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Abstract — This paper discusses the design and test of an
intermodulation radar receiver and a nonlinear tag operating in
the 5.8-GHz industrial, scientific, and medical (ISM) band. To
discriminate reflections of the target-generated 3"-order
intermodulation frequencies from the clutter-reflected
fundamental tones, the receiver was designed to attenuate the
fundamental reflections and amplify the lower 3'-order tone
generated by the nonlinear target. The nonlinear tag was designed
on a flexible substrate for wearable applications. Experiments
were performed with two types of targets, i.e. the nonlinear tag
and a metal reflector. Various experiments were performed to
demonstrate the clutter rejection capability of the radar i.e.
mechanical motion and vital sign detection of a human target in
the presence of multiple clutter. Four experiments were recorded
and analyzed in this paper. The results were recorded and
analyzed to demonstrate the clutter noise rejection capability of
the intermodulation radar.

Index Terms— clutter rejection, intermodulation, nonlinear tag,
nonlinear radar, vital signs.

I. INTRODUCTION

Recently there have been a lot of developments in CW
radars. These radars can track millimeter and even sub-
millimeter displacement [1,2]. However, these conventional
CW radars cannot differentiate clutter motion from target
motion without prior or post modifications. Either they require
specialized hardware setup and pre-calibration as in [3], which
also have limitations on the number of clutter sources, or
software-based approaches like cyclostationary [4], curve-
fitting [5], and wavelet transform [6] algorithms which are not
real time.

To differentiate multiple clutter objects from the target in
real-time without specialized hardware and pre-calibration,
nonlinear radars are used [7-11]. These radars are based on the
nonlinear characteristics present in many electronic
components such as diodes and transistors. Since naturally
occurring things are mostly linear in behavior with exceptions
such as the rusty bolt effect, they can be distinguished from the
nonlinear components which are man-made. The rusty bolt
effect and passive intermodulation can be a source of
interference at high power levels around 40 dBm [12, 13]. The
nonlinear scattering of an antenna with nonlinear load is
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modeled using Volterra series and time domain analysis is
performed and discussed in [14, 15]. In nonlinear radars,
fundamental tone(s) is sent towards a nonlinear tag, which in
return reflects nonlinear tone(s) along with the fundamental
tone(s). In the receivers, the fundamental tone(s) is separated
from the nonlinear response to distinguish between targets and
clutter [7-11].

Nonlinear radars commonly used, work on the detection of
harmonics of the transmitted tone(s), which lead to some major
challenges in design, e.g., radio spectrum licensing issues [10],
and the high path loss of the harmonic tones compared with the
fundamental tone(s) as per free space path loss model. Whereas
in this paper, intermodulation responses from the nonlinear
devices were utilized for clutter rejection purposes. The
intermodulation response has some benefits over the harmonic
response. For instance, the intermodulation response lies in the
same band as the fundamental tones, so they have almost the
same path loss as the fundamental tones while the 2™-order
harmonic response suffers from 6 dB more path loss than the
fundamental response. So, if the same power is assumed to be
reflected from a 2"-order harmonic tag and an intermodulation
tag, the power at the radar receiver will be more for the
intermodulation response as compared to the harmonic
response. Since harmonic frequency tones are widely separated
from the fundamental tones, many harmonic radars need two
different kinds of devices for radar transmitter and receiver
chains. The same is also true for tags, where two different
antennas are needed. This increases the tag size. While in the
case of intermodulation radar, the nonlinear and fundamental
responses are in the same band, so a single antenna can perform
the roles of both receiving and transmitting. As compared to
[16], the radar was able to suppress the clutter motion for the
same amplitude motion, but in this work, a large clutter motion
was suppressed as compared to tag motion. In [17], an active
tag was used as a frequency doubler. The active tag is noisy
compared to the passive tag and requires regular battery
replacement. Similarly, the sub-harmonic radars in [18] used
active tags. They have reduced path loss at the cost of increased
receiver size. Both the harmonic and subharmonic radars suffer
from licensing issues and require two different antennas or
dual-band antennas to function as the transmitter and receiver.
Active backscatter-based radars send out a frequency tone at f;
and have a tag transmitting signal at f,, , so the received signal
gets modulated and there is a frequency shift of f; + f;,. The
tags for these radars need an oscillator to send out a frequency
tone and are different from the tags of harmonic or sub-
harmonic radars where the nonlinear property of the tag
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Fig. 1. The 5.8-GHz ISM-band intermodulation radar and its non-linear target.

generates additional tones and not by the oscillator. Active
backscatter-based radars i.e. radar having tags which act as a
frequency modulator for target localization have noisy tags [19]
and require amplifiers and oscillators, making it costly and
power hungry. These active tags cannot be sealed to reduce
wear and tear as they require frequent battery replacement to
supply power [20]. Table 1 summarizes the three nonlinear
radars and their characteristics.

In this paper, a new nonlinear radar is designed based on the
principle of intermodulation to separate clutter from the target
of interest. This intermodulation radar can overcome some
drawbacks of harmonic radars. Its 3™-order tones are close to
the fundamental tones, sharing almost the same path loss as the
fundamental tones while, the harmonic radar requires its
nonlinear target to operate in two largely separated frequency
bands. Also, the same antenna can be used as both the receiver
and the transmitter in the tag. [21]. Compared with active
backscatter-based radar, the proposed tag does not require any
power supply and has a reduced number of RF components,
simplifying the tag design and eliminating the battery life issue.

By studying the drawbacks suffered by the existing radars, a
new radar was designed to overcome their existing issues. The
radar operates in the 5.8-GHz-ISM band with fundamental
tones at 5.79 GHz and 5.84 GHz, respectively. The 3"-order
response at 5.74 GHz generated by the tag is utilized to
differentiate the target from clutter. The radar works at a 5 V
supply voltage and has a power consumption of approximately
3.25 W. In the previous work [10], the radar was able to detect
approximately 2 cm motion up to 0.5 m distance. The
sensitivity of the radar was around -65 dBm. The tag was made
on a nonflexible substrate, making it difficult to perform vital
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signs measurement of a human target. In this work, the
theoretical sensitivity was improved to around -120 dBm. The
detection range and the minimum detectable motion by the
radar were also improved. The new tag was fabricated on a
flexible substrate so that a human target can wear it. The
potential applications for this radar include wvital sign
monitoring in health care, device identification and rescue
operation.

This paper is arranged into four sections. Section II discusses
the theory and design of the intermodulation radar and passive
nonlinear tag. Section III presents the measurement results. A
conclusion is drawn in Section IV.

II. INTERMODULATION THEORY AND RECEIVER DESIGN

When two frequency tones f; and f, (f; < f,) interact with
a nonlinear device, additional frequency tones are generated at
mf; + nf,, where m and n could be any integer numbers. The
lower 3™-order tone f,; = 2f; — f, was used in this radar as it
is close in frequency to the fundamental frequency tones and
has lower path loss than other frequency tones.

A. Radar system

Fig. 1 shows the complete block diagram of the
intermodulation radar. The part numbers labeled in Fig.1 in red
correspond to the blocks shown in Fig. 2. The radar transmits
fundamental tones at approximately 5 dBm power level and
receives two additional tones f; and f,, (f,» = 2f; — f1) in
addition to f; and f, at the receiver. The f;, f, and f,, tones
were attenuated by the diplexers in the receiver path and thus
can be ignored. To maintain coherence and achieve the required
sensitivity based on the range correlation effect [21], all three

1558-1748 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2019.2926189, IEEE Sensors

Journal

TABLE 1: NONLINEAR RADAR TYPES AND SPECS

Radar Intermodulation Harmonic Sub- .
Specs Harmonic
Licensing No Yes Yes
Issue
Nonlinear 2fi — fo, 2f1 — f/2,f/4
response f> etc. 2f, 3], 4f ete etc.
Antenna Single band Dual band Dual band
Same as Atleast 6dB | At least 6dB
Path loss fundamental more than less than
fundamental | fundamental
Tag type Passive/Active | Passive/Active Active
. N Matching
Tag design | “itching circuit | 0 for 2 N/A
for 1 band only
band
e s Tag wear and Tag wear and .
Lifetime tear (Passive) tear (Passive) Battery life
. Diode, match Dual band
Diode, match . antenna,
Components L . circuit and
circuit and single frequency
needed dual band .
band antenna divider and
antenna
battery

1: From SG1; 2: From SG2; 3: Power combiner;
antenna; 6: RX antenna; 7: Diplexer; 8: LNA; 9: Diplexer; 10: Gain block;
11: Gain block and filter board; 12: Isolator; 13: I/Q mixer; 14: From SG3;

15: Baseband amplifier; 16: DAQ
—-% Antenna
a
ISC

: Diplexer; 5: TX

Fig. 2. Intermodulation radar setup.
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Fig. 3. Nonlinearly loaded antenna (tag) and equivalent circuit.
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signal generators share the same reference, which is provided
by signal generator 3 (SG3). Two fundamental tones of equal
amplitudes, which were generated using signal generator 1
(SG1) and signal generator 2 (SG2), are fed to the transmitting
antenna through the power combiner and high frequency path
of the diplexer. The use of a diplexer was important in the
transmitter as it helped in attenuating any 3™-order
intermodulation tones, which might be generated due to passive
devices, such as the power combiner or a reflection from the

3

power combiner to the signal generator. The pass band of the
high frequency path of the diplexer is from 5.78GHz to
5.84GHz and provides attenuation of 75 dB for out-of-band
signals. The two transmitted tones are denoted as

T(t) = Licos[2mfit + ¢y (6)] O]
where ¢;(t) is the phase noise of the two signal generators.

The nonlinear tag used in this project was passive and had
Schottky diodes to generate a nonlinear response. As a result,
the radar received signal can be expressed as

4mx,  4mx(t)

R(t) = cos [27rfr1t - ¢ (t - zﬁ)] 2)

c

In (2), A is the wavelength corresponding to f,q, x(t) was the
mechanical displacement of the target, x, was the nominal
distance between the target and the radar, and the signal
amplitude is normalized to one. The fundamental components,
the higher 3™-order component f,,, and the other nonlinear
tones were ignored in (2) as they are attenuated. Again, the
diplexer attenuates out-of-band tones by 75 dB while passing
frequency tones from 5.72-GHz to 5.75-GHz in the low
frequency path. The received signal was amplified by the LNA
and passed through the diplexer again to further attenuate any
out-of-band tones generated due to the LNA. The two diplexers
are not connected sequentially, to lower the noise figure (NF)
of the system, as attenuation by the diplexer in the pass band
increases the NF of the system. The signal was further amplified
and sent to the RF port of the mixer. Apart from attenuating the
fundamental tone(s), the isolation was also a key criterion for
the receiver design, because the leakage from the local
oscillator (LO) port to the radio frequency (RF) port can radiate
back to the surroundings. Because of this, the corresponding
clutter reflection can be comparable to the 3™-order tone
generated by the tag, leading to clutter interference. The reverse
isolation from the mixer RF port to the RX antenna port was
designed to be above 50 dB across the 5 to 6 GHz band.

The local oscillator (LO) port of the mixer was driven by a
signal with a frequency f,.q, which also provided additional
rejection of other frequency tones. The data acquisition device
(DAQ) used was the NI-USB 6009 with a maximum sampling
frequency around 48-KHz. Down converting with f,,, the
response of the f; and f, tones were 50-MHz and 100-MHz
from that of the f,; tone, which was beyond the processing
speed of the DAQ and hence were largely attenuated.

The radar was AC-coupled at the mixer output to remove the
DC offset. The baseband amplifiers had a bias of 2.5 V, which
was halfway between the two supply rails of 0 V and 5V and
were implemented in an inverting amplification configuration.
The 7 and Q channel output signals from the baseband amplifier
can be expressed as

41tx(t)

BI/Q(t) =AI/QCOS [9 +T+A¢(t)] (3)
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2
signal is reflected from the tag and propagates along building

blocks in the radar signal chain. A¢(t) is the residual phase
noise, which can be ignored for short range detection due to the
range correlation effect [22]. A; and Agare the amplitudes of the
1/Q channel baseband outputs. The use of 7/Q channels solves
the null detection point issue [22]. These baseband signals are
converted from analog to digital using the DAQ. Zero padding
was then added to the data to get the true peak of the motion
when using a Fast Fourier Transform (FFT) in MATLAB. The
FFT data was symmetrical about 0-Hz. Hence, the positive
frequencies of frequency domain data were plotted as it
contains all the motion information.

where 6 = +6,. 6, accounts for the phase shift when the

Fig. 2 shows the top view of the transmitter and receiver of
the radar. SG1 and SG2 are the signal generators connected to
the transmitter and operate at 5.79-GHz and 5.84-GHz,
respectively. SG3 is the signal generator at 5.74-GHz connected
to the LO port of the mixer. The isolator labeled as part 12 in
Fig. 2 was realized by a circulator, connecting port 1 as an input,
port 2 to the RF port of the mixer, and port 3 to a 50 Q load.
The reverse isolation from port 2 to port 1 was around 20 dB.
The loading of the circulator has been improved using an extra
attenuator to improve the isolation.

B. Nonlinear tag

The passive nonlinear tag was designed for operation without
requiring any battery. Infineon’s BAT 15-03W Schottky diode
was used in the tag design. The S-parameter model of the diode
with 0-V and 0-mA bias was used in the design of the microstrip
line matching circuit for each unit cell. A 5.8-GHz ISM-band
patch antenna was also integrated into each unit cell. The tag
contains a 4x9 array of unit cells. The same antenna works as a
receiving antenna for fundamental tones and as a transmitting
antenna for the nonlinear reflection response of the diode.

tag.

-10¢ L L L L L
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Parts
1: Diplexer (7); 2: LNA(8); 3: Diplexer(9); 4: Gain Block(10); 5-13: Gain Block
and filter board(11); 14: Circulator(12); 15: /Q Mixer(13)

“A:B(C)” means A: Part in graph; B: Name; C: Corresponding part in Fig. 2
Fig. 6. RF link budget of the receiver.

The nonlinearly loaded antenna is shown in Fig. 3. The tag
was placed in the radiation region of the transmitting antenna
of the radar. The radiation patterns generated by the TX antenna
of the radar contains E-field information at fiand f,. The
summation of E-fields parallel to the patch antenna along the
broadside direction is denoted as E;. The I, in Fig. 3 is the short
circuit generated due to E; and Y is the linear admittance. I is
directly proportional to E;. The nonlinear property of the diode
generates the 3M-order tone, along with higher order tones, in
addition to the fundamental. In this paper, the discussion was
limited to 3"-order tones only. The 3"-order and fundamentals
were backscattered by the same antenna. These backscattered
frequencies were sent towards the receiving antenna of the
radar. Two different antennas were used on the radar side, i.e.
one as the transmitting antenna and the second as the receiving
antenna to reduce coupling and leakage from the transmitter to
the receiver.

C. Fundamental-to-3"-order conversion loss

Fig. 4(a) shows the setup of measuring the nonlinear target’s
conversion loss from the fundamental to the 37-order tone. The
two fundamental tones at f; and f, are fed to the power
combiner. The output of the power combiner was sent to the
high frequency path of the diplexer. The high frequency path
offers an attenuation of 3 dB in the pass band and 75 dB for out-
of-band frequencies. The frequencies at f,; and f,, fall in the
out-of-band of the high frequency path of the diplexer. The
purpose of the diplexer was to attenuate the 3"%-order tone that
might be generated due to passive intermodulation from the
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power combiner or reflection from the power combiner towards
the signal generator [23]. The output of the diplexer was sent
towards the circulator’s port 1. The nonlinear target was
connected to port 2 of the circulator, while the output from the
nonlinear target was sent to port 3 of the circulator, which in
turn was connected to the spectrum analyzer for measurement
of the 3"- order tone at f,;. The input power of f; and f, tones
sent towards the tag was swept from 0 dBm to -12 dBm, and
the f,; response generated by the tag was measured. The
conversion loss was calculated as the difference in the power
level of the input of the f; tone from the f,.;tone. The cable loss
was considered while measuring the power of the 3™-order and
fundamental tones and the signal generators were also
calibrated for each power level of the fundamental tones. Fig. 5
shows the conversion loss of the tag as a function of the input
power. The minimum conversion loss was approximately 22 dB
with -11 dBm input power. Further reducing the input power,
the conversion loss increases as 3™-order tone power level
reduces.

In this radar, both the transmitting and receiving antennas
have a gain of 14 dB. The tag has an antenna array of 36
elements. The total gain of the 36-element antenna array was
around 19 dB. Since frequencies 5.79 GHz and 5.84 GHz are
close to each other, the wavelength is assumed equal for 5.79
GHz and 5.84 GHz. For the calculation, the wavelength was
taken as 0.0517 m. The path loss was around 14.7 dB (~15 dB)
for 1 m distance as per free space path loss model. The power
available to the nonlinear tag at 1 m distance would be
approximately -10 dBm. The conversion loss for an input power
of -10 dBm was about 22 dB. Hence, the measurements and
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simulation were performed up to -12 dBm input power as
shown in Fig. 5.

The measured conversion loss was compared with the
simulation results. To measure the nonlinear response of the
diode, the S-parameter model used in the design of the matching
circuit was replaced by the Spice model provided by the
manufacturer. National Instrument’s AWR software was used
in the design and simulation of the tag. The simulation setup to
measure 3"-order tones is shown in Fig. 4(b). Two tones f; and
f> were sent by the 2-tone harmonic balance port towards the
input of the nonlinear target through the circulator from portl
to port 2 and the nonlinear response was read out at port 3 of
the circulator. Similarly, as in the measurement setup, the
conversion loss was calculated in the simulation setup as the
difference between the power input at the f; tone and the
nonlinear response at the f,; tone. The conversion loss
measured due to the simulation was plotted in Fig. 5. By
comparing the simulation and measured conversion loss, the
conversion loss difference was almost less than 1 dB for input
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power from -9 dBm to -11 dBm input power. Since the
nonlinear target becomes saturated above -5 dBm input power,
the 3™-order response does not increase as input power to the
device increases.

D. Radar Link Budget Analysis

The radar link budget analysis was performed. The radar
receiver was simulated in the NI-AWR software from part
number 7 to 14 in Fig. 2 and the noise figure (NF), gain (G) and
output referred third-order intercept point (OIP3) were plotted
in Fig. 6 for frequency 5.74 GHz. The parameters were based
on those from manufacturer datasheets whenever available.
Otherwise estimated parameters were used based on typical
performance in the operating frequency and power range.

e In experiment 2, person 1 wearing the tag was
sitting in front of the radar and clutter motion from
person 2 was generated around person 1.

e Additional clutter was introduced by adding person
3 to generate clutter motion in experiment 3.

e  Experiment 4 was for vital sign measurement where
person 1 was wearing the tag on the back of the
body and measurements were recorded. The
measurement from the back side increases the
chance of recording the heartbeat of a person.

e The measurements for experiments 1 and 2 were
recorded with the targets placed 1 m away from the
intermodulation radar, while experiment 3 was
measured at 0.8 m from radar and in experiment 4,
vital sign measurement was performed at 0.5 m
away from the radar.

A. Nonlinear Tag vs. Copper Plate

The measurement setup of experiment 1 is shown in Fig. 8.
The experiments were performed in a typical lab environment
with furniture and other clutter scattered around the radar.

In this experiment, the nonlinear tag and copper plate were
mounted in successive tests on the actuator moving with 0.5
mm peak-to-peak amplitude and 0.7-Hz frequency in front of
the radar. The baseband data was recorded at 20 Hz sampling
frequency using NI-USB 6009 and an FFT was performed. The
results are shown in Fig. 9. From this graph, it can be seen that
the signal detected from the nonlinear tag had a peak at 0.7-Hz
while the peak from the copper plate at 0.7-Hz was of the same
level as noise and showed a random peak at 0.2-Hz, despite the
copper plate having a larger physical size than the nonlinear tag.
The experiment was repeated for a higher motion amplitude and
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Fig. 13. Target detection in presence of multiple clutter objects: (a) Baseband
output for tag and multiple clutter simultaneous motion (b) FFT of baseband
signal.
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Fig. 14. FFT spectrum in presence of multiple clutter objects and no tag.

frequency. For the second experiment, the motion amplitude
was set at | mm and motion frequency was set at 0.9 Hz. Fig.
10 shows the FFT result for this measurement. The FFT results
for both 0.5 mm at 0.7 Hz and 1 mm at 0.9 Hz show that the tag
motion led to a prominent peak at the corresponding motion
frequency, while the copper plate did not cause any prominent
peak above the noise floor.

B. Target Detection in Presence of a Single Clutter Object

The second experiment was performed to demonstrate
motion discrimination when the small motion of the nonlinear
tag and a large clutter motion coexist. Here the target i.e. person
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1 wearing the tag was made to sit in front of the radar facing it
and the other person was made to move back and forth in front
of the radar. Person 2 was moving on a predefined track of
length approximately 1.5 m and covered the distance in 2
seconds, so the speed was approximately 0.75 m/s. The Doppler
2Vsource
—
was 28 Hz. Here, the wavelength of the carrier at 5.74-GHz is
A, and Vspurce 1S the speed of person 2’s movement. The
measurement was performed, and baseband data was recorded
using NI-USB 6009. The sampling frequency of the baseband
data was set at 200 Hz to plot all frequencies up to 100 Hz.

Fig. 11(a) shows the baseband signal detected by the radar
and its corresponding frequency spectrum is plotted in Fig.
11(b). The frequency spectrum shows no peaks due to clutter
motion generated by person 2’s movement. A peak at 60 Hz is
the peak due to the US power supply. Although the clutter
motion was larger than the tag motion, the radar was able to
suppress the clutter motion. The intermodulation radar can
successfully suppress clutter motion without the use of
sophisticated hardware or any additional software-based
approaches, such as those used in CW radars. Moreover, the
setup was easy to install for real-time operation and avoids
licensing issues. [3-6] The experiment was repeated with person
1 sitting in front of the radar not wearing the tag, while person
2 was moving. The baseband data was recorded and an FFT was
performed. Fig. 12 shows the FFT result. From this graph,
without the tag, breathing frequency cannot be determined, and
the motion frequency of person 2 did not appear on the
spectrum.

shift fopire due to person 2, measured using fopire =

C. Target Detection in Presence of Multiple Clutter Objects

In [1], the CW radar was able to differentiate the clutter
motion from the tag motion using a specialized hardware setup
and prior calibration. Still, the radar was unable to distinguish
multiple clutter objects from the target. In this experiment,
person 1, wearing the tag, sat in front of the radar facing it to
measure the breathing pattern while persons 2 and 3 moved
back and forth in front of the radar. Persons 2 and 3 crossed
each other in front of radar. The target was at 0.8 m away from
the radar.

The data was recorded through NI-USB 6009 using
LabVIEW. The sampling frequency of the measurement was
200 Hz. This was done to measure the clutter motion frequency
that might be read by radar. The normal doppler frequency of a
human walk at 5.8 GHz varies from 30-50 Hz. The baseband
signal recorded by the radar is shown in Fig. 13(a). An FFT was
performed on the baseband signal and is plotted in Fig. 13(b).
From frequency spectrum it can be seen that the clutter motion
generated by persons 2 and 3 was not present. The peak at 60
Hz is the frequency of the power supply in the US. The
experiment was repeated for person 1 not wearing the tag, while
person 2 and person 3 were moving around person 1. The
baseband data was recorded and an FFT was performed on the
data. Fig. 14 shows the frequency spectrum. A trend similar to
Fig. 12 can be observed in Fig. 14. The breathing frequency was
not observed, and the clutter did not appear in the frequency
spectrum.
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the purpose of capturing the weaker signal. The tag placement
on person 1 is shown in Fig. 15. The normal breathing of person
1 varied from 0.3-Hz to 0.5-Hz. A reference measurement for
the heartbeat came from a sensor fixed on the finger of person
1. The heartbeat reference was made up of piezoelectric
material which converts a pulse signal into a voltage waveform,
so that it can be recorded. The human pulse signal is the same
as the heartbeat signal. The data from the radar and the
reference were recorded using NI-USB 6009. The sampling
frequency used to record the vital signs was set to 20 Hz. This
was done as the vital signs of a human have a frequency below
10 Hz. After recording the data from the radar and the
reference, an FFT was performed. The peak position of the heart
was the same for both the reference and the radar. The baseband
signal obtained by the radar is a one-dimensional array of
voltages obtained with respect to time. A Short Time Fourier
Transform (STFT) was performed. The baseband data was cut
into smaller segments of equal size. An FFT was is performed
on each segment and the Doppler shift due to target motion was
plotted for each segment. An STFT graph is usually a
combination of an FFT of each segment which depicts the
frequency change over time. After comparing the FFT peaks,
an STFT was done on the recorded data from the radar to
validate the performance of the radar when measuring the vital
signs. A Kaiser window with a size of 15 seconds and a step
size of 0.5 seconds was used. Fig. 16(a) shows the baseband
data recorded from the radar and the FFT is shown in Fig, 16(b).
The STFT graph initially started at 7.5 seconds and ended at
27.5 seconds. In order to make the STFT graph start from 0
seconds, 7.5 seconds was deducted from the time, resulting in a
range of 0 seconds to 20 seconds. The final STFT plot is shown
in Fig. 16(c). [24]

IV. CONCLUSION

An intermodulation radar and a corresponding nonlinear tag
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Fig. 16. Vital sign (a) Baseband signal from radar (b) FFT of the radar and
reference signal (c) STFT of radar signal.

were designed and experimentally tested with different targets.
The receiver was able to amplify the 3™-order frequency tone
and attenuate the fundamental tones. The radar can successfully
differentiate between the motions of a nonlinear tag from a large
clutter. Compared to other nonlinear radars, the proposed
intermodulation radar operates in the same frequency band to
transmit and receive signals, which simplifies the hardware
design and avoids licensing issues due to multiple-band
operation. At the same time, this radar has a lower path loss and
does not need active tags for operations. The future work is to
make the radar portable by replacing signal generators with
frequency synthesizers.
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