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Abstract: - The paper deals with the symbolic analysis of linear circuits with modern active elements using the
SNAP program. The simulator can perform both classical and approximate analyses. All device models are
stored in a text library, which can be easily extended. Device parameters can be defined as simple symbols ol
as formulae in the netlist. This allows the simulation of electronic circuits both with basic elements and with
complex behavioral models.
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1 Introduction 3. Sensitivity analysis. A typical example is the

An important tendency in analog signal processing is ~ analysis  of sensitivity ~ of "order filter
linear applications of modern active elements with ~ Parameters ay and Q to the variations of
the aim of implementing low-power and low-voltage parameters of passive circuit elements. The
circuits, very often with extreme requirements for analysis is usually performed by hand, using
speed and accuracy [1]. The most frequent symbolic formulae for the circuit characteristic
application whose models can be studied in the linear ~ Of interest.
domain includes active frequency filters, linear 4. Analysis of basic real parameters, e.g. the
amplifiers, various immittance converters and also  analysis of influence of parasitic impedances on
oscillators operating in the classical voltage, current, ~ frequency response. This analysis is usually
or hybrid mode. realized using the numerical SPICE simulators.
Nowadays, hundreds of linear applications with - Design of transistor structure of an active
tens of various modern active elements are described €lement in  available integrated-circuit

in the literature. Together with the classical VFA ~ technology or adoption of already designed
(Voltage Feedback Amplifier) and CFA (Current structures. Numerical simulation of the whole
Feedback Amplifier) operational —amplifiers, circuit with transistor-level models of active

transconductance amplifiers (OTA) and all sorts of elements.

current conveyors let us mention at least CDBA 6. Optimization of designed application with the

(Current Differencing Buffered Amplifier) [2], help of available simulation software.

CDTA (Current Differencing Transconductance

Amplifier) [3], and OTRA (Operational Individual steps are mutually coupled so that the

Transresistance Amplifier) [4]. For virtually all these design process is not straightforward and its

elements there are several modifications. complexity depends on the nature of design task. In
The design of linear applications which include particular the first two steps are closely related as the

the above mentioned elements usually proceedsesults of symbolic analysis may be of great

according to a scenario involving some of the information value as to the direction the design

following steps: process should follow.

1. Circuit synthesis usually based on intuitive It is evident that symbolic analysis [5] in
approach and making use of the designer'sparticular is a tool that can play a specific role in all
experience. the above-mentioned steps. The classical symbolic

2. Symbolic analysis of network functions, i.e. analysis providing complete symbolic results without
finding transfer or immittance functions whose any simplifications plays an important role in step 2,
coefficients are symbols of parameters of activewhile it is practically useless in step 5 because of the
and passive elements. The analysis is alwaysomplexity of transistor-level models. However, the
performed manually. approximate symbolic analysis [6] can be used here.
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It generates approximate symbolic formulae models at a given operational point for subsequent

providing acceptable numerical accuracy. If approximate symbolic analysis.

symbolic results are available, it is possible to apply The paper describes SNAP (Symbolic and

an analytical differentiation algorithm to obtain Numerical Analysis Program), which was developed

sensitivity functions in the symbolic form (step 3). to comply with the above-mentioned requirements.

Substituting numerical values of network parametersits potential for both classical and approximate

in the symbolic expression we obtain the so-calledsymbolic analysis is demonstrated below.

semisymbolic result [7] with the possibility of

analyzing the frequency characteristics and time

responses. Steps 4 to 6 can be realized with the helg Architecture of SNAP

of behavioral models [8]. The SNAP symbolic simulator reads the netlist as its
Behavioral modeling [9] is an important tool with input. It can be used with any schematic editor that

practical consequences in step 4. For example, thean generate the appropriate netlist format.

influence of parasitic resistance of termirxabf a The circuit to be analyzed symbolically can be set

current conveyor on filter attenuation in the stop- up directly, using linear or linearized components. If

band can be studied in SPICE only with difficulty if numerical analyses are also required, the user has to

we have merely the transistor structure of thesupply all small-signal parameters. The other option

conveyor. The same analysis using a symbolicis an automated calculation of small-signal

program whose library contains a behavioral modelparameters by means of the SPICE simulator. The

of CCIl including Ry as a parameter will provide input is then a standard circuit, which is normally

exactly the results that are required. used for numerical simulation.
Although there are several commercial programs

for symbolic analysis nowadays [10], [11], [12], their Schematics

use for the above-mentioned purposes can be linearized T

problematic for several reasons such as the limited devices nets SNAP

size of circuits being analyzed, limited types of symbolic

available'models or prohipitive price. An interesting Schematics SPICE analysis

program is SIASCA [13], in which however the set sandard  |»| operating A

of available active elements is limited to OTAs and Spice devices point

CCIl- current conveyors, and the program requires

MAPLE for its operation. Models of other circuit m‘r’gs

elements can be created using nullors. The SAPWIN

program [14] provides a simple symbolic Fig.1 Simulator input data.

approximation. Models of new elements can be

created only in the form of SPICE-like subcircuits. The SNAP netlist is similar to the SPICE netlist
Let us consider the general lack of suitable andbut it offers more ways of device parameter

easily available programs for symbolic analysis andspecification, see Table 1.

the extent and variety of active circuit elements

whose behavioral models should be included in theTable 1 Device parameter specification in netlist.

libraries of these simulation programs. Let us also syntax example
compare these facts with the current practice where1l <symbol> R1

the designer performs by hand the symbolic|2 <symbolic expression> R1+s*L1
calculations and for verification simulations uses|3 <numerical value> 10k
numerical simulators with limited possibilities of [4 <numerical expression> | {R1/2+1k}
behavioral modeling. Thus it seems useful to create a5 | <symbol> = <value> R2=10k
software tool based on symbolic calculations for the R2={R1/2+1k}

support of the above-mentioned applications. With
respect to the large number of variants and Symbolic expressions are constrained to rational
modifications of present-day active elements andfunctions. The symbolic name of a network
with respect to future developments in this area theparameter is not necessarily related to the device
libraries of such simulators should be open and givename. For example, resistances of several resistors
the possibility of easy definition of behavioral can be denoted by the symibdlThese elements are
models for new circuit elements. At the same timethen considered identical. The numerical value can
the program should allow the use of complex SPICEbe defined as a constant or as an expression
transistor-level models and be able to extract linearcontaining other symbols.
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The symbolic analysis is always performed. Let us consider an idealized single-pole model of
Moreover, if all parameters are assigned a numericabperational amplifier Z, =, Z,,=0) with
value or expression, then it is possible to run all paameters fandr;, whose transfer function is
numeric-based analyses. The combined parameter
definition (case 5) allows using the symbol for AS = Vour _ A ) (1)
symbolic processing and the numerical value for vV, 1l+s1,
numerical processing. It is always used in the case o

automatic small-signal parameter extraction. The standard approach used for programs with a

fixed library is based on the technique of

netlist macromodels, i.e. the circuit in Fig. 3 will be used as
v ] the model. Its transfer function is
equation
simplification A(s) = GAR . (2)
1+sRC,
syn:[)olic matrij_based ProductR,C, will appear in the resulting symbolic
analysis numerical analysis formula instead of the symbal
H_ + G=1 A=1
formula O—|—+ O R[] C: * o ° out
simplification oIt _I T l_ __I
| . . -
ﬁfﬂgﬁgfgﬁgf}i?s Fig. 3 Macromodel of operational amplifier.
Y v Y Each matrix entry can be a rational fraction

graphical presentation, export

function containing element parameters, constants,
and complex frequency. It is easy to model even
Fig. 2 SNAP analysis flowchart. special elements like FNDR/E D ). Fig. 4 shows
the stamp and the library model for the single-pole

The circuit is always regarded as a two-port. amplifier.
Input and output ports are defined by means of
special symbols in the schematic editor (or by special
components in the netlist). The actual type of
network function for analysis is chosen in SNAP.
Fig. 2 shows the analysis flowchart of SNAP.
If numerical values of all device parameters area) AB) —AG) -1 110
available, then it is possible to display the frequency [Etau] ; model nane

response and to perform the pole/zero analysis. In nodes = 4 ; hunber of nodes

addition to graphical presentation the results can be Param =2 ; number of par amet er s
nanes = A0, taul, paraneter nanes

exported to Matlab, MathCad and Maple for further 44 -1 “nurber of additional

processing. vari abl es

Two algorithms for approximate symbolic matl= -1 1 0 2: AD/(1l+s*taul)
analysis are implemented in SNAP. First, the xgg; é f 2 g:'i

network equations are simplified. This step is usuallyb)
very effective, so that it is possible to generateFig. 4 Single-pole amplifier model in SNAP

simplified network functions for circuits containing library.
tens of transistors. In the next step the network
function is further simplified in the postprocessor. The stamp elemer® (frommat= abcd: P)

SNAP is based on the modified nodal analysisappears with the positive sign in positiorssb] and
[16]. Each network element is defined by its “stamp” (c,d), and with the negative sign ia,d) and ¢,b).
in a library, which can be easily extended. The stampThe coordinates are numbered according to the local
describes how the parameters of an element appearumbers of the device nodes. The first additional
in the hybrid network matrix. This allows defining row and column are denoted “-1" while “0” means
symbolic behavioral models. “no entry” to the matrix.
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3 Symbolic Algorithms Table 3 Basic network functions [17].

3.1 Exact Symbolic Analysis function definition formula
Let us consider a linear circuit without independent | voltage transfer | Vo/Vy, 1, =0 M/A
sources described by the Generalized Modified | current transfer /N, V=0 | M/D
Nodal Analysis in the form input impedance,

output open Villy, 12=0 AC

Hx=0 3) OUIpU
input impedance, _
. . - o . Vi, V=0 B/D
whereH is the indefinite hybrid circuit matrix and output shorted
is the column vector of unknown voltages and |transimpedance |V/l;,1,=0 M/C
currents. The indefinite matrix is singular |transadmittance [,/V,Vo=0 -M/B

(detH) = 0) as no element is connected to the virtual
reference node [17]. This is to avoid using different ~ The circuit matrix is represented internally as a
computational procedures for floating and groundedlist of stamp element®; of all parts in the form

input and output ports. 'Rl a|b|c|d]|, wherea b, c, d are the real

coordinates in matriX. The determinant expansion

h’ 42 procedure is based on the recursive formula [17]
a— - ¢ _x >cb>d]
Vli/ input linear output J/VZ A=A+R B¢ - 4)
b circuit _q _
whereA is the determinant of the matrix, while
ground and A""-P %l Zre the determinant and algebraic

IILLLIILILLIIILI 21177777777 cofactor of the matrix Withou# P H a‘ b ‘ c ‘ d ‘

Fig. 5 Analyzed circuit as floating two-port The same rule is applied tb and A#>“*>4)

network. The expansion of a particular branch stops

successfully when the determinant of a zero-
dimension matrix is to be computed. If it stops for
another reason (empty matrix, nonexistence of
cofactor), then the branch is discarded.

As the size of resulting symbolic formula depends
exponentially on the number of network elements,
this form of symbolic analysis is practically
constrained to very small idealized circuits [5].

The circuit is always considered a two-port,
Fig. 5. All network functions can be expressed
symbolically by means of algebraic cofactorshbf
[17].

Table 2 summarizes standard algebraic cofactors
The operation denotex> 0 means the deletion of
column or rowx. The operationx >y means the
addition of column or rowx to column or rowy
before the deletion ok. The calculation of basic

network functions can be found in Table 3. 3.2 Approximate Symbolic Analysis

Symbolic analyses can also be performed for larger
circuits but at the expense of approximation. The

Table 2 Standard algebraic cofactors [17]. expression generated loses its universality [5].

cofactor | row operations column operations The basic principle of approximate symbolic

A a>0,b>0 a>0,b>0 analysis consists in identifying and removing

B a>bc>0d>0 |a>bc>0,d>0 numerically negligible symbolic terms. Thus it is

c I >0 J >0 necessary to know the numerical values of all
i is arbitrary j is arbitrary parameters of network elements.

D c>0,d>0 c>0,d>0 The approximation error should be guaranteed on

M a>0,b>0 c>0,d>0 interval FxD, where F =< f,, f, > is the frequency

w c>0,d>0 a>0,b>0

interval of interest, and 0O R" is the interval ofr

parameters of network elements. Due to
The Modified Nodal Analysis leads to sparse computational complexity the error is usually

network matrixH. The calculation of determinants checked at several pointse%D.

based on the Laplace recursive expansion is Since we work with frequency-domain

inconvenient since the majority of particular characteristics, it is reasonable to observe the error in

expansions ends with zero result. the Bode diagram, i.e. to observe the phase and
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amplitude errors. Let us define the complex erroroperations with the lowest error are actually

function as performed. The simplification stops when the

F.(f.p) maximum error is reached, i.e. when condition (7) is

E(f,p)=-—allP) (5)  violated. The result is a simplified network model,
Fy(f.p) which is then analyzed symbolically.

wherep is the vector of network parametelfg(f, p) Let us consider network equations (3)

is the original (exact) network function, aRg(f, p) Hx=0,

is the approximated function obtained by omitting _ .
some elements dfy. For F, = Fy we obtainE = 1. which were formulated using the generalized
The real-valued errore for a particular point modified nodal method. Any coefficient &f is the

sum of stamp elements.
Each network function can be expressed as a ratio
of two algebraic cofactors, i.e. as a ratio of two

(fi,p))UF xD is defined as a weighted sum of
magnitude and phase errors

\20Iog\E(f- p-)\ \arg(E(f- p-))\ subdeterminants ¢f with a suitable sign
e(fi,p) = S+ 7, (6)
AM, AR H=C0 o) ®)
where AM; and AP; define indirectly the weight for 2
each point. For = Fy we obtaine= 0. MatricesH; andH, are derived fronH by means of
The goal of the approximate symbolic analysis is adding or deleting some rows and columns, see
to find Fa with least complexity such that Tables 2 and 3, [17]. Considering a stamp elerRent

on position {, j) in matrixH we can write

max{e(f;.p;))<1 W)

holds for the weighted error observedrgpoints.
The simplification can be done at different stageswhere/’ is the determinant withou®, and Al>%1>%
of the computation of network function. The is a cofactor. The same holds fés. Generally, the
technique of Simplification Before Generation elementP appears on different positions kh and
(SBG) and the technique of Simplification After H,. The stamp elements are considered different for
Generation (SAG) are implemented in SNAP [5]. the simplification process despite the fact that they
can be marked with the same symbol. Then,
3.2.1 SBG Method according to (9), any network function can be written
The SBG technique is based on a simplification of as
circuit model that consists in removing negligible

detH,) = A+PATHT (9)

stamp element®;. The removal of any elemei F= aP+b , (10)
aways leads to the simplification of resulting cP +d
symbolic formula in case that all parameters havewherea, b, ¢, d are complex numbers. For example,
unique names. if P represents an admittance, then shorting the
element corresponds t® - « and removing the
compute reference solution; element corresponds t® — 0. From (10) we can
whilee <@ma { . easily derive
generate prospective operations;
rank the operations; . a . b
execute selected operations; limF = lim F 4 (11a,b)
update numerical solution and €;
} The new value of network function for operation
undo last operation; ranking can be computed effectively using (11). To
Fig. 6 Main loop of SBG method. do so we need all numerical cofactorddafandH..

A matrix inversion can be formally expressed

The process of simplification of network Using the adjoint matrix as
equations of the SBG method can be seen as a
sequence of elementary operations. Each operation AP00] Al>0150]
corresponds to the removal of one stamp elerent
The simplification is carried out in a loop, Fig. 6. A™ == : :
First, all prospective operations are ranked according A A\[Z0n>0] A[>0n=0]
to the error the removal would cause. One or more

(A,) . (12)

>~
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whereA, is the matrix of algebraic cofactors, which
can be expressed as

A, =deta)(a) . (13)

As the determinant is a byproduct of matrix
inversion, the computation of (13) requires

approximately(n —1)® /3 long operations, wherreis
the dimension of original matrix.

3.2.2 SAG Method

Zdenek Kolka, Dalibor Biolek, Viera Biolkova

precisely by taking into consideration the parasitic
resistanceR, of the x terminal of the current
conveyor. As known, this resistance implies the
undesirable distortion of the frequency response in
the transition and stop bands. This phenomenon is
confirmed in Fig. 8. The symbolic result in Table 4
offers an explanation: Owing to the resistaigg

two real zeros have appeared in the transfer function.
Additionally, the original complex poles are
modified. Zeros represent two additional folds in the
Bode plots on the 1.75MHz and 18 MHz

The SAG method removes, step by step, thefrequencies, and together with the poles they are

negligible terms from the full formula as long as
condition (7) is met. The term to be removed is

responsible for the finite stop-band attenuation
1 +RJ/R; + R/Ry. To eliminate this phenomenon in a

selected in such way that its deletion causes theassive way (i.e. without modifying the topology),

lowest error. It is a standard simplification method.
Details can be found in [5].

4 Examples

4.1 Exact Symbolic Analysis

Let us check that the circuit in Fig. 7 [15] containing
the negative current conveyor CCII- is a low-pass
filter with the parameters defined in the figure
description. First of all, we verify the circuit

principle, avoiding any non-idealities. Then the
modeling of the main real influences will be

performed along with the analysis of their
mechanisms, using the symbolic and semisymbolig
results.

The input/output gates are marked with the
components In (input)/Out (output) in the schematic
editor. The symbolic results and the pole/zero
analysis of the transfer functidg./li, by the SNAP
program are summarized in Table 4. It is confirmed
in the column “ideal” that the circuit is a second-

the conditionR;>>R, has to be fulfilled.

& Snap Editor - [filter. dsn] BEE

Eﬁile Edit Analysis Options  Window Help (=1 4

[ [[u]

LD E B2@ & 21+l X mfj S S
Search sting: _j
Show F
+ Al symbols L
v Select one library L
[JBasic A~ B
[w]Behaviaral L

CClI- - cument c A
CCll+ - curent «
CCll+/- - curmen
CCHI- - current
CCII+ - current
CDBA - Current
CDT& - Current
ICLCI- - cument
ICT 1+ - Faurant

E -

b sheet1 /|4 ml

order low-pass filter with a given transfer function.

Ready

The corresponding frequency response in Fig. 8
shows the resonance ripple accordinge 10 on
the frequency, = 1IMHz.

In the columnR,, the analysis is put more

Fig. 7 Second-order current-mode low-pass filter
[15], fo = IMHz,Q = 10; R, = R, = 1602,
C, = 20nF,C, = 50pF.

Table 4 Analysis results for various models of the CCIl: ideal — ideal G&ll- resistance of theterminal;

R, C.—components of the parasitic transadmittance of tkeminal.
Iout/lin Idea] RO= 50 R0: 5-01
R=3M 2,
Ci=4.5pF
1 s’RRLLC,+SRC, +1 complicated
symbol |s’RRLC,+sC,(R +R,)+1 s’CC,(RR,+RR +RR,)+s(RC,+R,C,+RC,)+1 | and not relevant
Zeros - -1.09612E7 -1.10675E7
-1.14039E8 -1.03617E8
poles -3.12500E4%)6.24218E6 -2.13235E6j5.67607E6 -1.98363E6
15.45874E6
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Analyzing the symbolic equations vyields multiple-output OTA. The ideal behavior is
another piece of knowledge: DueRg, the absolute  described by the equations
values of the complex poles (i.e. frequency V.=V =01 =1 I
wy = 27f) are decreased in relation to the squared poonomizo e
root of the expression 1RyR;+ Ry/R.. For our I =0V, Lo =0V,
filter, this relation represents falling from 1 MHz to

(14)

The aim of the approximate symbolic analysis is to

970 kHz. However, the most important is the drop in g .
_ express the parasitic properties of CDTA by means
Q: In the course of a moderate decreaseupfthe . .
of small-signal parameters of transistors.

real parts of poles were increased significantly. As a
result, the quality factor is reduced from 10 to 1.42

(see Fig. 8). Vn_;’i,_;g x—_;.t,

The last column in Table 4 shows the analysis - com
resylts, taking into account not only the' parasitic S PR B,
resistanceR,, but also the output transadmittance of 27 -
the CCII. It should be noted that this influence is ? J/fz
negligible compared to thdx, effect, which is T Ml MO4 MOS MOS  MOE M09 M7 W36
dominant.

The given analysis indicates that this topology
is not suited for filters with higher quality factors in
the frequency range near 1 MHz.

20

s

Lﬂ M1g MISLﬂ
Vss

d
EE Ml Mzs | wzs e

Vss
Fig. 9 Symbol of CDTA and its implementation in
TSMC 0.35um CMOS technology [18].

influence of R, . .
Small-signal parameters of all transistors were

obtained by means of SPICE operational point
analysis. All transistors were modeled in SNAP

ideal CCII using a standard SPICE small-signal model, Fig. 10.

C
gd
1L . o o D
1F

G,
L L

Cos d/)gds Cas
sl wwy 9]

-70 T . . ' . .
M 10M SOM Fig. 10 Small-signal transistor model used for

s0k 100k | 500k 1M sM 1oM
mag. in dB frequency symbolic analysis.
Fig. 8 SNAP outputs: frequency responses for
various models of CClII-. The numbeN of symbolic terms of the nodal matrix
determinant, i.e. the number of terms in the
4.2 Approximate Symbolic Analysis denominator of network functions, can be estimated

The approximate symbolic analysis is a tool thatfrom

alows analyzing large transistor-level circuits. The

knowledge of all parameters of network elements is a‘del(A|A\T/) sN< mi&de(AVA\T,),det(AlA,T)) (15)
necessary condition for the analysis. A combination _ o _

of SBG and SAG techniques together with WhgreA. is the |n(:|dence_ matrix of current graph and
computational power of modern PCs allow analyzing Av iS the incidence matrix of voltage graph [19]. For
circuits with tens of transistors. the circuit from Fig. 9 we obtain

Fig. 9 shows the internal structure of a new 5 . 5
network element CDTA implemented in the TSMC 12210°s N < m|(1 37516° 58610 )

0.35um CMOS technology [18]. CDTA contains an Thus the number of symbolic terms can be estimated
input Current Differencing Unit followed by a at 10>
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Fig. 11 shows the magnitude of the input
impedance of current terming while the other
terminals are grounded. The impedance of terminal
is similar.

The following control points for the analysis of
input impedance were used in SNAP:

fi=1Hz AM; = 1dB
f, = 100MHz AM, = 3dB

AP, =10
AP, =20

300
/|
|Zol /
Lol —a-/
10KHz 1.0MHz 300MHz

frequency

Fig. 11 Magnitude of input impedance of termipal

The simplification took 2 seconds on a 2GHz

Zdenek Kolka, Dalibor Biolek, Viera Biolkova

5 Conclusions

The paper describes the theoretical principles of a
program that allows the modeling and analysis of
linearized circuits with modern active elements on
the basis of symbolic calculations. The program
usability was demonstrated for behavioral modeling
of idealized circuits used to verify their basic
functions and estimate the influence of dominant real
parameters, on the basis of exact symbolic analysis.
Furthermore, it was shown that the algorithms of
approximate symbolic analysis allow analyzing large
circuits whose linearized models can be extracted
directly from SPICE models.

SNAP is available at
http://www.urel.feec.vutbr.cz/~kolka/snap/
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Dual-Core Pentium processor. The SBG method left

the following parameters (stamp elements) in the
simplified circuit: gmo1, Gaso1, 9mo3, Gmos, Gmosr Jsoes
Omo7, Cyso7, Cyao7, Imos:

The resulting simplified formula for the input
impedance at terminalp represents a series
connection of low-frequency resistandg, and
equivalent inductanck,

Z,=R +s (16)
where
R, = Qusor Uos069mos(Imor + Imos) 10,
Omo19mo7  Im0P9m09mo7(9mos + Imos)
and
L = Omos(Imos + ngS)(Cg307gm08 +Cyy 079mo7) ~65nH

P Im 0Fm 09m0Imos(Imos + Imos)

The analysis of input impedance of termiral
with the other terminals grounded yielded

_ 1
Oas09 + Jas1a + S(Cgsz1 *+ Cos22) '
representing 73kOhm resistor in parallel with 87fF

capacitor, with the following control frequencies
taken into consideration:

z (17)

z

f; = 100kHz AM; = 1dB
f, = 700MHz AM, = 2dB

AP, =5°
AP, = 20
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