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ABSTRACT This paper presents the design and demonstration of a novel harmonic transponder sensor
(HTS) that can measure the position and motion of a target in noisy and reflective indoor environments.
In conventional HTS implementation, an impedance mismatch at the input or output can occur because
of the impedance variation of the input or output antenna caused by the sensor location or surrounding
environment. The impedance mismatch of the input (or output) also affects the output (or input), thereby
degrading the conversion gain (CG) of the HTS. An independent impedance control matching network
(IICMN) is proposed to deal with the input and output impedances of the HTS separately, regardless of
source and load impedance changes. The proposed HTS with an IICMN has a high CG with wide input
power and frequency ranges. The proposed HTS was implemented with a size of 44.3-mm x 29.4-mm, and
an experiment was conducted to demonstrate its CG. It achieved a peak CG of —14.3-dB at 3.1-GHz. The
measured CG remained above —20-dB within a power range of —25-5-dBm at 3.1-GHz and a frequency
range of 3.05-3.2-GHz at an input power of —13.7-dBm. The nonlinear responses of the HTS with the dual-
band antenna were observed based on the distance and output power. The measurement results showed that
the second harmonic signal could be detected at a distance of 2.3-m with an equivalent isotropic radiated
power of 31-dBm. The feasibility of the antenna-integrated HTS in estimating spinal cord and nerve injuries
was demonstrated using a knee-jerk reflex test. When the distance between the transmitter’s antenna and the
antenna-integrated HTS was 0.5-m and the transmitted effective isotopically radiated power was 28.8-dBm,
and a received power variation from —80.8 to —59.7-dBm was observed according to the leg movement.

INDEX TERMS Harmonic transponder sensor (HTS), knee-jerk reflex test, radar sensor, motion sensing.

I. INTRODUCTION

Recently, the use of radar sensors expanded into various
fields, from typical automotive and military applications to
contactless health monitoring applications [1], [2], [3]. How-
ever, it is difficult to detect electronic devices with relatively
small scattering cross-sections using conventional radar
sensors in noisy and reflective indoor environments such
as inside buildings with many linear reflective structures.

The associate editor coordinating the review of this manuscript and

approving it for publication was Mohamed Kheir

The limitations of radar sensors can be overcome with the use
of harmonic radar sensors, which can easily detect small elec-
tronic signals in noisy and reflective indoor environments.
Because the harmonic radar transmits fundamental signals
and receives harmonic signals generated from nonlinear elec-
tronic targets, it is robust to clutter and jamming, obtaining a
high signal-to-noise ratio in highly noisy and reflective indoor
environments [4], [5].

A harmonic transponder sensor (HTS), which receives
a fundamental signal and backscatters a harmonic signal,
can be used with harmonic radars for various long-distance
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FIGURE 1. Architectural comparison of conventional HTSs:
(a) reflection-type and (b) through-type.
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FIGURE 2. (a) Concept diagram of the proposed HTS. (b) Simulated
output impedance of the proposed HTS with varying input impedance
from short to open, and (c) simulated input impedance with varying
output impedance from short to open.

sensing applications, including contactless health monitor-
ing, RF wireless power transfer, security systems, and tem-
perature sensing [6], [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18]. This is because harmonic radars can
receive relatively higher harmonic powers from an HTS than
those without an HTS. To extend the detection range of the
HTS for various applications, a high conversion gain (CG)
should be maintained over a wide input power and frequency
range while minimizing the reflection of the fundamental
signal.
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As shown in Fig. 1, two types of conventional HTSs have
been reported: reflection and through-type. The conventional
reflection-type HTS, which has a single port that receives
fundamental signals and transmits harmonic signals simulta-
neously, can be implemented in a small size with a dual-band
matching network, as shown in Fig. 1(a). However, because
the dual- band matching network matches the diode to the
load at the fundamental and second harmonic frequencies, the
fundamental signal reflected from the diode cannot be sup-
pressed. The conventional through-type HTS can suppress the
fundamental signal in the output matching network because
the input and output matching networks can be separated at
both ends of the diode, as shown in Fig. 1(b). However, the
antenna impedance change caused by the attachment position
of the conventional through-type HTS can affect its input and
output impedances. Furthermore, the input and output match-
ing network of the conventional through-type HTS must be
optimized iteratively to match at the optimum impedance
because the input and output impedances of the HTS affect
each other.

In this paper, an HTS based on independent impedance
control is introduced for motion sensing. The proposed
through-type HTS comprises an independent impedance con-
trol matching network (IICMN) that suppresses the funda-
mental signal and minimizes the effect of the output (or
input) impedance due to the impedance mismatch of the
input (or output) caused by environmental changes near
the sensor. The measured results of the implemented HTS
showed that its CG of over —20 dB is maintained within
a power range of —25-5 dBm at 3.1 GHz and a frequency
range of 3.05-3.2 GHz at an input power of —13.7 dBm.
The harmonic response of the proposed HTS was demon-
strated at a distance of 0.3-2.3 m between a transceiver
and the HTS. A knee-jerk reflex test was conducted with
the antenna-integrated HTS in the indoor environment to
verify the potential of the proposed HTS as a health moni-
toring sensor. When attached to a shin, the power received
from the HTS varied by up to 20 dB, depending on the leg
movement.

Il. PROPOSED HTS WITH AN INDEPENDENT IMPEDANCE
CONTROL MATCHING NETWORK

A. DESIGN ANALYSIS OF THE INDEPENDENT IMPEDANCE
CONTROL MATCHING NETWORK

The HTS, which receives a fundamental wave signal and
transmits a harmonic signal, is composed of an input match-
ing stage at fundamental frequencies, a diode for harmonic
generation using its nonlinearity, and an output matching
stage at harmonic frequencies. For the HTS to function as
a motion sensor, performance changes owing to the attach-
ment location and environmental changes around the HTS
should be minimized. However, antenna impedance changes
can occur depending on the attachment position of the HTS,
resulting in the deterioration of the harmonic output per-
formance. Furthermore, it is difficult to match the input
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FIGURE 3. Schematic of the proposed HTS.
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FIGURE 4. Simulated input impedance of the proposed HTS (a) with
different input power levels at 3.1 and 6.2 GHz and (b) with different
frequencies at an input power of —20 dBm.

and output impedances using conventional input and output
matching networks because these values are coupled.

In this paper, an IICMN is proposed for indepen-
dent impedance control of the HTS for input and output
impedances at fundamental and second harmonic frequen-
cies, respectively, to minimize impedance mismatch due to
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FIGURE 5. Simulated output impedance of the proposed HTS (a) with
different input power levels at 3.1 GHz and 6.2 GHz and (b) with different
frequencies at an input power at —20 dBm.

variation in the antenna impedance. A conceptual diagram of
the IICMN adopted for HTS is shown in Fig. 2(a). The input
stage of the IICMN is composed of a A/4 short stub for the
DC feed, a A/8 open stub to obtain a short impedance value at
second harmonic frequencies, and an L-shaped fundamental
matching network. The output stage of the IICMN is com-
posed of a A/4 open stub with a short impedance value at
fundamental frequencies, a shunt inductor for the DC feed,
and an L-shaped second harmonic matching network.

When the input antenna impedance varies from short to
open, as shown in Fig. 2(b), the output impedance Zg, of
the HTS, which is in the VSWR = 2 circle, be insensitive
to the variation of the input antenna impedance. Similarly,
when the output antenna impedance is varied from short to
open, as shown in Fig. 2(c), the input impedance Zj, of the
HTS, which is in the VSWR = 2 circle, is insensitive to the
variation in the output antenna impedance.

A schematic of the proposed HTS based on the IICMN
is shown in Fig. 3. The proposed HTS consists of an input
IICMN, a Schottky diode, and an output IICMN. The input
and output IICMNSs consist of an L-shaped matching network
and T-shaped second harmonic and fundamental control net-
work, respectively. In this design, the electrical lengths of TL
and TL3 are fixed at A/8 and A/4 at 3.1 GHz, respectively,
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TABLE 1. Comparison of recently reported harmonic transponders.

Peak CG.
Power range for Output freq. range for . 2
Ref. Year | Type | G5 15dB (dB) CG > -20 dB (GHz) Size ()
Freq. Input power CG
(GHz) (dBm) (dB)

This work | 2023 | Through 11 3.1 -13.7 -14.3 6.1-6.4 0.82 x 0.54
[16] 2022 | Through 82 2.5 0= -132 4.836-5.198 0.525 x 0.525
[17] 2022 | Through N/A 1.04 -10 —-15.1 N/A 0.113 x 0.173
[12] b 2022 Reflect 272 0.894 -20 -5 N/A 0.912 x 0.3
[14] 2020 | Through N/A 2.2 0 -15 4-6.4 N/A
[15] 2019 | Through N/A 3.5 =25 -17 N/A 0.48 x 0.48

a: graphically estimated, b: measured with antenna.
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FIGURE 7. Photograph of the implemented HTS.

to control the input and output impedance independently.
The width of TL3 and the width and length of TLs are
optimized to compensate for the negative imaginary part
of the input impedance Zin at the fundamental frequen-
cies before the input matching network. Subsequently, the
L-shaped input matching network is optimized to move Zjp»
within the VSWR = 2 circle in an input power range of —40 to
—13.5dBm at 3.1 GHz to achieve a high CG over a wide input
power range, as shown in Fig. 4(a). Fig. 4(b) shows the input
impedance according to the frequency at an input power of
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FIGURE 8. Simulated and measured results of CG and fundamental
output power (a) at different input powers at 3.1 GHz and (b) at different
operating frequencies at —13.7 dBm.

—20 dBm. The input impedance Zi, exists in the VSWR =
2 circle at 3.1 GHz.

The width of TL; and TL, and the width and length of TL4
are also optimized to compensate for the negative imaginary
part of the input impedance Zqy at the second harmonic fre-
quencies before the output matching network. The L-shaped
output matching network is optimized to move Zgup in
the VSWR = 2 circle over a wide input power range of
—40-0dBm at 6.2 GHz, as shown in Fig. 5(a). Fig. 5(b) shows
the output impedances of the HT'S according to the frequency
at an input power of —20 dBm, and Zy is in the VSWR =
2 circle in the output frequency range of 6-6.3 GHz.

VOLUME 11, 2023



J. Kim et al.: HTS Based on Independent Impedance Control for Motion Sensing

IEEE Access

-

Integrated Patch > & % :
for S/C-band

-:;.,\(— S-band slot
C-band slot | =y :

FIGURE 9. Overall geometry of the implemented S/C dual-band antenna
for harmonic detection [19].
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FIGURE 10. Simulated (dashed) and measured (solid) reflection
coefficient Sgg and isolation Scg of the proposed antenna at the S-band
port.
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FIGURE 11. Simulated (dashed) and measured (solid) reflection
coefficient Scc and isolation Sgc of the proposed antenna at the C-band
port.

FIGURE 12. Simulated radiation patterns of the implemented S/C
dual-band antenna at 3.1 (RHCP) and 6.2 GHz (LHCP).

Fig. 6 shows the simulated CG of the proposed HTS with
varying input powers and frequencies. The CG is the differ-
ence between the second harmonic and fundamental signals.
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The simulation results showed a high CG in the frequency
range that did not match to 50 2 because a diode has a good
nonlinear response at a high input power than at a low input
power even when it does not match to 50 2. The proposed
HTS had a peak CG of —12.6 dB at 3.1 GHz at an input power
of —14 dBm. The CG of the proposed HTS was maintained
over —20 dB within the frequency range of 1.8 to 3.2 GHz
when the input power varied from —2 to 10 dBm.

B. IMPLEMENTATION AND MEASUREMENT RESULTS

The proposed HTS was fabricated on a Taconic TLC-32 sub-
strate (¢, = 3.2) with a thickness of 0.79 mm and total circuit
size of 44.3 mm x 29.4 mm, as shown in Fig. 7. An SMS7630
diode was used in this design for a high CG at a low input
power and high frequency [11]. An electromagnetic (EM)
and circuit co-simulation was performed using the Keysight
Advanced Design System (ADS) simulator. To measure the
second harmonic output power of the implemented HTS,
we generated the RF fundamental incident power using an
N5182A signal generator, and the generated second harmonic
signal was captured using an E440B spectrum analyzer.

Fig. 8(a) shows that the implemented HTS had a peak CG
of —14.3 dB and output a fundamental power of —43.2 dBm
at an input power of —13.7 dBm when the incident signal
frequency was 3.1 GHz. It also achieved a CG of over —20 dB
within the input frequency range of 3.05-3.2 GHz at an input
power of —13.7 dBm, as shown in Fig. 7(b). Table 1 compares
the performances of previously reported and proposed HTSs.
The reflect type HTS in [12] was proposed to have high CG
at low input power levels, but it can only operate at a single
frequency. The through type HTSs in [14], [15], [16], and [17]
have a compact size, making them suitable for various appli-
cations such as RFID, IoT and temperature sensing. However,
the measured CG in [14], [15], and [17] is below —15 dB.
In contrast, the proposed HTS achieves higher CG over a
wider input power range. The performance of the proposed
HTS was superior to that in [12] in terms of the operating
frequency range.

IIl. HARMONIC SENSING TECHNOLOGY

A. IMPLEMENTED S/C DUAL-BAND ANTENNA

Fig. 9 shows the circularly polarized S/C dual-band antenna
with a shared-aperture configuration that can be used for
detecting nonlinear targets regardless of their orientation
and polarization [19]. A 2.36 mm-thick Taconic TLC-32
substrate (¢, = 3.2) was used for the top layer of the
antenna, on which the integrated patch for the S/C-band was
printed, A 0.762 mm-thick Rogers DiClad 88-IM laminate
(e = 2.17) was used for the bottom layer that housed the
feeding networks for both channels. As depicted in Fig. 9,
a rectangular complementary split ring resonator (RCSRR)
on the ground plane prevented the transmitted S-band signals
from interfering with the received C-band signals, increasing
a port-to-port isolation.
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FIGURE 13. Setup for measuring the received second harmonic power
with different EIRPs and distances.
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FIGURE 14. Measurement results of the received second harmonic power
with varying EIRPs and sensing distances.
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FIGURE 15. Photograph of the implemented antenna-integrated HTS.

Fig. 10 shows the simulated and measured reflection coef-
ficient at S-band port (Sgs) and isolation between S- and
C-band ports (Scs). The measured Sgg is —20.5 dB at
3.1 GHz and Scs exhibits a good isolation level below
—20 dB at the same frequency. In Fig. 11, the simulated
and measured reflection coefficients at C-band port (Scc)
are plotted, as well as the level of isolation between S- and
C-band ports (Ssc). The measured Scc is —11.8 dB at
6.2 GHz and Ssc exhibits a good isolation level below
—20 dB at the corresponding frequency. The simulated radia-
tion patterns in the S-band and C-band are plotted in Fig. 12.
The maximum broadside gain was 3.74 dBi at 3.1 GHz and
4.75 dBi at 6.2 GHz.

B. NONLINEAR RESPONSE CHARACTERISTIC OF
THE PROPOSED HTS

A harmonic detection test was conducted using a harmonic
radar to verify the nonlinear response characteristics of the
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FIGURE 16. Measurement setup for estimating spinal cord and nerve
injury through a knee-jerk reflex (a) front view (b) side view.
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FIGURE 17. Measurement results of the received second harmonic power
by shin movement at 28.8 dBm of EIRP at 0.5 m.
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FIGURE 18. Measurement results of the received second harmonic power
by shin movement at 28.8 dBm of EIRP with various distance.

proposed HTS, as shown in Fig. 13. The transmitter of the har-
monic radar was configured with an S/C dual-band antenna,
harmonic suppressed C-band power amplifier [20], and sig-
nal generator. Considering the insertion loss of the coaxial
line for the connection, the maximum effective isotopically
radiated power (EIRP) of the transmitter was 34 dBm. The
receiver of the harmonic radar was configured with a high-
pass filter and a spectrum analyzer. As shown in Fig. 14, the
received power of the harmonic radar was measured accord-
ing to the EIRP within a sensing distance range of 0.3-2.3 m.
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The received power levels varied from —51.5 to —81.5 dBm
within the distance of 0.3-2.3 m at an EIRP of 34 dBm.

C. ESTIMATION OF KNEE-JERK REFLEX BASED ON THE
ANTENNA-INTEGRATED HTS

Knee-jerk reflex measurements, which are used to assess
spinal cord and nerve injuries, were conducted to verify the
feasibility of the proposed HTS as a motion sensor for health
monitoring applications in a noisy and reflective indoor envi-
ronment. A Taoglas UWC.40 chip antenna, which has a gain
of 3.5 dBi at 3.1 GHz and size of 6 mm x 7 mm, is used
as the linear polarized receiving antenna of the HTS [21].
A Taoglas UWC.01 chip antenna, which has a gain of 4.5 dBi
at 6.2 GHz and size of 5.5 mm x 5.5 mm, is used as the linear
polarized transmitting antenna of the HTS [22]. As shown in
Fig. 15, the size of the implemented antenna-integrated HTS
was 61.7 mm x 29.4 mm. The ground plane in the antenna-
integrated HTS was added to meet the recommended ground
size of the chip antennas, which is 26 mm x 20 mm. The
transmitter and receiver were configured identically to the
measurement setup used to determine the nonlinear response
characteristic of the proposed HTS. A polarization loss of
3 dB occurs in each path since the TX/RX antenna and HTS
antenna have circular and linear polarizations, respectively.
The sensing distance between the TX/RX antenna and the
antenna- integrated HTS was 0.5 m.

The maximum EIRP of the transmitter was 28.8 dBm.

Fig. 16 shows the setup for measuring knee-jerk reflex. The
second harmonic power received from the antenna-integrated
HTS attached to the shin was measured when the knee was
stimulated. The harmonic signals reflected by shin movement
without the antenna-integrated HTS and with a metal plate
were also measured according to the transmitted harmonic
signal to check whether a second harmonic signal occurred
due to reflection by the shin movement. The received power
oscillated according to the distance between the TX/RX
antenna and HTS because the amplitude was changed by the
shin movement.

As shown in Fig. 17, the measurement results indicated
that the received harmonic power according to the move-
ment of the shin due to knee stimulation ranged from
—80 to —60 dBm. The knee-jerk reflex measurement based
on the antenna-integrated HTS is robust in noisy and reflec-
tive indoor environments, as evidenced by the received sec-
ond harmonic power from the shin without the antenna-
integrated HTS and with a metal plate ranging from —78 to
—88 dBm, which was close to the noise floor of —82.5 dBm.
Fig. 18 also shows that the knee reflex test was well measured
according to various distances from 30 to 50 cm in a noisy and
reflective indoor environment.

In previous research on motion sensors [1], [2], [3], signal
measurement using the Doppler effect required additional
filtering and amplification to reprocess the signal when the
received power was small or the received signal frequency
was very low. According to the measurement results, the pro-
posed HTS can easily acquire motion signals by measuring
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the received second harmonic power without requiring com-
plex signal reprocessing in noisy and reflective indoor envi-
ronments. In further research, an HTS that can modulate
the second harmonic signal will be designed for identifica-
tion and communication and experimentally demonstrated for
multiple-target motion sensing. [17].

IV. CONCLUSION

This paper presents an HTS that can detect body move-
ments such as knee-jerk reflexes, in noisy and reflective
indoor environments. An IICMN is adopted on each side
of the diode in the HTS to independently control the input
and output impedances and match them to the source and
load impedances within the wide input power and frequency
ranges, irrespective of the change in antenna impedance
according to the sensor attachment position. The proposed
HTS achieves a CG of over —20 dB within the input power
range of —25-5 dBm at 3.1 GHz and the frequency range of
3.05-3.2 GHz at an input power of —13.7 dBm.

The HTS was also implemented with a dual-band antenna
to evaluate the nonlinear reflection characteristics with
respect to the EIRP of the transmitter and distance between
the transmitter and HTS. The received power reflected from
the HTS ranged from —51.5 to —81.5 dBm within the dis-
tance range of 0.3-2.3 m at 34 dBm of EIRP and from
—87 to —71.7 dBm within the EIRP range of 24.4-33.9 dBm
atadistance of 1.0 m. The feasibility of the proposed antenna-
integrated HTS as a wireless motion sensor in a noisy and
reflective indoor environment was investigated using knee-
jerk reflex tests by attaching the antenna-integrated HTS to
the shin of a participant; a reflected power variation of over
20 dB was detected according to the movement of the leg.
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