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Optimized Corrugated Tapered Slot Antenna for
mm-Wave Applications
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Abstract— We present a novel approach to design a high-
performance tapered slot antenna (TSA) at millimeter-wave fre-
quencies. Commonly, TSAs are designed using profiles expressed
as simple functions (linear, exponential, Fermi, or constant
width). Some improvement can be achieved by the use of corruga-
tions of fixed dimensions. This usual approach, however, gives lit-
tle room for improvement in their performance. To overcome this
situation, we have developed a new approach: the use of a nonspe-
cific profile and variable corrugations along the antenna, both of
which can be optimized to considerably improve its performance.
For the optimization, we have used a particle-swarm algorithm
allowing us to achieve an excellent performance in the entire
W-band. To demonstrate the efficiency of this new approach,
we have implemented an optimized antenna using standard
printed circuit board (PCB)-prototyping methods. Across the
whole W-band, the constructed antenna shows sidelobe levels,
reflection coefficient, and cross polarization below −16, −10,
and −25 dB, respectively. These results are in good agreement
with simulations which also predict possible operation down to
60 GHz. Finally, given its small footprint and the fact that it
has been fed by a microstrip line, this antenna can be used in
compact electronics providing excellent performance such as that
required in radio astronomy or telecommunications.

Index Terms— Active antennas, antenna arrays, microwave
antennas, particle-swarm optimization (PSO), slot antennas.

I. INTRODUCTION

IN 1979 Gibson [1] introduced the “Vivaldi aerial,” a
planar antenna capable of producing a symmetrical end-

fire radiation pattern. Several studies have introduced vari-
ations to the original design to increase their performance
[2], [3]. These antennas have been extensively studied at
frequencies below 15 GHz because they present several
advantages:

1) broad bandwidth;
2) narrow beam widths (down to 15° at −3 dB);
3) symmetrical radiation patterns;
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4) greater compactness than horn antennas;
5) easier integration with integrated circuits.

These characteristics make them very interesting for applica-
tions such as satellite communications, radio telescopes, and
millimeter-wave (mm-wave) imaging systems [4], [5]. In these
applications, there is an increasing interest in high-density
multibeam systems, and it is in this topic where tapered slot
antenna (TSA) arrays with integrated technology could be very
useful.

At mm-wave frequencies and above, the usual antenna
element is a horn antenna and the connection with the rest
of the circuit is usually achieved using waveguides and planar
transmission lines. These characteristics limit compaction and
further integration with integrated circuits. In certain applica-
tions, a TSA could be more suitable. However, a few studies
have been carried out at millimeter wavelengths, since their
construction is more complicated due to the need for thin sub-
strates with low dielectric constant. Some efforts to construct
a TSA that covers the W-band have been carried out, but with
limited success. Table I summarizes these efforts and presents
a comparison of the beam properties and their manufacturing
process. In [6], a TSA built with a surface micromachined
process was measured, but the E-plane was found to be
asymmetric due to the slot line feed. The TSA measured in [7]
was manufactured in a simpler way (Laser PCB Prototyping),
but the simulated E- and H-planes were asymmetrical respect
to their maximums. The Vivaldi antenna presented in [8] was
built in low temperature cofired ceramic (LTCC) showing
good properties but operates in a reduced bandwidth. In all
the aforementioned work and that reported in other frequency
bands, the antennas are constructed with well-known profiles
(linear, constant width, exponential, and Fermi) and the depth
of the corrugations along the antenna is fixed, but there is
no further analysis on new profiles or variable corrugations.
Other works presenting only simulations or measurements of
reflections (S11) alone are not discussed here.

In this paper, we present the design and implementation of
a TSA with an optimized generic profile and variable cor-
rugations to reduce cross polar radiation and sidelobes over a
large bandwidth (approximately 40% of fractional bandwidth).
Importantly, the shape and number of corrugations were also
included in the optimization process. To increase the efficiency
of the optimization algorithm and to avoid local minima
problems, a particle-swarm optimization (PSO) method was
used. The result is an antenna with excellent properties across
the entire W-band. Sidelobe levels (SLs), reflection coefficient,
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TABLE I

COMPARISON OF W-BAND TSAS

and cross polarization are below −16, −10, and −25 dB,
respectively. Moreover, the measured patterns in the E- and
H-planes show very good symmetry with respect to their
maximum. It is also important to note that the simulations
predict the possibility of extending the frequency coverage of
the antenna down to approximately 60 GHz.

II. DESIGN

The design of the TSA was performed using a custom-
made optimization program and HFSS [9]. The design process
was divided into two stages. First, only the radiating part was
simulated and optimized. Symmetries in the electromagnetic
(EM) field were used whenever possible in order to reduce
computation times. In the second stage, a microstrip-to-slot-
line transition was included in the simulation.

A. Antenna Design

The TSA is a class of endfire traveling-wave antenna known
as surface-wave antenna. It consists of a tapered slot which
has been etched within the metallic surface on a dielectric
substrate. The E-plane is parallel to the substrate since the field
is attached to the horizontally separated tapers prior to being
radiated along the direction of the substrate. The EM wave
moves through the metal tapers until a separation of about half
a wavelength has been reached [2]. At this point, the EM wave
uncouples from the metallic taper and the antenna structure
radiates into free space from the substrate end.

In order for the TSA to radiate properly, it has to behave as
a surface-wave antenna. To achieve this, the effective dielectric
thickness teff = (

√
εr − 1)t (t being the actual substrate

thickness) must meet the following requirement [4]:

0.005λ0 < teff < 0.03λ0 (1)

where λ0 is the free space wavelength at the center frequency.
For substrates with thinner effective thickness, the beamwidth
will be wider, while for thicker substrates, the main beam
will break up producing asymmetric beams [4]. Due to the
condition stated in (1), a TSA at millimeter wavelengths has
to be built in a very thin substrate with low dielectric constant.
The selected substrate for the present design was Rogers
Duroid 5880 (εr = 2.2, tan δ = 0.0009 ) with a thickness
of 127 μm.

Since the profile defines the radiation pattern of the TSA,
an initial design was selected by dividing the antenna into

Fig. 1. Geometry of the 10-segment corrugated TSA. During the optimiza-
tion, the total length L , slot width S, aperture of the antenna, number of
segments of the profile, and number of corrugations were fixed.

10 linear segments. Then, corrugations were added to reduce
SLs [10] and cross polarization. The geometry of the proposed
radiating part of the design is shown in Fig. 1. The length
of the antenna (L) was fixed to 19 mm (about 5.75 λ at
90 GHz) to produce a half-power-bandwidth of approximately
23°, according to [2]. To ensure radiation down to 60 GHz,
the aperture of the antenna was fixed at 6 mm.

One of the main difficulties in building a high-frequency
TSA is obtaining low input impedance. The antenna input
impedance is defined by the slot line separation (S). Small
values enable an impedance closer to 50 �. A comfortable
construction value of S = 75 μm was selected which corre-
sponds to an impedance of 146 �.

The rest of the tunable parameters are the start position of
nine segments (Y and Z coordinates), the total width of the
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Fig. 2. Graphical 1-D representation of the PSO Algorithm. Three particles
move in the solution space searching for the maximum of a function with
some velocities. Each one of the particles keeps track of its own best value
(pbest) of the objective function and the best value of the group of particles
(gbest). The velocities of the particles are updated according to the relative
positions of pbest and gbest.

antenna (D), the length of each of the 40 corrugations, and
the fixed corrugation width and separation. The total number
of variables is 61.

1) Particle Swarm Optimization: The variables presented
above were optimized to reduce return loss, sidelobes, and
cross polarization below −18 dB and to also obtain a sym-
metric circular beam.

The optimization was carried out using PSO [11] due to the
high dimensionality and discontinuity of the problem. Under
these conditions, PSO yields fast convergence, simplicity,
and effectiveness [12]. Furthermore, in some cases, PSO can
outperform other methods of optimization such as genetic
algorithms [13]. A graphical representation of the algorithm
can be seen in Fig. 2.

The values of the variables are limited such that they
have physical meaning and do not unnecessarily increase the
number of iterations to achieve the optimum. The restrictions
added to the optimization problem were as follows.

1) Corrugations need to be small enough not to break the
TSA conductor in two.

2) The added length of all the segments (in the radiation
direction) must be equal to the total length of the
antenna.

3) The Yi coordinate of the segments must always be bigger
than the previous Y j coordinate to ensure the aperture
increases as the wave gets radiated.

4) An absorbing wall condition was used when a variable
reaches the boundary of the solution space [12].

2) Antenna Optimization Using PSO: The EM simula-
tion was performed with HFSS and the optimization using
MATLAB. A flow diagram of the optimization process is
presented in Fig. 3. This method can be of great help to
minimize computational resources since each EM simulation
only takes a few minutes. Once one simulation is finished,
HFSS is closed and MATLAB manages the simulation data.
HFSS simulates the far-field pattern and return loss of the
antenna at 80, 90, 100, and 110 GHz. For each frequency,
the following values are exported:

1) reflections (S11);
2) sidelobe level (SL);

Fig. 3. Flow diagram used to implement HFSS simulations optimized with
PSO. An extra condition in the number of iterations was added to stop the
algorithm.

3) maximum cross polarization between ±100° (Xpol);
4) standard deviation of the difference of the full width

between half-maximum between H- and E-planes
(STDFWHM).

It is desired that the designed antenna has cross polarization,
sidelobes, and reflections below −18 dB. In order to have a
circular beam, the standard deviation between the full-width at
half-maximum (FWHM) at E- and H-planes should be smaller
than 0.01°. Nonlinear weights, W (i), were added to set the
weight to zero when the quantity is below the target value.
At each frequency point, f , the cost function is defined by

Cost( f ) = W (1)
(
S11( f ) − Starget

11

)2

+ W (2)
(
Xpol( f ) − X target

pol

)2

+ W (3)
(
SL( f ) − SLtarget)2

+ W (4)
(
STDFWHM( f ) − STDtarget

FWHM

)2
. (2)

Finally, the objective function to minimize, using the PSO
algorithm, is

Fobj =
∑

f

Cost( f ). (3)

After approximately 20 days of continuous simulation using
a standard workstation with 16 GB of RAM and a 3 GHz
processor, and due to no further reduction in the cost function,
the optimization was stopped. In total, 130 generations were
simulated with 30 iterations per generation giving a total
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Fig. 4. (a) Minimum cost value for each generation. (b) Final design of the
corrugated 10-segment TSA design (drawn to scale).

TABLE II

CORRUGATION EFFECT

of 3900 iterations. The minimization of the cost function after
each generation and the optimized design can be seen in Fig. 4.

The optimization of a nonspecific profile and the corruga-
tions allow to combine several characteristics that improve
the overall performance of the antenna. Regarding the pro-
file, the optimized TSA presented here has three distinctive
sections. A small launch angle to obtain a directive beam [4]
resembling a small angle linear TSA (LTSA), an intermedi-
ate shape similar to a Fermi or Vivaldi that reduces side-
lobes [14], and a linear feed to obtain a frequency-independent
impedance [2].

Three corrugated sections can also be distinguished in the
final TSA [Fig. 4(b)]. To investigate their effect quantita-
tively, we performed simulations where they are not included.
Table II presents the maximum sidelobe, cross polar level,
and return losses when different corrugated sections are
added or taken out from the final profile. In zone 1, near
the radiating part, an electric field is established between the

Fig. 5. (a) Design of the transition from slot line to waveguide (drawn to
scale). (b) Simulated reflection and transmission of the full transition.

corrugations at the edges of the antenna [10]. The electric field
inside the corrugations is parallel to the radiation direction
and the magnetic field is perpendicular to the electric field.
Similar to the effect of corrugations in aperture antennas [15],
this field distribution affects the boundary condition of the
tangential electric and magnetic fields at the edge of the
antenna. Without corrugations, the electric field in the edge
of the antennas is opposite to the electric field inside the
aperture. With corrugations, the electric field at the edges
is in the same direction as the electric field in the aperture
resulting in a radiation pattern with low cross polarization and
sidelobes, and allowing a better matching of the TSA to the
free space. This effect is induced by the electric field inside
the corrugations whose intensity becomes stronger when the
length of the corrugations is less than 0.15λ0 and greater than
0.04λ0 [10]. In the optimized TSA presented here, the mean
length of the corrugations in the zone 1 is 0.31 mm ≈ 0.1λ0.

In zone 2, there are almost no corrugations and the effect
of adding them in this section is almost negligible. Finally,
zone 3 serves to match the impedance of the slot line input
to the radiating section of the TSA. These corrugations have
a second-order effect on the shape of the beam. By adding
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Fig. 6. Constructed TSA. (a) Bottom side of the substrate. (b) Transition
from the antenna to the waveguide. It was mounted in the bottom block inside
a groove to ensure proper alignment. (c) Complete block with the mounted
antenna.

only corrugations in zone 1, the beam characteristics improve
substantially but only when the corrugations in zone 3 are
added, the reflections are diminished.

B. Transition From Slot Line to Waveguide

The beam-pattern measurement setup, as described in
Section III, has a waveguide feed to test antennas. Therefore,
the TSA was designed to be mounted in a metallic split block
containing a rectangular waveguide. Although the antenna
could have been tested using a direct transition from slot line
to waveguide [16], for active-antenna applications with mono-
lithic microwave integrated circuit integration, a transition
from slot line to either microstrip or coplanar lines is preferred.
For the purpose of this paper, we have selected the former

Fig. 7. Antenna reflection measurement (gray solid) and simulations (black
solid). A small standing wave can be noticed in the measurement.

transition, previous to launch the signal into the waveguide.
This transition is based on the design presented in [17], where
nonplanar transitions with different stub configurations are
analyzed. The transition was designed using a slot line with
the same width that the input slot line has in the corrugated
10-segment antenna. The microstrip-line impedance was
selected to be 109 �.

In order to launch the signal into the waveguide, a transition
from a 50 � microstrip line to a rectangular waveguide
was designed, based on the work of [18]. This transition
has return losses better than 20 dB in the W-band. The
final element of the full transition is a matching line that
connects the 109 and 50 � lines. In order to have the TSA
aligned with the waveguide, two mitered microstrip bends
were added to the line. The full transition, as described above,
was designed to be placed over the same substrate where the
antenna was constructed. Furthermore, this transition was also
designed to be enclosed in a metallic cavity to avoid that its
radiation affects the radiation pattern of the antenna. We were
particularly careful in selecting the size of the cavity such that
the cutoff frequency of waveguide modes inside them is above
120 GHz. The final design and simulations of its reflection
and transmission are presented in Fig. 5. The full transition
has return losses better than 15 dB.

C. Clamping of the Antenna

Due to the flexibility of the substrate and its length, the TSA
can easily bend and affect the radiation pattern. To overcome
this, the substrate was extended sideways and two metallic
clamps were added. After some simulations, the substrate
width and the dimensions of the clamps were chosen to
minimize its effect on the TSA performance. The total width
of the substrate was selected to be 20 mm so that the antenna
width is the same as a WR-10 flange. All the comparisons
between simulations and measurements presented in the fol-
lowing sections include the effects of the metallic clamps.
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Fig. 8. Example of the characterization of the TSA. (a) Near-field copolar
measurement. (b) Far-field transformed radiation pattern at 90 GHz.

III. CONSTRUCTION AND MEASUREMENTS

The TSA and its transition to the output waveguide were
constructed using a Protolaser S from Laser & Electronics
Company (LPKF) over Duroid 5880. First, they were etched
over different sides of the same substrate. Then, the resulting
circuit was placed in an aluminum split block containing the
clamps for holding the antenna, and a groove and a cavity
to place and align the transition. The block also contains the
output waveguide. Fig. 6 shows the resulting construction.

Measured and simulated reflections, including the
waveguide to microstrip transition, are shown in Fig. 7.
Reflections are below −12 dB in the complete W-band. In the
first part of the W-band, a good agreement with simulations
is obtained. The discrepancy above 101 GHz is attributed
to construction problems in the waveguide-to-microstrip
transition not being fully aligned in the waveguide. It has
to be noted that below 75 GHz, reflections increase because
the transitions were designed to operate only above this
frequency.

Fig. 9. E-plane radiation patterns at 75, 90, and 110 GHz. Measured copolar
(black thin line) and cross polar (black thick line), and simulated copolar
(gray thin line) and cross polar (gray thick line).

To characterize the antenna, a near-field pattern setup cov-
ering the frequency range from 75–110 GHz was constructed.
An open-ended waveguide was selected as probe antenna.
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Fig. 10. H-plane radiation patterns at 75, 90, and 110 GHz. Measured copolar
(black thin line) and cross polar (black thick line), and simulated copolar (gray
thin line) and cross polar (gray thick line).

The distance between the TSA and the probe was larger than
3λ0 at 75 GHz, to be outside the reactive region. For each
frequency, a sampling factor of 0.48λ0 was used to scan the

Fig. 11. Simulated copolar (gray thin line) and cross polar (gray thick line)
radiation patterns at 60 GHz.

near-field and avoid aliasing. To have a proper measurement
of the antenna sidelobes, a half-angle of 60° was selected
to define the scanning area. The near-field measurement is
transformed to the far-field using a custom-made algorithm.
Before measuring the TSA, the near-field setup and far-field
transformation were tested using a standard pyramidal horn.
The measurements were in excellent agreement with HFSS
simulations.

Fig. 8 presents the near-field measurement and the trans-
formed far-field radiation pattern of the TSA at 90 GHz.
According to the coordinate axes defined in Fig. 1, the
E- and H-planes are obtained by varying θ at φ = π/2 and
φ = 0, respectively. Figs. 9 and 10 show the measured and
simulated E- and H-planes at different frequencies. The far-
field pattern agrees very well with simulations. At 90 GHz,
the E- and H-planes beamwidths are 19° and 29°, respectively,
as expected. Sidelobes are below −19 dB at the beginning and
middle part of the band but increase slightly to −16 dB at
110 GHz. Cross-polarization measurements at 75 and 90 GHz
are below −26 dB for φ = ±π/4 with varying θ . At 110 GHz,
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the cross polarization could not be measured but the simulation
predicted values below −25 dB. The H-plane is not completely
symmetrical, probably due to an alignment problem in the
anechoic chamber. In fact, it can be seen in Fig. 8 that the
beam is not completely centered.

Finally, Fig. 11 presents simulations performed to test the
performance of the antenna at 60 GHz. They still predict a rea-
sonable performance (sidelobes and cross polarization at −14
and −18 dB, respectively) despite the fact that the antenna was
not optimized below 75 GHz. Further optimization promises
ultrabroadband operation with excellent properties.

IV. CONCLUSION

An mm-wave TSA has been presented. Using PSO and
an adaptable design for the TSA, it has been possible to
enhance its radiation properties enabling its use in demanding
applications, such as radio astronomy or telecommunications,
as active antennas. By adding optimizable corrugations and
a 10-segment profile, a VSWR < 1.6 and sidelobes below
−16 dB were obtained. Far-field copolar and cross-polar
measurements are in good agreement with simulations per-
formed in HFSS. The optimized corrugated TSA presented
here is suitable for use in applications where small antenna
separations are required such as in mm-wave imaging or focal-
plane arrays.
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