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Abstract— V4kpTb (in N/v/Hz) and is equivalent to the noise volt-
The effect of Brownian noise on Micro-Electro-Mechanical age from a resistoiz, v,, = v/4kgTR (in V/«/Hz), with

(MEMS)-based circuits has been calculated for MEMS-based circuits : :
(phase shifters, delay circuits). The calculations are done for capaci- b replaced byR' The damplng factor, is dependent on

tive shunt MEMS switches and metal-to-metal contact series MEMS the height of the MEMS bridge, the number of holes in the
switches. The phase noise due to Brownian motion is negligible for bridge, and the viscosity of the suspending medium (air,

MEMS switches with k ~ 10 N/m, go > 2 pm, Q@ > 0.5, and pitrggen, etc.) [10], [11]. The damping factor has also a
fo ~ 50 kHz. It is also found that metal-to-metal contact series f h itchi . i th It h
switches result in much less phase noise than standard capacitiveStrong eftect on the switching time It the resulting mechan-

shunt switches. The phase noise increases rapidly for low spring- ical Q is less than 0.5. In practice, it is good to design for
constant bridges & =0.2-4 N/m), low-height bridges, and for bridges g (.5 > Q < 5s0 astoresultin a switching time which

with a large mechanical damping 2 < 0.3). Also, varactor-based de- . _ - . : ot :
signs result in 30-40 dB more phase noise than switch-based circuits. is limited by the mechanical characteristics (mass, spring

The paper proves that microwave passive circuits built using MEMS —constant, etc.) of the switch and not by the damping of the
switches (with a proper mechanical design) can be used in most com- medium underneath the switch.
mercial and military applications without any phase noise penalty.
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I. INTRODUCTION

Micro-electromechanical (MEMS) series and shunt_, e 2
switches have been recently used in many low-loss pha@ L /1
shifters circuits [1], [2], [3], [4], [5], [6]. The MEMS =270 ,_
phase shifters are typically implemented using standar
PIN diode or FET switch designs, except that the switchin§ -280
element is replaced by a MEMS switch. MEMS switches
resultin 0.05-0.2 dB loss at 1-100 GHz, and therefore yield g, |

excellent performance up to 120 GHz. However, MEMS I \\
switches suffer from Brownian noise motion which is due . . . R\

to the _thermal energy stored in the system. The_Brown- ‘30010 100 1k 10k 100k IM
ian noise results in a random change in the capacitance of Frequency [Hz]

the switch, which in turn, results in an additional phase and
a.mp“tUde hoise at .the output of a MEMS contr_olled 9§5ig. 1. Calculated Brownian noise component of a MEMS element with
cillator or phase shifter. The effect of the Brownian noise ", — 1o N/m, f, = 50 kHz, T = 300 K, andQ = 0.3, 1, 3.

on oscillators has been derived and demonstrated by Young
and Boser [7] and by Dec and Suyama [8], [9]. The goal of |t can be seen that switches with large spring constants
this paper is to calculate the Brownian noise effect on phaggd low damping coefficients result in very low Brownian

shifters, and to determine the physical parameters whigbise. The Brownian noise of a MEMS bridge with=
need to be controlled in the MEMS structure so as to resul§ N/m, f, = 50 kHz, 7' = 300 K, andQ = 0.3,1, 3, are

in very low additional noise. plotted in Fig. 1. If the spring constant is reduced to 1 N/m,
the values on figure 1 will increase by 10 dB. It is seen
Il. REVIEW OF BROWNIAN NOISE that the low-frequency value of the Brownian noise is of the

The Brownian noise of a mechanical structure with @rder ofl0~"* m//Hz for a standard MEMS bridge. The
spring constantk, a damping factorp, and a mechani- Brownian noise decreases very quickly after the mechanical
cal resonant frequency,, has been derived by Gabriel-F€Sonant frequency and is insignificant afiey.

son [10] and is: T_he Brlownian noise can be representeql as a summation
of sinusoidal waveforms with random amplitude and phase.
/4k5Th 1 A single sinusoid with a mechanical frequency.gfand

Tp = m/vVHz amplitude equal to the square root of noise power in a 1 Hz

L bandwidth around’, is written as:

wherekp is the Boltzman constan) = k/(wgb) is the oS N e
quality factor of the MEMS bridge, andy = /k/m T = 2e5 (W) sin (W'F) - m/VHz (2)

wherem is the mass of the bridge. The mechanical forcelll. B ROWNIAN NOISE EFFECTS FORMEMS SHUNT
acting on the bridge due to the thermal noisefis = SWITCHES

. S - Consider the MEMS shunt switch shown in Fig. 2. The
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k 1— (o.)’/wo)2 + jw' [ Quw,



— MEMS bridge Brownian noise can be written as:

1z
— N\ 6=on(1- -2 @
dielectric +V 1+ 90
DC contact If a microwave signal with a representationtos(wt)
% o —F % is incident on the MEMS bridge, the output signal is (ne-
: my — Iy : glecting for now, any amplitude change):
. 1
capacitive contact Vo(t) = Acos(wt + ¢) = Acos(wt + ¢o(1 — 7377"))
Vs NN 147 go
— gy — N\ | ®
+V +V Using Eq. (1), the output signal can be expanded to be:
1 Ao —
V,(t) =Acos(wt + ¢,) + 24/ 222
Z =, % (0 A coslt 4 Gl + 5 2, V

< [eos[(w — W)t + @] — cos[(w + W)t + Bo]]

9)
Fig. 2. Different shunt switch topologies (capacitive, DC-contact or ca- ) ) ) ]
pacitive with two-pull down electrodes), all with an up-state capaci- The power in each of the sidebands relative to the carrier

tanceC,. is the additional phase noise due to the MEMS bridge, and
is:
vy
the DC-contact shunt switch with two pull-down electrodes Py, = 1%%% /Hz (10)
developed by Muldavin et al [12], and Feng et al. [13]. Al- 2(1+7)% g5

ternatively, it could also be a low spring-constant switchnd at low mechanical frequencies’ ( < wo), 22 =
(Pacheco et al. [4]). What is important is that when thetkpTh)/k*> = f2/k? (in m?/Hz), wheref, is the me-
switch is in the up-state position, it allows the microwavehanical force due to thermal noise. F6f, = 50 fF,
energy to pass with very little insertion loss, and when the = 0.35, f = 10 GHz, Z, = 50 2, and a MEMS bridge
switch is in the down-state position, it presents a short ciparameters given by = 10 N/m, Q = 1, fo = 50 kHz,
cuit (or near short circuit) to ground and reflects all the irand go = 3 pm, the phase noise relative to the carrier
cident energy at the design frequency. is calculated to beP,, = 1078 (—180 dBc/Hz) for a
The up-state capacitance of the shunt switch is given bingle MEMS bridge. If the signal power is 1 mW, the
C, = Cpp + Cy, whereCy is the fringing capacitance, andphase noise is much lower than the thermal noise which
Cyp = €A/ go is the parallel-plate capacitance. Itis customis —174 dBm/Hz (noise figure = 3 dB).
ary to takeC'y = vC,, andy < 1 for most designs. When There are a four points worth mentioning. The first is the
Brownian noise is included, the parallel-plate capacitaneéfect of the spring constant on the phase naise). If the

can be written as: spring constant drops 1 N/m, the phase noise increases to
A —160 dBc/Hz for a single MEMS bridge. The second point
Cpp = € ~ Cpp (1 — T”) (3) isthe strong dependence of the phase noise on the height of
go + Tn go the MEMS structure. Eq. (10) shows that the phase noise

wherez,, is the Brownian noise movement of the MEMmSIepends on the factdy ;. However, for a fixed-fixed cir-

bridge. The up-state capacitance of the bridge is then: cular or rectangular platé depends o * [14], and ”‘efe'
fore, the phase noise dependsggr?. If a structure with

1 go = 3 um is lowered tayy = 1.2 um, the phase noise will
Cu = Cuo (1 - M%) (4) increase by 20 dB.

The third point is that the phase noise is constant at low
whereC,o = Cy+C,, = (1+7)C,, is the up-state capac-offset frequencies, and falls quickly after the mechanical
itance with zero Brownian-noise. The up-state capacitantgsonant frequency (30-300 kHz, depending on the design).
of the shunt switch results in a scattering parameter of: However, for most radar applications with moving target

indicators, the final frequencies of interests are in the 5-
Sy = : 1 (5) 100 kHz range. Designing a MEMS structure with a low
1+ (jwCuZo/2) mechanical resonant frequency (5-20 kHz) will not neces-
sarily result in better performance since this structure will
generally have a low spring constant and result in a higher
low-frequency phase noise. Also, the switching time will
be substantially lower in this case.
) Finally, Eg. (10) and Eg. (6) seem to indicate that the
The phase ob>; above is the phase delay due to the ugshase noise is dependent g, This is not entirely cor-
state capacitance of the MEMS switch, and is: rect for narrowband systems. If a circuit is well designed,
—wC.. 7, thengy = (—wCy0Zp)/2 should be chosen to be the same
u40 .
T — (6) value at any operation frequency. In other words at
f = 60 GHz should be&x smaller thanC, at 10 GHz.
For C,o = 35-70 fF andf = 10 GHz, the phase delay is Therefore, the phase noise component is independent of the
¢o = 0.055-0.11 rad. Using Eq. (4), the phase delay witklesign frequency.

wherew is the operating frequency and, is the t-line
impedance.

A. Phase noise:

¢ =



MEMS shunt switch the 3-dB coupler is the same as Case 2 above, but is ref-
erenced to half of the signal power. Also, the phase noise
components from each arm of the 3-dB coupler do not add
in phase at the output port, and therefore the total noise
power from both arms is divided equally between the input
and output ports. If the input port is well matched, then the
output phase noise relative to the carrier is just half that of
Case 2.

If several 3-dB couplers are connected in series to build,
for example, a 4-bit phase shifter from two 2-bit phase
shifters, then the phase noise at the output port will be the
addition of the phase noise resulting from each of the 3-dB
coupler/delay-line units. This holds true, of course, if the
units are well matched to each other.

V. BROWNIAN NOISE INMEMS SERIES SWITCHES
AND PHASE SHIFTERS

MEMS series switches do not suffer from Brownian
noise in the down-state position since the switch is fixed to
the substrate. However, in the up-state position, and if used
in a reflection-type phase shifter, MEMS series switches do
result in a phase noise component. The reflection phase of

a MEMS series switch is:
Fig. 3. A phase shifter based on switched networks (a), switched delay
lines (b), and reflect-line with a 3-dB coupler (c).

b = —2wCyW 7o (11)

and when the value af’, andz,, in Egs. (2,4) are used, the

phase noise relative to the carrier due tordféectionfrom
Phase shifters use a large number of MEMS switchébe MEMS series switch becomes:

The Brownian noise of different shunt capacitive switches

IV. PHASE SHIFTERS BASED ONSHUNT SWITCHES

are not correlated, and therefore, it is easy to prove that P, = };ﬁ 2 H 12
. . . . ph — 2 2 %0 / Z ( )
phase noise power of multiple shunt switches is the sum 2(1+79)2 g5

of the phase noise powers resulting from each individual ] ]
switch. This is the same for the total noise in a resistbfotice thatC, = 2-6 fF in most DC-contact switches, and

network. If the MEMS switch is in the up-state position) = 2-3 Since a large portion of the up-state capacitance
it contributes a phase noise component to the output sigr¥fid MEMS series switch is due to the parasitic capacitance
However, if the MEMS switch is in the down-state positiont,’etween the t-lines and not to the parallel-plate capacitance
it is fixed and does not contribute any phase noise. above the contact points.

Case 1: Switched-Network Designs: A switched net- MEMS series switches are used in many different phase
work phase shifter requires 4 shunt switches per tﬁ{nfter designs, such as 1) swnched t-lines [17], 2) reflec-
(Fig. 3a), and the signal will always pass by two MEMé'Or,‘ type or_3) refle_ctlon type ,W'_th 3dB couplers. Th.e
switches per bit, depending on the switch positions. Forsg_\ntched t- line deS|gns result in |nS|_gn|f|cant phase noise
3-bit design, the output phase noise is 6 times higher th§ice the MEMS switches must be in the closed position
the phase noise of a single MEMS bridge. If the switchdd P2ss the energy in the different delay sections. Most
network is a simple transmission line, then it is possible §EMS series switches, even if based on cantilever designs,
use 3 switches per bit [15], and the phase noise will be B2vek > 5 N/m andgo > 1.5 um. The phase noise of a

6x higher than the phase noise of a single MEMS bridgMEMS series switch (in reflection mode) is therefore 100-
depending on the switch selection. 300 times less than that of a shunt capacitance switch (in

trgnsmission mode).

Case 2: Reflect-Line Designs: The phase noise of . . . .
The effect of the acceleration noise, acoustic noise and

reflect-line phase shifter depends on the switch selecti%n. | . il also b d h f
In the case of a delay oP, the first set of MEMS switches las voltage noise will also be presented at t_e conter-
e. Also, we will present the effect of Brownian noise

are pulled down and there is no added phase noise. In . .

casep of the longest delay, the signal pffl)stsése by sev- N MEMS varactors and their use in MEMS-based phase

eral MEMS bridges. For a 2-bit design, the longest delacsh'ﬁers'

necessitates 3 MEMS bridges and the total phase noise is

therefore6 x higher than the phase noise of a single shunt

switch [1] R.E. Mihailovich, M. Kim, J.B. Hacker, E.A. Sovero, J. Studer, J.A.

' . . . Higgins, and J.F. DeNatale, “MEM relay for reconfigurable RF cir-

Case 3: Reflect-Line with 3-dB Couplers: In this case, cuits,” To Be Published in IEEE Microwave and Wireless Compo-

the input signal (the carrier) is divided into two parts, ~ nents LettersFeb 2001. _
h ith half of th d oh 90° t f2] C.L. Goldsmith, Z. Yao, S. Eshelman, and D. Denniston, “Per-
each wi at o € power and p asé]d apar formance of low-loss RF MEMS capacitive switchedEEE Mi-

(Fig. 3b) [16]. The phase noise generateceatharm of crowave Guided Wave Letuol. 8, pp. 269-271, August 1998.
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