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Quasi-Static Design Technique for mm-Wave
Micromachined Filters with Lumped
Elements and Series Stubs

Thomas M. WellerMember, IEEE Katherine J. Herrick, and Linda P. B. Katelellow, IEEE

Abstract—This paper describes micromachined, membrane- MEMBRANE Silk,
supported low-pass and bandpass filters which are suitable S 5 N,
for microwave and millimeter-wave (mm-wave) application. MEMBRANE = 20k

The designs are realized in coplanar-waveguide (CPW) rENTER COMDUCTOE -
form using short- and open-end series stubs with integrated
metal-insulator-metal (MIM) capacitors, and are compact in
lateral and longitudinal dimensions. A computationally efficient
analysis has been developed for the design and characterization
of the filters. The technique is based on a quasi-static coupled-
line (CL) treatment of the series stubs, and uses normal mode
impedance parameters, which are calculated with the spectral-
domain approach (SDA). Due to the broad TEM-bandwidth of
the membrane-supported transmission lines, the method can
accurately predict filter responses well into the rejection band.
To demonstrate the above claims, the measured and simulated
S-parameters of a 0.3 mmx 2.2 mm low-pass filter with a  DE®ER SHIELOENG CAVITY

cutoff frequency at 17 GHz, and a Se,CO”d passban(_j at 115 GHZ' Fig. 1. Membrane-supported microshield transmission line.

are presented. The new approach is also used in the design

of bandpass filters which exhibit 1.5-2-dB insertion loss and

bandwidths around 10%. approximately equal to one, the line lengths on a membrane

are nearly 2.5 times longer than equivalent lines on silicon
or GaAs. Distributed circuits, such as filters, thus require
greater amounts of surface area when realized in microshield
or membrane-supported microstrip. The low dielectric constant
. INTRODUCTION also makes it more difficult to achieve a low characteristic
ICROMACHINED transmission lines supported byimpedance. This effect can significantly impact the topology of
thin dielectric membranes have proven to be higiircuits such as low-pass filters, which are commonly designed
performance alternatives for millimeter-wave (mm-waveysing the stepped-impedance approach.
applications. A membrane-supported microstrip has been usedn order to address these issues, a new architecture for mm-
to develop lumped components such as spiral inductors witiave filters has been developed and its use in the design of
low parasitic capacitance, and low-loss, coupled-line (Cimicroshield low-pass and bandpass filters is presented herein.
bandpass filters ¥ -band [1], [2]. The microshield geometry The topology used for the low-pass filters is a combination
(Fig. 1) is a membrane-supported coplanar waveguide (CP@f)series short-end stubs with integrated metal-insulator-metal
that has been demonstrated at frequencies figmband (MIM) overlay capacitors (Fig. 2). A similar geometry suitable
to 250 GHz [3]-[5]. The strengths of these monolithior bandpass filters uses an open-end stub in place of the
architectures primarily derive from the homogeneous &§horted stub (Fig. 3). The results presented in this paper
dielectric, and include broad TEM bandwidth, minimaflémonstrate the advantages of combining lumped capacitors
dispersion, and zero dielectric loss. with semidistributed elements to achieve low-loss, broad-
Although the membrane line offers excellent performanckand performance, and small size at mm-wave frequencies.
certain characteristics of it present potential difficulties fofhe technique is not limited to use with micromachined
component design. The two primary challenges are realiziffignsmission-line geometries, and can potentially be applied
physically compact structures and achieving a low chard@ realize alternative circuit functions by choosing different
teristic impedance. Since the effective dielectric constant $&b configurations.
The first part of the paper will outline a quasi-static analysis
Manuscript received July 5, 1996: revised February 28, 1997, that_ is used to characterize indiyidual resonator e_Iements. .A
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Fig. 4. Cross section of a shielded CPW line with three center conductors.
The direction of the slot electric fields{component) for two normal modes
s is shown at the top of the figure.

Fig. 2. Series short-end stub with MIM capacitors. The numbers 1-4 indicate . . .
the port assignments used in the CL analysis. static [11], and experimental techniques [12], [13]. As long

as the circuit dimensions are appropriately chosen, the high
degree of accuracy afforded by the FW methods has been
- = found to be unnecessary for this analysis. The computational
- _ requirements and complexity of modeling stubs with integrated
: i | MIM capacitors makes this approach even less attractive. A
quasi-static analysis of series stubs that was outlined in [11]
is similar to that used here, but the associated filter-design
k- © approach was not intended to accommodate lumped capacitors.
M The concepts applied here also find precedence in previous
applications of the SDA for CL characterization (e.g., [14]).

A. Spectral-Domain Analysis

The spectral-domain analysis is used for the calculation

THIN II:.'-I-:I'A.I'-\.IH OIS . . . .
e L of the propagation constants, slot impedances, and excitation

9 93 voltages for the normal modes of the three center-conductor

Fig. 3. Series open-end stub with MIM capacitors. The numbers 14 indic&&”W geometry shown in Fig. 4. This figure is a cross-
the port assignments used in the CL analysis. sectional view of either the open- or short-end series stub
with two substrate layers (e.g., membrane and air), enclosed
in a shielding cavity. In typical fashion, the partially shielded
configuration is approximated by sufficiently displacing both
The theory applied herein is based on a variation of thge upperwalls and sidewalls.
quasi-static, CL analysis presented in [6]. Getsinger [7] origi- Assuming that a CPW-type excitation is used and that
nally proposed that the open- and short-end series stubs cafHeecircuit possesses transverse symmetry, the slot fields for
treated as two pair of asymmetric coupled slots, with magnetife propagating modes must also be laterally symmetric.
wall symmetry down the center-line. Consequently, two slofss a result, the two possible modes are those depicted in
on a given side can be characterized using a four-port analy$iigy. 4. This geometry requires an independent set of expansion
This is a computationally efficient approach which is accurafenctions for the inner and outer slot pairs=£ 1,2), which
over the bandwidth of TEM operation and, as will be showmyre of the form

II. QUASI-STATIC ANALYSIS

allows the overlay capacitors to be easily incorporated into M
the model. Eac,i = Z Ci,rnEacrn,i
In order to calculate the slot impedance parameters which m=1
are required in the CL analysis, the spectral-domain approach N
(SDA) [8] was employed. The SDA was chosen for this step E.i=Y dinEo (1)
because it is relatively easy to implement and is flexible in n=1

terms of the geometries for which it can be used. It is alsthe basis functiondz,,,; and E.,,; are comprised of even
important to note that, due to its broad-band TEM nature, thgd odd sinusoidal functions, defined according to [8].
microshield line has slot characteristics which are essentiallyThe propagation constants for the normal modes are found
independent of frequency. As a result, the full-wave (FWdy solving for the roots of the determinant of the SDA admit-
SDA technique only needs to be executed at one midbatathce matrix. This matrix is generated by applying Galerkin’s
frequency point for any given stub geometry. technique to the linear system, which relates the electric
Previously published works concerning the characterizatidields and currents over the cross section, using a spectral-
of the CPW series stubs include FW [3], [9], [10], quasidomain Green’s function. For each mode and each slot, the



1 4

WELLER et al: QUASI-STATIC DESIGN TECHNIQUE FOR MM-WAVE MICROMACHINED FILTERS 933
Coupled SHORT-END
Lines STUB

ol- Line 1 o1+
1 4
_ - _ 2 3
T el Zo1  Zey lel+ T
1027 = . = i02+
Line 2
2 3 % 1 al°
Z Z O Q
i 02 e2 . c Coupled OPEN-END
e2- ledt 12 Lines STUB
I i
1

[ 1]

o1 “30

i

i

I o
= | 2 3 C
z=0 =

Fig. 5. Physical configuration of two asymmetric coupled lines and the eveﬁ—g' 6. Modified four-port CL circuits used to model short- and open-end

and odd-mode current excitations. series stubs.
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characteristic impedance and voltage can then be evaluated.
Details of this analysis can be found in [15].
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B. Coupled-Line Analysis = 0

. - - a -1 1

With the slot characteristics known, coupled-transmission- 2

line theory [6] is used to generate a four-port impedance zZ -2.r © SufW ¥
matrix. Due to symmetry, only half of the stub geometry needs g o5 L © S FW 4
to be considered, and the two slots on a given side can be = ) —— §,CL
represented by the CL configuration given in Fig. 5. In this ol S (R 8, CL 1
figure, the— and+ in the subscripts denote the left and right 35. ! I T
side, respectively. In reference to phase relationships, the two 10. 20. 30. 40. 50
modes are denoted as odd and even, corresponding to modes FREQUENCY [GHz]

1 and 2, respectively, in Fig. 4. ) ) )
Since the slots are asvmmetric. the current excitations ShOFI . 7. Comparison between the results from a FW analysis and the CL
Yy ! nique. The circuit is a CPW GaAs open-end series stub with the following

in Fig. 5 must differ in magnitude. With symmetric lines, thelimensions:L. = 1100, 51 = 120, Sy = 40, W, = 85, Wy = 20,
sources are related as follows: G1 = 40, Go = 40um.

ieli = ieQi L. . . . .
In addition, discontinuity effects introduced by the transverse
slot segments must be considered. The effect of slot segment

In the asymmetric case, the relationships become L, is modeled as a shunt capacitancgg, across the port
1-2 connection. The capacitance of this slot is derived from

ioli = _iOQi' ( )

o= ZaVer the inductancé L, ,) of its physical dual, a strip of length,,
ZeaVel and widthG [17]. As the slot and strip can also be shown
o= _M to be electrical duals [7], the capacitance and inductance are
Zo2Vo1 related by the following:
fegk = Qe even mode )
izt = —Kio,i+ 0dd mode ®3) Cyo = Lip 2 (4)

467’6

where the voltages and impedances calculated from t\r/\]/ﬁere e 1S the effective dielectric constant. For the open-

spectral-domain analysis are used. The equations shownemj stub, the slot segment, is treated in the same manner,

(3) are derived by considering the current—voltage expressiqgading to the capacitand@s, indicated in Fig. 6.
for elther‘normal mode on an infinite ling; = Z4, and . The quasi-static technique outlined here has demonstrated
Va = ,Zm'. Thgse equat|or_13 are used to express the rafiQcellent agreement with a moment-method analysis for a vari-
of Z?/ZQ which, in general, is .not gqual 1. In [16], the ety of stub dimensions and substrates. In Fig. 7, a comparison
equwalgnts olo: and s are defined in terms of the self- andof the two methods is shown for the case of a GaAs-supported,
mutual-impedances of the CL system. CPW open-end stub.

The CL analysis is especially useful in this paper since it
allows rapid characterization of stubs with arbitrarily located,

With a few minor modifications, the CL circuit in Fig. 5 canintegrated MIM capacitors. In order to incorporate a capacitor
be used to model CPW series stubs of the type shown in Figand the stub model, the CL's are separated at the capacitor
and 3. The four-port impedance matrix is first reduced to twéscation and the appropriate lumped reactance is inserted. The
ports by connecting ports 1 and 2 in series and appropriatalyalysis is very accurate since the small physical size of the
terminating port 3 in either an open- or short-circuit (Fig. 6)xapacitors results in nearly ideal performance over a broad

C. Series-Stub Characterization
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I Fig. 9. Equivalent circuit model for the series short-end stub.
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1 i 0 m i 110 capacitorsCy,; and Cpy, which are an order of magnitude
smaller tharnCps. Stub lengthd sy, Lgo + Ls3, andLgy (See
Fig. 11) are selected to obtain the required series inductances.
Fig. 8. MeasuredS-parameters of two 25-fF shunt capacitors on a67- These lengths fix the respective values for capacit®rs,
microshield transmission line (M), compared to an ideal Iumped—eleme\m,]ich in turn allows the necessary size of the MIM capacitors
equivalent circuit (1). .

to be determined.

The final step in the design process is to optimize the
frequency range. To demonstrate, the measutg@rameters fijter response with the aid of the CL analysis. Significant
of two 25-fF shunt capacitors in parallel on a @#icroshield jmprovement in the stop-band response can be achieved by
line are shown in Fig. 8, and compared with the calculatggpositioning the MIM capacitors away from the shorted end
results for an ideal lumped-element circuit. The capacitor siggthe stubs. Due to the short electrical length of the filter at the

FREUEMCY [GHz]

is typical of that used in this paper. lower frequencies, this adjustment has a negligible effect on
the passband characteristics. Additional tuning can be achieved
lll. L ow-PAss FILTER IMPLEMENTATION by introducing a short length of transmission line between the

This section describes the procedure for utilizing m,seppnd and third .stubs. This optimization procedure requires
croshield short-end series stubs in the design of comp&ginimal computational effort and has proven to be a consistent
low-pass filters. The technique relies on the use of integrat@BProach to designing filters with wide rejection bandwidths.
MIM capacitors to match an extracted circuit model for the
stub with low-pass filter prototypes, such as those found 1 Fiier Examples

[18]. The rejection band response of the filter is tuned by ) L
using the CL analysis to determine the optimum capacitorThe procedure outlined above has been used to realize five-

position and element (stub) separation. As will be showsection microshield low-pass filters, each designed to achieve
filters designed in this manner can have low insertion lo8s0-02-dB ripple Chebyshev response. The filter dimensions

and second passbands as high as six to seven times the Apfggiven in Table I, where the parameters correspond to those
frequency. illustrated in Figs. 2 and 11.

The first design in Table | serves as a useful baseline to
discuss the filter characteristics. For the stated stub geometry,
T . ) . . _ the series inductanceLf,) is about 0.6 nH/mm and the

The initial step in the filter-design process is to derivgnnt capacitance(p,) is about 0.044 pF/mm. (Capacitances
an equivalent circuit model for the short-end stub, withoyt, —and ¢p; are 0.003 and 0.006 pF/mm, respectively).
the MIM capacitors. This is readily accomplished using thgince the stub length is 700m, the inductor elements in
scattering parameters determined from the CL analysis, gy 10 have values of 0.42, 0.84, and 0.42 nH, respectively.
conjunction with the commercial circuit simulator Libta. 5ch stub also contributes a capacitance fr6fm, of 31
The circuit model topology, which is illustrated in Fig. 9, igF, which is combined with the overlay capacitors to match
accurate for stub lengths up to %45 condition which holds he prototype values. As originally presented in [19], the
into the rejection band for all filters examined herein. Morgqeoff between a wide rejection band and minimal out-of-
complete models for this stub geometry have been proposgehy spurious response is optimized with the MIM capacitors
which are accurate beyond the“dBand-stop resonance (€.9-positioned atl., = 520 xm. A 40-um inter-stub spacingl(,)

[9]). The model applied here, however, is well-suited for thg \;sed between all stubs in this design.
chosen design approach. . A comparison between measured data for filter 1 and the

Using the equivalent circuit, a geometry consisting of cagasyits from the CL analysis is presented in Fig. 12. The
caded series stubs and shunt MIM capacitors is then matchggasyrements were taken in three separate bands up to 117
to a selected low-pass filter prototype. For a five-section filtefy; pyt the span from 60 to 70 GHz could not be covered.
the layout consists of four stubs arranged in series, with th§ie measured passbar; varies between-0.2 dB and
second and fourth stubs reversed; the equivalent circuit fof 5 4B from 2 to 20 GHz, and the second passband does
the entire filter is shown in Fig. 10. From this layout, the fiveqot occur until 125 GHz. A comparable stepped-impedance
elements enclosed by dotted lines are defined by neglectifighiementation exhibits a (theoretical) maximum rejection of

ILibra is a product of the Hewlett-Packard Company. approximately 30 dB and a second passband near 82 GHz [3].

A. Design Procedure
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Fig. 10. Equivalent circuit model for the five-section low-pass filter (each section is enclosed in &£hpxgnd C 1 are neglected in designing the filter.

TABLE |
PARAMETERS FORFIVE-ELEMENT MICROSHIELD LOw-PASs FILTERS, BASED ON
THE GEOMETRIES SHOWN IN FiGs. 2 AND 11. ALL StuB LENGTHS
(Ls,i) AND CAPACITOR LOCATIONS (L..,;) ARE EQUAL, AND THE METAL
THICKNESS IS 1.0 #4M. ALL DIMENSIONS IN THIS TABLE ARE GIVEN IN (M

Dcsign 51 Sg W1 Wz Gl Ls Lc Lgl Lyg Lg3 CMIM
1 260 150 | 20 | 50 | 20 {700 | 520 | 40 | 40 | 40 | 42 {F
2 260 |20 | 20 | 95 | 20 | 820 | 590 | 40 | 120 | 40 | 76 fF

MAGNITUDE [dB]

- | = | o : = | = low-pass filter (filter 1 in Table ).
" g oo Py
Fig. 11. Metallization pattern for the microshield five-section 0 ' ' ]
lumped-element low-pass filter.
o R U 4

The performance of filter 1 was slightly suboptimal since the 2 ew
fabricated capacitors were 6% larger than the design value, &  -20- q
resulting in the predicted spurious response near 80 GHz. E """"" )
The additional structure in the measured data may result from % 3. r
inter-element coupling, which is not accounted for in the CL § {F i
analysis. 40 i ]

By increasing the per unit length inductance of the stub, '
the required resonator lengths can be reduced and the width 5 N

of the rejection band increased. In a modified geometry, the

slot width W, was widened from 50 to 9%m with respect

to the first design, resulting in a value fdr,, of around

0.8 nH/mm. Accordingly, the stub lengths required to realizgg. 13. Measured and predicted performance for a five-section microshield

a given inductance decreased by 25%. The new geomeégyrpass filter (filter 2 in Table I).

also provides for wider rejection bandwidths, since the second

passband is directly related to the stub lengths. MIM capacitors and two series inductors were employed. In
A second filter design, based on the new stub geomettnmparison to filter 1, this led to a 63% reduction in the overall

is detailed in Table I. In order to capture both passbands fifter length. The disadvantage of this implementation is that

the measured data, the 3-dB frequency was scaled down totdé individual stub lengths needed to be longer in order to

GHz. From the measured and predicted responses illustrateatch the prototype element values, which caused the second

in Fig. 13, it is seen that the second passband does not ogsagsband to occur at a lower frequency (100 GHz compared to

until 115 GHz. The measuresh; varies between-0.35 and 125 GHz). Depending on the filter specifications, the reduced

—0.65 dB from 2 to 12 GHz. As with the first results, thdilter dimensions could prove to be more significant since the

low-level spurious response near 55 GHz resulted from thgjection band is still reasonably wide.

fabricated capacitors being 6% larger than the design value. In summary, the characteristics of the low-pass filters
Using the CL analysis, a variation of the filter topologydescribed here compare favorably with alternative filter

illustrated in Fig. 10 was investigated in which three shumdpologies. On low permittivity substrates, the line lengths

45. 65. 85. 105. 125.
FREQUENCY [GHz}
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TABLE 1l
PARAMETERS FOR TWO- AND THREE-SECTION MICROSHIELD BAND-PASS
FILTERS, BASED ON THE GEOMETRIES SHOWN IN FIGS. 3, 15, AND
16. ALL StuB LENGTHS (L, ;) CAPACITOR LOCATIONS (L. ;), AND
STuB SEPARATIONS (L4 ;) ARE EQUAL, AND THE METAL THICKNESS IS
1.0 M. THE DIMENSIONS IN THE TABLE ARE GIVEN IN M

]Design Sections | S | So | Wi | Wy | Gy [ Ge | Ls | Lo | Ly | Crrm

1 2 260140} 70 | 65 1 204 20| 1190{ 40| 40} 36 fF
2 3 260140 | 70 | 25 | 201 20 | 890 | 40 | 40 | 50 fF
0. -
SF ] with 3-dB bandwidths ranging from around 10% to 30%. For
g 0.fF —_ s a given stub geometry and capacitor size, the lowest resonant
g s b D ST eE e o] frequency occurs when the capacitors are positioned near the
2 P transverse sloL- (i.e., L. is approximately zero).
z O S e The performance of a narrow-band stub that i$ B®g (2.6
< ostb o 8 5, C 1 mm) at the center frequency is shown in Fig. 14. Included in
= — S M this figure are measured data and the response predicted by the
30| s, M B CL analysis. The stub has an 18% bandwidth, 1-dB insertion
35, . L T I loss at 25.5 GHz, and 30-dB rejection at 5 GHz. In comparison,
5. 15. 25. 35. 45. 55. a comparable 90(2.9 mm) open-end series without capacitors
FREQUENCY [GHz] was characterized and found to have 0.25-dB insertion loss,

) ) ] but less than 6-dB rejection at 5 GHz.
Fig. 14. S-parameters for a narrow-band, microshield bandpass stuk (M

measured, Cl= CL technique).
B. Filter Demonstrations

in stepped-impedance filters are relatively long and the low The single-element stub configuration illustrated in Fig. 14
impedance sections are wide. Furthermore, an accurate design be used in multiple-section filters to achieve narrower
for mm-wave frequencies requires a rigorous characterizatibandwidths and greater out-of-band rejection. Unlike the short-
of the parasitics at the impedance steps [4]. These problemsemd stubs, the equivalent circuit model derived for the open-
addressed in a design that utilizes shunt open-circuit stubs [28d stub with MIM capacitors does not easily lend itself to a
however, the shunt stubs result in wide circuit dimensions. thosed-form design approach. However, the characteristics of
comparison, when using the series stub and MIM capacit@single back-to-back stub element can be used to estimate the
approach, low impedance lines are not required, discontinuitiesnter frequency, bandwidth, and out-of-band rejection. The
are minimized, and the resulting geometries are compdilter response can then be tuned by making small adjustments
in both dimensions. For example, the lengths of the filteis the stub lengths and MIM capacitor values, with the aid of
presented in Table | are comparable to what would result fraitme CL analysis.
a GaAs-based stepped-impedance design, although the widéwo examples of filters which have been designed using
rejection bandwidths will not be obtained using the lattehis approach are described in Table II. In each case, the
approach. layout consists of identical single-element stubs (Fig. 14)
which are cascaded in series and separated by.:0The
IV. BANDPASS FILTER IMPLEMENTATION two-section design has a center frequency of 31 GHz, a

The technique of integrating MIM capacitors with serie%o_% bandwidth, and a _m'dba”‘?' insertion loss of 1.5 dB
open-end stubs has also been pursued. By itself, the stub &9- 19). The three-section design has a center frequency
hibits a broad passband resonance (70—-100% bandwidth) wh @1'5 G_HZ’ a 10.5% banawidth, and an insertion loss of
the length is approximately/4; these attributes make it usefuls-2 9B (Fig. 16). The overall lengths of filters 1 and 2 are

for dc blocking [21] and in various filter implementations (e.g#-9 @nd 5.6 mm, respectively. Both filters have a second

[22]). However, the broad bandwidth precludes the use ofpe‘i‘SSband at approximatefyf,, WhiCh_ cc_)r_responds to the
single stub in blocking signals near the center frequency. Mtﬂyarter-wavelength resonance of an individual open-end stub

tiple element configurations may thus be required, and thedihout the MIM capacitors. The discrepancy in the out-of-
Iflzzmd rejection seen in the plots is believed to be due to

can occupy considerable circuit area on a low permittivity™ = " . . .
substrate. It will be demonstrated in the following sectiorf@libration error and inter-element coupling which cannot be

that a solution to the bandwidth problem is achieved using tﬂgcounted for in the analysis. The effects were characteristic
MIM capacitors. of measurements taken on several filter designs.

A. Narrow-Band Bandpass Stub V. CONCLUSION

A narrow-band equivalent of the standard open-end seriesThe design and performance of new topologies for mm-
stub is realized by combining two stubs with MIM capacitorsrave low-pass and bandpass filters based on coplanar series
in series (Fig. 14). This configuration exhibits a bandpastubs with integrated MIM capacitors has been examined.
response when the total circuit length is approximate, The approach was demonstrated using the micromachined,
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Ly Ly times higher than the 3-dB frequency. These characteristics
e have been verified by measurements taken up to 117 GHz.
The topology for the bandpass filters is suitable for bandwidths
ranging from 10% to approximately 25%, and as with the low-
pass configurations, the designs are compact in both lateral
and longitudinal dimensions.
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