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Abstract — A generalized parallel plate radio frequency
microelectromechanical  systems (MEMS) varactor is
presented and studied. Its application in an RF oscillator is
described and the nonlinear relationship between tuning
voltage and realized output frequency is derived. A low power
CMOS integrated circuit is proposed to linearize the
vesponse. The circuit consumes at most 100uW of power
while linearizing the voltage-to-frequency response to a
correlation coefficient (Rz) of 0.9988. The described circuit
and theory can be employed in any application where the
nonlinear response associated with parallel plate RF MEMS
varactors must be compensated. '

1. INTRODUCTION

MEMS technology has been demonstrated successfully
" in a variety of RF applications including switching [1], fil-
tering, and frequency synthesis [2]. Components such as
coupled MEMS varactors [3] and inductors [4] have dem-
onstrated higher quality factor (Q-factor) references for
voltage controlled oscillators [3] than alternative integrated
technologies. Several parallel plate varactor topologies
- have been reported with impressive results [3][S]. How-
ever, 4 significant drawback associated with the parallel
plate topology is the highly nonlinear tuning response as a
function of the electrostatic actuation of the device. Here
we discuss the application of a paralle! plate MEMS varac-
tor in a typical CMOS LC oscillator. We further examine
the mechanical physics of the device and derive the fre-
quency tuning characteristic as a function of the tuning
voltage. A linearizing technique is described and a com-
plete circuit for preprocessing the tuning voltage is demon-
strated.

II. RF MEMS PARALLEL PLATE VARACTORS
A. Topology and Operation

A generalized parallel plate MEMS varactor is presented
m Fig. 1. The device is constructed by mechanically sus-
pending a metal top plate in air above a-fixed metal bottom
plate, A mechanical suspension network provides support
for the top plate as shown. The device presents a nominal
capacitance set by the device geometry and the nominal
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Fig. 1. A generalized parallel plate RF MEMS varactor (a)
Top view illustrating mechanical suspension (b} Cross-section
illustrating device operation by electrostatic actuation

gap between the plates, x,. By applying a positive DC volt-
age, ¥, across the plates, the moveable top plate will
deflect some distance, x, due to electrostatic force, thus
modulating the capacitance.

B, Application

A typical application for an RF MEMS varactor is as the
tunable element in voltage-controlled-oscillators (VCO).
The varactor, when coupled with an inductor, forms an LC-
tank that provides a high Q-factor reference for frequency
synthesis that is often superior to alternative integrated
technologies, such as those shown in [6]. A typical VCO
implementation would include the MEMS varactor cou-
pled with an inductor in a feedback loop sustained by a
negative resistance amplifier.

ITI. VARACTOR TUNING RESPONSE
A. Theory

The fundamental resonant radian frequency, w,, for a
generalized LC oscillator is o, = 1/J/LC, where L is the
inductance and C is the capacitance of the tank. When a
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MEMS varactor is employed to realize the capacitance,
this variable capacitance is described by the following rela-
tionship, ‘

c=-t4 ¢))

xo—x

where € is the permittivity of air, 4 is the plate overlap
area, x, is the nominal distance between the plates, and x is
some displacement forced by the DC tuning voltage, ¥
as shown in Fig. 1. The relationship between the varactor
capacitance and frequency is found by substitution of (1)
into the expression for the fundamental radian frequency.

— (xoix ) 2
®, = f — @

The relationship between x and o is clearly nonlinear.
However, for the MEMS varactor, x is small compared to
x,, and at most x,/3 due to device physics. By considering
the binomial series of the function f{x) = (x, - x)"*, which is
of the same form as {2), one can show that for x much less
than x,,, the relationship is well approximated by the lincar
term. The correlation coefficient (R2) of the least squares
linear fit to the displacement-frequency response is 0.9999
for x from 0 to x,/3. Thus, in order to determine the origin
of the nonlinear voltage-frequency response, device phys-
ics must be investigated.

The electrostatic force, F,, generated between the plates
by the applied tuning voltage, Vpc, can be derived by con-
sidering the energy, E, stored between the plates.

_8E _1aC _1CV§C
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(3)

The effective electrical spring constant, k,, is given by
the magnitude of the differential of this force with respect
to displacement.

- CV%)C - ":AVJz)C 4)
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A mechanical spring constant, k,,, is associated with the
top plate suspension. A mechanical restoring force, F,,, is
created by this suspension. The relationship between &,
and F,, is given by Hooke’s Law:

oF,

k =1_
ox

€

F, = k,x 5

The magnitudes of F,, and F, arc the same at equilib-
rium as the electrostatic force is balanced by the mechani-
cal restoring force of the suspension network.

_ lCVZDC

= 6
k,x Wz ) (6

Finally the relationship between Vpe and x can be

expressed using (6).

2k x(x,— '
Voo = [Ptz Q

Clearly, the origin of the highly nonlinear voltage-fre-
quency response can be attributed to the voltage-displace-
ment response given in (7). Lincarization of this response
is thus the focus of this work.

B. Linearization Approach and Results

Three key metrics were considered while deriving an
approach in order to linearize the voltage-displacement
characteristic. First, the circuit must perform sufficiently
accurate linearization of the response. Second, the function
realized by the circuit must be reasonably simple to imple-
ment with CMOS electronics. Last, the circuit must con-
sume a minimal amount of power.

The response of ¥ can be linearized in x exactly by
applying the same function in x to ¥p. However, this
function is quite difficult to realize with CMOS electron-
ics. Thus, one might estimate a preprocessed voltage, ¥,
by noting that for small x relative to x,,, Vp- can be approx-
imated by the following:

2
2k
Vbc= ,“ ::xo (8)

Hence, if the applied tuning voltage 1s preprocessed by
applying a square root function (i.e. ¥, = ¥pc”), the rela-
tionship between the tuning voltage and x would be then be
nearly linear for small x. This approach yields a theoretical
voltage-frequency response with a correlation coefficient
(R?) of 0.9870 hetween the achieved response and the lin-
ear function. These results are illustrated in Fig. 2. More
accurate linearization can be achieved by expanding (7) to
show the relationship between Vpe and x is,

3 -3
Vpe = J%(ﬁxo—xz ): afy-bx ®

where a and b are constants. Although a square-root func-
tion is relatively simple to implement with CMOS elec-
tronics, it is quite difficult to realize a 3/2 exponent
function, Thus, it was determined empirically that (%) can
be well approximated by the following,

3
a,\/}—bxzzc.\/;c+d]n(§ ) (10)

where a, b, ¢, d, and ¢ are constants selected such that the
fit is accurate. The preprocessed voltage is then of the fol-
fowing form.
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Fig. 2.  The applied tuning voltage vs. frequency response with
no preprocessing and the two preprocessing approaches derived.
The least squares linear fit is shown for both techniques.

Yo
Vp =c ,‘VDC+dln(T )

This linearization approach resulted in a theoretical fre-
quency-voltage response with a correlation coefficient (R?)
of 0.9988 compared to the linear function. The results from

(i)

both of these approaches are illustrated in Fig. 2. In this

work, the latter and more accurate approach is employed.

IV. LINEARIZING CIRCUIT
A. Topology

The linearizing circuit ultimately realizes a voltage equal
to the sum of the square root of the input voltage and its
natural log. This is accomplished by first generating a cur-

—

rent that is a linear function of the applied voltage. A sim-

ple op-amp voltage-to-current converter [7] is employed

for this function as shown in Fig. 3. The transfer function is
1= Vpc/R. The headroom for this circuit is limited by the

minimum voltage required to keep M1 omn. It is also limited

by the magnitude of the current generated as the output of
the op-amp will be limited to ¥ if the Vg required to
maintain the current in M1 is too large. In this application,
a small current is generated in order to minimize power
consumption and thus the circuit is limited by ¥ of M1.
The maximum input voltage is V,,,,. = Vpp - ¥, where V),
is the threshold voltage of M1.

The nested pair shown in Fig. 3 realizes a square root of
current to voltage transformation. As shown in [8], M2 will
be forced into saturation while M3 is forced into the linear
region of operation. It can be shown that if M2 and M3 are
matched, the transfer function is given by,

SCRGE SRR (12)
k Rk
where k& = uC, (W/L) and W/L is the device aspect ratio, u
is the mobility, and C,, is the gate oxide capacitance.
Device geometries are chosen to realize the appropriate
voltage. A small offset exists when body effect is consid-
ered.

The signal is then level shifted through a PMOS device
(M#4) that is forced into weak inversion, as shown in Fig. 3.
The current in this device is also controlled by the linear
voltage-to-current generator. In weak inversion and for-
ward saturation the drain current, 7, of the device is given
by [9),

Ves/nVy (1 3)
where V¢ is the gate to source voltage, n is the slope fac-
tor, Vyis the thermal voltage, and Ip is the characteristic

I=lppe
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Fig. 3.CMOS root-log voltage-to-frequency linearizing preprocessor for parallel plate RF MEMS varactors

A23



current given by,

-V, n¥y

oo = Is¢ (14)

where ¥y, is the threshold voltage, and [g = 2npC, WALV,
Then (13) can be solved to show that:

Vs = #Vpn(I/Ing ¥ n¥pin(Vyo/Rlp, ) (15)

Finally the signal is amplified by the DC transfer of a
low bandwidth feedback amptlifier with gain 4 as shown in
Fig. 3. The amplifier output is high impedance in order to
avoid a low impedance AC path to ground from the top
plate of the varactor. The realized preprocessed voltage,
I/},, is thus,

v,
V= A2 BV RIpg ) (16)

Device geometries and parameters are selected based
upon the application and the dynamic range of the tuning
voltage. :

B. Results

The described circuit was designed in the 0.18um
mixed-mode process available from Taiwan Semiconduc-
tor Manufacturing Company (TSMC). A summary of the
relevant parameters is given in Table I. The circuit was
designed for a previcusly developed MEMS varactor with
a tuning range of 0 to 1.2V, which is dictated by the geom-
etry of the mechanical suspension network. The simulated
frequency response for the circuit is shown in Fig. 4.
According to simulations, the design achieves a corrélation
coefficient (R?) of 0.9988 compared to the linear function,
and matches the theoretical performance.

TaBLE ]
LINEARIZING CIRCUIT PARAMETERS
Parameter Value
Process technology TSMC 0.18pm
Devices (including bias) 25
Supply voltage 2y
Power min/max TuW/100uW
Input min/max ovi1.2v
Output min/max ovi.2v
Correlation coefficient (R?) 0.9988

V. CONCLUSION

A study of the electromechanical behavior of an RF
MEMS varactor was presented. Its application in a VCO

was described and the highly nonlinear voltage-frequency -

relationship was derived. This nonlinear response is related
primarily to the relationship between the tuning voltage
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Fig. 4.  Frequency response vs. input voltage to preprocessor
as compared to the response with no preprocessor.

and the top plate displacement of the varactor. Two linear-
izing models were presented and the latter, more accurate,
was utilized in the design of a CMOS preprocessor using
TSMC’s 0.18um mixed-mode process. The final prepro-
cessing circuit linearizes the voltage-frequency response
with a correlation coefficient (Rz) of 0.9988.
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