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ABSTRACT

A fully-integrated high-frequency switched-capacitor bandpass filter
is evaluated. The experimental circuit from which measurements are
taken is a CMOS sixth-order 280 KHz elliptic bandpass filter with a @ of 40

and operating at a clock frequency of 4 MHz.
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1. Introduction

The objective of this project is to evaluate a fully integrated
switched-capacitor bandpass filter intended for AM IF filtering application
which was designed and fabricated in cooperation with National Semicon-

ductors.

A complete characterization of the test circuit, which consits of
determining its frequency response versus variations in power supplies
and operating clock frequency, and taking detailed measurements of

noise, distortion, and power supply rejection, will be carried out.

An analysis of the data will be attempted whenever possible in order
to account for the results obtained, either try to get agreement with

theoretical estimations or explain any discrepancy.

A description of the filter along with some highlights in the design
philosophy are first given.

2. Filter description

2. 1 Design objectives

The designed filter is a sixth-order elliptic bandpass filter which will
be used for AM intermediate frequency filtering in radio receivers for
automobiles. The specifications dictate a center frequency of 260 KHz
(within 1%), a minimum -3 dB bandwidth of 5 KHz, and a minimum stop-

band rejection of 50 dB.



2.2. Design techniques

As a step toward fully integrated communication receivers, the filter
has been implemented in CMOS. A detailed discussion of the design will be
presented in the paper by RON KANESHIRO et al. Some of its most
interesting features are summarized below which bear the explanation for

most of the measurement results observed later.

The high sampling rate‘ (4 MHz clock frequency) requires operational
amplifiers with fast settling time and sufficient DC gain. They are of fully
differential folded-cascode configuration [1]. The differential technique
should also improve the filter's dynamic range (by effectively doubling
the output voltage swing), and the rejection of common-mode signals

such as power supply variations and clock feedthrough [2].

Identical resonators are used to alleviate the sensitivity problem
comrmon to high-Q bandpass filters, and at the same time to simplify the
circuit layout. All L and C loops in the passive filter are replaced by their
Thevenin equivalents before the implementation of the active filter in
order to insure DC stability. Finally, large capacitor ratios are reduced by
using capacitive T-networks, after some approximation has been made to
convert coupling paths realized via sampling capacitors to feedforward

capacitors feeding directly into the outputs of the integrators [1].

A schematic of the circuit is given in fig. 1, and component values are

listed in Table 1.



3. Experimental Setup

S.1. Biasing circuit

A pinout diagram of the 20-pin filter integrated circuit is shown in fig.
2 along with the biasing circuit.

Since the chip, which is intended for use in automobiles, operates
from a single positive supply, a means must be provided to properly bias
the internal circuitry to the mid-point voltage level when no input is
present. This is done by tying pins 14 and 15 (Gm Out) and pins 16 and 17

(Gm In) together and connect them to pin 1 (Vey).

V,a (pin 5: positive supply for the operational amplifiers) and Vp (pin
8: power supply for the digital clock generator) must track each other for
proper operation of the chip and thus are connected to the same external

source.

Vg (pin 4: the operational amplifiers’ bias) runs off an independent
source to allow flexibility in determining the optimal operating point as
will become clear later.

-\
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The clock signal (a 4 MHz square wave from is capaci-

tively coupled to pin 7, and its DC bias is provided by the 10K-10K voltage
divider so that the incoming clock signal is effectively from 0 to Vp. Two

non-overlapping clock signals are generated internally.

The bandwidth select pin (pin 20) must be grounded for the selection
of nominal bandwidth, but can be pulled high to change the internal capa-

citor ratios if the bandwith is to be doubled.

Differential inputs provided by the peripheral circuit are applied to

pins 2 and 3, and the differential outputs {pins 18 and 19) aré converted

(9]
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to a single-ended output also by the peripheral circuit.

3.2. Peripheral circuits

A simple phase-splitter circuit shown in fig. 3a is used to provide two
exactly out-of-phase signals from the single input signal, thus eflectively

multiplying the incoming signal by 2 before feeding it to the filter.

Two voltage followers and a summer are needed to look at the

effective differential output, as shown in fig. 3b.

These peripheral circuits are realized using LF356 operational
amplifiers (low-noise JFET input) and metal-film resistors in order to
minimize their total noise contributions which turn out to be negligible

compared to the filter’'s noise.

4. Experiments: procedures, results and analysis of data

The main piece of equipment used in determining the characteristics
of the filter is the HPB556A/HPB552B spectrum analyzer which feeds a
varying-frequency sinusoidal signal to the test circuit and receives and
displays the corresponding varying-frequency output signal from the
filter. An X-Y recorder (model HP70444) is connected to the spectrum
analyzer to provide hard copies of the screen display. Slightly better
accuracy can be obtained with the automatic synthesizer (HP3330B) /

network analyzer (HP3570A) combination.

In taking measurements, the signal loss and noise contributions due
to the peripheral circuits must be taken into consideration. The signal
loss is measured to be 1.4 dB which is subtracted from the total loss as
shown on the plots for an accurate value of the filter's gain. The noise, as

mentioned before, is negligible.



And finally, for the purpose of noise measurement, all external power

supplies are replaced with batteries for cleaner power rails.

4.1. Frequency response versus power supplies

The chip is rated to operate at V, (positive supply for the operational
amplifiers) between 7V and 10V and Vg (amplifier bias) between 4V and 5V.
The first set of experiments will help determine the optimal point of

operation in terms of filter frequency response.

V, and Vg are varied independently of each other. Since Vp directly
controls the bias current of the amplifier which in turn determines the DC
gain and the unity-gain bandwidth [1], it is varied in small steps from 3.8V
to 5V; whereas V, which has a more subtle influence on the bias current is

varied in 1V steps from 8V to 10V.

The filter's frequency response is recorded for each set of values of
Va and Vp (figs. 4a through 4c), and the resulting variations of passband
ripple, gain, bandwidth, center frequency, and corresponding Q are

presented graphically in figs. Sa through Se.

A decrease in Vp results in a larger passband ripple, a larger gain at
the center frequency, a small change in the bandwidth and a downward
shift of the center frequency. A similar trend is observed when V, is
decreased. Below a certain limit (V,=8V and Vp=3.8V), the filter becomes

unstable and oscillates. These results will now be explained.

For the folded-cascode amplifier configuration used in this design, it
is shown that the amplifier DC gain is inversely proportional to the
square-root of its bias current, while its unity-gain bandwidth is directly
proportional to that quantity [1]. Thus decreasing Vg results in decreasing

the bias current which in turn yields a larger amplifier gain and a smaller



unity-gain bandwidth. Decreasing V, (the amplifier positive supply) will
have essentially the same effect, only much milder.

A larger amplifier gain improves the accuracy of the overall
response, but a smaller unity-gain bandwidth induces Q-enhancement of
the filter's poles which implies a lower center frequency and increasing
unstability due to excess phase in the switched-capacitor integrator
(larger ripple, larger gain at the center frequency). As the bandwidth gets
smaller while the sampling clock is maintained at the operating fre-

quency of 4 MHz, the circuit eventually oscillates.

An increase in Vg {or V,) shows the expected opposite effects, mainly
a reduced passband ripple and a reduced filter gain. The first effect is due
to the improved amplifier bandwidth which provides faster settling time
and therefore better stability. The second one is caused by the smaller
amplifier DC gain which makes the integrators appear lossy, thus intro-

ducing a droop in the frequency response [3].

Somewhere between the two extremes lies an optimal operating
point where the ripple is small enough and the filter gain close to the
designed value of 0.5. This optimal operating point is found at V=9V and
Vp=4.25V. A complete characterization of the filter is carried out at that
point for both cases of nominal and wide bandwidths (i.e. with pin 20
grounded and pulled high, respectively). The resulting plot of the fre-
quency response is given in fig. 6a, and a detail of the passband in fig. 6b.

The results are summarized in Table II.

A small unbalance can be noticed in the frequency response (uneven
ripple and zeros). This can be accounted for by the approximation
scheme in coupling signals from different resonators as mentioned ear-

lier.
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4.2. Frequency response versus clock frequency at optimal power sup-
plies

The next experiment studies the variations in the frequency
response as a function of the clock frequency. The power supplies are

kept at their optimal values, namely V,=9V and Vp=4.25V.

Going down in clock frequency would simply improve the stability of
the filter as the integrators have more time to settle. This is manifested

by a smaller ripple as can clearly be seen in fig. 7 and fig. Ba. Since the

effective resistance of a switched capacitor C is given by

1 .
A where f; is

the clock frequency [4], cutting down the clock frequency will increase
this effective resistance in the same ratio. This reduces the bandwidth of
each integrator which results in a proportionally reduced bandwidth and
center frequency of the filter. This effect can be observed in fig. 7 and is
graphically represented in figs. Bc and 8d where a direct linear relation-
ship between the filter's bandwidth (and center frequency) and the
operating clock frequency is detected. The Q of the filter remains practi-

cally constant, around 40 as shown in fig. Be.

Also noticed at lower clock frequencies is a decreasing filter gain
which seems to stabilize itself after f, has gone below 3 MHz (fig. 8b). At
the same time the zeros tend to rise and disappear (fiz. 7). These
frequency-dependent effects may be accounted for by the fact that the
summing amplifier in the filter circuit (fig. 1) which couples outputs from
different resonators to generate the filter output is a high-pass circuit,

due to its resistive feedback needed for DC stability.

The upper limit for the clock frequency is determined by the unity-~
gain bandwidth of the opérational amplifiers. In our case, the filter still

~
<
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functions above 4 MHz clock frequency though displaying growing ripple
and a larger gain due to peaking, before entering oscillation at f, of

approximately 4.5 MHz.

4.3. Noise measurement

As mentioned earlier, external power supplies are replaced by bat-
teries for cleaner power lines to the test circuit. As it turns out, not much
improvement can be observed. Noise coming from the front-end (phase
splitter) and back-end (differential-to-single-ended output) circuits is so
small it can not even be measured. Thus any noise recorded would come

totally from the filter chip.

Fig. 9a shows the noise level at the nominal operating point (V,=9V

and V3=4.25V). The in-band noise density is computed by:

_ . . =Aue'rg.ge of recorded in—band noise level
n—band noise density Vifeasurement bandwidth
From fig. Sa, the in-band noise density is measured to be 8.9
WVems/VHz. For a ripple bandwidth of 5.8 KHz, this corresponds to a total

in-band noise of 517 uVims.

Fig. 9b presents the noise level at the most stable operating point
(Va=10V and Vp=5V). The corresponding in-band noise density is 5.5
Vms/VHz. This is in line with previous results, as the reduction in the
in-band noise density is probably due to the reduction in the filter gain at
this operating point.

Figs. 10a and 10b show the noise level at lower clock frequencies.
These recorded variations in the noise level are plotted in fig. 11 and indi-

cate a steady increase in the in-band noise density with decreasing clock

v



‘negligible compared to the ==—noise in this case.

frequency. In the case where V,=10V and V=5V, the noise density
increases by a factor of about V2 for a reduction by half of the clock fre-

quency. We will now try to find a theoretical explanation for this.

At high frequencies, the dominant noise sources in a switched-
capacitor filter consist of the wideband noise contributed by the MOS

operational amplifiers and the thermal noise from the channel resistance

of the MOS switches (also referred to as the k—C;I‘—noise). 1t has been shown

that for a switched-capacitor integrator with sampling capacitor Cs and

c
integrating capacitor C; where %is much smaller than 1, the equivalent

2KkT
Csfe

tive and negative frequencies far below the clock rate [2]. Here k is the

input k—g-noise power spectral density is over the range of both posi-

Boltzmann's constant, T is the absolute temperature and f. is the clock

frequency. Since the equivalent resistance Rqq of the switched capacitor is

Est‘l_' the equivalent input %r—noise power spectral density can also be
C
written as 2kTR,q which turns out to be the thermal noise power spectral

density of a resistor used in a continuous-time RC integrator. For a ratio

%—f—not. negligible compared to 1, the result will be less than 2kTR,, [2].

As Req is inversely proportional to the clock frequency f., decreasing
fo would increase Rqq - and thus the noise power spectral density - by the
same ratio. The corresponding noise voltage spectral density would be
increased by the square-root of this ratio. Since for the case where
V,=10V and V=5V the results seem to bear out this theoretical estima-

tion, we are led to believe that the operational amplifier wideband noise is

kT
c

17L
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As a final check, we replace all the switched capacitors in the circuit
in fig. 1 by their equivalent resistances and run a noise analysis using

SPICE. The computer printout is included in the appendix. In our case,

the ‘operating frequencies are around 260 KHz - approximately %—of the

0.56
1.38

Cs
G

clock frequency (4 MHz) - and the ratio is equal to or 0.4. Since

this ratio is not a whole lot smaller than unity, we expect the actual vaiue

for noise to be smaller than the simulated result as discussed above.

The in-band noise density is simulated to be 8.8 LVyms/VHz. The
simulation is carried out using a single-input path rather than a fully
differential path, which means the simulated result for the actual fully
differential circuit is V2 times the listed result since the total number of

components is doubled and so is the noise power spectral density.

The computer-simulated value for the output in-band noise voltage
density is therefore 9.3 4Vims/VHz, and is indeed larger than the actual

measured value (6.9 4Vime/VHzZ) as expected.

4.4. Distortion and dynamic range

Fig. 12 shows the relationship betwwen the input and the output of
the filter. At low input level, this relationship is a linear function with a
gain of 0.5 (or -6 dB). As the input grows larger, the gain becomes smaller
after the input has reached a certain level, indicating distortion in the

output. This input level is in the neighborhood of 2.7 Vp;, (peak to peak).

In order to measure distortion more accurately, we resort to the
intermodulation technique. Two equal-amplitude signals whose different
frequencies fall within the passband are applied simultaneously to the

input of the filter, and the frequency spectrum of the output’is recorded

eri
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and analyzed. Fig. 13a shows a plot of that spectrum at optimal operating
point. The total IM harmonic distortion in the output is given by:

V'L Vermnics
Vzvﬁmdammw

THD =

The input level corresponding to a fixed maximum THD - 1% as in
most cases - is to be found by trial-and-error, and determines the upper
limit of the dynamic range of the filter. Fig. 13a shows that for an input
level of 3 V;, (or 1.06 Vip,) the harmonics are at -43.8 dB (representing a
factor of 0.00604) and -40 dB (factor of 0.01) relative to the fundamentals.
The corresponding THD is:

) 2
V(0.00604)° + (0.01) = 0.83%
V2
The total in-band noise voltage in this case has been computed to be
517 uVimg The dynamic range at optimal operating point for a THD of
0.837 is therefore:

. _ Mazimum input _ 1.06
Dynamic range = Minimum input ~ 517x1078

= 2050 or 66.2 dB

The clock frequency is then cut down to half its nominal value, i.e. 2
MHz. This should improve the dynamic range of the filter as the opera-

tional amplifiers have more time to settle and become more stable.

Fig. 13b shows the corresponding frequency spectrum of the output
for an input level of 4 V;, (or 1.414 Vo). The THD is computed to be
0.727%. At V=9V, Vp=4.25V and f.=2 MHz, the in-band noise density is 7.27
UWVems/VHz (fig. 11), the bandwidth is 3.2 KHz (fig. Bc), thus yielding a

total in-band noise of 411 uVrms. .

EvL
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In this case, the dynamic range for a THD of 0.727% is equal to:

1.414

m= 3441 or 70.7 dB

There is indeed an improvement of 4.5 dB in the dynamic range of
the filter as the clock frequency is reduced to half its nominal value.

4.5. Power supply rejection

With no AC signals present in the circuit and zero differential input, a
DC differential output of 25 mV is recorded. This indicates possible
mismatch problems in the circuit which could affect the next set of meas-

urements.

A P-well CMOS technology was used to implement the filter. The N-
type body is tied to the most positive voltage potential, namely V,, so that
any noise detected in V, will be coupled through parasitic capacitances to
the input paths of the integrators. Since a fully differential configuration
is used, these parasitic signals will be canceled out if the input paths are
perfectly balanced. If they are not, a residual differential output will

result.

In order to measure how balanced the circuit actually is, an AC
common-mode signal is directly applied to the input pins of the filter,
bypassing the front-end circuit. In the ideal case, we expect a null
differential output. In reality, a non-zero differential output is recorded,
and fig. 14 shows a differential-to-common-mode gain of -20 dB (or 0.1).

From this result we can suspect a pretty low power supply rejection.

A frequency-varying source is then capacitively coupled to V, with

zero differential voltage at the input, and the differential output

VYL
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measured. The plot in-fig. 15a indicates a power supply rejection of only
9dB.

In an attempt to correct for the unbalance in the circuit, the same
signal is also capacitively coupled to Vp to induce variations in the
common-mode levels, hoping to counteract and minimize the effect of the
parasitic signals. This does in fact improve the power supply rejection to

about 17 dB as shown in fig. 15b.

Finally, the same signal is injected to the input paths so that the
power supply rejection thus measured is actually the power supply rejec-
tion of Vgg, the bottom-rail power supply which happens to be the ground

line in this case. In fig. 15¢ it is measured to be approximately 9 dB.

The same experiments are repeated with the clock frequency at 1—10—

of its nominal value, i.e. 400 KHz. The results are plotted in figs. 16a and
16b. The power supply rejection is around 6 dB and - in contrast to the
nominal case at f,=4 MHz - remains more or less constant, indicating a

frequency dependence of the parasitic coupling mechanism.

4.8. Sensitivity to process variations

It is shown that the frequency response of a high-Q bandpass filter is
mainly sensitive to the center frequencies of the individual resonators in
the circuit [1]. Therefore, the primary concern is to insure matching
resonator center frequencies. This design uses identical resonators
operating at the same center frequency, inter-connected by passive ele-
ments which determine the si:ape of the response about the center fre-
quency. Since the resonator center frequencies are then determined by a

same capacitor ratio, good accuracy of the filter center frequency can be

- easily achieved. - ~-- - ool o e e e e

Sv.L
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Figs. 17a and 17b show the frequency responses of five different units
at the nominal clock frequency. They exhibit small variations in gain and
ripple, but the center frequencies are all very close to 259 KHz (worst-

case variation of 0.2%).

In the experiment which yields the data displayed in figs. 18a and
18b, the clock frequency is decreased by half to improve the stability of
the circuits. The resulting frequency responses are even better, showing

almost perfectly matched center frequencies.

5. Conclusion

In this project we have carried out a complete characterization of a
high-frequency filter, and the results are summarized in Table IIl. The fre-
quency response is well within the specifications. The noise level is some-
what high, but comes fairly close to the computer estimation, suggesting
a possible reduction of the noise level by the use of larger capacitances
which would also bring about an improvement in the time constant associ-
ated with the charge redistribution, but at the same time a larger clock

feedthrough and therefore a degradation in the power supply rejection.

The chip also presents some aspects associated with high-frequency
filters such as unstability at very high clock frequencies and sensitivity in
the response of the circuit to non-ideal operating conditions (power sup-
plies, non-ideal operational amplifiers etc.). The latter could be one expla-
nation for the relatively low power supply rejection which has not until

now been recorded for a high-frequency filter.

Finally, the collected data indicates - as expected - that the sensi-

tivity of the frequency response to process variations is improved by

-

using identical resonators in the circuit.
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Figure Captions

1. 6th-order elliptic bandpass filter

2. Biasing circuit for the filter

3a. Front-end circuit: phase splitter

8b. Conversion from differential to single-ended output
4a. 4b. 4c. Frequency response vs. power supplies
5a. Ripple vs. power supplies

5b. Filter gain vs. power supplies

Sc. Bandwidth vs. power supplies

5d. Center frequency vs. power supplies

Se. Filter's Q vs. power supplies

6a. Frequency response at optimal operating point
6b. Passband at optimal operating point

7. Frequency response vs. clock frequency

Ba. Ripple vs. clock frequency

B8b. Filter gain vs. clock frequency

8c. Bandwidth vs. clock frequency

Bd. Center frequency vs. clock frequency

Be. Filter's Q vs. clock frequency

fa. Noise level at nominal operating point

Bb. Noise level at another operating point

10a Noise level at nominal supplies and half clock frequency

10b Noise level vs. clock frequency
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11. In-band noise density vs. clok frequency

12. Output level vs. input level

13a IM distortion at nominal operating point

13b IM distortion at half clock frequency

14. Differential-to-common-mode gain

15a Power supply rejection of V,

15b Power supply rejection of V4 and Vg

15¢c Power supply rejection of Vgs

16a Power supply rejection of V, at {,=400 KHz

16b Power supply rejection of V, and Vg at £,=400 KHz

17a Frequency responses of 5 different units at nominal clock frequency
17b Passbands of 5 different units at nominal clock frequency

1Ba Frequency responses of 5 different units at half clock frequency

18b Passbands of 5 different units at half clock frequency

Table Captions
1. Component values
0. Characteristics of filter at nominal power supplies

IIl. Performance parameters of filter at nominal operating point
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TABLE 1
Component Values
CAPACITOR VALUE (pF)
C; 0.2
Cy. Cs. Ca. C10, Cys. Cye
1.38202737
Ca, C4. C22, Cy7
Cs, Ca, Co. Cy1y, Cig. Cyg | 0.56006799
Cia Cgy 0.75372972
Co 1.45049940
Parasitic
Cp
Capacitance
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TABLY 1]

Characteristics ol Filter at Nominal Power Supplies

Nominal Bandwidth

Wide Bandwidth

Ripple 1.34dB 1.1dB
Ripple Bandwidth 5.8 KHz 12.2 KHz
-3 dB Bandwidth 6.5 KHz 13.3 KHz
+/-10 KHz Rejection -38 dB -38 dB
Zeros "+/-20 KHz +/-40 KHz
-72 &B/—?_G dB -73 dB/-78 dB
Stopband Rejection '~ -61dB -61 dB
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TABLE

Performance Parameters of Filter

at Nominal Operating point
o Clock rate f, 4 MHz
Center frequency 259 KHz
Selectivity Q 40
In-band Gain -6 dB
Ripple 1.3dB
Stopband Rejection -1 dB
Total In-band Noise 517 Vs
Power Supply Rejection 17 dB

0S5.
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1 ###%¥¥H09/01 /62 ##u#udss SPICE 26.5 (04AUGS1) #xsxuxx##13: 06: Slskss¥
OSWITCHED-CAPACITOR FILTER

O# #3%4# INPUT LISTING TEMPERATURE = 27. 000 DEG C

Q2434 3636 35 3855 - 2 H 35 035 Fb o T2 b6 3 26 3F 303096 36 36 45 3 6 3638 36 3605 338 36 3036 36 36 36 36 45 36 36 S 3 36 P I SR RS RHUK

VIN 1 0 AC 2

CO 1 3 0.01%5274FF

C4 3 4 1.3820273726PF
Eft 4 O O 3 1IMEG

I1 30DC O

R1 4 5 0. 4463743MEG
ER2 6 0 05 IMEG

I2 5 0 DC O

E3 7 0 60 -1

CS5 5 & 1.3320273726PF
R2 7 3 0. 4463743MEG
Cé6 6 3 0.0201814PF

C? 6 10 0. 029548PF

C12 10 11 1.3820273726FF
E4 11 O O 10 1MEG

I3 10 0 BC O

ES5 12 0 11 O -1

R3 12 13 0. 4453743MeG
Cl12A 13 14 1. 382027372&PF
E6& 14 O O 13 1IMEG

I4 13 0 BC O

R4 14 10 0. 44463743MEG
C13 14 3 0. 0201814PF

Ci6 14 17 0. 0201814PF
C19 17 18 1. 3820273726PF
E7 18 0 O 17 1MEG

15 17 0 DC O

RS 18 19 0. 4453743MEG
C20 19 20 1.382027372&PF
EB 20 0 O 19 1IMEG

I4 19 O BC O

E? 21 0 20 O -1

R& 21 17 0. 4463743MEG
C21 20 17 0. 0201814PF
C24 20 10 0. 029548PF

C27 & 25 0. 020597&PF

C30 25 26 1. 5419782504PF
€31 21 25 1. 5419782504FF
R7 25 26 2. SMEG

E10 26 0 0 25 1MEG

17 25 0 BC O

.AC LIN 200 230K 290K

. PLOT AC VDB(26)

. NOISE v(26) VIN

. PLOT NOISE ONOISE

. WIDTH OQUT=80

. END

1##xuu#809/01/82 ####x#ss SPICE 26. 5 (04AUGBL)  #¥sw##u##13: 06: Sli#nitsk

GSWITCHED-CAPACITOR FILTER

O dedt st SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27. 000 DEG C

O3 36 36 35 % 34 3515 26 3 6 36 36 36 35 3 38 3 36 30 334 36 36 30 303030 26 34 3630 3 3 36 0 3 300 6 dE b e b S0 bR 33696 36 3645 30 HE I A E AR RE



NGDE VOLTAGE MNODE VOLTAGE NODE VOLTAGE NODE VOLTAGE
« 13 0. ¢ 3 0. ( 4) 0. ¢ 3 0.

« &) 0. « 7 0. ¢ 10) 0. ¢ 11) 0.

¢ 12) 0. ( 13 0. ( 14) 0. ( 17) 0.

¢ 18 0. ¢ 19) 0. ( 20) 0. ( 21) 0

( 25} 0. ( 26) 0

VOLTASE SOURCE CURRENTS

N&ME CURRENT

VIN 0. d+00

TOTAL POWER DISSIPATION 0. d+00 WATTS

1###%#x209/01/82 ##n#sus# SPICE 26. 5 (04AUGB1)  ###d####13: 06 S1H#kus

OSWITCHED-CAPACITOR FILTER

Qs34 GPERATING POINT INFORMATION TEMPERATURE = 27. 000 DEG C

O 3636 36 3 324 20 3000 3 3030 T30 30 3 3030 036 38 336036 303 3626 90 30 3030 3030 30 30 402 36 30 3626 38 3636 3638 35 3646 36 30 36 20 36 45 3 S 4R 36 23 36 AR H 20 36 3

0
O#### VOLTAGE-CONTROLLED VOLTAGE SOURCES

0 El E2 E3 E4 ES E6 E7
V-5CURCE 0. 0. 0. 0. 0. 0. 0.
I-SOURCE 0. d+00 O d+00 0. d+00 O. d+00 0. d+00 O. d+00 O. d+0

o EB E® E10
V-S0OURCE 0. 0. 0.

I-SOURCE ©. d+00 0. d+00 0. d+00

1 #3334 Q9 /01 /82 ###itH w4t

SPICE 2G. 5 (04AUGB1) #iswsnu#13: 06: S1#wuts

OSWITCHED~-CAPACITOR FILTER

Okt 3¢ AC ANALYSIS TEMPERATURE = 27. 000 DEG C

O3 3836440 38 36 36 3 I 36 36 30 F 2 3360 33008 36 30 36 3636 3 35 38 36 3616 2638 46 35 36 3638 369636 30 3036 30 606 36 36 3636 36 46 36 35 36 36 64 6 R0 0 S 0 8

FREQ VDB (24)
X -8. 000d+01 -4. 000d+01 -4, 000d+01 ~-a. 000d+01 0. d
2. 300d+05 -6. 087d+01 #,
2. 303d+05 -6. 093d+01 L
2. 306d+05 -6. 100d+01 *,
2. 309d+05 -6. 107d+01 #*,



II'JFJI‘JIUDJI"JDJI‘J!'JFJPJFJFJDJ!‘J!‘JPJI'JPJI’UI"J[’J[UIUNI‘JI‘J[‘JFJI‘JFJDJFJI‘JI‘JFJ!‘J['UPJI"JIUPJPJN!'J?JPJNI‘JI‘JPJFJI"JI'JI"JpJ!‘J?JI‘JI’JI‘JFJPJFJ!‘JF.

L Sl20TUD

315d+03

.318d+05
. 321d+05
. 324d+05
. 327d+095
. 330d+035
. 333d+05

336d+05
339d+035
342d+05

. 345d+05
. 348d+05
.351d+05
. 394d+05
. 357d+05
. 360d+05
. 363d+05
. 366d+05
. 362d+05

372d+05
375d+05

. 378d+05
. 381d+03
. 384d+05
. 387d+05
. 390d+05
. 393d+05

396d+05
399d+05

. 403d+05
. 40&6d+05
. 409d+03
. 412d+05
. 415d+05
.418d+05
. 421d+05
. 424d+03

427d+05

. 430d4+05
. 433d+05
. 436d+05
. 439d+03

442d+05
445d+05

. 448d+05
.451d+05
. 454d+05
. 457d+05
. 440d4+05

443d+05
466d+05

. 469d+05
. 472d+05
. 475d+05
. 478d+05
. 481d+05

484d+05

. 487d+05
. 490d4+05
. 493d+05
. 4926d+05
. 499d+05
. 902d+05
. 5095d+05
. 908d+05

. il0aTvL
. 125d+01
. 136d+01
. 147d+01
. 160d+01
. 175d+01
.191d+01
. 208d+01
. 228d+01
. 250d+01
. 275d+01
. 302d+01
. 333d+01
. 367d+01
. 406d+01
. 449d+01
. 498d+01
. 554d+01
.619d+01
. 692d+01
. 776d+01
. 873d+01 .
. 981d+01 .
. 097d+01
. 204d+01
. 266d+01
. 239d+01
.118d+01
. 944d+01
. 756d+01
. 575d+01
. 4044d+01
. 246d+01
. 098d+01
. 959d+01
. B29d+01
. 7054+01
. 986d+01
. 473d+01 .
. 362d+01 .
. 255d+01
.151d+01
. 049d+01
. 948d+01
. 849d+01
.7951d+01
. 654d+01
. 957d+01
. 461d+01
. 364d+01 .
. 267d+01 .
. 170d+01
.072d+01
. 973d+01
. 8744401 .
. 773d+01 .
.670d+01 .
. 966d+01
. 459d+01 .
. 350d+01 .
. 2392d+01
. 124d+01
. 007d+01 .
. 885d+01

. 760d+01 .
. 629d+01 .
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. 314d+05
. 217d+05
. 520d+03
. 523d+05
. 526d+05
. 529d+03
. 332d+05
. 5394+05
. 538d+05
. 541d+05
. 544d+05
. 947d4+05
. 950d+05
. 953d+035
. 956d+05
. 959d4+03
. 962d+035
. 563d+05
. 968d+05
.571d+03
. 5744d+05
. 577d+05
. 580d+05
. 583d+05
. 986d+05
. 989d+05
. 572d+05
. 595d+05
. 998d+05
. 602d+05
. 605d+05
. 608d+05
.611d+05
. 614d+05
.617d+05
. 620d+05
. 623d+05
. 626d+05
. 629d+05
. 632d+05
. 635d+05
. 638d+05
. 641d+05
. 6444+05
. 647d4+05
. 650d+05

6533d+05
&656d+05
&39d+05

. 662d+0Q5
. 665d+05
. 668d+03
. 671d+05
. 674d+05
. 677d+05
. 680d+03
. 683d+05
. 686d+03
. 689d+05°
. 692d+05
. 695d+05
. 678d+05
.701d+053
. 704d+035
. 707d+05

PN L s AT

TR UTU L
. 352d+01
. 203d+01
.047d+01
. 882d+01
. 706d+01
. 919d+01
. 319d+01
. 103d+01 .
. 773d+00 .
. 403d+00 .
. 086&d+00 .
. 127d+00 .
. 9230d-01
. 970d-01
. 064d-01
.?212d-01
. 228d-01
. 422d-01
. 9464d-01
. 0446d-01
.414d-01
. 226d-01
. 8932d-01
. 930d-01
. 908d-01
. 952d-01
. 900d-01
. 459d-01
. 927d-01
. 381d-01
. 658d-01
. 954d-01 .
. 07&6d+00 .
. 439d+00 .
. 433d+00 .
. 705d+00 .
. 995d+00 .
. 1192d+01
. 325d+01
. 917d+01
. 697d+01
. 865d+01
. 024d+01
. 175d+01
. 317d+01
. 453d+01
. 983d+01
. 708d+01
. 828d+01
. 944d+01
.057d+01 .
. 165d+01

. 271d+01
. 374d+01
. 475d+01
. 974d+01
. &70d+01
. 765d+01
. 858d+01
. 950d+01
.041d+01
.131d+01
. 219d+01
. 308d+01
. 396d+01

AN S e



PJFJPJI'JI‘JPJI"JFJPJI"JFJN(‘JI‘JlUl‘JI"JPJFJI'JPJI‘JI‘JI‘JFJPJPJDJ!'JPJ!UI’Jl"JPJPJFJFJ!’JPJI"JI’JI’JIUFJI'JFJDJI'JFJFJFJFJI‘JDJ!’J!’J!"JI‘JFJPJFJFJPJP.

RVARVITE SV
. 713d+05
. 716d4+05
. 7194+05
. 722d+05
. 723d+05
. 728d+05

731d+05
734d+05
737d+05

. 740d+03
. 743d+05
. 746d+05
. 749d+05
. 752d+03
. 755d+05
. 738d+05
. 761d+05 -
. 764d+05
. 7687d+05
. 770d+05
. 773d+05
. 776d+05
. 779d+05
. 782d+05
. 785d+05

788d+05

. 791d+05
. 794d+095
. 797d+05
.BO1d+05
. BO4d+05
. 807d+05
. 810d+05
. 813d+05

816d+05

. 819d+05
. B22d+05
. 825d+05
. 8284+05
. B31d+05
. 8344d+05
. 837d+05
. 840d+05
. 843d+05
. 846d+05
. 849d+0S
. 852d+05
. 855d+035
. 858d+05
. 861d+05
. 864d+05
. 867d+05
. 870d+05
. 873d+05

874d+05

. 8794+05
. 882d+05
. 885d+05
. 888d+05
. 821d+05
. 894d+05
. 897d+05
. 200d+05

L OSUTU L
. 570d+01
. &658d+01
. 7454+01
. 834d+01
. 922d+01
.012d+01
. 102d+01
. 194d+01
. 288d+01
. 384d+01
.482d+01 .
. 982d+01

. 68468d+01
. 794d+01
. 9207d+01
. 025d+01
. 149d+01
. 281d+01
.421d+01
. 9562d+01
. 726d+01
. 888d+01
. 045d+01
. 178d+01
. 255d+01
. 258d+01
. 200d+01
. 1092d+01
.010d+01
. 915d+01
. 828d+01
. 750d+01
. 680d+01
. 619d+01
. 964d4+01
. 515d+01
.471d+01
. 432d+01
. 396d+01
. 364d4+01
. 335d+01
. 309d+01
. 285d+01
. 264d4+01
. 244d+01
. 226d+01
. 209d+01
. 194d+01
. 180d+01
. 167d+01
. 156d+01
. 145d+01
. 135d+01
. 126d+01
. 1184+01
.1114+01
. 104d+01
. 098d+01
. 092d+01
. 087d+01
. 082d+01
. 078d+01
. 074d+01

¥ %k %k Xk

A % % XN A F

FOR R RN R R OK R OE R R K OE KR X

- e e e emm wm e e e G e Gw e WE  wmm mw  em @R mm  me  @m e we me e e =



Y

1###x2409/01 /82 #44t#4de

CSWITCHED-CAPACITCR FILTER

Qi 3t3¢

AC ANALYSIS

SPICE

26. 5

(04AUGB1)

TEMPERATURE

=

H#HdEd 13 06 51 e

27. 000 DEG C

Q333 H 3 AR F T A H 430 H 3 36336 I 30 4 203 3000 03020 4 45 3 2636 2640 3636 30 2000 3 30 3036 3636 J0 40 30 4R S BRI

ITRNNNPPNRNRMNRDPRRERDPNPDRPNPDPORORBNRNPDPRONNORMNPDPRREPDNONRBPRPRERPDPDNPDPINPDMNPD

FREQ

. 300d+05
. 303d+05

30464d4+05
309d+05

. 312d+05
. 315d+05
. 318d+05
. 321d+05
. 324d+05
. 327d+05
. 330d+035
. 333d+035
. 336d+05

339d+05
342d+05

. 345d+05

348d+05

. 391d+05
. 354d+05
. 3957d+05
. 360d+05
. 363d+05
. 366d+05
. 369d+05
. 3724+05
. 375d+03
. 378d+05
. 3814+05
. 384d+03
. 387d+095
. 390d+05
. 393d+05
. 3964+03
. 399d+05
. 403d+05
. 406d+05
. 409d+05
. 412d+05
. 415d+05
. 418d+05
. 421d+05

424d+05

. 427d+05

430d+05
433d+05
436d+035

. 439d+05

442d+03
445d+05
448d+05

AT A A

PR R e e e JOd 000000 OONNNNNNNNNGCCOCCO00rCCUTUUU A

ONOISE

3. 1&2d-07

. 971d=-07 .
. 632d-07 .
. 695d-07 .
. 759d-07 .
. B24d-07 .
. B?1d-07 .
. 960d-07 .
. Q30d-07 .
. 102d-07 .
. 175d-07 .
.251d=-07 .
. 328d-07 .
. 408d-07 .
. 489d-07 .

573d4-07 .
6£58d-07 .
746d-07 .
837d-07 .

. 930d-07 .

025d-07 .
123d-07 .
224d-07 .

ol WA Y. W

. 328d-07 .
. 436d—-07 .
. 946d4-07 .
. 660d-07 .
. 777d-07 .
. 898d-07 .
. 023d-07 .
. 152d-07 .
. 285d~-07 .
. 423d-07 .
. 965d-07 .
. 713d-07 .
. 865d-07 .
. 024d4-07 .
. 188d-07 .
. 358d-07 .
. 935d-07 .
. 719407 .
. 211d-07 .
.011d-06 .
. 032d-06 .
. 053d-06 .
. 076406 .
. 100d-06 .
. 124d-06 .
. 150d-06 .
. 177d-06 .
. 206d-06 .

* % % 3k %k % %

* % % %k %k %

1.000d-06

R EEE.

¥ %k F Ok X

* ok % A &
* kR ok R

* kX Kk

* %k %k %k

* %

3. 162d-06

1. 000d-05 3. 1é&2d



JI‘JFJI"JDJIUI‘JI'JFJN?JDJPJI"JI‘JI'JFJFJPJI‘JFJFJFJFJFJ!‘J[‘J!’J[‘JFJI’JPJI'JPJI'JPJPJ!'JFJI‘JPJFJI‘J!‘J!‘JNI‘JFJI‘JPJI‘JI'JFJI‘JF.)FJI‘JI'JI‘JPJPJFJPJI"JPJPJI'.

. 421aTUD
. 454d+05
. 4574+03
. 460d+053
. 4632d+05
. 466d+03
. 469d4+05
. 472d+05
. 475d+05
. 478d+05
. 481d+05
. 484d+05
. 487d+05
. 490d+05
. 493d+05
. 496d+05
. 499d+05
. 202d+05
. 505d+05
. 508d+05
. 911d+05
. 9144d+05

917d+05
520d+05

. 523d+05
. 526d+03
. 529d+05
. 532d+05
. 335d+05
. 538d+05
. 941d+0%5
. 544d+05
. 547d+05
. 550d+05
. 953d+095
. 556d+05
. 559d+05
. 562d+05

5&5d+05
©68d+035
571d+05
974d+05

. 977d+0Q5
. 980d+05
. 583d+05
. 986d+05
. 289d+05
. 992d+05
. 995d+05
. 598d+05
. 602d+05
. 60353d+05
. 608d+05
.611d+05

614d+05

.617d+05

620d+05

. 623d+05
. 626d+05
. 629d+05
. 632d+05
. 635d+05
. 638d+05
. 641d+05
. 644d+05
. 647d+05

T EAd A=

IMPUOWRWBSDAPNNONNCGOCUECDROOCOOCDRCTREINONNCULBWOWWWRMNRIMNMMNMN - R e e e e e e e

L Z30a-vo .
. 267406 .
. 301d-06

. 336d-06 .
. 373d-06 .
.412d-06 .
. 454d-06 .
. 49%9d-06

. 546d-06 .
. 997d-06 .
. &52d-06

.710d-06 .
. 773d=06 .
. 842d4-06 .
. 9146d-06 .
. 9974-06 .
. 086d-06 .
. 184d-06 .
. 292d-06 .
.413d-06 .
. 550d-~06 .
.704d-06 .
.881d-06 .
087d-06 .
. 328d~-06 .
. 615d-06 .
. 963d-06 .
. 391d-06 .
. 925d-06 .
. 991d-06 .
. 400d-06 .
. 281d-06 .
. 981d-06 .
. 121d-06 .
. 659d-06 .
. 984d-06 .
. 434d-06 .
. 116d-06 .
. 012d-06 .
. 062d-06 .
. 202d-06 .
. 363d-06 .
. 482d-06 .
. 912d-06 .
. 442d-06 .
. 298d-06

. 131d-06 .
. 006d—-06 .
. 989d-06 .
.141d-06 .
. 908d-06 .
.087d-06 .
. 724d-06 .
. 058d-06 .
. 787d-06 .
. 042d-08 .
. 197d=-06 .
. 433d-06 .
. BOSd-06 .
. 300d-06 .
. 892d-06 .
. 959d-06 .
. 282d-06 .
. 049d-06 .
. 8492d-06 .
. &77d-06 .

=My 3 O MN?

* %}

®

* %k & ¥k

* ok ok &

* &k & X



][‘JPJI‘J!‘JFJ!'J["JI'J[‘JI'J['JI‘JFJPJFJPJ!‘JPJPJFJI‘JI‘JI‘JI‘J[’JFJ!‘J[‘JI‘JI'JFJ('JPJFJI'JIUI'JI'JI'JPJFJFJDJI‘JPJI'JPJI‘JPJI’JI'J!’JPJ!‘JI‘JFJIUDJPJPJI‘JFJFJ[’J!‘J!‘-

QuvuTUY
653d+05
696d+03

. 699d+05
. 66&2d+05
. £65d+05
. 668d+035
. 671d4+05
. 674d+03
. 677d+05
. 680d+053
. 683d+05

686d+05

. 68%9d+05
. 6928+03
. 695d+05
. 698d+05
. 701d+05
. 704d+05
. 707d+05
. 710d+05
. 713d+05
. 716d+05
. 719d+05
. 722d+05
. 725d+035
. 728d4+05
. 731d+05
. 734d4+05
. 737d+05
. 740d+05
. 743d+05
. 746d+05
. 749d+05
. 752d+05
. 795d+05
. 758d+05
.761d+05

764d+05
767d+05

. 770d+05

773d+05

. 776d+05
. 779d+053
. 782d+05
. 785d+05
. 788d+05
.791d+03
. 794d+05
. 797d+05
.801d+05
. 8044+05
. B07d+05
.810d+05
. B13d+05

816d+05

. B819d+035

822d+05

. B25d+05

828d+05

. B31d+05
. 834d+05

837d+05

. B40d+05
. B43d+05

846d+05

oW Fo S BN ]

TUACC00CEDTENNNNNNNNNDOOD D DD 000000 kb b b b b b b bbb e b b b b b e b e = DS IR D

“YEDU TG .
393d-06 .
. 274406 .
. 168d-046 .
.072d-06 .
. 984d~06 .
. 205d-06 .
. B831d-06 .
. 764d-06 .
. 702d-06 .
. 644406 .
. 990d-06 .
. 940d-06 .
. 493d-056 .
. 449d~06 .
. 408d-06 .
. 369d-056 .
. 332d-06 .
. 297d-06 .
. 264d-06

. 233d-04 .
. 203d-06 .
. 175d-06 .
. 148d-06 .
. 122d-06 .
. 098d~06 .
. 074d-06 .
. 052d-06 .
.031d-06 .
. 010d-06 .
. 902d-07 .
. 712d-07 .
. 929d-07 .
. 353d-07 .
. 184d-07 .
.021d-07 .
. 8&3d-07 .
. 712d=-07 .
. 965d4-07 .
. 423d-07 .
286d-07 .
154d-07 .
026d-07 .
[02d-07 .
781d~07 .
. 665d-07 .
551d-07 .
. 442d-07 .
. 339d~-07 .
. 232d-07 .
. 131d-07 .
. 033d-07 .
. 938d-07 .
. 846d-07 .
. 755d-07 .
. 668d~07 .
. 982d-07 .
. 499d-07 .
.4184-07 .
. 339d-07 .
. 262d-07 .
. 187d-07 .
113d-07 .
042d-07 .
?72d-07 .
203d-07 .

Ay 3 A

* % % %k oF % %

* % ok % %k Xk

a*® k% K ¥ X%

% %k %k sk ok

* ¥k ¥ ¥

* % % %k °

BREE X

* B W k%

*x % %k %



R e T T T S e

. US7ATUD J. gasaTyus *®
2. 652d+05 5. 771d-07 . #*

2. 835d+05 5. 707d-07 . #*

2. 858d+05 5. 645d-07 . *

2.861d+05 5. 584d-07 . #*

2. 864d+05 5. 524d4-07 . *

2. 867d+05 5. 44646d-07 . #

2. 870d+05 5. 409d4-07 . *

2.873d+05 5. 353d-07 . #*

2. 876d+05 5.298d4-07 . % B
2. 879d+05 5. 2444-07 . *

2. 882d+05 5. 192d-07 . *®

2. 885d+05 5. 140d-07 . &

2. 888d+05 5.090d-07 . +*

2. 891d+05 5. 040d-07 . *

2. 894d+05 4. 992d-07 . B

2. 897d+05 4. 944d-07 . #*

2. 900d+035 4.897d-07 . *

Y
0
JOB CONCLUDED
0 TOTAL JOB TIME 27. 62
1#3###3#%%809/01/82 ##xx#stiws GSPICE 26. 5 (04AUGB1)  #i###x##13: 06 S1#uuxt
o
Ot INPUT LISTING TEMPERATURE = 27. 000 DEG C

Q3363 368 30 346 35 3636 36 3 3 30 30 25 36 30 3036 35 36 38 3630 3 36 36 36 3 300 H 363035 35 34 36 36 3 3 3530 30 630 3 36 36 36 30 20363 3025 S S S F S0 IE I 4602036

O#ERROR#%*: . END CARD MISSING
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