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Summary

This report presents the results of an experimental study evaluating a mathematical model
of harmonic tags used to create a nonlinear response in harmonic radar systems. Har-
monic radar is a type of nonlinear radar. Instead of scanning on the transmit frequency for
a return signal, with nonlinear radar the return signal is expected on another frequency.
This typically requires a nonlinear element (active or passive). Harmonic radar uses a
passive tag with a nonlinear element like a diode to create harmonics. Often the second
harmonic is used since it has the most power. However, the harmonic return signal is
still much weaker compared to the fundamental frequency. This results in a weak return
signal which significantly limits the operational range of harmonic radar systems. Conven-
tionally, increased transmit power, low sensitivity receivers, as well as high gain transmit
and receive antennas are used to compensate. Recently, an alternative has been pro-
posed that uses multiple lower power transmitters instead. The feasibility of this approach
depends on the correctness of a mathematical model describing the harmonic tags that
the multiple transmitter approach relies on. However, this mathematical model has not
been experimentally verified yet. In this report, measurements with two transmitters are
performed and compared against theoretical predictions based on the simulation results
using the mathematical model. The results indicate that the mathematical model de-
scribes the behaviour of harmonic tags well in the entire input power range. The primary
limitation of the model is that the power of the harmonic signal tends to be overestimated
compared to the measurements. This leads to optimistic range estimations.
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Chapter 1

Introduction

1.1 Nonlinear radar

Nonlinear radar is a type of radar where instead of scanning for a return signal on the
same frequency at which a radar signal is sent, the receiver scans for a return signal
generated by a nonlinear target on a different frequency [1]. In nature, most objects will
not create a nonlinear radar response, since they do not contain nonlinear elements.
Therefore, by scanning on a different frequency from the radar signal, nonlinear radar
can be used in cluttered environments for detecting targets that can create a nonlinear
radar response that would not be detected by conventional radar [1]. However, there
are still objects that can create a nonlinear response. For example in [2] the harmonics
created by the nonlinearity of electronic circuits are used to try to detect hidden devices.
The article also mentions other undesired sources of nonlinearities such as corrosive or
junction metals.

An example of the application of nonlinear radar is given in [3], where nonlinear radar
was used to map the flight patterns of butterflies. Furthermore, the company Recco has
commercialized the application of nonlinear radar to locate people for search and rescue
purposes [4].

The field of nonlinear radar is divided into three categories [1]. The first is subharmonic
radar. Subharmonic radar uses an active tag with a frequency divider to create harmon-
ics below the pilot frequency [1]. The second is harmonic radar. Harmonic radar uses
active or passive tags with a nonlinear element to generate harmonics at multiples of the
pilot frequency [1]. The final category is intermodulating radar. In intermodulating radar,
two carrier frequencies are transmitted. An active or passive nonlinear tag mixes these
frequencies, creating an intermodulating term between the two pilot frequencies [1]. The
main difference betweeen harmonic and intermodulating radar is the frequency composi-
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tion of the transmit signal. Both harmonic and intermodulating radar tend to use the same
types of nonlinear tags [1]. In this report, we consider both harmonic and intermodulating
operating modes with passive tags, and hence refer to both as harmonic radar.

1.2 Limitations of harmonic radar

The disadvantage of harmonic radar systems is the poor power conversion from the radar
signal to the harmonic at the tag. This results in a weak return signal, limiting the usable
range of the harmonic radar system. The conventional solution to increase range is a
combination of increased transmit power, low sensitivity receivers, and high gain trans-
mit and receive antennas. This however leads to high power consumption, cost, and
complexity [1].

As an alternative approach to increase range [5] proposes the use of multiple auxiliary
transmitters. These auxiliary transmitters transmit an unmodulated carrier that combined
with the radar signal at the tag increase the effective power output from the tag. A math-
ematical model derived in [5] and numerical simulations show that this could be a viable
solution that could potentially even surpass the performance benefit of increased power
output from a single transmitter.

These results depend on an accurate model of the harmonic tag. This mathematical
model is derived in [6]. However, up until this point this model has not been verified with
measurements.

1.3 Research goals

The research goal of this report is two-fold. The primary goal is to test the hypothesis
formulated by the current mathematical model from [6] in a measurement setup with a
real-life harmonic tag. The research question can thus be defined as:

1. ”How well does the mathematical model of a harmonic tag describe
tag operation with multiple transmitters?”

Secondly, it is important to evaluate what impact the measurement results have on the
design of harmonic radar systems. Specifically with systems that use multiple transmitters
in mind. The second research question is therefore:

2. ”How to design harmonic radar systems to best utilize
a multiple transmitter configuration?”
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1.4 Outline

In this report, in Chapter 2 first more theory about harmonic radar is given and a math-
ematical model for the harmonic tag is explained. Then, a multiple transmitter setup is
described and it is shown how it can be used to boost the return signal of a harmonic tag.
This theory is used in Chapter 3 to formulate the test hypothesis for the measurements
using simulation results. After this, in Chapter 4 the measurement setup is described, fol-
lowed by the presentation of experimental results and their comparison with simulations.
Finally, section 5 presents the conclusions and provides system design recommendations
for harmonic radar systems that utilise multiple transmitters.
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Chapter 2

Harmonic Radar

2.1 Harmonic radar

This report focuses on harmonic radar. Harmonic radar is based on receiving harmonics
generated by a harmonic tag [1]. A simple passive harmonic tag consists of only an
antenna, an inductive loop that functions as a matching circuit, and a diode as nonlinear
element. A picture of such a passive harmonic tag can be seen in figure 2.1.

Consider a simple tone being picked up by the harmonic tag’s antenna. When the si-
nusoidal current passes through the diode, an ideal diode would rectify the wave. This
nonlinear behaviour introduces many harmonics, as seen in figure 2.2. This figure shows
a pure sine wave that gets rectified by an ideal diode and the corresponding frequency
spectrum. Here it can be seen that harmonics get generated at multiples of the original
frequency.

Figure 2.2 also illustrates the main downside of harmonic radar: the poor power conver-
sion at the tag from the radar signal to a harmonic. In figure 2.2, it can be seen that the
power of the harmonics is lower than that of the radar frequency. This results in weak re-
turn signals and thus limited range. Furthermore the figure shows that higher harmonics

Figure 2.1: Harmonic tag close-up photo
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Figure 2.2: Simplified operation principle of harmonic tags

have less power. This is why the second harmonic is often used in harmonic radar, since
it is the harmonic with the most power besides the first harmonic [1].

2.2 Mathematical model of a harmonic tag

Figure 2.3: Simplified model of a harmonic tag, adopted from [6]

For analyzing harmonic radar systems, it is important to have a good model of harmonic
tags. In [6] such a model has been derived using mathematical analysis with the Lambert
W function. This model is based on the simplified model of the harmonic tag that can be
seen in figure 2.3.

By assuming perfect impedance matching, the complex antenna input impedance ZA is
simplified to only a real impedance RA. Furthermore it is assumed that the input band-
width is sufficient for the bandwidth of the input signal. Using these assumptions, equation
2.1 was derived in [6] to describe the relation between the input voltage and the current
through the diode.

iT (t) =

W0

(
ρeρ+Ṽin(t)

)
ρ

− 1

 IS (2.1)
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In this equation W0 is the principle branch of the Lambert W function, ρ = ISRA

niVT
and

ṽin(t) =
vin(t)
niVT

. Here IS is the saturation current of the diode, ni the diodes ideality factor,
VT the thermal voltage (kT/q) and RA the resistance of the antenna.

Furthermore, in [6] this model was analysed for two regions: a small signal and large
signal region. For the small signal region using Taylor expansion it was found that the
model shows a quadratic relation between the radar signal and the harmonic tag output
at the second harmonic for both frequency and amplitude. For the large signal region,
a quasi-linear relation was found. In this region, the model shows a quadratic relation
between the frequency of the radar signal and the tag output at the second harmonic and
a linear relation for amplitude.

2.3 Auxiliary transmitters

As shown in Section 2.1, harmonic radar suffers from poor power conversion at the tag.
This results in limited range due to a weak return signal. Conventionally this has been
solved by a combination of increased transmit power, low sensitivity receivers, and high
gain transmit and receive antennas. However, both of these solutions result in heavy,
complex, and expensive equipment [5]. Therefore, [5] proposes an alternative approach,
which utilizes multiple transmitters.

In the proposed system, one transmitter would send the modulated radar signal and mul-
tiple auxiliary transmitters would transmit an unmodulated carrier that boosts the output
of the tag. This usage of multiple transmitters can be seen as a combination of both har-
monic radar and intermodulating radar. This is because while harmonic radar is still the
basis of the system and tag design, the presence of an intermodulating term is exploited
to allow the usage of multiple transmitters where only one of the transmitters modulates
its signal.

In [5], the system was analyzed for the small signal region of the harmonic tag. In this
region the relation between the input signal and the second harmonic is quadratic. The
relation between the input voltage and the first two harmonics can be seen in equation
2.2 [5]. In this equation α = 1

niVT
.

iT (t) = IS

(
αv (t) +

α2

2
v2 (t)

)
(2.2)

When receiving multiple signals, the total input voltage will be the sum of these signals.
For two signals v1(t) and v2(t) we can thus write:

iT (t) = IS

(
α (v1 (t) + v2 (t)) +

α2

2

(
v21 (t) + 2v1 (t) v2 (t) + v22 (t)

))
(2.3)
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Furthermore, since we are only interested in the harmonics generated by the quadratic
terms, we can leave out the linear terms to find:

iT (t) = IS

(
α2

2

(
v21 (t) + 2v1 (t) v2 (t) + v22 (t)

))
(2.4)

We can see that when two signals are applied at the input the result will be three harmon-
ics at the output. The first and last terms are quadratic versions of the two input signals
v1(t) and v2(t). The middle term is an intermodulating term between the two input signals.
One can see that when v1(t) and v2(t) have the same amplitude, the intermodulating term
has twice the amplitude compared to the harmonic terms, thus 6 dB more power.

Since doubling the transmit power also results in the same 6 dB gain, this does not result
in an improvement compared to increasing the transmit power. However, using this effect
allows for new designs for harmonic radar systems. Furthermore, since lower transmit
powers are easier to achieve combined with the fact only one transmitter needs to mod-
ulate its output, it could allow for simpler, cheaper and lighter transmitters. To improve
on the efficiency compared to doubling the output power, the intermodulating term and
the harmonic of the modulated signal would have to be combined. This restricts the used
modulation schemes to schemes where x(t) = x2(t).

2.4 Model verification

The results from Section 2.3 depend on the correctness of the mathematical model de-
scribed in Section 2.2. However, this model has not yet been verified with measurements.
This report will focus on verifying the mathematical model describing the operation of
harmonic tags with lab measurements.

These measurements will be done using two transmitters that are swept over power lev-
els. These measurements are enough to evaluate if the model as shown in equation 2.1
holds, since they are able to show the relation between the harmonics and intermodulat-
ing terms. Furthermore the transmitted signals will be simple tones instead of modulated
signals. The simple tones are easier to generate and allow for easy and accurate mea-
surements of the powers of the different harmonics.

In the end of the report, an example of a system with a modulated signal combined with
an unmodulated signal will be shown, to give an impression of system operation similar
to that of a practical setup.
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Chapter 3

Simulation results

3.1 Simulation setup

To formulate the hypotheses for the measurements simulations were performed. Equation
2.1 was used as the basis for performing simulations. The values used to describe the
harmonic tag can be seen in table 3.1. These values are based on the tag that will be
used for measurements. The tag has been designed for operation at 2.9 GHz at the
fundamental transmit frequency and 5.8 GHz at the harmonic return frequency [7]. The
tag has a SkyWorks SMS7630-040 diode, whose specifications can be found in [8], with
a dipole antenna that is 58 mm long and has a diameter of 0.38 mm. The resistance of
this antenna was determined using the MATLAB Antenna Designer tool to be 142 Ohms
at 2.9 GHz.

Parameter Value

Saturation current Is 5 · 10−6 A
Ideality parameter ni 1.05

Thermal voltage VT (at 21◦C) 25.2 · 10−3 V
Coefficient ρ 0.0269

Table 3.1: Harmonic tag parameters

The simulations are done using MATLAB and consist of two parts. The first part is a
time-domain simulation where the return signal from the harmonic tag is calculated. The
second part transforms the time-domain signal to the frequency domain, to measure the
power of the harmonics.
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First, the input voltage at the tag needs to be calculated. The input voltage at the tag
will be an unmodulated sine wave. The input voltage at the tag can be calculated using
equation 3.1.

vin,t =
√
Ptx,f0 · fspl · 2 · 73 · sin (2 · π · f0 · t) (3.1)

Here Ptx,f0 is the transmit power in Watts and f0 the frequency of the carrier. The equation
for the free space path loss can be seen in equation 3.2 [9].

fspl = GtxGrx

(
λ

4πd

)2

(3.2)

In this equation Gtx and Grx are the gains of the transmitting and receiving antenna,
respectively. λ indicates the wavelength which was calculated from f0. d denotes the
distance between the antenna and the tag. This equation is used twice: one time from
the transmitting antenna to the harmonic tag and one time from the harmonic tag to the
receiving antenna. For the transmitting and receiving antenna a gain of 6 dBi and 12

dBi from their specifications was used, respectively. For the antenna at the tag a gain
of 2.15 dBi was used, typical for a half-wave dipole [10]. Both receiving and transmitting
antenna’s were at a distance of 0.2 meters from the tag.

From this calculated input voltage, the output current of the tag can be calculated using
equation 2.1. This output current can then be converted to the output voltage using the
antenna impedance. From this output voltage, the frequency spectrum is calculated using
a Fast Fourier Transform (FFT), which is then normalised. The output of the normalised
FFT is then converted to logarithmic scale. This output now represents the square peak
voltage. To convert this to the actual power in dBm, the following relation is applied:

Prx =
V 2
RMS

R
=

V 2
peak

2R
(3.3)

Where Vpeak is the amplitude of the sine wave and R the resistance. In logarithmic scale
this operation can be achieved by subtracting 10log10(2R) from the previously calculated
logarithmic output. Finally, the free space path loss in logarithmic scale is added to ac-
count for the path loss and 30 dB is added to convert to dBm. Since the frequencies of
the harmonics are already known, it is trivial to extract the amplitudes from the resulting
frequency spectrum.

The range of power levels is chosen to be 10 dBm bigger in than the measurements. This
will later be used to allow for the measurements to be compared to the simulations.

12



3.2 Single transmitter power sweep

The first simulation performed was with a single transmitter. The relation between the
transmit power Ptx,f0 and the received power of the second harmonic Prx,2f0 was simu-
lated. The frequency of the input signal was set to 2.9 GHz and swept from −20 dBm
through 30 dBm. The result of this can be seen in figure 3.1a. Here, the quadratic and
quasi-linear relation for the large signal and small signal regions described in [6] can be
distinguished. From −20 dB to 5 dB, the line has a slope of 20 dB per decade, after which
it starts to slope off. This can be seen more clearly in figure 3.1b. Here, the received
harmonic power is plotted relative to the transmit power, and thus in the lower region has
a slope of 10 dB per decade, which then starts to roll off.
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Figure 3.1: Simulated received harmonic power as a function of transmit power
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3.3 Two transmitter power sweep

The second simulation uses two transmitters. The transmitters are set 10 KHz apart to
2.9e9− 10e3 = 2.89999 GHz and 2.9 GHz, respectively. A sweep was done from −20 dBm
through 20 dBm with both transmitters at the same power level. The result of this sweep
can be seen in figure 3.2a. In this figure, Prx denotes the power received for both the
harmonics (Prx,2f0 and Prx,2f1) or the intermodulating term (Prx,f1+f2). Ptx,f0,f1 denotes the
transmit power of both transmitters. To better analyse the relation between the harmonics
and the intermodulating term, figure 3.2b is plotted. It shows the received power of the two
harmonics relative to the intermodulating term. It can be seen that for the lower transmit
powers, the intermodulating term is indeed 6 dB higher than the harmonics, as predicted
in Section 2.3. Furthermore, it shows that with increasing transmit power the gap between
the harmonics and the intermodulating term first narrows before it widens again when the
tag starts to approach the large signal quasi-linear region. This result is important since
it shows that the intermodulating term is present across the entire range of input powers
and at least 5 dB stronger than the other harmonics.
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Figure 3.2: Simulated received harmonic power as a function of transmit power with two
transmitters

To expand on these results, simulations were also performed with unequal transmit power
levels. These simulations were performed with the power level of both transmitters as two
variables. One transmitter Ptx,f0 was swept from −20 dBm through 30 dBm and the other
transmitter Ptx,f1 from −20 dBm through 20 dBm. This allows for plotting a 3D-figure as can
be seen in figure 3.3a. In this figure the received signal power of the intermodulating term
(Prx,f0+f1) is plotted against the two transmit powers. While the surface looks as expected
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from the mathematical model, it is difficult to accurately use the 3D-graph. Therefore, for
the other plots it was chosen to plot slices of the 3D-graph. These can be seen in figures
3.3b, 3.3c, and 3.3d for the lower harmonic, intermodulating term and higher harmonic,
respectively. In figure 3.3b, it can be seen that the harmonic power Prx,2f0 still behaves
as expected from the power sweep with one transmitter. However, the other transmitter
Ptx,f1 influences the power of the harmonic slightly. This can be better seen in figure 3.3d.
Here the power of the harmonic of the second transmitter Prx,2f1 is plotted compared to
the transmit power of the first transmitter Ptx,f0. It can be seen that when the difference in
transmit power is greater, the harmonic gets attenuated.

Finally figure 3.3c shows mostly behaviour that could be predicted from the mathematical
model. It can be seen that when Ptx,f0 is increased with 10 dB, the power of the received
harmonic Prx,f0+f1 also increases with 10 dB in the small signal region. One thing to note
is that the spacing between the lines for the different transmit powers for the second trans-
mitter Ptx,f1 is slightly larger than expected. Since following equation 2.4 it was expected
that a 5 dB increase in transmit power should increase the power of the intermodulating
term by 5 dB.
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Figure 3.3: Simulation results for two transmitters with unequal transmit powers
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Chapter 4

Measurements

4.1 Measurement setup

In this project, measurements are limited to two transmitters which is enough for evalu-
ating the model as shown in equation 2.1. Two signal generators were used to generate
the carrier signals, and a spectrum analyzer was used to analyze the return signal from
the tag. A list of the used equipment can be found in table 4.1. A schematic layout of the
measurement setup can be seen in figure 4.1 and a picture can be seen in figure 4.2.

The design for the tag that was used for the measurement is described in [7]. The tag
was designed for a fundamental transmit frequency of 2.9 GHz. The tag uses a SkyWorks
SMS7630-040 diode as the non-linear element.

The distance between the antennas and the harmonic tag is 0.2 m. This distance was
chosen as a trade-off between being far enough to not have reactive near-field effects
and being close enough to have a strong signal at the harmonic tag without the need
to use an external power amplifier. Due to limited transmit power, moving further would
cause the received signal to quickly fall below the noise floor. The radiating near-field
region is given by equation 4.1 [9]. In this equation r is the distance to the antenna, λ
the wavelength and l the length of the antenna. Since the log periodic antenna used in
the measurements has a length of 0.14 m and the used frequency of 2.9 GHz results in a
wavelength of 0.103 m, the minimal distance for the radiating near-field region is 0.101 m.

2l2

λ
> r ≥ 0.62

√
l3

λ
(4.1)

The spectrum analyzer was used with a span of 30 kHz with 401 frequency points and
a resolution bandwidth (RBW) of 300 Hz. The spectrum analyzer was set to average
10 sweeps in order to reduce the noise effect on the measurements. This value was
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Type Model

RF signal generator Agilent 8267D
RF signal generator Signal Hound SVG60A
Spectrum analyzer Agilent E4404B
log-periodic antenna WA5VJB 850-6500MHz, 6dBi
Helical antenna 5.8GHz, 12dBi

Table 4.1: Used measurement equipment

determined by inspecting at which value the measurements stabilised. The power was
averaged in linear scale, instead of averaging in the logarithmic scale.

The experiments aim to replicate the simulations. To help with this, all equipment was
controlled via MATLAB by sending Standard Commands for Programmable Instruments
(SCPI). This ensures that the measurement equipment is always configured correctly and
allows for repeatable experiments and storing all the results from the spectrum analyzer.

Figure 4.1: Schematic layout of the measurement setup

Figure 4.2: Picture of the measurement setup
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4.2 Measurements with one transmitter

The first measurement taken was a power sweep with one transmitter. The power sweep
was done from −10 dBm through 20 dBm, since lower values would cause the return
signal to drop below the noise floor and 20 dBm was the limit of the RF-generator. The
result of this measurement can be seen in figure 4.3a. In this figure we can already see
the transition between the two regions of the two-region model. To better see this result,
again a plot of the received power of the harmonic relative to the transmit power is made
in figure 4.3b. Here, we can more clearly see that the measured response indeed starts
to change from the quadratic behaviour to the quasi-linear behaviour. However, it can
also be seen that below −100 dBm received power from the harmonic start to become
less clean. In later measurements this phenomenon will also appear.
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Figure 4.3: Measured received harmonic power as a function of transmit power

To verify how well these results meet theoretical expectations, they should be compared
to the simulation results. The results from the simulations were added to the plots in
figure 4.4a and 4.4b. However, these results are not that useful. It can be seen that
the measured values are significantly lower than expected from the simulations. This is
not unexpected for two reasons. The first is the method of calculating power losses in
the transmission: for the antennas data from the specifications was used for the gain,
which could be higher or lower than the real values. Especially since the measurements
were not taken in the far-field region, but the radiating near-field region. Furthermore,
the formula for the free space path loss does not account for reflections. Secondly, the
lower values could be expected due to the assumptions made by the model: the model
assumed perfect matching of the tags antenna, diode and inductive loop at all operating
frequencies. In reality, this is unrealistic. Imperfect matching would also cause loss of
power in the harmonic tag.
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Figure 4.4: Direct comparison between measured and simulated data

However, to validate the model it is more important if the overall shape of the curve aligns
with expectations. Therefore, to better compare the simulations results to the measure-
ments, the simulation results were fitted onto the measurement results by moving them
on the X- and Y-axis. A move in the X-axis would translate into a bigger loss in transmis-
sion from the RF-generator to the harmonic tag than expected and a move in the Y-axis
would translate into a bigger loss in transmission from the harmonic tag to the spectrum
analyzer than expected.

MATLAB was used to fit the simulations to the measurement results. For this, an error
function was defined that can be seen in equation 4.2. In this equation Xmeas is the power
level at which measurements were taken, Ymeas is the corresponding measured value for
received harmonic power, fmodel represents the function that maps X values to Y values
in the simulations and α and β are the variables that can be tuned to minimize the error.
Since simulation also consists of discrete points, linear interpolation was used to estimate
received harmonic power values between points. The high power at the end of the error
function was chosen to prefer an evenly distributed average error to a bigger error that
only exists in a smaller part of the curve.

E = (|fmodel(Xmeas − α)− Ymeas + β|)4 (4.2)

The optimization toolbox was used to minimize this error function. It was decided to fit
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the results from 0 dBm through 20 dBm for two reasons. First, in this region the line was
starting to curve, which is the more interesting behaviour to use for the fit than the straight
line. Secondly, it was observed that the measurement results in the lower region are
noisier, which resulted in a poorer fit. The results of the function fit can be seen in figure
4.5a and 4.5b.

When comparing simulations and measurements in figure 4.5a and 4.5b, it can be seen
that they are extremely close and follow each others curvature.
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Figure 4.5: Fitted comparison between measured and simulated data (x = 1.19 dB, y =

−24.64 dB)

4.3 Measurements with two transmitters

The second measurement was with two transmitters sweeping with equal power. During
measurements it was noticed that with two transmitters used, setting the same output
power did not always result in the same measured harmonic power. This is likely a com-
bination of differences in location of antennas, cables and different calibration between
the two generators. To compensate for this, precautions were taken to minimize the er-
ror between the harmonics. This was done by comparing received power at the second
harmonic for each transmitter separately, and then adjusting one of them to compensate
for the difference. This was done once in the at the beginning of the power sweep to set
a coarse compensation value and then adjusting the output power before each measure-
ment so that the two measured powers are as close as possible.
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The result of the measurements can be seen in figure 4.6a. This figure looks very close to
what is expected from the model. Figure 4.6b was plotted to show the difference between
the harmonics and the intermodulating term. On average the difference between the two
harmonics and the intermodulating term was found to be 5.48 dB. While slightly lower than
the 6dB value expected from the model in section 2.3, it was expected from the simulation
results. As shown in chapter 3 figure 3.2b, when transitioning between the small signal
and large signal region, the gap between the harmonics and the intermodulating term first
narrows before becoming wider again. These measurements were taken right around the
part where the gap narrows. However, an important conclusion is that for the entire range
of input powers the intermodulating term is present and at least 5 dB stronger than the
other harmonics.
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Figure 4.6: Measured received harmonic power as a function of transmit power with two
transmitters

To better compare the measurements to the simulation results, they were plotted together
in figures 4.7a and 4.7b. The same fitting technique as described for the single power
sweep was applied, where the upper region of the curve was used for the fitting process.
However, for this fit all three curves were taken into account. It can be seen that the
measurements follow the simulations. We also see again that at the lower power levels
the measured powers are higher than the expected values.

However, when we examine figure 4.7b we can immediately see that the fitting algorithm
has not given the best fit. While the fit looked good in figure 4.7a, here it can be seen that
the shift on the X-axis that was applied is incorrect. While the shift in the X-axis of 1.27
has moved the curves closer together, a higher value would be required to let the curves
overlap. This shows how difficult it is to compare the results: even though results may
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look to fit, it might turn out a slightly different fit would have been more optimal. However,
since the shift was relatively minor it is still safe to conclude that the measurements seem
to follow the simulations remarkably well.
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Figure 4.7: Fitted comparison between measured and simulated data (x = 1.27, y =

−26.03)

Finally, the measurements with unequal transmit powers were performed. The resulting
surface plot can be seen in figure 4.8a. Furthermore, slices of these measurements were
taken for the three harmonic terms. Figure 4.8b shows the power of the harmonic from
the first transmitter Prx,2f0, figure 4.8c shows the power of the intermodulating harmonic
Prx,f0+f1 , and figure 4.8d shows the power of the harmonic from the second transmitter
Prx,2f1. For all these plots the X-axis is the power set to the first transmitter Ptx,f0, with plots
for the different power levels of the second transmitter Ptx,f1. In these three plots, we can
see the attenuation of the weaker harmonic that was also found during the simulations.

To compare these measurements to the simulation they were again fitted to each other.
However, for these measurements the methodology of fitting was slightly changed. Since
we now have two variables instead of one, surfaces were fitted onto each other instead
of curves. The surfaces of the three different harmonics were all taken into account. The
result of this fit can be seen in figures 4.9a, 4.9b and 4.9c. In figure 4.9a and 4.9b it can be
seen that the measurements follow the simulations extremely well. There are only small
deviations, especially in the lower power regions. The same trend continues in figure
4.9c. However, in this figure the difference in power level in the low power region is more
significant than the other plots.
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Figure 4.8: Measurement results for two transmitters with unequal transmit powers
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4.4 Modulated carrier

Finally, one measurement was done with a modulated carrier to show the effect of using
two transmitter in a configuration closer to a practical setup. To do this, one transmitter
was set to transmit chirps with a bandwidth of 1 kHz and a period of 100 ms. To get
an indication of the transmit power, the average power was taken over 100 sweeps. The
result can be seen in figure 4.10. It can be seen that the three harmonics are created.
However, it can also be seen that the bandwidths are not as was expected. However,
this is highly dependent on the used way of defining the upper and lower bound of the
bandwidth. If only the top of the bandwidth block was used, the bandwidth would be closer
to the expected values. Furthermore, the power of the different terms was measured by
integrating the linear values from the lower through the upper bound for the different terms.
A power of −71 dBm, −87 dBm, and −91 dBm was calculated for the lower harmonic,
intermodulating harmonic and higher harmonic, respectively. Noteworthy is that the power
of the unmodulated harmonic is far higher than the other harmonics. For these values it
must be noted that the measurement setup is not optimal to measure the power of the
modulated signals. By averaging over a large number of sweeps the frequency block can
become visible but does not give an accurate representation of the power. Furthermore,
the relatively high resolution bandwidth (RBW) of 300 Hz also causes frequency points to
overlap. However, when taking this into account we can still see that the intermodulating
term contains more power and has a lower bandwidth compared to the harmonic of the
modulated transmitter.
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Figure 4.10: Measurement with modulated carrier
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Chapter 5

Conclusion and Outlook

The goal of this paper was to experimentally evaluate a mathematical model for harmonic
radar tags. For this, first a foundation was laid out explaining the principle of harmonic
radar. Then a mathematical model for harmonic tags and a basic theory behind using
auxiliary transmitters were presented. To be able to evaluate the model, the results of
simulations were used to form a test benchmark for the measurement results. Using
a setup consisting of two RF generators and a spectrum analyzer, the response of a
harmonic tag was measured under different conditions.

When comparing the results of these measurements to the simulations, it can be con-
cluded that the model is accurate enough to be used for modelling both harmonic tags
and intermodulation operation of harmonic tags. It provides a viable tool that can be
used to model, design and implement harmonic radar systems. This is because none of
the differences between measurements and simulations influence the broader picture of
what the model is used for. The measurements also confirm the viability of using auxiliary
transmitters in the way the model predicted. The intermodulating term was present for all
input power levels with at least 5 dB more power for equal transmit powers.

The main limitation of the model is that all simulations predicted the power of the har-
monics too high compared to the measurements. The simulation results needed a down
adjustment between 22 and 26 dB to correspond with the measurements. While this is
important to keep in mind when using the model, it would only cause problems by overes-
timating the operating range. Furthermore, there were some smaller differences between
harmonics or certain behaviour that is less prominent in the measurements than they are
in the simulations. However, these differences are so minor that they can be discarded in
practice.

The presented results also lead to some new insights for future design of harmonic radar
systems that utilize auxiliary transmitters. Systems that use a modulation scheme where
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x ̸= x2, such as radar chirps, normally rely on the intermodulating term as their return
signal. However, a situation could occur where the modulated transmitter is close to the
tag, but the auxiliary transmitter is far away. In this case, as can be seen in figure 4.8a, the
intermodulating harmonic would be weak due to the low power received from the auxiliary
transmitter. The system would then perform worse compared to just using the harmonic
of the modulated signal. This could be prevented in two ways. First is making sure that
the transmitters are relatively close to each other. However this would partially negate the
advantage of two transmitters. A second option is the usage of a split setup: the receiver
can decide to either use the harmonic of the modulated signal, or the intermodulating
harmonic depending on the received power level. It could even be decided to try and use
both of these signals together in a combined manner.

To conclude, this report showed the results of an experimental evaluation of harmonic tag
operation in the presence of multiple transmitters. To goal was to address two research
questions. The first research question was:

1. ”How well does the mathematical model of a harmonic tag describe
tag operation with multiple transmitters?”

The presented results indicate that the theoretical model describes the response of the
harmonic tag very well after an adjustment for the power level mismatch.

The second questions was:

2. ”How to design harmonic radar systems to best utilize
a multiple transmitter configuration?”

The results show that it is a good approach to design a system to receive and process
both the harmonic and intermodulating components of the return signal. This would allow
for optimal operation in most situations.
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