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Diplexer-Based Fully Passive Harmonic
Transponder for Sub-6-GHz 5G-Compatible
[oT Applications

Xiaoqiang Gu"', Graduate Student Member, IEEE, Srinaga Nikhil N, Graduate Student Member, IEEE,

Lei Guo

Abstract— A novel diplexer-based fully passive transponder is
presented in this paper, which targets sub-6-GHz 5G-compatible
internet-of-things applications. To alleviate the antenna design
restrictions of traditional transponder with two separate anten-
nas, a new architecture has been proposed with the introduction
of a diplexer, which allows transponder to simply employ a dual-
band antenna. In this paper, a dual-band circularly polarized
omnidirectional spiral slot antenna, with enhanced bandwidth
and gain performance, is designed as the transponder Tx/Rx
antenna. Besides the new architecture, a diode selection criterion
is proposed as well. Analytical models are derived, showing
relationships between the diode’s SPICE parameters and the
conversion efficiency or conversion loss (CL) of such diode-based
transponders. With help of the analysis, transponder designers
can easily identify diodes to implement transponders with better
performance. Under the guidance of the criterion, low-barrier
diode SMS7630 is chosen for verification. Measured CL results
of the transponder circuitry part show a noticeable improvement
over the state-of-the-art works. The complete prototype was
tested with radar’s transmitting power of 25 dBm, and it presents
a maximum read-out distance up to 7 m when the operating
fundamental frequency is 3.5 GHz.

Index Terms—5G applications, diplexer, frequency doubler,
harmonic radar, harmonic tag, harmonic transponder, RFID,
Schottky diodes, target detection.

I. INTRODUCTION

HE entire world is about to embrace f fth generation (5G)
communication technology by 2020 or so [1]. Recently,
a two-hop relay based on an integrated millimeter wave/
sub-6-GHz 5G network has been evaluated, featuring a com-
bination of high data rates and a larger coverage [2]. In an
early phase of commercialization, the sub-6-GHz frequency
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band seems a more practical choice in terms of reusing
all the existing base stations and design expertise/practices.
Specif cally, the lower part of C band (3.4-3.6 GHz) has been
allocated as a new IMT band at World Radiocommunication
Conference 2015 (WRC-15), making this frequency band a hot
topic among the 5G community [3]-[6]. Also, with a rapid
development, the internet-of-things (IoT) technology is no
more simply a buzzword of today. The number of [oT devices
is forecast to reach approximately 28 billion by 2021 [7].
Meanwhile, 5G and IoT technologies are not advancing in
parallel separately. For example, 5G speeds up expanding
and maturity of IoT technology [8]. Thus, 5G-compatible IoT
technology is believed to be a new trend, offering new business
opportunities for global economic growth and shaping our
future life [9].

Wireless sensing, as one of the main applications in the
scope of 5G-compatible ToT applications, becomes an ever-
challenging task, due to an increasing number of sensor nodes
and a combination of heterogeneous networks. Sensing system
with desirable features, such as high reliability, low cost,
compact size, and ultralow power consumption, is highly
demanded. Harmonic radar and transponder-based sensing
system is an attractive candidate to resolve such dilemmas.
This technology was explored more than 50 years ago and
has gone through a fast development since then [10]. In this
concept, the radar interrogates a transponder at the funda-
mental frequency fo. The transponder attached on the tar-
get then refects a higher harmonic, which can be detected
by the radar system. Such transponders are realized at the
second-harmonic frequency 2 /) in most cases [11]. Due to
its high robustness to radar clutter interference, harmonic
radar and transponder-based sensing system has already been
applied in many different scenarios, such as studying bumble
bee’s foraging range [12], tracking wood frogs [13], RECCO
avalanche victim searching system [14], and cracked wall
monitoring [15].

For the transponder design, a traditional topology consists
of a pair of antennas (one for receiving and the other for
transmitting) and a nonlinear device, as shown in Fig. 1.
For the resonant antennas, since the Rx antenna operating at
the fundamental frequency fy would resonate at the second-
harmonic frequency 2 £, high isolation between Tx and Rx
antennas is highly desired to obtain a good performance.
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Fig. 1. Architectural comparison of harmonic radar and transponder system
based on traditional and proposed topologies.

For example, to realize such high isolation, linearly polarized
antennas have to be placed orthogonally [16]. However, any
specif ¢ requirement restricts the freedom of the antenna
design.

In the scope of this paper, a novel diplexer-based fully
passive harmonic transponder is proposed with its topology
presented in Fig. 1, along with the conventional architecture
for comparison. The diplexer to be introduced in the work
has pass-bands for both fundamental and second-harmonic
frequencies and provides signif cant isolation between them.
This feature relaxes the antennas design with stringent require-
ments. Thus, the traditional pair of Tx and Rx anten-
nas designed to have a large isolation at the expense of
radiation performance can be simplifie as a dual-band
antenna optimized for improving its radiation performance and
bandwidth.

The initial circuit design and preliminary measurement
results were demonstrated in [17]. In this paper, analyti-
cal models are proposed to establish relationships between
the diode’s SPICE parameters and transponder conversion
loss (CL). Thus, a diode selection criterion is created,
which transponder designers can greatly beneft from. Also,
the analysis shows the roles of capacitive and resistive nonlin-
earity in producing second-harmonic power. To implement a
complete transponder, a dual-band circularly polarized spiral
slot antenna is designed and fabricated to operate as the
transponder antenna. Finally, a joint measurement including
the harmonic radar and the complete transponder is performed
and the results are analyzed carefully. The integrated fully pas-
sive transponder demonstrates an improved CL performance
and a noticeable read-out distance of 7 m at the fundamental
frequency of 3.5 GHz.

This paper is organized as follows. Section II presents
the proposed analytical models of the diode-based harmonic
transponder to establish a diode selection criterion. Section III
covers design details of the transponder, including separate
diplexer, spiral slot antenna designs, and their integration.
In Section IV, results from measurements are presented and
discussed. Finally, the conclusion is drawn in Section V.
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Fig. 2. Circuit schematic of a typical harmonic transponder (second harmonic
generation).
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Fig. 3. Equivalent circuits describe the harmonic transponder operating at
different frequencies at the (a) fundamental frequency fo and (b) second-
harmonic frequency 2 fy.

II. ANALYTICAL MODELS OF THE
HARMONIC TRANSPONDER

The schematic of a typical harmonic transponder cir-
cuitry part utilizing second-harmonic generation is presented
in Fig. 2. To exacerbate the nonlinear conversion process in the
diode, quarter-wave short-circuited and open-circuited stubs
are placed around the diode. At the fundamental frequency fo,
the quarter-wave short-circuited stub operates as open at its
input, whereas the quarter-wave open-circuited stub evolves
into a short end at its input. Thus, the injected RF signal at
fo passes through the input matching network and reaches
out to the diode input. However, the quarter-wave open-
circuited stub at fj at the output shorts the fundamental signal.
The equivalent circuit of the harmonic transponder at the
fundamental frequency fy can be described as in Fig. 3(a).
At the second-harmonic frequency 2, the short-circuited
and open-circuited stubs turn out to be short and open ends,
respectively. The diode becomes a second-harmonic energy
generator in this case. Due to the stubs and the output matching
circuit designed for 2 f;, maximum second-harmonic power is



sensed at the output port. The equivalent circuit depicting the
above scenario is presented in Fig. 3(b).

Note that the input and output matching networks are
removed for simplif cation. The diode is represented by the
Shockley model, consisting of junction resistance R;, junction
capacitance C;, and series resistance R, [18]. Parasitic capac-
itance C,, and inductance L, are used to model the packaging
effect. The fundamental RF source is described by a Thevenin
equivalent circuit in Fig. 3(a), whereas the diode serving as
a second-harmonic source is modeled by a Norton equivalent
circuit in Fig. 3(b). Also, V7 is the node voltage as shown
in Fig. 3.

A. Explicit Model A

The injecting fundamental RF signal is assumed to have
a cosine waveform with a magnitude of ¥y and angular
frequency of wg. Therefore, it can be expressed as

Vin = Vo cos(wot). M

As shown in Fig. 3(a), the voltage across the diode junction
can be expressed by

Von = V1 cos(wot). 2)

The exponential model of describing diode’s current / and
voltage V' is adopted here [19]

Ve V1 cos(wgt)
Tdiode = Is x [eﬁ - 1] =1I X |:e LT — 1} 3)

where [ is diode’s saturation current and n is the ideality
factor. V; = k x T'/q represents the thermal voltage. k, 7', and
g are Boltzmann’s constant, operating temperature (in Kelvin),
and electron charge, respectively. This exponential /" model
remains valid in the analysis since the power dealt with by the
harmonic transponder is usually small. By using small signal
theory, the /7 model can be expanded by the Taylor series
around the 0 V bias point [20], [21]

VON
nxVt

B,
(n x V1)22!
Von

(n x Vit)'n!

Ldiode = Is % [

+ } )

The frst two terms can be used for approximation in a
low power range. Thus, substituting (2) into (4), one can
obtain the fundamental current and then calculate the absorbed
fundamental power level

stVl2

e 5
2xnxVt ©)

Pro A=

As can be seen from Fig. 3(b), at the second-harmonic
frequency 2 /), the junction can be considered as a power
generator. The second-harmonic current due to the junction
resistance can also be extracted based on (4)

IS><V12

— m x cos(Qwopt). (6)

IR

The voltage-controlled junction capacitance is character-

ized by

Von Y ¥

7) (7

J

where V; and M are junction potential and grading coeff cient,
respectively. Cjo is the zero bias junction capacitance. Note
that the diffusion capacitance is not considered in the analysis
when the diode is forward biased. Thus, the charge stored in
the junction capacitance is

CJ(VON) = CJO X (1 -

C]() X V] VON =M

QCj(VON) Z/ Cj(VON)dVONZ M—1 X 1—7]_ - (8

By applying Taylor series to Q¢; and getting the second
term as an approximation, the current becomes

CioxM 2
o A0 Vo) a{% < v} ©
€= dt dt '
Ic; is obtained by substituting (2) into (9)
Cjo x MxV?
Icj ~ — JoX X1 X @0 x sin(2wot). (10)

2V

It can be observed that /g; and Ic; have a phase differ-
ence of 90°. Then, the total current at the second-harmonic
frequency 2 f|) can be written as
IS><V12 ) CjoxMxV%xcuo (11
= — 1 X .

4x (nx Vt)? 2V;

Note that /; is the short-circuited current of the diode source.
Before calculating the output current /oy through applying the
current division rule, the source internal impedance Z,, of the
diode needs to be determined frst

7, = R x Qo) (12)
Rjo + (i200C o)
in which Rjo = nV;/Is is the zero bias junction resistance.
Then Iy is obtained by

I

Zp
Z P + Rs + Z out.
The packaging capacitance and inductance are not included for

simplif cation in this model. Then, the total generated second-
harmonic power can be expressed as

]:ut X Loyt X (Zzp + Ry + Zout)). (14)

Thus, the conversion eff ciency from fundamental frequency
to second-harmonic frequency can be defned as

Toyt = I; x

(13)

Py o A = real (

Prro A
Pro A
Pro A N
2 4 Vj2

Z;’; X Zp
xrealf ————
Z}'; + Rs + Zout

5 (m%o . (@0CjoMR ,-0)2)

(15)



where Njg is zero bias current responsivity and calculated by
1/(2 xn x Vt). Based on (15), one knows that to increase
the conversion eff ciency, a higher input power works like
the case of a low-power rectifie. 919 is usually associated
with the inherent nature of junction. Thus, fnding a diode
with smaller junction potential V; and series resistance R;,
but larger grading coeffcient M can enhance the conversion
efficien y.

B. Accurate Model B

Several approximations are made in model A to get
an explicit expression (15) clearly showing the relationship
between key SPICE parameters and the conversion efficien y.
To get a more accurate model, modification in calculating the
fundamental input power and the second-harmonic current due
to junction resistance R; are required [22].

The Bessel function can be used to extract each harmonic
component of the diode current in (3) effectively [23]. There-
fore, the fundamental current can be written as

. . N
Ipg =1 x [2 X[ X Ji (—zn » Vt):| x cos(wpt) (16)

where J,(x) is the Bessel function of frst kind of order v.
The injecting current can be obtained by applying the
Kirchhoff Circuit Laws considering the effect of the packaging
components

In =150+ V1 xiwpC;
+ (o + V1 xiwgCj) x Ry + V1) x icwoCp. (17)

Meanwhile, the injecting voltage can be expressed by

Vin=V1+4+ Uyo+ V1 X iwoCj) X Ry + Ijy x icwgL,. (18)
Hence, the injecting power can be calculated by
Vip x I
Pyo p = real (7 > '") : (19)

In the calculation of Prg B, C; is simplifie to be zero bias
value Cjo in the power range of interest. Note that there is only
one unknown Vi in (19). So, when Py g is assigned, V' can
be easily obtained by solving (19). Next, based on (3), /z; »
can be obtained by selecting the component at the second-
harmonic frequency 2 f

1%
Inj 5 = Iy x [—2 x J (—i ! )} x cosQawot). (20)
- nxVt

Together with Ic; expressed in (10), the generated
second-harmonic current is

I; p =1 2 x J. N j
=[x |[—=2X —I —1
‘B * : nxVt

2
Cjo x MxVy xa)O. 1)
2V;

Next, the current coming out of the diode /oyt g can be
written by

Zp
(Zow+i200 L p)x (i200Cp) !
Zout+i2w0 L p+ (200 Cp)~!

(i200C,p)~"!
Zout +i2w0L p + (i200C )~

Iout 3 =1 p X
Zp+ Ry +

(22)

TABLE 1
KEY SPICE PARAMETERS

Parameters 83\37897&3:0 HSI\;IOS -28 HM§ (? -28 SMV 1430
Cjo (PF) 0.14 0.18 0.7 1.11
I; (A) Se-6 3e-6 2.2e-8 le-14
R, (Q) 20 25 8 3.15
n 1.05 1.06 1.08 1
Vi (V) 0.34 0.35 0.65 0.86
M 0.4 0.5 0.5 0.5
Cp (pF) 0.16 0.08 0.08 0.13
L, (nH) 0.7 2 2 0.7

" Diodes SMS7630 and SMV 1430 are from Skyworks. Inc. The remaining
two are from Avago Technology.
" All diodes are Schottky diodes except a varactor SMV 1430.

where Z,,: is the output impedance equal to the complex
conjugate of the packaged diode’s impedance in order to
maximize the power transfer to the output port. Then, the gen-
erated second-harmonic power reaching the output can be
expressed by

(23)

I(;kutiB X Iout_B X Zout)
2 .

Py o B = real (
Thus, the conversion efficien y can be calculated
n= %[112?];3 + 1]
Zp

(Zout+i2w0 L p) x (20 Cp)_l
Zout+i2w0 L p+(i2a0 Cp)_l

-real

Zp+ Ry +

2

(i2w9C,) !
P xZout .

X
Zout+i2a)oLp+(i2a)0Cp)_1

24

Correspondingly, the CL in dB (a different way expressing
the conversion eff ciency) then can be easily determined by

CL = Pyo p(dBm) — P, s g(dBm). (25)

Several commonly used diodes are selected for verif cations.
Their key SPICE parameters are listed in Table I. Since the cal-
culation starts from the /—V relationship of the selected diode
and the input power of the diode is then obtained, the source
impedance is not specifed in both models. During the ver-
if cation, the input power is swept from —50 to —30 dBm.
Calculated CL results along with simulated results by ADS
Harmonic Balance simulator of each diode-based transponder
are presented in Fig. 4. It can be clearly observed that the
calculated CL results are in good agreement with the simulated
ones by ADS, verifying the great accuracy of the proposed
analytical model B. Moreover, diode SMS7630 shows a better
CL performance than the others in the power range of interest.

Good accuracy of model B can help us study the contri-
butions of capacitive nonlinearity C; and resistive nonlinear-
ity R;, in terms of generating the second-harmonic power.
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Fig. 4. Comparison of calculated and simulated CL performance of four
typical selected diode-based transponders, when the injecting power is in a
range of —50 to —30 dBm. The diodes are SMS7630, HSMS-2850, SMV 1430,
and HMPS-2820.

As can be seen from Fig. 5(a), the CL is calculated based
on SMS7630, with all parameters kept the same but Cjq
swept from 0.1 to 1.2 pF and I from 0.01 pA to 10 uA.
I; is inversely proportional to Rjo, so the variation of Rjg
is from 2.7 kQ to 2.7 TQ. The corresponding values of R
have also been listed in Fig. 5(a) and (b). The power level in
this analysis is —30 dBm. Four diode candidates are labeled
in Fig. 5(a) and (b) based on their C;o and R;o values. Note
that it is assumed that SPICE parameters of other diodes are
the same as SMS7630 except C;o and Rjo in this plotting.
This assumption is based on diode’s C;o and R;o are two
dominant factors determining the CL performance. By doing
so0, one can easily know the performance of each diode-based
transponder. SMS7630 and HSMS-2850 are clearly better
choices. Also, Fig. 5(a) and (b) helps to establish a transponder
diode selection criterion regarding R;o and Cjo, which is
higher R;o (lower I;) and lower Cjo are desired. However,
considering the potential diff culty of matching network design
due to an extremely high Rjo, it is almost impossible to use
diodes which locate in the left bottom corner of Fig. 5(a).
Together with the conclusions based on model A regarding
Vi, Rs, and M, a complete diode selection criterion has been
successfully established.

Also, the ratio of power due to resistive nonlinearity over
total generated second-harmonic power can be calculated by

I3
Ratio = ——J . (26)
16+ Ik

This ratio is plotted in Fig. 5(b). The red line denotes 50%,
which means that C; and R; contribute equally to the gen-
eration of the second-harmonic power. The location of diode
SMS7630 is close to the red line. Also, if a better-performed
diode can be found as mentioned before, its capacitive nonlin-
earity will be dominant in second-harmonic power generation.

Among the four candidates, the best diode SMS7630 is
selected to investigate the contributions of C; and R; in
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Fig. 5. (a) Calculated CL results when sweeping C;o and Is (Rjo).

Four diode candidates are labeled according to their C;o and I (Rjo).
(b) Calculated ratio of power due to resistive nonlinearity over total generated
second-harmonic power, when sweeping C ;o and Is (R ;0). (c) Contribution of
C; and R; of diode SMS7630 versus injecting power from —50 to —30 dBm.

terms of different power levels. As shown in Fig. 5(c),
R; becomes more dominant with the increase of the injecting
power.
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The nonlinearity of diodes is commonly used in frequency
conversion. Another popular application scenario is applying
diodes for rectif er design, which converts RF power into dc
power. The conversion mechanism is similar. Thus, a com-
parison of diode’s performance in two different application
situations could be meaningful. Fig. 6 shows the conversion
efficien y performance of two diodes-based rectifier and
transponders. SMS7630 behaves better when used in rectif er
while HMPS 2820 better for the transponder. According to
it, one knows that for a specifc design, a careful selection
is essential. Thanks to the criterion addressed in this paper
and our previous work regarding rectif er diode analysis, it is
hoped that transponder and rectif er design can become more
convenient.

IIT1. INTEGRATED DESIGN OF THE
HARMONIC TRANSPONDER

A. Diplexer Design

As the component offering two passbands and high iso-
lation between ports, the diplexer plays a vital role in this
circuitry [24]. The fundamental frequency fy of the diplexer
is 3.5 GHz according to the new IMT allocated by WRC-15.
In this diplexer, port 1 connects to the transponder antenna,
through which the fundamental signal is injected into the
circuit. Due to the strong coupling between ports 1 and 3,
the injected fundamental signal reaches port 3. Subsequently,
it goes through the transponder circuitry shown in Fig. 2 and
generates second harmonic which reaches port 2. At the
second-harmonic frequency 2/, ports 2 and 1 are strong
coupled. So, the second harmonic signal reaches port 1 and
radiates through the transponder antenna. The smooth signal
transmission also relies on a strong suppression of fundamental
and second harmonics between ports 2 and 3, respectively.

In the middle of the diplexer circuit, a U-shaped half
wavelength open-circuited microstrip line resonator at the
fundamental frequency f is inserted, as presented in Fig. 7(a).
The locations of each port around the resonator are crucial to
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Fig. 7. (a) Layout of the diplexer. Dimensions: wi = 1.27, wp = 0.323,
w3 =034, /) =6, =10, 3 =838, g1 = 0.127, gop = 0.08, 51 = 3,
s = 0.86, in mm. (b) Voltage distribution for an open-circuited microstrip line
resonator at the fundamental and second-harmonic frequencies. The locations
of each port are labelled along the resonator. (c) Current distributions.

accomplish such a strong coupling and suppression of desired
modes simultaneously. Fig. 7(b) illustrates the voltage distrib-
ution for an open-circuited microstrip line at the fundamental
and second-harmonic frequencies, respectively. At the funda-
mental frequency fo, it is obviously better for ports 1 and 3
to be placed at the two ends to obtain a strong coupling.
Note that the same microstrip line evolves into a A resonator
at the second-harmonic frequency 2 /. To ensure a desired
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diplexer.

strong coupling, port 2 needs to be located in the middle and
at the same time port 1 remains at one end. It is observed
that during the transmission of the fundamental tone between
ports 1 and 3, no power would leak out to port 2. However,
port 3 has to be moved to a location where zero voltage occurs
on the resonator as shown in Fig. 7(b), in order to minimize
the leakage of second-harmonic power to port 3. Such a
rough analysis enables quickly locating each port around the
resonator. The exact dimensions of the diplexer are obtained
through a postoptimization, which are all listed in the caption
of Fig. 7. The current distributions at the fundamental and
second-harmonic frequencies are demonstrated in Fig. 7(c).
The characteristic impedance of microstrip line at port 1 is
designed to be 50 Q, and at ports 2 and 3 to be 100 Q.
The substrate used here is Rogers RT/duroid 6002 with 20-mil
thickness and 18-um copper cladding.

The proposed diplexer is simulated by ADS Momentum
microwave simulator. Fig. 8 presents the comparison of sim-
ulated and measured S-parameter results, which match well.
Although the measurement was conducted using a standard
50-Q lab setup, the measured results are transformed to
a 100-Q reference for a fair comparison with the simulation
results for ports 2 and 3 and presented in Fig. 8. The results
shown are the measured insertion loss values of the passbands
at the fundamental and second-harmonic frequencies are both
less than 1.5 dB, and measured isolation between ports 2 and 3
at both frequencies is over 25 dB.

B. Circuit Integration

With the aid of the aforementioned analytical models and
analysis of multiple diodes for CL performance in Section II,
the outperforming diode SMS7630-079LF is selected for
designing the transponder circuitry. The transponder circuitry
integration with the proposed diplexer is presented in Fig. 9(a).
The input and output ports shown in Fig. 2 are, respectively,
connected with the ports 3 and 2 of the diplexer in Fig. 7(a).
The impedance matching between port 3 and the diode is

output
matching |
network |

..........

V'
@

input matching
network

@

diplexer

(b)

Fig. 9. (a) Circuit schematic of the diplexer-based harmonic transponder.
(b) Experimental prototype.

realized by the input matching network at the fundamental
frequency fo. At the output port, the diode impedance is
matched to port 2 by the output matching network at the
second-harmonic frequency 2f,. The diode impedance is
mainly dependent on R; and C; as shown in (12). Since
the selected diode SMS7630 is a low barrier diode, a simple
L-matching network is a satisfactory choice in this case.

In this design, power conversion from the fundamental
frequency fo to the desired second-harmonic frequency 2 f,
needs to be maximized. In other words, any other harmonic
conversion should be reduced, especially RF-to-dc conversion.
Thanks to the gap coupling feature of the diplexer, a conven-
tional capacitor working as the dc block is not necessary at
the output port any more. Finally, the fabricated circuity part
of the transponder demonstrates a compact and well-rounded
design, with the experimental prototype shown in Fig. 9(b).

C. Transponder Antenna Design

The antenna designed to integrate with the harmonic
transponder circuitry should satisfy the minimum requirements
of the dual-band operation, to receive signal at 3.5 GHz
and transmit at 7 GHz. Also, the omnidirectional radiation
performance is preferred to increase the spatial coverage [25].
Considering a compact and eff cient module, it is better to
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Fig. 10. Top view and side view of proposed dual-band circularly polarized
spiral slot antenna with all dimensions marked: 3 5 = 10.3, 535 = 0.57,
w3 s = 0.95 r7 =48, 57 =1.6, w; = 1.3, wf = 0.67, If = 13.6, w = 35,
and / = 35, in mm; 03 5 = 20°, 67 = 10°, N3 5 = 1.158, N; = 1.10; The
substrate is Rogers RT/duroid 6002 of thickness 20 mils, the same one used
for the transponder circuitry.

design the antenna utilizing the same ground plane and feed
line of the circuitry. Based on these requirements, slot antennas
excited by the feed on the other layer of the substrate is
an attractive solution. Circular polarization is chosen for the
demonstration and is not limited to it. For our application,
the dual-band spiral slot antenna proposed in [26] has been
improved in bandwidth by replacing the radius variation after
each quarter turn with continuous radius variation and aligning
the two spiral slots at different angles.

The design is presented in Fig. 10, with all the dimensions
marked. It has two spiral slots of different radii to operate
as a dual-band antenna at 3.5 and 7 GHz. The spiral on the
outer perimeter is designed to operate at 3.5 GHz and the
inner one at 7 GHz. These two slots are simultaneously excited
through a single microstrip line feed placed on the opposite
layer of the substrate. Also, the coupling between these two
slots signif cantly improves the bandwidth at both the design
frequencies. The spiral slot radius is varied with respect to (27)
for both slots

(0 — o)
- >
2w

where 79 and 6y are the initial radius and initial angle of spiral,
w is the width of slot which is constant throughout, s is the
spacing between turns, N is the number of turns, and 4 is the
angle of rotation.

The simulated matching performance of the individual sin-
gle spiral slots along with that of dual-band spiral slot is
presented in Fig. 11(a). The improvement in matching perfor-
mance of the dual-band spiral slot antenna at both the design
frequencies is realized by optimizing the coupling between
individual spiral slots. The measured results of the proposed
dual-band spiral slot antenna agree well with simulated results
for both the matching performance and the axial ratio as
shown in Fig. 11(b). It has a measured —10-dB matching

r=ro+w+s)N, N= 0 (27)
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Fig. 11. Comparison of (a) matching performance for individual spiral slots
along with dual-band spiral antenna and (b) simulated and measured matching
and axial ratio performance of dual-band spiral slot antenna.

bandwidth of 66% (from 2.9 to 5.8 GHz) at 3.5 GHz and
28% (from 6.3 to 8.4 GHz) at 7 GHz, and a measured axial
ratio of 1.56 dB (simulated —2.1 dB) at 3.5 GHz and 2.3 dB
(simulated —1.5 dB) at 7 GHz.

E-feld variation results of the proposed antenna with time
at both frequencies are shown in Fig. 12. It shows that the
E-fiel varies in a circular pattern, confrming the circular
polarization behavior of the proposed structure at both the
design frequencies. It can be observed that the spiral slot with
larger radius contributes significa tly for radiation at 3.5 GHz,
while the inner spiral slot contributes for 7 GHz.

Radiation effciency of the proposed antenna is 98.5%
at 3.5 GHz and 98.4% at 7 GHz and has a gain of 4 dB at
3.5 GHz and 3.8 dB at 7 GHz. Simulated radiation pattern
for LHCP and RHCP at both the design frequencies are
normalized and are shown in Fig. 13. The radiation pattern
is measured with the linearly polarized standard gain horn
antenna in xz plane and yz plane, at both the frequencies
and the normalized results match closely with the simulations,
as shown in Fig. 14.
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Fig. 13.  Simulated LHCP and RHCP at (a) 3.5 and (b) 7 GHz.

IV. TRANSPONDER MEASUREMENT AND DISCUSSION

As observed from the transponder circuitry in Fig. 9(b),
there is only one port (port 1) handling both the receiving
and transmitting signals. This necessitates the use of a 3-dB
hybrid coupler to detect the output second-harmonic power
level in measurements. Fig. 15(a) shows the block diagram
of the measurement setup, including the power transfer at
two frequencies. The signal generator connected to port A
of the hybrid coupler provides power at the fundamental fre-
quency fo. Half of this power reaches the transponder. Then,
the second-harmonic output generated by the transponder at
port C is transferred to port B, where a half of the power
arrives at the signal analyzer. This signal analyzer displays the
generated second-harmonic power level. The setup realized in
the Poly-Grames Research Center is shown in Fig. 15(b).

The measured CL results of this transponder are demon-
strated in Fig. 16, excluding all insertion loss of the coupler
and cables. The input power range in the measurement is
from —35 to —25 dBm. The simulated results from ADS
Harmonic Balance simulator are included in comparison with
measured ones, demonstrating a good match between them.
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Fig. 14. Comparison of simulated and measured normalized radiation pattern
in xz and yz planes at (a) 3.5 and (b) 7 GHz.

Also, the CL results reported by previous related works are
presented for comparison [15], [27]. By careful study and
utilizing of identifie low-barrier diode, the CL performance
of the proposed fully passive transponder has been improved
greatly compared to previous works.

After this preliminary measurement, a joint measurement
of the complete transponder is conducted in the lab. From
the building block sizes shown in Fig. 17(a), an integrated
transponder with dimensions of 60 mm x 35 mm is feasible.
The measurement setup to test the complete transponder
is presented in Fig. 17(b). Both the radar Tx/Rx antennas
are horn antennas from ETS-Lindgren, which are model
3160-05 and 3160-06. Note that although the frequency range
for model 3160-05 is from 3.95 to 5.85 GHz, it still works
properly at 3.5 GHz after verifie by S parameters mea-
surements. The radar Tx antenna is connected with a signal
generator to radiate fundamental power. And received power
by Rx antenna is monitored through a signal analyzer. This
describes the setup of the radar side. For the transponder side,
the prototype is fxed on a moveable wooden base using tapes
as shown in Fig. 17(b).
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Theoretical link budget analysis (in dB) is based on Friis
transmission equation [28], which yields

Pr=Pi+Gl,+TLj+Gj,

—CL+ Gl +TLys, + Ghy  (28)

where the def nitions of parameters included are listed below.
The transmission loss is calculated by

A
/4

in which 4 is the wavelength and d is the transmission
distance.

For measurements, the power level provided by the signal
generator is set to be 25 dBm. The gain of the Tx antenna is
16.7 dBi at 3.5 GHz. For the energy detection side, the gain
of Rx antenna is 17.1 dBi and the noise foor of the signal
analyzer is —100 dBm. The received power by the radar
varying distance is presented in Fig. 18. The testing distance
starts from 2 m which ensures that both horn antennas are
operating in the far-feld. In the measurements, the separate
antenna and circuit parts are effectively used to obtain the
fundamental power illuminating the transponder antenna and

(29)
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Fig. 16. Comparison of simulated and measured CL results of the proposed
harmonic transponder. Some related results reported recently have also been
shown for comparison

Rx antgnna

generator

(b)

Fig. 17. (a) Proposed experimental prototype of the transponder.
(b) Measurement setup in the laboratory.

the second-harmonic power transmitted by the same transpon-
der antenna. Thus, these data help establish the power link of
the harmonic radar and transponder-based system, showing a
global picture of each dissipation part. The above information
is included in Fig. 18. It clearly shows that the loss due to the
transponder is low. Also, in the Fig. 18, calculated received
results are also presented for comparison. Considering a noise
foor of —100 dBm, the maximum read-out distance for this
setup is about 7 m.
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Fig. 19. Setup diagram for the calculation of FOMg.

To fgure out a fair way to compare our transponder with
other state-of-the-art works, the harmonic radar performance
and transmission loss due to different frequencies need to
be normalized. Thus, it is assumed that each transponder is
tested under the same circumstances, which we assume radar
transmits 25-dBm power and both Tx/Rx antennas have a
gain of 10 dBi. Although each transponder was measured
in a different power range within each work, each covers
the same injecting power level into diode of —25 dBm.
Thus, during the comparison, the diode’s injecting power is
assumed to be —25 dBm for each transponder. As shown
in Fig. 19, the operating fundamental frequency is assumed to
be 3.5 GHz. Based on the transponder information provided in
each related work, a f gure-of-merit of transponder’s maximum

TABLE II
DEFINITIONS OF PARAMETERS IN (28)

Parameters

P, Power received by radar at 2f;,

P, Power transmitted by radar at f,

Gt, Transmitting antenna gain of the radar
TLg, Transmission loss in the space at f;

G, Receiving antenna gain of the transponder

G, Transmitting antenna gain of the transponder
TLyy, Transmission loss in the space at 2f

G, Receiving antenna gain of the radar

TABLE III
COMPARISON BETWEEN THIS PAPER AND PREVIOUS RELATED WORKS

work [15] [29] [27] this work
Type Passive Passive Passive Passive
Op. freq. 0.868 &

(GHz) 12&24 1&2 1.736 35&7
Size (mm?) 75 % 65 80 x 35 200 x 125 60 x 35
No. of ant. 2 1 2 1
Ant. Gain 3.3@fy 1.3@f, 1.6@f, 4@f o

(dBi) 3@2f, 1.7@2f, 2.6@2f, 3.8@2f,

Polarization LP LP LP CP
CL (dB)
@—25 dBm 26.5 19.9 30 17

d, /d, 10.0/4.1 7.9/7.5 8.2/2.6 10.8/13.3
FOM, (m) 7.0 7.7 5.4 12.0

detection range (FOMy) can be define and then calculated

dy+d
FOM, = % (30)
in which
c
dy = —(Pr+Gly+25+G1,) (31a)
fo x4m x 10 20
c
dy = —(15—CL+G!,.+Gly) (31b)
2fg x4r x 10 200

Note that the calculation of FOM, also assumes that the
antenna gain and CL of each transponder are still the same
at 3.5 GHz.

A comparison between this paper and other state-of-the-
art works is listed in Table III. All of them are fully passive
harmonic transponders. Our proposed transponder features
more freedom of transponder antenna design, thanks to which
a dual-band circularly polarized omnidirectional antenna with
enhanced bandwidth performance, higher radiation eff ciency,
and gain are possible. The proposed transponder is able to
deliver lower CL, when the input power level is at —25 dBm.
Due to the lower CL and higher transponder antenna gains, our
proposed transponder prototype shows a noticeable improve-
ment regarding the FOM, as shown in Table III. The calcu-
lation of FOMy has several assumptions. For example, all the
insertion loss is ignored. The injecting power of transponder



is fi ed to be —25 dBm. Thus, the FOMy is larger than the
measured read-out distance.

V. CONCLUSION

This paper proposes and presents a novel diplexer-based
fully passive transponder. Comparing with traditional archi-
tectures with two separate antennas, the proposed transponder
allows the antenna design to enjoy more f exibility by adding a
diplexer into the circuitry part. Analytical models are proposed
to reveal relationships between the diode’s SPICE parameters
and transponder CL or conversion eff ciency. A selection crite-
rion is established and can be used to simplify the transponder
design. With the aid of this criterion, the outperforming low-
barrier diode SMS7630-079LF is chosen for experimental ver-
if cation. The proposed transponder shows lower CL of 17 dB
at the input power of —25 dBm in the measurement, showing a
superior performance compared to the state-of-the-art works.
A dual-band circularly polarized omnidirectional spiral slot
antenna is designed as the transponder Tx/Rx antenna. The
antenna shows improved performance regarding gain and
bandwidth. In a measurement of the complete transponder, it
is able to reach a read-out distance range up to 7 m, when the
operating fundamental frequency is 3.5 GHz. This proposed
fully passive transponder is believed to have a great potential
for sub-6-GHz 5G-compatible IoT applications.
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