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57 ABSTRACT 

Mixing, modulation and demodulation using the nonlinear 
properties of microelectromechanical resonators and filters 
are described. Mixing followed by filtering is implemented 
using microelectromechanical filters with nonlinear input 
transducers. AM modulation is implemented by passing a 
carrier Signal through the output transducer of a microelec 
tromechanical filter. FM and FSK demodulation is accom 
plished using parallel banks of microelectromechanical fil 
ters. The invention can be implemented using integrated 
circuit technology. 

15 Claims, 19 Drawing Sheets 

14 

7 

2 1 3. 3. E 
NY NYY 

3. B. 

  

  

  

  



5,839,062 
Page 2 

U.S. PATENT DOCUMENTS 4.328,473 5/1982 Montress et al. ....................... 333/196 
4,543,547 9/1985 Picquendar et al. ... 329/300 

3,961,288 6/1976 Gordy . 5,025,346 6/1991 Tang et al. .............................. 361/283 
3,983,514 9/1976 Coussot. 5,223,762 6/1993 Masaie et al. .......................... 333/195 
4,100,506 7/1978 Ernyei ..................................... 333/197 5,265,267 11/1993 Martin et al. ... 333/333 
4,137,511 1/1979 Jones ... ... 333/71 5,329,319 7/1994 Sgrignoli. ... 455/193 
4,191.933 3/1980 Montress et al. . 333/151 5,410,742 4/1995 Yajima ... ... 455/316 
4,207,546 6/1980 Grudkowski ............................ 333/196 5,530,410 6/1996 Chu ......................................... 333/153 

  



5,839,062 Sheet 1 of 19 Nov. 17, 1998 U.S. Patent 

|---=wnTOA oe, 

| 
HELIWIT ; 

! - - + – – – – 

©NINO 1. – – – – – – – –r- - - - - - - - - - - HOLWTTIOSO TWOOT 

  

  

  

  

  

  





5,839,062 

N 
n 

N 

Sheet 3 of 19 

N 
S N 

ZZZZZZ 
s 

Ns NYN 

N 
SN 

S ZZZZZZZ 
09 

N NN S. N 

ZZZZZZ 

Nov. 17, 1998 

S 

ZZZZZZZ 
se Ne ra N 

N 

U.S. Patent 

  

  

  

  

  

  

  



5,839,062 U.S. Patent 

  



U.S. Patent Nov. 17, 1998 Sheet 5 of 19 5,839,062 

68 

FIG.4B 

His 
, , it 98 

FIG.5A 
94 

THIN '''" 

  

  

  

  

  

  

  



U.S. Patent Nov. 17, 1998 Sheet 6 of 19 5,839,062 

I (O) 
FIG.6 

8 99 

vo-Ox) o V 
co O 

RESONATOR FILTERING 

FIG.7 

-63 

IV Coscot 



5,839,062 Sheet 7 of 19 Nov. 17, 1998 U.S. Patent 

z2 % % % 1. 

30 ! 

  

  

  

  

  

  

  

  

  

  

  





5,839,062 Sheet 9 of 19 Nov. 17, 1998 

30! 

U.S. Patent 

ZZZZZZ 

SN 

(4 M 
% 
S 

n 

SNS N 
º 

ANNANN 

NY 

NS Ns 
N 

N s 
KNNNNN ! NZZZZZZ NS 

NS 
N 

SY 

re 

N 

Nr. 

00|| 

  

  

    

  

  

  



5,839,062 Sheet 10 0f 19 Nov. 17, 1998 U.S. Patent 

HEXVEdS 
F + | I 

– – – EWITTOA 

| HELIWIT 
I 

– – – + – – – –) 
  





U.S. Patent Nov. 17, 1998 Sheet 12 0f 19 5,839,062 

ANENNA 
22 

DETECTOR 
AND 

AMPLIFER 
OUTPUT 

RESONATOR FILTERING 
V Coscot 

FIG. 12 

    

    

    

  



U.S. Patent Nov. 17, 1998 Sheet 13 of 19 5,839,062 

VP + V sincot 

FIG. 13 

EFFECTIVE V t 
RESONATOR FILTERING |COSO) 

FIG. 14 

  



U.S. Patent Nov. 17, 1998 Sheet 14 of 19 5,839,062 

VP H V sincet 

FIG.15A 

EFFECTIVE V 
RESONATOR FILTERING | Coscot 

FIG 15B 

  



U.S. Patent Nov. 17, 1998 Sheet 15 0f 19 5,839,062 

DETECTOR 
AND 

AMPLIFER 
OUTPUT 

fo2= foc2 = 10 MHz 

  



U.S. Patent Nov. 17, 1998 Sheet 16 of 19 5,839,062 

  



U.S. Patent Nov. 17, 1998 Sheet 17 of 19 5,839,062 

VP + IV coscot 
48 N 

7 O 

B>-ovo 
-- 105 

H 

VP -- IV sincot 

FIG. 18 

48 VP + IV Coscot 

VP + V sincot 

FIG. 19 

  

  



U.S. Patent Nov. 17, 1998 Sheet 18 of 19 5,839,062 

Ce co V. CN O 

> 

  



5,839,062 Sheet 19 of 19 Nov. 17, 1998 U.S. Patent 

WOd 

  



5,839,062 
1 

MIXING, MODULATION AND 
DEMODULATION VLA 

ELECTROMECHANICAL RESONATORS 

This invention was made with Government support 
under Grant (Contract) No. EEC-8614900 awarded by the 
National Science Foundation. The Government has certain 
rights to this invention. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to mixers, modu 
lators and demodulators, and more particularly to integrated 
micromechanical mixers, modulators and demodulators. 

The need for high frequency bandpass filters with high 
Selectivity having applications to telecommunication SyS 
tems has stimulated interest in integrated versions of Such 
filters, with which whole Systems may be integrated onto a 
Single chip. Examples of Systems requiring Such filters 
include radio-frequency (RF) receiver Systems, mobile/ 
cellular phone networks, and Satellite communication SyS 
temS. 

In the above-Stated applications, Several Stages of filtering 
and mixing (heterodyning) are generally required, as seen in 
the commercial FM receiver 20 whose schematic block 
diagram is shown in FIG. 1. Here, the spectrum of FM 
energy, with information Signals ranging in frequency from 
88 to 108 MHz, is collected via an antenna 22 and then 
directed to an RF filter/amplifier 24. As is known, the 
frequency of a signal may be measured either in cycles per 
Second (HZ), in which case it will be designated using the 
letter f with a Subscript, or in radians per Second, in which 
case it will be designated using the letter () with a Subscript. 
In general, the frequency Selectivity of the RF Stage is 
limited as shown by curve 30 in FIG. 1, because high-Q 
(quality factor Q in the thousands) bandpass filters with 
center frequencies ranging from the hundreds of megaHertz 
to several gigaHertz have been very difficult (very 
expensive) to implement. Thus, rather than perform the 
necessary “Station' Selection at the RF frequency, the infor 
mation at frequency f. is mixed (heterodyned) by mixer 26 
with the output of a Source Such as local oscillator 28 at 
frequency f, down to an intermediate frequency (IF) f, 
where filtering and amplification by IF amplifier 36 is much 
leSS expensive. With the above heterodyning procedure, the 
RF filter need only have enough Selectivity to reject image 
information 32 at a frequency 20f-f)=2f higher than the 
frequency f. of the desired information 34 (FIG. 1). The 
spectrum of the IF amplifier output is shown in graph 23 of 
FIG. 1. After the amplitude of this signal is rendered 
constant by limiter 25, it is applied to discriminator 27, 
whose demodulated output is amplified by audio amplifier 
29 and drives speaker 31. 

The selectivity of the RF filter, thus, determines the IF 
frequency f. If the Q of the RF filter is low enough so that 
the IF frequency is very large, a Second Stage of heterodyn 
ing with a Second IF frequency may be necessary. This is 
generally the case for very high frequency Systems, Such as 
the satellite receiver system 38 shown in FIG. 2, where the 
RF frequency is in the 1-2 GHz range, the first IF frequency 
around 400 MHz, and the signal is heterodyned to a second 
IF frequency, around 10 MHz, by second mixer 42 driven by 
Second local oscillator 40. The resulting Signal is applied to 
second IF amplifier 44 where most of the filtering and 
amplification takes place. The Spectrum of the Second IF 
amplifier output is shown in graph 35 of FIG. 2. Finally, the 
Signal is applied to detector and amplifier 33. 
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2 
The above heterodyning techniques are necessary, 

because high-Q bandpass filters with center frequencies 
ranging from the hundreds of megaHertz to Several giga 
Hertz have been very difficult to implement. Each hetero 
dyning Step is accompanied by noise, which reduces the final 
resolution of the System. In general, for high frequency 
receiver Systems, the higher the RF frequency, the more 
heterodyning Steps required, hence, the lower the resolution. 
Thus, any reduction in the number of heterodyning StepS is 
desirable. 
An object of the present invention is to provide a mixing, 

modulating or demodulating function using mechanical 
resonators or filters utilizing mechanical resonators. 

Additional objects and advantages of the invention will be 
set forth in the description which follows, and in part will be 
obvious from the description, or may be learned by practice 
of the invention. The objects and advantages of the invention 
may be realized and obtained by means of the instrumen 
talities and combinations particularly pointed out in the 
claims. 

SUMMARY OF THE INVENTION 

The present invention is directed to a System for mixing, 
modulation or demodulation comprising a mechanical reso 
nator or filter that may have a nonlinear input transducer 
Such as an interdigitated electrode Voltage-to-force trans 
ducer. 

For mixing or frequency down conversion, a total Signal 
equal to the Sum of a modulated input signal, a carrier Signal 
and possibly a DC bias may be applied at the input port of 
the resonator. A nonlinearity in, for example, the Voltage 
to-force transduction at the input port(s) of the resonator 
mixes the input signal with the carrier Signal, resulting in a 
mechanical signal, Such as a drive force, at frequencies equal 
to the sum and the difference between the carrier and the 
input frequencies. The difference frequency component of 
the drive force is then filtered by the high-Q frequency 
characteristic of the resonator or of a filter constructed of 
resonators, completing the effective mixer and filter func 
tion. Using matched mixer and filter devices, a quadrature 
combination technique can then eliminate the image fre 
quencies resulting from mixing, and a very high frequency 
receiver System can be implemented with only one hetero 
dyning step. 

For up conversion, a micromechanical device may be set 
in motion by an input modulating Signal applied to the input 
transducer. The resulting variation in, for example, the 
capacitance of the output transducer is then used to modulate 
a carrier Signal. Using matched devices, a quadrature com 
bination technique can be used to eliminate one of the 
Sidebands to obtain Single Sideband modulation. 

For FM demodulation, a quantized output can be obtained 
from a parallel bank of relatively narrow-band filters, with 
or without the mixing described above. This is practical 
because the mechanical devices used may have very Small 
Size and power requirement and can be manufactured in 
large numbers on a Single chip. 
The above mixing and filtering function can be achieved 

with any mechanical resonator-based signal processing 
device, macroscopic or microScopic. With recent advances 
in micromachining, the above devices can be integrated 
on-chip, replacing (in less area) similar functions achieved 
using traditional, transistor-based technologies, and enhanc 
ing the performance of many receiver-like Systems by 
decreasing the number of heterodyning Steps required. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in 
and constitute a part of the Specification, Schematically 
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illustrate a preferred embodiment of the invention and, 
together with the general description given above and the 
detailed description of the preferred embodiment given 
below, Serve to explain the principles of the invention. 

FIG. 1 is a Schematic block diagram of a typical com 
mercial FM receiver, the Spectrum of the Signal at the output 
of its RF amplifier, and the Spectrum of the Signal at the 
output of its IF amplifier. 

FIG. 2 is a Schematic block diagram of a typical high 
frequency Satellite receiver, the spectrum of the Signal at the 
output of its RF amplifier, and the Spectra of the Signals at 
the outputs of its IF amplifiers. 

FIG. 3 is a circuit Schematic showing the bias an excita 
tion required to implement a mixer and filter function 
utilizing a mechanical resonator. 

FIG. 4A is a schematic perspective view of the microme 
chanical filter of the system of FIG. 3. 

FIG. 4B is the schematic symbol for the filter of FIG. 4A. 
FIGS. 5A and 5B are enlarged views of a portion of the 

input transducer of the filter of FIG. 3. 
FIG. 6 is a plan view of a possible geometry for the 

micromechanical resonators used in the present invention. 
FIG. 7 is an equivalent block diagram schematic for the 

Scheme of FIG. 3. 
FIG. 8A shows resonator filtering and mixing applied to 

a Spring coupled electromechanical filter with two electri 
cally connected resonators. 

FIG. 8B shows resonator filtering and mixing applied to 
a Spring coupled electromechanical filter with two electri 
cally disconnected resonators. 

FIG. 8C shows AM modulation using a spring coupled 
electromechanical filter with two electrically disconnected 
reSOnatorS. 

FIG. 9 is a schematic block diagram of a commercial FM 
receiver utilizing the present invention, the Spectrum of the 
Signal at the output of its RF amplifier, and the Spectrum of 
the Signal at the output of its transimpedance amplifier. 

FIG. 10 is a schematic block diagram of a satellite 
receiver utilizing the present invention, the Spectrum of the 
Signal at the output of its RF amplifier and the Spectra of the 
Signals at the outputs of its two transimpedance amplifiers. 

FIG. 11 is a schematic block diagram of a receiver 
attempting to utilize the present invention in a Single het 
erodyning Step. 

FIG. 12 is an equivalent block diagram Schematic for the 
Scheme of FIG. 11, the Spectra of the Signals at the input and 
output of the mixer and the Spectrum of the Signal at the 
output of the filter. 

FIG. 13 is a Schematic block diagram for a quadrature 
technique for Suppression of the upper band image fre 
quency component in the mixer and filter and the Spectra of 
the Signals at the input and output of the System. 

FIG. 14 is an equivalent block diagram for the system of 
FIG. 13. 

FIG. 15A is a schematic block diagram for a quadrature 
technique for Suppression of the lower band image fre 
quency component in the mixer and filter. 

FIG. 15B is an equivalent block diagram for the system of 
FIG. 15A. 

FIG. 16 is a schematic block diagram of a receiver 
utilizing the present invention in a single heterodyning Step. 

FIG. 17 is a circuit schematic for a high-Q, very stable 
oscillator utilizing a micromechanical resonator as a fre 
quency reference 
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FIG. 18 is a schematic block diagram for a quadrature 

technique for upper Sideband AM modulation according to 
the present invention. 

FIG. 19 is a schematic block diagram for a quadrature 
technique for lower Sideband AM modulation according to 
the present invention. 

FIG. 20A is a schematic of an FM demodulator using a 
bank of mechanical resonator filters. 

FIG.20B is the spectrum of the passbands of the filters of 
FIG. 20A. 

FIG. 20O is a graph of an FM input signal for the 
demodulator of FIG. 20A. 

FIG. 20D is a graph of the demodulated output of the 
demodulator of FIG. 20A. 

FIG. 21A is a schematic of an FSK demodulator using a 
two-resonator bank of mechanical resonator filters. 

FIG.21B is the spectrum of the passbands of the filters of 
FIG 21A. 

FIG. 21C is the graph of the PCM signal corresponding to 
the FSK signal of FIG. 21D. 

FIG. 21D is the graph of an FSK modulated signal at the 
input of the demodulator of FIG. 21A. 

FIG. 21E is the graph of the demodulated output of the 
demodulator of FIG. 21A. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Turning now to the drawings, wherein like components 
are designated by like reference numerals throughout the 
various figures, FIG. 3 shows a circuit Schematic of a 
filtering and mixing System 46. In the Schematic, a two-port 
comb-driven micromechanical resonator 48 is shown, with 
the understanding that any mechanical resonator, with any 
number of ports, may be used in place of the shown 
reSOnator. 

The system of FIG. 3 has an input port with terminals 50 
and 52 where the modulated signal v, from source 54 is 
applied, and an output port with terminals 56 and 52 through 
which mixed and filtered output signal v, can be applied to 
a load. The electromechanical filter 48, comprising mechani 
cal filter 58 bridging input transducer 60 and output trans 
ducer 62, is biased using DC Source 64 and an AC Source 
Such as a local oscillator 66 Such that the Sum of input Signal 
vi, local oscillator output v, and DC bias voltage V, is 
applied at the input of filter 48, between nodes 50 and 68. 

It should be noted that there is no restriction on the phases 
of the input Signals. In other words, Subtraction as well as 
addition is possible. Also, the modulated and carrier Signals 
may be combined using arrangements other than the Series 
connection of their sources shown in FIG. 3. For example, 
if the Sources of the Signals have high impedance, a parallel 
rather than a Series connection may be preferable. 

Each transducer comprises two memberS movable rela 
tive to each other. Filters that can be used to practice the 
present invention can be Synthesized, for example, using 
resonators disclosed in U.S. Pat. No. 5,025,346 dated Jun. 
18, 1991, which is incorporated herein by reference. A 
transimpedance amplifier 70 is connected between the out 
put 72 of filter 48 and demodulator output 56. The mixing is 
done by input transducer 60 and the filtering by mechanical 
filter 58. 

FIG. 4A is a perspective view of micromechanical reso 
nator 48. Input and output terminals 50 and 72 are connected 
to fixed comb drive and sense electrodes 74 with suspended 
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fingers 76 and 78. Suspended plate 80 is electrically 
connected, through folded beam suspension 82 and 84, and 
anchors 86, to ground plane 88 and terminal 68. Plate 80 has 
comb structures with fingers 90 and 92 interdigitated with 
the fingers of the fixed electrodes. A schematic symbol for 
the entire structure, showing terminals 68, 50 and 72, is 
given in FIG. 4B. 

FIG. 5A is an enlargement of a portion of the comb 
structure of input transducer 60 in FIGS. 3 and 4A. It shows 
two stationary electrode fingers 94 and 96 and a movable 
finger98. The electric field lines between the movable finger 
98 and the stationary electrodes 94 and 96 are also shown. 
FIG. 5B shows finger 98 after a displacement of Ax through 
the slot between electrodes 94 and 96. The other fingers in 
FIGS. 3 and 4A operate similarly. It can be readily seen from 
FIGS. 5A and 5B that the capacitance of structure 60 
depends linearly on the finger displacement AX but this is not 
a necessary condition for the practice of the present inven 
tion. When a constant Voltage is applied between the two 
electrodes of structure 60, the electrostatic force between the 
electrodes is the derivative of the electroStatic energy with 
respect to the position X. For the electrode shape shown in 
FIGS. 5A and 5B, the force is found to be independent of 
position and proportional to the Square of the Voltage. The 
force is therefore a nonlinear function of the voltage. If the 
Voltage acroSS the electrodes of transducer 60 is used to 
characterize its input and the electroStatic force developed 
between the electrodes is used to characterize its output, it 
can be seen that the transducer has a nonlinearity. This is the 
only condition input transducer 60 must satisfy for the 
practice of heterodyning according to the present invention. 
It will be appreciated that a wide variety of transducers can 
be used within the scope of the invention. 

The force between electrode 74 and plate 80 drives the 
plate (see FIG. 4). Note that in this particular embodiment, 
plate 80 is part of filter 58 as well as of input and output 
transducers 60 and 62. In the embodiment described, the 
output or response of the filter is the Speed of motion of plate 
80. Output transducer 62 converts this signal to a current, 
which is the output of the electromechanical device 48. In 
addition to forming part of the input and output transducers, 
electrodes 74, together with ground plane 88, levitate plate 
80 in a balanced fashion. Transimpedance amplifier 70 
provides an output signal v. of the system of FIG. 3 which 
is proportional to the current at the output of transducer 62 
but with an output impedance Suitable for driving the 
intended load of the System. Note that the carrier Signal and 
other components also appear at the output of transducer 62, 
and should be attenuated by the roll off of transimpedance 
amplifier 70. In other words, transimpedance amplifier 70 
should be designed So that its passband includes the fre 
quency of oscillation of plate 80 but not the carrier fre 
quency. 
The electromechanical device of FIG. 4, used in this 

discussion, is a member of a large class of electromechanical 
filters with nonlinear input transducers, other examples of 
which are shown in FIGS. 6 and 8A-8B. The serpentine ring 
torsional structure 63 of FIG. 6 is disclosed in above 
mentioned U.S. Pat. No. 5,025,346 dated Jun. 18, 1991. 
Other such filters can be synthesized from a plurality of 
resonators with or without electrical feedback as disclosed in 
co-pending U.S. patent applications Ser. No. 07/990,582, 
now U.S. Pat. No. 5,537,083, and Ser. No. 07/989,396, now 
U.S. Pat. No. 5,491,604. The preferred embodiment of the 
present invention uses these more elaborate electromechani 
cal filters in those applications which require a frequency 
response that cannot be obtained using a single resonator. A 
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6 
simple example are the structures of FIGS. 8A-8B which 
have an additional Spring-coupled resonator. The Systems of 
FIGS. 8A-8B are similar to that of FIG.3 except that in this 
case the micromechanical filter comprises two resonators 
100 and 102 coupled by coupling spring 104 or 104". 
Resonators 100 and 102 of FIGS. 8A-8C have only one 
transducer each, but have fingers and fixed electrodes on two 
sides in order to balance plates 80 and 80'. Differential drive 
and Sense are also possible through the additional electrodes. 
In FIG. 8A, coupling spring 104 is electrically conductive. 
Resonators 100 and 102 are therefore electrically connected, 
and the same biasing circuitry, comprising AC Sources 54 
and 66 and DC Source 64, is used for both resonators. In 
FIGS. 8B and 8C, coupling spring 104' is electrically 
insulating. Here, resonator 102 may have separate biasing 
circuitry Such as, for example, DC Source 64 for levitating 
plate 80'. 
The key feature in FIG. 3 is the ac signal, v, (on top of a 

de-bias, V) applied to the movable plate of mechanical 
resonator 48. Application of v effectively moves the band 
pass of the resonator up to frequencies around the carrier 
frequency, which can be chosen very high, in the megaHertz 
or gigaHertz range. 

This phenomenon comes about because the proper com 
bination of carrier and excitation signals, v and v, 
respectively, can give rise to force components near the 
center frequency of the resonator. With the excitation con 
figuration of FIG. 3, the drive force f can be found to have 
components at dc and at frequencies 20, 20), (), (), ()-(); 
and ()+(), where () is the frequency of the excitation signal 
and () is the frequency of the carrier Signal, because the 
force is proportional to the Square of the input Voltage. 
ASSuming a reasonably large quality factor, the force com 
ponents which will excite resonance are those close to the 
resonance frequency, (), 

Such a component may arise when (),=(), which is the 
bias and excitation Scheme previously used for mechanical 
resonators. Such a component may also arise when 
co-costco, and it is this case that is used in the present 
invention. When the drive Signal has frequency approaching 
().to), a drive force f with frequency approaching (), 
arises, and the resonator oscillates around its resonance 
frequency, (). In other words, the resonator is driven by a 
Signal at frequency costco, but oscillates (and provides an 
output signal) at frequency (), which can be an IF fre 
quency. In effect, a signal at frequency (pitc), can be mixed 
down to IF and filtered using a single resonator in the 
configuration of FIG. 3. FIG. 7 explicitly shows the equiva 
lence between the resonator configuration of FIG. 3 and a 
mixer and filter function in block diagram form. The input 
Signal is mixed with a local oscillator Signal by the nonlin 
earity of the input transducer represented here as mixer 8. 
This is followed by filtering by the resonator, represented 
here as filter 99. Note that two frequency components are 
collected, one of which may be an undesirable image. 
The above theory has been developed using a single 

resonator. However, it also applies to any resonator System, 
Such as Spring-coupled micromechanical resonator filters as 
described in U.S. patent application Ser. No. 07/990,582 or 
Q-controlled microresonator filters as described in U.S. 
patent application Ser. No. 07/989,396. An explicit excita 
tion and bias configuration for the case of the Spring-coupled 
mechanical filters is shown in FIGS. 8A and 8B. For the case 
of electrically or mechanically coupled resonator filters, the 
above mixing and filtering function can be achieved by 
applying the carrier frequency to at least the resonator 100 
closest to the input. 
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The above mixer and filter device, as shown in FIG. 3, can 
be used to replace the mixer 26 and IF amplifier 36 in the 
receiver system of FIG. 1 by a resonator or filter 48 and a 
transimpedance amplifier 70, as shown in the receiver Sys 
tem 20' of FIG. 9. Here, the passband of the RF amplifier 
may be 88-108 MHz the center frequency of the resonator 
may be 10.7 MHz. For the case of the high frequency 
receiver, the System of FIG. 2 can be implemented using the 
present invention as shown in FIG. 10, where the original IF 
stages with mixers 26 and 42 and IF amplifiers and filters 36 
and 44 have been replaced by electromechanical mixer and 
filter versions using resonators or filters 48, 48" and tran 
simpedance amplifiers 70 and 70'. Here, the passband of the 
RF amplifier may be 1-2 GHz, the center frequency of the 
first resonator may be 200 MHz and the center frequency of 
the second resonator may be 10 MHz. 
AS has been discussed, the noise performance of both of 

these Systems can be improved by replacing all amplifiers, 
RF and IF, by a single electromechanical mixer and filter 
device, as shown in FIG. 11, where the frequency of local 
oscillator 28 may be 1-2 GHz-10 MHz, and the center 
frequency of resonator 48 may be 10 MHz. The system 
shown also includes a dc Source 64, transimpedance ampli 
fier 70 and detector and amplifier 33. The problem with 
doing this is that the image frequency, as well as the desired 
information frequency, will reach the output of the resonator, 
as shown in FIG. 12. Here, the local oscillator frequency is 
co, the center frequency for resonator filtering is co, the 
desired information 34 is at frequency co-co, and the 30 
image information 32 is at frequency co-co. Both the 
information frequency Signal and the image frequency Signal 
appear at the output of mixer 8. Thus, a mechanism which 
Suppresses the image frequency is required. 

FIG. 13 presents one Scheme by which image Suppression 
can be achieved. Here, the input signal is applied to two 
electromechanical mixers and filters 48, 48' in parallel. The 
two devices are identical in construction and in passband 
response, but operate slightly differently in that their applied 
carrier Signals are 90 out of phase. This may be accom 
plished by using Synchronized local oscillators or a local 
oscillator and a phase shifter. The output of the Sine carrier 
mixer and filter then goes through a 90° phase shifter 103 
after which it is Summed with the output of the cosine carrier 
mixer and filter by Summer 105. As a result, the upper 
Sideband has been Suppressed. 
From a block diagram point of view, the system of FIG. 

13 is equivalent to FIG. 14, where the mixing and filtering 
order has been reversed (but System equivalency retained) to 
show the Suppression more clearly. Note that the image 
frequency noise, which would occur a frequency (), higher 
than the carrier frequency () is now Suppressed. To collect 
information at the higher frequency and Suppress the lower 
frequency image, the system of FIG. 15A may be used. This 
system differs from that of FIG. 13 in the sign of the phase 
shift produced by phase shifter 103'. FIG. 15B is an equiva 
lent block diagram of the system of FIG. 15A with the center 
frequency of filter 99 being (). Using the image Sup 
pression scheme of FIG. 13, a feasible single-heterodyne 
high frequency receiver System would then appear as in FIG. 
16. The center frequencies of the two resonators may be 10 
MHZ. 

The high-Q, very stable local oscillator for this mixer and 
filter application can be implemented utilizing a microme 
chanical resonator embedded in a positive feedback loop. 
Several oscillator topologies are available for this purpose, 
such as the one presented in FIG. 17, where the resonator 
operates in Series resonant mode. Parallel resonant oscilla 
tors are also feasible, including the popular Pierce design. 
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The Sustaining amplifier 106 in the design of FIG. 17 is 

transresistance, using shunt-shunt feedback to achieve a low 
input resistance, and therefore minimal Q-loading. The 
amplifier comprises MOS field effect transistors designated 
m to M-7. M. and Ms Serve as replica biasing for gain Stages 
M-M and M-M7. M is usually biased in the linear 
region (Sometimes in weak inversion) by control voltage 
V, and serves as an MOS resistor. To insure start-up of 
oscillation, the gain of the transresistance amplifier should 
be chosen three or more times larger than the effective Series 
resistance of the microresonator. The output of the resonator 
is amplified by output amplifier 108 comprising MOS field 
effect transistorS Ms-Mo. Even higher frequency high-Q 
oscillators can be implemented using frequency 
multiplication, which may be phase-locked multiplication. 
The operation of the System as an amplitude modulator is 

described with reference to FIG. 3. The input signal may be 
a signal V that should be within the passband of the 
resonator. The resonator moves in response to this signal 
being applied to input transducer 60. A DC bias and the 
carrier Signal V are applied to the movable plate of resonator 
58. The amplitude of the sense current near the carrier 
frequency depends on the instantaneous value of the capaci 
tance of output transducer 62, which varies as the resonator 
moves in response to the low frequency input signal. AS a 
result, the carrier Signal is double Sideband modulated by the 
input signal. In this case, the carrier frequency should be 
within the passband of transimpedance amplifier 70, in 
contrast with the requirements for downconversion. Single 
Sideband modulation can be accomplished similar to the 
image Suppression described above, using two matched 
resonators connected as shown in FIGS. 18 and 19. 

Upper Sideband modulation may be achieved as shown in 
FIG. 18. Here, the input signal is applied to two electrome 
chanical filters 48, 48' in parallel but with a 90° phase 
difference due to phase shifter 103. 

Electromechanical filters 48 and 48" are identical in con 
Struction and in passband response, but operate slightly 
differently in that their applied carrier signals are 90 out of 
phase. The output of the sine carrier filter is summed with 
the output of the cosine carrier filter by Summer 105. If the 
signals Summed by Summer 105 are currents, Summer 105 
may simply be a node. The output of Summer 105 is then 
applied to transimpedance amplifier 70. To achieve lower 
sideband modulation, the system of FIG. 19 may be used. 
This system differs from that of FIG. 18 in the sign of the 
phase shift produced by phase shifter 103'. As in the case of 
heterodyning described before, a wide variety of electrome 
chanical filters can be used, with the difference that in this 
case the carrier Signal should be applied to the resonator 
closest to the output transducer. In the example of FIG. 8C, 
the carrier Signal is applied to resonator 102 by way of 
anchors 86, and bias DC Source 64' does not affect the 
modulated output but may be used to help levitate plate 80'. 
By using a parallel bank of mechanical resonators R1-RN 

as shown in FIG. 20A with passbands Spanning a frequency 
range as shown in FIG. 20B, or a parallel bank of filters 
constructed from Such resonators, an FM signal can be 
demodulated using the scheme shown in FIGS. 20A-D. An 
FM signal such as the one shown in FIG.20C is applied to 
the input of each resonator in the parallel bank shown in 
FIG. 20A. Here, each resonator outputs a response when the 
frequency of the FM signal traverses its frequency band. The 
output of each resonator may then be applied to a detector 
D1-DN as shown in FIG. 20A, the outputs of the detectors 
providing the demodulated Signal in a decoded form. In 
other words, the outputs of detectors D1-DN are activated 
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one at a time, and correspond to different values of the 
output Signal. Each detector output can be weighted and 
combined with the others, for example by a summer 105, 
thus generating a demodulated output in a quantized form, 
shown in FIG. 2.0D. 

The above System can be simplified to, for example, a 
two-resonator (or two-mechanical filter) System for 
demodulation of frequency-shift keyed signals using two 
keyed frequencies. This is depicted in FIGS. 21A-E. FIG. 
21A is a Schematic of the demodulating System, comprising 
resonators or filters R1-2, detectors D1-2 and Summer 105. 
The passbands of the two filters R1 and R2 are shown in 
FIG.21B. FIG. 21C is a graph of the initial PCM signal and 
FIG. 21D is a graph of the FSK signal modulated by the 
signal of FIG. 21C. The output of each resonator may then 
be applied to a detector D1-2 as shown in FIG. 21A, the 
outputs of the detectors providing the demodulated Signal in 
a decoded form. Each filter output can be weighted and 
Summed with the other thus generating a demodulated 
output in a quantized, Sampled and held form as shown in 
FIG 21E. 

For the above demodulation Schemes, the frequency range 
can be increased by using the carrier frequency mixing 
Schemes of the previous Section in this disclosure. The 
systems of FIGS. 20A and 21A can be so used by connecting 
a local oscillator to the movable plates of the resonators 
using the biasing scheme of FIG. 3. As a result, there will be 
an output Signal when the frequency of the input signal is 
higher than a frequency within the passband of the filter by 
an amount equal to the frequency of the local oscillator. 

In Summary, an apparatus and method for mixing, 
heterodyning, AM, FM and FSK demodulation and AM 
modulation have been described. 
The present invention has been described in terms of a 

preferred embodiment. The invention, however, is not lim 
ited to the embodiment depicted and described. Rather, the 
Scope of the invention is defined by the appended claims. 
What is claimed is: 
1. An apparatus comprising: 
a first electromechanical filter having a nonlinear input 

transducer, 
means for driving Said input transducer of Said first 

electromechanical filter with a first electrical input 
Signal having AC components comprised of a carrier 
Signal and an excitation signal; 

wherein Said input transducer of Said first electromechani 
cal filter is driven by Said electrical input Signal and a 
passband of Said first electromechanical filter includes 
a difference frequency between a center frequency of 
Said carrier Signal and a center frequency of Said 
excitation signals, 

a Second electromechanical filter matched to Said first 
electromechanical filter and having a nonlinear input 
transducer, 

means for driving Said input transducer of Said Second 
electromechanical filter with a Second input Signal 
having AC components comprised of Said carrier Signal 
phase shifted by 90 and said excitation signal; 

a phase shifter for shifting the phase of an output signal 
of said second electromechanical filter by one of 90 
and -90; and 

a Summer for Summing an output Signal of Said phase 
shifter with an output Signal of Said first electrome 
chanical filter. 

2. The apparatus of claim 1 further comprising a local 
oscillator for producing Said carrier Signal. 
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3. The apparatus of claim 1 wherein Said input transducer 

of Said first electromechanical filter is selected from the 
group consisting of electroStatic piezoelectric, piezoresistive 
and magnetic transducers. 

4. The apparatus of claim 1 wherein Said input transducer 
of Said first electromechanical filter comprises two electro 
Statically coupled electrodes. 

5. The apparatus of claim 4 wherein said electrostatically 
coupled electrodes are patterned to provide for each at least 
one comb with fingers interdigitated with those of the other. 

6. An apparatus comprising: 
a first member of an input transducer, 
a Second member of Said input transducer movable rela 

tive to said first member; 
a first member of an output transducer, 
a Second member of Said output transducer movable 

relative to Said first member of Said output transducer 
and coupled to Said Second member of Said input 
transducer to form an electromechanical filter having a 
passband; and 

means for providing an electrical input Signal having AC 
components comprised of a carrier Signal and an exci 
tation signal to Said input transducer, and wherein 

Said Second member of Said input transducer is driven 
relative to Said first member of Said input transducer by 
a mechanical Signal which is a nonlinear function of 
Said electrical input signal; and 

a passband of Said filter includes a difference frequency 
between a center frequency of Said carrier Signal and a 
center frequency of Said excitation signal. 

7. The apparatus of claim 6 further comprising a local 
oscillator for producing Said carrier Signal. 

8. The apparatus of claim 6 wherein said first and second 
members of Said input transducer and Said first and Second 
members of Said output transducer are electroStatically 
coupled electrodes. 

9. The apparatus of claim 8 wherein said electrostatically 
coupled electrodes are patterned to provide for each at least 
one comb with fingers interdigitated with those of the other. 

10. The apparatus of claim 8 further comprising a tran 
Simpedance amplifier connected to Said output transducer. 

11. An apparatus comprising: 
a first electromechanical filter having an input transducer 

and a passband; 
an AC Source for driving Said input transducer of Said first 

electromechanical filter with a carrier Signal and an 
excitation signal; 

a Second electromechanical filter matched to Said first 
electromechanical filter and having an input transducer, 

an AC Source for driving Said input transducer of Said 
Second electromechanical filter with Said carrier Signal 
phase shifted by 90 and said excitation signal shifted 
by 90°; and 

a Summer for Summing an output Signal of Said Second 
electromechanical filter with an output Signal of Said 
first electromechanical filter. 

12. A method for mixing a carrier Signal and an excitation 
Signal comprising the Steps of 

providing an electrical input signal having AC compo 
nents comprised of Said carrier Signal and Said excita 
tion Signal; 

applying Said electrical input Signal to an electromechani 
cal filter having a nonlinear input transducer, Said filter 
having a passband including a difference frequency 
between a center frequency of Said carrier Signal and a 
center frequency of Said excitation signal; 
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wherein Said input transducer comprises two electroStati 
cally coupled electrodes that are patterned to provide 
for each at least one comb with fingers interdigitated 
with those of the other; and 

applying the output of the electromechanical filter to a 
matched electromechanical filter with a non-linear 
input transducer patterned to provide at least one comb 
with interdigitated fingers. 

13. The method of claim 12 wherein said input transducer 
is Selected from the group consisting of electrostatic, 
piezoelectric, piezoresistive and magnetic transducers. 

14. An apparatus, comprising: 
an electromechanical filter having a nonlinear input 

transducer, Said nonlinear input transducer including 
two electrostatically coupled electrodes that are pat 
terned to provide for each at least one comb with 
fingers interdigitated with those of the other; 

an oscillator for driving Said nonlinear input transducer 
with a first electrical input Signal having AC compo 
nents comprised of a carrier Signal and an excitation 
Signal; wherein 

Said nonlinear input transducer is driven by Said electrical 
input signal and a passband of Said filter includes a 
difference frequency between a center frequency of 
Said carrier Signal and a center frequency of Said 
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excitation signal to provide for mixing of Said carrier 
Signal and Said excitation Signal; and 

a Second electromechanical filter having a Second non 
linear input transducer, Said Second electromechanical 
filter matched with and coupled to said first electrome 
chanical filter, Said Second non-linear input transducer 
patterned to provide at least one comb with interdigi 
tated fingers. 

15. A method of mixing and filtering an RF signal by an 
electromechanical resonator having a resonance frequency, 
comprising: 

applying the RF signal and a carrier Signal to a nonlinear 
input transducer of the electromechanical resonator; 

receiving an output Signal on an output of the electrome 
chanical resonator, Said output signal including a signal 
with a frequency equal to the difference between a 
center frequency of the RF signal and a center fre 
quency of the carrier Signal; and 

applying the output of the electromechanical resonator to 
a matched electromechanical filter with a non-linear 
input transducer patterned to provide at least one comb 
with interdigitated fingers. 

k k k k k 


