r—— (213) 833-0710 Personal Computer
- E— Circuit Design
in usoft Tools

N E W S L ETTER

Copyright ©lntusoft, February 1987

% sk % s % APPLICATION NOTE :% % % % %
SWITCHED CAPACITOR NETWORK MODELS

This issue and the next newsletter will feature a two part discussion of
modeling Switched Capacitor Networks (SCN’s).

The motivation for developing these models is to show how a general
class of sampled data problems can be formulated using Z transform
theory and simulated using IS_SPICE.

When switched networks are modeled using standard IS_SPICE ele-
ments for switches, the resulting circuit can only be run in time domain
to produce a transient analysis. The AC analysis features will not work
because the switches will be linearized in one position or the other,
resulting in no signal transmission. Frequency response can be found
by using the fourier transform of a pulse driven simulation. The pulse
simulation must run for many pulse width’s and a large number of com-
putations are required over each pulse interval. The transient simulation
can take hundreds of times longer than an equivalent AC analysis.

If the switching operation can be represented using continuous time ele-
ments, then the AC analysis features of IS_SPICE can be used to save
computational time. The saving in computational time makes extraction
of Monte Carlo sensitivities practical.

it is well known that sample data systems can be converted to “frequency”
domain using the Z transform to represent the sampling and switching.
The Laplace operator, est, is defined to be Z, the equivalent Z transform
operator. The presence of a transmission line model in IS_SPICE makes
a continuous time representation possible for IS_SPICE simulation, since a
terminated transmission line is the time domain equivalent of Z-1.

To get to a continuous model, it is first necessary to construct an equiva-
lent circuit representation using sampled data theory. The work
presented by Laker [1] develops these models for two phase switched
networks. The underlying assumptions are:

1. The time varying SCN consists of 2 networks, one for each
clock phase, coupled topologically into one network
representation.
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2. Network equations are formulated based on charge conserva-
tion, therefor, current in the IS_SPICE simulation is the analog
of charge.

The second assumption limits the simulation outputs and interaction
with other continuous time elements to node voltages that correspond to
low impedance sources. Remember that current in the equivalent circuit
is used to represent charge. It is not permissible to use a continuous
time op-amp connected to the charge port of a simulated switch!

The networks in figures 1 and 2 show the formulation for a floating
capacitor and a toggle switched capacitor. Notice that there are several
new circuit elements, the “Storistor” and a resistor whose value is
inversely proportional to capacitance.
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Figure 2, Toggle Switch Equivalent Circuit

The storistor is a resistor that transfers charge (current in the IS_SPICE
analog) after a time delay. The Storistor is bidirectional and can be
positive or negative.

These new elements are scaled so that the current falls in a reasonable
range. If current and charge were scaled equivalently, the current

that represents charge in the models would be extremely small and
require changes to some of the default IS_SPICE options.

The SCN integrator shown in figure 3 combines the floating capacitor
with a charge amplifier. The charge amplifier is the equivalent of a SCN
op-amp. Notice that the elements connected between outputs and
between virtual grounds were eliminated since they do not contribute to
the voltage transfer function.
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Figure 4 shows how a parasitic insensitive switch is connected to make
an integrator that sums inputs taken from the odd port and subtracts
inputs at the even port. Elements connect between ground and virtual
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Figure 3, IS_SPICE Integrator Model ENDS

ground or between voltage sources are removed. Only two elements
remain in the toggle switch model after this simplification.

A library of useful parts is shown in figure 5. These parts can be used
to build a continuous time equivalent circuit for most common SCN 2
phase circuits. The PRE_SPICE parameter passing capability is used
to generalize the parts and scale the transmission line termination to be
in the range of impedance used elsewhere in the circuit.
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Figure 4, Parasitic Insensitive SCN integrator
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Figure 5, Basic Z-Transform Elements Models

V\{hen constructing an equivalent circuit, it is convenient to use even
node labels to identify even switched ports and odd numbers for odd
switched ports. A standard inverting integrator is then formulated by
connecting a CRES element from an even port to the even integrator
input. A positive summation occurs when a PSTR element is connected
from an even output port to the odd input port. Floating capacitors are 4
ports devices, ZCAP, that connect from even,odd outputs to even,odd
inputs. We will assume that even ports switch first, so that an odd port
that is not available can be made by processing the voltage through a
time delay, UTD. If the system output is run through a sample and hold,
then a zero order hold, ZOH, should be added to the output.

Figure 6 shows a fifth order elliptic filter described in Gregorian and
Temes [2] and its continuous time equivalent. The PRE_SPICE listing
shown next generated the output which was plotted using Intu_Scope in

figure 7.



PRE_SPICE SOURCE FOR ELLIPTIC FILTER SCN
5TH SCN ORDER ELLIPTIC FILTER

.AC DEC 50 .1K 1MEG
.PRINT AC VM(4) VP(4) VM(8) VP(8) VM(12) VP(12)
.PRINT AC VM(16) VP(16) VM(20) VP(20)

VINT1OPULSEO1AC 1

X123 45ZINT (C=13.87171PF [SCAP]} TD = 1US}
X2 6789 ZINT {C=11.11901PF [SCAP] TD = 1US}

X3 10 11 12 13 ZINT {C = 14.46156PF [SCAP] TD = 1US}
X4 14 15 16 17 ZINT (C = 14.43078PF [SCAP] TD = 1US}
X5 18 19 20 21 ZINT {C = 8.27441PF [SCAP] TD = 1US}
XC2A 4 7 NSTR (C = 1.20275PF [SCAP] TD = 1US}

XC2B 7 12 NSTR {C = 1PF [SCAP] TD = 1US}

XC4A 12 15 NSTR {C = 1.52861PF [SCAP] TD = 1US}
XC4B 15 20 NSTR (C = 1PF [SCAP] TD = 1US}

XC1A 4 2 CRES (C = 1.83854PF [SCAP] TD = 1US}

XC1B 1 2 CRES {C = 1PF [SCAP] TD = 1US}

XC1C 2 8 CRES {C=1.77112PF (SCAP] TD = 1US}

XC3A 8 10 CRES (C = 1PF [SCAP] TD = 1US})

XC3B 10 16 CRES (C = 1.14172PF [SCAP] TD = 1US}
XC5B 16 18 CRES (C = 2.02212PF [SCAP] TD = 1US}
XC5A 18 20 CRES (C = 1PF [SCAP] TD=1US}

XC1D 3 2 13 12 ZCAP (C = 1.90667PF [SCAP] TD = 1US}
XC3C 5 4 11 10 ZCAP (C = 1.29480PF [SCAP] TD = 1US]
XC5C 19 18 13 12 ZCAP {C =5.67396PF [SCAP] TD = 1US}
XC3D 21 20 11 10 ZCAP {C =2.09575PF [SCAP] TD = 1US}

*TOL SCAP LOT =30% DEV =2%

*|INCLUDE SCN.LIB
.END

Next, a Monte Carlo analysis was run to check pass band ripple and stop
band attenuation. The capacitor tolerance matching was taken to be 2%
and circuit to circuit variations were taken as 30%. An 82% yield was
computed for a pass band ripple tolerance of 0.1 dB and the yield for 39
dB stop band attenuation was 90% based on a sample of 60 circuits.

The next news letter will continue the development of SCN modeling to
time domain macro models, showing a switched capacitor A/D con-
verter with mixed analog and digital components.
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Schematic and its continuous
time equivalent circuit
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The SPICE Bibliography contains the application note references and
continuing list of CAE related publications.

Circuits, Switched Capacitor

[1] EQUIVALENT CIRCUITS FOR THE ANALYSIS AND SYNTHESIS
OF SWITCHED CAPACITOR NETWORKS
Laker, K.R.
The Bell System Technical Journal, Vol 58 no. 3, March 1979 pp729-69

[2] ANALOG MOS INTEGRATED CIRCUITS FOR SIGNAL PROCESSING
Gregorian, R.; Temes, G.C.
John Wiley & Sons, © 1986, pp358-62
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I ? Figure 7, Frequency Response
- of the Continuous
Time Equivalent Circuit
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3] A FAMILY OF ACTIVE SWITCHED CAPACITOR BIQUAD BUILDING
BLOCKS
Fleischer, PE.; Laker, K.R.
The Bell Systems Technical Journal vol58 no 10, Dec 1979, pp2235-69

[4] SWITCHED CAPACITOR CIRCUIT DESIGN
Gregorian, R>; Martin, KW.;Temes,G.C.
Proc. IEEE vol71 no 8 Aug 1983 pp941-64

(5] AIDED DESIGN TECHNIQUES FOR SWITCHED CAPACITOR CIRCUITS
De Man, H.J.;Rabaey,J.;Arnout,G.;Vanderwalle,J.
IEEE Journal of Solid State Circuits volsc-15 no 2 April 1980 pp190-200

(6] AN EQUIVALENT CIRCUIT APPROACH TO THE COMPUTER-
AIDED ANALYSIS OF SWITCHED CAPACITOR CIRCUITS
Kuo, Y.; Liou, M.L.; Kasinskas, JW.
IEEE Transactions on Circuits and Systems cas-26 sep 1979
pp708-14

Devices, Solar Cells

[1] EFFECT OF SOLAR CELL PARAMETER VARIATION ON ARRAY
POWER OUTPUT.
Watkins, J. L.; Burgess, E. L.
Conf Rec IEEE Photovoltaic Spec Conf 13th, Washington, DC, Jun
5-81978.
Publ by IEEE (Cat n 78CHI319 - 3), New York, NY, 1978 p 1061-1066

(2] SIMULATION OF THE BEHAVIOUR OF A SET OF Cu//2S-CdS
UNIT PHOTOCELLS.
Jacquemin, J. L.; Bordure, G.
Solar Cells: Their Science, Technology, Applications and Economics
v5n
3 Mar 1982 p 269-274
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Modeling, EMI/EMC

(1] MODELING TECHNIQUES FOR DISCRETE PASSIVE COMPO-
NENTS TO INCLUDE PARASITIC EFFECTS IN EMC ANALYSIS
AND DESIGN.

Woody, Jimmy A.; Paludi, Carmen A. Jr.

IEEE Int Symp Electromagn Compat Baltimore, Md, Oct 7-9 1980.
Publ by

IEEE (Cat n 80 CH1538EMC), Piscataway, NJ, 1980 p 39-45

[2] COMPUTER-AIDED ANALYSIS OF RFI EFFECTS IN OPERATIONAL
AMPLIFIERS. Tront, Joseph G.; Whalien, James J.; Larson, Curtis
E.: Roe, James M. IEEE Transactions on Electromagnetic Compati-
bility v EMC-21 n 4 Nov 1979 pp297-306
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A question and answer format is used to describe typical problems and
their solutions.

Q. Why doesn’t IS_SPICE take the time steps | specify?

A. The time steps are automatically selected based mainly on a local
truncation error (LTE) of integration. Local truncation error is the
difference between the exact solution and the numerical solution at
the next time step. When the error is estimated to be excessive, the
program will automatically reduce the time step and conversely
increase the step for small errors. The RELTOL specification in the
“OPTIONS"” statement controls this parameter. You can force a max-
imum time step using the “TRAN" statement optional parameters.
The minimum is a function of LTE or an absolute minimum that sig-
nify’s convergence failure.

Q. Why are simulation results more accurate than the RELTOL
specification?

A. As mentioned above, RELTOL is used to control the integration step
interval. The fastest changing state variable will control the entire
solution. Moreover, the final value of the integration may be more
accurate than the intermediate steps.

Q. What is the source of error in the printout of transient driving
functions?

A. This occurs when the time step is too large. The print time step is
specified in the “TRAN"" statement, however, as described above the
time step is based on integration errors. If you run an analysis that
involves little or no integration error, then the analysis time step could
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be large compared to the change in a driving function. IS_SPICE
computes the output using linear interpolation between analysis
points. To solve the problem you must reduce the maximum time step
using the “TRAN” statement options.

. How can | tell if a mainframe SPICE problem can run on the PC?

. Use the ACCT keyword in the “OPTIONS" statement to see how
much memory you use. IS_SPICE has a MAXMEM of 40000. If the
memory use listed under MEMUSE is less, then the simulation will
run using IS_SPICE on a PC. The memory words in this context are
32 bits long, therefor, IS_SPICE reserves 160K Bytes for solving the
simulation problem.

. How can | use a mainframe to run Monte Carlo analysis using
PRE_SPICE and Intu_Scope?

. We recommend running all Monte Carlo cases in batch mode on the
mainframe. This can be done be first running MONTE.EXE instead of
PRE.EXE. This generates all of the source files. These files can then
be transferred to the mainframe and run in batch mode. The output
file names will then be of the form LnCm.OUT, where n and m run
from 1 to the specified number of lots and cases. These files can
then be moved to the analysis directory and the batch file
MSPICE.BAT can be replaced with a null file since the analysis is
already finished. Then you can run PRE.EXE as you would normally
and the IS_SPICE analysis is omitted. This procedure will of course
require enough PC memory to hold all of the “OUT" files. If you have
a reasonable network tie, you can alter MSPICE.BAT to call for the
mainframe analysis as you go, an alternative that uses less memory
since the output files are deleted after the Intu_Scope data reduction.

. How can group delay be measured?

. Group delay is defined as d(Phase)/d(Frequency). You must do this
using Intu_Scope with a linear grid. If phase is in Radians and Fre-
quency is Radians/Sec, the result is time, in Sec’s. IS_SPICE outputs
are in Degrees and Hertz, so that you must divide the output by 360
to convert to time (Sec = degrees/(360_Degrees/Hertz). Intu_Scope
1.2 will assign incorrect units and vers 2.0 will remove the units.
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