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ABSTRACT Harmonic transponders are passive wireless devices that hold great promise for a variety
of long-term tracking and sensing applications. These nonlinear devices receive an interrogation signal at
one frequency (f ) and backscatter harmonics (typically, 2f is of interest). The device’s conversion loss
is the change in power from what is received and what is transmitted. We show herein that conversion
loss is dependent jointly on interrogation power, interrogation frequency, and interrogation angle. This
coupled nature of the device’s behavior necessitates performance metrics that capture these characteristics.
We present a methodology to generically test these devices and propose metrics that capture the noted
dependencies.

INDEX TERMS Backscatter, conversion loss, dual band, frequency doubler, harmonic transponder, metrics,
nonlinear circuits, patch antennas, over-the-air testing, RFID, wireless sensor.

I. INTRODUCTION

WIRELESS sensors are a means by which we can better
monitor, and thus better understand, both natural and

built environments, and in a manner that is less intrusive and
less costly than wired approaches. For many applications,
sensors may need to be deployed for extended periods
of time (e.g., years) and/or in environments where battery
replacement is not tenable (e.g., within a media and/or where
hazards exist). For such applications, passive wireless sensors
are a promising solution.
Harmonic transponders are one such passive wireless

device, an example shown in Fig. 1-Top, and which have
been investigated for a variety of novel identification and
sensing purposes, including tracking of insects [1], [2], [3],
[4]; avoiding car collisions [5]; locating buried infrastruc-
ture [6]; monitoring steel corrosion [7], wall cracks [8],
and railbeds [9]; and measuring temperature [10], [11], [12],
humidity [13], and soil moisture [14]. As illustrated in
Fig. 1-Bottom, harmonic transponders are nonlinear devices,
which operate by receiving an interrogation signal at one
frequency (f ) and returning its harmonics (typically, 2f is

of interest, since it is usually the strongest return). The
response at a different frequency (i.e., 2f versus f ) is
considered a key advantage over transponders operating on a
single frequency (e.g., RFIDs), as it avoids self-jamming and
uniquely identifies a transponder’s response from reflections
in high clutter environments [15].
While scattering from non-linear devices has been

described since the 1970s (e.g., [5], [17]), often in terms
of “harmonic radar”, to date, the research community has
not firmly established metrics by which the performance of
various transponder designs might be assessed and compared.
A key parameter that will dictate the effectiveness of a
particular harmonic transponder design, and consequently
the performance of the whole system, is the device’s overall
conversion loss (CL), which is the ratio of the power
incident at the harmonic transponder’s receive antenna (at
f ) to the power of the harmonic backscattered from its
transmit antenna (e.g., at 2f ). As these devices are nonlinear,
the conversion loss is a function of incident power at the
device’s diode. As this incident power will depend on the
device’s receive antenna pattern, the conversion loss is also
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FIGURE 1. Top: Harmonic transponder design leveraged in this work, previously
presented in [16]. Bottom: Wireless interrogation of a harmonic transponder at f ,
where the return signal of interest is at the second harmonic (2f ).

a function of direction. Finally, harmonic transponders are
resonant devices, with complex antenna impedances having
steep imaginary slopes at their operating frequencies [16].
As such, conversion losses are also frequency dependent.
Thus to fully characterize the performance of a harmonic
transponder, CL should be understood across the three
dimensions of power, frequency, and interrogation angle.
To date, only a few studies have seek to characterize

harmonic transponder performance, analytically and exper-
imentally [18], [19], [20] at the device-level (i.e., after the
transponder has been fully integrated). Even fewer (e.g., [19])
also consider the directional characteristics of transponders.
From these works, we can begin to glean what might be
suitable metrics for characterizing a harmonic transponder’s
performance.
Analytical models for the harmonic response of diode-

based transponders, based on equivalent circuit models of
antenna-diode junctions, were derived in [18] and [20].
Both works considered a SPICE model of the diode, the
parasitic elements of its package, and a series model for
antenna input impedances. In [18], the resulting expression
for the conversion loss is separated in two terms. The
first term, FOMa, is the figure-of-merit for the antenna
and describes the power transmission through the antenna-
diode interface including the antenna’s radiation efficiency.1

The second term, FOMdiode, is the figure-of-merit for the
diode and describes conversion efficiency of the diode P-N
junction. This term is expressed as a function of the antenna
quality factor (Qa). As Qa of a real antenna is calculated
from charge/current distributions or derived from the input
impedance waveform, using frequency derivatives [21],
and/or estimated from the bandwidth, it is not clear to the
authors as to this metric’s practicality.
The other work, [20], similarly expressed the conversion

efficiency/loss, showing the relationship between the diode’s
SPICE parameters and the conversion loss to identify suitable

1. However, FOMa does not correspond exactly to the transmission
coefficient across the antenna-diode interface.

diode(s) with the lowest CL. Both of these works considered
different power levels incident on the transponder to show
the change in CL over power, however they did not
consider frequency and spatial dependency of CL caused by
narrowband behavior and directional characteristics of the
antenna, both which we show herein significantly affect the
overall transponder performance.
Herein, we both propose metrics that capture a har-

monic transponder’s conversion loss performance over the
triplet of power, frequency and direction and present a
methodology for collecting the data for these metrics.
While we illustrate our methodology using purely passive
harmonic transponders, the approach is generally applicable
to designs where voltage biases influence device conversion
loss (e.g., [22], [23]).
In Section II, we review an earlier presented FOM, that

relates a harmonic transponders performance to the distance
it can be detected. This FOM is limited in its practicality,
and therefore in Section III we presented strategies to collect
data that allows fuller characterization of these devices. In
Section IV, we apply the proposed strategies to the dual-band
patch-type antenna device seen in Fig. 1. Based on these
results, we present in Section V several possible performance
metrics that will allow researchers and practitioners to
readily compare designs. Section VI provides our concluding
remarks.

II. AN EXISTING PERFORMANCE METRIC
As noted, the harmonic transponder’s conversion loss is
the parameter that expresses the efficiency of power con-
version between interrogation signal, at frequency f , and
the backscattered signal, at 2f . Thus this parameter directly
affects the bidirectional radio link budget and any link
margins of interest. Fig. 2 presents the link parameters which
will determine, e.g., the received backscattered power for a
given interrogation power.
The signal transmitted by the interrogator, at f , will be

at a particular power (Ptx) and sent with an antenna having
particular gain (Gtx,f ). The backscattered signal, at 2f , will
be received by the interrogator using an antenna having
particular gain (Grx,2f ) and will have a measured power
(Prx). The conversion loss of the harmonic transponder
is determined by its receive antenna gain (Ght,f ) at f ,
its transmit antenna gain (Ght,2f ) at 2f , and finally the
transponder’s diode conversion loss (CLd). Assuming free-
space conditions [24], the forward (FPLf ) and reverse
(FPLr) path losses for the link can be found through the
Friis equation (as is illustrated in the Appendix).
However, perhaps of greatest interest to the user of

a harmonic transponder is its read range, i.e., at what
distance can the device be interrogated. With this practicality
in mind, [20] presented the metric “maximum” detection
range.2

2. We qualify “maximum” as this metric is defined using very specific
system parameters, details discussed shortly.
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FIGURE 2. Harmonic transponder bidirectional link.

This metric is found using the link parameters shown in
Fig. 2 to calculate, first, the range of the forward link (d1),
then that of the reverse link (d2), and finally the figure of
merit (FOMd) as the mean of those values, per the equations
below.3

FOMd = d1 + d2

2
(1)

where

d1 = λ

4π × 10−(Ptx+Gtx,f+25+Ght,f )/20

and

d2 = λ/2

4π × 10−(75−CLd+Ght,2f+Grx,2f )/20

The calculation of d1 is for a specific link condition, when
the interrogator’s EIRP (effective isotropic radiated power)
is 35 dBm and the power incident at the diode is −25 dBm.
The d2 calculation is performed for the specified receiver
sensitivity threshold of Prx = −100 dBm (Grx,2f of 10 dBi
is assumed). Under these very prescribed conditions, FOMd

provided a metric by which the performance of transponder
designs from different research groups were compared
[20, Table III].

This metric was also applied by the authors to their own
recently presented design [16],4 and due in part to their
device’s asymmetric antenna gains, lead to d1 = 32.2 m, a
significantly larger d2 = 144.7 m, and a FOMd = 88.4 m.
Similar disproportions were presented in [20] for devices
developed in [8] (d1 = 10.0 m, d2 = 4.1 m) and in [13]
(d1 = 8.2 m, d2 = 2.6 m).
As conversion loss is a nonlinear function of incident

power, under asymmetric links conditions such as these, we
contend the physical meaning of averaging of d1 and d2 is
not evident. We also observe that impedance mismatching
terms corresponding to the antenna-diode interfaces are not
explicitly considered in Eq. (1), or was it noted to be included
in the transponder antenna gains. As such, we are motivated
to find more intuitive and generally applicable metrics, with
clearer physical meanings.

3. The various link terms in these equations are in log form, i.e., in dB,
dBi, dBm.

4. In [16], the d1 was calculated in error using EIRP of 25 dBm, resulting
in d1 = 10.2 m.

FIGURE 3. VNA with external hardware and showing example measurement data.

III. MEASUREMENT APPROACH
Our recent work has shown that the conversion loss of a
harmonic transponder also varies jointly with power and
frequency [25]. In addition, as harmonic transponders have
both receive and transmit antennas (either two separate
elements, as in [13], [20], [26], or with a single dual-band
design, as in [16]), their conversion loss will also be affected
by their directional characteristics, i.e., by the angle at which
they are interrogated. In short, a metric such as provided
in Eq. (1), which considers a fixed frequency, interrogation
power and/or angle of interrogation, does not fully capture
the performance characteristics of harmonic transponders. In
this section, we propose a measurement approach to fully
characterize harmonic transponders, which allowed us to
obtain the results presented in Section IV.
Our test setup (Fig. 3) employed a laboratory grade, two-

port vector network analyzer (VNA - Rohde & Schwarz ZVA
40), followed by a power amplifier (PA - MiniCircuits ZHL-
4W-422+), two low pass filters (VLF-1200+, MiniCircuits),
and then two switchable attenuators (HP 84904L and
84906L), which enabled testing over a 40 dB dynamic range
of incident powers, while not introducing any nonlinearities
in the test setup.
Harmonic transponders were tested in an anechoic cham-

ber using linearly-polarized antennas (RFspin QRH11:
Gtx,f = 4.8 dBi, Grx,2f = 7.4 dBi [27]), which were spaced
0.44 m apart (Fig. 4). Transmit and receive links lengths
were each 2 m. Testing was conducted to collect azimuth
(H-plane, yz) patterns with EIRP values from +32.2 dBm
to −2.8 dBm, which corresponds to power incident at
the transponder from −5 dBm to −40 dBm, respectively.
Each measurement swept the interrogation frequency from
870 MHz to 910 MHz and synchronously measured the
backscattered signal from 1740 MHz to 1820 MHz.
Ascertaining CL from measured data is readily found using

the following link budget equation3

CL = Ptx − Prx + Gtx,f + Grx,2f − FSLf − FSL2f , (2)

where the free space losses at f (FSLf ) and 2f (FSL2f ) are
found from Eqs. (8) and (9) of the Appendix, respectively,
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FIGURE 4. Bistatic, anechoic chamber test setup. Link length: 2 m. Radiation
pattern measured in H-plane (yz).

and the link distance for the test setup (e.g., 2 m in our
case).
Note that this testing leveraged a high-end two-port

VNA, which is able to synchronously transmit (Port
1) and receive (Port 2) in different frequency bands
(i.e., f and 2f , respectively). This capability is not found
in all VNAs, particularly portable instruments that may
be used for field testing. As such, the authors would
like to refer the reader to an alternative approach that
leverages any two-port VNA, along with a ÷2 frequency
divider circuit, and which provides comparable measurement
results [25].

IV. CONVERSION LOSS DEPENDENCIES
One objective of this work is to present methods that
can be broadly applied by researchers, so that different
harmonic transponder designs can be readily compared.
Data is presented here that were obtained using the test
setup and procedure described in the prior section. For
illustrative purposes, measurements were made for the
harmonic transponder shown in Fig. 1. This transponder is
composed of a dual-band patch-type antenna, loaded by an
HSMS-2820 Schottky diode. The author’s prior work [16]
details its design and the rationale for this diode choice.
The conversion loss dependencies presented below are used
to motivate the performance metrics proposed in the next
section.

A. CONVERSION LOSS OVER FREQUENCY AND POWER
We begin by illustrating the joint response over incident
power and interrogation frequency. With the harmonic
transponder oriented normal to the interrogator (i.e., θ = 0◦,
φ = 0◦), Prx data was collected from 870 MHz to 910 MHz
at eight incident power levels (−40 dBm to −5 dBm, in
5 dB increments). From these data, device CL was calculated
using Eq. (2) and is presented in Fig. 5.

The minimum conversion loss was found to be 2.75 dB
at a frequency of 886.75 MHz, when the incident power

FIGURE 5. Transponder conversion loss (dB) for normal incidence case over
frequency and incident power. Data illustrates (i) narrowing of response bandwidth
with decreased incident power at the device and (ii) frequency shifting with increased
power. The minimum device conversion loss is 2.75 dB.

FIGURE 6. Transponder conversion loss (CL) for normal incidence case over power
incident at the device. As incident power exceeds that which achieves the lowest
conversion loss (i.e., −25 dBm), the device “detunes” from 886.75 MHz (dashed) to
achieve lowest CL at increasingly higher frequencies (solid).

at the device was −25 dBm. As the power is decreased,
the conversion loss is seen to increase (as expected) and
in a manner that is symmetric in frequency. At the same
time, the response bandwidth narrows. However, when the
incident power is increased relative to −25 dBm, we note
a distinct positive frequency shift in the resonant frequency.
For instance, when the incident power is increased by 20 dB
to −5 dBm, this shift is nearly 10 MHz (to 896.45 MHz).
To see this effect more clearly, we present Fig. 6, which
shows the conversion loss versus incident power for a
fixed frequency (886.75 MHz), along with the minimum
conversion loss seen across all frequencies. This “detuning”
is the result of the diode being operating in its large signal
region (i.e., Pin > −20 dBm [28]), which causes its input
impedance to change significantly.
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FIGURE 7. Example directional conversion loss (dB) over azimuth angle (φ = 0◦).
This particular curve illustrates the minimum transponder conversion loss (2.75 dB)
measured over all frequencies and incident powers, specifically at 886.75 MHz and
−25 dBm. In addition, the 3 dB beamwidth is shown to be ∼90◦ .

B. CONVERSION LOSS VERSUS DEVICE ORIENTATION
The third dimension we explore is the orientation of a
harmonic transponder. We limit our presentation to azimuth
(H-plane) characterization, but the approach can be general-
ized to elevation (E-plane) cuts and full 3D mapping.
Fig. 7 presents azimuth data (360◦ at 5◦ increments) at

886.75 MHz for an incident power at the transponder of
−25 dBm (i.e., the conditions of interrogation frequency
and incident power found in Fig. 5 to yield the minimum
conversion loss). Notable from this figure is that the pattern
encompasses (i) the directivity changes in the transponder’s
receive antenna operating at f , (ii) the directivity changes in
the transponder’s transmit antenna at 2f , and (iii) the non-
linearity in conversion losses as the incident power at the
diode changes with angle. This measurement scenario differs
from that presented in [19], where that approach maintained
the incident power at the diode so as to map only the radiation
pattern of the transponder’s transmit antenna, not the full
device.
As expected for a patch-type design, the device’s antennas

have peak gain in the normal direction, therefore this
direction also shows the minimum conversion loss.5 For
additional context, we provide a contour for which the
conversion loss has increased 3 dB relative to the minimum
of 2.75 dB. For this particular harmonic transponder, there
is ∼90◦ 3 dB conversion loss beamwidth, when the normal
incident power is −25 dBm. This directional measure could
be relevant for applications in which transponders are placed
on objects for tracking purposes.
To illustrate the effects of incident power, we show in

Fig. 8 azimuth radiation cuts over a 20 dB dynamic range.
We note significant change, not only in the magnitude of
the conversion loss over the three different cases, but also
in the shape of the radiation pattern. As the transponder’s

5. For details on the radiation patterns for this transponder’s dual-band
patch antenna, please see [16].

FIGURE 8. Transponder conversion loss (dB) versus azimuth angle and across a
20 dB dynamic range of incident powers: −15 dBm, −25 dBm (as also seen in Fig. 7),
and −35 dBm.

receive and transmit antenna radiation patterns are power
independent, these changes are due solely the diode’s
nonlinearity and detuning effects.

V. PROPOSED PERFORMANCE METRICS
As noted that the onset of this work, to date, performance
metrics for harmonic transponders are few and those that
have been proposed are limited to constrained scenarios,
which limit their practical use. We have also shown that a
device’s conversion loss is highly dependent on interrogation
frequency, incident power, and interrogation angle. In this
section, we endeavor to provide metrics that are both
meaningful in practice and capture a harmonic transponder’s
multifaceted behavior.

A. EXPECTED FREE SPACE READ RANGE
We now provide what we believe is an improved FOM,
which we refer to as the expected free space read range, dr,
as given by Eq. (3),6

dr = λ

4π × 10−C/40
(3)

where the term C is given by Eq. (4)3

C = Ptx − Prx + Gtx,f + Grx,2f − CL− 6. (4)

Ptx is the power delivered at the antenna input connector,
which includes cable losses at f and any power amplifier
gain. Similarly, Prx will include cable losses at 2f . CL is
the conversion loss of the harmonic transponder as a whole,
which includes the gains of its receive and transmit antenna
(Ght,f and Ght,2f , respectively), diode conversion loss (CLd),
and antenna-diode impedance mismatching (Lm,f ,Lm,2f ), as
we capture in Eq. (5)3

CL = CLd + Lm,f + Lm,2f − Ght,f − Ght,2f . (5)

6. For the complete derivation of Eq. (3), please see the Appendix.
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FIGURE 9. Free space read range (dr ) for the harmonic transponder seen in Fig. 1,
under the EIRP (35 dBm) and Prx (−100 dBm) constraints specified in [20]. The
expected free space read range of 62 m is achieved at 886.75 MHz and in the direction
normal to the device.

This metric differs from FOMd, given by Eq. (1), in
that it captures, in one expression, the bidirectional free
space link losses. Furthermore, it removes the constraints
on upon which Eq. (1) is based, i.e., that (i) EIRP =
35 dBm, (ii) Pinc_diode = −25 dBm, (iii) Prx = −100 dBm,
and (iv) Grx,2f = 10 dBi. Eq. (3) also accounts for, in an
intuitive manner, any imbalance that may exist between the
forward and reverse interrogation links (recall the discussion
regarding the impact of wildly different d1 and d2 on
the calculation of FOMd). An additional advantages of
this proposed metric is that unknowns such as antenna
diode mismatch or radar cross section (RCS) [29], or
those associated with integrating the harmonic transponder’s
components, are captured at the device level.
Because a diode is a non-linear device, its conversion

loss (CLd), will be dependent on the power incident on the
device, which is dependent on the read distance, dr. As such,
solving for dr does require knowledge of CL over power
(e.g., as seen in Fig. 6) and is an iterative process, which
we outline in the Appendix.
As described in detail in Section III, CL can be found

experimentally using short range testing. Once this data is
obtained, C, and subsequently dr, for a particular scenario
can be found, from Eqs. (4) and (3), respectively. Using our
empirical data collected at 2 m, the calculation presented
in Eq. (3), and, for comparison purposes, some the con-
straints for the metric FOMd (i.e., EIRP = 35 dBm and
Grx,2f = 10 dBi), we plot in Fig. 9 the expected power
received as a function of link distance. For the threshold of
Prx = −100 dBm specified in [20], we find an expected
free space read range of 62 m. We note that this read
range is achieved when Pinc_diode = −32.25 dBm, versus
the −25 dBm specified by FOMd. We also note that the
expected free space read range, under such posed constraints,
does not necessarily correspond to the device operating at its

FIGURE 10. Expected free space read range (m) for the harmonic transponder seen
in Fig. 1 over azimuth angle (H-plane) and under the EIRP and Prx constraints
specified in [20]. “×” marks maximum dr of 62 m.

minimum CL. For instance, the dr presented in Figs. 9 and 10
has the device CL = 4.5 dB (vs. its minimum of 2.75 dB),
as seen in data tips of Fig. 9.

The impact of interrogation frequency and device orienta-
tion on the read range is illustrated in Fig. 10. As expected,
the read range will decrease both as the device is interrogated
at suboptimal frequencies and non-normal angles. The rate
of this decrease will be dependent on the device’s antennas
and tuning and is, for practical applications, useful to know.
While the problem of calculating read range based on

fixed system parameters is useful to compare the relative
performance of different harmonic transponders, we contend
the true benefit of Eq. (3) is for designing the system
itself. That is, given a transponder and desired read range,
transmitter powers, antennas, and receiver sensitivities can
all be specified.

B. OTHER USEFUL MEASURES
While the proposed expected free space read range metric,
dr, obtained from Eq. (3), provides values consistent with our
empirical results, it still requires a specified EIRP, Prx, etc.,
in order to compare across different designs. Furthermore,
this read range metric does not account for realistic non-free
space applications, such as when harmonic transponders are
located in a cluttered environment and/or mounted in/on an
object. As such, perhaps a more useful strategy is to remove
all aspects of how the device is interrogated and channel
effects, and simply provide its fundamental performance
parameters. We suggest that the following data can provided.

• CLmin: From data measured, what is the minimum
conversion loss noted.

• The incident power at the device, along with the
frequency, for which CLmin was obtained.

These data can then be plotted as illustrated in Fig. 11
and in which we compare the harmonic transponder seen
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FIGURE 11. Proposed metric for harmonic transponder comparisons: Minimum
conversion loss (CLmin) vs. incident power at device at which CLmin is achieved. The
metric is used here to compare two devices (CTU and RECCO), at two different
frequencies (886.75 MHz and 890 MHz, respectively), and under two different
implementation scenarios (on “body” and under “ideal” anechoic conditions). Light
lines show the measured CL over a range of incident powers.

in Fig. 1 (CTU), with a commercially available avalanche
reflector (RECCO) [30]. We note that these measured data
allow us to compare devices operating in different bands as
the data for the CTU device was collected at 886.75 MHz,
while at 890 MHz for the RECCO reflector. As the RECCO
reflector has an omnidirectional, dipole antenna design, it is
not unexpected that its minimum device-level conversion loss
would be greater than our directional patch antenna design.
We also show the impact of placing these devices near a
human body phantom of oval cylinder shape (160 × 120
× 80 mm, εr = 60 & σ = 2.5 S/m), the subject of our
complementary work [31].
To understand the measured reduction in device

performance when placed on a body, an analysis using CST
Studio Suite EM simulator was conducted, which showed
that both the directivity and radiation efficiency of the CTU
transponder’s dualband antenna degrade. The degradation is
especially noted at the fundamental frequency, for which the
ground plate is relatively small compared to the wavelength.
The simulated total degradation for the CTU device was
found to be 4.75 dB, which corresponds to the measured
difference between conversion losses for ‘ideal” and “body”
cases in Fig. 10, and the increased power required to achieve
the minimum CL.

We have seen that CLmin will be achieved at a particular
frequency and at a particular orientation of the transponder.
From Figs. 5 and 7, the conversion loss will degrade as
one moves away from this frequency and/or orientation. As
such, perhaps of additional importance would be to know
the following metrics.

• 3 dB bandwidth: The frequency range over which the
CL is within 3 dB of CLmin. From the data presented
Fig. 5, this value was found to be ∼11.15 MHz.

• 3 dB beamwidth: The beamwidth for which the CL is
within 3 dB of CLmin. As illustrated by the red arrows
in Fig. 7, for our device, this value is ∼90◦.

With these four metrics, one could readily design a system,
consisting of harmonic transponders and an interrogator,
based on operational constraints for read range, maximum
EIRP, receiver sensitivity, coverage area, etc.

C. COMBINED TRANSMISSION COEFFICIENT
To conclude this work, we present one final metric that we
contend is useful for the design of a harmonic transponder.
As noted, our measured data indicates frequency depen-
dency in the transponder’s conversion loss. We reconsider
the author’s prior work and data ([16, Fig. 9]) for the
harmonic transponder seen in Fig. 1. Fig. 12 - Top shows the
transmission coefficient, T , found between the transponder’s
dualband antenna and the diode impedances. The device’s
overall conversion loss is greatly impacted by T , whose
response is shown here to be extremely narrowband, due
to the steep slope of the imaginary part of the antenna
impedance at both operating frequencies. In Fig. 12 -
Bottom, we show the combined (dualband) transmission,
Tcomb, over the impedance interface, which covers both
operating bands simultaneously. This figure represents the
total mismatch loss (dB), which is defined as the sum of the
transmission coefficients of both operating bands

Tcomb(fi) = T(fi) + T(2fi), (6)

and where the indices i = 1, . . . ,N represent the sample
series in each frequency band.
We note that there is good impedance matching at the

upper operating frequency (f2) and worse matching at the
lower frequency (f1 = f2/2), which results in degraded
combined matching value at the design’s targeted pair of
frequencies, i.e., 894 MHz and 1788 MHz, and a better
value at a slightly different frequency pair (f1 − df =
888 MHz, f2 − 2df = 1776 MHz). To our knowledge,
the combined transmission, Tcomb, has not been studied
during the development process of harmonic transponders.
Considering this metric will likely improve the prediction of
the harmonic transponder’s true performance.

VI. CONCLUSION
In this work, we have endeavored to make the case that
intuitive metrics, with clear physical meanings, for char-
acterizing harmonic transponder performance are needed.
We demonstrated that these non-linear, frequency-dependent,
directional devices have conversion loss behaviors which are
jointly dependent on these three parameters. As such, to fully
characterize devices, a single power/frequency/directional
point measurement will not suffice. We present a method-
ology for collecting the requisite data, along with simple,
intuitive metrics we hope will allow various designs to be
compared.
These metrics can reveal inherent transponder behaviour,

which will directly affect the functional parameters of the
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FIGURE 12. Top: Transmission coefficient (in dB) of antenna-diode impedance
interface covering both lower (fundamental) and upper (second harmonic) frequency
bands; taken from [15]. Bottom: Combined (dualband) transmission coefficient,
reference to the lower band. The detail view shows that the maximum dualband
transmission is shifted to 888 MHz, from the forward only transmission peak of 894 MHz.

interrogator. For example, to determine the distance of a
transponder, an interrogator may need to sweep quickly
across a frequency band and at various powers to ensure
the embedded transponders response is characterized before
the distance can be calculated from the received power.
This problem becomes significantly more complex when the
channel is not free space, i.e., the device is embedded in a
cluttered or lossy channel.
In addition, our results indicate that the modeling needed

to predict the performance of harmonic transponders needs
to be advanced beyond the present approach of separately
considering antenna and diode behaviors or considering
performance at only a fixed frequency and/or fixed incident
power. In short, there are still open issues related to the
characterization of harmonic transponders used for tracking
and sensing. Our hope is that this work helps in this effort
by providing metrics for quantifying performance.

APPENDIX
DERIVATION OF EQ. (3)
We begin by writing the non-log form of the bidirectional
link equation for the harmonic transponder system, which

is based on the Friis transmission formula that includes the
transponder conversion loss (CL). This equation has been
used by others (e.g., [32]) to estimate the power received at
the interrogator for a particular link configuration.

Prx = Ptx × Gtx × Grx
FSLf × CL× FSL2f

(7)

The forward link (at frequency f ) and reverse link
(at frequency 2f ) free space losses, FSLf and FSL2f ,
respectively, for a distance r are given by the following,

FSLf =
(

4πr

λ

)2

(8)

and

FSL2f =
(

4πr

λ/2

)2

, (9)

as the frequency of interest on the reverse link is twice that
of the forward link. The bidirectional, free space link loss,
FSLb, becomes the product of these individual losses.

FSLb = FSLf × FSL2f = 4 ×
(

4πr

λ

)4

We can now rewrite Eq. (7) to solve for this loss,

FSLb = 4 ×
(

4πr

λ

)4

= Ptx × Gtx × Grx
Prx × CL

from which we can determine the expected free space read
range, r = dr, if the interrogator parameters (Ptx, Prx, Gtx
and Grx) are known.

dr = λ

4π

4

√
Ptx × Gtx × Grx
4 × Prx × CL

This expression becomes our presented Eq. (3) and Eq. (4),
when our measured data is captured in dB, dBi and/or dBm.

dr = λ

4π × 10−C/40

and where

C = Ptx − Prx + Gtx + Grx − CL− 6.

Note that as the device’s conversion loss, CL, is dependent
on the incident power at the device, one will need to find
dr through iteration, as is outlined below:
1. Set initial dnr estimate, n = 0
2. Calculate FSLf (dr) according to Eq. (8)
3. Calculate Pinc = Ptx + Gtx − FSLf (dBm, dBi, dB)
4. From prior data, find CL(Pinc)
5. Insert new CL value into Eq. (3) to calculate new dn+1

r
6. Repeat Steps 2 − 5 until dn+1

r − dnr < ε
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