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Abstract—This article proposes a novel architecture for
the design of a single-port harmonic transponder. The need
for a diplexer is eliminated by adding a quarter-wave and
a one-eighth-wave transmission line, combined with the two
quarter-wave stubs that are usually needed in a conventional
harmonic transponder. The proposed architecture provides iso-
lation between the fundamental and the second harmonic signals
and sends them to the desired port, while only introducing
extremely low insertion loss. Compared with a single-resonator-
based diplexer, it has a much wider bandwidth and a much
more compact size than the conventional dual-port design. The
proposed diplexing structure can also be used in the design of a
compact single-port harmonic transponder with dc power supply
capability. With such a design, the harmonic transponder can
not only generate harmonics for communication purposes, but
also provide power for the operation of communication modules,
while being small in size and working with a single antenna.
A harmonic tag with a simple modulation module based on
this architecture is designed to demonstrate its practical value.
The proposed design can work at a low input power level and
is very suitable for future low-power Internet of Things (IoT)
applications.

Index Terms— Harmonic transponder, Internet of Things
(IoT), radio frequency identification (RFID), RF energy harvest-
ing, Schottky diode.

I. INTRODUCTION

ITH the popularization of the Internet of things (IoT)

and wireless sensor networks in life, Radio Frequency
Identification (RFID) as a successful technology plays an
increasingly important role in tagging, tracking, sensing, and
locating objects [1]. Conventional RFID systems utilize a
single frequency for interrogation and return, which can
cause unwanted self-jamming or clutter noise interference
from environmental reflection. Harmonic backscattering-based
RFID tags operate in two frequency bands, one for the uplink
and the other, usually the second harmonic, for the downlink.
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Fig. 1. Block diagram of a harmonic transponder system with a dual-port
and a single-port topology.

Thus, clutter noise interference at the fundamental frequency
can easily be filtered out at the interrogator side. This advan-
tage makes harmonic backscattering a potential solution for
long-range RFID tags in cluttered environments. Due to their
small size, low cost, anti-jamming, and battery-less features,
harmonic RFID tags have been used in scenarios such as colli-
sion avoidance systems [2], miniature trackers [3], and disaster
victim detection [4], [5] to avoid strong harmful reflection.
Recently, passive wireless sensors based on harmonic RFID
tags have been reported for backscattering communications at
extremely low power levels [6], [7].

The frequency conversion of a passive harmonic transponder
can be realized by a nonlinear component (usually a diode).
As Fig. 1 shows, the conventional transponder is usually
a dual-port one with a pair of antennas for receiving and
transmitting, respectively. The fundamental frequency signal
transmitted from the base station is received by the receiving
antenna at the harmonic transponder which is then converted
into harmonics and sent back by another antenna.

Conversion loss will reduce the output harmonic power,
thus affecting the usable distance of harmonic RFID tags.
In other words, the conversion efficiency largely determines
the performance of harmonic transponders. It requires good
cooperation between the frequency conversion part and the
antenna part. To achieve good performance, high isolation
between the transmitting and receiving antennas is needed,
limiting the flexibility of antenna design.

Several publications reported attempts at single-port
transponder designs to alleviate the limitations of transpon-
ders with two independent antennas. In [8], a diplexer-based
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Fig. 2. Energy flow of the conventional dual-port harmonic transponder.

single-port transponder architecture is proposed, that allowed
it to operate simply with a single dual-band antenna, helping to
reduce the number of antennas. The design could combine the
input and output ports of the conventional dual-port harmonic
transponder while providing significant isolation. Since the
diplexer was based on a single resonator design, the limited
bandwidth made it highly sensitive to manufacturing errors.
In [9], a single-port design based on a third-order hairpin
diplexer is proposed to enhance the bandwidth, but it also
entailed additional circuit area.

In this work, a new architecture of a single-port harmonic
transponder with a stub-based diplexing structure is proposed
and analyzed. A one-eighth-wave and a quarter-wave trans-
mission line are added in addition to the two quarter-wave
stubs in the conventional harmonic transponder. They allow the
fundamental frequency fj and the second harmonic 2f; to flow
in the desired directions while providing significant isolation
between them. Thus, it is possible to convert two ports to a
single one with only a minimal increase in circuit area. The
proposed diplexing structure has a wider bandwidth with low
sensitivity to fabrication errors than using a single-resonator-
based diplexer. The design is also suitable for applications
combining wireless power transfer with harmonic backscatter
communications, capable of simultaneously harvesting wire-
less RF energy and generating harmonics.

The rest of the article is organized as follows. Section II
explains the working principle of the proposed single-port
harmonic transponder. One example of the proposed single-
port harmonic transponder is presented in Section III with
simulation and measurement results. Section IV includes two
parts: the first part describes the design of a single-port
harmonic transponder with dc power supply capability; the
second part demonstrates a backscattering system that makes
use of harvested energy to modulate the second harmonic for
communication purposes. Finally, a conclusion is drawn in
Section V.

II. TOPOLOGY AND THEORETICAL ANALYSIS

Fig. 2 shows a schematic of the conventional dual-port
passive harmonic transponder and the energy flow of the
fundamental and the second harmonic. The red arrow with
horizontal stripes denotes the energy flow path of the funda-
mental wave, and the green one with vertical stripes denoted
the second harmonic. The inherent nonlinearity of the diode
will produce higher-order harmonics. To enhance the second
harmonic conversion efficiency of the diode, a short-circuited
and an open-circuit quarter-wave stub (named TL; and TL,)
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Fig. 3. Energy flow of the proposed single-port harmonic transponder at:
(a) fundamental frequency f and (b) second harmonic 2 fj.

at the fundamental frequency f are placed on the two sides
of the diode, respectively. The quarter-wave short-circuited
stub TL; at the input side presents an open circuit at the
fundamental frequency. It allows the injected fundamental
signal to reach the diode. But it acts as a short-circuited at
the second harmonic. That is, the second harmonic is shorted
at Point A. At Point B, the quarter-wave open-circuit stub
TL, short-circuits the fundamental frequency without affecting
the second harmonic. This is because the open-circuit quarter-
wave stub at fj is the half wavelength at 2f;. So the second
harmonic TL, is still an open circuit, but the fundamental
frequency will be reflected by the short-circuited at Point B.

To enable the transponder’s input and output to share one
port without using a diplexer, a one-eighth-wave transmission
line TL4 (at fy) is added between Point C and TL,. The
transponder’s output is connected to Point C by a quarter-
wave transmission line TL3 (at fy). Fig. 3(a) and (b) show
the paths of signals at the fundamental frequency and the
second harmonic frequency in the proposed dual-port pas-
sive harmonic transponder, respectively. Like the conventional
dual-port design, the stub TL; at the input side makes
Point A an open circuit at the fundamental frequency and
short-circuited at the second harmonic. The added transmission
line TL; between Points C and A is one-eighth wave long
at fo and quarter-wave long at 2f,;. This added quarter-
wave transmission line will transform the short-circuited at
the second harmonic into an open circuit, but it does not
affect transmission at the fundamental frequency. That is, at the
second harmonic frequency, TL, makes the input impedance
infinity, seeing from Point C toward the diode. It will only
cause some phase changes with very little insertion loss to the
fundamental frequency signal. Hence, the added transmission
line has very little effect on the operation of the diode.

The quarter-wave open-circuit stub TL, at the output side
makes Point B short-circuited at the fundamental frequency
and open circuit at the second harmonic frequency. Thanks to
TL3; (A/4 long at f;) between Points C and B, at the funda-
mental frequency, the input impedance seen from Point C to B
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Fig. 4. (a) Schematic of a simplified model of the proposed diplexing
structure. (b) Current distribution of the proposed diplexing structure at the
fundamental and second-harmonic frequencies.
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Fig. 5. Simulated S-parameters of the simplified model of the proposed
diplexing structure.

through TL5; will be infinite. And this TLj; is half-wavelength
long at the second harmonic, so it has no effect on the
transmission of the second harmonic from the output side
of the diode to the port. To put it another way, the second
harmonic signal can be transmitted with ultralow loss from
the diode output to the output of the harmonic transponder
via the half-wave transmission line. But no power from the
input port at the fundamental frequency will go through this
transmission line to the output side of the diode.

To better demonstrate the performance of the proposed
diplexing structure, the diode in Fig. 3 is removed and Points
A and B are virtualized into two ports, as shown in Fig. 4(a).
Point A at the input of the diode is designated as Port 2, and
Point B at the other end is Port 3. And Port 1 is the main
input and output port as Point C in Fig. 3, which is used
to connect the antenna to receive the fundamental frequency
signal and transmit the second harmonic signal. The yellow
and red arrows indicate the direction of transmission of the
fundamental frequency and second harmonic, respectively. The
current distributions at fy and 2fy of the proposed diplexing
structure are shown in Fig. 4(b). The signal at the fundamental
frequency injected from the Port 1 reaches Port 2 only through
the one-eighth-wave transmission line TL4, and does not reach
Prot 3 through TLj3, as indicated by the yellow arrow in
Fig. 4(b). On the contrary, the second harmonic from Port
3 will pass through the added quarter-wave transmission line
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Fig. 6. Schematic of the designed conventional dual-port harmonic transpon-
der.

TL; and reaches Port 1 without being injected into Port 2.
Therefore, the proposed diplexing structure can easily control
the transmission direction of the fundamental frequency and
the second harmonic and provide isolation between them. That
is, the passive harmonic transponder based on this structure
enables the input and output to share a port for communication
without mutual influence.

This simplified model of the proposed diplexing structure
was simulated using the Advanced Design System (ADS) and
the S-parameter results are shown in Fig. 5. The yellow line
(S721) and the red line (S;3) show the transmission coefficient
from Port 1 to 2 and from Port 3 to 1, respectively. The results
show that the insertion loss from Port 1 to 2 at 2.4 GHz and
from Port 3 to 1 at 4.8 GHz are both less than 0.6 dB. The
proposed diplexing structure achieved fractional bandwidths of
more than 50% at 2.4 GHz and 30% at 4.8 GHz in simulation,
which has a wider passband than the single-resonator-based
diplexer [7]. The isolation between Ports 2 and 3 as the
green line shows (Sy3) is over 30 dB at both frequencies.
Since the design is based on quarter-wave and one-eighth-
wave transmission lines, the length of the transmission lines
can be quickly estimated based on the desired operating
frequency, and their exact sizes are obtained by subsequent
co-optimization with other parts of the circuit.

III. COMPACT SINGLE-PORT HARMONIC TRANSPONDER
A. Circuit Design

A conventional dual-port harmonic transponder working at
the fundamental frequency of 2.4 GHz was designed first.
As shown by the circuit diagram in Fig. 6, the conventional
architecture consists of a Schottky diode, two quarter-wave
stubs, and input and output matching networks [10]. C; and
C, as dc blocking capacitors are placed at the input and output
ports. A Schottky barrier diode SMS7630 with a low threshold
voltage from Skyworks is chosen. Both matching networks
are based on a single inductor to compensate for the junction
capacitance and package capacitance of the diode to tune the
impedances of input and output at the operating frequency.
Using a single inductor instead of a complicated matching
circuit can minimize the size of the circuit board [11]. A
quarter-wave short-circuited stub TL; and a quarter-wave
open-circuit stub TL, are placed on both sides of the diode.

Based on the analysis in Section II, by adding a quarter-
wave transmission line TL3 (at fy) and a one-eighth-wave
transmission line TL4 (at fp) to the conventional harmonic
transponder, the two ports can be combined into a single one.
The proposed transponder is shown in Fig. 7. The lengths of
TL; and TL4 have been co-optimized with the complete circuit
to compensate for the phase effect from lumped elements in
the circuit.

Authorized licensed use limited to: University of Liverpool. Downloaded on February 01,2023 at 08:28:43 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.

4
TL2
Port
infout 1 TL4 L1 L2
1000 pF 3. 6111
Fig. 7. Schematic of the proposed single-port harmonic transponder.
25
—a— Dual-port simulated

R —4— Single-port simulated

520 b e Single-port measured

» °

1)

o

4

c 15

o

o °

g : 2°° 0 o2

Q10

8 0

5 1 1 1
-30 -25 -20 -15 -10
Input Power (dBm)

Fig. 8.  Comparison of simulated and measured conversion loss of the

designed conventional dual-port and the proposed single-port harmonic
transponder.

The performance of the conventional dual-port harmonic
transponder and the proposed single-port one were simulated
using ADS. Fig. 8 shows the harmonic transponder power
conversion loss CL, which is calculated by

CL(in dB) = P;,(dBm) — Py ,(dBm) (1)

where Py is the incident power at the fundamental frequency
in dBm and P,y is the output power of the transponder at
the second harmonic frequency. The black line shows the
simulated result of power conversion loss of the transponder
with two ports. The blue line shows the conversion loss with a
single port. When the input power range is between —25 and
—10 dBm, there is no significant difference between them.
It can be shown that the proposed diplexing structure has
little effect on the diode operation and does not increase
the conversion loss. Fig. 9 shows the conversion loss of the
conventional dual-port and the proposed single-port harmonic
transponder in the frequency range of 2.2-2.6 GHz. When the
dual ports are converted to a single port, the bandwidth is
slightly narrower, but it has a very low impact on conversion
loss near the center frequency.

B. Measurement and Comparison

For evaluating the performance of the proposed single-port
harmonic transponder, a prototype is fabricated on a Rogers
RO4003C substrate with a relative permittivity ¢, of 3.55 and
a thickness of 1.524 mm. A photograph of the fabricated
prototype is shown in Fig. 10. The transmission lines are
meandered where possible to save space. The size of the circuit
board is only 12 mm long and 10 mm wide.

Here, three antennas were used to carry out the far-field
measurement to characterize the overall performance of the
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Fig. 9. Simulated conversion loss versus frequency of the designed conven-
tional dual-port and the proposed single-port harmonic transponder with an
input power of —15 dBm.

Fig. 10. Photographs of the measurement setup and the fabricated prototype
of the proposed single-port harmonic transponder.

proposed single-port harmonic transponder. The photograph
of the measurement setup in an anechoic chamber is shown
in Fig. 10. To measure the conversion loss of the proposed
transponder accurately, three standard gain waveguide horn
antennas were used. On the base station side, the Tx antenna
was an HF906 antenna from Rohde and Schwarz and the Rx
was an SH2000 antenna from MVG [13]. On the transponder
side, the antenna Ax used for both receiving and transmitting
was an SH1000 antenna also from MVG. In the measurement,
the distance between the Tx/Rx antennas and the Ax antenna
was set to be 1.8 m, which satisfied the far-field condition
at 2.4 GHz. A Keithley 2920 RF signal generator was used
to generate 2.4 GHz signals with a maximum output power
of 13 dBm. A 20 W power amplifier was used to amplify
the signal to ensure that the signal level received by the
transponder covered all the input power levels that needed
to be measured. A low pass filter was added between the
power amplifier and the Tx antenna to reduce the influence
of the harmonic power generated by the amplifier on the
measurement results. The Rx antenna was connected to a
signal analyzer to display the received second harmonic from
the transponder. The calculation of the link budget is based
on the Friis transmission formula [12]. The conversion loss
(in dB) at the proposed transponder is calculated by

T R A A
CL=P — P =G =Gy — Gy — Gy —PLy, —Plyy,
(@)
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TABLE I

THE PROPOSED HARMONIC TRANSPONDER AND
RELATED DESIGNS

COMPARISON OF

Reference 2017 2019 2021 This
[7] [8] [9] work
Frequency
GHz 1.2 35 3.5 2.4
Diode HSMS- SMS- SMS- SMS-
2850 7630 7621 7630
Port | Duapon | Shele | Single [ Singl
single- Third-
Type of Ports resonator- order Diplexing
Combination . based hairpin | structure
diplexer | diplexer
Size ko 0.032 x 0.280 x 0.542 x 0.080 x
0.112 0.280 0.635 0.096
Conversion
loss @-25 26.5 dB 17 dB 14 dB 15dB
dBm

where P, is the power received by the Rx antenna, P; is the
power transmitted by the Tx antenna, G}[’]‘ is the gain of the
Tx antenna at fj, GZRJ’EU is the gain of the Rx antenna at 2fj,
G‘}O" and G‘;}‘O are the gain of the Ax antenna at f, and 2f,
and PL;, and PL,/, are the free-space path loss (FSPL) at f
and 2fy, respectively. The FSPL in dB is defined as

471df)

c

FSPL = 20 logm( 3)
where d is the distance between the Tx and Rx antennas, f
is the frequency of the signal, and c is the speed of light.

The red dotted line in Fig. 8 shows the measured conversion
loss of the proposed harmonic transponder. The insertion loss
of the cables and connectors has been taken into account
in the measurement. It can be observed that the measured
results agree well with the simulated ones. When the input
power is between —30 and —10 dBm, the transponder can
achieve a conversion loss of no more than 20 dB. The
proposed harmonic transponder has a stable conversion loss
in a dynamic input power range of at least 15 dB (from —25
to —10 dBm).

Table I compares the performance of the proposed single-
port harmonic transponder with previous works. The proposed
design is the smallest among single-port transponders. A lower
conversion loss is achieved at an input power of —25 dBm,
which proves that the proposed diplexing structure does not
add additional power loss.

IV. COMPACT SINGLE-PORT HARMONIC TRANSPONDER
WITH DC POWER SUPPLY CAPABILITY

A typical passive harmonic transponder can generate har-
monics for communication purposes. Some attempts to append
information to harmonics by modulation have been reported
in the literature [14], [15]. But for applications that require
specific identifier information or specific sensor data, addi-
tional energy harvesting circuitry is required to drive the
modulation module, which greatly increases the size of the
device [16], [17], [18]. The diode-based harmonic transpon-
ders generate harmonics while also producing dc power that
is often wasted. Therefore, the design of a compact harmonic
transponder with dc power supply capability based on the

Port
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Fig. 11. Schematic of the proposed single-port harmonic transponder with
modulation capability.

diodes is proposed here. The single-port design described in
Section III is used in the design so that the transponder can
operate with only one antenna, further reducing the size.

A schematic of the proposed harmonic transponder with
dc power supply capability is shown in Fig. 11. Since this
battery-free system is designed to be used at low power levels
(<0 dBm), a voltage doubler is used to boost the rectified
voltage to drive other modules. The voltage doubler can
provide twice the voltage of a single diode structure at the
same input power without additional boost circuits or power
management modules. The diodes used are HSMS-2850 ones
which have good performance at the power level of interest,
while an HSMS-2852 is a chip with two diodes.

To make use of the harmonic generation and RF-dc rectifica-
tion capabilities of the diode, some modification to the circuit
is needed. Since the short stub TL; will affect the energy
storage function of the capacitor Cy4, the end of the stub TL; is
first connected to a dc block capacitor C3 and then connected
to the ground, so that the dc path can be blocked without
affecting the RF path. Due to changes in the diode used and
the expected input power, the value of the inductor used for
matching also needs to be adjusted accordingly. In the dc
output port, an RF choke RFC is used as a lowpass filter. The
RF choke also prevents the output capacitor C4 from bypassing
the second harmonic to the ground. The output capacitor Cy
connected in parallel with the load resistor R; plays the role
of controlling the ripple and smoothing the dc output voltage.

The proposed compact single-port harmonic transponder
with dc power supply capability is designed to operate at
24 GHz and fabricated on a 1.524-mm thick RO4003C
substrate (¢, = 3.55) as shown in Fig. 12. The RF to dc
conversion efficiency is defined as

n= (Lz‘") x 100% (G))
RL P, in

where V, is the dc voltage across the load resistor R; and
Py, is the input RF power. The results of the harmonic balance
simulation using ADS are shown in Fig. 13. From the results,
under the load condition of 8 to 10 k€2, the performance is
relatively stable. The proposed design with a load of 9.2 kQ
can achieve 60% peak RF-dc conversion efficiency at 3 dBm
input power and can provide up to 3.4 V dc output voltage.
The detailed parameters of the components used are shown
in Fig. 11. The simulated and measured power conversion
loss of the second harmonic generation as a function of input
power is shown in Fig. 14. The proposed design can achieve a
conversion loss of no more than 15 dB when the input power
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Fig. 15. Measured dc output power and the second harmonic power of the
proposed single-port harmonic transponder with dc power supply capability.

is between —10 and 7 dBm. The parasitic behavior of surface
mount components and manufacturing errors that are not fully
accounted for in the simulation can cause subtle differences
between the simulated and measured conversion losses. Fig. 15
shows the measured dc output power and the second harmonic
power at different input power levels. The proposed design can
generate a peak harmonic level of —7.5 dBm at an input power
of 4 dBm. Fig. 16 shows the measured dc voltage in relation
to the dc output power. The proposed circuit can provide a
voltage of up to 3.5 V and a power of about 1.5 mW.

Table II compares the performance of the proposed har-
monic transponder with dc power supply capability with pre-
vious works. Compared with other dual-port designs capable
of generating both harmonics and dc power, the measured
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TABLE I

COMPARISON OF THE PROPOSED COMPACT SINGLE-PORT HARMONIC
TRANSPONDER WITH DC POWER SUPPLY CAPABILITY
AND RELATED DESIGNS

Ref 2017 2018 2021 This
clerence [19] [20] [21] work
Frequency
GHz 0.915 2.6 0.915 24
Diode HSMS- | HSMS- | HSMS- | HSMS
2865 2862 2860 -2852
Port Dual Dual Dual Single
port port port port
Harmonic 46 | 19 | 14 | 12
power level
@0 dBm dBm dBm dBm dBm
RF to DC
conversion 25% | 50% | 35% | 54%
efficiency
@ 0 dBm
Overall energy
conversion rate 25% 51% 39% 60%
@ 0 dBm
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Fig. 16. Measured dc voltage in relation to the dc output power of the
proposed single-port harmonic transponder with dc power supply capability.

harmonic power and RF to dc conversion efficiency of the
proposed single-port design can remain relatively high at an
input power level of 0 dBm. The overall energy conversion
rate (OECR), by taking account of both RF to dc and fj to
2fy conversion, can be calculated as follows:

Py, + V2 /RL
Py,

0

OECR = x 100% (5)

where Py is the input power at the fundamental frequency
and Py, is the output power at the second harmonic. At the
input power level of 0 dBm, the proposed compact single-port
transponder with dc power supply capability can provide a
high OECR as well.

In order to better demonstrate the potential of the proposed
transponder architecture for low-power [oT applications, a har-
monic transponder with On-Off Keying (OOK) modulation has
been designed, as shown in the blue dashed box in Fig. 11.
A nano-power timer TPL5110 was used to generate square
wave signals for modulation. The timer was powered by the
dc output of the harmonic transponder with dc power supply
capability. The required supply voltage of a TPL5110 timer
is from 1.8 to 5.5 V, and the typical power needed is about
90 nW. A transistor ATF-54143 is connected in parallel acting
as a switch. The square wave signal from the timer is used
to drive the gate of the transistor. When the signal is logic
low, the transistor is an open circuit, the harmonic can pass
through. When the signal is logic high, the transistor is turned
on, and the harmonic will be short-circuited to the ground.
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Fig. 18. Received modulated harmonic waveform from the proposed
harmonic transponder with the OOK modulation capability.

Since the switch is separated from the input and output ports
by a quarter-wavelength transmission line, even when it is in
a short-circuited state, it will be converted to an open circuit
at the fundamental frequency. Thus, the additional switch will
not affect the fundamental frequency input from the port.
Fig. 12 shows the fabricated harmonic transponder with
the OOK modulation capability. It was designed to operate
at 2.4 GHz and fabricated on a RO4003C substrate. Fig. 17
shows the block diagram of the experimental setup for the
proposed harmonic transponder modulated by a timer-driven
switch. The signal analyzer was replaced by an oscilloscope
to display the modulated waveform. A bandpass filter with
a center frequency of 2fy was placed between the antenna
and the oscilloscope to filter out the fundamental frequency
signal. The harmonic transponder was placed 1.8 m away from
the receiving antenna. By adjusting the power level of the
transmitter at the base station, the effective isotropic radiated
power from the Tx antenna was 36 dBm. At this time, the
received RF power by the harmonic transponder was 0 dBm,
and the dc output power was 0.5 mW with a voltage of 2 V.
It can meet the power supply requirements of the chip, that
is, the power is greater than 0.09 mW and the voltage is
higher than 1.8 V. The modulated harmonic signal received
by the oscilloscope is shown in Fig. 18. The harmonic signal
has been modulated by the ON-OFF clock signal from a timer
TPL5110. Due to the modulation scheme in which the output
port is connected in parallel, the transistor is not completely
grounded when it is turned on, and its ON-resistance will cause
part of the signal to leak to the output port. This makes the
modulation depth less than 100%, but its high and low levels
can be clearly distinguished. The TPL5110 can only provide a
minimum time interval of 100 ms, thus the clock rate is 10 Hz.

the front circuit. It can be seen that the dc power provided
by the proposed harmonic transponder with dc power supply
capability can provide dc power to an add-on chip and provide
a harmonic signal as a carrier for communications.

V. CONCLUSION

This article has reported a new architecture for the design
of compact single-port harmonic transponders. The proposed
diplexing structure based on stubs and transmission lines
eliminates the need for a diplexer in single-port harmonic
transponders. The network can provide excellent isolation
between the fundamental frequency and second harmonic
signals. Compared to a single-resonator-based diplexer, the
proposed network has a lower insertion loss, a wider band-
width, and a more compact size. Due to the simplicity of the
structure, the transmission line can be folded to reduce the
area further without compromising performance too much.

This diplexing structure can also be used to design a
compact single-port harmonic transponder with dc power
supply capability, achieving the goal of operating with a single
antenna while maintaining a compact structure. A simple
OOK communication system based on the proposed design
has been constructed to demonstrate the usefulness of the
proposed method. In the actual test, the dc power obtained by
the harmonic transponder successfully modulated the second
harmonic. It has been proven that the harmonic transponder
with the proposed architecture is a very promising solution for
future low-power IoT applications.
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