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Harmonic Transponders: Performance and Challenges
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Abstract—Performance of a harmonic transponder strongly depends on the properties of the antenna
and diode used, which makes finding a good combination of them very important. For a transponder
with a fixed antenna geometry, the effect of different diodes is analyzed through electromagnetic
simulations and theoretical calculations. The antenna used in the transponder is directly matched
to the impedance properties of a particular diode. Effects of both detector and varactor diodes on the
return loss characteristics of the antenna and the obtainable transponder response are observed. Criteria
for selecting a suitable diode are given. Benefits and drawbacks of using different antenna matching
techniques are discussed, and principal design steps are given both for transponders matched directly
to the antenna and for transponders with external matching circuits.

1. INTRODUCTION

Wireless sensors and sensing have become increasingly ubiquitous in recent years. Examples of different
wireless sensor technologies include resonance sensors, surface acoustic wave (SAW) sensors and radio-
frequency identification (RFID) tags [1]. In RFID, which is possibly the best-known wireless sensor
technology for the general audience, the tag consists of an antenna and an RFID chip. A particular
reader device is used to obtain the response of the tag. RFID-based sensing systems can also have
significant potential in future Internet of Things (IoT) applications [2, 3].

Another concept technologically somewhat related to RFID is the so-called harmonic or secondary
radar, which was first introduced in [4]. In this concept, a desired target is interrogated at a certain
fundamental frequency fy, and the reflected transponder response at a harmonic (integer) multiple
frequency nfy is picked up at the receiver. In principle, any harmonic frequency could be used, but
most practical implementations have been realized using the second harmonic frequency (2fy).

Harmonic radar and transponders have been applied to, e.g., insect tracking [5,6] and locating
avalanche victims [7]. Depending on the application and technology, the used fundamental frequency
varies. In RECCO avalanche detectors [7], a fundamental frequency of 0.917 GHz is used, whereas other
technologies [8,9] operate using maritime radar frequencies (fy ~ 9.4 GHz) or at the ISM band (f
being, e.g., 2.45, 5.8, or 5.9 GHz [10-12]). One particular challenge for practical, commercial harmonic
transponder applications and their widespread use is finding a suitable frequency pair that complies
with existing frequency allocations simultaneously at both frequencies.

In the harmonic radar tag (also called a transponder), a nonlinear element (such as a Schottky
diode) is used to generate the harmonic frequency. Communication between the transponder
and the transmitter/receiver (Tx/Rx) is handled by the antenna which is matched at the two
desired, harmonically separated frequencies. Compared to dual-band RFID tags (see e.g., [13]), the
requirement of harmonically spaced operating frequencies makes harmonic transponders considerably
more challenging to design than conventional, single or dual-band RFID tags.
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Recently, characterization, design, evaluation, and implementation of harmonic transponders have
been presented, e.g., in [14-19]. Operation of a transponder consisting of an antenna and a Schottky
diode is investigated both theoretically and experimentally in [18]. One possible antenna design strategy
suitable for harmonic transponder applications is shown in [19]. However, determining an optimal
antenna-diode combination resulting in the best possible transponder performance is not straightforward
with this kind of design.

This paper investigates and compares the performance of harmonic transponders when different
diodes are used with a fixed, predetermined antenna geometry. In order to obtain a strong harmonic
response, i.e., received power at frequency 2fy, it is essential that the two operating (resonant)
frequencies of the transponder are harmonically separated. With a fixed antenna geometry, adequate
matching at harmonic frequencies might not be obtained with certain diodes, or the transponder might
operate at unpredictable or unwanted frequencies. In light of these aspects, an alternative design
procedure is proposed and discussed to overcome some of the possible challenges and to provide more
flexibility to the transponder design.

2. THEORETICAL CHARACTERIZATION AND INVESTIGATED ANTENNA
STRUCTURE

2.1. Equivalent Circuit Model

To determine the harmonic response that can theoretically be obtained, the transponder is represented
using circuit models for the antenna and the diode as shown in Figure 1. In the equivalent circuit,
the antenna is represented as a Thévenin equivalent circuit whose impedance is expressed as Z, =
R+ 1Xa = Rrag + Rioss + 7Xa, with R..q and Rj.s being the radiation and loss resistance, respectively,
and X, being the reactance.
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Diode
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Figure 1. Equivalent circuit used to model the harmonic transponder. The antenna is represented as
a Thévenin equivalent circuit. Modified from [18].

The circuit model of the Schottky diode consists of a series inductance Lg, a parasitic capacitance
(), a series resistance Rg, a small-signal junction resistance Rj, a small-signal junction capacitance
Cjo, and a current source. Effects of the diode packaging are described by the Ly and C}, terms [20].
Subsequently, the junction impedance of the diode is abbreviated as Z; = (ywCjo + 1/R;) 1.

In typical operating conditions of the harmonic transponder, the excitation power is low. For this
case, the equivalent circuit can be used to formulate an expression for the power generated by the
transponder at the second harmonic frequency as [18]

P oy, = 16P2|Fy Fy F3Fy| (1)

n
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Above, notations Z, = Z, + jwLs, (Z})7' = jwC, + (Rs + Z;)~! have been used to simplify the
expression. The terms F; and F, depend on the diode size and parasitics at fy and 2fy, respectively.
The radiation efficiencies of the antenna at fy and 2fy are included in F3. Term F; contains zero-bias
junction potential Cjp, junction potential ®, profile parameter v, and a = ¢/nkT (q is the elementary
charge, k is the Boltzmann constant and 7T is a temperature). The value of F; depends on the diode
type (varactor or detector diode), and on the dominant type of non-linearity of the diode (capacitive
or resistive, respectively). At the second harmonic frequency, the power due to the capacitive non-
linearity is proportional to the square of the fundamental frequency, whereas the power due to the
resistive non-linearity is frequency-independent.

As can be seen in expressions F}—F3, the impedance and efficiency terms at the fundamental
frequency are squared compared to those at the second harmonic frequency. This indicates that having
a good radiation efficiency and impedance matching at the fundamental frequency is more important,
especially if they cannot be optimal simultaneously at both frequency bands.

2.2. Investigated Transponder Design

Figure 2 shows the transponder design [18] used to study the effect of different non-linear elements.
The antenna is directly matched to the diode, which means that the desired frequency characteristics
are obtained by modifying the antenna geometry. Impedance matching is realized at harmonically
separated frequencies fy and 2fj. In the example transponder implementation and in this work, targeted
operating frequencies of fy = 1 GHz and 2fy = 2 GHz are selected. These frequencies are chosen solely
for demonstration purposes, and are not intended to be compatible with any particular transponder
systems or applications.

The impedance characteristics of the antenna have been designed to the impedance level of the
SMV2019 Schottky varactor diode [see Section 3] using Rogers RT /duroid 5870 substrate (e, = 2.33).
Figure 2 also illustrates the configuration in which the diode is connected to the antenna. In addition to
the diode, which provides the necessary frequency multiplication, a 100-nH inductor is mounted parallel
to the diode to achieve a proper DC bias. Different parts of the antenna contribute to creating desired
resonant frequencies and to tuning the matching level. More details on the design principles and the
effects of the different parts of the transponder antenna can be found in [18, 19].

3. TRANSPONDER PERFORMANCE WITH DIFFERENT DIODES

In the following, the transponder is investigated using different diodes to see how strongly they affect
the performance and characteristics of the transponder. The varying impedance levels of different
diodes may lead to impedance mismatch, which causes resonant frequency shift. For this reason,
changes observed in both impedance matching and consequent effects on the harmonic response of the
transponder are considered. The harmonic response with the different diodes is calculated according to
(1).

This study considers both varactor and detector diodes. The investigated varactor diodes are
SMV2019, SMV1430, SMV1231, and SMV1405 by Skyworks Solutions [21], and the studied detector
diodes HMPS-2820 and HSMS-2860 are manufactured by Avago Technologies [22]. The impedance
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Figure 2. Illustration of the transponder antenna and of the way the circuit elements are mounted to
it. Dimensions in millimeters. From [18].

values for the different diodes are calculated using circuit models available from the manufacturers, and
the calculated diode impedances as well as the simulated antenna impedances at the target frequencies
are given in Table 1. It is assumed that the power received by the transponder is low, in which case
the diode impedance has only minor dependence on power. Figure 3(a) shows the simulated antenna
impedance as a function of frequency. All electromagnetic simulations are performed using SEMCAD-
X [23], and circuit simulations are carried out in AWR Design Environment [24].

Table 1. Antenna and diode impedance values (€2) at the targeted fundamental and second harmonic
frequencies.

Z(Q)

Case fo=1GHz 2fy=2GHz
Antenna 8+ 554 10 + 516
SMV2019 4.5 — 769 4.5 — 334
SMV1430 2.5 — 7128 2.5 — 564
SMV1231 1.6 — 469 1.6 — 334
SMV1405 0.64 — 460 0.64 — 330

HMPS-2820 7 — 5206 7—994
HSMS-2860 2.4 — 3492  2.06 — 5238

3.1. Impedance Matching

As can be seen in Table 1, the impedance levels of the different diodes may vary substantially. Therefore,
switching to different diodes with the presently used antenna is bound to cause changes in the impedance
matching of the transponder, especially since the antenna itself does not include an external tuning or
matching circuit that could (at least to some extent) be used to compensate for the occurring frequency
detuning.

To investigate the nature and severity of this problem, Figure 3(b) illustrates the simulated return
loss of the antenna when it is loaded with the different varactor and detector diodes. Instead of the
conventional 50-€2 impedance level, the antenna impedance Z, is normalized with respect to actual,
frequency-dependent diode impedances Zq, as given by the following expression

Zd(f) - Z;,((f) (2)
Za(f) + Za(f)
Both Z, and Z4 are frequency-dependent. For proper operation, it is crucial to have good impedance
matching at fo and 2fy. Using a correct normalization impedance is important to accurately characterize
the resonant frequencies of the transponder. If the antenna impedance is normalized to diode impedances
taken at point frequencies (e.g., the 1 and 2 GHz values from Table 1), then only the region near one of

the resonances is accurately characterized, and the other resonance is detuned from its actual location
(see [19]).
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Figure 3. Simulated (a) antenna impedance characteristics and (b) antenna return loss with the
different diodes. The antenna impedance is normalized to actual diode impedances instead of the
conventional 50-€) level.

In most cases, the resonant frequencies are tuned upwards from the targeted 1 and 2GHz
frequencies, with larger relative resonant frequency detuning occurring at fo than at 2f;. In the
worst case, with the HSMS-2860 diode, the frequency is tuned upwards 33.6% at fy and 19.5% at
2fo (compared to the SMV2019 case). With the SMV1405 diode, the resonances are tuned slightly
downwards (—1 and —0.5% at fp and 2fy, respectively).

The detuning is related to the mismatch between the antenna and the diodes, both in terms
of resistance and reactance [see Table 1]. Figure 3(a) shows that the antenna reactance X, mainly
increases with frequency, meaning that the antenna becomes more inductive. On the other hand, the
diode reactance (Xg) is capacitive and also becomes more inductive as the frequency increases. This
means that resonances occur at frequencies at which the reactance levels are close to each other, ideally
when X, = —X4. Obtaining a good impedance matching largely depends on the reactance because the
diode quality factor (Q) is large (as X4 > Rq).

The return loss curves of Figure 3(b) indicate that with the different diodes, the resonant frequencies
and matching levels can change, and the two resonant frequencies may no longer be harmonically
separated. The lack of harmonically separated frequencies significantly degrades the performance of the
transponder because the frequency multiplication occurring in the diode is only able to generate integer
multiples of the fundamental frequency. For instance, if the antenna and diode are well matched at,
say, fo = 1GHz and at 1.5 GHz but completely mismatched at 2 GHz, then the harmonic response at
2 fo will be very low.

Because the antenna is designed for the impedance of the SMV2019 diode, this diode provides the
closest agreement in terms of having harmonically separated operating frequencies and a good matching
level. On the other hand, the HMPS-2820 diode has strong resonance peaks at 1.2 and 2.2 GHz, but
these frequencies are not harmonically separated.

3.2. Calculated Harmonic Response

Considering the practical performance of the transponder, e.g., in terms of achievable read-out range,
it is important to know its harmonic response characteristics. Towards this goal, the theoretically
achievable response based on (1) is calculated and shown in Figure 4. The calculations are performed
assuming that a transmit power of +16dBm is applied, and that identical transmitting (Tx) and
receiving (Rx) antennas are used with 8 and 9.5dBi gain at 1 and 2 GHz frequencies, respectively.
These antenna gains correspond to those of ETS Lindgren 3164-08 quad-ridged horn antennas [25].
The corresponding transponder antenna gains are 1.3 and 1.7 dBi, respectively. Additionally, it is
assumed that the transponder is placed 2 meters away from Tx/Rx. Distance, gain, and transmit
power information are needed to determine the path loss and to calculate with the help of (1) the
harmonic response that can be obtained at the receiver.
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Figure 4. Calculated harmonic response obtainable with the different diodes.

The obtainable response is reduced by component losses in the diode and inductor, and in the case
of measurements also by cable losses. For the six diodes considered in this work, the component losses
are between 0.5 and 0.6 dB at 1 and 2 GHz frequencies. For simplicity, cable losses are neglected in the
calculations. Additionally, the calculations assume that only a line-of-sight signal propagates from Tx to
transponder, and from transponder to Rx. This assumption was used in [18], in which good agreement
between calculated and measured transponder response was obtained. In that work, the measurements
were carried out in an anechoic chamber, where the significance of other propagation effects such as
environmental reflections is significantly reduced.

Figure 4 presents the calculated harmonic response for the different diodes when the distance from
the transponder to the Tx and the Rx is 2 meters (rpx = 7rx). The general response characteristics
are similar at longer distances as well, and the most significant differences in these cases are caused
by the overall drop in response level due to additional path loss between the transponder and Tx/Rx.
Calculated peak response frequencies in Figure 4 are in agreement with the return loss characteristics
observed in Figure 3(b).

When comparing the curves of Figures 3(b) and 4, it can be seen that at the frequencies of best
matching, the diodes with strongest resonance peaks do not necessarily produce the largest harmonic
response. This is due to the fact that the amount of power received by the transponder at the
fundamental frequency (P ., ) as well as the power converted by the transponder to the second harmonic
frequency (P 2., ) affect the response. This conversion can be described by means of conversion efficiency
or 10ss (Neonv = Pr 2wo/Pinw,), Which tells how efficiently the diode transfers power from fy to 2fp. In
practice, the value of 7oy may vary strongly between different diodes.

4. SELECTING A SUITABLE COMBINATION OF ANTENNA AND DIODE

The comparison above indicates that changing diodes causes challenges for the transponder, e.g., in
terms of degraded or altered performance. Above, the harmonic response produced by the transponder
using different varactor and detector diodes has been compared. This comparison is made using a
fixed antenna geometry, but in a more general case, the antenna geometry may either not be given in
advance or it can be modified during the design. Such cases can prove to be challenging for designing
the transponder, especially if the goal is to obtain the best possible performance. In the following, a
procedure for co-designing the antenna and diode is proposed.

The results presented in Section 3 raise the question as to how to properly choose the diode in a
harmonic transponder, and which diode should be chosen for a given antenna structure. In [18], a figure-
of-merit (FOM) has been defined for characterizing the best diode for an antenna with a particular @,
and in this FOM, all dependency on antenna properties is reduced to Q.

However, a diode ranking based on antenna () also has certain limitations when it is applied to
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antennas directly matched to the diode, as was observed in [18]. Particular diodes may appear favorable
based on initial calculations made using feasible assumptions on antenna @), and a certain overall ranking
is obtained for all diodes. When the geometry of the antenna is modified to match it to the “best”
diode, its () may change in such a way that individual FOM values as well as the mutual ranking of the
diodes may be affected. An additional limitation is that the FOM value (as a single figure) does not
directly reveal at what frequency the best harmonic response occurs, as this depends on the impedance
characteristics of both the antenna and the diode.

4.1. Design Process of Directly Matched Transponders

In the most general case, the design process of harmonic transponders can roughly be generalized in
the following way:

(i) Initially, the diode ranking has to be made based on certain initial assumptions on antenna Q.
(ii) Then, an antenna design is implemented for the diode with the highest FOM.
(iii) The @ of the actual, realized antenna is used to re-categorize the diodes.

Step (i) is performed only once but steps (ii)—(iii) should be repeated in order to obtain an “optimal”
transponder design. On the other hand, if the transponder is designed only for a certain, predetermined
diode, then the challenge is to design the antenna in such a way that the transponder response becomes
as good as possible for that diode within specific frequency regulations.

The iterative nature of the design process described above can also result in lack of convergence. One
possible solution to this type of issue might be to use a non-resonant antenna to overcome the challenge
of changing diode rankings between iterations. Non-resonant antennas, unlike antennas directly matched
to the diode, do not use the antenna and its geometric details to create the desired resonant frequencies.
Instead, an external (distributed or lumped element based) matching circuit is applied, e.g., using the
approach of [26]. With non-resonant antennas, estimating (@) is easier because the antenna dimensions
remain essentially the same for all diodes. In this case, the antenna () is more or less constant, but
also the @ of the matching circuit should be taken into account when characterizing the overall quality
factor.

4.2. Designing Transponders with External Matching Circuits

Using a matching circuit based approach for the transponder allows more degrees of freedom for the
antenna design, since the antenna does not inherently have to resonate at the target frequencies.
Compared to directly matched antennas, switching to different diodes and having a good performance
at the right frequencies is potentially easier. Antenna dimensions such as length, width, and feeding
gap thickness also play a role in the impedance characteristics, and suitable dimensions depend in part
on the application and on the diode to be used with the antenna.

After deciding on the antenna dimensions, the task is to find a suitable circuit topology and
component values. In practice, this task should be performed with the help of a circuit simulator and
actual component models to obtain a well-performing design. When the matching circuit is implemented
in practice, it may be necessary to make minor adjustments to the component values and/or the circuit
topology, depending on how much the network of pads that have to be realized in the antenna affect
the antenna impedance.

With the matching circuit, the properties of the circuit and details of the used topology become
significant for overall transponder performance. In the case of alternative matching circuits that provide
roughly equal matching level and/or impedance bandwidth performance, the circuit with the smallest
losses should be chosen for most efficient performance of the transponder. Similar considerations are
also valid when designing matching circuits for handset antennas, as discussed in, e.g., [27].

Regarding the suitability of individual diodes to be used in harmonic transponders, their impedance
properties also play a significant role in how easy they are to match. Here, the word easy also refers to the
complexity of the required matching circuit, with simpler topologies being preferable. As an example,
matching a diode that has a small resistance and /or large reactance can be challenging, especially when
using the direct matching approach. Also with an external matching circuit, the required topology or
needed component values may prove to be problematic for the overall feasibility of the design.
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5. CONCLUSIONS

This work has investigated the performance of harmonic transponders with different varactor and
detector diodes and observed the changes these diodes cause on overall transponder performance.
The results show that the resonant frequencies and frequencies of best harmonic response may change
considerably when different diodes are used, and that the frequencies of best matching do not necessarily
produce the strongest harmonic response. These issues should properly be taken into account in the
design, regardless of the matching technique used in the antenna. For efficient performance, it is
important that the resonant frequencies of the transponder are harmonically separated.

In order to maintain desired operating frequencies, e.g., to comply with specific frequency
regulations, the current antenna geometry would require additional impedance matching or tuning.
For this reason, and also to allow for greater flexibility in the design, an alternative matching technique
based on an external matching circuit has been discussed. Future and ongoing work in the field includes
design and implementation of harmonic transponders based on non-resonant antennas and external
matching circuits, as well as investigations on different ways of optimizing the transponder response.
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