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High-lsolation CPW MEMS Shunt
Switches—Part 1: Modeling

Jeremy B. MuldavinStudent Member, IEEEBNnd Gabriel M. Rebejzellow, IEEE

Abstract—This paper, the first of two parts, presents an MEMS

electromagnetic model for membrane microelectromechanical
systems (MEMS) shunt switches for microwave/millimeter-wave
applications. The up-state capacitance can be accurately modeled Au
using three-dimensional static solvers, and full-wave solvers
are used to predict the current distribution and inductance of Low loss substrate
the switch. The loss in the up-state position is equivalent to the
coplanar waveguide line loss and is 0.01-0.02 dB at 10-30 GHz
for a 2-pum-thick Au MEMS shunt switch. It is seen that the
capacitance, inductance, and series resistance can be accurately
extracted from dc-40 GHz S-parameter measurements. It is also
shown that dramatic increase in the down-state isolation (20 dB)
can be achieved with the choice of the corredtC series resonant
frequency of the switch. In part 2 of this paper, the equivalent
capacitor—inductor—resistor model is used in the design of tuned
high isolation switches at 10 and 30 GHz.
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Index Terms—tow loss, MEMS, micromachining, microwave,
millimeter-wave, switches.

. INTRODUCTION Ru2

R /2

M ICROELECTROMECHANICAL systems (MEMS) —MN— W
electrostatically actuated reflective switches for B c -
low-loss microwave and millimeter-wave applications have  z Zo, o(L+w/2) C 7, o(l+w?2)  Z,

composed of a thin metal membrane (or beam), which can
be electrostatically actuated to the RF line using a dc-bias
voltage. Two major types of MEMS switches have come to the
forefront: the series metal-to-metal contact switches [3] and
the shunt-capacitive switches [2]. A shunt-capacitive MEMS (b)

switch consists of a thin metal membrane “bridge” SUSpendEB. 1. (a) Typical shunt capacitive switch over a CPW shown in cross section
over the center conductor of a coplanar waveguide (CPW) iglup position and top view. (b) Equivalent-circuit model.

microstrip line and fixed at both ends to the ground conductors

of the CPW line [see Fig. 1(a)]. A 1000-2000-A dielectric layey | . . .
is used to dc isolate the switch from the CPW center conducté%bncated on almost any substrate. Several disadvantages in-
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When the switch (membrane) is up, the switch presents a s clyjde slow switching speeds (2-£8), high actuation voltages

shunt capacitance to ground. When the switch is pulled do _38 V')I"hzgg rc]i%ta?jw'atﬁ?;n%smmh;ghbz[:to[?gg?(er da!cl)qplrlrc]::::onas i
to the center conductor, the shunt capacitance increases A ): Isadv 9 Y ! y ap

factor of 20—100, presenting an RF short lications, such as low-loss high-isolation telecommunications
' : %witches and radars with relatively low scanning rates.

MEMS shunt switches have several advantages over th IIEl'his paper focuses on the modeling of CPW shunt-capacitive

p-i-n diode counterpart. The MEMS switch has very little dCWitches The single switch s first accurately modeled using nu
power consumption (microjoule during the switching process), . ' g X y . 9
erical and experimental techniques, and its equivalent capac-

allows for large down- to up-state capacitance ratig/C,, = ., . . i )

: : itor—inductor—resistor (CLR) model is derived. The CLR model

20-100), has very low intermodulation products, and can bé ( ) :

IS also extracted from dc—40-GHz measurements and is com-
pared to full-wave simulations.
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dc—40-GHz measurements on a high-resistivity silicon subsing Ti, Cr, and Au etchants to remove the seed layers and
strate (300(2cm). The switch lengttL,,, is 300 m and the Acetone to remove the resist layer. To avoid collapsing the
anchors are 4@m from the CPW ground plane edge. Variousnembrane during drying, the structure can be released using a
membrane widths are used in this work, from 20 to 140 critical point drying system [9].

so as to achieve different switch capacitance and inductanc&he Au membrane switches have a low compressive residual

values. The membrane height 4 = 1.5-2 um, and the stress under the process parameters described above. However,

membrane thicknegsis 2 um. the compressive stress only slightly decreases the pull-down
voltage of the switch since the mechanical stress due to the

A. Actuation Mechanics spring constant is much larger than the residual stress. A mate-

In order to actuate the SWitCh, the center conductor of tﬁ@l W|th aS“ghtly tens”e I’esidua| stress iS preferred. The Choice
CPW line is dc biased with respect to the ground. The resultifi§ AU as the membrane material was determined by process

electrostatic forces pull the membrane toward the center céiailability. Typical pull-down voltages for these switches are
ductor, with a pull-down voltage of 12-25 V, depending on the plating rate, membrane thickness,

resist profile, and vertical stress gradients.

8k
3 1
2760ngo (1)
wherek is the effective spring constant of the membraiie, ~ The MEMS switch is modeled by two short sections of trans-
is the CPW center conductor width, is the membrane width, mission line and a lumped CLR model of the bridge with the ca-
¢, is the permittivity of free space, ang is the nominal gap pacitance having the up-state/down-state values. The transmis-
height. Notice that the pull-down voltage is independent of ttféon-line sections are of length/2) + £ wherel = 40 um is
switch width. The effective spring constainbf the membrane the distance from the reference plane to the edge of the MEMS

Vp = Il. CIRCUIT MODEL OF THEMEMS SHUNT SWITCH

can be approximated by [5] bridge. Typical values of the capacitance for millimeter-wave
switches are 35 fF/2.8 pF, an inductance of 7-8 pH and a series

I — 32Bt*w  8a(1—v)tw @ resistance of 0.2-0.. For X -band switches, the capacitance
L3, Ly, is 100 fF/8 pF with an inductance of 4-5 pH and a series resis-

tance of 0.152 (the modeling of the bridge CLR values will be
presented in the following section).
The switch shunt impedance is given by

where E is Young's modulus of the membrane materials
the membrane thickness,,, is the membrane length, is the
residual tensile stress in the membrane, ang Poison’s ratio
for the membrane material. For au2n-thick electroplated Au . 1

. . Zs=R;+ jwulL+ — 3
switch (£ = 80 GPa, = 0.42) with L., = 300 gm, g, = R s 3)
1.5 pm, ando = 0 and20 MPa, the pull-down voltage is 26 with C = C,, or Cy depending on the position of the switch.

and 3.5 Vi respectn{ely. Once the bias voltage is relea§e(_1|, the feLC series resonant frequency of the shunt switch is
chanical stresses in the membrane overcome the stiction forces

and pull the membrane away from the dielectric layer, returning = 1 4)
it to the original position. The switching time is dominated by " 27VLC

squeeze film damping when the switch is being pulled dow . . .

[5]{7], and by the time it takes for the membrane to pull itse nd the impedance of the shunt switch can be approximated by
up from the dielectric layer. Switching times of 5—-28 have

ERWVaZl for f < f07
been reported [2], [3]. _ ) jwC
p (2], [3] Zo=\h. forf=1. (5)
B. Fabrication Jwl, for f > f,.
The MEMS switch was implemented on a 406-thick The CLR model behaves as a capacitor belowiiBeseries
high-resistivity silicon substratée, = 11.9) covered with resonant frequency and as an inductor above this frequency. At

4000-A SiQ using a finite-ground CPW [8]. The CPW linesresonance, the CLR model reduces to the series resistance of
are defined using a liftoff process by evaporating a 300/8000t8e MEMS bridge. For?,, /C,; = 35 fF/2.8 pF with L = 7 pH,
layer of Ti/Au. Next, a 1000-2000-A plasma-enhanced cherthe resonance occurs Af = 322 and36 GHz when the switch
ical vapor deposition (PECVD) &N, layer is deposited and is in the up-state/down-state position, respectively. It is for this
patterned. A 1.5-2dm-thick sacrificial layer of photoresist reason {, = 322 GHz) that the inductance of the bridge plays
is then deposited and patterned. The thickness of this laydrsolutely no role in the up state fgr< 100 GHz. As will be
determines the nominal gap heigly of the membrane. A seen later, the inductance plays an important role in the down
300/1000/1000-A Cr/Au/Ti seed layer is evaporated, and thetate.

patterned to remove the top Ti layer so that the membranesThe cutoff frequency of the switch is sometimes stated as
and circuit metal, excluding the area underneath and near the= 1/2xC, R, and f. = 30 THz for a switch withC,, =
membrane, can be electroplated with Au at the same tin®s. fF and B, = 0.15 €. While this figure-of-merit has been
The Au is electroplated in a 8xyanide-based solution with aused extensively with Schottky and p-i-n diodes, it is not ap-
current density of 2-4 mA/ct The electroplating thicknessplicable to MEMS switches. The reason is that the switch in-
is approximately 2—2..xm. The sacrificial layers are removedductance limits the down-state performance at a much lower
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TABLE | e W

SIMULATED STATIC CAPACITANCE OF AMEMS BRIDGE (L. = 300 pm, "

t=2pum,ty = 1500 A e, = 7.6) !

0.75 I

w | IE3D HFSS | Measured Dl: -

20 pm | 20.5 pH | 15.8 pH 15 pH é 0.50 |

30 um | 155pH | 135 pH | 12.5 pH s

50 um | 13.5pH | 105pH | 9.5 pH :

80 um | 95pH | 8pH 7 pH 0251
110 pm | 6.5pH | 5.8 pH 5.1 pH L thickness ]
140 pm | 5.5 pH | 4.4 pH - o0 e e e

0 100 200 300 400 500

Roughness [A]

frequency tharfc' A better, value to use is the down,_State rescI]fig. 2. Simulated down-state capacitance versus roughness in the overlying
nant frequencyf, or2f,) since the MEMS shunt switch resultsprigge layer.

in acceptable isolation up to twice the resonant frequency in the
down-state position.

IV. MODELING OF THEMEMS SHUNT SWITCH /// e
A. Up-State Capacitance 1200 [/ g e
The parallel-plate capacitance of the MEMS shunt switch is % l;ggi - f
:g 23% | ” T )
b ey g
Cop = cowVZ . ©6) O 200 L// A gl 0530
Jo + e—d ‘-10(3*':;6 /*Q v \@,\
The second term in the denominator is due to the finite thickness Xy, 100 1567150
of the dielectric and, if neglected, the paralle-plate capacitance n}
is equal to the standard formula@f= (¢, A)/(g+t4). Foradi-
electric thickness of 1500 A, a dielectric constant of 7.6 k&)
and a bridge height of Am, neglecting the second term results P —
in an underestimation of the parallel-plate capacitance by 3%, A el i \\
and for a height of 1..um, the error increases to 10%. /// e ]
The fringing field capacitance of MEMS switches, i.€, _ 1200 o }
is a substantial portion of the total capacitance, as indicated in E 1000} D
Table | (20%-50%). The calculation is done by solving for the § g0y o }
total capacitance using a three-dimensional (3-D) electrostatic § i’ggi 5 5‘ \f
program called Maxwell 3D and subtracting the parallel-plate 3 2003 ) i /; 0-(1)5-0
capacitance derived above. 05 50
Some MEMS switches are fabricated with a set of closely 100 5 s O \«}’9\'
spaced holes in the bridge membrane. This is done to allow the Yse /.»-'{050 <
removal of the sacrificial layer using dry-etching techniques, Jx-y%; 156150

and to allow a faster operation of the switch by reducing the air
damping underneath the bridge. The holes are typicallgndn (b)
diameter spaced at a period of 5+ in a triangular or hexag- Fig. 3. Simulated current distribution on the MEMS bridge in: (a) the up
onal lattice. The height of the bridge is typically 3u#. The Statleog?éio(b) t&e: \(/i\;)\l{vn Sftf \f/<\>/r an ;fo?H{vid_?j ME$/IS brLdg:e f(t).}:!fl mdov%r a §

. . . . . rHm ne. -W wave is incident from the left-hand side an
cgpacnance of this stru_cture is simulated using the Anso_ft Stafliels in thex-direction.
Simulator and results in the same capacitance as a bridge fab-
ricated using a continuous sheet of metal. This is due to the _ o o
fringing fields, which completely cover the holes. The rule dhickness of the dielectric is so small that the fringing capac-
thumb is that the hole diameter should be less th@nto not itance can be neglected. The down-state/up-state capacitance
affect the capacitance. ratio Is

€6 A
ta

B. Down-State Capacitance and Capacitance Ratio o,
. . . " — = . 7
The MEMS switch capacitance in the down-state position can C, < €A ) o )

f

be easily calculated using; = epe.A/d;. In this case, the
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For a dielectric thickness of 1000 A ard = 7.6, the capac- 0 [ " Zohpr T T ]
itance ratio is 60:1 and 120:1 for a capacitance area of 80 V4 [=15 pH
100 #m, and a height of 1.5 and4m, respectively. w=20pm C,=086pF 1

L=125pH
w=30 pum

C,=1.18 pF
L=95pH |

Itis tempting to make the dielectric layer as thin as possible t
increase the capacitance ratio. However, it is impractical to d—, -10
posita SiN, layer, which is thinner than 1000 A due to pin-holeg I
problems in thin dielectric layers. Also, this dielectric layer mus =
be able to withstand the actuation voltage (20-50 V) without di -
electric breakdown. Itis for this reason that this layer is typically ~ -20
1000-1500-A thick in all switches built today. [

The down-state capacitance can be degraded if the MENM
bridge layer or dielectric layer are rough. This can be due to tr
deposition parameters of the nitride or the fabrication proces -30 :
of the MEMS bridge. Fig. 2 shows the reduction in the down: 0 10 20 30 40
state capacitance assuming a perfectly flat dielectric layer, a1 Frequency [GHz]

a roughness 0-500 A. The contact area is assumed to be SO%ié)fAf Down-state measured and fitt€eparameters for MEMS switches of
the total bridge area. The dielectric layer is 1000-A (1500- &ﬁou's widths.

thick with a dielectric constant of 7.6. It is seen that a capaci-

tance degradation of 65% (60%) occurs for a roughness of 100 o )

A. Therefore, for optimal capacitance ratio, it is essential th@cond componentis,, which is due to the MEMS bridge only

the roughness of the MEMS bridge and that of the dielectdgee Fig. 1(b)]. _ _
layer be kept at less than 40 A. The measured attenuation of the CPW line can be used to de-

rive R,;. For the switch in the up state affh;| < —10 dB,
we assume that the current on the center conductor is unaf-

fected by the bridge. For a CPW line on high-resistivity silicon

The current distribution at 30 GHz of a MEMS bridge in th‘%vith an 8000-A-thick Au center conductor and.2a-thick Au
up-state position, with a width of 86m, and suspended@an . nq planes, the measured attenuation is= 1.7 dB/cm

above the transmissio_n Iin_e is shown in Fig. 3(a)_. Th_e capagy o0 Np/cm) at 30 GHz. A switch length (the distance be-
Fance of the MEMS s_thch is around 32 fF. The switch is placqgleen the reference planes) of 16 results in a line loss of
in a CPW configuration, but the results are the same for a ngjy>7 4B (0.0031 Np) and an equivaleif, of 0.32 Q. For
crostrip design. The normalized current distribution is obtaineg, gn0o-A-thick Au CPW line with7 /W /G = 100/100/100
using IE3D or Sonnet. It is seen that there is no RF current O%m on quartz, the measured attenuatiorvis= 0.4 dB/cm

the bridge portion, which is above the transmission line. Alsgy g6 Np/cm) at 30 GHz, which results in a line loss of 0.005
the current is concentrated on the edge of the bridge over (0.0006 Np) and an eq’uivaleﬁgl of 0.06).

CPW gap. If the bridge width is changed to A, the current e yegistance of the MEMS bridgy) is much harder to

distribution remains unchanged, always hugging the edges ey ate due to the current distributions in the up and down
the MEMS bridge. _ states [see Fig. 3(b)]. Simple equivalent models based on sim-
The current distribution in the down state with= 80 M, 5teq current distributions and the assumption of uniform cur-

andCq = 0.5 pFis shown in Fig. 3(b). Itis seen that the currenta penetration to a skin depth in the metal can be derived and
is concentrated on one edge of the MEMS bridge since this edge,jie § 1o the calculation of the bridge resistae For rea-
presents a short circuit to the incoming wave. From Fig. 3(8ns of simplicity, we omit the presentation of these models. As
and (b), itis expected that the up-state inductance and resistag¢&n in Section V-C, the bridge resistance in the down state
of the MEMS switch are different from the down-state valueg,, pe accurately extracted from the measutqzarameters.
However, as discussed before, the down-state inductance is of,a skin depth i$$ = 1/v/fruo and for an Au (and Al)
importance since it affects the operation of the switch at mix!)'ridge, the skin depth is 0.73m (0.84 um) at 10 GHz and

C. Current Distribution

limeter-wave frequencies. 0.42,:m (0.48um) at 30 GHz. If the bridge thickness is smaller
. ) than two skin depths, the switch resistance is constant with fre-
D. Series Resistance quency. For thick Au MEMS bridges ¢ 1.5 um), the switch

There are two components to the series resistance of tRsistance changes with frequency 4 above 30 GHz due to
MEMS switch. The first componentd,,) is approximated by the skin depth effect, and is constant at lower frequencies. For
thin Al bridges (0.5-1um), the bridge resistance is constant at

o R;é/ﬁ ®) all frequencies of interest.

. L _ .. E. Inductance
and is due to the transmission-line loss (both ohmic and dielec-

tric) and depends on the definition of the reference plane. The® Simple and accurate way to model the switch inductance in
the down state is to assume that the capacitance of the switch

is large enough so that it is a short circuit, and to model this
1|E3D, Release 5, Zeland, Fremont, CA, 1998. short circuit using numerical electromagnetic techniques (IE3D,
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TABLE I Or

MEMS BRIDGE INDUCTANCE FORSEVERAL BRIDGES WITHVARIOUS WIDTHS L
(L, = 300 pm, ¢t = 2 pm) F

-10 |

wx W g Ce | Cop | Cr | Cs/Cpp :
[em?) | (] | [6F) | [fF] | [fF] z 0¢
40x100 4 13.8 | 88 5 57% = L
80x100 4 2341176 | 5.8 33% w30 F
140x 160 4 59.2 1493 | 9.9 20% L
40x100 15 12981232 6.5 28% L
80x100 | 1.5 | 556 466 9 | 19% “or

Fig. 6. (a) Down-state measured and fittegbarameters for MEMS switches
where the width of the section over the center conductor is varied and the portion
over the CPW gap is held constant. (b) Schematic and equivalent circuit for the
inductance.

Pa'a'al Y

= =+

2L 2L of the bridge over the CPW center conductor and ground planes
Fig.5. Equivalent-circuit model for the inductance of the MEMS switch inthé L1, L3) contribute insignificantly to the bridge inductance, and

down state. there is a canceling (image) effect due to the backing metal con-

Sonnet, HFSS. This results in an efficient computation sincéluctor ¢ = 0.2-1.5 um) for these portions of the bridge. There-
the dielectric layer is completely ignored. The modefega- fore, the bridge inductance is dominated by, which is asso-
rameters from 1 to —60 GHz are fitted to R model, and the Ciated with the portion of the bridge over the CPW gaps.
series resistance and inductance are extracted. The numeric&n experimentwas performed to further prove that the bridge
software does not give an accurate value for the series resistafééictance is due to the portion of the bridge over the CPW

(since it is very small), but results in excellent modeling of th@aps. In this case, the width of the portion of the bridge over the
inductance. apertures of the CPW is held constant {40) and the width of

The down-state isolation for rectangular switches of ithe bridge over the center conductor of the CPW is varied (see
creasing widths (length is held constantfas, = 300 pm) Fig. 6). The measured-parameters were again fit to a CLR
is shown in Fig. 4. The switch inductance and capacitanf2del. Itis seen that the fitted capacitance (accurate3t)
can beuniquelydetermined to withink3% from a fit of the varies_from 1to 1.78 pF a® increases, but the switch induc-
equivalent circuit to the measured 2—40-G$tparameters (see tance is constant at 11 pH for the three cases.

Section V-B for details). The down-state capacitance is 0.5-0.8

times the parallel plate estimate due to the surface roughnes§-ok-0SS

the underlying metal and dielectric layers. Table Il shows the The loss of a MEMS shunt switch is sometimes taken to be
modeled values and the comparison with fitted values Ob'{aiﬂ@i1 |2. The decrease ifi;; does not necessarily indicate power
from S-parameter measurements shown in Fig. 4. Notice thaks in the switch, but can simply be due to an increase in the
for a bridge width change from 20 to 140m, the inductance reflected power from the switcjS1;|?). The loss of a MEMS
changes by a factor of 3.0 and not 7.0, indicating that the Rkvitch is better derived from thg-parameters as

current is concentrated on the first edge of the bridge, and is
weakly dependent on the width of the bridge.

The bridge inductance can be modeled as a set of inductances
in series, as shown in Fig. 5. However, the valuegpindL; and this can be easily calculated using a microwave circuit sim-
are very small (less than 1 pH). This is due to two factors: théator (Libra3 etc.) or using measured values.
current is carried predominantly on the edge of the CPW centefThe MEMS shunt switch loss is composed of two parts: the
conductor and ground planes and, therefore, the portions transmission-line loss underneath the bridge, and the MEMS

Loss=1— |Sll|2 — |521|2 (9)

2HFSS, Release 6, Ansoft Maxwell HFSS, Pittsburgh, PA, 1998. SLibra, Series IV 6.6, Hewlett-Packard Company, Santa Rosa, CA, 1997.
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bridge loss. The power loss in the bridgéis.. = I2R., where 0-000 ; e ]
I, is the current in the bridge. The MEMS bridge loss is 0.005 g i
L Power loss in MEMS bridge ; o= 0.1 dB/em \ _
0SS — —_ C _ 1
Power incident on the switch goolor dB//c(m 0=025dB/em | 1
I’R - : ‘ R,=0.25Q]
=2 (10) £ 0015 /]
V+1?/z, 5 : |
-0.020 F 3
AR [ C=351F ]
LOSS:‘ZSIIZoJrZo |ZS|2RSZO. (11) 0025 b
Frequency [GHz]
In the up-state position and féf; < —13 dB, we haveZ, > (@)
Z, and the loss becomes 0.000 e
Iy : R=0.1Q C=28pF ]
Loss =w"C, R: Z,,. (12) 0025 ]
In the down-state position and fdiz; > —10 dB, we have =0 0502
Z, <« Z, and the loss is 87N
4R, 2 0.075F
Loss = . (13) . :
’ -0.100 |
The loss of a MEMS switch witld”,, = 35 fF, Cy = 2.8 pF, : ]
L = 7 pH, andR, = 0.1 £ and0.25 € (constant with fre- o]
quency) is shown in Fig. 7. The switch loss is also plotted for 0 10 20 30 40
R, = 0.25 , taking into account two 4@m sections of trans- Frequency [GHz]
mission line at both sides of the switch. The line loss is assumed (b)

tobe 0.1, 0.25, and 1.5 dB/cm at 30 GHz and varying’@svith  Fig. 7. (a) Up-state and (b) down-state simulated [¢$5: |2 + |521]2) for
frequency, which is typical of microstrip and CPW transmissioffrious values of?, anda. The reference planes are Atn from the edge of
. . the MEMS switch.

lines on quartz and silicon substrates.

From the above calculations, it seen that the switch loss is N _ o )
dominated by the transmission-line loss in the up-state position/n the up-state position, the reflection coefficient is
especially for high-resistivity silicon substrates. Therefore, tBeglectingLi;)
measured loss of a MEMS switch is directly dependent on the

ey . _jwouZo
definition of the reference planes. In the up state, it is very hard S = 5t w7 (14)
to measure a switch loss of 0.005-0.015 dB at 1-30 GHz. One towtuo
way of obtaining an accurate loss value is to measure 6—8 closghy for|S11| < =10 dB orwC,, Z, < 2
spaced switches and divide the insertion loss by the number of
switches. In the down state, the switch loss is 0.07-0.1 dB for 52 w?C2 72 (15)
R. = 0.25 Q above 10 GHz, and less than 0.06 dB for = =y

0.1€2. The above equations result in a straightforward determination

of the up-state capacitance of the MEMS shunt switch from the
measured data. Fig. 8 shows the measured and fitted up-state
S-parameters of a MEMS switch, 8am wide and with dimen-

The CLR values can be extracted accurately fifiparam- sions shown in Fig. 1. It is seen that the fitted up-state capac-
eter measurements. In this case, the MEMS switch is fabricaitahce (70 fF) agrees well with the electrostatic value derived
and measured from 1 to 40 GHz using on-wafer calibratiaabove (68 fF).
techniques. At The University of Michigan at Ann Arbor, we
have used the thru-reflection-line (TRL) calibration techniqu®. Down-State Capacitance and Inductance
and defined the reference planes to be4®from the MEMS
bridge.

V. FITTING CLR PARAMETERS TO S-PARAMETER
MEASUREMENTS

The S-parameters are measured with the switch in the down-
state position, and a CLR model is fitted to the measured data
(S21) using Libra. Fig. 9 shows a typical switch in the down-
state position and the fitted capacitance and inductance (CL)

The S-parameters are first measured in the up-state positiegalues. Notice that the capacitance solely controls the response
and the measured dat4;, ) is fitted to get the up-state capaci-from 1 to 20 GHz (up to~f,/2). Once the capacitance is de-
tance of the switch. The inductance and resistance are not fittetnined, the inductance value controls the resonant frequency
using this measurement since their effect is negligible in thecation. Even if the resonant frequency of the MEMS switch is
up-state position. beyond the measurement bandwidth, the inductance has a strong

A. Up-State Capacitance
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0 . = 0r
- Sy < 0.4 dB [
Cpp=3531F -10 :—
_ | g=1s5rF -
g o 2 20k
5 7 I
g é 30 |
5 20l 8 C
! 2 40 F

e e fitted 4 e C fted ]

measure L fitte ]

L 50 ¢ measured R;=007Q ]

30 R U S ' simulated E

0 10 20 30 40 60 L b
Frequency [GHz] 0 10 20 30 40

Frequency [GHz]

Fig. 8. Up-state measured and fittédparameters for an 8@-wide bridge

with a nominal gap heighf, of 1.5um. Fig. 10. Down-state measured and fitt§dparameters for an 8@m-wide

bridge, showing the effect of the inductance and resistafice on the fit.

0
E C. Series Resistance of the MEMS Bridge
= 10 _ The series resistance of the MEMS bridge is best fitted around
= 0L the resonant frequency. In this case, the switch impedance is
& B Z, = R, and Sy is
£ oR, || Z 2R
< r ] 4] 5
g 40k Sule. = R 12+ 2, = Z.+ R.' (16)
A r
PoE Fig. 10 shows the fitted'-parameter for an Au switch fabri-
60 s cated at The University of Michigan at Ann Arbar (= 80 m,
0 same dimensions as above) with = 2.7 pF, L = 7.7 pH, and
R, = 0.07 Q. The response foR, = 0.07 2, 0.25 2, and
0.5 @ are included for comparison. It is seen that as the series
0 resistance gets smaller, the resonanc#é.ingets sharper and
E deeper {48, —40,—34, dB, respectively). In fact, an excellent
__ 1o a calibration (to—50 dB) is needed to be able to measure a series
=] 0 ; resistance of 0.12. Also, the series resistance has virtually no
“'5 “E effect atf < 3f,/4, thus, it is important to measure tiSepa-
2 30f rameters of the switch around the resonant frequency.
£ 3 Fig. 10 also shows the calculatseparameters fof. = 0 pH.
g 40f Itis clear from Fig. 10 that the inductance and resistance cannot
» § be ignored in the down state. The resonant frequency for
S0 most shunt switch designs is 2050 GHz, depending on the di-
6o b C L mensions of the switch. Therefore, the isolation in the down-
0 10 20 30 40 state position can be dramatically increased™(2B) by de-
Frequency [GHz] signing for the required resonant frequency. This is done in part
(b) 2 of this paper [10].
Fig. 9. Down-state measured and fittédparameters for an 8@m-wide VI. CONCLUSION
bridge.

This paper presented an electromagnetic model of the MEMS

shunt switch, which is derived using standard numerical simu-

effect on the slope of; after f, /2, and this fact can be usedlators. A step-by-step approach for extracting the CLR param-
to fit an accurate model of the switch inductance. eters of the MEMS shunt switch from the measufegaram-

The switch inductance and capacitance an@uelydeter- eters was shown. It is seen that the loss of the MEMS shunt
mined to within+3% from a fit of the equivalent circuit to switch in the up state is limited by the transmission line and,
the measured 2—40-GHizparameters. As indicated above, théherefore, is directly dependant on the definition of the reference
down-state capacitance is dependent on the surface roughmésses. Also, the inductance of the switch in the down state has
and cannot be easily modeled. The inductance agrees quite wélirge effect on the isolation, and can actually improve the per-
with full-wave modeling (see Section IV-E). formance of the switch by 10-20 dB at resonance.
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