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Distributed MEMS Transmission Line BPSK

Modulator
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Abstract|The application of a distributed MEMS trans-
mission line (DMTL) as a BPSK modulator is presented.
This modulator has the advantages of low loss and low re-
quired drive power compared to a typical semiconductor
based phase modulator. However, the modulation rate is
limited by the mechanical resonant frequency of the MEMS
bridges.

Index Terms|Micromechanical Devices, Millimeter-wave
Phase Shifters, Modulators, Phase Shift Keying.

I. Introduction

This letter describes the operation of a distributed
MEMS transmission line (DMTL) as a phase modulator. It
has been demonstrated that the DMTL could be used as a
phase shifter capable of achieving more phase shift simply
by increasing the length of the line. Thus, a micromechan-
ical binary phase shift keying (BPSK) modulator can be
designed by using a line with 180Æ phase shift. The DMTL
BPSK modulator requires very little drive power compared
to most semiconductor-based phase shifters. However, it is
limited in how fast it can modulate due to the mechanical
motion of the bridge.

II. Measurements

A DMTL with 96 bridges was designed to give over 180Æ

phase shift at 35 GHz and above [1]. The DMTL is fabri-
cated on a 500 �m quartz substrate with a bridge length,
W+2G, of 300 �m as seen in Figure 1. The measured
DMTL has a bridge height, go, of approximately 0.9 �m, a
bridge spacing, s, of 197 �m, a bridge width, w, of 35 �m,
and a CPW center conductor width, W, of 100 �m. The
measured pull-down voltage, Vp, for this DMTL is just
above 6 V. Figures 2 and 3 show the S-parameters and
phase shift measurements of the DMTL, and exhibit an in-
sertion loss of 3.5 dB and a phase shift of 180Æ at 35 GHz.
The DMTL used here is not optimized for lowest insertion
loss. Through optimizing the design, it is possible to obtain
1.5-1.8 dB/180Æ phase shift at 30-60 GHz in a considerably
shorter length [2].
The DMTL is measured as a BPSK modulator by apply-

ing the modulating signal to the center conductor. The sig-
nal changes the bridge height resulting in a 180Æ phase shift
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Fig. 1. Layout of a portion of a DMTL constructed of a CPW line
with center conductor width W and total CPW width W+2G,
and MEMS bridges with width w and spacing s.
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Fig. 2. Measured S-parameters of the 96 bridge DMTL at a maximum
bias voltage of 6 V.
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Fig. 3. Measured phase shift of the 96 bridge DMTL at a maximum
bias voltage of 6 V.

at the output of the DMTL. The modulated RF (35 GHz)
at the output of the DMTL is mixed down, using an har-
monic mixer, to a frequency range which can be observed
with a digital sampling oscilloscope. In this case, the mod-
ulating signal is a 0 to 6 V 1 kHz square wave. This signal
is coupled to the DMTL center conductor using a bias tee.

It is important to note the use of a back-to-back
waveguide-to-coax transition between the bias tee and the
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TABLE I

Measured, theoretical, and modeled RF spectrum of the BPSK signal in dBc.

Harmonic f�9 f�7 f�5 f�3 f�1 f0 f1 f3 f5 f7 f9
Theoretical (dBc) -23 -20.8 -17.9 -13.5 -3.9 -1 -3.9 -13.5 -17.9 -20.8 -23
Modeled (dBc) -27.4 -23.4 -18.8 -13 -3.1 -26 -5.1 -15.1 -19.4 -22.1 -24.2
Measured (dBc) -23.5 -22.8 -20.3 -13 -3 -25 -5 -14.8 -17.8 -20.8 -24.3
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Fig. 4. Measured output of the DMTL as a BPSK modulator with
a modulation rate of 1 kHz. The RF is at 35 GHz and is mixed
down to 10 kHz as shown here. Phase changes can be observed
at 0.32 �s and 0.87 �s.

RF generator. Although the bias tee will prevent DC from
passing through to the frequency generator, it will not com-
pletely block the modulation signal from reaching the RF
source. The 1 kHz modulation signal could cause unwanted
modulation and harmonics in the 35 GHz source. With the
back-to-back transition in place, the modulation signal is
far below cuto� (31.36 GHz for WR-19), and thus is not
able to reach the RF source. The RF is set to 35 GHz
and the IF is chosen to be 10 kHz. Thus, the local oscilla-
tor signal to the harmonic mixer is set to 17.5 GHz minus
5 kHz.

The measured IF signal is shown in Figure 4 and the
phase changes can be seen at 0.37 msec and 0.87 msec.
Since the modulating signal is a 1 kHz square wave, phase
changes occur at twice that rate, or every 0.5 msec. The
change in amplitude for the di�erent phase states is rel-
atively small since S21 of the DMTL changes by only
� 0:5 dB for 0 and 6 V at 35 GHz.

The RF spectrum of the modulated signal, shown in
Figure 5, is measured by taking the output of the DMTL
through another back-to-back waveguide-to-coax transition
and into a spectrum analyzer. The carrier at the output
of the DMTL, with no modulation, was measured to be
-14.7 dBm. As can be seen from the measured spectrum,
the carrier is suppressed by 25 dB as expected for a BPSK
spectrum. The measured power levels of the modulation
spectrum, in dB below the carrier (dBc), are shown in Ta-
ble I.
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Fig. 5. Measured RF spectrum of the DMTL as a BPSK modulator
with a modulation rate of 1 kHz. The carrier, with no modula-
tion, was measured to be -14.7 dBm.

III. Modeling

The theoretical spectrum of a phase modulated signal
can be broken into Fourier components, assuming a peri-
odic modulation signal, given by [3]:

cn = fm

TmZ
0

ejmp(t)�jn!mtdt (1)

where fm is the modulation rate, Tm = 1=fm, n is the har-
monic number, and mp(t) is the modulation signal. BPSK
modulation is phase modulation with a square wave signal
and a phase deviation of 180Æ. Evaluating (1) under these
conditions, the theoretical spectrum of a BPSK signal is
found. The calculated theoretical values, given in Table I,
are seen to agree reasonably well with the measured values.
The di�erential equation of motion for the MEMS bridge

is given by:

m
d2x

dt2
+ b

dx

dt
+ kx = �

1

2

�oWwV 2

(go � x)
2 (2)

where m is the mass of the bridge, b is the damping co-
eÆcient, k is the spring constant, go is the bridge height,

TABLE II

Parameters of the gold bridge used in the

calculation of Figure 6.

w 35 �m W 100 �m
l 300 �m Q 0.55
tb 2.2 �m fo 16.8 kHz
go 0.9 �m Vp 6.1 V
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Fig. 6. Numerical simulation of bridge movement under 6 V 1 kHz
square wave modulation.

w is the bridge width, W is the width of the CPW cen-
ter conductor, x is the position of the bridge away from
go, and V is the applied DC voltage. Using this equation,
a numerical solution for the bridge movement with time
is found and plotted in Figure 6. The parameters of the
bridge used in this calculation are given in Table II where
tb is the bridge thickness and the spring constant, k, is
5.0 N/m which takes into account the small compressive
stress within the bridge. The pull-down voltage is given
by Vp =

p
(8kg3o)=(27�oWw) and the damping coeÆcient

is given by b = k=(Q!o), where the resonant frequency is
!o =

p
k=m. It is assumed that the quality factor, Q, in

these beams is dominated by squeeze-�lm damping [4].

The solution for the bridge height versus time can be
used to determine the capacitance of the bridge, which in
turn is used to determine the insertion phase of the DMTL
versus time. This phase is the modulation signal, mp(t),
and is used in (1). As can be seen in Figure 6, the rise
time of the bridge is faster than the fall time due to the
di�erence between the electrostatic force pulling the beam
down and the restoring force pulling the beam back up.
This is the source of the small di�erence in the magnitudes
between the upper and lower sidebands of the measured
spectrum (Table I). The calculated sidebands from the
numerical model are shown in Table I, and agree very well
with the measured values. It is seen that the numerical
model predicts the amplitude imbalance in the upper and
lower sidebands, and the 25 dB suppression of the carrier.

The average drive power required by the DMTL can be
found from determining the total energy required to move
the bridges and charge the capacitance multiplied by the
frequency of modulation. The energy required to charge
the capacitance of the line and bridges is given by:

UC =
1

2
CtotV

2 (3)

where Ctot includes the bridge capacitance in the down
state, Cbd, as well as the transmission line capacitance,
Ct, and is given by Ctot � n � Cbd + n � s � Ct, where n
is the total number of bridges on the DMTL and s is the

spacing of the bridges. The energy required to move one
bridge is found by integrating the electrostatic force over
the distance moved:

Ub =

goZ
2go=3

�oWwV 2

2g2
dg =

�oWwV 2

4go
=

1

4
CboV

2 (4)

where the maximum possible distance has been used to
provide an upper bound on the energy. The energy dissi-
pated through damping has been neglected in this case due
to its relatively small contribution to the total energy. The
total required power is given by:

P = nfV 2

�
1

4
Cbo +

1

2
Cbd + sCt

�
(5)

where f is the frequency of modulation.
For the 96 bridge DMTL with a bridge height of 0.9 �m

and a transmission line impedance of 96 
 (�r = 3:78), the
zero bias bridge capacitance is approximately 47 fF and
the down state bridge capacitance is taken to be 56 fF.
The total capacitance to be charged is 6.4 pF and the total
energy required is 0.156 nJ. With a 1 kHz modulation rate
this results in an average drive power of � 0:16 �W, which
is extremely low.
This design is limited to 5 kHz operation due to the low

resonant frequency of the bridge. However, our calculations
show it is possible to design MEMS bridges with resonant
frequencies as high as 200 kHz by reducing the length of
the bridge [5]. This results in a larger spring constant and
therefore a higher pulldown-voltage of 25-40 V. For such
a design operated at 10 kHz (20kbs), the average drive
power increases to 20-40 �W. This is still much lower than
semiconductor based modulators which are typically on the
order of a few milliwatts or more [6].

IV. Conclusion

We have demonstrated the application of a distributed
MEMS transmission line as a BPSK modulator. The
DMTL modulator requires much lower drive power and
exhibits lower insertion loss than a typical semiconductor
based modulator. However, the modulation rate is lim-
ited by the mechanical resonant frequency of the MEMS
bridges.
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