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Abstract:

In this paper the theoretical basis and the aligariof new method of electronic integrated circuislgsis and
optimization in the frequency domain based on thdtiparameter, large-change sensitivity conceptionl
symbolic description of chosen two-ports have hemsented. The method consists in determinatiaements
in value of network functions caused by admittacicanges of reactance elements as well as chosepant)
resulting from the frequency changes. The admi#dno - ports, embedded in the main integrateditirbave
been divided into two groups: one - element twmmrs and multi - element two - ports. For fastemputer
processing, the last ones have been described odigally. The main idea of the method proposedesebn it,
that in first step the value of the network funatis calculated at the first frequency, and then deery
consecutive frequencies its increment, caused byitechce vector change of electronic circuit, isedmined,
only. It was shown, that its effectiveness is geeéttan traditional methods, especially in the a#sarcuits, in
which the number of nodes of a network exceedsntiraber of the reactive elements as well as is growi
together with the growing of number of frequencynp® It was shown that numerical efficiency ofstimethod
can be speed up significantly by using special lacaton algorithm. Thanks to the symbolic desdoiptof
some two-ports the effectiveness of this method lbesen increased considerably. Basing on this methed
optimization task has been formulated and the el@mp optimization of integrated acoustic correctath
passive subcircuits described symbolically has laésmincluded.

AC analysis problem is symbolic methods [2], but
INTRODUCTION they generate too long expressions in case of large

integrated circuits. Therefore, some mixed numérica
Nowadays arises problem — how to optimally design. symholic methods can be a solution of this proble
of integrated circuits with embedded passive |n traditional approach to the AC analysis, alcuit
modules, especially, in frequency domain. Goodifina elements are treated in the same way, independently
projects in hybrid technology need exact and faston how big influence on frequency characteristics
designing methods and tools. _ they have, whereas the essential influence have
The frequency domain analysis (AC) is one of threergactance elements such as capacitors and inductors
basic analyses of electronic integrated circuits. A |n this work, a new method, in which network
present, existing methods of the AC analysis differfynction increment caused by admittance changes of
each from other depending on the way of formulatingreactance elements resulting from the change in the
circuit equations and the way of solving them. ©fie frequency has been taken into consideration, is
the most popular methods of formulating the set ofpresented. These admittance two-ports, extracted
equations, on account of its simplicity, is a nodalfrom the main circuit, have been divided into two
method (or its alteration so-called modified nodal groups: - one-element two-ports and — multi-element
method) [1, 2]. Also other methods are applied suchyyo-ports. For faster computer processing, the last
as the hybrid method, the state variable method opnes have been described, symbolically. This
tableau method and their alterations (taking intogjtyation occurs very often in RF systems being
consideration the sparseness of the circuit matiice  combination of large integrated circuits and passiv
parallel processing). For solving the sets of éfrcu cjrcuits [3] embedded inside them. Direct connectio
equations, the traditional numerical exact or tieea  separately designed modules can lead towards big
methods of solving linear systems of equations sucherrors because of mutual influences of these medule
as the methods of Gauss, Gauss — Jordan, LU and parasitic [4, 5]. In order to take this effaub
factorization or Gauss — Seidel are used. Bothaccount, the  definition  of large-change,
operations are repeated for every frequencymyltiparameter sensitivity [6] has been used. The
increasing in this way calculation time. The maijn idea of the method proposed relies on it, itat
effectiveness of AC analysis becomes particularlyfirst step the value of the network function is
important in case of calculations requiring mukipl cajculated at the first frequency, and then forrgve

analyses, such as optimization or statistical @m®ly consecutive frequencies its increment, caused by
of large integrated circuits. Another approachtie t



admittance vector change of electronic circuit, isLet the network function being of our interested is
determined, only. H(p), where:p = [py, Po...., ;] | — vector of circuit

In Section 2 the theoretical background of the parameters such as admittances of one-element two-
method is delivered. Section 3 details the mainports (capacitors and inductors) and multi-element
algorithm and efficiency of the new method two-ports. The increment in value of the (p)
compared to traditional ones. The accelerationfunction caused by theN" circuit parameters
algorithm for method proposed is delivered. In simultaneous changes can be written
section 4 the computer optimization program based

on new analysis method is delivered. In sectiohes t AH =H (p+Ap)-H,(p) (1)
. N 0

computer program and three computational tests are
described. ) :

where:Hy — value of the function before any change,

Hy - value of the function after the changd’ *
THEORETICAL BACKGROUND OF parameters caused by frequency increment,
METHOD
Let the considered integrated circuit be represente Ap =[Ap,, APy, Apy]T (2)

by two-port shown in Fig. 1. Denote its input
terminals as a pap = (i3, i) and its output terminals for one-element two-ports thek-th parameter

asao = (0, 0y). increment is equal to
Suppose that the following two-ports are extracted
from this circuit: (2a)
a) one-element one-port called further as one- =~ = & jAwrG, capacitor
element two-port (because of unification of M =0y= (1/(cg* Lk))*Acd(ad+Aw),inducto

terms),
b) multi-element one-port called further as where:
multi—element two-port.

In both cases are possible two connections regard o ap =21 f,, Dcw=271 (f —1,)
ground node (see Fig. 2. and Fig. 3.). k=12 ..m
Let the k — th changed admittancg (one-element _ e
two-port) be connected to pairs of nod&s:= (&,  for multi - element two - ports:
&), k=1, 2,...,m and thek — th changed
admittanceY, (multi-element two-port) be connected Apy =AY =Yoo, xp - Tileop x5 ) (2b)
to pairs of nodesg, = (&, &), kK =m+l, m+2,...,
m+ M; total number of ports il =m+ M. where:k=m+1m+2,..m+M
ays By2 Y M — number of multi-element tV\;o-ports, and
L Allf ylw A'# YZ—‘ A'm+ ym\‘ |
e Yi(wxi) = Nomye.x: ) Dem(@xc) (50
Y \
| s . ! Y1 Y. O N

is the admittance rational function &f— th two —

port, given symbolically. In case of bigger circuit,
this admittance can be described by some sequence of
expressions (SoE) [5¥ — vector ofparameters (such
asR, C, andL) included ink — th two-port.

Fig. 1: Integrated circuit with extracted two-ports prepaier
large-change sensitivity calculation

Y or i The increment of function (1) can be calculated
using concept of the two-port transimpedance [7] and
its multiparameter large-change sensitivities [6, 8].
= Two-port transimpedance and its properties
Fig. 2: One-element or multi — element two-port not growhde In this work, the unified, callethe transimpedance
method is proposed for transimpedance determination
Yi Or Yy [7].
< < Definition 1. Let Z denotes the inverse of the node
E;| admittance matrixY ™. Leta = (ag, ap), B = (B1, P2)
© be pairs of natural numbers, representing circuit

= nodes of portsee and g. The transimpedance is
Fig. 3: One-element or multi — element two-port grounded defined as



Z(0,B) = 2,5-2453," 20,5 2 3a
I (32) where: 7 (q, p) - the transimpedance nominal at

f=1f, (parameters are unchanged),

i o . _l i
IS (i, f4) entry of Y™ matrix. Z, (a, B) - the transimpedance aftef -th -

where: Z, B
irj
Its numerical value can be determined by calcuiatin

the appropriate elements of thé® matrix; for parameter increment caused by frequency

; o X change,

instance, by the matrix inversion process.

Two-port transimpedance expresses the relation 1

between the voltage responses in the poand the Keyp=- (5b)
current excitation in the pof. It can be explained Ay, +Z,4(58) .

using some circuit model. Let us consider the two - i ) . i
port shown in Fig. 4, in which the circuit resulted Network function and its sensitivity calculation
after extracting all passive two-ports, short —The voltage transmittance in nominal conditions
circuiting all independent voltage sources and open (without any change), as it has been derived i18]7,
circuiting all independent current sources isis:

characterized by the transimpedance matrix

:V70:V0.1-V02 — Zoniy ~ Zoniz” Z()zi1+202i2: Z(“-B)

portp T, - (6)
port o \Y%
5 ———e oy Vi Vil-viz Ziir” dain” Zzi1+ Z5i, Z(B’ﬁ)
Iﬁ’@ Z Vo In similar way, other network functions like
&, A transimpedance, input impedance and output
impedance can be also by the appropriate two-port

transimpedances expressed:
Fig. 4: Explanation of the transimpedanZge, B) definition

Ti=Z(a.p) Zin=2B.B) Zox =Z(0.0) (7
PortB = (81, f2) is formed by extracting elemew
and porta = (ay, a,) is formed by extracting element \yhen frequency is changed, then susceptances of
Y. Dividing voltage V, (measured at port) DY — e5ctive elements are also changed in accordance
excitation currentl, (at port f) we get the \in relationship (2) and in consequence approriat
transimpedance from pajtto porto: admittances are changed, too. These increments are

V, /1y =Z(a,B). (3b) marked in Fig.1 asAy,orAY,. So, having the

As it was shown in [6], the transimpedance (3) hasincrements of appropriate transimpedances, obtained

the following property - the increment of the tworp 22?'{;?3 ;hr?c:%Cnusrrcegrfeb?rcgllj(ialgi)ayd th(e) r']r(‘actsehfgﬁlndt e
transimpedances due to tife- th admittance large W uncti u . u

chanaehy. is noticed certain essential fact, that it is possitde
ganye, calculate demanded transimpedances afterthéh

_ admittance large-change on the basis of knowledge

AZ(0,p) =K [Z(a,5)Z(S.P) (4a) about the values of appropriate nominal

' transimpedances, only. For this purpose we créate t

where:§ - £~ th admittance port, nominal transimpedance matrix:

1

S S— 259, 259, -Za&), Z&%). 459
Vhy, +Z(58) (4b)

456), 459 Ao 4o 46e)

As we see, the increment of a two-port
transimpedanceAZ(a,B) due to & - th admittance

large - change depends on three new transimpedanc% 4
nominal and the incremeAy;, .

We want to determine the increment . . . :
AZ(a,p) when numberN'" admittances are changed, Z608), L&), -Zéw N Zés), Zéus

simultaneously. Taking into account the relatiopshi
mentioned above, it can be shown that the two-port 2o, 28 A& 2od). 25y

transimpedances will be changed on each step, in .
accordance with the recurrent formula [6]: A49). 455, A5, 454). Aeq)

(8a)

_ Direct applying the recursion in the computational
Ze(0B) =Zs4(0B) +KeyZs 1 (0.8)Z51€C.B) (5a) process according to the pattern (5) s

£=1,2,... N, disadvantageous because of repetition the same



calculations  while  determining the same Basing on the theory outlined above the Matlab
transimpedances. Creation the initial transimpedanc scripts have been written, that allowed us many
matrix (8a) and its reduction alongside the matrix comparison tests to carry out. Comparing operations
diagonal using the relations (5a) and (5b) as thedone in accordance with the LCS algorithm and in
suppression formula appears to be more beneficialaccordance with a traditional one, it can be ndtice
As a result of the reducing process a sequence dahat in the traditional method the frequency loop

arrays is obtained:
zO L z0 L z@ 7z Every next array
is smaller than previous one. In the last stepreaya
is obtained with the 2x2 dimension (8b);

_1Z(S:60)  Z(S4y:6p)

z(N) =
Z(éﬂifu)! Z(él}!fﬂ)

(8b)

its elements enable us to calculate network fonsti

(6), (1.
ALGORITHMS

The main algorithm

Basing on the theory delivered above the main

algorithm called further as LCS algorithm can be
formulated in the following way:

Step 1.Obtain the small - signal equivalent circuit
and get the information about the network function

required and the passive two-ports. Determine the
one-element and multi-element ports. Determine the

set of the frequencies, at which the ac analysihef

circuit should be carried out. Enter data concernin

circuit structure and elements values.

Step 2.Formulate the admittance matrix (NAM) (or

modified admittance matrix (MNAM)) of the circuit

atf = fo.

Step 3.Acceptingf, (it is possible often to accefyt=

0) calculate the initial transimpedances according

(3) and complete the

initial Z© (8a).

Step 4.for consecutive frequencies determine the
admittance increments according to (2)
(frequency loop) do:

for each one-element two-port,

(elements loop)
successively (fok =1, 2,...,m)

- carry out reduction of the

Transimpedance matrix (8a)
according to the relationships (5).

end
for each multi-element two-port,
successively (fok=m+ 1,m+ 2,

..., m+ M) (elements loop) - carry
out reduction of the transimpedance
matrix (8a) according to the
relationships (5).

end

Step 5. Calculate the demanded network functions

using elements of reduced matrix (8b).

end (of frequency loop).

transimpedance matrix

includes both formulating of" equations and solving
them (Fig. 5), whereas, in the method presented onl
reduction of the transimpedance matrix of x N’
size is needed (Fig. 6). It should be noticed, hey t
chance, that usuallj << n (where:N - is the number
of reactive portsn - is the number of network nodes).

Moreover, the transimpedance mat@X® is formed
only once at the beginning.

Traditional Algorithm

Fundamental steps of frequency loop

—

\

Formulation of circuit equations =Y
matrix (n x n)

!

n circuit linear equations solution |

i

Calculation network functions

Fig. 5: Traditional algorithm

LCS algorithm

Fundamental steps of Large-Change
Sensitivity method (LCS)
Formulation of circuit equations — Y
matrix dimension ( n x n)

Transimpedance initial matrix Z ~ ©
formulation - dimension

m — number of reactance
components

Reduction of
transimpedance initial matrix

Frequency -N - steps

loop

Calculation network functions

Fig. 6: LCS algorithm

The numerical comparison tests carried out for
circuits consisting one—element two-ports, showed
(Fig. 7. and Fig. 8.), that the LCS method needs le

calculation cost than the Gauss-Jordan or LU-
factorization methods, especially in the case of a
large number of frequencies and for growing
difference between the number of circuit nodes and
the number of passive two-ports.
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Fig. 7: Comparison of LCS method with Gauss-Jordan:
v = tay/ tics against number of frequency points,
b =n - N as parameter, t — calculation time
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Fig. 8: Comparison of relative efficiency of LCS and LU -
factorization { = tuy / t.cs) against number of
frequency points, b = n - m as parameter

The results of this comparison were depicted in Fig
4. and Fig. 5. More details concerning this
comparison can be found in work [9].

Depending on network functions that have to be

calculated, some transimpedances can be omitted,

too. In this way, it is possible to reduce the nemtf
arithmetical operations in this method, signifidant

Acceleration method

Because in integrated circuits exist many small
capacitances, the computational efficiency of

presented AC analysis method can be yet moréd"

speeded up. For sufficiently small values oy |,
what in case of hybridt model capacitors of
‘integrated transistors’ the following condition is
valid for sufficiently low frequencies:

Dyg e @)1= Ke g = vy -0 (9a)

that leads to the approximation (see (5a) and (5b))

Zg(@B)=Zg_q(aB) (9b)

Hence, thek - th step in the LCS algorithm, can be
omitted, which decreases the number of arithmetical
operations by 3. As long as this relation is fléfil
these operations can be omitted many times. In

practice, we use sufficiently small numbér, that
fulfils inequality:

OygZg G0 EnL (10)

Basing on this fact, the following LCS accelerated
algorithm has impact in elements loops in step 4 of
the main algorithm
For i=1:nf % frequency loop
delta_omega ==2(f; — f);
%where: ‘delta_omegameans Aw
Calculate delta y
for k=1:m %elements loop
if (abs(delta_y)*abs@(&, & ))) > ea
% taking
1

Ky =~
1/delta_y, +Z, 4 (& &)

carry k-th reducing step out
according with (5);
end
end
calculate values of network functions;
end

OPTIMIZATION

Because the LCS analysis method appeared to be
very efficient method it should be effective in\gnf
some circuit optimization tasks. Therefore,
following optimization task was formulated.

We want to minimize the difference between
calculated and demanded functions on some set of
arameters. The optimization task has the following
orm:

the

(11)

ng 2
Tﬂig(;[Fm(fi.x)—Fm(fi )]

S X} S Xinax, | = l2,---,nx}

here: X :{x]. :Xmini <
n; - number of frequency points
n, - number of parameters

To accomplish this task the optimization computer
program was elaborated. The structure of the
optimization program is shown in Fig. 9.



f. OF ={1Hz1GHZ,i =12,...n; at n;= 10" points

placed in accordance with logarithmic scale. The
calculations were performed according with the main
10 <):"> API LCS algorithm without acceleration and obtained
characteristics showed full accordance with those
given by PSPICE (denoted as result A). Next, the
Monte-Carlo calculations were performed according with the LCS
accelerated algorithm for different values @fy

(denoted as B). For each result, for comparison
Negi';rl;'l‘:iad purposes, the following computer processor
independent measures were estimated:

-
(9]
»n

Lcs-Opt

a) the coefficient of run time reduction:
Fig. 9: The structure of optimization program

L. . . = TA/TB, (12)
The optimization program consists of two modules:
a) the LCS analysis module, and where: 1, — the time of calculations performed in
b) the Lcs-Opt optimization module accordance with LCS algorithm without acceleration,

The LCS analysis module containing the universal, _ihe time of calculations performed in accordance

computer program performs the AC analysis of i | cS accelerated algorithm;
integrating circuits with embedded passive two-port ’

by using semi-symbolic LCS method. b) the relative error:
In the optimization module two optimization
procedures: Monte Carlo and Nelder -Mead Simplex o [%] = 100| (TB'TA)/TAl (13)

were applied. The first one is the global search
method and its calculation result makes the strtin
point up for the Nelder -Mead Simplex local search
method, which improves the search result.

Whole optimization system has been written in C++
computer language.

where: T, — the characteristic obtained as result A,
E - the characteristic obtained as result B.

COMPUTATIONAL TESTS

Test 1 — Acceleration method

The efficiency of the acceleration algorithm was j;k®
tested using nA741 OpAmp circuit (Fig. 11), having
25 transistors and working in inverting mode of
operation and supplied with +/-15 V. The parameters
of small signal equivalent hybrid transistor models

[10] were taken from PSpice computer program [11].

T C, T

I l@

A1t
ik

: I Fig. 11: uA741 OpAmp circuit prepared for analysis

As accuracy of approximation was taken the maximal
¢ E value of measure (13) over frequency domain. These

Fig. 10:Hybridmtransistor model results were plotted as the functionsegf, for
Number of nodes = 75 (including internal nodes), Magnitude of voltage gain, which is depicted in.Fig
number of reactance elemeits= 51. The following ~ 12. As we see, the acceleration method works quite
vector of reactance element increments waswell for £,< 10", where the calculation time is
determined as: Ap =[Ap,,Ap, ,...,Apm]T = Aw reduced by almost 30 times! It results from thist,fa
Cu G G G- Cus Gy CJ T where G- 081110 of capacior ety o icgrea e
compensation capacitance. As the initial frequency(u P 99

was acceptefh = 1 Hz. All analyses were carried out compensation capacitor, & 30 pF).
on the set of frequencies
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Fig. 12: The coefficient of calculation time reduction anethtive
error of approximation vs£ 5 for magnitude
of voltage gain

Test 2 — Symbolic description

The influence of symbolic description of multi —
element two — ports on effectiveness of ac analysiss =

was tested during analysis of the acoustic correcto

b) LCS analysis with two-ports: Z1 and Z2, desatibe
symbolically.

The acoustic corrector uses PA741 OpAmp in
noninverting mode of operation which has internal
structure of the circuit as in testl (Fig. 3). Full
internal circuit with the embedded passive subdtiscu
was analyzed.

The admittances of the multi-element two-ports are
described by the following symbolic expressions: fo
two-element two-port Z1 and for five-element two-
port Z2, respectively:

Y1(s)=1/Z1(s)=sC1/(sC1R%*1) (14)

Y2(s)=1/Z2(s) (15)
where:

Z2(s)= R2/((sC2R21))+R3/(sC3R31)+R4

jo, Z3 =R5 = 50, Z4 = R6 = 10k, R1 = 820,

33uF,R2=22M,C2=39nF, R3=33k,C3=
1.8nF, R4=6.2 k.

For the acoustic corrector (Fig. 13a) two analyses

were performed:

a)
1
| S Wy
‘:}e [ :_/
- b
D 74
C|1 R1
o
{1
b) | 71:
c) Z2:
c2 C3
[| [|
[ [
o I o+
R2 R3 R4

Fig. 13:Schematic diagram of the acoustic corrector useleatest
circuit: a) main circuit, b) two-element two-port Z

c) fife-element two-port Z2

a) Fully numerical analysis using Gauss elimorati

method, and

frequency response
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Fig. 14: The RIAA correction characteristics

Both analyses gave the same results — the comectio
characteristics satisfying the RIAA requirement,

which is depicted in Fig. 14The coefficient of run
time reduction achieved valug” = tg/t cs= 6.7428
for 1000 frequency points, add= 8.5725 for 10000
frequency points, wheretg - run time for Gauss
method cs - run time for mixed numeric — symbolic
LCS method. It is evident, that the coefficientroh
time reduction will be better if number and the
models of passive modules are bigger.

Test 2 — Results of optimization

For the integrated circuit shown in Fig. 15 we wiant
obtain the RIAA correction characteristics shown in
Fig. 14. The elements of passive two-ports , dbedri
earlier, which have been placed inside the integrat



circuit (two-element grounded two-port Z1 (Fig. 13b Monte Carlo procedure of optimization is shown in
and five-element ungrounded two-port Z2 (Fig. 13c)) Fig. 18. (red curve).

were used as the optimization parameters. The values of parameters obtained after first stdge
optimization (Monte Carlo) made up the starting
The vector of optimization parameters is vector for the Nelder -Mead optimization procedure

(second stage).
x=[R1,R2,R3,R4,C1,C2,C3]

frequency respanse (after Mante Carla)
T T H

IVm(ﬂs V)

Ry=
39k0

a5}
oz}

rmagnitude [dE]

30

I S 2a
—Vee (—15 V),

Fig. 15: The integrated circuit with Z1 and Z2 two-portstedded B aeE
inside 10’ 10

10° 10t 10°
fregquency [Hz]
The optimization parameters have been restricted byig. 17: The corrector magnitude characteristics after M@wrlo

lower and upper bounds: optimization procedure:
- calculated (red)

. demanded (blue)
R_min(1) = 50Q2; R_max(1) = 10e+€;

R_min(2) = 1le+R); R_max(2) = 100e+&;
R_min(3) = 1le+%); R_max(3) = 100e+L;
R_min(4) = 1le+X); R_max(4) = 100e+8;

frequency response (after Amoeba)

m
=

iy}
iy}

C mn(1)=1e-10F; C max(1)=100e-6F;
C min(2)=1le-12F; C_max(2)=10e-9F;
C min(3)=1le-12F; C_max(3)=10e-9F;

18]
=

o
in
T

e
[
T

Whole active corrector works in the circuit shown i
Fig. 16.

a5}
oz}
T

magnitude [dB]
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Fig. 18: The final corrector magnitude characteristicsraftelder
Fia — Mead optimization procedure:
- calculated (red)
demanded (blue)
= Final optimal parameters are:
Fig. 16: Simulated circuit rl =7.9715e+004 (~80R,
r2 =9.9838e+007 (~100 M),
Four additional external resistorg, R, Ri,, and Rs r3 = 4.4987e+005 (~45QX),
were attached to reach proper level of amplifigatio 4 = 475.7430 (~47D),
Finally we were takemRs/R;, = 10° that ensures 60 cl=7.1751e-007 (~720 nF),
dB of maximal amplification. The criterion function €2 =5.3775e-010 (=540 pF),
(11) have been calculated at = 78 frequency c3 = 1.8169e-010 (~180 pF),

points. The corrector magnitude voltage gain after



Obtained final result is excellent but not uniqudat
is well known, because impedances Z1 and Z2 hav)REFERENCES

no unique solution in set of paramet&rsThe mean-

squared approximation error reached value 0.04141] Wai-Kai Chen, The Circuits and Filters
dB, which is much less than 1 dB demands of RIAA. Handbook, Boca Raton, USA, CRC Press Inc.,
The nonstandard values can be further reached by  1995.

laser correction in thick film passive module. ¢t i [2] J. Vlach, K. Singhal, Computer Methods for
well known, that the laser trimming increases the Circuit A}laly.sis and 5esign "bod  New York
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