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Millimeter-Wave Wireless Applications
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Abstract—Two compact planar antennas operating in the unlicensed 60
GHz frequency band are presented based on the physical layer specifica-
tions of IEEE 802.15.3c and ECMA 387 standards for different classes of
wireless applications. Each antenna is an array of 2 X 2 microstrip antennas
covering at least two channels of the 60 GHz spectrum. The first antenna
is optimized to achieve the highest gain, while the second antenna is opti-
mized to give the largest beamwidth. The maximum measured radiation
gain of the first antenna is 13.2 dBi. The measured beamwidth and gain of
the second antenna are 76° and 10.3 dBi, respectively. The areas of these
two antenna are only 0.25 and 0.16 c?. The variation of radiation gain of
each antenna over the frequency range of 57-65 GHz is less than 1 dB.

Index Terms—IEEE 802.15.3c, microstrip patch antenna, wireless com-
munication, 60 GHz.

I. INTRODUCTION

Recently antenna design for 60 GHz short-range wireless communi-
cation has become a subject of great interest [1]-[11]. Many of these
antennas do not satisfy some of the requirements enforced by the recent
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60 GHz standards such as IEEE 802.15.3c [12] released in December
2009, and ECMA 387 [13]. Therefore, antenna design for 60 GHz ap-
plications will remain a hot research area for next few years.

For emerging mass market millimeter-wave radio networks,
system-on-chip radio modules integrated with compact planar antenna
seem to be an attractive solution. A number of on-chip or in-package
60 GHz antennas have been reported so far [2], [3]. They are generally
low-gain/low-radiation efficiency structures. Given very low trans-
mitted power and poor receiver sensitivity of low-cost millimeter-wave
technologies, such antennas can not mitigate the severe path loss,
which is close to 88 dB for 10 m range at 60 GHz. Some of the
designed antennas have a narrow beam [4] (30°), which makes them
suitable only for point-to-point applications.

Compatibility with the emerging standards for the 60 GHz spectrum
is the starting point for the antenna design. Narrowband or low-gain an-
tennas do not comply with the aforementioned standard requirements.
For example, the bandwidth of an active antenna for WPAN applica-
tions in [1] is about 0.8 GHz which is below the bandwidth requirement
for 60 GHz devices (around 2 GHz). Finally, fabrication cost and com-
plexity of the antenna is another major issue which affects its usability.
In [8] a high gain and an acceptable bandwidth have been achieved by
a CPW-fed integrated horn antenna with a simulated gain of 14.6 dBi.
However the size of this end-fire antenna is 32 mm x 20 mm and re-
quires a complex fabrication process.

For the first time, based on the analysis of the two proposed standards
for 60 GHz wireless systems, IEEE 802.15.3c and ECMA 387, this
work attempts to develop low-cost optimal antenna structures, which
can deliver the required antenna gain, bandwidth and the beamwidth.
Thus, two optimized, 2 X 2 compact microstrip array antennas are pre-
sented. The first antenna is optimized for point-to-point applications
which require a high gain antenna. A maximum gain of 13.2 dBi has
been measured for an area of 0.25 cm?. The second antenna is opti-
mized for point-to-multipoint applications requiring a wide beam. The
measured beamwidth of this antenna exceeds 76° for an area of only
0.16 cm?. Both antennas cover at least two channels of the 60 GHz
spectrum. The developed antennas can be considered as low-cost and
low-profile (planar) solution for various classes of services described
in IEEE 802.15.3c and ECMA 387 standards.

The organization of this communication is as follows. Section II
briefly reviews the IEEE and ECMA standards to extract the required
parameters for 60 GHz antenna design. Section III describes the
design and optimization of high-gain and fan-beam patch arrays.
Section IV presents the measured results, and Section V concludes
this communication.

II. REQUIRED ANTENNA CHARACTERISTICS FOR IEEE AND
ECMA STANDARDS

For 60 GHz short-range wireless communications two standard
drafts, IEEE 802.15.3c and ECMA 387, have been released so far.
IEEE 802.15.3c defines three classes for different wireless (single
carrier) applications [12]:

* Class 1 addresses the low-power low-cost mobile market with a

relatively high data rate of up to 1.5 Gb/s;

* Class 2 supports for data rates up to 3 Gb/s;

 Class 3 supports high performance applications with data rates in

excess of 5 Gb/s.

Similar to IEEE 802.15.3c, ECMA 387 defines three types of devices
(Type A, B and C) for 60 GHz spectrum [13] based on the operational
requirements such as maximum range, bit rate and system complexity.
Several operational modes have been proposed for each type. Table I
shows the requirements of the basic and highest-rate modes of each

0018-926X/$26.00 © 2011 IEEE
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TABLE I
MODE DEPENDENT PARAMETERS OF TYPE A, B, AND C DEVICES IN
ECMA STANDARD

Mode Max. Range  RX Sensitivity Data-Rate ~ Constellation
A0 10 m -60 dBm 0.397 Gb/s BPSK
A9 <10m -40.7 dBm 6.35 Gb/s 16-QAM
BO 3m -60.7 dBm 0.794 Gb/s DBPSK
B2 <3m -54.6 dBm 3.175 Gb/s DQPSK
Co I m -62.2 dBm 0.8 Gb/s OOK
C2 <1lm -53.5 dBm 3.2 Gb/s 4ASK

TABLE II
mm-WAVE PHYSICAL CHANNELIZATION

Channel 1 2 3 4

Frequency | 57.24-59.4 59.4-61.56 61.56-63.72  63.72-65.88

device type. In the following, the main parameters of the physical layer
of these two standards, which must be considered in the antenna design,
are discussed.

A. Antenna Bandwidth

In both standards, the 60 GHz spectrum has been divided into four
channels, shown in Table II. Each channel has a bandwidth of 2.16
GHz. Any device must support at least one channel. In North America,
the first three channels have been released. Channel four has been re-
leased in Japan and Europe.

B. Antenna Gain

In a communication link, if the same antennas are used for both trans-
mitter and receiver (Gr = Gr = G.), then the transmitter power
(Pr) is related to the antenna gain, receiver sensitivity (Smin ) and path
loss (PL) by

PT + 2G(1 2 S]nil1 - PL (1)

where Pr and Smin are in dBm and G, and PL are in dB. The right-
hand side (RHS) of (1) is determined by the standard. But the left-hand
side (LHS) gives a freedom to the designer to choose the suitable power
amplifier and antenna.

Fig. 1 demonstrates the transmitter power versus the antenna gain at
60 GHz for the basic modes described in Table I, for LOS links. This
figure also shows the FCC limit on the indoor EIRP (document 47 CFR
15.255).

For an integrated RFIC the transmitted power is limited by the semi-
conductor processing technology. The horizontal lines in Fig. 1 show
the typical technology limits for CMOS technology (0—10 dBm). Fig. 1
shows that for CMOS-compatible Type C' devices a low gain antenna
(G. < 2.7 dBi) is sufficient. For Type B devices in CMOS the an-
tenna gain can vary from 3.3 to 8.3 dBi. However for Type A, which is
considered as the high end-high performance device [13], a high-gain
antenna is necessary. An antenna with an affective gain of 13.7 dBi at
57 GHz for Pr = 0 dBm is ideal for mode AQ operating at the max-
imum range of 10 m. For transmitting higher bit-rates at the maximum
range either an array of such antenna can be used or the transmitter
power can be increased. Therefore, one of the objectives of this com-
munication is to design a compact antenna with a maximum gain above
13 dBi. The RX-TX antenna polarization mismatch or misalignment
can be compensated by a small increase (1-3 dB) in the transmitter
power.
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Fig. 1. Transmitter power versus antenna gain for different operational modes

at 57 GHz.
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Fig. 2. Finding the beamwidth of the antenna. (a) Simulated scenario. (b) An-
tenna angular coverage versus room size for uniform user distribution.

C. Antenna Beamwidth

For 60 GHz applications antennas with higher gains (e.g., 13.7 dBi
for Type A) are required, which have directional patterns. For certain
receivers connecting to an Access Point (AP) in a room, such as cell
phone or laptop, an omni pattern is not required.

Assume a square room with a size of [ x [ and the height of 3.5 m.
An AP has been installed at the center of ceiling with a hemispherical
pattern. It is also assumed that the user distribution along the z-coordi-
nate is uniform ranging within 1.5 to 2.5 m from ceiling (AP). To find
the required coverage angle, 20 000 random user locations were gener-
ated. The angle between the line connecting the user to AP and z axis
was calculated for each user, and the histogram of all calculated angles
was plotted. Fig. 2 shows the required values for beamwidth to cover
90% and 100% of the indoor users versus room size (2 < I < 10) for
uniform user distribution. For the maximum room size (10 m), the RX
antenna coverage must be respectively 72° and 77.5° to include 90%
and 100% of users.

III. ANTENNA DESIGN AND OPTIMIZATION

Although employing a high-gain antenna relaxes the signal to noise
requirement of the front-end RF system, its narrow beam can not cover
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Fig. 3. Antenna array gain versus patch spacing.

the entire zone for point-to-multipoint wireless connections. In this sec-
tion two antennas for different 60 GHz applications are proposed based
on the IEEE 802.15.3c and ECMA 387 standards. The first antenna is
designed for the maximum gain for point-to-point applications over the
maximum distance of 10 m. The second antenna is optimized to give
the maximum beamwidth for point-to-multipoint applications such as
WPAN. Each antenna is an array of four patch elements. The distances
between patch elements are optimized to obtain the maximum gain or
beamwidth.

Patch antenna is a planar, high-gain and efficient radiator that can be
integrated easily with the rest of the system. A single rectangular patch
antenna typically provides 7 dB gain and more than 100° beamwidth
when its fundamental mode (TM10) is excited [14].

In this communication, a very low loss substrate (RT/duroid-5880)
with 10 mil height, tan § = 1 x 10~ and dielectric constant of ¢, =
2.2 is used as the substrate for microstrip antennas and the feeding
lines. The patch and the ground plane are printed on the top and bottom
of the dielectric substrate, respectively. The dimensions of the single
patch antenna on such substrate is optimized to achieve the maximum
gain at 60 GHz. The size of the patch element is 1.85 x 1.45 mm?.
The simulations in Ansoft HFSS show that this single patch has 7.7 dBi
gain at 60 GHz. The simulated HPBW in E-plane exceeds 96°, but the
HPBW in H -plane is limited to 68°.

A. High-Gain Antenna Design

In this section an array of four patch antennas is formed and the x
and y spacings between antennas are optimized to achieve the highest
gain. Fig. 3(a) shows the 2 x 2 patch array gain versus patch spacing at
60 GHz obtained by HFSS simulation. It is seen that the maximum gain
of 13.5 dBi is achieved for x = 3.5 mm and y = 3.2 mm. The effect
of feed network on the array gain is also studied. After optimization,
it is seen that the maximum gain is obtained for a; = 0.2 mm and
by = 0.45 mm. Parameters a; and b, are shown in Fig. 4(a). As shown
in Fig. 4(a) the size of the patch array for the optimized spacings is
5.35 mm x 4.65 mm. Fig. 4(b) shows the reflection coefficient of this
array. It is seen that this antenna covers two channels of the 60 GHz
spectrum from 57.24 to 61.46 GHz. The return loss is always more
than 7.5 dB. The resonance frequency is at 59.4 GHz, the common
edge of the two adjacent channels, therefore the most efficient use of
the antenna bandwidth has been achieved. Fig. 5(a) and (b) shows the
2D and 3D radiation patterns of the high-gain 2 x 2 patch array. The
3 dB beamwidth of the array in ¢ = 0° plane (x— = plane) and ¢ = 90°
(y—= plane) are 41° and 36°, respectively. The first pair of nulls happen
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Fig. 4. (a) Top view of the high-gain 2 X 2 patch array. (b) Reflection coeffi-
cient of this antenna.
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Fig. 5. 2D radiation pattern of the high-gain 2 X 2 patch array.

approximately at +50°. Fig. 5(b) shows that the radiation pattern is
symmetric around the normal axis.

B. Fan-Beam Antenna Design

To achieve the required beamwidth of 77.5°, discussed in
Section II-C, another patch array is designed and the element
spacing is optimized to obtain the maximum beamwidth.

Table III shows the maximum gain of 2 X 2 array at 57 GHz for
different element spacings. It is seen that the gain increases with
the element spacing since the effective aperture size increases. For
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TABLE III
MAXIMUM GAIN OF FAN-BEAM PATCH ARRAY VERSUS ELEMENT-SPACING
X (mm) 2 2.2 2.4 2.6 2.8 3
Y=22mm 935 957 9381 10.05 10.3 10.53
Y=2.3 mm 9.5 9.65 9.9 10.17 1043 10.55
Y=24mm 952 967 9091 10.28 1044 10.62
Y=25 mm 9.63 9.7 994 10.18 10.25 10.55
TABLE IV
BEAMWIDTH OF FAN-BEAM PATCH ARRAY IN E-PLANE
X (mm) 2 2.2 24 2.6 2.8 3
Y=22mm 83° 81° 80° 80° T79° 79°
Y=23mm 80° T79° 78° 78 76° 75°
Y=24mm 77° 78° 76° T75° 75° 73°
Y=25mm 75° 75° 75° T4° 74° 74°
TABLE V
BEAMWIDTH OF FAN-BEAM PATCH ARRAY IN H-PLANE
X (mm) 2 2.2 2.4 2.6 2.8 3
Y=22mm 55° 50° 49° 46° 44° 40°
Y=23mm 53° 50° 49° 46° 43° 41°
Y=24 mm 54° 51° 49° 46° 43° 40°
Y=25mm 55° 51° 49° 46° 43° 41°

y > 2.6 mm the maximum gain is always above 10 dBi. We choose
G, > 10 dBi as a criterion to find the optimum patch spacing. If
a higher gain was required two of these fan-beam antennas can be
arrayed in the y-direction to give around 13 dBi gain while the max-
imum beamwidth at ¢ = 0° surface is unaffected. Table III indicates
that the element spacing along & axis must be equal or larger than
2.6 mm to obtain 10 dBi gain. Table IV and Table V present the patch
array beamwidth in E-plane and H -plane versus element spacing.
The beamwidth in E-plane reduces as the element spacing increases;
however, the beamwidth in H -plane is almost insensitive to x-spacing
for the values shown in Table V. We choose the spacings which lead
to the largest F-plane beamwidth while the gain is above 10 dBi.
Table IV shows that for # = 2.6 mm and y = 2.3 mim a beamwidth
of 78° is achieved. The size of the patch array, shown in Fig. 6(a), for
the optimized spacings is 4.45 mm X 3.7 mm. Fig. 6(b) shows the
reflection coefficient of the fan-beam 2 X 2 patch array. The resonant
frequency of the antenna is at 59.5 GHz, and the 10 dB bandwidth
covers channel 1 and 2 of the 60 GHz spectrum. Fig. 7 shows the 2D
and 3D radiation patterns of the fan-beam 2 X 2 patch array. The 3
dB beamwidths of the array in F-plane and H -plane are 78° and 46°,
respectively. The first pair of nulls are far away from the maximum
gain direction at £90°. Hence, any possible rotation or misalignment
of the antenna cannot nullify the received signal. Fig. 7(b) shows that
the radiation pattern in y — z plane is symmetric, while the pattern in
x — z plane is asymmetric due to the feed line effect.

IV. FABRICATION AND MEASUREMENTS

This section describes the test set-up and presents the measured re-
sults of both patch antenna arrays.

A. High-Frequency Waveguide to Microstrip Transition

Accurate measurement requires minimal interconnect loss between
various parts of the test setup. Most of the measuring systems at
mm-wave frequency have WR-15 waveguide ports, therefore in this

4.45 mm
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Fig. 6. (a) Top view of the fan-beam 2 X 2 patch array. (b) Reflection coeffi-
cient of this antenna.
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Fig. 7. 2D radiation pattern of the fan-beam 2 X 2 patch array.

work a low insertion/reflection loss waveguide to microstrip transition
(WMT) at 60 GHz band is developed for characterization of the patch
antenna arrays.

To lower the fabrication cost, a two-part machined metallic structure
made out of Aluminum was designed and fabricated for the transition.
For the microstrip antenna connection, a perpendicular coaxial transi-
tion was developed. This configuration was preferred to an end-launch
type due to the easier implementation and better narrowband matching.
The cost is also reduced by using simple Corning glass-based 50-ohm
coax probes that connect the waveguide section to the microstrip an-
tenna. The narrow air-gap between the two parts of the waveguide as-
sembly creates a discontinuity in the surface current of dominant TE10
mode. This could potentially increase the loss. As a remedy a larger
number of sealing screws and a raised ridge was used. The drawing
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Fig. 9. Performance of the back-to-back configuration of two microstrip to
waveguide transitions. (a) S;;. (b) Insertion loss Ss;.

and the picture of the developed WMT are illustrated in Fig. 8. The
channel length of WR-15 waveguide section is chosen for mechanical
convenience. Note that the channel length (L) must include a 0.25,
(the quarter guided wavelength in the waveguide) section between the
probe location and the shorted section of the waveguide optimized for
matching. In our case, the total waveguide length is close to 7A (or
35.2 mm). To determine the performance of this WMT, two identical
structures are connected in a back-to-back configuration and tested.
The measurement setup involves two WR-15 type waveguides, which
are calibrated in a 2-port setup, and a coaxial two-sided probe to mate
these two identical structures. Fig. 9(a) and (b) compares the simulated
and measured S11 and S>1 of the back-to-back configuration. The mea-
sured transmission .S; illustrates that at 60 GHz the insertion loss of
this configuration is close to 2.0 dB, which indicates that a single WMT
has around 1.0 dB loss. The information provided by Fig. 9(b) is used to
de-embed the insertion loss of WMT from the measured antenna gain
in next section.

B. Measurement Results

Fig. 10 shows the fabricated 2 x 2 patch antenna arrays. The an-
tennas were mounted and attached to the transitions described ear-
lier. The antennas combined with WMT were simulated in HFSS to
see the effects of the transition on the reflection coefficient of the an-
tennas. Fig. 11(a) and (b) shows the measured and simulated Si¢ of
the high-gain and fan-beam 2 x 2 patch antenna arrays, respectively.
The bandwidth of the high-gain and fan-beam antennas are 3.5 and
3.6 GHz around 60 and 61.70 GHz, respectively. As it is shown in both
figures, there are more than one resonances over the frequency range
50-75 GHz. These resonances show the nonradiating cavity modes of
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Fig. 11. S;; Simulation and measurement results of the 2 x 2 patch array
antennas connected to the waveguide transitions. (a) High-gain antenna. (b) Fan-
beam antenna.
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Fig. 12. Measured co-polarization and cross-polarization radiation patterns of
the high-gain 2 X 2 patch antenna arrays at 60 GHz frequency.

the waveguide section of WMT. This was experimentally verified by
using absorbers to suppress the radiating fields into free space. While
the resonances of the radiating modes were affected significantly, the
non-radiating cavity modes did not change, enormously. Comparing
these figures to Fig. 4(b) and Fig. 6(b) and considering the good agree-
ment of HFSS simulations and the measurement results, we can con-
clude that the array antennas without WMT meet the required band-
width specifications for the aforementioned wireless standards.
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Fig. 13. Measured co-polarization and cross-polarization radiation patterns of
the fan-beam 2 X 2 patch array at 60 GHz frequency.
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Fig. 14. Measured maximum gain of patch antenna arrays over the frequency
range of 55-65 GHz. (a) High-gain array. (b) Fan-beam array.

Fig. 12 shows the measured co-polarization and cross-polarization
radiation pattern of the high-gain 2 X 2 patch antenna array at 60 GHz
frequency. The maximum measured gain at this frequency is 13 dBi
after de-embedding the insertion loss of WMT (see Fig. 9) and con-
sidering 0.3 dB loss for the coaxial probe which feeds the antenna.
The measured beamwidth is 42°. Comparing this figure to Fig. 5(a)
which shows the simulated gain and radiation pattern, it is found that
the maximum gain at 60 GHz has dropped by only 0.5 dB. The mea-
sured beamwidth and overall pattern shape are in very good agreement
with the simulated values. The maximum cross-polarization gain of
the high-gain array with respect to its co-polarization gain is at least
—10 dB which is at § = 40°. Fig. 13 depicts the measured co-polar-
ization and cross-polarization radiation pattern of the fan-beam antenna
at 60 GHz. The HPBW of the fan-beam antenna is 76° and its max-
imum gain is 10.3 dBi. Comparing this figure to Fig. 7 shows that the
agreement between simulated and measured patterns is very good. The
beamwidth has slightly decreased (by about 2 degrees) which is within
the fabrication tolerances. The cross polarization gain of the fan-beam
array antenna is at least 25 dB less than co-polarization term at any
direction. Fig. 14 depicts the measured maximum gain of patch an-
tenna arrays over the frequency range of 55-65 GHz after de-embed-
ding the insertion loss of WMT. The maximum gain of the high-gain
array varies from 12.25 dBi at 57 GHz to 13.25 dBi at 65 GHz. For the
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fan-beam array, the maximum gain varies from 9.5 dBi at 57 GHz to
to 10.5 dBi at 61 GHz. So, the variation of the radiation gain of both
antennas over 7 GHz bandwidth (57-64 GHz) is less than 1 dB.

V. CONCLUSION

In this communication, the two optimized 2 X 2 patch array antennas
for emerging millimeter-wave radio networks were presented. Based
on IEEE 802.15.3c and ECMA 387 standards, the radiation charac-
teristics of the antenna such as gain, bandwidth and beamwidth have
been derived. The developed antennas fully meet the requirements for
the point-to-point line-of-sight applications and maximum signal cov-
erage. The measured results of the high-gain antenna show more than
13 dBi gain, and 3.5 GHz of impedance bandwidth including the mi-
crostrip to waveguide transition. Furthermore, the developed fan-beam
antenna has more than 10 dBi gain with 76° beamwidth in E-plane and
3.6 GHz impedance bandwidth. The variation of the maximum radia-
tion gain of both antennas over the whole 7 GHz spectrum is less than
1 dB. These two antennas can be easily integrated with phase shifters
to form high-gain array antennas with beam-scanning capabilities.
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