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Electrical cross-talk in two-port resonators - the resonant 
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Abstract 

An important design consideration in the development of two-port resonant sensors is the electrical cross-talk 
between the input port and the output port. The overall transfer function if(jo) of the two-port sensor is equal to 
the vectorial sum of a transfer function representing the mechanical behavior and a transfer function representing 
the electrical cross-talk. The resonant silicon beam force sensor with a piezoelectric driver and a piezoelectric 
detector is analyzed. Two solutions to reduce the level of cross-talk are presented. Proper adjustment of the value 
of relevant components in the sensor geometry and/or electrical interruption of the bottom electrode result in a 
cross-talk level close to the noise level for the frequency range of interest. 

Introduction 

Resonant silicon sensors, in which the measur- 
and is available as the resonance frequency of a 
micromechanical structure, offer advantages such 
as high sensitivity, high accuracy and high stabil- 
ity. Furthermore, the output is a frequency, which 
is less prone to noise and interference and, owing 
to its semi-digital nature, it is easily combined with 
digital circuitry [ 11. Also, the realization process of 
the sensor structure is based on IC technology, 
which makes it possible to add on-chip circuitry, 
for instance, to realize an electronic oscillator with 
the sensor as the frequency-determining building 
block. 

effect is caused by the electrical cross-talk between 
the driving port and the detection port [5]. The 
electrical cross-talk is a result of capacitive and/or 
resistive coupling. In the worst situation, the cross- 
talk will completely obscure the mechanical reso- 
nance of the sensor, making detection of the 
resonant peak impossible. Also, cross-talk may 
introduce ‘anti-resonance’ peaks and/or may in- 
duce a shift of the frequency at which the ampli- 
tude in the transfer function has a maximum. A 
proper understanding of the causes of electrical 
cross-talk is required in order to suppress its de- 
grading influence. 

To excite and detect the vibrational motion of 
the micromechanical structure, two approaches 
can be used. One uses a single element which 
combines the excitation and detection of the struc- 
ture and is designated as a one-port resonator [2]. 
The other uses separate elements for excitation 
and detection of the sensor structure, resulting in a 
two-port resonator [3]. For the excitation and 
detection, several transduction mechanisms are 
available [ 41. 

The performance of (resonant) sensors is de- 
graded by several unwanted effects. In the case of 
a one-port resonator these are due to the parasitic 
parallel loads, which can obscure the mechanical 
resonance [2]. For a two-port resonator, a similar 

In this paper the electrical cross-talk of two- 
port resonators is investigated further. A 
piezoelectrically driven resonant beam force sen- 
sor [3] is used as an example structure. First, a 
general model for two-port resonant sensors, in- 
cluding the electrical cross-talk, is discussed using 
polar diagrams of the different transfer functions. 
Next, an electrical network, which models the 
cross-talk of the resonant force sensor, is derived. 
It is used in conjunction with the mechanical 
model to simulate the overall sensor transfer 
function and also to make a comparison with the 
measured results. Further, the reduction of the 
cross-talk as a result of changes in the sensor 
geometry and the sensor configuration is investi- 
gated. Measurement results are presented together 
with simulations. 
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Two-port resonator - the transfer function 

The overall transfer function n(jw) of a two- 
port resonant sensor can be written as the sum of 
two contributions: n;ij,), representing the me- 
chanical behavior, and &ju), representing the 
electrical cross-talk. This is shown schematically in 
Fig. 1. In phasor notation the transfer function 
can be expressed as 

H(j0) = A?(jw) + E(jw) (1) 

as illustrated in Fig. 2. In this Figure, the cross- 
talk E(jw) is assumed to be constant in a narrow 
frequency range around the fundamental mode. 
The mechanical transfer function 1cicjo) is approx- 
imated by a circle, being characteristic for reso- 
nance. The amplitude (M(jco)( is maximal at a 
phase angle ‘p,,,, of 90” occurring at a frequency 
o = ol. The diameter of the circle depends on the 
electromechanical transduction factor a, as defined 
by Van Vlerken et al. [6], and on the quality factor 
of the resonator. High quality factors imply large 
diameter circles. 

Fig. I. Block diagram of the overall transfer function of a two-port 
resonant sensor: H(jm) E O,(j~~~)/O,(jw) = M(jw) + E(jw), where 

M(ju) represents the mechanical behavior and E(ju) represents the 

electrical cross-talk. Noise is ignored in this diagram. 

Fig. 2. Theoretical polar diagram of the different transfer functions 

of a two-port resonator (also see Fig. 1). E(jo) is assumed to be 
constant in the frequency range around the fundamental mode. Noise 
is ignored in this diagram. 
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From eqn. (1) expressions for the magnitude 
In( and ph ase (P” can be derived: 

+ 
( 

sin (pM + w sin (pE)illli (2) 

cpH = arg R(j0) 

= arctan ;::-+$ms~~ (3) 

where cp,,, and (Pi are the phase angles of the 
mechanical and electrical transfer function, respec- 
tively. In Fig. 3 a typical Bode plot of R(jw) is 
given. In this Figure, as opposed to Fig. 2, E(jw) 
is now frequency dependent. From eqns. (2) and 
(3) it can be seen that for small values of the ratio 
I4j4 I/lMjo) I th e electrical cross-talk can be 
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Fig. 3. Simulated typical Bode plots: (a) normalized modulus; (b) 
phase angle. Av is the maximum observed phase shift as indicated in 
Fig. 2. 



170 

ignored and I@ja)l and (P,, will approach 
IM(jw) 1 and q,,,,, respectively. 

The electrical cross-talk introduces an off-set of 
the resonance loop in the complex plane. This 
has several consequences. First of all, the fre- 
quencies at which the amplitudes of n;i<jw) and 
it(jw) are maximal are no longer the same. 
For the example shown in Fig. 2, the maxi- 
mum of Iit 1 occurs at a (slightly) higher fre- 
quency, w i, than the frequency w, ( <o; ) at 
which n;i<jw) has its maximum. The relative 
change in magnitude also becomes smaller due to 
the cross-talk. Furthermore, the expected phase 
shift Acp of 180” in the frequency interval around 
resonance will be smaller (see Fig. 3). All this 
makes the mechanical resonance less pronounced, 
calling for compensation and/or reduction of the 
cross-talk. 

Two approaches can be used to minimize the 
electrical cross-talk. First, a compensation tech- 
nique can be chosen. An example is an on-chip 
differential electrical design where another identi- 
cal electrical structure is realized in addition to 
the sensor structure. Here, the total output signal 
is given by the sensor output minus the output of 
the electrical structure in order to eliminate the 
electrical cross-talk. Secondly, the sensor structure 
and/or the sensor geometry can be optimized. 
This solution will be described further in the next 
section. 

The resonant silicon beam force sensor [3] 

The structure 
A schematic drawing of the sensor is shown in 

Fig. 4. The heart of the sensor is a silicon beam. 
Piezoelectric layers of ZnO are used for the exci- 
tation and detection of the vibration. A double 

i n-Si / 
L..J 

Fig. 4. Cross-sectional drawing of the resonant silicon beam force 
sensor [3]. Beam dimensions: length, 6 mm; width, 0.4 mm; thick- 
ness, 20 pm. 

layer of ZnO and SiOz is sandwiched between a 
p++-bottom and an aluminum top electrode. The 
SiO, is used to insulate the top from the bottom 
electrode and forms, in combination with the 
ZnO layer, a dielectric medium for the piezoelec- 
tric excitation and detection [7, 81. 

Theoretical model of the electrical and mechanical 
transfer function 

The model for the electrical transfer function of 
the resonant force sensor is based on the cross- 
section of Fig. 4. An equivalent electrical lumped- 
element network of the sensor is shown in Fig. 5. 
The bottom electrode is modelled with five re- 
sistors (Rlm5). The SiOz and the ZnO layers 
are modelled as a parallel combination of a 
capacitor (Csio, and Czno) and a resistor (Rsio* 
and RZnO). The model assumes that the ZnO 
layer is completely depleted [8]. The input capaci- 
tor (Ci) represents the capacitance between the 
top and the bottom electrode and Ri the d.c. 
resistance of the SiOz layer sandwiched between 
the aluminum and the p++-layer. In the model 
the parasitic impedances caused by wires, probes 
and housing are not taken into account. 

The origin of the electrical cross-talk can be 
explained with the circuit of Fig. 5. An input 
voltage will produce an output voltage because of 
the electrical connection between the input port 
and the output port. The finite resistivity of the 
bottom electrode means that node A is not at 
ground potential. Theoretically, if node A is 
grounded the cross-talk will be completely sup- 
pressed. 

Fig. 5. Equivalent electrical network of the resonant beam force 
sensor for a floating substrate. C,,,, and L,, are functions of the 
specific mass and the beam dimensions and R,, represents the 
energy losses 161. The model is valid for a narrow frequency 
range around the fundamental frequency w,. The transformer 
couples energy from the electrical domain to the mechanical domain 
and vice versa. The transformer turns ratio a depends on the 
electromechanical transduction factor a and on the mode shape 

[61. 
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The mechanical transfer function ri;icjw) of the 
resonant force sensor is modelled by a lumped- 
element model [6] as shown in Fig. 5 and applies 
for a narrow frequency range around the funda- 
mental vibrational mode. With ideal transformers 
the electrical input is converted into the mechani- 
cal domain, where each vibrational mode n is 
represented by a modal mass I,,,,,, a compliance 
C ,,,, n and a resistance R,, n, and back into the 
electrical domain. The model can easily be ex- 
tended to include other modes. The piezoelectric 
transduction is reflected in the transformer turns 
ratio a. The efficiency of the transduction is de- 
creased since only a fraction of the input voltage 
will appear across the ZnO layer. This fraction 
can be increased if the ZnO layer is deposited 
directly on top of the p+ +-bottom electrode [B]; 
this way the voltage drop across the oxide layer is 
avoided. 

Measured and simulated overall transfer function 
In Fig. 6 a measured and simulated polar plot 

of @jo) is given. Both plots clearly indicate that 
ii is equal to the sum of the two transfer 
functions M(jw) and E(j,), (compare Fig. 2). 
The electromechanical transduction factor u. is ad- 
justed in order to obtain the same loop diameter 
for the simulated plot as for the measured plot. 
The measured A(P” is about 40” and the maxi- 
mum IE&jw’,)] is -75 dB. The unloaded reso- 
nance frequency f, is around 4.8 kHz, which is 
close to the theoretical value of 4.9 kHz. 

Reduction of the electrical cross-talk 
To reduce the influence of E(jw) on I%(jw) the 

sensor structure itself is investigated. Looking at 
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Fig. 6. Measured and simulated polar diagram of H(jm) of the senyx 
shown in Fig. 4. 

the equivalent network for the electrical cross-talk 
in Fig. 5, reduction can be achieved by: 
- reducing the series resistance from point A and/ 

or B to ground; 
- reducing the capacitances to decrease the 

voltage on node A (B); 
- increasing the impedance between points A and 

B; 
_ low leakage dielectric layers to increase the d.c. 

parallel resistance. 
Implementation of the above is possible by the 

following means. 
(I) Use of other materials. For example, a metal 

can be used instead of a p++-layer for the bottom 
electrode in order to lower the resistivity of the 
bottom electrode. This way, node A will be 
grounded. A disadvantage, however, is the lack of 
stress compensation, since the tensile stress in the 

P ++-bottom electrode is used to compensate the 
compressive stress of the ZnO layer [3]. Also, 
materials can be chosen which have a higher d.c. 
resistance than CVD oxide, for example, thermal 
oxide or LPCVD silicon nitride. 

(2) Change of the sensor geometry. The value of 
relevant components in the geometry can be 
changed to reduce the voltage at node A. These 
components are the capacitor Ci and the resistors 
RI and R5. The other components (Czno, Csio, 
and Rzm4) are dictated by the required mechanical 
characteristics, making adjustments less flexible. 
The modified geometry will have a smaller bond- 
ing pad area and, furthermore, the aluminum con- 
tact for the bottom electrode is moved closer to 
the end of the sensor beam. 

(3) Change of the sensor configuration. Inter- 
ruption of the bottom electrode by means of two 
anti-serial ppn junctions will increase R3 and thus 
provides a high-resistance path between points A 
and B (see Fig. 7). The sensor is realized in an 
n-type silicon wafer. As indicated before, the ten- 
sile stress in the p++ -layer compensates the com- 
pressive stress in the ZnO layer. For a small 
interruption (20 urn), stress compensation is still 
accomplished. 

Solutions (2) and (3) have actually been realized 
and the measured results are shown in Fig. 8. 
Interruption of the bottom electrode gives a 
stronger reduction of the cross-talk. The modified 
geometry and interruption of the bottom electrode 
result in a cross-talk level of the order of the noise 
level for the frequency range of interest, that is, 
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Fig. 7. Cross-sectional drawing of the resonant silicon beam force 
sensor with the bottom electrode interrupted by means of two anti- 
serial p-n junctions. 
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Fig. 8. Measured and simulated electrical transfer function: (1) orig- 
inal design; (2) after adjusting C,, R, and R,; (3) after interrupting 
the bottom electrode. 

l-30 kHz. The second solution has also been 
simulated including the mechanical model. The 
results are shown in Fig. 9. It is clearly seen that 
the level of cross-talk is reduced, which will move 
the resonance loop closer to the origin. The cross- 
talk still affects the phase shift but the overall 
phase shift approaches 180”. An additional im- 
provement is the increase of the diameter of the 
circle. The change of geometry increases the frac- 
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Fig. 9. Simulated overall sensor transfer function 
levels of cross-talk. 

for two different 

tion of the input voltage which appears across the 
ZnO capacitor. Both the decrease of the cross- 
talk and the larger diameter imply an increase in 
the relative change of magnitude. 

Conclusions 

Besides the mechanical coupling, &@j,), be- 
tween the input and output port of two-port 
resonant sensors, an electrical coupling, E(j,), 
due to cross-talk, exists. The cross-talk is caused 
by capacitive and/or resistive coupling between 
the driving port and the detection of the sensor. 
The overall transfer function @j,) can be 
written as the vectorial sum of M(jo) and E(ja). 
In a polar diagram, H(jo) is shifted away from 
the origin due to the electrical component. In 
a Bode plot, E(jo) manifests itself as a decrease 
of the maximum phase shift of n(jo) around 
resonance and, further, by a decrease of the 
relative change in magnitude. Both effects will 
make detection of the mechanical resonance more 
difficult. 

The resonant silicon-beam force sensor with 
piezoelectric excitation and detection of the vibra- 
tional motion of the beam has been analyzed. 
In the original design, the electrical cross-talk 
limitated the maximum phase shift to about 40”. 
To reduce the cross-talk level and increase the 
phase shift of 17(jw), two solutions were investi- 
gated. First, the value of relevant components in 
the sensor geometry were changed. Second, the 
bottom electrode was interrupted by means of 
two anti-serial ,p-n junctions. Applying both so- 
lutions at the same time results in a cross-talk 
level close to the noise level for the frequency 
range of interest. Also, the overall phase shift 
approaches 180” due to reduction of the electrical 
cross-talk. 
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