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Abstract - A phase shifter bascd on an array of MEMS 
is dcsigned and then analyzed by computer simulation. 
It is shown that for a stable bridge position, the 
maximum ratio of the equivalent capacitance cannot 
exceed 1.2. For a microwave signal appiied to the bridge, 
it is also shown that due to the very small time response 
of the MEMS, the equivalent capacitance depends on the 
DC voltage only. For this type of phase shifter, if the 
maximum operating frequency is much lowcr than the 
Bragg frequency, the phase shift varies linearly versus 
the frequency, so broadband applicatons such as puise 
processing are possible. 
Keywords: MEMS, phase shifter. 

I. INTRODUCTION 

During the last years, distributed circuits such as 
switches, phase shifters, BPSK modulators (see for 
example [1], [2], [3], [4]) have been integrated by 
using MEMSs (micro-electromechanical systems). 
Due to the small MEMS series resistance, these 
circuits have very low insertion loss, being an 
important advantage for millimeter-wave frequency 
range. On the other hand, the MEMS device has a 
high time response to the operating appiied voltage, 
compare to the Schottky-varactor diodes, devices also 
used for these applications. The circuits based on an 
array of MEMSs may have a low inseition loss, but 
also a large frequency bandwidth, due to their 
distributed stmcture. 

In this paper, a design procedure for the phase shifters 
based on an array of MEMSs loading a CPW 
transmission line, is presented in detail. The MEMS 
analysis is performed for DC voltage as well as for RP 
signal, showing that the device has a linear behaviour 
in the microwave frequency range. The MEMS phase 
shifter is analysed for sinusoidal and square input 
signals, wherefrom the broadband characteristics of 
these types of circuits are put into evidence. 

II. MEMS ANALYSIS 

The MEMS cross section is given in Fig. l, where 
and are the length and the thickness of the metal 
bridge, respectively. In this paper, the width of the 
metal bridge is . The bridge is suspended at a 

distance g + from the CPW central line, which, 
under the bridge, has the width W (g the air gap 
under the bridge and f j is the thickness of the 
dielectric layer deposited on the CPW central line, 
having the dielectric constant, e^^ ). When a voltage, 

V, is appiied on the metal bridge, the electrostatic 
force, F^, changes the distance between the two 
metal plates of the MEMS, from g + 
g-^ i j - z . From the mechanical point of view, the 
foilowing formula may be used for the spring 
constant, k [5]: 

k = k o • 1 -
b j bJ 

where ^o = 
32Ewtl 8a(l -

li " Ib 
, E is the 

Young's modulus, v is the Poisson's ratio and a is 
the residual stress. The dynamic equation of motion 
for the bridge, which may be solved in order to find 
the position of the bridge along the r -axis, is (see for 
example [6]): . dz , 
m - ^ b ^-k'Z 

dr dt 
w h e r e . 

td 

is the mass of the bridge and b is the damping 
coefficient. This dynamic equation has been solved by 
using a time domain method [7]. Applying this 
method, for = 300 jiim, = 60 ^m, = 1 ^im, 
g = 2.5^m, r j = 0 . 3 f i m , and for two 

values of the bridge width (Jf' = 140|im and 
JV = 90 ^im), g-z may be computed and graphically 
represented as in Fig. 2 a. It is important to observe 
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Fig. 1 The MEMS cross section 

that g- z has a very sharp variation for the appiied 
voltage around the pull-down value. Then, for values 
of the appiied voltage close to the pull-down voltage, 
the position of the bridge is not stable. In this case, for 
MEMS appiications such as phase shifters, in order to 
control the phase shift value, the appiied voltage must 
not exceed -25V, for = and ^30V, for 
W = 90 |im. It is not diffîcult to show that the 
normalized equivalent MEMS capacitance, is: 

_ 1 

-o 
where: 

= g + 
O and C^ = C , 

is the MEMS capacitance for V = 0 (the minimum 
capacitance value). The normalized capacitance, 
CJC^. versus z I z^ is shown in Fig. 2 b, for the 

same data as for Fig. 2 a. Taking into account the 
maximum value for the appiied voltage given above, 
from Fig. 2 b, it is drawn the conclusion that the 
maximum capacitance ratio is -1.2, a similar 
estimation as in [8]. 

15 20 25 
Voltage [V] 

(b) 

Fig. 2 The distance between the bridge and the dieleclric layer, (a) 
and the normalized capacitance (b), versus the apphed voltage 

The MEMS is not a fast device. If a sinusoidal signal 
is appiied on the MEMS bridge, arround a DC 
voltage, then the bridge position cannot foilows the 
fast variation of the signal. Therefore, if the signal 
frequency is high enough, the bridge position is 
possibie to be given by the DC voltage only. To prove 
this, for the MEMS geometrical dimensions given 
above, the simulation results concerning the MEMS 
behaviour to the RF signal are shown in Fig. 3, for 
W |im and in Fig. 4, for W = 90^m, where the 
amplitude of the sinusoidal signal, Vamp! ^ equal to 

IOV and the DC voltages are equal to 25V and 15V, 
respectively. The RF frequency is lOKHz, 30KHz and 
200KHZ. From these figures, it is observed that for a 
microwave signal appiied on the bridge, the MEMS 
equivalent capacitance depends on the DC voltage 
only, even if this is a noniinear capacitance, due to the 
small time response of this kind of device. As a result, 
even for high power microwave signal, the MEMS 
may be seen as a linear device. This observation is 
important for a phase shifter based on a MEMSs 
array, because the phase shift will depend only by the 
apllied DC voltage, without other small signal 
constrains. 
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III. PHASE SHIFTERS DESIGN AND ANALYSIS 

The phase shifter consists of an array of MEMSs, 
periodically loading a CPW transmission line. If the 
length of the CPWs which connect two consecutive 
MEMSs, / , is small enough, a lumped equivalent 
circuit may be used [7]. In this paper, Rl, LI, CI 
and Gl are the lumped values of the CPW equivalent 
circuit, which depend on the CPW distributed 
parameters ( /?, L, C and G). Also, R^, L^ and 

C^ will be used as notations for the equivalent 
resistance, inductance and capacitance of the MEMS, 
respectively. The formulas used for the procedure 
design of the switch may be derived from this 
equivalent circuit. If the maximum operating 
frequency, , is lower enough compare to the 
resonance frequency of the MEMS, then the influence 
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of the MEMS serics inductance may be neglectcd 

(coLj « — î — ) . Also, because thc losses due to the 
(oC j 

CPW transmission lincs and due to the MEMSs are 
small, so Rl = 0, Gl = 0 and R^^O. Thereforc, 
taking into account that the circuit consists of n 
identical cells, the Bragg frequency and the input 
impedance of the circuit are given by: 

1 
and 

LI 

where, the expression for is true only if 

/max / fb «^ • f^or ^he CPW characteristic 

impedance, Z^, the formula Z^ = , may be 

used. For the circuit design, a few constraints of the 
input data must be respected: Z,^ = 50Q and the 
value for the characteristic impedance of the CPW 
transmission line, Z^, must be higher in order 
to 
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Fig 3 The dislance between Ihe bridge and the dielectric laycr, 
for the MEMS operating at y^fc = 25 V. y^mp/ = 10 V, 

140^m and / = 10 KHz (a). 30 KHz (b) and 200 KHz (c) 
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Fig 4 The disiance between the bridge and the dielectric layer, 
for the MEMS operating al V ^ c = 15 V, = 10 V, 

and / = IO KHz (a). 30 KHz (b) and 200 KHz (c). 

decrease the CPW electrica! length, 9 (so to decrease 
the length of the circuit), but, on the other hand, it 
must be lower in order to reduce the CPW losses, a 
(Z^ must be chosen to minimize a 6 ) . For 
Z, , = 5 0 Q , / m a x / A = 0 . 1 5 , e , = 1 1 . 9 (the 
substrate dielectric constant for silicon), r = 1 îm (the 
thickness of the CPW gold metallization), 
w-i'2s = 300 ^m (w and 5 are the width and the slot 
of the CPW between MEMSs), a e is minimized if 
Z^ is 60Q - 80Q [7]. In this paper, Z^=75Q. 
Combining the expression for , Z,^ and Z^, they 

are obtained, LI ^ CI = 

and C, = [{Z^ / Z,^ f -1J- Cj. The electrical length 
of the CPW transmission line which connects two 
consecutive MEMSs may be obtained with 

6 = 271/,̂ ax ylCl 'Ll and then, by using a commercial 
software, the CPW length, / , it is easily computed. 
The distances g and t^ are usually imposed by the 
technological constraints. Assuming that the values 
for g , and ê . ^ are known, the formula for w W 

is: m W . For n cells, the maximum 

phase shift introduced by the circuit, at the maximum 
operating frequency, may be computed as 

= . This formula for <D may 

be used to compute the number of cells, if the 
value for <t> is imposed. 

Two phase shifters have been designed, the first one 
for W = 140|im and the second one for W =90|im. 
The design formulas introduced above have been 

applied for a maximum operating frequencies, f ^ ^ ^ , 
of 17GHz for the first circuit and 25GHz for the 
second one, in the both cases //max =0.15. For 
the two circuits, they were obtained 9=11.46deg, 
H' = 50^m, 5 = I25^m, while the CPW lengths and 
the CPW equivalent inductance and capacitance, 
between two consecutive MEMSs, are /=223^m, 
A/ = 0.l41nH, C/ = 25fF, for the first circuit and 
/ = 150^mi, i / = 0.094nH, C/=16 .7 fF , for the 
second one. Imposing f r = 140^m and lV = 90\m 
(geometrical dimensions for the MEMSs analyzed in 
section II), for the both circuit, = 60 ^im. Also, 
Cj=31.3fF and Q = 2 0 , 9 f F , corresponding to 

and 15V, respectively. Taking into 

account the others geometrical and electrical MEMS 
parameters (given in section II), it is obtained 
Lj = 50.75 pH. The MEMS series resistance depends 
on the frequency. For these values and w = 38, the 
maximum phase shift is = 385deg, for the both 
phase shifters, computed at f j ^ ^ = lOGHz for the 

first circuit and /^ax = 15GHz, for the second one. 
The two phase shifters have been numerically 
analyzed, in order to obtain de magnitude and the 
phase for Sj i and also the magnitude for ^ n (the 
CPW losses effect are included). The results are 
showTî in Fig. 5, wherefrom, for the phase shift, it is 
observed a good agreement between the analytical 
and simulated values (see Fig.5 a). Also, a retum loss 
better tlian 30dB (see Fig. 5b), has been obtained for 
the both circuits, while the insertion loss is smaller 
than 0.5dB for the first circuit and 0.4dB for the 
second one, up to the maximum operating 
frequencies. The second phase shifter is lossless 
compare to the first one because is shorter (the two 
circuits have the same number of cells). 

The phase shift introduced by the circuit may be also 
analyzed in the time domain. Fig. 6 shows the results 
for the second phase shifters and two values of the DC 
voltage, Vpc > IOV and 30V. The frequency of the 
input signal is 15GHz. The delay time is different in 
the two cases because the MEMS equivalent 
capacitance depends on the DC voltage. From this 
figure, the time delay introduced by the circuit is 
^74ps for Vpc = IOV and -79ps for Vj^c =30V, these 
results being in good agreement (5% error) with those 
obtained by using formula -f Cl). The 5ps 

difference between the two time delay values at 
15GHz means a phase shift difference of 27deg. In 
some applications which ask for a larger value of the 
phase shift difference, the number of cells must be 
increased or/and to minimize the infiuence of the 
CPW equivalent capacitance. 

In order to evaluate the broadband characteristic of 
this phase shifter, the next simulation has been 
performed for a square puise applied to the input of 
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the second circuit. For and puise width of 
lOps, 30ps, 50ps, the output waveforms presented in 
Fig. 7 show that if the puise width decreases, for a 
given Bragg frequency, the dispersive characteristic 
of the circuit contributes to the puise shape distorsion. 
This is because for short pulses, the condition 

//max which assures the less dispersive 
character of the circuit, is not true for the spectral 
components having important amplitudes above 
/max = 25GHz. From Fig. 7, it is observed that for 
puise width greater than 30ps, the dispersive character 
of the circuit may be neglected. For an input puise 
width of 50ps, the delay time introduced by the circuit 
is the same as for a sinusoidal wave (see Fig. 6), for 
^DC^^O"^ as well as for (see Fig. 8), 

showing the broadband characteristic of the circuit. 

IV. CONCLUSIONS 

In this paper, a pahase shifter based on an array of 
MEMSs has been designed and analyzed. It has been 
shown that in order to use MEMSs in these 
applications, the maximum ratio of the equivalent 
capacitance cannot exceed 1.2, for a stable bridge 
position. Also, due to the very small time response of 
the MEMS, if a microwave signal is applied to the 
bridge, the bridge position as well as the equivalent 
capacitance depend on the DC voltage value oniy. 
The analysis results obtained for the MEMSs array 
phase shifter show that if the maximum operating 
frequency is much lower than the Bragg frequency, 
then the phase shift varies linearly versus the 
frequency. Therefore, the delay time is practically 
constant up to this maximum operating frequency, so 
the circuit may be also used as delay circuit for 
pulses. 
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Fig 5 The numencal results obtained for the phase shift, relurn 
loss and insertion loss, for the first (1) and the second (2) 

phase shifter 
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Fig 6. The input (a) and the output (b) waveforms for the second 
phase shifter, for and =30V (the input signal 

has the frequency equal to 15GHz). 
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Fig 7 The output waveforms for pulses of different widths. appiied 
to the input of the second phase shiftcr ( =10V) 
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Fig 8 The output wavefomis for a puise of 50ps width, apphed lo 
ihe mput of the second phase shifter operatmg 

to Vqc =10V and Vqq =30V. 
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