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Abstract—In this paper, a passive-intermodulation-based
tracking system working with a frequency-modulated
continuous-wave (FMCW) is proposed for target identification
and localization. Signals in the microwave range are chosen
to realize ranging purposes for the benefits of small device
size, lightweight, and wide available bandwidth. Depending on
whether the nonlinear properties of electrical components,
such as diodes, transistors, and mixers, are exploited,
the tracking systems can be categorized as linear and
nonlinear systems. By nature, the linear tracking methods
are vulnerable to surrounding clutter, such as furniture, walls,
and other objects, since the reflection signals from clutter are
of the same nature as the target. In comparison, the nonlinear
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detection methods are attractive owning to the fact that the majority of the clutter does not possess nonlinear properties.
Hence, the nonlinear detection system does not “see” the linear clutter and only senses the target exhibiting nonlinear
responses. Among all the nonlinear technologies, the intermodulation-based tracking and mapping approach has less
path loss than the harmonic-based, smaller circuit size than the subharmonic-based, and simpler tag design and fewer
signal licenses required than both of its counterparts. Therefore, in this work, the intermodulation-based technology is
adopted, and a new nonlinear tracking system is designed to track the distance of the target in a complex indoor scenario

crowded with unwanted objects.

Index Terms— Clutter rejection, intermodulation, nonlinear radar, nonlinear tag, ranging.

I. INTRODUCTION

INEAR continuous-wave sensors based on fundamen-

tal frequency responses have been extensively used for
measuring range with high precision [1]-[5]. However, these
systems have difficulty distinguishing between environmental
clutter and the target of interest since the responses of the
target and surrounding clutter are of a similar nature [2].
The clutter signal returns can even mask the target response
in a clutter-rich environment. To cope with such issues,
active tags have been proposed in the literature to gener-
ate an additional frequency shift. For example, an active
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backscatter-based sensor operating in the frequency-modulated
continuous-wave (FMCW) mode was proposed [6]. The active
backscatter tag was mainly composed of a voltage-controlled
oscillator (VCO) acting as the signal source and a mixer for
up/down conversion. The tracking system transmitted out a
signal with a fundamental frequency of f.. While the clutter
directly reflected back the transmitted signal without any
frequency modification, the active backscatter tag captured the
signal and the mixer modulated it with the signal from the
VCO with frequency f;,, which is normally at kHz or MHz
range. After the frequency conversion process, the generated
fe £ fm tones were transmitted by the tag back to the tracking
system. By detecting the additionally generated frequency shift
fm, the sensors’ tag could help the user differentiate the tag
from the clutter. However, the tag is active in nature because
of the active electronic components used (i.e., oscillator, etc.),
which means that they are dependent on the battery/portable
power supply for operation. Another drawback is that the free-
running VCO’s frequency drifts with time, which may compro-
mise system performance. To overcome this issue, a frequency
synthesizer that generates locked and stable signal can be used
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Fig. 1. Nonlinear responses from a typical nonlinear device.
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Fig. 2. Responses from clutter and electronic/nonlinear devices.

instead at the tradeoff of increased system cost and larger tag
size. In comparison, some nonlinear technologies have alluring
advantages for their passive mode operation in tag [7]-[10].

For clutter suppression purposes, some radars transmit
two or more frequencies [11]. These signals are transmitted
either simultaneously or sequentially. These frequency diver-
sity radars can measure higher ranges with greater detec-
tion probability and also limit false alarms. However, these
radars suffer from several technical challenges: generation of
unwanted intermodulation tones which might affect measure-
ments, and complexity in signal processing [12].

In nonlinear tracking systems, the tag modulates the funda-
mental tone(s) transmitted by the system using the nonlinear
behavior of electrical components, such as diodes, transistors,
and mixers. Fig. 1 shows some of the nonlinear responses
generated by a typical nonlinear device. By detecting the non-
linear responses generated by the tag, the nonlinear tracking
systems can identify and track the tag from surrounding clutter,
as shown in Fig. 2. Note that exceptions can occur due to the
rusty bolt effect when metal oxide and metal layer make the
clutter nonlinear in behavior, causing the clutter to become a
source of interference at a high-power level, typically beyond
40 dBm (10 W). [13], [14]

The most common nonlinear sensor is the harmonic sensor.
The harmonic tag commonly consists of a frequency mul-
tiplier (i.e., diode, transistor) and antenna(s). The receiving
antenna captures the fundamental tone f and multiplies it
in the frequency multiplier to generate a series of harmonic
responses nf at multiples of the fundamental tone, where
n = 2,3,4, etc. If the transmit signal of the system has a
bandwidth of BW, the bandwidth of the harmonic responses
will be multiples of BW, i.e., n BW. Generally, for a harmonic
system, n is chosen as 2, as typically, the 2"¢ harmonic
response is the strongest response among the rest of the
harmonics. The benefit of using a harmonic tracking system
is that since the frequency multiplier is passive in nature,
the harmonic tag does not require a battery, making the life
cycle of the tag immune to the battery limitation. However,
because the fundamental frequency is typically in the GHz
range, its 214 harmonic is normally located in a different fre-
quency region. The radio-frequency (RF)/microwave spectrum

ranging from MHz to GHz is divided into multiple regions
based on their use, such as mobile communication, radio
navigation, space communication, etc. Each frequency region
has a license associated with it based on the use to avoid
one signal from distorting the other. Therefore, harmonic
systems require multiple frequency licenses for operation.
In addition, as propagation path loss increases with frequency,
the harmonic responses suffer from more path loss than the
f £ fm tones in the aforementioned active backscatter-based
linear tracking system.

Another nonlinear technology is subharmonic [15]. The
working principle of the subharmonic sensor is opposite to the
harmonic one. The subharmonic tag has a frequency divider,
which divides the captured signal frequencies f and bandwidth
BW by a factor of n, i.e., the new frequencies and bandwidth
are f/n and BW/n. For example, if the transmit frequencies
of the system are from 10 GHz to 12 GHz and n is chosen
as 2, the subharmonic tag will divide the captured frequencies
by a factor of 2, which means the received frequencies of
the tracking system will range from 5 GHz to 6 GHz. Thus,
the received signal bandwidth becomes half, i.e., 1 GHz, which
may affect the range resolution of the system if it is operating
in the FMCW mode. Compared with the harmonic system
that operates at the same fundamental frequency(s), the sub-
harmonic sensor has lower path loss due to the lower nonlinear
frequency(s), yet comes at the cost of a larger receiver and tag
size. In addition, since the frequency divider is a type of active
components, the subharmonic tag requires a continuous power
supply to operate. As a result, it cannot be sealed to reduce
wear and tear. Furthermore, it also requires multiple frequency
licenses, which increases the overall implementation cost.

There has been research going on towards exploiting
the intermodulation behavior exhibited by passive nonlinear
devices to differentiate the target of interest from the clut-
ter [16]. The mathematical model shown by the Volterra series
and time-domain analysis is discussed in [17], [18]. Accord-
ing to the intermodulation theory, intermodulation products
occur when the input to the nonlinear device is composed
of two or more frequencies. For example, assuming two
fundamental tones f, and fi, transmit towards a nonlin-
ear device, except generating the aforementioned harmonic
responses, additional frequency products at the sum and dif-
ference frequencies of the fundamental frequencies and at sum
and difference of multiples of those frequencies will also be
created, which can be represented as pf, = qfs, where p and
q are integers. The order of these intermodulation products
is the sum of p and ¢. In many scenarios, the 3" order
intermodulation products (IMP3s), i.e., fra =2f, — fsw
and fryn =2f,, — fo, are of primary interest because they
are in the closest vicinity to the two fundamental tones.
Furthermore, since the two IMP3s are identical in power
level and are of the same vicinity to the fundamental tones,
only one IMP3 is selected and discussed in the following
analysis, which is the lower IMP3 (i.e., fiay). If one of
the fundamental tones has a frequency sweep or both of the
fundamental frequencies sweep, there will be one bandwidth
in the transmit signal or two separate bandwidths, respectively.
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Fig. 8. Fundamental frequencies and corresponding intermodulation and fundamental responses from a nonlinear tag.

TABLE |
ANALYSIS OF BANDWIDTH OF 3fP ORDER INTERMODULATION TONES
fosweeps  fg, sweeps fim fimn IMP3
BW 0 2BW BW 3BW
BW /2" BW/2* 1.5 BW 1.5 BW 3BW
0 BW BW 2 BW 3 BW

*Sweep is in opposite direction

The bandwidth of the IMP3 remains the same i.e. 3BW,
however, the lower IMP3 varies depending on the number of
tones swept, which is summarized in Table 1.

The conditions discussed in Table I hold true when fun-
damental tones do not crossover (f, < fs,). For example,
consider the situation where the two fundamental tones are
fo = 5.8 GHz and f;, = 5.9GHz, after passing through a
nonlinear device, the lower IMP3 of 5.7 GHz will be created.
If f, sweeps from 5.8 GHz to 5.85 GHz and f,, remains
constant, the resulting lower IMP3 will range from 5.7 GHz
to 5.8 GHz. The bandwidth of the lower IMP3 is 100 MHz,
which is two times the bandwidth of the fundamental tones.
For the condition when f;,, sweeps from 5.9 GHz to 5.95 GHz
while f, remains constant at 5.8 GHz, the resultant lower
IMP3 sweeps from 5.65 GHz to 5.7 GHz. In this scenario,
the bandwidth of the desired IMP3 is the same as the fun-
damental. For the situation when f, sweeps from 5.8 GHz
to 5.7 GHz and f;,, sweeps from 5.9 GHz to 6 GHz, the
lower IMP3 response ranges from 5.4 GHz to 5.7 GHz. Now
the bandwidth is 1.5 times the bandwidth of the fundamental
tones. Hence, the intermodulation tracking system has a flex-
ible bandwidth depending on the situation or requirements of
the intended applications.

Though the intermodulation sensor has higher propagation
path loss than the subharmonic sensor for its higher nonlinear
frequency, it comes at the benefit of relieving the licensing
issue, as the fundamental and IMP3s lie in the same licensed
frequency region. In addition, since the harmonic and subhar-
monic responses are widely separated in the frequency region
compared to the fundamental tone(s), the tag of these tracking
systems requires either two different antennas or a single
antenna operating at two frequency regions. The same is also
true for the matching circuit in these tags. Advantageously,
only one antenna and one matching circuit need to be designed
to operate at a single frequency region for the intermodulation
tag, making the tag structure simpler and smaller than the
corresponding harmonic and subharmonic ones.

The above discussions can be summarized as that the
intermodulation-based microwave sensor resolves the issue
faced by fundamental-response-based microwave sensors such
as clutter rejection. The proposed sensor also solves the
drawback of the licensing issue, has lower path loss than
the harmonic, has a smaller tag/receiver size compared to the
subharmonic-based microwave sensor, and requires a passive
tag instead of an active one.

This paper discusses the use of passive intermodulation
response to distinguish and track the target of interest in
the presence of environmental clutter. Potential applications
include search and rescue, target identification and tracking,
and security monitoring. In [19], the concept and feasibility of
utilizing intermodulation response for target motion discrimi-
nation were verified. The work was expanded in [16] to mea-
sure human vital signs in the presence of background noises.
The radar discussed in [16] was operated in Doppler mode and
hence can be used for determining the motion frequency of the
target and cannot be used for ranging applications. After that,
the frequency shift keying (FSK) mode was introduced in [20]
for ranging purposes based on the vital signs of the human
target. However, the FSK mode can only localize a moving
target based on the Doppler effects. To locate both moving
and stationary targets and thus achieve ubiquitous sensing in
a realistic, complex indoor environment, an FMCW mode is
devised for passive intermodulation. In this mode, the probing
frequency for localization is modulated by the targeted nonlin-
ear device. In [20], part of the fundamental tones was absorbed
in the transmitting path after the quadrature hybrid before
being transmitted out. In this work, there is no power loss
in the transmitter apart from the 3 dB loss at the quadrature
hybrid, which significantly increases the sensor’s detection
range since the power level of the transmitted tones is critical
for ranging sensitivity.

The paper is divided into five sections. Section II
explains the fundamental theory. Section III discusses the
design of the FMCW tracking device. The range detection and
2-D map measurements are presented in Section IV. Finally,
conclusions are drawn in Section V.

Il. THEORY
When two frequencies f,andf;, are passed through a
nonlinear device, additional intermodulation tones pf,£qf,,.
where p and g are integers, are generated. Since most of the
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natural clutter does not generate intermodulation frequencies,
they can be distinguished from the target by examining the
responses at the intermodulation tones. Theoretically, the 5™
order and higher intermodulation tones can also be utilized.
However, since IMP3s typically have the largest power level
and are the closest to the fundamental tones among the
rest of the intermodulation products in the same licensed
frequency region, only the IMP3s (i.e., fip = 2f,— fsw and
fimn =2f,, — fo) are of interest in the proposed system.
Furthermore, since the two IMP3s are identical in power level
and are of the same vicinity to the fundamental tones, only
one IMP3 is selected and discussed in the following analysis,
which is the lower IMP3 (i.e., fimi =2f, — fsw)-

As shown in Fig. 3, in the proposed FMCW system, f, is
kept constant, while f;,, sweeps from f; to f; to generate
a bandwidth BW = f; — f; required for ranging purposes.
Note that the frequency sweep has a step size fyep Of
10.1 MHz. Conventional processing of the stepped-frequency-
continuous wave mode requires two channels (i.e., in-phase
and quadrature channels) [21]. In this work, the stepped signal
was approximated as a linear ramp signal since processing the
ramp signal requires only one channel. The range offset caused
by the discrete frequency step was accounted for and calibrated
out in the range calculation stage. The frequency sweeping is
controlled by a chirp signal with a chirp repetition rate of 1/7,
which has a typical range of hundreds of Hertz. The slope of
the chirp signal is represented as y = BW/T. The transmit
signal for a single chirp can be expressed as

T (t) = ol Crfot+e) + ej(answt+7ryt2+¢) (D

where ¢ is the initial phase. A nonlinear device is used to
generate the IMP3s and the f7, is suppressed by bandpass
filters (BPF). Details will be provided in the next section. The
formed LO signal is

L(r)= ol Cafrmt—ny 1’ +¢+da.L0) )

where @4 10 accounts for the phase delay caused by the
isolator, circulator, nonlinear device, filter, and amplifier in the
LO path. As shown in Fig. 4, the tag incepts the transmitted
fundamental tones, generates a second pair of IMP3s, and
retransmits them back to the FMCW sensor with a round-
trip-time-of-flight of 7 = 2TD, where D is the distance to the
tag. Since the chirp repetition rate is normally much faster
compared to the target motion change, D can be assumed to
be constant for each chirp window. The received signal at the

sensor receiver can be written as
R(t)=o0L (t -7 — gbd,T) 3)

where ¢ is the amplitude of the received signal normalized
to the LO signal and ¢4 1 represents the phase delay due to
the conversion of fundamental tones to the IMP3s in the tag.
After mixing the f73 in the LO path with the f7,; signal at
the mixer, the resulting baseband signal can be mathematically
expressed as

B (1) = L (t) x R* (t) = g/ ot TrotAd) @)

where A¢ is the residual phase, p; is the slow-time phase
history, and f} is the true beat frequency, which is proportional
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Fig. 4. Frequencies present in baseband signal.

to the distance to the tag. In a linear-frequency-changing
microwave sensor, a delay will shift the echo (received)
signal in time. This causes a difference in the received and
transmitted frequency, which is called the beat frequency.
However, there is an additional frequency shift f,rfse; due
to A¢ over the chirp duration. The measured beat frequency
fb,m can be expressed as

2y D
fb,m = fo+ foffset = T + foffset (5)

where c is the speed of light. The target range can be derived
from Equation (5) as

C

To
Dm =D+ Dgffset = _y + Doffset (6)

2
where Dorrser is the range offset associated with forrser.
Hence, one-time calibration is needed to account for Dyyfger.

D = Do + ADDoppler + mD, @)

where Dy is the true target location, m is a natural number and
D, = ﬁ = 14.8 m is the maximum unambiguous range for
fstep =10.1 MHz. Since the target is stationary (i.e., v = 0),
ADpoppler = %vr = 0, where 7 is the sweep time of the
chirp. As shown in [22], the recovered time/range equation
is a periodic signal that repeats every time the maximum
unambiguous range is reached. Therefore, for any value of
m, the same range will be obtained.

The FMCW sensor can detect multiple targets because it
possesses a frequency bandwidth BW. The ability to dis-
tinguish two closely spaced targets is referred to as range
resolution, which is inversely proportional to the bandwidth
and is calculated as

c

D =
2BW

@)

Il1. DESIGN

A. Transmitter and LO Path Design
Fig. 5 shows the block diagram of the proposed passive-
intermodulation-based FMCW system. The components used
in the system are shown in Fig. 6. f, = 5.79 GHz is generated
by a signal generator SG 1 and a frequency sweep fs,, from
fi = 585 GHz to f;, = 6.05 GHz at a sweeping rate of
around 12 Hz is generated by SG 2. The control signal of
the frequency sweep in SG 2 is a chirp signal, and it is
used as the synchronization signal for data processing. Thus,
it is connected to the data acquisition device (NI-DAQ-6009).
Typically, the chirp repetition rate is in the hundreds of Hertz
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Fig. 6. Hardware prototype of the intermodulation based FMCW radar.

range for moving target tracking and localization applications.
The chirp repetition rate of the signal generator was 12 Hz.
The chirp repetition rate determines the maximum Doppler
shift that the radar can measure. The 12 Hz chirp repetition rate
can only measure Doppler frequency of up to 6 Hz and hence
cannot be used for measuring the walking speed of humans,
which produces more than 30 Hz Doppler shift at a walking
speed of 1m/s.

The focus of the work was general target localization and
mapping in a clutter-rich environment. It should be noted
that for a moving target or a human subject with breath-
ing/heartbeat, identifying the target would benefit from other
signal processing-based clutter removal techniques [23]-[29].

The range and Doppler for a moving target can be estimated
with this radar by utilizing the following method. The range
can be estimated by first performing FFT over chirp to obtain
the beat frequency, which determines the range information.
Two methods can further estimate the vital signs information.
In the first method, the range is calculated for each chirp. After
getting the range information, an FFT is performed over the
range bin for multiple chirps to estimate the change of range
over time to obtain the vital signs information. In the second
method, the baseband signal is arranged as a function of the
transmitted frequency signal, as shown in Table II. Cy y in
Table II represents the baseband value corresponding to the
X™ chirp and Y transmitted frequency. FFT can be performed
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TABLE Il
OBTAINING MOTION FREQUENCY FROM MULTIPLE CHIRPS

Chirp fsw fsw + Af fsw + (N - I)Af
1 Cl,l Cl,Z - Cl,N
2 CZ,I C2,2 - CZ,N
M-1 Cm-11 Cy-12 - Cy-1n
M CM,1 CM,Z - CM,N

by selecting a column corresponding to a particular transmitted
frequency. Please note that in both methods, the chirp repeti-
tion rate determines the sampling frequency. The limited chirp
repetition rate limits the maximum motion frequency that the
radar can measure.

Because the free-running VCOs cannot be used to maintain
coherence as they suffer from frequency drift and the drift
can be different for the three signal generators, in [14], [17],
frequency synthesizers were used to maintain the coherence
between the fundamentals and LO frequencies by sharing the
same reference between the three signal generators. In the
new architecture, since the same transmit frequencies are used
for the LO frequencies, the correlation between the LO and
fundamental tones is maintained without the need for any
reference signal, which helps in avoiding the use of expensive
frequency synthesizers and reducing the cost and size.

10 dBm of fundamental tones are generated by SG 1 and SG
2, respectively, and sent to a quadrature hybrid, which equally
distributes the signal along two paths. One path with 7 dBm
power for each tone is connected to the TX antenna for signal
transmission. The other path with the same amount of power
is passed to the LO port of the mixer for the down-conversion
of the received signal.

In the LO path, a circulator is used to direct the signal
from the quadrature hybrid to a nonlinear device (i.e., a diode)
to generate the IMP3s, which along with the fundamental
tones, are further directed to the bandpass filter. An isolator is
connected after the quadrature hybrid and before the circulator
to prevent the RF reflections from the rest of the LO path from
leaking back to the TX antenna. The bandpass filter is designed
to attenuate the fundamental and f,s; tones by 30 dB so that
the undesired tones do not have sufficient power to drive the
mixer. Next, the output of the bandpass filter is passed to an RF
amplifier to amplify the desired f7); frequencies by 40 dB,
resulting in a LO power level of 10 dBm.

B. Nonlinear Tag

The gain of the TX antenna is 14 dB. The tag has an
antenna array with a gain of 19 dB. As per the free-space path
loss model, the path loss for 5.8 GHz carrier frequency at a
distance of 1 m is approximately 15 dB. Therefore, the tag
captures around -8 dBm power level of fundamental tones
at a 1 m distance. According to the measurement data [16],
the conversion loss of the tag lies between 22 dB to 28 dB for
input power levels ranging from -10 dBm to 0 dBm. Therefore,

‘ N\ aEnnEEEES
| CILELrLEELL
= f\ L]

Fig. 7. Nonlineartag with a nonlinearly loaded antenna and its equivalent
circuit in inset.

for an incident power level of -8 dBm, -31 dBm of IMP3s will
be generated due to conversion loss, which is backscattered
towards the RX antenna. Similarly, the RX antenna has an
approximate gain of 14 dB. Hence, the path loss will be almost
equal for the backscattered response from the tag to the sensor
as the transmitted tones from the sensor to the tag since the
frequencies are very close to one another.

The passive nonlinear tag was designed on RT/Duroid
5880 substrate using Infineon’s BAT 15-03W diode. A simple
matching network was designed using stubs to match the diode
input port with the antenna’s input port (i.e., 50Q). Fig. 7
shows the equivalent model of a nonlinearly loaded antenna.
The TX antenna sends out a radiation pattern at f, and fs,
frequency tones containing E-field information denoted as E;,
which is the summation of the E-fields of each individual tone
along the broadside direction. Here, I, is the short circuit
current generated due to E; and Y is the linear admittance.
The final tag was implemented using 9 x 4 arrays of the unit
cells as shown in Fig. 7. The simulation results of the Spice
model at the 3" order response are as shown in [16].

C. Receiver Design

A 15 dB path loss will be experienced by the IMP3s
again on their trip back. Hence, they are received by the
RX antenna (14 dB gain) with a power level of -46 dBm.
A low noise amplifier (LNA) amplifies the received signal
by approximately 15 dB, which is connected to a series of
bandpass filters and gain blocks. The bandpass filters and
gain blocks board provides an attenuation of 50 dB to the
fundamental and fj s, tones and a gain of 20 dB to the fjuy
tones.

The current system was compared to the existing state of
the art, as shown in Table III. Due to the limited transmitting
power and antenna gain for the radar, the intended applications
are indoor localization. In this work, the S-parameter model
of the diode was used for designing the matching circuit, and
the Spice model of the device was used for measuring the
conversion loss of the tag. The X-parameter measurement of
the tag would provide a better understanding of the nonlinear
behavior of the tag [33]. It was not used in this work due to
the absence of X-parameter measurement equipment.

IV. MEASUREMENTS
A. Calibration

Through extensive experimentation, it was revealed that the
phase delays introduced by electronic components, such as
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fundamental tones to the IMP3 responses in the target also
results in phase delay. Therefore, a calibration procedure is
required to obtain the range offset.

A one-time calibration was performed by placing the tag
in front of the tracking system at 0.6 m away. The D,, was
calculated as 16.2 m using Equation (6).

Substituting Equation (7) into Equation (6), setting m as 1,
and assuming v = 0, the measured range can be derived as
Dy = Do+ D, + Doffset~

The group delay 7, of the components can be calculated
using the formula

_ d¢rad

d¢deg
fs = dw

~ T df x 360 ©)

here ¢,4q is the phase in radians, @4.¢ is the phase in degrees,
and o is in radians /sec, and f is in Hertz.

Fig. 8 shows the phase delay measured by the vector net-
work analyzer (NI-PXIe 5630). For 5.7 GHz, the phase delay
due to the BPF board in the LO path was measured as 1425°
using a vector network analyzer. Similarly, the phase delay
introduced by the gain block and the BPF board in the receiver
path was measured 4427°. The conversion process occurs in
the LO and the receiving paths (i.e., NL device and target).
Each conversion of fundamental tones to IMP3s generates a
phase change of 180° as per the Volterra equation, where the
3" order term is negative [34]. The components in the LO path
provide a negative range offset while the components in the
receiving path provide a positive range offset. Therefore, the
net phase delay was calculated as 3002° (i.e., 5150°+180°-
790°-180°). This corresponds to a range offset of 0.44 m.
The remaining range offset of 0.36 m (16.2 m -14.8 m -
0.6 m - 0.44 m) was assumed to be introduced by other RF
components (cables, LNA, circulator, etc.). Hence, Doysfser

was at 0.6 m and when the target was removed with antennas pointing
at 90°.

was equal to 0.8 m. The detailed signal processing will be
explained in the following section.

B. Range Measurement

The experimental setup is shown in Fig. 9(a). The tag was
the target, and it was intentionally surrounded by unwanted
objects (i.e., corner reflector, metal plate, and metal shelf) to
mimic a realistic indoor localization scenario. The baseband
and chirp data were recorded using the NI-DAQ-6009 with a
sampling frequency of 10 kHz. Baseband data corresponding
to the chirp region was identified and selected based on the
synchronization chirp signal. Fast Fourier transform (FFT) was
performed on the baseband data to obtain the beat frequency
for each chirp window. Fig. 9(b) shows the frequency spec-
trum plots obtained when the target was 0.6 m in front of the
tracking system and when the target was removed. A beat fre-
quency of 2224 Hz can be identified on the frequency spectrum
plot when the target was present, while no clear frequency
peak shows up on the spectrum in the absence of the target
because the clutter does not generate nonlinear responses.

More measurements were performed from 0.6 m to 1.9 m
with a step size of 0.1 m. Fig. 10 shows the beat frequencies
obtained when the target was at 0.6 m, 1.2 m, and 1.8 m,
respectively. The measured data versus the ground truth plot
is shown in Fig. 11. Note that the range offsets (Dosfsers Du)
measured in the calibration stage was subtracted from all the
measurements.

C. Target Mapping

The performance of the proposed passive-intermodulation-
based FMCW sensor is compared with a conventional state
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of the art FMCW microwave sensor, which is designed to
operate approximately in the same frequency region, have a
larger bandwidth of 320 MHz, and equip with the same sets
of TX/RX antenna. The FMCW sensor had a chirp repetition
rate of 350 Hz. The same environmental setup as the range
measurement scenario was used, except that the target was
located at 1 m distance this time.

The antennas of the FMCW sensor were steered to cover
the angle region from 20° to 160° with a step size of 10°.
As shown in Fig. 12, both the target and the clutter were
detected by the FMCW sensor because all of them reflect the
fundamental tones. The illumination level depends on the radar
cross-section (RCS), which is related to the object material,
size, incidence angle, etc. RCS is the estimate of a target’s
ability to reflect radio-frequency signals in the direction of
the microwave receiver. It is the ratio of the backscatter power
per steradian in the direction of the sensor (from the target)
to the power density that is captured by the target [35].
A change in the incident angle can change the reflected signal

strength as discussed in [36]. Therefore, the RCS of the targets
is dependent on the incident angle. The maximum RCS value
of a flat metal plate is obtained when the incident angle is
0°. The maximum RCS of the corner reflector is calculated
as 5.1 m? using the equation 4;[;24. L is the distance between
the apex and base of the corner reflector, which is 24 cm.
Note that a trihedral corner reflector has a relatively uniform
response for a small variation of incident angle.

Due to the rectangular geometry of the tag
(26.7 cmx 19.6 cm) and the metal sheet (30.5 cm x 22.9 cm),
the maximum RCS for both of them is calculated using
4’”;#, where H and W are the corresponding dimensions.
The RCS is calculated as 12.9 m? for the tag and 22.7 m?
for the metal plate. The metal shelf has a complex shape
and the dimensions for the RCS are difficult to define. As a
result, the maximum RCS of the metal shelf is not calculated.
Nonetheless, based on its large physical size (1.8 m x 2.4 m)
and the metal body, its maximum RCS should be much larger
than the tag, metal sheet, and corner reflector. An office
table (0.8 m x 1.2 m) was also present in the measurement
environment. Fig. 9(a) shows the measurement setup, and the
objects present in the vicinity.

When the intermodulation based FMCW sensor was used to
sense the same environment, the sensor was steered to cover
the region from 20° to 160° similar to the previous case.
Fig. 13 shows the final result of the target 2-D map using
the intermodulation based FMCW sensor. It can be seen that
only the target was detected when the intermodulation based
FMCW sensor was used. Note that the reason why the target
illumination spreads out in the radial direction is that the range
resolution is 0.75 m according to Equation 8. An increase in
bandwidth can lower the range resolution and reduce the radial
fan out. The spread in the tangential direction is caused by
the antennas’ large half-power beamwidth (HPBW), which is
40°. This can be improved if antennas with smaller HPBW
are adopted. The capability and applications of this sensor
can also be enhanced by utilizing phase arrays antennas and
MIMO techniques.

V. CONCLUSION
A passive intermodulation tracking system operating in
FMCW mode was successfully designed and measurements
were recorded. The tag was able to generate a passive inter-
modulation response and the sensor was able to successfully

Authorized licensed use limited to: IEEE Editors-in-Chief. Downloaded on August 31,2021 at 02:41:19 UTC from IEEE Xplore. Restrictions apply.



MISHRA et al.: UTILIZING PASSIVE INTERMODULATION RESPONSE OF FMCW SIGNAL

17825

differentiate and localize the tag in a typical lab environ-
ment with various clutter. Hence, it has the potential to
be successfully implemented in indoor target identification
and localization. Compared to the other nonlinear tracking
system types, the proposed technology operates in one licensed
frequency region for transmitting and receiving signals. This
simplifies the hardware design and avoids the licensing issue
due to multi-region operation. The tag is passive in nature.
Thus, its lifetime is limited by wear and tear alone. The future
work is to make the system portable in order to expand the
applications for this sensor.
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