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Abstract

In this paper, microstrip stepped-impedance bairpin resonator (SIR) lowpass filter (LPF) by surface micromachining on GaAs

substrate is suggested. This filter has the advantages of compact size, easy fabrication, and sharp cutoff frequency response. The
new SIR LPF shows the 3 dB passband of dc to 33 GHz, the insertion loss of 0.82 dB, and the return loss of better than 17
dB up to 25.57 GHz. This filter is useful for many microwave system applications.
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1. Introduction

Recently, the development of RF passive devices using
MEMS (MicroElectroMechanical Systems) technology is
actively in progress. It takes advantage of possibility to
make the device with very high frequency range by over-
coming the construction problem in existing way. MEMS
devices have high Q, low loss, and low dispersion, and
can be integrated with active devices on the same sub-
strate [1,2]. There are two kinds of MEMS technology.
One is a bulk-micromachining in which the pattern is
formed on membrane by etching process of the substrate
and the other is a surface micromachining in which the
structure is made on the air through etching process of the

sacrificial layer [3].

In this paper, a new SIR LPF with aperture is sug-
gested using GaAs surface micromachining in 30 GHz
range. The microstrip line is elevated by the polyimide di-
electric post using surface micromachining technique and
then it has air-gapped area between the signal line and the
ground metal. Hence, the substrate dielectric loss can be
reduced because most of the electric field is confined in
air region between the signal line and the ground, not in
dielectric substrate. Therefore, the new low loss micro-
strip structure can be easily realized without the complex
process such as via-hole and back metalization, Since the
DAML structure is compatible with the conventional

MMIC (monolithic microwave integrated circuit) tech-
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nologies, it is possible to integrate the passive MEMS com-
ponents on the active GaAs MMIC, which can make the
cost lower and the size smaller with good performance [4].

Microstrip stepped-impedance hairpin resonators have
many attractive features [5] and can be used in satellite,
mobile phones, and other wireless communication
system. The main advantages of the resonators are their
compact size, easy fabrication, sharp cutoff frequency re-
sponse, and wide stopband. Therefore, the resonators are
widely used in the design of filters, oscillators, and mix-
ers [6].

Small-size low-pass filters are frequently required in
many communication systems to suppress harmonics and
spurious signals. The conventional stepped-impedance
and Kuroda-identity-stub low-pass filters only provide
Butterworth and Chebyshev characteristics with a gradual
cutoff frequency response. This type of filter needs more
sections and causes to increase the size of the filter and
insertion loss. A compact semilumped low-pass filter has
been also proposed. However, the structure using lumped
elements increases difficulties in fabrication [7].

The microstrip Stepped-Impedance Resonator (SIR)
low-pass filter using aperture [8] and inter-digital capaci-
tor (IDC) shows the advantage of high performance, low
loss, compact size, and sharp cutoff frequency response.

In this paper, an equivalent-circuit model for the step-
ped-impedance hairpin resonator is described. SIR hairpin
low-pass filter using aperture is adopted to suppress the
second harmonic component, to achieve a broad stopband

bandwidth, and to improve the return loss.

2. Analysis of the Stepped-Impedance
Hairpin Resonator

Fig. 1 shows the basic layout of the stepped-im-
pedance hairpin resonator. The stepped-impedance hair-
pin resonator consists of the single transmission line /
and coupled lines with a length of . Z, is the character-

istic impedance of the single transmission line . Zo. and

Zp are the even-mode and odd-mode impedance, re-
spectively of symmetric capacitance-loaded parallel cou-
pled lines with a length of /.. By selecting Z,> \/m ,
and employing aperture on the ground plane, the size of
the stepped-impedance hairpin resonator becomes smaller
than that of the conventional hairpin resonator, which is
an elliptic-function low-pass filter using microstrip SIR
hairpin resonator. Also, the effect of the loading capaci-
tance shifts the spurious resonant frequencies of the reso-
nator from integer multiples of the fundamental resonant
frequency. Also it reduces interferences from high-order
harmonics.

The resonator structure to be considered here is shown
in Fig. 1(a). The SIR is symmetrical and has two different
characteristic impedance lines, Z, and Z; , of admittance
Y,and Y.

The admittance of the resonator from the open end, Y;

is given by

2( K, +rand, )} (K—tanf, tand,)
A —t:mz()] Y (1 —muz().2 y—201 + A% tanf,- tanf,

M

Y=ih

Where K is the impedance ratio (=Z; | Z). The reso-
nance condition can be obtain from the following con-
dition:

Y =0 @

From (1) and (2), the fundamental resonance condition

can be expressed as

K = tan6 0. ©)
The relationship between 8, and 6, is derived from (3)

K
- {({— *
2 7%\ —) +tanf, ) (when K# 1)

Q)
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0, =m (when K= 1). ®) Taking the spurious resonance frequency to be f
(n=1,2,3, ...) and corresponding ¢ with 6, (n=1,2,3,
When K=1, this corresponds to a uniform impedance ...), we obtain from (8) and (2)
line resonator.
The resonator length 6, has the minimum value tand,,; = o
when 0 < K <] and the maximum value when K > 1. tan’0, — K=0
This condition can be obtained by differentiating (4) by 4, tanf , =0 (10)
1 .
1—_?' (tan201 —K')' 31n201 =0 (6) Then
9, =tan" ' (VK) =9, ) P
s1 — 51 — s
fo 0y 2tan! \/E
The above equation is the condition that 6, has the ¥ 0 f
52: 52:2( sl)_l
maximum or minimum value for constant K. For practi- fo 6, fo
cal application it is preferable to choose ¢, = 6., because fa 0a o fa ) an
the design equations can be simplified considerably. fo fo”
Therefore, in the following discussion, the SIR is treated
as with 8, = 6, and (1) can be expressed as This is one of the special features of the SIR. This
structure was developed in coaxial line form and in stri-
2(1+ &) (KA—tan%)- tan pline technology. The main advantages of this structure
"I K201+ K+ K- tan®f+ Ktan* are :
(8) 1. The possibility of controlling spurious responses

and insertion losses.
With the resonance condition and the fundamental fre- 2. The design procedure is independent of the values

quency f, the corresponding length, 6, is give by of the characteristic impedance of the resonators.

So, the optimum line dimensions for the maximum

tan~ '8, = K or 8, = tan "' V& ©) unloaded quality factor can be chosen.

folding folding

v/ (Zoe, Zoo)

O1=2(61+03)

(a) (b)
(Fig. 1> (a) Stepped-impedance resonator and (b) Stepped-impedance hairpin resonator.
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3. Design of a Microstrip SIR LPF

Fig. 2 shows the geometry and the equivalent circuit of
the low-pass filter without aperture using microstrip step-
ped-impedance hairpin resonator with feed lines L. As it
can be seen from the equivalent circuit in Fig. 2(b), Lyand
C; are the equivalent inductance and capacitance, re-
spectively of the single transmission line of the filter. C,
is the equivalent capacitance of the coupled lines and C,
is the equivalent shunt capacitance. Fig. 2(d) shows the
equivalent circuit for the filter without aperture, where
C,, = C,+ Cp+ C,. Here, C;is the capacitance related
to the single transmission line, C, is the shunt capacitance
related to I, and C, is the capacitance related to the junc-
tion discontinuity between single transmission line and

coupled lines.

The microstrip stepped-impedance hairpin resonator
with aperture structure to be considered here is shown
layout and equivalent circuit in Fig. 3. L; is the equiv-
alent inductance of the single transmission line. Cg’ is the
equivalent capacitance of inter-digital capacitor coupled
lines-and C]; is the shunt capacitance related to [,

Using aperture on the ground, the single transmission
line can be got rid of parasitic capacitance of and harmon-
ic resonances. Also, adopting the inter-digital structure in-
side the coupled line section, very sharp skirt character-
istic in frequency response can be obtained and the size of
the device can be reduced.

The conformal mapping technique is used to evaluate
closed form expressions for computation of capacitances
of IDC on two-layered substrates. The derivation is based

on the partial capacitance method and takes into account

Zh

fo— & —|

0
CSI ICS

(a) (b)
am
—_— o ” Ls
1 — &)
L - CPI ICP O— JI: O
Ce
—_ C}{ Crs
Zoe,Zoo ke ‘ -

(c)

(d)

(Fig. 2) Stepped-impedance hairpin resonator low-pass filters without aperture: (a) Layout (b)
Equivalent circuit of single transmission lines, (¢) Equivalent circuit of symmetric coupled
lines, and (d) Equivalent circuit of low-pass filter using one hairpin resonator
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(Fig. 3) Stepped-impedance hairpin resonator
low-pass filters with aperture: (a)
Equivalent circuit of single transmis-
sion lines, (b) Equivalent circuit of
symmetric IDC coupled lines, and (c)
Equivalent circuit of low-pass filter
using one hairpin resonator

the capacitance between the fingers and the fringing ca-
pacitance of the finger ends.

The capacitance of inter-digital capacitance (IDC) with
n = 3 structure inside the coupled line section may be

presented as Y, C'= C+C,+C.

end?

where C; is the

sum of the capacitance of three-finger capacitor, C, is the
capacitances of periodical (n-3) structures, and C. is a
correction term for the fringing fields of the ends of the
strips, which are given by [8]

K(kys)
Cy = dege y——l 12)
K(kyy)
K(ky,)
C,=(n—38)ege,,———1 (13)
o K(kOH)
K(kgeng)
de =dns (2 + 71')6066”(1 4 = (14)
kaerzd)

Here, €, €., €,,, and €,,,; are the dielectric con-

en s een
stant in air, the effective dielectric constant with n=3,
n = 3, and of the ends of the finger, respectively. [ is the
length of finger, n is the number of finger, and s is the
width of the finger. K(k) and K(k°) are the modulus of the
elliptic integrals of the first kind.

It is assumed that the microwave wavelength in the
substrate is much larger than the dimensions of the IDC.
The models do not take into account parasitic inductances
and resistances.

Using aperture, the single transmission line is modeled
as an equivalent inductance 7-network, as shown in Fig.
3(a). For the lossless single transmission line with a
length of I the ABCD matrix is given by

{A B]_[ cos (B,1,) jZsin(B]l,) as)

CD| |jYsin(B,l,) cos(B,1,)

where 3, and ¥, =1/Z, are the phase constant and
characteristic admittance of the single transmission line,
respectively. The ABCD matrix of the equivalent in-

ductance 7 - network is

[AB]_[1+ZL 7 ] (16)

CDI” [2+27, 1+2

where Z, = jwL, is the angular frequency, and le is
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the equivalent inductance of the single transmission line.
Comparing (15) and (16), the equivalent LS can be ob-

tained as

L,=—"—"2""(H) (17)

Moreover, as seen in Fig. 3(b), the symmetric parallel
inter-digital capacitor coupled lines are modeled as equiv-
alent capacitive - network. The ABCD matrix of the

lossless parallel coupled line is expressed as [16].

% 5]
C D
Z,+2,  —122,Z00t(8],)
Z,- 2, %, - %,
N 72 Z,+7,
(2,-2,)c0t(81)  Z,-2,

(18)

where 3, is the phase constant of the coupled lines.

Also, the ABCD matrix of the equivalent capacitive -

network is
[C’D}_ Y,(2+2Y,) 1+ 2, (1)

where Z =1/jw Cg’ and Y, = jw C;, In comparison
with (18) and (19), the equivalent capacitances of the -

network are found as

C' _ Zoc B Zoo ( F) 20
v~ %7, 2,00\BL) o
and
: 1
C = () (20b)

r o wZ cot(BU,

The physical dimension of the filter can be synthesized
by using the ABCD matrix. The widths of the single

transmission line and coupled lines of the filter can be ob-
tained from selecting the impedances that satisfy the con-
dition Z,> \/m . The lengths of the single trans-
mission line and coupled lines of the filter transformed
from (17) and (20a) are

| sk, /2)

and

(21a)

B tan Y w Z (C,— C.)]

c“oe pt 8

| =
c ﬁc

(21b)

where w, is the 3-dB cutoff angular frequency, and Ly
and C, are the inductance and capacitance chosen from
the ABCD matrix. Cq can be calculated (20a). Fig. 4

shows the geometry and SEM photograph of the SIR hair-
pin LPF with aperture and Fig. 5 is the SEM picture of
the area of dielectric post. The SIR LPF with aperture on
GaAs substrate, in which rectangular shape of defected
pattern is etched off from the ground plane, is designed
using 3-D simulation tool, HFSS, ver. 8.5. The low-pass
filter is designed for 3-dB cutoff frequency of 33 GHz
and fabricated on GaAs substrate. The optimized di-
mensions of the SIR LPF are Ly = 0.5 mm, L; = 0.698
mm, Ly = 0.208 mm, Lz = 0.26 mm W; = 0.044 mm, W, =
0.044 mm, W3=0.044 mm, Wy = 0.04 mm, Ws = 0.03 mm,
g =0.0l mmand g; = 0.0] mm.

The signal line of DAML structure is consisted of
ground metal, dielectric post, and signal line elevated on
air. The proposed DAML structure is formed on a GaAs
substrate with the thickness of 680 pm, and the ground
metal of Au with the thickness of 1 prn while the trans-
mission line has the thickness of 5 pm which is lifted on

10 pm from the ground metal .

4. Process of DAML Structure

The signal line of DAML structure is consisted of
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(Fig. 4> The SIR LPF with aperture. (a) Layout
and (b) SEM photograph

(Fig. 5) SEM photography of the post area

ground metal, dielectric post, and signal line lifted on air.
Fig. 5 shows the process flow of the DAML structure us-
ing surface micromachining.

First, Ti/Au layer by thermal evaporator [Fig. 6(a)] is

deposited on the semi-insulating GaAs substrate, and then

S. 1. GaAs

(@

A~ Dielecric post

S.I. GaAs
(b)
Sacrificial layer
o
i I 1
S. 1. GaAs
©

S.1. GaAs |

@

(Fig. 6> Process flow of DAML structure (4)
(a) Ground metal formation, (b) Die-
lectric post formation, (c) Sacrificial
photo-resist patterning and baking,
and (d) Metal patterning and sacrifi-
cial laver removal

the dielectric posts with the height of 10 um [Fig. 6(b)]
are formed. Next, the circuit pattern is finished through
the photo-lithography using AZ4903 photo-resist which
has higher thickness than post height for the sacrificial
layer [Fig. 6(c)]. Finally, the metal pattern can be ob-
tained by lift-off process and the sacrificial layer is re-

moved by acetone [Fig. 6(d)].

5. Simulation and Measurement
Results

Fig. 7 shows the simulation and measurement results
for the SIR LPFs with and without aperture and IDC.
Comparing with each other, the SIR LPF with aperture
and IDC shows much broader stopband characteristic,
lower return loss, and insertion loss in the pass band, and
sharper cutoff frequency than the SIR LPF without aper-
ture and IDC. From the figure, the SIR low-pass filter
with aperture shows a 3-dB passband from dc to 33 GHz.

The insertion loss is less than 0.82 dB, and the return loss
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(Fig. 7> Simulation and measurement results
for the SIR LPF with aperture and IDC,
and without aperture and IDC

is better than 17 dB from dc to 25.57 GHz. The rejection
is greater than 10 dB within 43.05-100 GHz. The ripple is
+0.42 dB, as shown in the figure.

6. Conclusions

In this paper, a new millimeter-wave microstrip step-
ped-impedance hairpin resonator low-pass filter with
aperture using GaAs surface micromachining has been
proposed. The low-pass filter has shown a sharp cutoff
frequency response and low insertion loss. Moreover,
with aperture, the low-pass filter shows a wide stopband
bandwidth. The experimental results show excellent
agreements with theoretical simulation ones.
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