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A Millimeter-Wave Microstrip Antenna Array
on Ultra Flexible Micromachined
Polydimethylsiloxane (PDMS) Polymer

Sami Hage-Ali Sudent Member, |EEE, Nicolas Tiercelin, Philippe Coquet, Ronan Sau)&anior
Member, IEEE, Hiroyuki Fujita,Member, IEEE, Vladimir Preobrazhensky, and Philippe Pernod

Abstract — The use of Polydimethylsiloxane (PDMS), an ultra Mechanical properties. Reconfigurable antennas dbase

flexible polymer, as a substrate for the realizatio of
reconfigurable microwave devices in the 60-GHz bandis
presented. As bulk PDMS is demonstrated to be losswyt
millimeter waves, membrane-supported devices are osidered. A
new reliable and robust technological process has ebn
developped to micromachine membrane-supported tramsission
lines and microstrip antenna arrays. It is shown tlat transmission
lines printed on 20-um thick membranes exhibit sintar
performances as bulk substrates commonly used at Hineter-
wave frequencies. A microstrip antenna array has ben also
designed and fabricated to demonstrate the feasiltiy of directive
antennas supported by large membranes. Promising gpcations
for mechanical beam-steering, beam forming and fregency
tunable antennas are expected.

Index Terms—  Flexible polymer, Membrane,
Polydimethylsiloxane (PDMS), Reconfigurable antenra

. INTRODUCTION

here is an increasing need for reconfigurable ange

deformable antennas  for high-speed
communications and high-resolution sensing systess
millimeter waves [1]. Multipoint wireless indoor

communications, automotive radars, target acqoisisystems
or wireless sensor networks require specific festuor the
antenna such as beam-steering, beam-forming, patem
diversity and tunability. For beam-steering applias,
mechanically tunable antennas [2] have gained angtr
attention because they offer unique features lderollability
of the beam direction, nearly constant gain andiced cost,
while usual beam-steering strategies involving pHeeray
antennas or switched beam antennas face hightightjoss
and complexity issues in the 60-GHz band.

One of the key issues for elaborating mechanically I

reconfigurable antennas at millimeter waves cos&isfinding
dielectric substrates with suitable electromagnetad
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Kapton polyimide (Roung5.5 GPa) [3], benzocyclobutene
(BCB) (Evoung2.9 GPa) [2] and Liquid Crystal Polymer
(Evoung=2.5 GPa) [4] were reported. In this work we prapts
use Polydimethylsiloxane (PDMS), an extremely i
polymer with a very low Young's modulus {f&.~2 MPa)
and which is compatible with many silicon micromiadaig
techniques. PDMS exhibits many attractive featuiteis: low-
cost, light-weight, biocompatible and chemicallistgant. It
can be formed to any size or thickness down to wa fe
micrometers by spin coating or replica molding [f]addition

its flexibility enables one to conform it to anyagte and to
fabricate multilayered structures by simple bondechniques
[6]. In a previous work [7], some of the authorsndastrated
the technological feasibilty of PDMS membranes as
millimeter-wave antenna substrates for a singletpantenna.
Several reliability issues arose when trying torifsdie larger
membranes for patch array antennas using that ggottere
introduce an improved technological process with

wirelessnhanced reliability, and we report results obtioe large

membrane antenna arrays.

In this paper, we first study numerically and expentally
the insertion loss of transmission lines (TLs) mthon bulk
PDMS and PDMS membranes (Section Il). The corredipgn
fabrication process is then described in Sectibaritl applied
to fabricate a 42 element microstrip antenna array printed on
a 20-pym thick and 21.5m0.3mm wide self-supported
PDMS membrane (Section IV.A). The impedance and
radiation characteristics of this array are disedss Sections
IV.B and IV.C, respectively. Conclusions and pecipes are
given in Section V.

INSERTIONLOSS OFTRANSMISSIONLINES PRINTED ON
BuLk PDMSAND PDMSMEMBRANES

The dielectric propertiesg£2.68, ta@=0.04) of PDMS
(Dow Corning’s Sylgard 18%") have been measured W-
band using a quasi-optical measurement system Heé}e
microstrip TLs matched to 5Q and printed on bulk PDMS
and PDMS membranes (Figs. la, 1b, and 1c) areestudi
numerically and experimentally to evaluate the piidé
interest of PDMS as a dielectric substrate in &6z band.
Their insertion losses were computed using HFSShential
software and measured withVaband Anritsu Universal test
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fixture 3680V (Fig. 1b) connected to an Agilent B& at the expense of the mechanical robustness aohémbrane.
network analyzer with TRL calibration. The simuthteand A 20um-thick membrane appears to be a good compsmi
measured insertion losses per unit-length are shovigig. 2

from 50 GHz to 60 GHz. lll.  TECHNOLOGICAL FABRICATION PROCESS
3 W1\)
: — Fabricating thick (1.5pum) and high quality metattpans on
H bukPDMS  “utand PDMS is a technological challenge because PDMShésha

- very high thermal expansion coefficieni=9x10* K™) and
weak adhesion to metal [8] [9]. This explains WHYNFS is

WZ . . . . .
2 p—— not suitable for direct metallization by conventbn
u artegcany | a5 evaporation and sputtering techniques. Consequ_wetljnave
elaborated a new metal transfer process fromaogilvafer to
T R— the PDMS substrate with a specific adhesion layéris
@) process overcomes the aforesaid technological Sssul

allows the manufacturing of metal patterns on PDMt& any
size, shape or thickness with a high quality androm-scale
30.0m resolution.

+— AZ 1518 positive resist

a)
g Molybdenum sacrificial layer

Membrane area
(b) (0

Fig. 1. (a) Schematic view of 5D-transmission lines printed on bulk PDMS

+— Gold seed layer
b)

|

and PDMS membranesH=200um, h=20pm, Wy=540pm, W,=931pum, Ti + Si02 adhesion layer
L=2mm, §=2.68 and tad=0.04. (b) Bulk PDMS transmission line in the PMGI SF11 +$1818 mold
impedance measurement setup based on an Anritseendai test fixture c) Electroplated gold
3680V. (c) 50Q transmission line on a PDMS membrane.
T e s = e~ » X
g 1,5 bl s
2 . B |
S 20
c PDMS PDMS
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i s —
-4,0
50 51 52 53 54 55 56 57 58 59 60 Fig. 3. Main technological steps for manufacturimicrostrip lines and
Frequency (GHz) planar antennas printed on PDMS membrageahd f, steps) and bulk

. . . . . PDMS (e andf, steps).
Fig. 2. Measured and computed insertion loss ofd5Gansmission lines e 2 Steps)

printed on bulk PDMS and 20 um thick PDMS membrarizdk PDMS: The main technological fabrication steps are dbsedriin
HFSS simulation;7A~ Experiment. PDMS membrane€- HFSS Fig. 3. The process flows for PDMS membranesand f
simulation;—5— Experiment. e L
steps) and bulk PDMS{ andf, steps) structures are similar

These results show that the insertion loss of HEisitated Until stepd. First a 100-nm molybdenum sacrificial layer is
on bulk PDMS reaches about 3dB/cm in the GO_Gszbandeposited on a 3" silicon wafer, followed by thatierning of
which is not acceptable for the fabrication of fethantenna @ AZ1518 resist layer by photolithography using thask
arrays and feed networks. Thus a new membrane digin defining the shape of the device (s&#p Then a 20-nm gold
has been developed to overcome this limitation arfed layeris deposited by evaporation and pattdmpéift-off
demonstrate the promising features of micromachipbs (Stepb). During stepc, a mold formed with PMGI SF11 and
substrates. To this end, a set of TL supported 2@an-thick S1818 photo-resists is fabricated by photolithogyapnd a
PDMS membrane has been fabricated using tHeSHm-thick gold layer is electroplated on top bé tseed
microfabrication process described in Sectionlithis case, layer. Two adhesion layers (sputtered 50-nm Tiragad 50-
in the 60 GHz band, the measured insertion lossxddown to "M SiG; layer deposited by PECVD) are fabricated and
about 0.5dB/cm, a value comparable to the inseiftiss of patterned by lift-off (stepl). For the membrane process (steps
TLs on RT/Duroid 5880~0.45dB/cm) but higher than that of & @ndfi), a 20pum-thick PDMS membrane is first spin-coated
TLs printed on fused quartz substrate.20dB/cm). Insertion ©N the wafer. After UV-Ozone activation, a 180-LmNS

loss can be reduced by decreasing the membraneesis but frame, which is hollowed out to form an air cavity,bonded
on the structure. For the bulk PDMS case (s@psndf,), a
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200-um PDMS layer is spin-coated and baked on itoers I ...
wafer at 110°C for one hour. The molybdenum saxaifilayer
is then etched by hydrogen peroxide@s), and the structure

10.3mm
P
<

released. Finally the device is placed on a thippeo foll v Wacc \.‘éﬁ
serving as microstrip ground plane (stépasndf). | e R
zoom Tl
IV. MICROSTRIPANTENNA ARRAY ON PDMSMEMBRANE ® . T
-~

A. Design L

A 4x2 elements microstrip antenna array supported 23-a
pm thick PDMS membrane has been designed. Its taymal (@)
3-D view are represented in Figs. 4a and 4b, reéisede The :
array is fed by a 5@ microstrip line, first printed on a long Line and patch array |
bulk PDMS section (length.; in Fig. 4a), then on the  PDMS Membrane 20 um L5 um Gold =
membrane. A taper section has been optimized felngin / z
Fig. 4a) to minimize the return loss. The radiagéfgments are X }»y
entirely supported by a large PDMS membran Ground plane
(21.5mm10.3mm). Due to the elastic properties of the¢ppms 200 um Copper foil

PDMS, the membrane is easily stretched by pullihg t ®)
structure above the ground plane, in contrast tberot ) )

membrane-based technologies where mechanical tassto Fig- 4. () Layout of the Tg;oitéfnggéel”&ggﬂﬂ;ﬁ It_’z’:‘??gfxs
be optimized [10]. As shown in zoomed part of Fg, each |,=14732um, Ly=1855um, L,=3100um, W,=2225um, Wyep=1600,
discontinuity is slightly rounded to avoid stresmcentration Wac=170um, Ws=540um. (b) 3-D schematic of the antenna array
in the gold metallization, which could lead to noicracks. The () Photograph of the fabricated prototype.

fabricated prototype is shown in Fig. 4c.

0

B. Impedance measurements 10—
The return loss and input impedance of the antenna T - A
prototype were computed using HFSS and measurtnd i50- g \ﬁfj;
= -30
[2]

60 GHz band (Figs. 5a. and 5b.) after TRL calilratiThe 1/
antenna is well matched at resonance, and the ragrge -40

between experiments and simulations is excell&etrelative I V
shift between the predicted (56.2 GHz) and meas(éd3
GHz) resonance frequencies is less than 0.2%.

50 51 52 53 54 55 56 57 58 59 60
Frequency (GHz)

C. Gainand radiation patterns measurements

The radiation patterns and gain were measuredfamn-feeld
millimeter-wave anechoic chamber. When measuring th
radiation performance, &-type connector and a WR-15
waveguide-to-coaxial transition were used. Undees¢h
conditions, a maximum gain of 12.3 dBi was founcatund
55 GHz, which leads to a radiation efficiency of%28the
theoretical directivity is 17.7 dBi). This low vaus due to the
14.7mm long feed lineLg) printed on bulk PDMS, which
lowers the gain by about 4.1dB. If we consider adfeg
scheme fully supported on membrane, with a sectign
supported on membrane and Inptaper section, the antenna
gain would reach: 12.3 dB + [(2.8-0.5)x1.47] dB # @B = _ ) . . )
16.38 dB, where 12.3 dB is the measured _gain_of tkgt'g?éy?_'E(ﬁ): E,iféegs'?nquf;?fﬁ:ft,ziggn%rmpmpmjance of the antenna
fabricated antenna, 2.8 dB/cm and 0.5 dB/cm aréntertion
loss per unit-length of bulk PDMS and membrane-suigql The measured and computed radiation patterns &b
transmission lines at 55 GHz respectively, 1.47 isnthe are represented in H- and E-planes in Figs. 5a 3ind
length of sectionLs, 0.7 dB is the HFSS-simulated loss infespectively. The agreement between experiments and
sectionL, taper. The antenna radiation efficiency would heacsimulations is excellent in H-plane. The cross-paéion
74 %, which is comparable to values obtained ok fused level at broadside is lower than -32dB. The promedripples
quartz [11]. observed in E-plane are due to reflection and atiffon

effects on the feed connector.

(b)
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agreement between measurements and simulationdewas
obtained.

Large membranes were easily fabricated using tbpgsed
microfabrication process. The very high softnessP&MS
material coupled to MEMS actuators recently devetbjin
[12] is extremely promising for the design of meukal wide
angle beam-steering, beam-forming and frequencyhbten

The authors would

0
@10
V- TR
INAVZ80 VA /dRN N
§-40 |
z
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0 technical
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§_40/\@/uwﬁnvﬂm T
2 O I, \/ L 'W U\\g] [2]
-50—90 -60 -30 0 30 60 90
Angle (°)

(3]
(b)

Fig. 6. Measured and computed radiation patternseomembrane supported
microstrip antenna array at 55 GHz. (a) H-plang Hiplane-4~: Measured
co-polarization componer-©— Computed co-polarization compone——:
Measured cross-polarization compone : Computed cross-polarization
component.

(4]

D. Mechanical and thermal stability of the antenna [5]

As mentionned in Section IV.A, PDMS membranes are
stretched above the ground plane, which makes them
reasonably flat and stable. Optical profilometryé]
characterizations have shown that the total thiskhe was
varying between 185um and 210 um, corresponding to 7]
7.5%/+5% dimensional variation with respect to timaminal
design valueH=200um. The corresponding impact of these
geometrical variations is & 0.2% resonance frequency shift[s]
and negligible differences on the antenna bandwiaitiol
radiation patterns, leading to the conclusion tlsatall
variations of the membrane structure in trdfirection are not
very critical for the characteristics of the antenhermal
dilatation caused by the high thermal expansionfficoent
(0=9x10* K™, 3.6% for 40K for example, may lead to
inadequate membrane bending. In this case prdstigtthe
membrane during the manufacturing can compensateefu
thermal dilatation.

(9]

[10]
[11]

V. CONCLUSIONS ANDPERSPECTIVES

. _— . [12]
A new microfabrication process for millimeter-wave
microstrip antennas printed on micromachined PDMS
substrates has been elaborated, implemented aidhteal.
The insertion loss of microstrip lines fabricated2Dum-thick
membranes is about 0.5dB/cm at 60 GHz. 22 4patch
antenna array supported by a large ultra flexibeMS
membrane has been fabricated and fully characterine
impedance, gain and radiation patterns. A very good

antennas.
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