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A broadband and high gain tapered slot antenna (TSA) by utilizing a broadband microstrip- (MS-) to-coplanar stripline (CPS)
balun has been developed for millimeter-wave imaging systems and sensors.This antenna exhibits ultrawideband performance for
frequency ranges from 70 to over 110 GHz with the high antenna gain, low sidelobe levels, and narrow beamwidth. The validity of
this antenna as imaging arrays is also demonstrated by analyzing mutual couplings and 4-element linear array.This antenna can be
applied to mm-wave phased array, imaging array for plasma diagnostics applications.

1. Introduction

Thedemand of wireless wideband communications is rapidly
increasing due to the need to support more users and to
provide more information with higher data rates. Wide-
band antennas are essential for providing wireless wide-
band communications. Many wireless, wideband communi-
cation devices require features of low-profile, linear polar-
ization, and unidirectional patterns in a compact size [1].
TSA is a planar end-fire antenna and is often used for
microwave/millimeter-wave imaging, sensors, and phased
arrays [2]. It exhibits many advantages such as broad
bandwidth, high gain, narrow beamwidth, and symmetrical
radiation patterns. The TSA has many design parameters
such as feeding balun structure, taper profile, taper length
and the width of aperture, and shape of corrugations [3–
5]. In order to feed the broadband TSA, several types of
balun or transition have been reported in the literatures.
However, unfortunately, conventional planar baluns such as
MS-to-slotline,MS-to-CPS, coplanar waveguide- (CPW-) to-
slotline, and double Y impose limits on frequency bandwidth
and radiation performances [6–9].

In this paper, a broadband and high performance TSA for
mm-wave imaging array application is presented. By using an

ultrawideband MS-to-CPS balun [10], radiation parameters
are very flat and uniform for whole W-band frequencies
due to good amplitude and phase imbalance of the balun.
The overall antenna performances are analyzed by utilizing
the commercial 3-dimensional electromagnetic simulators.
Its possibilities to the mm-wave imaging sensor arrays are
also investigated by analyzing the mutual coupling and the
radiation patterns of 4-element arrays.

2. Balun and Antenna Design

The design of the TSA is performed with simple two steps:
(1) design of the balun and feed structure offering wide
impedance bandwidth and (2) design of the CPS-fed TSA
with the required radiation performances over operating
frequency range. Firstly, for designing an ultrawidebandMS-
to-CPS balun, the design procedure in [10] is adopted as
shown in Figure 1. This broadband balun provides excellent
amplitude and phase balance for whole W-band frequencies.
The characteristic impedance of theCPS line is about 130with
5mil gap between CPS strips and 30mil strip width using a
10 mil Duroid 5880 (𝜀

𝑟
= 2.2, tan 𝛿 = 0.0009) substrate. With

the CPS length (𝑙cps) of 180 mil and the transition length (𝑙bal)
of 130mil, the simulated insertion loss per transition is less
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Figure 1: Microstrip-to-CPS balun: (a) layout and (b) simulated result. Balun dimensions (unit: mm): 𝑙bal = 3.3 and 𝑙cps = 2.29 (via diameter
is 0.5mm).

MS

L

d

lc

wcwd

wi

wg

wo

Figure 2: Geometry of the proposed antenna. Antenna dimensions
(unit: mm): 𝐿 = 12.75 (4𝜆

0
), 𝑤
𝑖
= 1.63, 𝑤

0
= 2.24 (0.7𝜆

0
), 𝑤
𝑔
=

0.13, 𝑑 = 0.61, 𝑤
𝑐
= 𝑤
𝑑
= 0.13, and 𝑙

𝑐
= 0.48.

than 1.5 dB from 70 to over 110GHz as shown in Figure 1.
Therefore, this broadband balun sufficiently covers whole
frequency bandwidth of the ultrawideband TSA.

The TSA is designed and optimized at W-band frequen-
cies. Figure 2 shows the geometry of proposed antenna and
its detailed design parameters.

The proposed antenna consists of corrugated radiators
andMS-CPS balun. A low permittivity substrate Duroid 5880
(𝜀
𝑟
= 2.2) with 10 mil thickness is utilized. The tapered

radiators of the proposedTSAare governedwith Fermi-Dirac
tapering function𝑓(𝑥). Antenna dimensions and parameters
are calculated using the following equations:

𝑓 (𝑥) =

𝑎

1 + 𝑒
−𝑏(𝑥−𝑐)

𝑏 =

2.4

𝜆
0

𝑐 = 2𝜆
0
,

(1)

where 𝜆
0
is free space wavelength at the center frequency, 𝑎

is the asymptotic value of the taper for 𝑥 approaches infinity,
and 𝑥 is the variable of the taper length. The length of the
antenna (𝐿) is chosen as 4𝜆

0
at 94GHz. The opening width

𝑤
𝑜
can be varied to obtain the desired radiation patterns

and size. The value of 𝑤
𝑜
is chosen as 0.7𝜆

0
as shown in

Figure 2. The corrugation on upper and lower sides of the
antenna is commonly used to suppress the surface-mode
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Figure 3: Simulated S-parameters of the antenna.

waves excited on the dielectric substrate and sidelobe level,
to obtain higher gain, to improve the VSWR, and to widen
the effective aperture size of antenna. The dimensions of
the corrugation (𝑤

𝑐
, 𝑤
𝑑
, 𝑙
𝑐
) are chosen by [4] (𝑤

𝑐
= 𝐿/100,

𝑙
𝑐
= 0.15𝜆

0
). Finally, by connecting this MS-to-CPS balun to

radiators, the TSA design is completed. The overall antenna
size is 21.6 × 5.6mm.

3. Experimental Result

The antenna is simulated with the CST Microwave Studio
and cross-checked with the ANSYS HFSS. The simulated
S-parameters demonstrates an ultrawideband performance,
which is better than 10 dB return loss from 60 to over 110GHz
as shown in Figure 3. The overall bandwidth of the antenna
is almost the same as that of the broadband slotline-fed
TSA radiators; that is, the CPS feed and the balun provide
wide bandwidth and impedance matching so that there is no
deviation in the bandwidth of the original broadband TSA.

For understanding the propagation characteristics of the
antenna, surface current distributions (𝐽

𝑠
) are presented at

frequencies 70, 94, and 110GHz, respectively. The propa-
gation behaviors are figured out along the open end. The
transverse wave is also reduced by corrugations as shown in
Figure 4.

The radiation performances of the single TSA are shown
and summarized in Figure 5 and Table 1. The antenna gain
maintains from 13 to 14 dBi with low sidelobe levels of less
than −10 dB from 70 to 110GHz. The 3 dB beamwidth ranges
from 28∘ to 34∘ for E-plane and from 36∘ to 39∘ for H-
plane with good radiation efficiency (84∼89%). As can be
seen, the gain, 3-dB beamwidth, sidelobe level, and efficiency
variation are kept small and very uniform forwhole operating
frequency band due to good amplitude and phase balance
of the feeding balun. The calculated group delay variation
is within 1 ns as well with a large variation of about 2 ns at
96GHz. From these results, it has been demonstrated that
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Figure 4: Surface current distributions at 70, 94, and 110GHz.

Table 1: Performance summary of the proposed antenna.

Gain [dBi] 3 dBBW [degree] SLL [dB]
E-plane H-plane E-plane H-plane

70GHz 13.6 33.6 38.6 −17.6 −14.7

94GHz 13.7 28.2 36.5 −15.5 −11

100GHz 14.1 27.6 37 −17.4 −10.7

110GHz 13.9 28.7 38.4 −15.2 −8.6

the proposed TSA is very suitable for all applications of
broadband mm-wave phased array and imaging systems.

4. Antenna Array Analysis

The TSA has some advantages as radiators for phased arrays,
imaging arrays, and integrated active antennas because of the
broad impedance bandwidth, symmetrical radiation pattern,
and planar structure. In general, mutual coupling produces
several effects including impedance mismatch, scanning
blindness, and distortion of radiation patterns.Thehorizontal
and vertical mutual coupling between two adjacent elements
was investigated by calculating the transmission coefficient
𝑆
21

of two types of arrays. The center-to-center spacing
between two configurations of the antennas is 140mil (1.1𝜆

0
)

and 197mil (1.5𝜆
0
) at 90GHz, respectively. The simulated

horizontal and vertical mutual couplings are below −20 dB
and −30 dB for whole W-band frequencies as shown in
Figure 6. From these results, it is clear that when the distance
between two antennas is around 1∼1.5𝜆

0
, low mutual cou-

plings can be achieved.
A 4-element equal-phase linear array is simulated to

demonstrate the validity of the TSA as an array antenna ele-
ment at W-band as shown in Figure 7. The spacing between
the antennas is chosen to be 1.1𝜆

0
at 90GHz for low sidelobe

levels and small size. Figure 7 shows simulated radiation
patterns of E-plane at 70, 94, and 110GHz, respectively. The
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Figure 5: Simulated radiation performances: (a) E-plane radiation patterns at 70, 94, and 110GHz, (b) 3D radiation pattern at 94GHz, (c)
gain and HPBW of E-plane, and (d) sidelobe level and efficiency.

calculated results indicate excellent radiation properties over
almost the whole range of relevant frequencies. The gain of
the antenna is from 16 to 18 dBi with narrow beamwidth of
8.8∘ to 13.5∘. The radiation patterns are uniform for whole
operation frequencieswith low sidelobe levels.Themaximum
sidelobe level is about −13.5 dB. The overall dimension of 4-
element array antenna is only 21.6 × 16mm.

5. Conclusion

This paper presents a design of broadband high gainW-band
TSAs for mm-wave phased array and imaging sensor appli-
cations. The proposed antenna consists of an ultrawideband

MS-to-CPS balun section and Fermi-Dirac tapered radiators
with corrugation. Simulation results demonstrate high gain,
symmetrical radiation patterns, narrow beamwidth, and low
sidelobe levels for whole frequency ranges from 70 to 110GHz
and above. The proposed antenna can be scaled to various
frequency bands for planar passive and active sensors and
phased arrays. In addition, thismay be found as very useful in
wideband 2- and 3-dimensional plasma imaging diagnostics.
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Figure 6: Two configurations of mutual couplings: (a) horizontal (𝑆
ℎ
= 3.56mm), (b) vertical (𝑆V = 5mm), and (c) simulated mutual

couplings (𝑆
21
).
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Figure 7: Four-element antenna array (a) geometry, (b) simulated E-plane radiation patterns at 70, 94, and 110GHz.
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