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Millimeter-Wave Antenna With Adjustable
Polarization

Johannes A. G. Akkermans and Matti H. A. J. Herben

Abstract—A millimeter-wave antenna is presented that has an
adjustable polarization. The polarization can be controlled by the
input signal of the antenna and therefore no separate RF switch is
needed. A completely planar feed network has been designed that
employs branch-line couplers that allow to vary polarization de-
pending on the input signal. The antenna has been realized and the
concept of polarization diversity is demonstrated. Measurement
results are in agreement with simulated results and validate the
performance of the antenna.

Index Terms—Antenna feeds, millimeter wave antennas, polar-
ization.

1. INTRODUCTION

RANSCEIVERS that operate in the millimeter-wave fre-
T quency range have the ability to transmit data rates of gi-
gabits per second over a short range. Especially the 60 GHz fre-
quency band is very suited for the next generation of high-speed
wireless links [1]. An important application is the data syn-
chronization of portable devices, which relies on short-range
line-of-sight conditions. Here, polarization mismatch between
the antennas of the transceivers should be avoided.

For lower frequencies, the use of polarization diversity is pre-
sented in [2], where a broadband aperture coupled patch antenna
is designed with a separate feed line and coupling slot for each
polarization. Circular polarization diversity is presented in [3]
that uses switchable slots to select a particular circular polar-
ization. In the millimeter-wave frequency range, similar work
is presented in [4], that also proposes to use switchable slots to
obtain polarization diversity. A dual-polarized antenna is pro-
posed in [S]. However, the realization of the antenna feed is not
discussed in this work.

Here, we present an antenna design for the millimeter-wave
frequency range which has an adjustable polarization that can be
controlled by the radio-frequency (RF) chip of the transceiver.
The planar feed network is designed such that no separate RF
switch is needed. The polarization of the antenna can be con-
trolled by exciting the odd mode and/or the even mode of the
antenna feed. To realize this behavior, branch-line couplers are
used. This is explained in Section II. Measurement results are
presented in Section III.
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Fig. 1. Geometry of the balanced-fed aperture-coupled patch with reflector el-
ement.

II. ANTENNA DESIGN

The antenna design is based on the balanced-fed aperture-
coupled patch (BFACP) antenna (see [6], Fig. 1), that operates
in the 60 GHz frequency band. This antenna has a balanced feed
and uses two apertures (slots) to couple to the patch. Both the
slots and the patch can be made resonant in the band of opera-
tion to increase the bandwidth. The back radiation that is caused
by the resonant slots is effectively cancelled by the reflector el-
ement. The use of two separate slots improves the efficiency of
the antenna since it reduces the surface-wave excitation in the
dielectric layers. The antenna has a bandwidth of 10-15% and
an accompanying radiation efficiency that is larger than 80%
[6].

The BFACP antenna can be extended to support dual polar-
ization or circular polarization by adding two more slots (Fig. 2).
In this way, the advantages of the linearly polarized antenna
are maintained while the flexibility of polarization diversity is
added. However, the design of the feed network becomes more
involved. The antenna now has four slots and opposite slots need
to be excited simultaneously. Therefore, it becomes compli-
cated to design a feed network on a single metal layer. One could
use more metal layers to design the feed network, but then the
use of vias is required (see Fig. 2). Especially at millimeter-wave
frequencies, the use of vias should be avoided since they intro-
duce mismatch and additional losses. Therefore, an alternative
feed network is designed that uses a single metal layer and that
supports polarization diversity.

The feed of the antenna is a coupled microstrip line that sup-
ports two propagating modes, i.e., the odd and even mode. Both
modes are used in the feed network in a way that each mode ex-
cites a specific polarization. The coupled microstrip line is split
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Fig. 2. Top view of the dual-polarized BFACP antenna with two separate feed
networks.
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Fig. 3. Layout of a branch-line coupler.

into two separate microstrip lines that are fed to branch-line cou-
plers (Fig. 3) [7]. A branch-line coupler has two inputs and two
outputs. The output signals can be controlled by the phase and
amplitude of the input signals. When the input signals have a
phase difference of 90 degrees and equal amplitude, only one
output is active while the other output is isolated. This property
is employed to obtain polarization selectivity. In this setup, an
RF source is needed that is able to generate both an even-mode
and an odd-mode signal simultaneously.

The feed network of the polarization diversity antenna
with branch-line couplers is shown in Fig. 4. It consists of two
branch-line couplers that select which slots of the patch antenna
are excited. The feed-line length from branch-line coupler to
slot should be the same for opposite slots. If the antenna is
operated in the even mode (Fig. 4), one linear polarization is
active while the other linear polarization is active in the odd
mode (Fig. 5).

The far-field of the antenna can be related to the mode exci-
tation as

Eu ~ %{aevenejwt}
ET N%{a(’ddejwt} (1)

where F, is the v-directed far-field at broadside (z-direction),
E- is the 7-directed field at broadside, a®V°" is the amplitude of
the even mode, a°%¢ is the amplitude of the odd mode, w is the
radial frequency and ¢ is the time variable.

The excitation of the even and odd mode simultaneously re-
sults in the excitation of the two port lines with a specific am-
plitude and phase-difference. These excitations are

s1 :%{(aeven + aodd)ejwt}
S9 = R {(aeven _ aodd)ejwt} ) (2)
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Fig. 4. Top view of the dual-polarized BFACP antenna with branch-line cou-
plers in even-mode operation. The dashed lines indicate the active feed lines.
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Fig. 5. Top view of the dual-polarized BFACP antenna with branch-line cou-
plers in odd-mode operation. The dashed lines indicate the active feed lines.

An arbitrary linear polarization can be realized by exciting
both modes in phase simultaneously. Circular or elliptical po-
larization can be obtained when both modes are excited with a
phase difference of 90 degrees. Some examples for the relation
between mode excitation and polarization are listed in Table 1.

III. MEASUREMENT RESULTS

To demonstrate the ability of the antenna to change polariza-
tion, two versions have been made. One with odd-mode exci-
tation and one with even-mode excitation. RF probes are used
to connect to the antenna. Therefore, a transition from coplanar
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TABLE 1
RELATION BETWEEN MODE EXCITATION AND POLARIZATION

evenmode | oddmode | sy | sa |  polarization
aZ0° 0 s£0° s£0° linear, ¢ = 45°
0 a/0° s£0° | s£180° | linear, p = 135°
aZ0° aZ0° 2s 0 linear, ¢ = 90°
aZ0° a/90° sZ0° | s£90° | right-hand circular
a/90° aZ0° $290° s£0° left-hand circular
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Fig. 6. Dual-polarized antenna with even-mode excitation. Photograph (left),
layout feed network (right).
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Fig.7. Co- and cross-polarized radiation pattern of dual-polarized antenna with
even-mode excitation. Linear polarization, p = 45°, frequency f = 60 GHz.
Measurement (solid), simulation (dashed).

waveguide (CPW) to microstrip (MS) is designed as well [8].
An open cavity is realized to be able to land the RF probe di-
rectly on the CPW feed. The feed network for the even-mode
excitation is shown in Fig. 6.

A tee is used to split the MS line into the two branches of
the balanced feed. The position of this tee is adjusted to select
odd-mode or even-mode excitation. If the center of the tee is
aligned with the center of the patch, the two outgoing microstrip
lines of the tee are in phase and the antenna is excited similar
to the even-mode excitation of Fig. 4. If the center of the tee is
placed A, /4 out of the center-line, the effective phase difference
between the two outgoing microstrip lines is 180 degrees, which
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Fig.8. Co-and cross-polarized radiation pattern of dual-polarized antenna with
odd-mode excitation. Linear polarization, ¢ = 135°, frequency f = 60 GHz.
Measurement (solid), simulation (dashed).

is similar to the odd-mode excitation of Fig. 5. In this way, the
even-mode and odd-mode excitations of the coupled microstrip
line are emulated.

The antennas are realized in printed circuit-board (PCB) tech-
nology. Teflon-based dielectric material is chosen with a relative
dielectric constant of 2.17 and a loss tangent of 0.002. A low
dielectric constant improves the bandwidth and radiation effi-
ciency of the antenna. The thickness of dielectric A and B (see
Fig. 1) is 254 pum. The thickness of the prepreg (adhesive) layer
equals 112 pm. This thickness is suited for the design of the feed
network, since it allows for properly dimensioned transmission
lines. The prepreg material has a relative dielectric constant of
2.6 and a loss tangent of 0.004. The antenna is designed with
in-house developed method-of-moments (MoM) software and
CST Microwave Studio [9]. The in-house software is a planar
MoM code that is used to analyze the radiation efficiency of
the antenna element itself, as presented in [6]. CST Microwave
Studio is used to analyze the antenna including the complete
feed network and the edge effects of the dielectric.

A far-field measurement setup has been built, that is tailored
to the measurement of millimeter-wave antennas [8]. The radia-
tion pattern of the antenna is measured in the ¢ = 0° plane (see
Fig. 6). The co- and cross-polarization is simulated and mea-
sured for both antenna excitations (Figs. 7, 8). These simulations
have been performed with CST Microwave Studio, and include
the scattered radiation at the edges of the dielectric. It is ob-
served that the antennas radiate a field with an orthogonal linear
polarization. The measured gain is 1-2 dB lower than the sim-
ulated gain, which indicates that the dielectric and the feed net-
work introduces some additional losses that are not accounted
for in the simulation. In practice, the losses in the feed network
can be reduced by designing a more compact feed network that
is connected directly to a RF chip. The measured cross-polar-
ization suppression level in the forward direction is 10-15 dB,
which demonstrates that the antenna is able to select one spe-
cific linear polarization.
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IV. CONCLUSION

A millimeter-wave antenna has been presented that has an ad-
justable polarization. The polarization can be controlled by the
excitation signal of the antenna and therefore no separate RF
switch is needed. A feed network has been designed that em-
ploys branch-line couplers that allow to vary polarization de-
pending on the input signal. The antenna has been realized and
the concept of polarization diversity is demonstrated. Measure-
ment results are in good agreement with simulated results and
validate the performance of the antenna.
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