis, the
target distance

4n (fo + Af)d)

c

d = do + dy, = dy + msin(ont) (13)

where d,, represents the target displacement. Substituting (13)
into (12)

(14)

N Sin(47r(f0d + Afdo+ Afdm)).

c

For the right side of (14), Af xd,, is small and can be ignored.
If Af x dy can also be ignored, (14) can be approximated as

47Tf0d
c )

Af ~—f sin( (15)

As all the variables on the right side of (15) are known, fyu
can be calculated directly

fout %fO_fL Sin( (16)

47 f()d

c )
This approximation can be justified by appreciating that the
variable of interest is the target movement frequency instead
of the actual distance. Therefore, as long as the error generated
by this approximation has good linearity, the target move-
ment frequency can still be detected with this approximation.
To validate the approximation, (11) can be solved numeri-
cally and compared with the result using (16). Fig. 2 shows
the simulation results from MATLAB. Fig. 2(a)—(d) shows
the frequency versus distance. The x-axis is the distance d
including the average distance plus the displacement in meters,
and the y-axis is the frequency f,, in Hz. Each plot has
two curves, where the solid curve is the numerical solver’s
result for (11), and the dashed curve is the result calculated
from (16). Each plot starts with a different target distance
and covers half wavelength range. The average distances for
Fig. 2(a)—(d) are 0, 1, 2, and 4 m, respectively. Finding the max
frequency error for each plot from Fig. 2(a)-(d) and plotting
them versus average distances results in Fig. 2(e). The x-axis
is the target’s average distance in meters, and the y-axis is the
max frequency error in hertz. It shows that when the target
distance is close to zero, the error from the approximation is
negligible. When the target distance is large, the error from
the approximation is also large and it becomes nonlinear.
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Fig. 2. Output frequency fou using the approximated (16) versus numerical
solution with the original (11). Results for the target distance starting at
(a) 0 m, (b) 1 m, (c) 2 m, and (d) 4 m. (e) Maximum frequency error using
the approximated equation compared with the numerical solution from the
original equation.

Since the instantaneous phase is the time integral of the
angular frequency, the oscillator output can be written as

Tsio(t) = Sin(/ 27Tfomdt)-

Substituting (13) and (16) into (17), the SILO’s output can be
written as (18), as shown at the bottom of the next page.
Similar to the Doppler radar, the target distance can have a
null detection point if (4zdy/1) = (x/2)+kxr. However, since
this null detection point appears before the down-conversion

a7
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of the received signals, I/Q quadrature demodulation would
not help. The fundamental frequency w,, is already lost
before going to the mixer, as shown in the bottom portion
of (18). Assuming the target is at the optimal detection point
(4mdy/2) = kr for simplicity, the output signal can be
calculated as

4
Towo(t) ~ sin(27r fot £ % x ;—L X COS(@mt) + c) (19)
where f, = w, /27, and C is a constant from the integral

set by the initial conditions. With a delay-based frequency
demodulator [37], Tsio is delayed and mixed with itself.
Assume the delay is z,, the baseband signal (20), as shown at
the bottom of the next page.

As can be seen, the delay 7, creates a constant phase
term, and it introduces another null detection point. This
null detection point comes from the static phase difference
between the two mixing signals, and I/Q demodulation can
help eliminate it. Similarly, Q(¢) can be found as

87 sz Tym

o)~ % sin(27rford + cos(wy,t + (o)). 21)

Following the same definition as in the Doppler radar analysis,
the modulation gain for the SILO-based radar is defined
as (SﬂszTd//D.

C. Sensitivity Comparison Between the Conventional
Doppler Radar and the SILO-Based Radar

Although the analysis for the SILO-based radar is more
complicated than the analysis for the Doppler radar, the
final baseband signals’ equations are similar. Dividing the
SILO-based radar modulation gain by the Doppler radar
modulation gain gives the relative modulation gain

G, =2rfL14. (22)
Substituting (8) into (22)
fo| Iing|
G, =2n——14. (23)
20| osc|

Substituting realistic numbers into the equation and evaluating
G, can help understand the sensitivity comparison between
Doppler and SILO-based radar. The radar operates at 2.4 GHz.
Assuming the oscillator output is 10 dBm, the RX signal
or injection signal is —20 dBm, Q is 15, and 7, is 20 ns,
the relative sensitivity strength G, is calculated to be about
0.316. It means that the SILO-based radar’s modulation gain
is smaller than the Doppler radar’s modulation gain with
the assumed parameters. Although SILO-based radar uses
frequency modulation and expected to have higher gain, the

[1(1)| ~

N =

47 m sin (1)
j' b

1 arm\? l(1 Qe
2= ) 21—
p 7 cos(2aopt)) |,

=kr
(6)
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delay-based frequency demodulator it uses has significant
attenuation. Despite this, the reason that the SILO-based radar
has better sensitivity than the Doppler radar comes from the
fact that the SILO-based radar’s mixer inputs come from the
output of the oscillator directly. In other words, SILO-based
radar amplifies the received signal amplitude to be the same
level as the oscillator output for free. With the conventional
Doppler radar analysis, another 30-dB gain is needed to
amplify the —20 dBm received signal to 10 dBm. The relative
full path gain can be calculated by including SILO’s gain,
as shown below

ol Zinj|

[Losc| 1 fota
T T4 X -
20| osc|

— =2z
|\ Lng| La 2Q0Lq
where L, is the loss of the delay cable. With the same
assumption as before, and further assuming L, = 1 dB, G, run
is evaluated to be about 8.96. Note that the numbers in the
assumption are just an example of a typical radar system
for vital signs’ detection application, and it also assumes
that the modulation gain is small such that the small-signal
approximation can be applied without considering the Bessel
coefficient of the Fourier series [30].

Gr,full =2

(24)

III. PROPOSED SILO-BASED RADAR WITH DUAL NULL
DETECTION POINTS’ REMOVAL TECHNIQUE

As mentioned in the previous analysis for the SILO-based
radar, the target location creates a null detection point that
cannot be removed by I/Q quadrature demodulation. To elim-
inate this null detection point, the proposed circuit needs to
be able to affect the phase term in (18). Therefore, a phase
shifter is added before the received signal reaches the injection
port of the SILO which can serve this purpose. With proper
phase shift, it can artificially move the target round-trip phase
delay to the optimal distance and off the null detection point.
Fig. 3 shows the proposed architecture, where the phase shifter
(HMC934LPSE) is added after LNA (HMC476SC70) and
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before SILO’s injection port. The baseband signals 7(¢) and
Q(t) are sent for digital signal processing (DSP). The DSP will
determine what is the optimal phase shift. A simple search
algorithm can find the optimal setting for the phase shifter
by searching for the phase shift with the best signal-to-noise
(SNR) ratio. Because the phase shifter is inherently periodic
over 360°, there is no need to search in both the directions.
In this design, an analog signal-controlled phase shifter is used.
The control voltage is swept with 500-mV resolution, which
is equivalent to about a 22.5° phase shift. The DSP calculates
the FFT for each point and finds the optimal phase shift with
the best SNR.

. . [ 4rmsin(w,t)  4rdy
Tsio = sin {2z fot — 2z f1 | sin 7 p dt
4 in(w,,t 4 d
sin(27tf0t +2rf, / %@)m), ’1 0 _kx
~ (18)
. drm\? 4z dy T
sin{ 2z fot £ 27 f1, 1-— — (1 — cosRay,t)) |dt ), P + kx
I(t) = Tsio(t) x TsiLo(t — 14)
1 4
= —cos| 27 fotqs £ trm X & X (cos(wy,t) — cos(wy, (t — 14)))
2 A fn
1 drm fL
= —cos| 27w forg £ —— X == X /2 — 2 cos(w,, 74) cos(wyt + @)
2 A fn
1 81?2
~ 7 ©08 (27rford + Sa mfit cos(wpt + go)) (20)
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1V. EXPERIMENTAL RESULTS
Several experiments were designed and carried out to val-
idate the proposed theoretical analysis and the performance
of the proposed SILO-based radar architecture with dual null
detection points’ removal.

A. SILO’s Frequency Modulation and Locking Range

In the first set of experiments, the SILO’s output was con-
nected to a phase shifter (HMC934LP5E) and a programmable
attenuator, and then back to the SILO’s injection port. The
same SILO’s output was also sent to a spectrum analyzer with
a power divider. The experiment setup is shown in Fig. 4(a).
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First, for the same attenuation, the phase of the phase shifter
was swept, and the frequency from the spectrum analyzer
was measured. Fig. 4(b) shows the results. The calculated
output frequency from (16) was also plotted on top of the
measurement results. As can be seen, both the measurement
and calculation results show that the relationship between the
output frequency and the phase shift is not linear, and it follows
a sinusoidal relationship as predicted.

In the second set of experiments, different attenuations
were applied to get different power levels at the injection
port of SILO. Then, the phase of the phase shifter was
swept for each injection power level to find the maximum
and minimum frequencies. The locking range was calculated
as half the delta between the maximum and minimum fre-
quencies. Fig. 4(c) shows the locking range of SILO with
different injection power levels from the measurement and
calculation.

B. Proposed SILO-Based Radar With Dual Null Detection
Points’ Removal

Although 1/Q demodulation is widely used for the
SILO-based radar, to the author’s knowledge, the reason for
doing so is not explained and verified in previous publications
[13], [19], [28]. It is worth verifying the I/Q quadrature
demodulation in the SILO-based radar addresses the null
detection point introduced by the frequency demodulator’s
delay instead of the null detection point introduced by the
target distance. The experiments were set up as shown in
Fig. 5(a). An actuator carrying a metal plate (10 cm x 10 cm)
was used as the target for better control and repeatable results.
A digital phase shifter (HMC647ALP6E) was added to the
delay cable in the frequency demodulator to fine-tune the
delay, and the baseband outputs 7(¢) and Q(r) were recorded.
Fig. 5(b)—(e) shows the different delay results in different
phase relationships for the 7 and Q channels’ outputs. When
an additional 140° delay was added, the I channel was at the
optimal detection point, and the Q channel was at the null
detection point. When an additional 89.6° delay was added,
the / and Q channels were in phase. When an additional
33.6° delay was added, the I channel had a null result,
while the Q channel had an optimal result. The / and Q
channels were out of phase when no phase shift was added.
The result shows that the delay in the frequency demodulator
indeed creates a null detection point. It also verifies that 1/Q
quadrature demodulation guarantees that at least one channel’s
output contains valuable information. When both the I and
Q channels are considered, the null detection point from the
delay in the frequency demodulator is eliminated.

The next set of experiments was carried out to verify the
existence of the other null detection point even with I/Q
quadrature demodulation, as well as verify the effectiveness of
the proposed architecture on removing the second null detec-
tion point. The experiment setup was the same as shown in
Fig. 3. The actuator was programmed to oscillate at 1 Hz. The
phase shifter’s phase was swept, while the baseband transient
outputs and their FFTs were recorded. Fig. 6(a) and (b) are
the transient output and its FFT output with the target at the

Authorized licensed use limited to: Texas Tech University. Downloaded on August 31,2022 at 22:02:00 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

TANG et al.: DUAL NULL DETECTION POINTS REMOVAL AND TIME-DOMAIN SENSITIVITY ANALYSIS 7

RX
Antenna

— WY

()

TX
Antenna

<1

Actuator

Delay Cable

10

—>
o

Power
Divider

Frequency
Demodulator

@

ot o chame
—Q channel —Q channel||

e
f=1
by

Amplitude (V)
(=]

Amplitude (V)
(=)

0.05 0.05
o 1 2 3 4 0 2 4
Time (s) Time (s)
(b) (©

—1 channel
—Q channel

—1 channel
—Q channel

Amplitude (V)
(=]
Amplitude (V)
=1

0 1 2 3 4 0 1 2 3 4
Time (s) Time (s)
(d) (e)

Fig. 5. Experiments for SILO radar’s null detection point from delay-based
frequency demodulator. (a) Setup of experiments. (b) 7/Q signal with a 140°
phase delay. (c¢) //Q signal with an 89.6° phase. (d) I/Q signal with a 33.6°
phase. (e) 1/Q signal with a 0° phase.

TABLE 1
SENSITIVITY COMPARISON OF DOPPLER AND SILO-BASED RADAR

Minimum actuator

Configuration displacement detected
Doppler radar 1 mm
SILO radar with 2.7m delay cable 0.125 mm
Doppler radar w/o LNA 4 mm
SILO radar with 2.7m delay cable 1 mm
and w/o LNA

null detection point. The result shows that the fundamental
tone is about —5 dBmV which is below the noise floor
near DC. If the target movement was changed to a lower
frequency, the tone would have been buried underneath the
noise floor. Fig. 6(c) and (d) shows the transient output and
its FFT output after sweeping the phase shifter and finding the
best phase shift. As can be seen, the signal amplitude increases
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Fig. 6.  Experimental results for the proposed dual null detection point

removal SILO radar architecture. (a) //Q channel’s transient output for the
target at the null detection point. (b) //Q channels’ FFT for the target at
the null detection point. (c) //Q channels’ transient output for the target
at the optimal detection point. (d) 7/Q channels’ FFT for the target at the
optimal detection point. (¢) FFT fundamental tone amplitude versus phase
delay from the phase shifter.

significantly and stands out from the noise floor. Fig. 6(e)
shows the results for the entire sweep. The x-axis is the phase
shift in degrees introduced by the phase shifter. The y-axis is
the fundamental frequency amplitude in dBmV after applying
the FFT. The plot shows that the target amplitude changes
with different phase shifts, and the improvement between the
optimal phase shift and the null detection point is about 23 dB.

C. Comparison of the SILO-Based Radar and
the Doppler Radar

Finally, the last set of experiments compared the sensitivity
between the SILO-based radar and Doppler radar using the
same components. The SILO was reconfigured as the oscillator
for the Doppler radar by terminating the injection port with
50 Q. The SILO’s output was then split by a power divider to
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Fig. 7. (a) Block diagram for the Doppler radar experiment setup. (b) In-lab
setup of the SILO radar. (c) Close-up photograph of the SILO-based radar.

become the TX signal and LO for the mixer. The delay cable
was removed, and the mixer’s two inputs were connected to
the RX LNA output and LO directly. The system modification
is shown in Fig. 7(a). Everything else was the same to
ensure a fair comparison. Fig. 7(b) is the in-lab setup of the

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

experiments, and Fig. 7(c) is the close-up photograph of the
SILO-based radar. The distance between the actuator and the
radar was 1 m, and the frequency of the actuator movement
was 1 Hz. A 40-dB baseband amplifier was used, and the data
were acquired by a Universal Serial Bus (USB) oscilloscope
(Digilent Analog Discovery 2). For each configuration, the
actuator displacement amplitude was gradually reduced until
the target movement’s power was less than 1 dB from the
noise floor, and the corresponding displacement of the actuator
was recorded as the minimum displacement detected. Table I
summarizes the experimental results. To further reduce the
power, the experiments were repeated without LNA. The
measurement results agree with the expectation that with the
same power consumption and components, the SILO-based
radar can achieve better sensitivity for the proposed
application.

V. CONCLUSION

In this article, a rigorous time-domain analysis for the
SILO-based radar with delay-based frequency demodulation is
derived and compared with the Doppler radar. It uncovers two
null detection points in the SILO-based radar. Furthermore,
a solution is proposed for the SILO-based radar to address
both null detection points to achieve the best SNR. The I/Q
demodulation addresses the null detection point introduced by
the delay in the frequency demodulator, and a phase shifter
was used to address the null detection point introduced by the
target distance. Experiments verified the analysis and demon-
strated the effectiveness of the proposed architecture. In the
end, the same components were used to build a Doppler radar
and an SILO-based radar for an apple-to-apple comparison of
sensitivity.
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