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Abstract

A compact quasi-Yagi antenna with a modified ground plane is designed for a through-wall
“The authors have equally contributed to this radar on-chip. A slot-based ground plane modification in the proposed antenna results in sig-
paper. nificant miniaturization with an increase in the impedance bandwidth by 44.62%. The
antenna has a high directivity of 9.02 dBi and a front-to-back ratio of 25.76 dB at 2.4 GHz.
Based on experiments in real-world deployment scenarios, the performance of the proposed
quasi-Yagi antenna is found to be comparable to that of a Vivaldi antenna and a commercial-
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Email: eashal@iisc.ac.in range can penetrate common building materials, enabling the radar to image behind the
wall. However, due to the complexity of the scattering scenario, the radar signal undergoes
multipath propagation phenomena. These typically manifest themselves as environmental
clutter, which may impair the detection and tracking of actual targets [4-7].

Ultrawideband (UWB) TWR technology has excellent potential due to the larger frequency
range over which performance variation due to propagation characteristics of different build-
ing materials can be handled better [8-10]. It is reccommended to use UWB modulation tech-
nology to deal with indoor propagation and achieve improved range resolution for human
localization [11, 12]. A frequency-modulated continuous wave (FMCW) radar can measure
both range and Doppler information [13], which makes it valuable for TWR applications.
In [14], a millimeter-wave FMCW radar is used for through-wall surveillance applications.
However, the wall attenuation increases with the frequency of operation, thereby decreasing
the penetration capability [8]. The development of a robust TWR system requires extensive
theoretical and experimental studies involving the entire system and its components, such
as the radar subsystem and the antenna.

TWR systems provide significant challenges to antenna design due to varying levels of
attenuation caused by different types of construction materials such as concrete, brick and
mortar, wood, and glass. Hence a TWR antenna should have high directivity and gain. A com-
pact UWB antenna array for TWR applications is proposed in [15], and a two-element L-band
quasi-Yagi antenna array in [16], but the antenna has an omnidirectional radiation pattern.
Portability often places a practical limit on antenna size for a given angular resolution.
Therefore the antenna has to satisfy size and weight constraints. Ground-based radar systems,
specifically TWR systems, operate in extremely complex propagation environments. It is,
therefore, necessary to perform a comprehensive study of the radar system in different settings
to develop a robust system [17]. A patch antenna is optimized for through-wall detection
applications in [18]. However, the form factor of the antenna is larger than that of the compact
quasi-Yagi design proposed in this work. The Vivaldi antenna has also been used in TWR sys-
tems [1, 18, 19]. However, a more compact antenna working in the desired band with satis-
factory gain and radiation efficiency is required to optimize space in portable applications.

© The Author(s), 2023. Published by In this paper, the design of a UWB high-gain compact planar quasi-Yagi antenna is pre-
Cambridge University Press in association with  sented for TWR application. The miniaturization of the total antenna size is achieved by intro-
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offers a reduction in the dipole length without affecting the bandwidth. The flaring of the
dipoles and increased number of directors are used together with the modified ground
: CAMBRIDGE plane to achieve greater bandwidth and high gain with a smaller antenna size. The size and
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Figure 1. Schematic diagram of a Vivaldi antenna.

The designed miniaturized quasi-Yagi antenna is compared
against a planar Vivaldi antenna and a commercial-off-the-shelf
(COTS) horn antenna in various scenarios for through-wall
imaging. To the best of the authors’ knowledge, only microstrip
patch antennas and Vivaldi antennas have been used for TWR
applications, and the use of such Yagi-Uda antennas/planar
quasi-Yagi has not been reported in the literature.

The rest of this paper is organized as follows. Section “Antenna
design” discusses the design process and parameters of portable
antennas for TWR applications. In the Section “Test-bench
setup for through-wall imaging,” the working principle of an
FMCW radar is described with the specifications of a
radar-on-chip (RoC) used in this study.

Section “Results and discussion” presents experimental data
obtained from radar system tests and its analysis in the context of
specific deployment scenarios. The final section concludes the paper.

Antenna design

An RoC enables extremely portable, drone or robot-mounted sys-
tems to explore various geophysical phenomena. Large form-factor
antennas cannot be used in such systems. FMCW, which is widely
used in automotive radars, is a strong candidate for TWR and
Ground Penetrating Radar (GPR). However, varying propagation
for different frequencies and different building materials impacts
wideband FMCW operation. The design of the two antennas pre-
sented in this section was influenced by the need to support wide-
band FMCW radars. Full-wave EM simulations for the design were
performed on CST Microwave Studio Suite 2021 [20].

Vivaldi antenna

The design of the Vivaldi antenna with two directors for enhanced
gain is shown in Fig. 1. The antenna is designed on an FR-4

Table 1. List of design parameters for Vivaldi antenna
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Figure 2. (a) Frequency variation of |S;| for the Vivaldi antenna design in Fig. 1, and
(b) frequency variation of peak gain for the Vivaldi antenna for different number of
directors.

substrate of thickness 1.6 mm with a relative permittivity of 4.3
and loss tangent 0.025 (Table 1). The inner edge and outer edge
of both the arms of the antenna are exponential and each arm is
metallized on either side of the substrate, flaring in the opposite
direction to form a tapered slot. EM waves travel along the inner
edges of the flared aperture and couple with each other to produce
radiation. According to conventional theory [21], the lower cutoff
frequency of a Vivaldi antenna is determined by the width of
antenna aperture, which can be expressed as A= 2W. The expo-
nential curve for the inner edge C1 is defined as:

w1
X(t) = fW —0.5 fWe(al(lis) + T, Y(t) =1 (1)
where t € [5, 148], fw is the width of feeding microstrip, and al =

0.027 is the rate of exponential curve for C1, and for the outer edge
C2 is defined as:

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)
w 150 L 185 vl 118.71
swl 9 sw2 20 fw 3.3

dl 35 dw 3
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Table 2. Computational burden for simulations of Vivaldi antennas (in CST)

Peak memory used (in kB)

Matrices Total solver
Design calculation Solver run total  time (in s)
Without 3113709 6685 660 660
directors
With directors 3303924 6836 000 841
_ w1
X(t) = —0.5 fwe™ =) 4 - Y=t )

where t € [5, 29] and a2 = 0.16 is the rate of exponential curve for C2.

The antenna is designed to be fed through a 50Q SMA
(SubMiniature version A) connector followed by a gradual transi-
tion consisting of an exponentially contoured ground plane and a
microstrip line, shown in Fig. 1. Figure 2(a) shows the S;; plots for
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the designed Vivaldi antenna. As shown in Fig. 2(b), with 0 direc-
tors, the gain of the antenna varies from 6.8 to 8.8dBi. To
enhance the gain of the Vivaldi antenna, two directors are
added between the inner edges. Consequently, the gain increases
by 1dB. Table 2 lists the peak memory requirement for matrix
calculation, and total solver run for the simulation in CST for
Vivaldi antenna.

The radiation pattern plots for the E- and H-planes are shown
in Fig. 3. The antenna has a directivity of 10.44dBi and
front-to-back ratio of 14.44 dB at 2.4 GHz. The fabricated antenna
and the measurement setup are shown in Fig. 4. The measured
result is obtained using a Keysight N5230A PNA series network
analyzer, and the influence of the coaxial line is eliminated by
calibration. It is observed that simulation results match the experi-
mental results reasonably well.

Proposed quasi-Yagi antenna

This section describes the design procedure for the proposed
compact quasi-Yagi antenna for the TWR on-chip (TWRoC).
Figure 5 illustrates the evolution of the designed antenna structure

Figure 3. Radiation pattern (a) E-plane and (b) H-plane for the proposed Vivaldi antenna at 2.4 GHz.

(a)

(b)

Figure 4. Fabricated prototype of the Vivaldi antenna and test setup in the anechoic chamber.
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Figure 5. Design process for the proposed quasi-Yagi antenna. (a) Stage-I: initial
design, (b) stage-II: initial design with a rectangular slot introduced in the ground,
(c) stage-lll: two-element array for the design in stage-ll, (d) stage-IV: design in
stage-Ill with flared dipoles, and (e) stage-V: final design of the two-element array
for the quasi-Yagi antenna with modified ground, flared dipoles and 12 directors.

at various stages. A microstrip-fed printed directive dipole
antenna operating at 2.34 GHz with an impedance bandwidth
(IBW) of 13.24% (S;; <—10dB) is chosen as the initial design
(Fig. 5(a)). The directive dipole consists of an x-directed printed
dipole antenna with a partial ground plane. The printed dipole
is excited by broadside-coupled co-planar strip-lines (BC-CPS).
The partial ground plane acts as the reflector, which is essential
for the directive operation of the antenna. The antenna is
designed on a 1.6 mm thick FR-4 epoxy substrate with a relative

Table 3. List of design parameters for quasi-Yagi antenna

Anand Kumar et al.

Table 4. Computational burden for simulations of quasi-Yagi antennas (in CST)

Peak memory used (in kB)

Total solver
Design Matrices calculation Solver run total time (in s)
Stage | 195521 427920 14
Stage Il 207122 462 828 19
Stage IlI 366 538 665 812 57
Stage IV 428778 864 680 70
Stage V 768 365 928 364 189

permittivity (e,) of 4.3 and loss tangent (tan &) of 0.025
(Table 3). Table 4 lists the computational burden for the simula-
tion of the quasi-Yagi antenna at different design stages.

For a length of 1.25 4 (46 mm) the dipole radiates at 2.34 GHz.
To reduce the size of the dipole a rectangular slot is introduced
near the BC-CPS (Fig. 5(b)). This modification of the ground
plane shifts the center frequency. The introduced slot has two
parameters (glc and gwc) which can be tuned to obtain matching
at the desired frequency. A parametric study to demonstrate the
impact of glc and gwc variation is shown in Fig. 6.

The dimensions of the slot were optimized (glc=gwc=10
mm) to achieve a smaller dipole length (=0.97 1) for the same res-
onant frequency. The design was then used to obtain a
two-element array (Fig. 5(c)) and to increase the bandwidth,
the dipoles were flared at an angle of 6 =15° (Fig. 5(d)). Flaring
in the printed microstrip dipole antenna has been shown to
improve the IBW without adversely affecting the efficiency [22].
Upon flaring the dipoles, the IBW increased from 13.24 to
27.35%.

Next, to improve the gain of the antenna, directors were added
(Fig. 5(d)). Starting with no directors, the number of directors was
increased gradually. The gain of the antenna at 2.4 GHz for 0, 2, 6,
and 12 directors was observed to be 3.09, 4.90, 6.80, and 8.62 dBi,
respectively. Due to the trade-off between the gain and the size of
the antenna, the number of directors was chosen to be 12. The
final design offers a high IBW of 44.62%. The [S;;| versus fre-
quency plots for the antenna at each design stage are shown in
Fig. 7(a) and the gain plot for increasing the number of directors
is shown in Fig. 7(b). The radiation patterns for the E- and
H-planes at 2.4 GHz are shown in Fig. 8. The antenna has a
measured gain of 8.7 dBi and front-to-back ratio of 25.76 dB at
2.4 GHz.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)
w1 40 L1 40 pwl 19.55
pl1 19 sl 3.1 s2 31

gll 6 gl2 22 glc 10

gwc 10 w2 80 L2 50

pw2 19.55 pl2 21.25 gl3 30.25
qli 1033 qwl 9.5 pdl 8.5
dwl 3 di1 30 di2 24

[ 15°
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Figure 6. Frequency variation of |S;;| with slot parameters: (a) lgc (mm) and (b) wgc
(mm).

A comparison between the proposed and previously reported
compact planar quasi-Yagi antennas is shown in Table 5. The
gain bandwidth product for the antennas is defined as the figure
of merit. It can be seen in Table 5 that our final design in Fig. 5
(e) has the maximum gain bandwidth product. The proposed
quasi-Yagi antenna has a modified ground structure for size reduc-
tion and offers a 22.4% reduction in dipole length and 36% reduc-
tion in the area of a single element antenna. Figure 5 shows the
structure of the antenna at different design stages. The fabricated
antenna and measurement setup is shown in Fig. 9. The measured
results agree with the simulated results, and the fabrication toler-
ance can account for the slight discrepancies.

Test-bench setup for through-wall imaging

For the performance evaluation of the designed Vivaldi and
quasi-Yagi antennas, a lab-scale test bench was established to
carry out a series of experiments and validate the movement of a
person behind obstacles. The test bench uses a TWRoC developed
in our institute [36]. The TWRoC was designed using a 180-nm
CMOS technology integrating one transmitter and three receivers
along with a fractional-N frequency synthesizer, which can generate
complex radar signals, including FMCW chirps. In the FMCW
mode, the radar operates from 2.05 to 2.6 GHz resulting in a
550 MHz bandwidth equivalent to a range resolution of 27 cm.

https://doi.org/10.1017/51759078723000235 Published online by Cambridge University Press
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Figure 7. (a) Frequency variation of |S1,| for the proposed quasi-Yagi antenna design
in Fig. 5, and (b) frequency variation of peak gain for the proposed quasi-Yagi
antenna for different number of directors.

The TWRoC utilizes a 70 MHz sinusoid as a reference for the
on-chip PLL, provided by the Agilent ESG E4438C Vector Signal
Generator (VSG), and the frequency control words are provided
using the National Instruments LabVIEW Software to generate
an FMCW chirp. The Spectrum Analyzer from Agilent (MXA
N9020A) and Keysight MXR104A Mixed signal oscilloscope are
used to visualize the radar output waveforms (Sz,) and the incom-
ing baseband (IF) signal in both the time and frequency domain.
Figure 10 shows the complete experimental setup for a through-
wall imaging scenario.

Working principle of FMCW radar

Figure 11 shows the block diagram of an FMCW radar system.
For an FMCW radar with start frequency f;, chirp bandwidth B,
and modulation time T with a target located at a distance d
from the radar, the transmitted LFM chirp can be expressed as:

Ste(t) = ag cos |:27T<fct + %) + ¢0:| 3)

where s is slope of the chirp defined as, s = B/T and ¢, is the ini-
tial phase. After reflecting off a target situated at a distance d from
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Figure 8. Radiation pattern (a) E-plane and (b) H-plane for the proposed quasi-Yagi antenna at 2.4 GHz.

the radar, the received signal is a time delayed replica of the trans-
mitted chirp, given by:

2
Spe(t) = a1 cos[ZTr(fc(t -7+ Q) + ¢0] 4)

The change in the amplitude incorporates the path loss and the
radar cross section of the target. The time delay (7) is the time
taken by the EM wave to travel the round-trip distance, 2d
given as 7=2d/c.

The received signal is then mixed with an exact replica of the
transmitted signal which is applied to the LO port of the mixer.
The resulting waveform at the output port of the mixer is called
the intermediate frequency (IF) signal expressed as

Si(t) = bcos|:277(sﬂ‘ +fer— ?)] (5)

This process is termed de-chirping [8] as illustrated in Fig. 12. For
a single stationary target, the IF signal is a single tone with its fre-
quency linearly proportional to the delay 7 of the echo, and thus
related to the beat frequency f;, as

beSTZ% (6)

c

The target range can thus be determined from the beat frequency
using (6). The maximum detected range depends on the transmit
power and the sampling frequency of the analog-to-digital con-
verter, used to digitize the de-chirped signal. The range resolution
of a radar is its ability to resolve two closely spaced objects. For two
objects separated by a distance of Ad, the corresponding difference
in their beat frequencies using (6) can be written as

2sAd

c

Afy = %

Also, an observation window of T can resolve two frequencies that
are separated by more than 1/T Hz, i.e. Af, > 1/T. Using (7), we get

Ad > é )
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Thus, the range resolution of the FMCW radar depends directly on
the bandwidth of the radar.

Spectrogram

The short-time Fourier transform (STFT) is a standard method to
study time-varying signals [37]. The STFT of a signal x(t) is
defined as

X(t, w) = \/%rj x(DW(t — De M dr 9)

where w(t) is a suitably chosen analysis window. The spectrogram
corresponds to the squared magnitude of the STFT and is widely
used in radar applications. The spectrogram can visualize the
strength of the signals reflected from the targets over time at vari-
ous frequencies [38]. For all the spectrogram plots in this paper,
the x-axis represents frequencies between 1-5MHz in steps of
5kHz, and the resolution is 15 kHz with 12 801 frequency points.
The y-axis represents the time (in s) and the color-map represents
the power (=66 to —15 dBm) of the received echoes. The power
level of the color-map is selected to minimize clutter from the
environment and to make the signatures of interest clearly visible.

—00

Distance calculation from beat frequency

Since we have used a long coaxial cable (/; =40 m, €,1) and other
RF cables (I, = 7.45 m, €,,), the target is no longer located at a dis-
tance of d from the radar. We need to modify (6) to compensate
for the additional length which will be reflected in the observed
beat frequencies. The total distance of the target from the radar
is D given by:

D=2d+1L +1 (10)
Incorporating the different lengths and dielectric constants of the
cables, we modify (6) as:

_[2d L b
fb—s|:c+V1+ ]

V2

(1D

where v; and v, are the velocities of wave propagation inside the
cables with lengths [; and I,. Hence,
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Table 5. Comparison with previously reported compact planar quasi-Yagi antennas

Bandwidth Frequency Relative figure of
Design (GHz) (GHz) Gain (dBi) permittivity (e) Size (Ao % Ao) Size (Ag % 4g) Description merit
[23] 2.3-3.03 2.45 - 4.65 0.7x0.97 1.4x1.94 Microstrip to co-planar stripline -
[24] 1.43-3.97 2.7 3.4-5.2 44 0.675x%0.67 237x24 Spiral metamaterial resonators 2.65
[25] 0.69-1.12 1 3-5.5 4.4 0.4%0.33 1.58x1.22 Folded reflector 1.08
[26] 2.36-2.55 2.4 5.1 10.2 0.46 x 0.69 1.21x1.8 Backed by a metal reflector 0.26
[27] 3.6-10.25 6.93 4.5-8.3 4.4 0.69 x0.785 2.52%2.87 Extended stubs in ground plane 2.70
[28] 4.9-5.3 52 13 2.2 2x2.38 4.18%x5.23 Coupling energy to additional patches 1.39
[29] 51-70 60 10.5-11.7 3.38 - 3.3x3.5 Ladder-like directors 3.55
[30] 1.98-2.69 2.35 5.7 2.94 0.54x0.38 1.67x1.16 DSPSL director, reflector, and offset DSPSL 1.11
parasitic element
[31] 8.7-10.25 9.55 7.3 +0.75 3.55 1.21x1.55 - Cylinder dielectric resonator and split-ring 0.87
resonator
[32] 26.3 - 29.75 28 5.51 3.2 0.47 x 0.47 1.49x1.49 Planar folded dipole topology 0.44
[33] 4.67 - 9.89 8 6.46 4.5 0.88 x0.87 3.29x3.27 Two parasitic directors 2.89
[34] 2.6-4.6 3.45 8~9 44 0.69 x 1.61 2.46 X 5.75 Elliptically shaped coupled-directive 3.65
element
[35] 5.2-7.1 5.5 4.1 3.38 0.52x0.52 1x1 Microstrip-to-coplanar transition using 0.88
artificial transmission lines
Fig. 5(b) 2.23-2.61 2.34 3-3.2 4.3 0.31x0.31 1.128 x 1.128 Ground slot 0.34
Fig. 5(b) (modified) 2.16-2.6 2.34 4.16-5.65 4.3 0.31 % 0.468 1.128 x 1.689 Ground slot, 2 directors 0.68
Fig. 5(e) 1.87-2.91 2.34 6.8-9.8 4.3 0.626 x 1.175 2.22x4.17 Ground slot, flared radiators and 12 4.24

directors
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Figure 9. Fabricated prototype of the proposed
quasi-Yagi antenna and test setup in the anechoic
chamber. (a) (b)

Vector Signal Analyzer

Radar Test Board

Power Supplies Mo Anisin

Spectrum Analyzer

Figure 10. Lab-scale radar test-bench setup for system-level measurements includes the radar test board, the hardware peripherals, and the antennas.

d="12d + do] (12)
Tx-antenna ¢
I\ \\\ d where d, is a constant representing the effective length of both the
/I/I I/ \\ e cables given by dy = l1€,1 + Len:
PA ’
LFM Generator R . ) y
X-antenna,” 'y 1/cf
vl Target d= 3 (T - do) (13)
DSP = ADC
Mixer LNA We have used the modified equation (12) for all our calculations
instead of (6). Once we know the value of the constant d,, we can
Figure 11. Block diagram of an FMCW radar. calculate the distance d of the target from the antennas using (13).
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Figure 12. Graphical representation of de-chirping.

The constant d, for both the environments as well as for the
through-wall setup is 55.97 m.

Results and discussion

In the experiments conducted, the TWRoC transmits an FMCW
chirp between 2.052 and 2.6 GHz with a chirp rate of 11.2 MHz/
us at 0 dBm output power. The baseband signal from the radar
output is fed to a Keysight 89601B vector signal analyzer (VSA)
to obtain real-time spectrograms. The VSA is set to acquire

Q

—»
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Table 6. Environment A
Static Person walking
Antenna fp, (MHz) dobs, (M) fp, (MHz) dobs, (M)
Horn 2.908 10.32 2.703 7.42
Vivaldi 2.837 10.32 2477 5.47
Quasi-Yagi 2.836 10.32 2.563 6.64

data with a frequency span of 1-20 MHz and samples the incom-
ing IF signal with a bandwidth of 24.32 MHz.

The experimental setup was placed in two different environ-
ments (A and B) and behind a brick wall, to test the two antennas.
All the setups are real-world scenarios where system-level experi-
ments were performed in the presence of clutter from static
objects, multi-path propagation, etc. The obtained results are
compared with that of a COTS pyramidal horn antenna. The
horn antenna has a high directivity of 15 dBi, but its large and
bulky form factor makes it unsuitable for practical applications
using the TWRoC.

Environment A

Environment A (Fig. 13) is a corridor with a wall at one end, with
the antennas placed at a distance of 10 m from the wall. The spec-
trograms for the static environment with no moving targets,
obtained with the horn, Vivaldi, and quasi-Yagi antennas, is
shown in Figs 13(d), 13(e), and 13(f), respectively. We expect
the spectrogram to have a prominent straight line at the beat
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Figure 13. Snapshots showing the experimental setup (a), (b), (c), spectrograms of the static environment (d), (e), (f), and spectrograms of the walking human (g),

(h), (i) in environment A for the horn, Vivaldi, and quasi-Yagi antennas, respectively.
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Figure 14. Snapshots showing the experimental setup (a), (b), (c), spectrograms of the static environment (d), (e), (f), and spectrograms of the walking human (g),
(h), (i) with the door closed for the horn, Vivaldi, and quasi-Yagi antennas, respectively.

Table 7. Environment B: closed door

Static Person walking
Antenna fo, (MH2) dobs, (M) fb, (MHz) dobs, (M) fb, (MH2) dobs; (M) fb, (MH2) dobs, (M)
Horn 2.237 1.14 2.324 231 2484 4.46 2.484 4.47
Vivaldi 2.143 0.96 2.244 2.32 - - 2.369 4.01
Quasi-Yagi 2.141 0.94 2.243 231 2.385 4.23 2.352 3.78

frequency corresponding to the distance of the brick wall from the
antenna. Table 6 lists the observed beat frequency (f;,) and the cor-
responding distance of the wall (d,p,) for all three antennas. In
addition, several weaker lines are observed, because of multiple
reflections due to a scattering-rich environment. A volunteer then
walks back and forth between the antenna and the brick wall,
and the snapshots of the corresponding spectrograms are shown
in Figs 13(g), 13(h), and 13(i), for the horn, Vivaldi, and
quasi-Yagi antennas, respectively. We observe that the spectrogram
has a triangular waveform depicting the back and forth movement
of the person. In Table 6, we have listed the maximum beat fre-
quency (f,) and the corresponding distance (dops,) at which the
moving target is identified by the same amount of received
power in the spectrogram, representing the sensitivity of the
setup. Clearly, the horn antenna is able to look the furthest, but
the performance of the quasi-Yagi antenna is quite comparable.

Environment B

In environment B, a section of our laboratory is used. It has a
wooden partition, with a sliding wooden door that acts like a low-
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loss wall in our experiments. The antennas are placed at a distance
of 4.5 m from the back wall and the wooden partition lies at a dis-
tance of 2m from the antennas. A volunteer walked back and
forth in front of the antennas while the wooden door was kept
closed.

The experimental setup, using the closed door, is shown in
Figs 14(a), 14(b), and 14(c). The wooden door was closed to cre-
ate a “wall-like” scenario. The volunteer then walked back and
forth, behind the wooden door. First, the spectrograms for a static
environment were obtained, as shown in Figs 14(d), 14(e), and 14
(f). Table 7 lists the observed beat frequencies (fy,, fs,, fb,) and
the corresponding distances (dops,» dobs,» dobs,) at which the static
targets were identified by the three antennas. The closed door
provides enough attenuation to make the reflections from the
back wall less prominent. In the process, additional reflections
due to a nearby metallic reflector are now visible. The measured
distance of the wooden partition, metallic reflector, and the
back wall from the antennas were d'; =1m, d,=2.5m, and d'5
=4.5m, respectively. Next, the spectrograms for the volunteer
walking behind the wooden door were obtained, as shown in
Figs 14(g), 14(h), and 14(i). Table 7 lists the maximum beat
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Figure 15. Snapshots showing the experimental setup (a), (b), (c), spectrograms of the static environment (d), (e), (f), and spectrograms of the walking human (g),
(h), (i) for thru-wall measurements for the horn, Vivaldi, and quasi-Yagi antennas, respectively.

frequency (f;,,) and the corresponding distance (dops,) up to which
the signatures of the volunteer can be traced.

Through-wall measurements

For the through-wall measurements, we imaged through a 40 cm
thick outer wall (brick and mortar) of our laboratory, which faces
another wall on the other side of a 2m wide corridor (Fig. 15).
We used a COTS power amplifier (MAAL-010200-TR3000),
which provides a power gain of 10-20 dB in the 2-2.6 GHz fre-
quency band. The TWR setup is shown in Figs 15(a), 15(b),
and 15(c). Figures 15(d), 15(e), and 15(f) show the snapshots
of the spectrograms for the static environment. We can observe
multiple closely spaced lines at a distance corresponding to that
of the brick wall and a straight line for the outer wall of the cor-
ridor at a distance of d’ =2 m. Table 8 lists the observed beat fre-
quency (f,) and the corresponding distance of the back wall
(dops,) for all three antennas. The spectrogram signatures for the
volunteer walking back and forth in front of all three antennas
are shown in Figs 15(g), 15(h), and 15(i), respectively. Table 8

Table 8. Through-wall measurements

lists the maximum beat frequency (f;,) and the corresponding dis-
tance (d,ps,) at which the moving target is identified. The power
level of the spectrogram is kept the same for all the antennas
(=25 to —125 dBm) to show the system’s sensitivity. Clearly, the
signatures for the case of horn antenna are more prominent
than that of the Vivaldi and quasi-Yagi antennas. However, the
quasi-Yagi antenna is able to identify moving targets behind the
wall to distances that are quite comparable with the horn.

Using the above experiments, we have identified the range of
the static objects (wall, wooden partition, metallic reflector, etc.)
very close to the measured distance, as reported in Tables 6-8.
Slight mismatches are due to the multiple reflections from a num-
ber of other static objects and the multi-path propagation of the
waves since the experiments are conducted in a real-world situ-
ation instead of an ideal environment like an anechoic chamber.
We have successfully observed the signatures of a walking human
in two different environments and behind a brick wall using all
three antennas. Table 9 compares the physical dimensions and
weight of the three antennas used in this work. The signatures
obtained from the planar antennas (Vivaldi and quasi-Yagi)
may look faint when compared to the horn antenna on the
same power scale but stronger signatures can be obtained by

Static Person walking Table 9. Comparison of antenna size
Antenna fp, (MHz) dops, (M) fp, (MHz) dobs, (M) Antenna Dimensions L x Wx H (mm?) Weight (g)
Horn 2.276 2 2.268 1.98 Horn 530 x 240 x 180 5000
Vivaldi 2.262 2.01 2.20 1.2 Vivaldi 180 % 150 x 1.6 79.9
Quasi-Yagi 2.254 2.01 1.03 1.184 Quasi-Yagi 180 x 80 x 1.6 42.6
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separately adjusting the mapping of the power levels for individ-
ual antennas to their respective color maps. Thus, the designed
quasi-Yagi antenna can do the job as well as the horn antenna
while significantly improving the portability and form factor of
the complete radar system.

Conclusions

This paper presents a UWB high-gain compact planar quasi-Yagi
antenna with a modified ground plane for TWR application. A
slot is introduced near the feed of the dipoles of the quasi-Yagi
antenna in the ground plane, leading to increased effective elec-
trical length, thereby causing miniaturization of the total antenna
size. The technique offers a 22.4% reduction in dipole length and
a 36% reduction in the area of a single-element antenna. The pro-
posed antenna provides a high gain of 7.8-9.8 dBi in the entire
band of interest. The antenna has a measured gain of 8.7 dBi
and a front-to-back ratio of 25.76 dB at 2.4 GHz. Its size and per-
formance are compared with planar quasi-Yagi antennas reported
in recent literature and the proposed design has the maximum
gain bandwidth product. The performance of the designed anten-
nas has been characterized in an ideal anechoic chamber environ-
ment and a real-world scenario using an RoC-based system. The
TWR system is then tested in different environments to study the
environmental effects. The radar can successfully identify move-
ment behind a wooden partition and a brick wall. The
quasi-Yagi antenna, when compared to a horn antenna, exhibits
similar levels of performance when used in a real-world system.
The proposed antenna is planar, lightweight, and compact in
size, compared to a bulky horn antenna and thus helps make
the RoC system portable and easy to deploy.
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