68

ACES JOURNAL, Vol. 30, No. 1, JANUARY 2015

Modified Antipodal Vivaldi Antenna with Shaped Elliptical
Corrugation for 1-18 GHz UWB Application

Muhammad Ahmad Ashraf 13, Khalid Jamil 2, A. R. Sebak 3+,
Mobeen Shoaib 2, Zeyad Alhekail ', Majeed Alkanhal !, and Saleh Alshebeili '3

! Department of Electrical Engineering
2 Prince Sultan Advanced Technology Research Institute
3KACST Technology Innovation Center in RETONICS for the e-Society
King Saud University, Riyadh, 11421, Kingdom of Saudi Arabia
{mashraf, majeed, zeyad} @ksu.edu.sa, {mobeen.shoaib, khalid.jamil} @psatri.org.sa

*Electrical and Computer Engineering Department
Concordia University, Montreal, Canada
abdo@ece.concordia.ca

Abstract — We present two antipodal tapered slot
antennas: one with elliptical strips termination and
the other modified with elliptical shaped
corrugations. Compared to the other, the
corrugated antenna uses elliptical slots loading to
improve the gain by up to 1.9 dB over operational
bandwidth 0.8-18 GHz. It also improves the front
to back lobe ratio. The simulated frequency and
time domain results are in good agreement with
measured performance of both antennas.
Experimental results verify a fidelity factor greater
than 0.86 for both antennas by transmitting 30ps
(3-18 GHz) Ultra-Wideband (UWB) pulses.

Index Terms — Corrugated UWB antenna, fidelity
factor, time domain, ultra-wideband.

I. INTRODUCTION

Recent years have seen a great interest in
performance improvement of Tapered Slot
Antenna (TSA) due to its lightweight structure,
ease of fabrication, end-fire radiation and ultra-
broadband characteristics [1-4]. For broadband
systems, the candidate antenna performance is
characterized both in frequency and time domain,
in order to transmit very narrow pulses [5-7].
Printed TSAs find applications in phased/scanning
array, millimeter wave, low cost radar and short-
range communication systems.

Based upon their feeding mechanism, the
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Vivaldi tapered slot antennas are mainly classified
into two different geometries: planar and antipodal
[8-10]. For planar TSA, the Microstrip-to-Slotline
(MSL) transition is employed as a feeding balun
that limits the bandwidth over two octaves.
Moreover, due to radiation losses, MSL transition
causes pattern degradation at certain frequencies
that reduces the antenna efficiency. To alleviate
the problems caused by the MSL feeding
mechanism, Langley, et al. [11] introduced an
antipodal UWB feeding configuration using a
balun comprising of a microstrip, a parallel
stripline and a symmetric double-sided slotline.
The Antipodal Tapered Slot Antenna (ATSA)
with dielectric director placed in the antenna
aperture enhances the gain by focusing energy in
the end-fire direction [12]. In this method, the
antenna height and weight is compromised to
improve the gain performance. In another method
proposed in [13], the gain of ATSA is improved at
the cost of increased substrate dimensions toward
broadside. However, this method does not improve
the gain at lower frequency range. On the other
hand, corrugation configuration of ATSA
mitigates the higher Side-Lobe-Levels (SLL),
reduces backward radiations and increases the low
frequency gain of broadband antennas without
compromising the antenna dimensions [2,6,14].
The System Fidelity Factor (SFF) incorporates
space, time and frequency domain characteristics
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of antenna system in one value. In [7], the
transmission coefficient S»; is used to calculate the
SFF. In this technique, a calibrated Vector
Network Analyzer (VNA) sweeps from 3-12 GHz
to transmit a pulse with Full Width Half Maximum
(FWHM) equals to 60ps.

In this paper, we present comprehensive
frequency and time domain simulations and
experimental measurements to investigate the
frequency domain characteristics and the fidelity
factor of two ATSAs system: one with elliptical
shaped fins termination and the other with
elliptical shaped edge corrugation (ATSA-EC). It
is observed that the ATSA-EC is improving lower
frequency gain of proposed UWB spectrum. The
size of ATSA-EC is not increased for gain
improvement. We have presented the design of
ATSAs with system fidelity factor greater than
0.86 for very narrow UWB pulse with FWHM
equals to 30ps, that is two times less than the pulse
width of 60ps presented in [7]. In order to obtain
the proposed pulse width of very short duration,
VNA is used to transmit a frequency sweep signal
from 3-18 GHz through the designed antenna
transmit receive systems. The Inverse Fast Fourier
Transform (IFFT) of the received signal (S>;) gave
the antenna time-domain response. A novel
method for analyzing the broadband antenna in
time domain was demonstrated by transmitting
and receiving true time domain narrow pulses
through proposed antenna system, generated by
wideband arbitrary waveform generator (12 GSa/s
AWG) and mixed-signal oscilloscope (50 GSa/s
MSO).

Furthermore, we  have presented a
mathematical expression for designing the
exponential curve of ground plane conductor
required for antipodal feed mechanism. The
proposed antennas with this antipodal feed exhibit
reflection coefficient of less than -14 dB for a
bandwidth of 1-18 GHz. Note, that the Federal
Communication Commission (FCC) unlicensed
UWB band is 3.1-10.6 GHz, therefore, this
antenna design leaves a big margin at both
frequency ends. We also experimentally verified
broadside pattern symmetry for E- and H-plane,
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side-lobe levels and gain performance of the two
antennas.

II. ANTENNA DESIGN

The antenna elements shown in Fig. 1 are
travelling wave ATSAs developed on Rogers 5880
substrate having dielectric constant, &=2.2 and
thickness, #=1.574 mm. The size of each antenna
is 160x120 mm?. The ATSAs contain the strip
conductors on both sides of substrate. In order to
have impedance matching over a bandwidth of
more than 10:1, the tapered slot is designed by
following the guidelines in [15]. The ATSAs are
loaded with elliptical shaped strip conductors as
shown in Fig. 1. The exponential taper C, is used
for the ground in order to achieve broadband
microstrip to parallel plate transition. The tapered
curve C, is defined as:

C,=w, —1+0.1lw e, €8

4
where « is the rate of transition for exponential
curve defined as the following:

1 w, +0.1w,

a= In , 2
192w, ( 0.1w, ) @

wy 18 the x-directed length of curve with w, and w;
being the y-directed initial and final points,
respectively. The variation of impedance
bandwidth and radiation characteristics against
different geometrical parameters of proposed
ATSAs are analysed by full-wave simulation
software CST Microwave Studio [16]. Table 1
presents geometry of ATSA which results 182%
impedance bandwidth with required radiation
performance.

In order to improve the radiation
characteristics, elliptical edge corrugations are
applied to ATSA as shown in Fig. 1 (b). At each
edge of the antenna Unequal Half Elliptical Slots
(UHES) are loaded with the period, C~=17 mm.
The largest UHES having minor axis and major
axis radii Ry;=15 mm and R,;=8 mm, respectively,
is placed at the centre of elliptical fin. Whereas,
the major axis radii of other UHESs are decreased
linearly by the factor C,=0.7 having the constant
ellipticity ratio ¢,=0.533=R»/R;;.
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Fig. 1. Layout diagram of: (a) Antipodal Tapered
Slot Antenna (ATSA) using elliptical shape
loading, and (b) Antipodal Tapered Slot Antenna
with elliptical shaped Edge Corrugation (ATSA-
EC).

Table 1: Optimized geometrical dimensions (mm)
of ATSAs

R] R2 D Wy Wx Wt Wo Wi

3251422565 8 | 43.85|35|595]6.12

I11. DISCUSSIONS AND REASONS

The photograph of fabricated ATSAs is shown
in Fig. 2. The measured reflection coefficient of
the corrugated fins and un-corrugated ATSAs are
compared in Fig. 3. It can be seen that the
performance of both antennas is comparable in
terms of impedance bandwidth over a broad range
of frequencies from 0.8-18 GHz. The reflection
coefficient of designed ATSAs is better than 14
dB from 0.8 GHz to 18 GHz. Generally, the
radiation of an ATSA is function of length,
aperture width and substrate thickness. The added
inductance due to edge corrugation increases the
electrical length of antennas. The loading of
ATSA with UHES can suppress the surface
current at both back edges resulting in improved
gain performance compared to un-slotted antenna
gain. Similarly, the UHESs increase the effective
length of the antenna resulting in more directive
beams in both E- and H-planes.

Fig. 2. Photograph of fabricated ATSAs.
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Fig. 3. Measured reflection coefficient

characteristics of fabricated ATSAs.

A. Performance optimization

The performance of ATSAs against various
corrugation depths is analysed by a parametric
study using full wave simulations. From the
parametric study the elliptical slots radii R,; and
R, are varied and gain performance is observed.

Figure 4 presents the simulation results of
ATSAs gain performance against various
corrugation depths compared to un-corrugated
ATSA. The realized gain of ATSA is found
between 3 dBi to 8.5 dBi over the 0.8 GHz to 6
GHz frequency band. The edge corrugation
arranges the current path to be parallel with
desired radiating current and opposite to the
undesired surface current. The former enhances
the gain, whereas, the later decreases the backward
radiation. Therefore, the realized gain of ATSA-
EC is improved over 0.8 GHz to 6 GHz band by
varying elliptical slots radii Rq and Rs.
Comparatively, better gain improvement is found
for the ellipticity ratio e,=Ry/ Ry less than 0.35 as
depicted in Fig. 4 (a) and (b). It is worth noticing
that the corrugated antenna has a stable gain
performance near the lower and higher frequencies
of the operating band.

Figure 5 presents the measured gain
performance of fabricated prototypes from 2-18
GHz. The measured gain performances of both
designs are in good agreement with simulation
results, except at few frequencies with not more
than = 0.7 dB variations that may be due to
fabrication tolerances regarding the top and
bottom plane flair alignment and the cutting of
elliptical strips for edge corrugation. Figure 5 (b)
presents the results from 2 to 7 GHz to observe the



lower frequency gain improvement.
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Fig. 4. Simulated gain characteristics of the
ATSAs at different edge corrugation value.
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Fig. 5. Measured: (a) gain characteristics of the
ATSAs, and (b) 2-7 GHZ.
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B. Radiation analysis

The measured and simulated far field H-plane
radiation patterns for the fabricated ATSAs
prototype antennas are shown in Fig. 6 (a), (b) and
(c) for frequencies 4.3, 82 and 16.8 GHz,
respectively.

ATSA

(ATSA-EC)

Fig. 6. H plane measured radiation patterns: (a)
=4.3 GHz, (b) f=8.2 GHz, and (c¢) f=16.8 GHz.

Similarly, the E-plane radiation patterns are
presented in Fig. 7. The measured radiation
patterns show good agreement with simulated
patterns in both planes. The average 3-dB Half-
Power Beam-Widths (HPBW) for the E-plane and
H-plane patterns are 74° and 62°, respectively,
with more than 10 dBi peak gain. The HPBW of
the ATSA-EC in the H-plane is decreased to 46.9°
from 56.7° at 8.2 GHz compared with ATSA. The
change in E-plane beamwidth is not significant for
both antennas.
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Fig. 7. E-plane measured radiation patterns: (a)
f=4.3 GHz, (b) f=8.2 GHz, and (c) f=16.8 GHz.

In ATSAs currents are mainly distributed
along the taper from the slot till the end of
radiating element. Therefore, the maximum
radiation is observed in the endfire direction.
However, we have found undesired surface
currents at the edges of elliptical conductors that
contribute to radiating currents significantly
beyond 9 GHz. An appropriate design of edge
corrugation design is introduced to suppress these
currents in order to reduce unwanted side lobes
and back lobes resulting improvement in H-plane
HPBW. Additionally, the SLL in the H-plane is
significantly reduced by up to -10.2 dB from -7.2
dB for ATSA to -18.5 dB for ATSA-EC. The SLL
in the E-plane is also improved by 4 dB at 8.2
GHz. The front-to-back ratio is also studied for
different corrugation depths. The measured
performance  exhibits  front-to-back  ratio
improvement by greater than 20 dB at certain
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frequencies.

C. Time domain analysis

The simulated time domain response of
ATSAs when excited with passband Gaussian
pulse covering the complete spectrum of operating
frequency is shown in Fig. 8. The received pulses
are obtained by placing an x-oriented E-field probe
10 m along the broadside direction of antenna. The
FWHM of transmitted pulse is 30ps, while the
received pulses preserve the Gaussian shape
having maximum FWHM of 36ps related to
ATSA-EC with Rg;/=30 mm and Rs,=18 mm.
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Fig. 8. Simulated transmitted and received pulses
on the E-field probe for different edge corrugation
parameters.

The FWHM of ATSA without corrugation and
ATSA-EC with Rs;=50 and Rs;=14 is found 38ps
and 39ps, respectively. The fidelity factor is
calculated according to the following relation [17]:



“S(1)S, (t—7)dt
Fidelity = max J."" ()5, (0 77) 3)

’ \/.[w IS, (c) de|S, (¢t ) ar
where Si(?) and S.(?) present the transmitted and
received time domain pulses, respectively. The

fidelity factor for ATSA-EC at different edge
corrugations is presented in Table 2.

Table 2: Calculated fidelity factor for ATSA-EC at
different edge corrugation

Re |10 14 18 J10 f14 |18
R, 30 30 30 50 50 50

Fidelity | 0.89 | 0.88 | 0.87 | 0.91 | 0.92 | 0.9

D. Antenna system transfer function

Figure 9 presents the experimental setup for
measuring the system transfer function H(w) or Sz;
to characterize the ATSAs in time domain by
IFFT. The system transfer function H(w) is
defined as the following:

H (o) =Hpy (0)H oy (0)H py (@), 4
where Hrx(w), Hcu(w) and Hrx(w) are the
frequency domain transfer functions of the
transmitting antenna, the channel and the receiving
antenna, respectively. Two identical ATSAs are
placed in front of each other at distance D=90 cm
as shown in Fig. 9. The S:; amplitude and phase
response is measured by using N5242A Vector
Network Analyser (VNA) as shown in Fig. 10. In
order to transmit a pulse without distortion, the S,
value should be constant over the desired
frequency range.

Vector Network

/‘ Analyzer ‘\

Fig. 9. Measurement Setup for time domain
characteristics of ATSAs.
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Fig. 10. Measured received: (a) signal response,
and (b) phase response of ATSAs at D=90 cm.

E. Pulse distortion analysis

The magnitude (S:;) and phase response (02:)
of antenna system is an important parameter for
pulse distortion analysis. The distortion will be
observed in the transmitted pulse, if the magnitude
dip in S»; corresponds to nonlinearity in 02 [7].
The magnitude response presented in Fig. 10 (a)
shows linear characteristics over complete
spectrum, except 14.2 GHz corresponds to lower
antenna gain point. However, the phase response
shown in Fig. 10 (b) is linear over the desired
frequency band. The measured S»; parameter is
then transformed into time domain by readily
available analysis capability of VNA using IFFT.

In order to collect reliable data, a calibration is
made from 3 GHz to 18 GHz with 800 points. The
transformation from frequency to time domain is
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accomplished by windowing the frequency
domain data using Kaiser window with a=6 [18].
The measured S>; data can be converted to time
domain using the expression:

Sy (t)=sf XIFFT [S,,(jw)w (n|a =6)], (5)

where sf'is a scaling factor. A scaling factor of 2 is
used for IFFT transformation of measured S»; [18].
The measured time domain response of the two
antennas at D=90 cm is shown in Fig. 11. The
transmitted pulse response is obtained by directly
connecting both ports of the network analyser and
applying IFFT to S»; value. The measured FWHM
of transmitted pulse is 30ps. The calculated
fidelity factor for ATSA and ATSA-EC is found to
be 0.89 and 0.86, respectively. The FWHM of
ATSA-EC is slightly greater than ATSA.
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Fig. 11. Measured impulse response of the
configuration shown in Fig. 9 with D=90 cm.

F. Experimental time-domain characterization
The accuracy of time domain analysis is
further verified by sending true time domain
pulses involving ATSA as pair of transmit and
receives antennas. Figure 12 presents the
experimental setup arrangement for
characterization of antenna in time domain by
sending UWB pulses generated by a wideband
Arbitrary Waveform Generator (AWG). In this
arrangement, the UWB signal is generated by
MS8190A 12GS/s AWG. It is then up-converted to
7 GHz using 8267D Vector Signal Generator
(VSG) and transmitted via antenna. The output
power of AWG is adjusted to 0 dBm. The output
of VSG is divided into two paths by using 10 dB
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directional coupler. The Coupler’s direct port (P2)
is connected to ATSA, whereas, the coupled
output (P3) is connected to four channel
MSO072004 mixed signal oscilloscope. The
coupled port output connected to oscilloscope is
considered as reference signal, whereas, the
couplers direct port output is transmitted and
received by a pair of ATSA.

Arbitrary Waveform Four Channel

Generator Oscilloscope

9 09 0
( GG G G
Vector Signal Directional Ry

Generator o< >z LO Coupler O

Oseilloscope
50 Gsa/'s

Fig. 12. Experimental setup for time domain
measurement of ATSAs: (a) block diagram, and
(b) photograph.

The time domain transmitted and Digitally
Down Converted (DDC) received signals are
shown in Fig. 13 (a). The corresponding up-
converted signal with 7 GHz centre frequency is
shown in Fig. 13 (b). The signal fidelity factor for
transmitted signal S; () and received signal S,(?) is
calculated by using eq. (3) and found 0.91, 0.897
at D=10 and 50 c¢m, respectively.
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Fig. 13. Measured impulse response: (a) respected
spectrum, and (b) of the configuration shown in
figure at D=10cm and D=50 cm.

IV. CONCLUSION

We have presented the design of two antennas:
Antipodal Tapered Slot Antenna (ATSA) and
elliptical shaped Edge Corrugation (ATSA-EC).
Both antennas find impedance bandwidth matched
over 0.8-18 GHz corresponds to 182% fractional
bandwidth. The effects of shaped elliptical
corrugation on the antenna characteristics are:
increase in electrical length due to added
inductance which results in gain improvement at
particular frequencies of proposed spectrum.
Additionally, it reduces half power beamwidth and
suppresses backward radiation which improves
front to back ratio. The realised gain of ATSA-EC
is improved up to 1.9 dB over 0.6-6 GHz band by
varying the corrugation depths of elliptical shaped
slots. ATSA-EC exhibits supressed back-lobe
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radiation up to 15 dB at higher frequencies of our
proposed band. The radiation parameters and gain
are optimized by the ellipticity ratio e,=R,»/Ry; of
corrugation  slots. We  have  performed
comprehensive frequency and time domain
simulations and measurements to investigate
impedance bandwidth, gain performance, radiation
characteristics, and system transfer function and
fidelity factor of antennas. For an ultra-short pulse
having FWHM of 30ps, we have verified a fidelity
factor greater than 0.86 for both antenna systems.
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