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Abstract—To achieve broadband performances in the
millimeter-wave range, antipodal linearly tapered slot an-
tenna (ALTSA) designs with new combined substrate integrated
waveguide (SIW) and regular coplanar waveguide (CPW) feeds
are presented and studied. This feed structure eliminates the
fabrication of air bridges in direct CPW-fed tapered slot an-
tennas (TSAs). Two millimeter-wave design techniques are
introduced for the selected 41–61 GHz and 90–120 GHz frequency
ranges, demonstrating very good impedance match and nearly
constant gain, beamwidth, and cross-polarization levels over
bandwidths of 39% and 28%, respectively. The design procedure
is validated by comparing simulated results with measurements
performed on a 21–31 GHz (38% bandwidth) prototype. Very
good agreement between measured and calculated performance
characteristics is obtained with only cross-polarization levels
slightly higher than predicted. The structural design parameters
and dimensions of all three designs are given.

Index Terms—Antenna feeds, broadband antennas, coplanar
waveguides, Vivaldi antennas, waveguide transitions.

I. INTRODUCTION

D UE to its end-fire characteristics, wide bandwidth, and
ease of fabrication, the printed tapered slot antenna (TSA)

[1], [2] has found numerous applications in arrays [3], phased
and scanning arrays [4], and dual-polarized focal-plane imaging
systems [5]. Its uni-planar version has excellent polarization
performance that has been demonstrated for frequencies in the
millimeter-wave [6] and terahertz ranges [7].
The profile of a TSA, either in exponential or linearly tapered

form, is well known, and so are principal design guidelines,
basic gain, and radiation pattern and cross-polarization charac-
teristics. Numerous papers have appeared on this subject, e.g.,
[8]–[13], and thus the topic of this paper is not concerned with
the reinvention of the TSA.
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However, the challenge usually lies in the selection of an ap-
propriate feed for the TSA, which is in connection with the new
contribution of this work. A common feed for the TSA con-
sists of using a microstrip-to-slotline transition [4], [5] where
the microstrip line is positioned on one side of the substrate
and the slot, feeding the TSA, on the other. Such transitions
are usually bandwidth-limited as they incorporate frequency-
dependent transition elements.
The direct connection to a microstrip line requires the TSA

to become an antipodal TSA (ATSA) such that the field in
the microstrip line, which is oriented perpendicular to the
substrate, can be rotated to lie in the plane of the substrate
[8]–[13]. This method not only results in extremely broadband
performance [10] but also, with added corrugations, contributes
to better return loss, higher gain, and better cross-polarization
performance [13].
Nowadays, substrate integrated waveguide (SIW) tech-

nology, e.g., [14], has been widely accepted as an excellent
compromise between microstrip and all-metal waveguide cir-
cuitry. The field rotation between SIW and the ATSA is similar
to that of the microstrip feed. However, the SIW losses at
millimeter-wave frequencies are an order of magnitude lower
than those of the microstrip line, or, conversely, the unloaded
quality factor of an SIW resonator is an order of magnitude
higher than that of a microstrip resonator [15]. Thus, a number
of ATSAs have been proposed that incorporate SIW feeding
technology. For measurement and/or modeling purposes, how-
ever, the microstrip line remains, but it is now connected to the
SIW instead of the ATSA directly [15]–[19].
It is well known that, for millimeter-wave integrated circuits,

coplanar waveguide (CPW) technology has several advantages
over microstrip lines which include surface-mount integration,
lower phase velocity variation, lower cross talk, and radiation
[20], [21]. Therefore, a case can be made that millimeter-wave
TSAs or ATSAs would rather be fed by CPWs than microstrip.
Such an approach is presented in [22] and [23]. However, the
feeding line in these papers is a grounded CPW (GCPW), which
could contribute to the limitation of bandwidth due to the exci-
tation of waveguide-type modes [24] over the band of interest.
Moreover, the bandwidth of these designs is relatively small,
and cross-polarization issues remain unaccounted for.
Therefore, this paper presents a new broadband CPW feed for

SIW-based antipodal linearly tapered slot antennas (ALTSAs).
The advantage of this feed is that it avoids bond wires and/or
air bridges [25], [26], whose fabrication complexity hinders a
direct connection between a regular CPW and TSA or ATSA.
Two millimeter-wave designs for 41–61 GHz and 90–120 GHz
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Fig. 1. Top and bottom (as seen from the top) views of SIW-based ALTSA with broadband CPW feed and dimensional parameters.

are presented to demonstrate feasible broadband CPW-fed
ALTSA operation and to provide the antenna engineer with
dimensional parameters for future SIW-based antenna systems.
The design procedure is experimentally verified by prototype
measurements between 21 and 31 GHz.

II. DESIGN TECHNIQUE

Fig. 1 shows a sketch of the SIW-based ALTSA with broad-
band CPW feed, including its main design parameters. The fre-
quency range is determined by the SIW circuit whose equivalent
waveguide width is determined by

(1)

where is the speed of light, the desired cutoff frequency of
the SIW, and is the substrate’s permittivity. The width
of the SIW (cf. Fig. 1) is obtained from a number of published
approaches that provide very accurate values, depending on the
ratio of the via diameter to spacing , as presented in [27].
Note that a ratio of 0.5 or higher is recommended in practice
to avoid leakage through the vias.
The second design step involves the ALTSA for which sev-

eral previously published guidelines are utilized. According to
[2], the condition for the aperture opening is

(2)

and the effective thickness has to satisfy

(3)

where is the substrate thickness. For the antenna length, [28]
recommends

(4)

In (2)–(4), refers to the free-space wavelength at the
center frequency of the operating bands, which are, according

TABLE I
DIMENSIONS [IN mm] ACCORDING TO Fig. 1

to Table I, 26, 51, and 105 GHz, respectively. When considering
the length of the antenna, certain substrate thickness is required
for stability reasons. This usually leads to the violation of (3).
Therefore, it is common to cut a certain amount of the substrate,
e.g. parameter in Fig. 1, to lower in the aperture and
thus satisfy (3).
In order to reduce cross-polarization levels, and at the same

time reduce the overall height of the antenna [29], corruga-
tions are employed in the upper and lower fins of the ALTSA.
Their dimensions are obtained from scaled values of the 60-GHz
design in [29] in which the corrugations reduce the antenna
height above and below the aperture, , by a factor
of four compared to an antenna without corrugations. The ben-
eficial influence of the corrugations on input return loss, gain,
and especially cross-polarization levels is presented in [13].
The third design step concerns the CPW-to-SIW transition at

the antenna input. It is based on a slight modification of a very
recent design exercise in [24]. The SIW is first connected to a
quasi-microstrip line of length and width whose initial
dimensions are chosen according to an SIW-to-microstrip taper
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Fig. 2. Input reflection coefficient and gain in dB of the 41–61-GHz ALTSA
and comparison between HFSS and CST.

as presented in [30]. However, its bottommetallization is gradu-
ally removed over the length of the taper. Another gradual tran-
sition involving via holes brings the top ground planes closer to
the microstrip line to form a regular CPW.
After the initial design, a fine optimization in HFSS (Ansys’

High Frequency Structure Solver) is performed to improve
overall radiation characteristics and input return loss. The final
dimensions of all three designs in this paper are summarized
in Table I. Note that the feeding CPW impedance differs from
50 (cf. last row of Table I) due to size limitations of available
CPW test fixtures. Their effect has been calibrated out as
described in Section IV. As frequency increases, the substrate
thickness must be reduced for satisfactory performance of the
ALTSA and the CPW feed. Thus, the 21–31-, 41–61-, and
90–120-GHz ALTSAs are designed on 20-, 10-, and 5-mil
substrates, respectively (cf. Table I).

III. RESULTS

This section presents the results obtained from the design
process outlined in the previous section. Note that in addition to
the dimensions presented in Table I, the following substrate pa-
rameters are considered in the simulations: ,

, metallization thickness 17.5 m, and conductivity
S/m.

The input reflection coefficient (in decibels) of the
41–61-GHz ALTSA is shown in Fig. 2, along with its gain,
as simulated with the frequency-domain solver HFSS and
the time-domain solver of CST (Computer Simulation Tech-
nology’s Microwave Studio). The input return loss is better
than 20 dB over the entire 20-GHz frequency range, which is
attributed to a very good match between the new CPW feed and
the SIW as well as between the SIW and the ALTSA. Note that
over a narrow frequency range (around 49 GHz), return loss
values in excess of 30 dB can be obtained. The gain is better
than 13.5 dB at 41 GHz and increases to 14.9 at the end of the
band. Overall, the gain is reasonably flat over the entire band,
as evidenced by both CST and HFSS, with the CST results
marginally higher than those of HFSS.
Radiation pattern examples of this antenna are shown in

Fig. 3 for four different frequencies. Over the width of the main
beam, results obtained from HFSS and CST are generally in
good agreement. For the E-plane beamwidth, the agreement
between HFSS and CST results is very good. At the lower

Fig. 3. Radiation patterns of the 41–61-GHz ALTSA and comparison between
HFSS and CST at (a) 42 GHz, (b) 50 GHz, (c) 54 GHz, and (d) 61 GHz.

frequency end, the H-plane beamwidth in HFSS is predicted
a little wider than that in CST. This discrepancy reduces
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Fig. 4. Input reflection coefficient and gain in decibels of the 90–120-GHz
ALTSA and comparison between HFSS and CST.

with increasing frequency, as does the actual beamwidth, as
expected. The pattern symmetry is very good over the entire
frequency range. Also expected is the fact that over such a wide
bandwidth, cross-polarization levels increase with frequency.
They are at 20 dB at 42 GHz [Fig. 3(a)] and reduce to 13.3 dB at
61 GHz [Fig. 3(d)]. Note that the maximum cross-polarization
level in the 45 cut is only marginally higher than those in the
principal planes [Fig. 3(b)–(d)].
The respective performances for the 90–120-GHzALTSA are

shown in Fig. 4 (reflection coefficient and gain) and Fig. 5 (ra-
diation patterns).
The return loss in Fig. 4 is better than 15 dB up to 104 GHz

and improves to better than 22 dB beyond 104.5 GHz as con-
firmed by both HFSS and CST. As previously noticed, this per-
formance can be considerably enhanced over a narrow band
(e.g. around 107–110 GHz). The maximum gain variation is
only 0.7 dB over the entire band with values between 14.6 dB
at 90 GHz and 15.3 dB at 120 GHz by CST. The HFSS data is
in excellent agreement.
The radiation patterns of the 90–120-GHz ALTSA in Fig. 5

demonstrate the same trends as observed for those of the
41–61-GHz antenna. The beam symmetry in the H-plane is
good but that in the E-plane displays a slight ripple effect
towards higher frequencies and positive values, both in CST
and HFSS [Fig. 5(b)–(d)]. A similar trend is observed for
the 41–61-GHz ALTSA in Fig. 3(c) and (d). However, such
effects occur usually below the 10-dB level, and thus are not of
primary concern in our designs.
The cross-polarization levels are around 19 dB (HFSS) and

16 dB (CST) at 91 GHz [Fig. 5(a)]. This difference between the
two field solvers seems significant but it disappears as frequency
increases to 103 GHz and beyond [Fig. 5(b)–(d)]. Cross-polar-
ization levels reduce to 15 dB at 120 GHz with CST and HFSS
being in good agreement. Note that the difference in cross-po-
larization variation (4 dB according to HFSS) across the band
is smaller than that for the 41–61-GHz ALTSA (6.5 dB), which
is due to the fact that the percentage bandwidth is reduced from
38% at 51 GHz to 28% at 105 GHz.

IV. MEASUREMENTS

For verification of the above results, a prototype ALTSA was
manufactured according to dimensions in Table I for operation
between 21 and 31 GHz. A photograph of the prototype, in-
cluding the CPW test fixture, is shown in Fig. 6.

Fig. 5. Radiation patterns of the 90–120-GHzALTSA and comparison between
HFSS and CST at (a) 91 GHz, (b) 103 GHz, (c) 109 GHz, and (d) 120 GHz.

In order to eliminate the effects of the coaxial-to-test-fix-
ture-to-CPW transitions, and thus de-embed the influence of the
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Fig. 6. 21–31-GHz prototype of the SIW-based ALTSA with broadband CPW
feed and CPW test fixture.

Fig. 7. Triple-short CPW calibration standards to de-embed the effects of the
coaxial-to-test-fixture-to-CPW transitions in Fig. 6.

Fig. 8. Comparison between simulations (HFSS and CST) and measurement
for input reflection coefficient and gain in decibels of the 21–31-GHz ALTSA
prototype.

different impedance levels as stated in Section II, a triple-short
(SSS) calibration procedure is used [31]. This technique calls
for three shorts of increasing lengths such that their
reflected electrical lengths, in degrees, satisfy the condi-
tions

20 90 (5)

20 90 (6)

and

20 160 (7)

where is the phase constant of the CPW at midband frequency.
In order to account for the connection to the test fixture, a con-
stant length of 1.5 mm was added to all three lines. Fig. 7 shows
photographs of the three calibration standards used.
Radiation pattern measurements are performed with a test an-

tenna, and gain calibration is achieved by replacing the ALTSA
with a standard-gain horn and computing the on-axis ALTSA

Fig. 9. Comparison between measured and computed radiation patterns of the
21–31-GHz ALTSA at (a) 21 GHz, (b) 24 GHz, (c) 28 GHz, and (d) 31 GHz.

gains [32]. For the frequency range of 21–31 GHz, two stan-
dard-gain horns, K- and Ka-band, are required.
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Fig. 8 shows measured and simulated reflection coefficients
and gain performances. The general agreement is very good and
validates the new combined SIW-CPW feed strategy as well as
the design process outlined in Section II. The measured return
loss is better than 15 dB over the entire frequency range and
better than 20 dB between 24 and 31 GHz. It is noted that the re-
flection coefficient computed by CST is in slightly better agree-
ment with measurements than that of HFSS and that the gain
computations of HFSS and CST are in excellent agreement. The
measured gain above 26 GHz is only slightly lower than pre-
dicted—as one would expect from the non-ideal measurement
setup. In the 21–26-GHz range, however, some inconsistencies
in the bore sight E-plane measurements have been observed
with respect to those in the H-plane. They have been eliminated
in the radiation pattern measurements of Fig. 9(a) and (b) by
normalizing the entire set of E-plane measurements to the max-
imum. However, they do show up as the rippled performance in
the gain measurements between 21 and 26 GHz in Fig. 8.
The agreement in the co-polarized E-plane and H-plane pat-

tern measurements in Fig. 9 is very good. The measured half-
power beamwidth varies only very slightly—between 36 at 21
GHz and 33 at 31 GHz.
The measured cross-polarization values follow the trends

of those demonstrated for the 41–61-GHz and 90–120-GHz
ALTSAs; however, their levels are increased compared to those
in the simulations. Measured cross-polarization varies between
17.5 dB (simulated value of 19.5 dB) at 21 GHz and 10.8 dB
(simulated value of 14 dB) at 31 GHz. However, since 45
cross-polarization cuts could not be measured, the worst-case
cross-polarization measurement of 10.8 dB at 31 GHz might
thus increase by approximately 1 dB. This value is based on
the simulations of the 41–61- and 90–120-GHz designs in
Figs. 3(d) and 5(d), respectively, where the 45 cross-polariza-
tion levels come out approximately 1 dB higher than those in
the principal planes.

V. CONCLUSIONS

The proposed new combined SIW and CPW feeds for
ALTSA designs present a viable option for millimeter-wave
broadband printed-circuit antennas in phased array and
focal-plane imaging systems. The three designs introduced for
21–31, 41–61, and 90–120 GHz demonstrate nearly flat gain,
almost constant beamwidth, and cross-polarization levels com-
parable with similar ALTSAs. The new CPW feed, which is
more appropriate than microstrip at millimeter-wave frequen-
cies, achieves an excellent broadband match to the SIW and
ALTSA and eliminates the requirement for air bridges in direct
CPW-to-TSA connections. Simulated performances in HFSS
and CST are validated by measurements that have verified the
predicted beamwidth, return loss, and gain performance. The
general trend of increasing cross-polarization with frequency is
also verified. However, a maximum difference of 4 dB between
simulation and measurement occurs at the end of the band.
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