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Figure 10: Equivalent circuit for a two-pole, series cascaded AIN microresonator filter without any
external coupling components. Because of the intrinsic C, elements, there is a built-in coupling
network that limits the filter bandwidth.

Work done by (19) demonstrates how the poles of a three stage, AIN
microresonator filter design, coupled only by the intrinsic C, of the resonators,

has higher order poles that widen the filter bandwidth, depending on the ratio of

C, to C,. Thus, the ratio of % is known to limit the distance that a resonance is

o

able to be separated from the initial, first-order center frequency of the filter, with

wider bandwidths possible for very small C,. For temperature compensated AIN

microresonators, % is ~0.87%, so the pole-splitting effect that widens a filter’s

bandwidth is already limited because of C,’s relatively high value with respect to

Cx. To achieve wider bandwidth filters, C, needs to be as small as possible.

Because of the relationship between % to the coupling coefficient, k?, wider

bandwidth filters are more easily designed using resonators with higher k;, and
are more difficult to design with microresonators that have lower k. This
limitation often leads designers to construct filters with more complicated
topologies to achieve wider bandwidths. The maximum achievable fractional

bandwidth of filters versus different topologies is also directly related to the k® of
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the resonators used in the filter (18). Single-ended input and output topologies
have difficulty in exceeding fractional bandwidths that are greater than 0.45 times
the k¢ of the resonators, with ladder configurations reaching about 3% fractional

bandwidths for resonators with 7.5% k¢ (18).

The key to being able to use temperature compensated AIN microresonators with
bandwidths in the range of their ~1% ki is to negate the problematic effects of C,
when multiple resonators are cascaded in series. To study this, a two-pole
synchronous filter circuit is used to investigate the effects of external passive
reactive coupling components on the filter bandwidth, Figure 11 . The two
separate resonators in this two-pole filter are identical, and they are each created
by a parallel combination of 15 individual 4-finger electrode temperature
compensated AIN microresonators. The parallel combination of 15 resonators
effectively operates as a single microresonator with an optimized motional

impedance (see previous section) with the equivalent circuit values in Table 1.

Table 1: Equivalent circuit values for a parallel configuration of 15, 4-finger electrode AIN
microresonators

Variable Value
Cr1,2 75 fF
Co12 5.062 pF
Rx,2 740
Lx12 4768.017 nH
Cx,2 0.022 pF
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Figure 11: Two-resonator, synchronous filter equivalent circuit. AIN Microresonator 1 is exactly
identical to AIN Microresonator 2 with the values in the table above.

From examination of the two-pole filter circuit, Figure 11, in order to counteract
the bandwidth limiting effect of C,; and Cy, a shunt inductance in parallel with
those capacitors could be inserted as an external coupling component to form a

parallel LC tank circuit for the entire coupling network, Figure 12.
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Figure 12: Two-pole, synchronous filter with external shunt inductor coupling.

Since C,1=C,,=5.062 pF, the inductance needed to resonate with the total shunt
capacitance of the coupling network at the center frequency of the filter (500

MHZz) would be 10nH from equation [15].

I =i 18]
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The admittance of only the circuit labeled “Entire Coupling Network” in Figure 12,
in isolation, without the rest of the filter’s circuit components, with the two C,
components, and Lgnyn: = 10 nH with Q=20 is shown in Figure 13(a). Figure 13(b)
compares the effect on the filter bandwidth by introduction of this external shunt
inductance. The filter response of the equivalent circuit of Figure 10, with only
the coupling effect of the intrinsic C,; and C,;, is plotted in blue and red, along
with the filter response of the circuit with the external shunt inductance coupling
(purple and green) in Figure 13(b). Both equivalent filter circuits also had their
termination impedances at their input and output ports changed from the nominal
50 Q to 1 Q to remove the Q-loading effect of the termination impedance on the

resonators that would smooth out the poles and make the pole splitting less

apparent.
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Figure 13: (a) Admittance magnitude and phase of just the coupling network of Figure 12 with
Lshunt=10 nH, Cy1=Cy2=5.062 pF. (b) S-parameters of the entire filter circuit of Figure 12 with
Lshunt=10 nH (green and purple), and the filter circuit of Figure 10 without Lshunt (blue and red),
and the values in Table 1: Equivalent circuit values for a parallel configuration of 15, 4-finger
electrode AIN microresonatorsTable 1.
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With the introduction of this external shunt inductance, the admittance magnitude
of the entire coupling network, without the other circuit components in the filter,
reaches a minimum at 500 MHz as expected, indicating maximum impedance to
ground at the node between the two resonators on resonance of the parallel LC
tank circuit. This means that this shunt inductance has negated the effect of Cy;
and C,; at the filter’s center frequency by resonating with the intrinsic shunt
capacitances to form an effective open circuit. The phase of this admittance can
also be seen to cross 0° at 500 MHz, indicating a point at resonance where the
susceptance changes from inductive (or negative in polarity) to capacitive
(positive in sign). This indicates that changes to the shunt inductance around
this 10 nH value, could be used to adjust the coupling network’s susceptance to

be either capacitive or inductive.

The blue and red traces in Figure 13(b) are the transmission and reflection
parameters for the original filter circuit of Figure 10, where the two poles of the
filter, coupled only by the intrinsic Co; and C,,, are readily apparent. With the
insertion of an external coupling Lshunt into the filter circuit, the higher frequency
pole of the original filter is pulled further away towards the higher frequency side
of the filter. This indicates that the shunt inductance has reduced the coupling
network’s shunt capacitance due to the parallel combination of Cy; and Cq, to a
smaller capacitance that allows one of the poles of the filter to be tuned higher in
frequency. As the shunt inductance is reduced below the 10 nH, the impedance
of the coupling network becomes slightly inductive as shown in the Smith Chart

of Figure 14(a).
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Figure 14: (a) Impedance of just the coupling network of Figure 12 with Lshunt=5 nH, Cy1=C,,=5.062
pF (b) S-parameters of the entire filter circuit of Figure 12 with Lshunt=5 nH (green and purple), and
the filter circuit of Figure 10 without Lshunt (blue and red), and the values in Table 1: Equivalent
circuit values for a parallel configuration of 15, 4-finger electrode AIN microresonatorsTable 1.
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With this inductive admittance, the filter response, Figure 14(b), shows the filter
poles now being tuned lower in frequency than the original center frequency of
the filter's resonators. The external shunt inductance used in the coupling
network can be used to create either an inductive or capacitive susceptance in
combination with the intrinsic shunt capacitances of the resonators that are being
coupled. When there is a capacitive susceptance, the poles of the filter can be
tuned higher in frequency and with an inductive susceptance the poles are tuned

lower in frequency.

Figure 15 similarly shows the coupling network’s impedance and the filter

response when the shunt capacitance is greater than 10 nH.
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Figure 15: (a) Impedance of the coupling network when Lshunt=15 nH (b) S-parameters of the entire
filter circuit of Figure 12 with Lshunt=15 nH (green and purple), and the filter circuit of Figure 10
without Lshunt (blue and red), and the values in Table 1: Equivalent circuit values for a parallel
configuration of 15, 4-finger electrode AIN microresonatorsTable 1.

The admittance becomes capacitive and filter response shows the second pole
being tuned higher in frequency than the original center frequency of the filter
allowing a wider bandwidth to be created by tuning the poles to a higher

frequency.

Still problematic, however, is the low Q of the resonator shunt capacitances. For
CMOS integration, on-silicon inductors with high Q are difficult to manufacture as
well. The flexibility of using lower Q reactive components is a great benefit in the
synthesis of wider bandwidth filters. As a filter's poles are tuned farther away in
frequency from the original center frequency of the resonant circuits that form it,
more energy needs to be stored in the coupling network components (16). The
further away a pole is moved from the filter’s original center frequency, the more
attenuated the pole becomes and the more difficult it is to impedance match for a

wide bandwidth filter. This problem makes it challenging to realize wider
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