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Analysisof aMEMS Transmission Line

Ari T. Alastalo, Tomi Mattila, Member, |EEE, and Heilkki Seppé

Abstract—A microelectromechanical system (MEMS) sound
waveguide is considered as a transmission line for RF signals. We
analyze a device geometry of a straight one-dimensional microsize
silicon rod, where a longitudinal acoustic wave is generated and
detected using capacitive transducers. Linear, isotropic, and
nondispersive acoustic-wave propagation is assumed. Based on
the calculation of the electromechanical impedance, an electrical
equivalent model is derived for the acoustic transmission line. A
numerical example and a comparison to measured properties of a
MEM S—transmission-line resonator shows that the characteristic
impedance level of the waveguide is typically high, which causes
challenges for matched termination. Solutions to overcome the
matching problems are discussed.

Index Terms—Electromechanical coupling, microelectrome-
chanical system (MEMYS) devices, RF MEMS, transmission line,
waveguide.

I. INTRODUCTION

COUSTIC-WAVE propagation in solids is an old and

widely studied topic [1], [2]. Typica applications, such
as delay lines, filters, and resonators, bear an analogy with the
microwave electromagnetic devices [1], [3]. Acoustic wave
theory is extensively used e.g. in bulk acoustic-wave (BAW)
resonators and surface acoustic-wave (SAW) filters[3], [4]. The
recent advances in microelectromechanical system (MEMS)
technology have opened the possibility for creating miniatur-
ized acoustical devices. As an example, a micromechanical
resonator based on BAW operation has been demonstrated to
be well suited for creating a high spectral purity oscillator [5].
Integrability with CMOS electronics, as well as size reduction
and power savings of MEM S components compared to off-chip
solutions (such as SAW devices) facilitate design of efficient
single-chip radio transceivers that could revolutionize wireless
communication devices [6]-{8].

In this paper, we investigate the possibility of creating mi-
croacoustical components, such as delay lines, for RF signals.
We focus on a typical device geometry of a straight one-di-
mensional microsize silicon rod, where a longitudinal acoustic
wave is generated and detected using capacitive transducers.
Linear, isotropic, and nondispersive acoustic-wave propagation
isassumed.! Based on the calculation of the electromechanical
impedance, an electrical equivalent model is derived for the
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Fig. 1. Schematic representation of a setup where an electric signd is
transmitted through a micromechanical rod as an acoustic plane longitudinal
wave. Coupling between the electric signal and acoustic wave is done
capacitively at both ends of the rod.

acoustic transmission line. The acoustic reflection and voltage
transmission at the receiving transducer are evaluated using
typical values for electrostatic coupling. The results show that
obtaining perfect nonreflecting termination for the microsize
transmission line is not straightforward, but requires tailored
impedance-transforming techniques.

Il. ELECTROMECHANICAL MODELING

The setup that we are considering is schematically illustrated
inFig. 1. An electric signal is capacitively coupled to and from
the MEMS rod at both ends through fixed electrodes. The rod
is allowed to vibrate longitudinally between the electrodes to
enable wave propagation along the rod. The rod is assumed to
be anchored to the surrounding structures such that the wave
propagation is not notably disturbed. In practice, the circuitry
to connect the bias and signal voltages, as well as the shape of
the electrodes and other details can differ from the simplified
system of Fig. 1, which, however, capturesthe relevant physical
properties. Some generalizations, e.g., for nonsymmetric bias,
will be discussed after analyzing the system of Fig. 1. The elec-
trodes and waveguide can befabricated, e.g., on adevicelayer of
asilicon-on-insulator (SOI) wafer. To reduce dissi pation caused
by air friction to moving MEMS structures, the device can be
packaged in a vacuum.

In Fig. 1, V is a constant bias voltage applied to the elec-
trodes at both ends of the rod and w(t) is a time-dependent
signal voltage at the left (input) electrode. The signal is taken
to beharmonic w(t) = ug exp(jwt). Thesignal voltage u(t) in-
duces currents; (¢) and i (¢) through the input (Ieft-hand side)
and output (right-hand side) transducer capacitors C; and Cs,
respectively. Consequently, voltage across the load impedance
Zr, isur(t) = Zriz(t). Since the rod is grounded, voltages
Ui(t) = V 4+ u(t) and Us(t) = V — up(t) are seen across
the transducer capacitors. The rod has a length Az, a constant
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cross-sectional area A, Young's modulus FE, density p, and is
assumed to have no mechanical2 or electrical® losses. When
no voltages are applied (U; = U, = 0), the gap between the
rod and electrodes is d at both ends. With nonzero voltages,
the ends of the rod are displaced by y; and 4., as shown in
Fig. 1. We assume the transducer capacitors to be ideal par-
allel-plate capacitors with capacitances C; = egA/(d + 1)
and Cy = €yA/(d — y2). The voltages across and currents
through the capacitors arethusrelated by i; = d(C, Uy )/dt and
to = d(CoUs,)/dt. We further assume that the voltage sources
are ideal with no internal losses. The electric input impedance
isnow Z = u(t)/i1(¢t).

We assume that the voltages «(t) and w,(¢) are small with
respect to the bias voltage V' and that the displacements ¢, and
172 aremuch smaller than the zero-voltage gap d. We also assume
the system to be linear. Expanding the currents ¢; and ¢» up to
linear order in the small parameters («/V'), (ur/V), (v1/d),
and (y2/d), we obtain

i = jwCou — Ny (19)
. Y2

iy = — 192 1b
2T jwCoZs (10)

Here, Co = egA/d is the zero-voltage capacitance and 1 =
CoV/d is the electromechanica coupling constant. For van-
ishing mechanical motion, the electric input impedance is from
(1&) L =Jy = 1/(Jw00)

For theforces f; and f» exerted by the capacitors C; and Cs
to theleft- and right-hand-side ends of therod, respectively, one
findsthrough f = (1/2)U72dC/dy up to linear order

.

fi=n <5 +u) — ke (28)
|4 .

Jo ="+ ke = i (20)

where k., = Vn/d is the electrical spring-softening term and
v =n?(Z1||Zo) (Zr, and Z, in parallel) is acomplex damping

2\We assume that despite doping and imperfections, acoustic properties of the
SOl device layer material can be approximated by those of single-crystal sil-
icon within the frequency range of interest. At f = 10 MHz, for longitudinal
plane-wave propagation in cube-edge direction in single-crystal bulk silicon,
one has an attenuation factor of « ~ 10~* dB/mm o f2 [1]. This corre-
sponds to an acoustical quality factor of @ &~ 3.3 x 10° o 1/f [1]. An elec-
trical equivalent resistance R, of the mechanical dissipation over adistance of
1 mm, in series with a load resistance R, is found by voltage division to be
R, = Rp(10oxtmm/20 _ 1) For ¢ = 10~* dB/mm a f = 10 MHz,
wefind R, = R;, x 10~°. For longitudinal wave propagation in a microme-
chanica narrow rod, a quaity factor of @ ~ 1.8 x 105 has been reported [5],
which isonly half of the bulk value above and yields a doubling of « and R .
Thus, at least for frequenciesin the range of 10 MHz, mechanical losses can be
neglected for small systems.

3In practice, one places electrical ground connections closer to the ends of
the rod and not only in the middle, as shown in Fig. 1, for simplicity. Thisisin
order to reduce dissipation caused by nonzero resistivity r;, of the rod material.
Groundings can be done in places where the rod is hanged to the surrounding
structures. Details of hanging arenot studied in this paper. Resistance at the ends
of therod can be caculated as R, = 14, /A, wherel, isthe distance from the
end of the rod to the closest grounding and A is the cross-sectional area of the
rod. For the heavily boron-doped material of [5] (r» &~ 2 x 10=* Qm [14]),
withl, = 100 gmand A = 100 zm x 10 pem, onefinds R;, & 20 €2, which,
aswill be seen, ismuch smaller than other typical impedances of the system and
will be ignored in this paper. If taken into account, R, becomesin series with
the capacitances C in Fig. 3.
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Fig.2. Mechanical equivalent model of the setup of Fig. 1. Here, 82y and 9%y
are shorthand notations for the second-order space and time derivatives of the
displacement field, respectively.
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Fig. 3. Electrical small-signal equivalent model of Fig. 1.

coefficient. Here, thesign of f; isselected asshowninFig. 2. k.
usually represents only asmall correction and can be omitted.
The mechanical model is now as follows. The longitudinal
displacement field y(z, ¢) of the rod obeys a wave equation
0%y(z, 1) » Py(x,t)
= > .
o2 ¢ o2 o 12
with boundary conditions following from (2a) and (2b) as-
suming Hooke's law to be valid:

)| _ S
or |,_, - AE

z €[0,Az]  (3)

y(,t)
or |, ._

_ J2
LT AE 4

and has a harmonic time dependence due to the harmonic force.
Here, ¢ = \/ E/pisthe phase velocity of thelongitudinal wave.
The mechanical model isillustrated in Fig. 2.

[11. ANALYTICAL SOLUTION

A solution to the wave-propagation problem of (3) and (4)
isfound by subtracting a time-independent zero-signal solution
yo(z) from the displacement field y(«, ¢) and seeking asolution
in the form

gz, t) = ( BelUwn)/o) 4 DC<<fm>/c>) et (5)
for the deviation 7(x,t) = y(x,t) — yo(z), which also satisfies

the wave equation (3) and a zero-biasform of the boundary con-
ditions (4). For the current ¢; in (1a) through the input capacitor

Cy, wefind
u(t) 11
7 - U(t) <Z0 + Zem)

(6)

i1(t) = jwCou(t)—ny(0,t) =

where the electromechanical impedance (see Fig. 3)

Juo
Zem = 5 7
i nw(B + D) 0
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expresses the coupling of the electric signal to the mechanical
motion and is, thus, the quantity of primary interest here. Sub-
stituting (5) to the boundary conditions (4) with zero biasallows
one to solve for the unknown coefficients B and D and to ob-
tain Z..,, in (7). For smplicity, we only consider the case where
k. = 0, which generally is a good approximation for practical
MEMS structures. Consequently, one obtains the standard ex-
pression [2], [10], [11]

Zy + Zp tanh(jBAx)

where 3 = w/e, Zy, = AE/(cen?), and Zy = Zy||Z1 (see
Fig. 3). The mechanical losses can be included in (8) by sub-
stituting ;3 with 53 4+ «, where « is the attenuation coefficient
[1], [10], [11].

The mechanica amplitude reflection coefficient for the right-
hand-side end of the rod can be expressed as

Zem = Zp (8)

2 2

B Zr — Zy

2 _ |2
N V) Bl 7y ®
For zero reflection, one needs Zr = Z,,, which gives with (8)
AE  AVpE 4/ oE
Zem = Zb = 5 = L = d P = Rem~ (10)
cn? 7? AlegV)?

Here, Z. = A/pFE isthe mechanical characteristic impedance
of the rod [2]. The corresponding matched load impedance
is Zr, = (Rem|Z3). The above discussion shows that
Zy = Z./n* can be seen as an electrical characteristic
impedance of the acoustic waveguide. One can thus relate the
inductance [, and capacitance ¢, densitiesin Fig. 3to 7, and
to the phase velocity ¢ through 7, = \/Iy/c, and ¢ = 1//Iycy.
Onefindsl, = Ap/n?, and ¢, = n*/(AE) that are similar to
the corresponding relations known for MEM S resonators [5].
Of interest are also the current > in (1b) through the
output capacitor and the voltage w;, = Zpis across the load
impedance. The transfer impedance 715 = u(t)/i2(t) isfound
similarly to the input-impedance calculation above as follows:

. 14 4y,
JUo Z

- wn (Be((jwém)/C) + Dc—((;@-m)/c))

Z1i2 (11
and givestheload voltage through wy, = is Zy, = w Z1,/Z12. In
particular, for the matched load, one finds

ur, = u(—cos(BAT)+jsin(BAz)) = —ue~(waa)/e) (1)

in which case, the acoustic waveguide only introduces a sign
change and a phase shift to the electric signal and delivers a
power of |u|?/(2Z;) to the load.

If the matched load is represented by an inductance* of
Lem = 1/(w3Co) in paralel with aresistance of Rey,, trans-
mission through the line becomes bandpass centered at w, with
a 3-dB bandwidth of Wsqg = 1/(27 R,y Co). Due to the reac-
tancesin the system, it is now possible that the load voltage «r,
exceedsthe source voltage u. This can be prevented by requiring
cos(wpAx/c) = 0= Az=A/4+nAr/2(n € {0,1,2,...}).

4Wide-band termination would require a reactance of +j/(wCl).

1979

V. GENERALIZATION OF THE SYSTEM

More insight is gained by separating the problem into elec-
trical and mechanical propagation. This is conveniently done
by introducing transmission matrices. We take the mechanical
equivalent of voltage » and current < to be negative of the force
field (— f) and the velocity field (v) in the waveguide. The me-
chanical impedance along the waveguideisnow Z,,, = —f/v.
The input (Ieft-hand side) end current and force relations (1a)
and (2a) now give

W L1 0\ [(~h\_.. (~h
()= (et ) (0)=(3) @

where T}, is the left-hand-side-end transmission matrix. Here,
71 and Cp 1 denote 7 and Cy at the input end. Similarly for the
right-hand-side (output) end, one finds from (1b) and (2b)

—fo 1 n3 0\ (ur ur,
= —— . =Touwl . 14
< v2 n2 \JwCoz2 1) \da o (14

with 7. and Cj» denoting n and Cy at the right-hand-side
transducer. The mechanical propagation is given by the familiar

waveguide transmission matrix
B cos(BAz)  jZ.sin(BAx)\ ,
()= (22 ()
vy Jsin=— cos(BAz) Vo

= dmech X (_f27UQ)T

(15

yielding for mechanical impedances the same result shown
above in (8) for the electromechanical impedance (with
interchanges Z.,, <« 71, Zy < 7o, and Z, — Z.). The
electrical input impedance Z is now found using the total
transmission matrix of the system 7i: = TinTmecLour from
(u,i1)T = Thor X (ug,i2)?.

The matrix formulation enables one to consider more general
situations with, for example, nonsymmetric bias or transducer
geometries. Also, other transducer coupling mechanisms can be
considered. The formulation al so appliesto different waveguide
geometries, e.g., with varying cross-sectional area, for whichthe
transmission matrix can be formulated. Furthermore, anchoring
effects can be taken into account.

V. NUMERICAL EXAMPLE

Table | shows 7, Cp, resistance R..,, inductance L., and
bandwidth W3y at center frequency f, = 10.573 MHz for a
1-mm-long silicon rod (E = 166.7 GPa, p = 2330 kg/m? =
¢~ 8458 m/s [5]) with A =8 um x 10 pmand A = 8 pm x
100 zm (one of the dimensionsislimited by thetypical height of
the device layer of the SOI wafer), and V' = 100 V. The center
frequency is selected to obey cos(woAz/c) = 0 (seediscussion
in Section 111). We consider three different values for the gap
d (reaching a controllable gap size of 0.1 ;xm has been demon-
strated [12]). The values of Table | (such as R.,, = 3 M) for
d=0.1pumand A = 8 um x 100 pm) reveal that, for prac-
tical realization of the MEM S waveguide, impedance matching
is a chalenge. This is because the weakness of the capacitive
coupling makes the characteristic electrical impedance of the
waveguide extremely high.
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TABLE |
PARAMETERS FOR MATCHED TERMINATION OF AN ACOUSTIC TRANSMISSION
LINE AT f = 10.573 MHz

A N d || 1pm]|05um | 0.1pm variable
S . igo %?77 02?88 7711 7 / [uFV/m]
g X igo 0?7 11? 2111 Co / [fF)
Seto— 32— oo Fen /(G
g 2 }80 33220 11660 ;22 Len / [mH]
S i 180 835 23 ;58 Wags / [kHz]
pmxpm | [ I T

Equation (10) showsthat R.,, can be made smaller by having
asmaller gap d, softer or sparser rod material (smaller £ or p), a
larger area A, higher permittivity material inthe gap, or ahigher
bias voltage V. On the other hand, the maximum displacement
of the end of the rod islimited by 1. < £d, where £ ~ 0.3,
in order to avoid pull-in. Considering only the bias voltage V,
it is easy to show that the requirement to avoid pull-in leads to
alower limit for R.,, asfollows:

. (2/3) 7 A\ /3
Renl > Rnlln = \/ﬁ <K> < x> . (16)
€0 0.6

em T AE(5/6)

For example, in Table |, with R.,,, = 3 M, we have R™i* ~
2.7 M2 for a 1-mm-long rod. Increasing now the bias voltage
by afactor of ten, decreases R..,, to 30 k2, but leadsto R:i» >
Ry, resulting in pull-in. Thus, both (10) and (16) must be taken
into account. One candidate for a softer and sparser rod mate-
ria is porous silicon. For example, for a porosity of 60%, the
Young's modulus is reported to drop almost 90% of the value
for nonporous material [13]. Thiswould divide R..,, by five, but
aso yield afour times larger R:in,

Fig. 4 shows the voltage ratio «, /« and mechanical reflec-
tion coefficient 2 when an inductor of L.,, = 1/(w3Co) is
used to tune out the transducer capacitance. The solid curves
are for a center frequency satisfying cos(woAxz/¢) = 0, while,
for the dashed curves, a dightly different frequency with
cos{woAz/c) # 0 is considered.

V1. COMPARISON TO EXPERIMENTS

The characteristic impedance of the MEM Stransmission line
can feasibly be probed in the short- or open-circuited resonator
configuration [10], [11], when the quality factor @ of the res-
onator is sufficiently large. For example, for an open-circuited
transmission-line resonator, the lumped-element values for an
equivalent RLC series-resonant circuit are R = r,Az/2, L =
77, /(4wo), and C = 1/(Lw}) [11]. Here, Az = X\g/4 is
the length of the line, Ay is the wavelength corresponding to
the resonant frequency wg, 7, is the electrical characteristic
impedance of thewaveguidein (10), and r,, isthe resistance per
unit length of theline. The equivalent RLC circuit isvalid in the
vicinity of theresonant frequency. Sincelossesin thewaveguide
are not considered in this paper, resistance »; is nhot shown in
Fig. 3in serieswith theinductance I, Measurements for such a
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Fig. 4. (a) Voltage transmission |ur/u| and (b) mechanica reflection
coefficient +2 for center frequencies f, = 10.573 MHz (solid line) and
fo = 10 MHz (dashed line). Other parameter values are the same asin Table |
with the larger values of area and gap.

high-@ MEM S transmission-line resonator were reported in [5]
at 11.75 MHz corresponding to Az = 180 xm. Other resonator
dimensions and parameter values of [5] werethe sameasherein
Tablel withd =1 pmand A = 8 um x 10 pm. The parameter
valuesfor the equivalent RLC circuit were obtained through fit-
ting the simulation results to the measured data. In particular, it
wasfoundin[5] that C = 0.05 aF and L = 3.62 kH. Using the
results of this paper, one obtains . = w7, /(4wo) = 3.34 kH
and C = 1/(Lw}) = 0.05 aF, which are in good agreement
with the measurement-based values of [5]. Direct experimental
study of the transmission-line operation of the MEMS wave-
guide requires solution to theimpedance-matching problem that
is one of the focuses of future research in this area.

VII. DiscussioN AND CONCLUSIONS

Using sound waveguides as delay lines for RF signals is
desirable since much smaller group velacities can be reached
than with electromagnetic waveguides. However, impedance
levels needed for efficient signal transmission through an
acoustic waveguide become extremely high, as shown in this
paper, for asingle-crystal silicon rod with capacitive coupling.
This is due to the weakness of the electromechanical coupling
constant. Thus, one needs to consider different coupling
mechanisms, softer and sparser rod materials, electrical and
mechanical impedance transformations, and other structures
for acoustic-wave propagation. It is easy to show that, for
example, with a microsize piezoelectric quartz transducer,
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one does not reach a stronger coupling to a silicon rod when
the length of the rod is much larger than the transducer size
and when small enough capacitor gaps (of the order of half a
micrometer) and high enough bias voltages (tens of volts) can
be used. On the other hand, high-Q values of microelectrome-
chanical resonators suggest that, at least for narrow bandwidths
below 100 MHz, mechanical impedance transformation can
enable efficient acoustic waveguide operation with capacitive
coupling.
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