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Surface micro-machined beam-steering antenna array for 60 GHz radios
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Abstract: A beam-steering antenna array based on surface micro-machined process was proposed for 60GHz high
data rate wireless communication. The air-filled coaxial structure based surface micro-machined process provides
low loss rectangular micro-coaxial transmission line and feeding network. The insertion loss of designed transmis-
sion line is less than 0. 18dB for both measured and simulated results. Simulated and measured results agree well.
The size of beam-steering antenna array is 17. 5 x 14. 5 x 0. 42 mm® and bandwidth is around 10 GHz (55 ~ 65
GHz) under the condition of voltage standing wave ratio (VSWR) less than 2, which covers full frequency band
standard. The steering beam directions are +35° with 11.8dBi and +11° with 12.1 dBi at 60 GHz, respectively.
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Introduction

Recently, the unlicensed 60 GHz spectrum ranging
from 57 to 66 GHz has been targeted for short-rang, high
data rate (multiple Gb/s) communication. This band is
attractive for a number of reasons, including the amount
of spectrum available (7 GHz) , suitability for frequency
reuse, and high FCC the equivalent isotropic radiated
power (EIRP) limit (40 dBm) "7 The main limitations
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associated with the 60 GHz frequency range are antenna
design and circuit integration problem, limited wall pen-
etration, and high losses including oxygen absorption,
high surface wave loss. Efficient, broadband and high-
gain beamforming antennas are key performance. To be
commercially viable, antenna solution must provide low
cost, small size, and simple integration with 60 GHz ra-
dios.

At millimeter-wave frequencies, surface wave exci-
tation leads to poor radiation efficiency, narrower band-
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width, degraded radiation patterns and undesired cou-
pling between the various elements in array configura-
tions. Surface waves reduction is challenge in mm-wave
antenna design. There have been quite a few reported
methods on how to reduce surface wave. Microelectrome-
chanical systems (MEMS) is to reduce the thickness of
the substrate locally under the antenna to obtain de-
creased dielectric permittivity "*). Another method is to
remove the semiconductor underneath the antenna to pro-
duce a cavity®’. However, these processes are complex.
Substrate integrated waveguide ( SIW) has the advanta-
ges of low insertion loss and high power capability*'.
However, the SIW antenna has shortcomings of large size
and narrow band. Recently, micro-machined millimeter-
wave antennas become an attractive alternative as to con-
ventional planner antennas due to 3D structure introdu-
cing low dielectric loss™".

For short-range indoor communications, the link be-
tween transmitter and receiver can be shadowed because
of human body interposition. Beam steering antenna ar-
ray is one of solutions to solve this problem. By control-
ling phase shifter of the antennas, the radiated energy
can be concentrated in a specific angle to avoid obsta-
cles. A number of electronically steering antennas for
this application have been proposed, including switched
beam array'® | mechanically steering antennas'’',
phased arrays'® and MIMO antenna array *'. The anten-
na array was composed of four pyramidal horns and four
MMIC switches to achieve gain of 15. 3 dBi and cover
120° areas, but the size was large'®’. Steerable beam
antenna was composed by a dielectric lens which allowed
steering mechanically the beam in elevation and azi-
muth'”'. The gain was up to 21 dBi and beam was from -
45° to 45° for all azimuths. However, processing was
complex. Two-dimensionally (2-D) scanning array em-
ploying a planar switched beam network (SBN) was pro-
posed for 60 GHz"™'. Due to the use of PCB process, the
loss was large. 2 x2 MIMO antenna array based on mi-
crostrip patch arrays was proposed for 60 GHz applica-
tions'”’. Due to the non-correlation between MIMO an-
tennas, the size was large.

In this paper, the rectangular micro-coaxial transmis-
sion line with lower insertion loss is proposed to overcome
the surface wave loss in millimeter wave. The beam-steer-
ing antenna array was designed by surface micro-machined
process. The beam-steering antenna array consists of three
main parts; 1 x4 antenna array, 4 x4 butler matrix and
transition. The cavity-backed circular patch antenna was
designed for high gain and wide bandwidth. A4 x4 Butler
Matrix based on rectangular micro-coaxial transmission
line is used to provide beam steering capability of forming
four fixed beams covering 70° areas.

1 Rectangular micro-coaxial transmis-
sion line for low loss

Planar transmission lines, namely microstrip line
(MS) , coplanar waveguide (CPW) and grounded copla-
nar waveguide ( GCPW ), have provided flexibility in
millimeter wave integrated circuit designs for decades.
However, there are some drawbacks that degrade the
performance of the designed circuits, such as parasitic

coupling and radiation, increased ohmic coupling, die-
lectric losses and dispersion.
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Fig.1 Schematic of unit section of the rectangular micro-
coaxial transmission line (a) 3D view (b) front view (c)
pad (d) side view
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The rectangular micro-coaxial transmission line was
designed for low loss and small size, as shown in Fig. 1.
The designed rectangular micro-coaxial transmission line
consists of inner conductor, outer conductor and SU-8
film. A thin SU-8 film is used as the dielectric support of
inner conductor which shows excellent mechanical
strength. The photoresist is applied as sacrificed layers
for forming the air-filled coaxial structure. The hole on
the outer conductor is used for etching the photoresist.
To test the microwave performance of devices, pad is
used to connect the device and probes. However, the
planar pad is not compatible with the rectangular coaxial
structure. The pad was designed with the signal line part
supported by SU-8 film, as shown in Fig. 1(c¢). The
cross sectional dimension of pad is exactly the same as
the rectangular micro-coaxial transmission line.

The characteristic impedance of a transmission line
can be calculated as'""

L, 1
en - l
C vpC]en ’ ( )
where v, =3 x 108 m/s is the phase velocity of the line,

which is equal to the speed of light in vacuum for an air
core TEM transmission line, and C,,, is the capacitance

Z, =

len

len
per unit length of the transmission line.

For rectangular micro-coaxial transmission line
where the width and thickness is larger than the gaps (w
>w,,b>b,), the capacitance is calculated as'"';

C._ = 28(£+i)

o Wy

2 2 b
+ @[ln (LO h b°j+ 2 —arctan (b—oj]
m 4b; Wy wy
2 2
+ 4((:[ln(wo-‘-boj+ 2 %arctan(uﬁj] .(2)
™ 4b; by by,
e=¢,=8.85 pF/m
The characteristic impedance and the first high-or-

der mode cut-off frequency are the key parameters of rec-
tangular micro-coaxial transmission. As required by the

len
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process, the thickness of each layer must be consistent
(b=b,=b, ). The size is shown in Table 1. The pro-
posed micro-coaxial transmission line was fabricated by
in-house micro-machining process. The photograph is
shown in Fig. 2. The length of the designed rectangular
micro-coaxial transmission line is 4.7 mm.

Fig.2 Photographs of the fabricated micro-coaxial
transmission line for 60 GHz
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Fig.3 Simulated and measured S-parameter of the micro-coaxi-
al transmission line
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Simulated S,, is less than —10 dB cover 30 GHz to
80 GHz. Simulated insertion loss is less than 0. 15 dB up
to 80 GHz. The measurement is only up to 45 GHz due
to the test conditions limitation. Measured insertion loss
is less than 0. 18 dB up to 45 GHz, as shown in Fig. 3.
Simulated and measured results agree well.

Other three types of planar transmission lines (MS,
CPW and GCPW) were designed and fabricated in 0. 13 m
CMOS processes, as shown in Fig. 4. The length of the
three transmission lines is 500 pm. The device information
of three transmission lines is summarized in Table 2.

Table 2 Parameter of three transmission line (unit: pm)

F2 H=MEBZHSE (LA pm)
Parameters Wiy Wip W3 212 813 I

Value 7.2 10 8 5.6 15 500

Simulated and measured S;, of three transmission
lines are less than -10 dB covering 30 to 45 GHz, as
shown in Figs.5(a-b). It is observed that insertion loss
of CPW is less than other transmission lines.

The propagation constant () of the transmission

-
1

. S Wy
Dielectric

Fig.4 Cross-section and Close-up chip photo of the trans-
mission line. (a) MS,(b) CPW,(c) GCPW
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line can be determined from the S-parameters by''*’

1 -8, +5,
[(1+8,)2 =8, 1[(1=-8,) =551
, (3)
G -1
4
G +1 - (4)

where [,; is the signal line effective length of the trans-

G =

1,
LA T

mission line. The attenuation constant ( @) and the
phase constant () of the transmission line can be ex-

tracted from y as
Y =a+)B - (5

From Fig. 5(c¢), we can see the attenuation con-
stant of the micro-coaxial transmission line is less than
0.01 dB/mm up to 45 GHz, which is the lowest in the

three transmission lines.

2 Beam-steering antenna array design

The proposed beam-steering antenna array is inte-
grated with 1 x4 cavity-backed circular patch antenna ar-
ray, 4 x4 butler matrix and ceramic thin-film circuit, as
shown in Fig. 6. The beam-steering function can be a-
chieved by adaptively controlling the phase excitation of
individual antenna elements. A 4 x4 Butler Matrix based
on rectangular micro-coaxial transmission line is used to
provide the different phase differences. The transition
structure of rectangular micro-coaxial to microstrip line
was designed for minimum transmission loss and imped-
ance matching for integration.

2.1 Cavity-backed circular patch antenna design

Surface  micro-machined cavity-backed circular
patch antenna was designed, as shown in Fig. 8. It con-
sists of a circular patch, ladder probe, a backed cavity
and three shorting pins. Due to the limitation of surface
micro-machined process, the height of antenna is only
420 pm, which affects the bandwidth performance of an-
tenna. The ladder probe was designed to enhance band-
width. The three shorting pins are designed for support-
ing circular patch. The back cavity was designed for en-
hance the gain of antenna. The optimized dimensions of
the antenna element are shown in Table 3. The simulated

Table 1 Parameters of rectangular micro-coaxial transmission line for 50 € characteristic impedance

F1 50 QEEESINERMEMRENESH

Parameters b by by w wo, W

Wo3 Woy g 81 by b ly

Value/pm 80 80 80 100 68 80

100 100 20 118 20 150 4700
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results are shown in Fig. 8. It is observed that the band-
width is 9.8 GHz (58 ~67.8 GHz) under the condition
of S,, less than -10 dB. The gain of the antenna is 7. 45
dBi at 60 GHz.

Table 3 Parameters of the antenna element

B3 XZ&ENSH

Parameters l I8 I, w, 0,y h hy
Value/pum 3500 3000 300 400 3000 316 420
Parameters b b, b, R d, d, dy

Value/ um 8100 100 580 2160 1120 1700 650

Fig.7 The cavity-backed patch antenna structure (a) 3D
view, (b) top view, (c) front view, (d) side view

Bl 7 HIERKWER (a) 3D M, (b) LA, (¢) IE
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2.2 Bulter matrix design

A 4 x4 Butler matrix mainly consists of four 90° hy-
brid couplers, two 45° phase shifters and two cross-over
structures, as shown in Fig. 9. The optimized dimensions
of Butler matrix are shown in Table 4. Simulated S-pa-
rameters and phase differences of the Butler matrix net-
work are shown in Fig. 10. S, is less than - 10 dB a-
round 56 ~65 GHz. When Port 1 is excited, power dis-
tribution of outputs is within —6.3 £0.8 dB. The phase
differences between different output ports are — 45°
+5.4°,45° £5°, —135° £8°, 135° +8°, respective-
ly, over the frequency range. The Butler matrix designed
by rectangular micro-coaxial transmission line achieves
low loss and different phase differences to ensure the an-
tenna array of different beam steering.

Table 4 Parameters of the Butler matrix
x4 BEISHEESH
Parameters w3 wy ws Iy ly ls lg l; lg

Value/pm 126 95 206 1176 1126 1206 590 2799.5 648

2.3 Rectangular micro-coaxial to microstrip transi-
tion design
The transition structure of rectangular micro-coaxial
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to microstrip line was designed. As shown in Fig. 11, a
copper cylinder and via hole are used to connect the in-
ner conductor of rectangular micro-coaxial to the conduc-
tor of the microstrip. A square slot is cut in the ground
plane of the microstrip to separate via hole to the ground
plane. The size of the slot is the same as the cross sec-
tion of micro-coaxial cavity. A compensation structure
was designed to reduce the parasitic inductance through
the copper cylinder and via. The size is shown in Table
V. Simulated result of S-parameter is shown in Fig. 12.
It is obvious that the S,; is less than — 10 dB cross the
frequency band of 55 ~65 GHz. The insertion loss is less
than 0.45 dB.

Table 5 Parameters of the transmission structure

K5 HBREHNSH

Parameters hy we 107 wg ly Lo Iy

Value/pm 127 140 120 123 140 363 265

3 Results and discussions

A beam-steering antenna array based on surface mi-
cro-machined process is shown in Fig. 13. Antenna array
and 4 x4 Butler matrix is integrated in copper Substrate.
Ceramic substrate connects with rectangular micro-coaxial
through the transition structure. The ceramic thin-film
circuit is assembled on single layer ceramic substrate
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Fig.9 Layout of designed 4 x4 Butler matrix network ;
(a) schematic of the Bulter matrix, (b) inner of the
Bulter matrix
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with 127 pm-thichness. The size is 17. 5 x 14. 5 x
0.42 mm’.

It is observed that the bandwidth is 10 GHz (55 ~
65 GHz) under the condition of VSWR less than 2,
which includes worldwide unlicensed band, as shown in
Fig. 14 (a). Simulated scanning radiation patterns in the
-35°, —11°, 11°, 35° directions are shown in Fig. 14
(b). The antenna array is capable of scanning beams up
to £35° with 11.8 dBi and +11° with 12. 1 dBi at 60
GHz, respectively. The half-power beam width is 33° at
the +11° scanning beam, while it is 38° at the +35°
scanning beam.

The characteristics of the proposed antenna are com-
pared with previous works of beam-steering antenna array
in Table 6. A comparison between the SIW slot antenna
array, printed circuit board ( PCB) antenna array and
proposed antenna was made for the similar feeding net-
works. It is seen that notable features of the proposed an-
tenna array are small size and wide bandwidth and low
insertion loss of feeding network.
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4 Conclusions

Low loss rectangular micro-coaxial transmission
line and beam-steering antenna array were designed and
analyzed by surface micro-machined process in this pa-
per. The rectangular micro-coaxial transmission line
filled air substrate was fabricated and measured to a-
chieve insertion loss less than 0. 18 dB. The proposed
beam-steering antenna array was proposed in an area of
17.5 x14.5 x0. 42 mm’ and the wideband characteris-
tics was obtained by ladder probe from 55 ~ 65 GHz,
which includes worldwide unlicensed 60 GHz band.
The proposed antenna array has wide beam steering ca-
pability covering 70° areas with 12. 1 dBi gain for wire-
less terminals. Thus, the realized beam-steering anten-
na array is very suitable for low-cost 60 GHz short-rang

indoor communication.
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