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ABSTRACT High-speed detection and identification of mobile terminals located in the vicinity of highly
directive base stations is essential for future mm-wave communication systems. We propose a novel
optoelectronic frequency modulated continuous wave (FMCW) radar system for detection, localization and
identification of multiple mobile terminals. The simultaneous localization and identification of multiple
mobile terminals is achieved by using frequency scanning mm-wave leaky-wave antennas (LWAs) and
backscattering communications. LWAs provide RF-based beam steering for estimating the direction of
arrival of the echoes using a FMCW radar signal. Additionally, the implementation of backscattering tech-
nology in the mobile terminals allows the identification of users. Hence, simultaneous user localization and
identification without the use of any complicated radar signal post-processing algorithms is possible. Finally,
the introduced modulated backscattering reflection shifts the signals of the targets at higher frequencies,
which exhibit lower noise floor and thus have higher signal to noise ratio (SNR).

INDEX TERMS Leaky-wave antennas, backscattering communications, radio frequency identification, 5G,

automotive radar, localization, identification, microwave photonics.

I. INTRODUCTION

The thousand-fold increase in mobile data traffic from 5G
networks will be achieved by moving to a wider RF band-
width, higher spectral efficiency and reduced cell sizes
[1]-[3]. In particular, the large bandwidth of about 8 GHz
available at mm-wave bands (e.g. the 26 GHz band) is seen as
an enabler for 5G applications [2]-[4]. To mitigate the high
free-space path loss, directive and multibeam antennas with
beam steering capabilities are required; LWAs operating at
mm-waves can enable beam steering via frequency scanning,
thus also offering the generation of multiple beams. More-
over, LWASs only require a single RF feeding port and no addi-
tional control signals and can still provide high directivities
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and radiation efficiencies [5], advantages which were used
in [6] to demonstrate a fiber-wireless communication system
for multiple users.

Since the end users are mobile, it is necessary to localize
and identify the mobile terminals (MTs) for mm-wave mobile
access. This has led to interest in mm-wave direction-of-
arrival (DoA) estimation to enable the localization of MTs
and the utilization of beam steering antennas [7]. A high-
gain link between the base station and the MTs can be
achieved by steering the beams of the LWA towards the
localized and identified users. However, existing approaches
require immense post processing algorithms which increase
the latency of the localization and identification [7]-[17].
In [10], a phased array is used to localize and identify RFID
tags which leads to spurious results due to the multipath
effect, thus requiring a dedicated post-processing algorithm
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which increases the latency and the estimation time. Other
solutions do not enable the simultaneous localization and
identification of the radar echoes and thus they cannot be
implemented in 5G communication systems [11], [12], while
machine learning-based approaches require a large amount
of training data and thus cannot be implemented in ran-
dom and unknown scenarios [13], [14]. Additionally, state-
of-the-art solutions such as UWB and WiFi localization
[15]-[17] provide precise user localization and identification,
but require at least three transceivers (for 2D localization)
placed at different locations. This results in an increased
deployment cost. In [18], 3D target localization was achieved
using a photonic FMCW radar with two linearly polarized
microstrip LWAs operating at 26 and 28 GHz bands. Radar
systems are well established for ranging, detection, local-
ization, and speed estimations, and the unique properties of
LWAs are frequently used as radar antennas due to their beam
steering capabilities [19], [20].

In this work, we propose the implementation of backscat-
tering communications [21]-[23] and a photonically-enabled
frequency-modulated continuous-wave (FMCW) radar with
LWAs in order to simultaneously identify and localize the
MTs. Backscattering MTs (BMTs) can modulate and reflect
the mm-wave signals sent from the photonic FMCW radar.
Hence, the photonically enabled FMCW radar is able to
localize and identify the MTs by receiving and de-modulating
the backscattered mm-wave signals. Due to the frequency
scanning nature of the LWAs, the carrier frequency of the
modulated mm-wave signals enables DoA estimation and
ranging of the BMTs. In addition, the modulation introduced
by the backscattering technique enables the identification of
the BMTs. Hence by incorporating LWAs and backscattering
communication, the BMTs can be localized and identified
simultaneously without the need for dedicated radar signal
post-processing algorithms. Thus, the latency of the detection
processing is reduced.

FIGURE 1. Fabricated LWA antenna at 28 GHz, consisting of 10 series-fed
microstrip patches (unit cells). Inset diagram showing a single patch unit
cell. The length of each unit cell is 5.95 mm, the patch has a width of

2.9 mm and a length of 2.85 mm, and the two microstrip lines before and
after the microstrip patches have a width of 0.5 mm and a length of

1.55 mm.

The paper is divided as follows. In Section II the LWA
design is presented. Then in Chapter III the architecture
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of the FMCW radar system is shown. In Chapter IV, the
backscattering communication technology, and the backscat-
tering mobile terminals (BMTs) are described. Finally,
in Chapter V, experimental results are presented that demon-
strate the capability of simultaneous localization and identi-
fication of the BMT. Finally, the conclusions of this work are
presented in Chapter VL.

Il. LEAKY-WAVE ANTENNA DESIGN

LWAs are traveling-wave antennas that are implemented in
a guiding structure [24], [25]. These antennas can produce a
radiating beam at an angle dictated by the frequency, with a
directivity limited by the size of the structure itself [24]. Thus,
they possess inherent multi beam capabilities by feeding to
the antenna a multi band signal. Unlike phased arrays, LWAs
do not require any complicated feeding network and they
can be realized with only one input port; this simplicity
makes them attractive for high frequency and large-scale
applications [24]. When operated in the appropriate region,
LWAs radiate a guided fast wave, while propagating along
the guiding structure. The phase constant of the guided fast
wave controls the radiation angle, and the attenuation con-
stant of the wave determines the efficiency [26]. In principle,
when the phase progression between the unit cells is positive
the LWA radiates in the forward direction, and when the
phase progression between the unit cells is negative, in the
backward direction. The radiation angle can be calculated

using [24]:
0 = sin”! <%> (1)

where, k is the wavenumber, d is the unit cell length, 6 the
radiation angle, and @ is the progressive phase shift between
each unit cell. Therefore, the radiation angle of the LWA can
be selected by appropriately adjusting the phase shift between
the unit cells of the LWA. The phase progression is dependent
on the frequency of operation and therefore the main beam of
the LWA can be steered by varying the frequency.

Radiation in the broadside direction is attained when the
phase progression between the unit cells is zero. A careful
design must be carried out to achieve broadside radiation,
due to the stop band behavior of such periodic structures at
the zero-phase progression [27]-[32]. Here, asymmetry of
the LWA’s unit cell is implemented so that the stop band
is reduced and the gain of the LWA around broadside is
increased [32].

The LWA operating at the 26 and 28 GHz bands,
from 24 GHz to 33 GHz (Fig. 1) is based on the antenna
presented in [32]. It is designed to cover both 26 and 28 GHz
mm-wave bands, as used in 5G and mm-wave radar appli-
cations. As shown in Fig. 1, the LWA consists of a periodic
arrangement of series-fed microstrip patches. The length of
the unit cells are equal to a guided wavelength at 28 GHz.
The unit cell design includes three microstrip lines in series,
two high impedance lines with a width of 0.5 mm and a length
of 1.55 mm, and one low impedance line (patch) in between
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the two high impedance lines with a width of 2.9 mm and
a length of 2.85 mm. The unit-cell design of the LWA is
illustrated in the inset of Fig. 1 and is optimized for broadside
radiation as well as linear steering through the broadside
direction. The main radiating elements of the LWA are the
microstrip patches, and thus the radiation efficiency is highly
proportional to the number of the unit cells. By increasing
the number of unit cells, a higher percentage of the guided
wave can leak out, thus increasing the radiation efficiency
and gain of the LWA. On the other hand, as the number of unit
cells increases, the overall size of the LWA increases and for
some applications where there are size restrictions this is not
optimal. In the case of radar applications, by increasing the
size of the LWA the resolution can be increased. Therefore,
there is a trade-off between size and resolution. The fabricated
LWA with 10 unit-cells is depicted in Fig. 1.

-60 60
-90 90
=24 GHz
-120 —28 GHz 120
==33 GHz
-150 150
180

FIGURE 2. Measured normalized LWA radiation patterns for 24, 28 and
33 GHz, demonstrating beam steering capabilities in the H-plane.

The measured H-plane radiation patterns at 23, 28 and
33 GHz are plotted in Fig. 2. It can be seen that the LWA
radiates at broadside at around 28 GHz and is steered from
—29.5° at 24 GHz to 4-18° at 33 GHz. The radiation pattern in
the E-plane is a fan beam, since the LWA is one-dimensional.
Wide-angle beam steering is achieved by using a laminate
with a high dielectric constant [33]. Additionally, as seen
in Fig. 3 the gain is maintained between 10 and 15 dBi
throughout the frequency range of 23 to 33 GHz. It can be
seen that the gain is maintained throughout this frequency
range, and especially around the 28 GHz broadside frequency,
effectively demonstrating that the asymmetry of the LWA unit
cells helps to maintain a closed stopband for the periodic
structure [32].

Finally, Fig. 4 shows the obtained main beam angles over
the operational frequency range of the LWA. The LWA is
capable of covering 48° over a bandwidth of 10 GHz. The
correlation between the radiation angle and frequency is sig-
nificantly important for our proposed work, since it can be
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FIGURE 3. Measured gain of the LWA antenna as a function of frequency.

used to identify the direction of arrival of the MBTs echoes.
Due to the outlined beam steering capabilities of the LWA,
the applied radar FMCW signal with a bandwidth of 10 GHz
from 23 GHz to 33 GHz steers the beam along the coverage
angle. This enables the estimation of the DoA and distance
simultaneously, and thus the localization of the BMTs. In the
following section this process will be explained in detail.
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FIGURE 4. Beam steering of the main radiated beam with frequency.

Iil. FMCW RADAR SYSTEM

The radar system is based on the well-known FMCW
technique. FMCW radars use a swept frequency signal
to achieve accurate ranging and avoid short, high energy
pulses [34], [35]. A periodic FMCW signal can determine
the time of flight and therefore the range of the radar system
target by comparing the instantaneous RF of the transmitted
and the received signal. Therefore, the Time of Flight (7ToF)
can be determined by the beat frequency [32]:

fIF,echo _ E (2)
ToF T
where fiF echo 1S the beat frequency of the target, B is the band-
width and T the period of the FMCW signal. Knowing the
ToF of the signal from the transmitting (Tx) to the receiving
(Rx) antenna, and using the speed of light, c, as the speed of
the signal in air, the distance can be estimated using [36]:

R ToF 3)
=—c

2
The ranging capabilities of an FMCW radar can be

improved by isolating the Rx and Tx antennas, by achieving
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line of sight to the target, and if no multi-path reflection
occurs. By using high-gain antennas, the above requirements
can be ensured. Additionally, the radar Equation (4) below
further highlights the importance of both Tx and Rx antenna
gains (G, G,) since they can directly increase the received
power (P;) as shown below [36]:

P,G,G\ o
T n)d

Here, P; is the transmitted power, P; is the received power,
G; and G; is the transmitter and receiver gain respectively,
A is the wavelength of the transmitted signal, o is the target
radar cross section area, and r is the distance of the target.
In addition to the receiver and transmitter antenna gains, also
important to the received power are the target’s cross section
and distance. The received power decreases with the square
of the distance and increases with the square of the target’s
cross section.

“

Transmitting LWA

LDD +
TEC —> LD ﬂL
14

RF MPA

Digital Sampling
Oscilloscope

Trigger

FIGURE 5. FMCW radar system with frequency steerable transmit and
receive LWAs that were utilized in this work. LDD: laser diode driver,
LD: laser diode, TLD: tunable laser diode, CPX: coherent photonic mixer,
MPA: microwave power amplifier, LNA: low noise amplifier.

The proposed architecture for the FMCW radar system
with frequency steerable transmit and receive LWAs is shown
in Fig. 5. The radar system uses the steerable LWAs presented
in Section II. While the FMCW signal is swept over the RF
bandwidth, the beam of the transmit LWA is steered over the
full coverage angle. The RF FMCW signal is generated by
using a CW laser diode (LD), a tunable laser diode (TLD)
and a coherent photonic mixer (CPX) as depicted in Fig. 5.
The system is highly flexible and a variety of FMCW signals
can be realized.

The detection process is as follows: The RF FMCW is
generated and transmitted into free space using the transmit-
ting LWA which is simultaneously steered over the coverage
angle. Objects within this coverage angle reflect part of the
radar signal to the receiving LWA, which receives it at the
same angle at which it was transmitted to the object due
to antenna reciprocity. The received signal, which contains
the radar echoes, is then downconverted by the RF mixer,
with the reference FMCW signal acting as a local oscil-
lator. The downconverted IF radar signal is then amplified
and captured by a sampling oscilloscope. The captured time
domain signal contains the whole period of the FMCW signal.
Consequently, while the beat signal contains the distance of
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FIGURE 6. Captured waveform of the (a) downconverted signal showing a
detected object and (b) its FFT.

the detected object, the time instant of the echo contains
the direction of arrival of the object since each time index
corresponds to a specific frequency. An example of a down-
converted signal is shown in Fig. 6. The time domain form of
the downconverter signal is shown in Fig. 6 (a), the target can
be distinguished from the rest of the signal from its higher
frequency and voltage variation. The data can be evaluated
by plotting the FFT weights (Fig. 6 (b)) of the data over their
frequencies and the time index by applying a sliding Hanning
window FFT over the sampled IF waveform. Therefore, dis-
tance and DoA can be estimated simultaneously using this
FMCW radar system with limited processing power.

In telecommunication systems where the beams should
be steered towards the correct BMTs, localization alone is
not sufficient, and identification is also required. Combining
backscatter communication techniques, identification can be
achieved simultaneously without additional processing time.
In the following section, backscatter communications will be
presented that will enable the identification of the BMTs.

IV. BACKSCATTER COMMUNICATIONS

Backscatter communication techniques are widely used in
RFID applications due to their ultra-low power consump-
tion and simplicity [37]-[41]. Here, backscattering commu-
nication is employed in order to identify the BMTs. A pin
diode is implemented at the BMT’s antenna which enables
the modulation and reflection of the received signals. This
is achieved by switching between open circuit and short
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FIGURE 7. Backscatter radar measurements system including the FMCW radar system with frequency steerable transmit and receive LWAs (left side)
and the backscattering mobile terminal (right side). The BMT includes an antenna, a Schottky diode, a DC feed and a LF signal generator that switches

ON and OFF the Schottky diode.

circuit conditions. The ID of the BMTs is defined in the
modulation frequency. For a more advanced ID, an FM code
can be implemented with similar effort.

A photonic FMCW radar system that implements
backscattering mobile terminals is shown in Fig. 7, where the
radar is used to generate and transmit the radio signal and a
BMT is used to receive, modulate and reflect the radio signal
back to the reader. The BMT can implement two different
states that exhibit different impedances and therefore reflect
the received signal differently. By periodically switching
between these two states, the received signal is modulated.
Therefore, the BMT does not require any dedicated RF
signal source and its complexity and size can be reduced
significantly. In the context of this work, where mm-wave
frequencies are to be used, there will be significant free-
space path loss (FSPL) and thus the link budget should be
evaluated. In the case illustrated in Fig. 7, the communication
link roundtrip path loss will limit the maximum achievable
distance [37]. This is a bi-static, collocated backscatter link
and the link budget for the received modulated backscatter
power Py is [37]

PG} G M XM
 (4nr)*B2F,

&)

where X is the polarization mismatch, M is the modulator
factor, B is the path-blockage loss, Ggmt is the gain of the
BMT’s antenna and F; is the fade margin. Hence, to increase
the received power, P, Gy, Gy, Gemt and M should be
increased and B and F, should be decreased. Equation (5)
is a slight variation of the radar equation (4), where scattered
power decreases by r*. Here, P, is limited and finite due to the
power constraints of the system. G, and G; can be increased
by implementing directional antennas at the radar. In our
case, two LWAs are used, one as a transmitter and another
as a receiver. LWA gain can be increased by increasing their
length and number of unit cells. Another important parameter
that can be optimized is the modulation factor, M, which is
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given by
(6)

where, I'4 and I'p are the reflection coefficients of state A
and B of the BMT respectively. These two states can be
used to code binary “‘1°” and “0”. Therefore, the modulation
factor is defined as the difference between the load states. The
reflection coefficient can be calculated using the following
equation [37]:

M= 1|1“ sl
- 4 A B

*
_ ZLaB) Z/izvr 7
Za.B) + Zynr
where, Zj 4, p) is the input impedance of the load conditions
A and B, and Zynr is the input impedance of the antenna.
This shows that the BMT can control the reflected signal’s
power and phase by controlling the reflection coefficient T'.
Additionally, by evaluating Equations (6) and (7) we can
conclude that the modulation factor is maximized when the
two states of the BMT are ideal open-circuit and ideal short-
circuit, resulting in 41 and —1 reflection coefficients, respec-
tively. In this case, M is maximized and equals unity. Both
states will reflect the signal back but with a 180° phase
difference, thus binary phase modulation (PM) is realized.
In passive backscattering tags, the choice of modulation
factor creates a trade-off between design parameters [30].
This is because in ideal open-circuit and short-circuit states,
all the power is backscattered, which is not an option for
passive devices. Often in RFID and NFC applications a pas-
sive backscattering tag should be able to harvest power for
its internal analogue blocks and use amplitude-shift-keying
(ASK) modulation [41]. In ASK modulation one state is a
matched load and the other a short circuit. For the matched
load state, the power is absorbed by the passive backscattering
tag and during the short circuit state the received power is
backscattered, resulting in reflection coefficients of 1 and 0,
respectively. The modulation factor, M, of the amplitude
modulation will be 1/4, four times smaller than the phase
modulation (PM) implementation. As shown in Equation (5)
this will reduce the received power PR by a factor of four.
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Furthermore, by re-arranging Equation (5) the maximum
distance can be calculated for a given radar and backscatter-
ing mobile terminal:

A |Gt Gpur 4f PIM
r=— ’ ®)
4 B P,F,

Finally, power harvesting is not a requirement since the
used BMTs are active devices and are powered by their
own battery (see Fig. 7). Therefore, PM was selected due to
its maximized modulation factor and improved link budget.
Furthermore, the switching between the two states is done
with a PIN diode, which requires only minimal power.

V. BACKSCATTERING MOBILE TERMINALS

The BMT consists of an antenna and a switching mechanism
that switches between open-circuit and short-circuit states.
The switching mechanism was realized using a single PIN
diode operating as a single-pole single throw (SPST) switch,
as depicted in Fig. 8. The MADP-000907-14020P PIN diode
from MACOM™ [42] was selected due to its high switch-
ing speeds (which are on the order of a few nanoseconds)
and its ultra-low capacitance which allows for operation up
to 70 GHz. Additionally, it possesses low insertion loss, high
return loss and high isolation. By biasing the diode as shown
in Fig. 8, the antenna is short-circuited when the PIN diode
is biased, and when the PIN diode is unbiased the antenna
is open-circuited. Therefore, a single PIN diode can control
the two states of the BMT and enable the modulation of the
received signal, as explained in Section IV.

PIN
Diode

FIGURE 8. BMT circuit design using a SPST switch to implement “1” and
“0" states. This includes a single high frequency PIN diode and a biasing
circuit.

The antenna of the BMT must be able to cover the opera-
tional bandwidth of the LWAs and the radar system described
in Sections II and III. Therefore, a horn antenna operating
in the 26 GHz band was selected, which can cover a wide
bandwidth. The SPST switch (Fig. 8) was realized on a
Rogers RT/duroid 5880 substrate with a dielectric constant
of 2.2 and a loss tangent of 0.0028. The PIN diode is biased
using a DC bias microstrip circuit. The biasing circuitry
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FIGURE 9. Realized microstrip SPST circuit at 28 GHz, implemented on a
Rogers RT/duroid 5880 laminate. The details of the single PIN diode and
the microstrip biasing network are shown.
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FIGURE 10. Phase difference between the two states of the BMT for
short- and open-circuit terminations.
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FIGURE 11. Experimental setup for the evaluation of the BMT.

design is an important part in the design of switching devices.
Its main functionality is to provide sufficient biasing voltage
and current to the active devices when needed. Additionally,
the SPST circuit shown in Fig. 8 consists of an RF choke
and DC block. The realized SPST switch circuit can be seen
in Fig. 9.

The SPST is implemented on a 50 €2 microstrip line
directly after the 50 2 connector that connects to the horn
antenna. The SPST switch is compact and can easily be
implemented in standard mobile terminals. Fig. 10 shows the
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FIGURE 12. Measured backscattered signals, (a) with modulation sidebands fy, = 10 kHz at DoA = —20° (f¢ is 24 GHz), (b) fm = 20 kHz at
DoA = —20° (fc is 24 GHz), (c) fm = 10 kHz at DoA = +10° (f¢ is 31 GHz), and (d) fm = 20 kHz at DoA = +10° (f¢ is 31 GHz).

phase difference between the two states of the BMT. It can
be seen that this is close to 180° for the required bandwidth
of 10 GHz. Having a 180° phase difference between the
two states, the modulation factor can be maximized, thus
increasing the received power, PR.

VI. EXPERIMENTAL VERIFICATION OF THE
BACKSCATTERING RADAR SYSTEM

First, the correct operation of the BMT was evaluated using
the setup illustrated in Fig. 11. The transmitting LWA trans-
mits the signal generated by the mm-wave signal generator
into free space at a specific angle based on the frequency
of the signal. The BMT is located at the corresponding
angle of radiation of the transmitting LWA and it is able
to receive the signal with its mm-wave horn antenna. Then,
the BMT modulates the phase of the received signal using
its SPST switch presented in Section V and reflects it back.
The receiving LWA then detects the phase modulated signal,
which is measured with an electrical spectrum analyzer. This
is a close to the ideal scenario where the modulation can
be easily observed and measured, enabling the evaluation of
the BMT for all the carrier frequencies, angles of arrival and

VOLUME 10, 2022

modulation frequencies. Numerous measurements were per-
formed using the measurement setup shown in Fig. 12. The
results are depicted in Fig. 12, where the modulation can be
easily observed for all the coverage angles. It can be seen that
the measured signals include both the carrier frequency and
modulation upper and lower sidebands. It should be noted that
the measurements are normalized by the carrier frequency,
fc, of the RF generated by the signal generator. The carrier
frequency f. corresponds to a specific DoA as explained
in Section II and presented in Fig. 3. In Fig. 12 (a) — (b) fc
is 24 GHz, and in Fig. 12 (¢) — (d) f. is 31 GHz, corresponding
to a DoA of —20° and +10°, respectively. From the results,
it can be observed that the carrier frequency, f. and the
modulation sidebands (f. — f;; and f. + f;;) of the measured
received signal, both the 10 kHz and 20 kHz modulation
frequencies (f;,) can be detected. Sideband suppression is
between 10 dB and 20 dB. Thus, beam steering as well as
detection capabilities were verified. Therefore, the BMT can
receive, modulate, and reflect the signals transmitted by the
LWA for the whole range of coverage angles. To be able to
estimate DoA, distance and ID, the FMCW system presented
in Section III should be employed.
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FIGURE 13. Sliding Hanning window FFT of the measured LWA FMCW radar echo at (a) 25 cm, (b) 50 cm (c) 75 cm and (d) 100 cm.
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FIGURE 14. DoA measurements of the BMT at a distance of 50 cm and at
an angle of (a) 0 degrees (red line), and (b) 5 degrees (blue line).

The experimental setup of both the FMCW radar system
and the BMT is shown in Fig. 7. Again, numerous measure-
ments were carried out at different DoAs, distances and mod-
ulation frequencies. An oscilloscope was used to measure the
downconverted (IF) FMCW radar signal. By processing the
IF signal the target’s echo was obtained. Fig. 13 shows the 3D
plots of the FFT over time, obtained via a Hanning window
of the measured IF waveforms. Using Equation (8) and the
parameters of the proof-of-concept radar system, the maxi-
mum achievable distance is 200 cm. The measurements were
for BMT ranges of 25, 50 and 75 and 100 cm. It can be seen
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FIGURE 15. Received radar echoes of the BMTs (Fjr ¢cpo) and its
modulation signals (fm).

that the BMT is detectable in all cases. The range between the
radar and the BMT, R, can be estimated using the following
expression, which is derived from (2) and (3):

CfIF,echo
R=—"%"—
2B
T

C))
where, R is the range between the radar and the reflecting
object, c is the speed of light, fiF echo is the measured fre-
quency of the echo and B/T is the frequency change per
unit of time. The frequencies of the measured echoes were
at 125 kHz, 141 kHz, 160 kHz and 180.5 kHz, respectively.
To correctly calculate the distance of the detected object,
the length of the cables used by the radar system has to
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FIGURE 16. Sliding Hanning window FFT and spectrum at DoA of the measured LWA FMCW backscattering echoes with the following settings:
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frequency 1100 KHz.

be subtracted by the resulting range given by Equation (9).
After doing this, the estimated range of the radar system
was 25.7 cm, 49.7 cm, 78.2 cm, and 108 cm. These results
were very close to the setup ranges of the BMTs with a
measurement error below 8%. This shows that the FMCW
radar can correctly detect the distance to the BMTs, which is
the first step for the localization process.

In addition to the ranging of the BMTs, the FMCW radar
can also detect the DoA of the BMTs. This achieved by
plotting the FFT weights over the time index axis from the
sliding window function. The DoA information is found via
the ‘Time Index’ axis directly if the bandwidth and period-
icity of the FMCW signal and the beam scanning behav-
ior of the LWAs (shown in Fig. 3) are known. These three
parameters are crucial in estimating the DoA of the BMTs
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based on the Time Index of their echo within the received IF
waveform. The impact of the DoA on the radar echo along
the Time Index axis can be seen in Fig. 14, where the echo
of the BMT is shifted along the Time Index axis. This is
because the DoA is different between the two measurements.
In the first measurement (red line) the direction of arrival
is 0° and in the second measurement (blue line) it is +5°.
As described above, the Time Index indicates the DoA of
the BMTs. Here it can be seen that the Time Index for the
echo of the first measurement (red line) is 160, and for the
echo of the second measurement (blue line) it is 185. In this
specific measurement, the antenna was steered from —30°
to +18°, the bandwidth of the FMCW signal was 10 GHz
(23 to 33 GHz) and the periodicity was 250 ms. Based on
these, the Time Index axis can be used to calculate the DoA.
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Each Time Index point of the sliding window is directly
related to a specific frequency point and radiation angle. For
example, the whole BW is covered from Time Index 0 to 250
(—30° to 18°).

Additional measurements were performed to evaluate the
third detection parameter of the BMTs, which is the backscat-
tering modulation. As described above, the backscattering
modulation can be used to identify the BMTs by detecting
the introduced PM signal. The backscattering modulation can
operate from a few kHz to a few MHz. Here, the modulation
frequencies are chosen to be at least one order of magnitude
higher than the highest expected radar IFs, to differentiate
them rapidly and simply.

Due to the high modulated frequencies, the modulation
sidebands of the PM will be seen by the FMCW radar at
higher frequencies than the echoes of the BMTs. This is
shown in Fig. 15 where the two modulation sidebands of the
PM signal are located at f, — FiF echo and fin + FiF echo-
The modulation peaks are the modulation sidebands of the
received signal and are located around the modulation fre-
quency due to the mixing that is included in the FMCW
signal. The frequency spacing between the modulation side-
bands is twice the beat frequency of the target. Hence, the
modulation sidebands can be used to localize and iden-
tify the BMTs by mixing at the modulation frequency, f;,.
Fig. 16 shows the modulation sidebands of different PM
frequencies received by the FMCW radar. Figs. 16 (a) — (b)
show the Hanning window FFT of the IF waveform for a
BMT at a distance of 25 cm and modulation frequency of
600 kHz. On the other hand, Figs. 16 (c) — (d) show the
Hanning window FFT of the IF waveform for a BMT at a
distance of 50 cm and modulation frequency of 900 kHz.
Finally, Figs. 16 (e) — (f) show the Hanning window FFT
of the IF waveform for a BMT at a distance of 100 cm
and modulation frequency of 1.1 MHz. It can be seen that
there are two modulation sidebands around the PM frequency
(fm — FiF.echo and fm + Fir.echo). As the distance increases,
the spacing between the two sidebands increases since it is
double the echo of the BMT (FiF echo), and as the frequency
of the modulation (f,) increases these two sidebands are
varied accordingly. This change can be seen from the mea-
surements depicted in Fig. 16, where the distance is progres-
sively increasing. Additionally, the modulation sidebands are
located at a lower noise floor since they are at higher fre-
quencies. This is a clear advantage of implementing high fre-
quency backscattering modulation at the targets, since it can
push the target echoes to higher frequencies where the noise
floor is lower, while still being able to determine its distance,
DoA and identity. Additionally, this property of the presented
radar system will result in a significant reduction of false
alarms caused by unwanted targets located within the radar
range. This is because the power spectral density is inversely
proportional to the frequency of the signal (//f). This could
be beneficial not only for target identification but also for
target detection and it can provide a significant advantage
when dealing with high detection ranges. Furthermore, the
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location of the two modulation sidebands along the Time
Index is again defined by the DoA. Hence, the Time Index
of the modulation sidebands can be used in the same manner
with the echo of the BMT to determine the DoA. Therefore,
by capturing only the modulation sidebands, this is enough
to localize and identify the BMTs. Finally, localization and
identification is achieved using a single transceiver, providing
a clear benefit since current state-of-the-art solutions such
as UWB and WiFi localization systems require at least three
transceivers.

VIi. CONCLUSION

A novel photonically-enabled FMCW radar capable of local-
izing and identifying mobile terminals has been presented.
The FMCW radar system uses a single transceiver with
mm-wave LWAs to localize the detected mobile terminals.
This is achieved by the beam scanning property of the two
LWAs implemented. Additionally, backscattering technology
has been employed in order to transfer information from
the targets to the radar. To do so, an SPST switch was
implemented at the antenna port of the mobile terminal. The
backscattering mobile terminal is able to receive, modulate
and backscatter the phase modulated RF. The FMCW radar
receives the phase modulated echo of the backscattering
mobile terminal and is able to localize it and identify it
simultaneously. Several measurements have been presented
using the proposed radar system to successfully localize and
identify the BMTs. The calculation of the distance, direction-
of-arrival and backscattered modulation frequency from the
measurements has been demonstrated. In addition, localiza-
tion and identification of BMTs at distances of up to 1 m
has been demonstrated using backscattering modulation that
decreases the influence and false alarms caused by the low-
frequency noise. Finally, future work will be carried out to
achieve 3D localization and identification.
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