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I. INTRODUCTION

Device modeling in both the frequency and time domains has been
a rather undefined process in terms of the many different techniques
incorporated by design engineers to emulate device responses. Sensi-
tivity function development, initially by Leeds and Ugron [4], and
later by Director and Rohrer [5], has opened a new frontier to approaching
the device modeling problem., Sensitivity functions are the first par-
tial derivatives of network functions with respect to parameters contained
" in the network. Taken incrementally, they yield a percentage change in
the network function created by a percentage change in a parameters
value. Hence, they lend themselves rather handily to device modeling
problems where the device circuit structure is known and an optimization
technique is required to incrementally adjust the structures element
values to yield a desired network response [10]. Kokotovic and Heller
[8] have done extensive work in this area.

However, Director and Rohrer [5] have introduced a revolutionary
method for calculating sensitivity functions in a manner other than
direct partial differentiation of a network function expression with
respect to an element value contained in the expression. Their tech-
nique relates sensitivity functions to voltages and currenps obtained
from a network structure and the networks adjoint structure. Hence,
two circuit analysis using a general digital computer electronic circuit
analysis program such as ECAP [1] will yield these sensitivity func-

tions. The sensitivity functions can then be incorporated into a basic

1



optimization technique such as the negative gradient technique to
adjust the device models' element values to yield a desired network
function., Although this technique offers a clearly defined general
approach to device modeling, it also suffers from many disadvantages.
Among them are that

1) a long computer-computation time is required,

2) the chance of getting stuck in a local valley or flat

portion of the index of performance (IP) surface is possible,

3) and there is no direct method for choosing the correct

index of perfofmance to achieve a desired network response
function.

Chapter V of this dissertation indicates how the design engineer
might circumvent these problems by omitting the optimization process
from the design procedure in the specific case of small-signal transis-
tor modeling.

Director and Rohrer's technique has another significant advantage,
however, in that their sensitivity function calculation technique applies
equally well to a zero-valued circuit structure; i.e. one containing
only short circuits for current determination and open circuits for
voltage determination. Hence, initial "growth"-indicator gradients can
be calculated for the zero-valued structure and the appropriate grad-
ient indicated elements can then be placed into the structure. This
yields a variable structure technique by which the structure topology
can be determined element by element and then developed by an optimization

process. However, other than having the obvious pitfall of requiring



an optimization process, it also requires a circuit analysis program
capable of analysing circuit structures under continual topological
change. This places exceptional requirements on an already complex
circuit analysis program such as ECAP, and is not easily implemented.
Chapter VI approaches this device modeling concept from a fixed struc-
ture viewpoint with the advantages that
1) the circuit topology remains the same throughout and each
block can be analysed with the same circuit analysis program,
2) the final circuit realization can be reduced to a minimal
number of elements by omitting those elements used only to
preserve circuit topology, hence yielding a variable struc-
ture technique, and
3) the demands made upon .he index of performance for the
device model are kept realizable and minimal by using the
proposed cascaded-model configuration and having each cascaded
block meet only a minimal realizagle index of performance
between the desired network function and the achievable

response function.



IT. SENSITIVITY COMPUTATION USING TELLEGEN'S (WEYL'S) THEOREM

Tellegen's (Weyl's) Theorem and elementary calculus methods
show that only two network analyses suffice to determine all element
sensitivities. Proof of Tellegen's Theorem [ 6] and its application
to the linear resistive case [ 3] and frequency domain case [10] are
reviewed in this chapter in order to promote a better appreciaticn of

the main results presented in Chapters V and VI.

2.1 Tellegen's Theorem

Consider a network graph having n, branches and n nodes. Let
(va iK) be the complete set of branch voltages and currents (K = 1,2,
...,nb) with the reference directions of Figure 2.1, but otherwise
arbitrary. Then Tellegen's Theorem requires that

Nb

,Z1VK’K = 0 (2.1)

The proof begins by representing branch connections between all
nodes (including self-incident branches at all nodes), where appro-
priate currents are in fact zero in Equation (2.1) (Figure 2.1c).
Let the total number of branches be -5 SO that

np Ny~

KZ1VKiK = KzviiK

Since one and only one branch exists between every pair of ncdes,
this summation cver all branches can be replaced by a summation over
all nodes. For this purpose, the bvanch currents and voltages are

resubscripted as shown in Figure 2.le, wheve the node voltages ave
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Figure 2,1, Definitici in procf of Tellegen's theorem



reasured with respect to an avbitrary reference. The VKiK summation

"' .
of branches incident at the j“h nede is then
nooo. s s
ORI L
i=l

For example, at nede 1 in Figure 2.1d, this sum is
L L N O CARL PPN (R L P LY
= {vgdligh  (ovg)(-ip) + (ved(ig) + (-v,){-1,)

= »] gt + v616 + Voi, (2.2)

Note that the signs of the VR'K terms of Equation (2.2) are always
pesitive, If we sum over all nodes (J = 1,2,...,n), then it is clear

that each vKiK product will be represented twice, s¢ that

n. .
Sy g ) Z . dygid
Y v, i, = 1/2 v - )i
k=1 KK §=1 i1
M- n n ‘1 ;0 i
Y ovdy = 172 .Z Z 3) + 72 2 v ) i) (2.3)
i=1 =] j=1 =l
vhere identity ij -i%7 has been used in the second term. But the

two current summations in (2.3} are both zero from KCL, since they
represent the total cuevents fiowing into nodes j and i respectively.
Thevrefore,

ny

f xkik ¢ (2.4)
Equation (2.4) is not surprising on physical grounds, since it repre-

sents the consorvation of insiantanesus power in a circuit., However,



inspection of Equation (2.3) and its derivetion voveals a rather

'a.

remarkable faci: thﬂre is no rnquirpwnn+ that the branch curvent

T

and the rode voltages v aﬁd v be in the same gvapn! The voltage can

.

be defined in orne graph and the curvent in apother, so long as both
have the sams directed structure, In fact, iV we permit representation
of open- and short-circuited branches, then the two graphs need only
have the same number of nodes (Figure 2.2)!

Therefore, Tellegen's Theorem applied to Figure 2.2 would yield:

2 Tl =

2.2 The Linear Resistive Case

Let vK(t), ?K(t), wK(t) and ¢F(t) represent branch variables in
N
o natworks, N and NA respectively, which have identical graphs in

the Vellegen sense. Then

4]
o

% \'K(t)‘bK(t)

]
o

Z ‘!’K(t)i}((t)
K

Now Tet tha voltage and current in N change by emounts AvK(t) and

AiK t). Tellegen's Theorem must still be satisfied su that

T(v (£) + ov (£))e, (£) = O

K
K

2 Yy (0 (7 (8) + 8d (2)) = 0



vhich requires both

) tvy({tie (t) = 0 (2.5)
K
Ly (t)ai (2) = 0 (2.6)
K

and, subtracting (2.6) from (2.5),

Havg(£de (t) - 41y (t)y (€)) =0 (2.7)
K
Equation (2.7) provides the key to sensitivity caiculation methods.

tivities

wate

To see tiis, consider the preblem of catculating the seas
evolaﬁi ane ave/aR2 for the circuit of Figure 2.23a,

The cutput is formally replaced by an infinite resistance branch
(Figure 2.3b), and a network of the same structure is composed with
as yet unknewn branch relationships (Figure 2.3c). Equatiea (2.7) can
rovi be written

(Bvgog - Aisl!)s) + (AvR]q:R] - m‘P

YR.)
\‘IR

i

+ (bv, - Ai . )t AV - &i = 0 2.8
( %R, szﬁz) (800 = 61 ,) (2.8)

Hovs assuma that R] changes by AR,; this will, in general, causc

.‘;
changas in all network branch currents and voltagas, which can be

calcutated as follows:

oV, avR]
Y T e AR, 4 = A
Avy, = i, AR, 4+ RAd
R] R] 1 1 R}



Figure 2.2, Example circuits
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Sl

e¥p

= ..-..._.g. A = R.AY

Av :
"o g, e TR

Now attempt to set the termns of Eguation (2.8) to zero, First,
B¢ = C, since the voltage Vs dees not change value. Setting ws =0
then forces the entive fivst tevm toe zero, The third term is of the

forin

Rotiy ¢, - fip Pp = (Ry¢n = ¢p JAI

27RTRy T RTRy T 2Ty TRy TR
vihich becowes zero if the adjoint network contains an ideatical resise
tance R, so that v, =R ép . JIf R is afso duplicated In the adjcoint

2 1
network, the remaining two terms of Equation (2.8) becoms

.(AVR_IQ’R] = [‘jRi‘pR,‘) + (A\’o(i’o - Aio‘l’o) = (if(]AR"q)R])
+ (Av0¢0 - Afcwo) =3
= iR}AR]¢R] * AV 9, = 0 (2.9)

since Aic = io = 0, Finally, setting ¢0 =1 yields

-V R
Avo dv0 S 2

A T I (I I (I ) (2.10]

whicn chacks with the calculation in Figure 2.3. Calculation of

dvu/éﬂ, praceeds in an identical fashion to yield

7
f:v.o._ 22 e ‘i 4'
iy RZ'RZ
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In both cases, the adjoint netwovrk is identical o the original,
except for the shorted input and a unit source across the output.
Tharetore, only two network analyses need bg pervformed to conpuie

both sensitivities.

. ‘regueancy Domain Sensitivity Caloulation
2.3 Freqguency Domain Sensitivity Calcoulation

Iri the frequency domain eguaticn (2.7) can be expressed in phasor

terps as

1oV, (Jw)e, (o) - al (Jw) 7w)) = 0 (2.11)
K

Mow consider the branch relations of the original network "N". At

the sawe time define the branches of the adjoint netuork ' A" in sucn

& way as to reader expression {2.11) independent of all AV and Al tevms,
wiich gre assoc] with nonsource branchies., The reasoning behind

this approach is thal an expression is desired that dapends only on
pavamcter and scurce variations. Next; the derivation of the adjoint
elaments for resistances, capacitences, and voltage contrelled voliage
seurces is demenstrated. The adjoint models for the remaining element

types ave darived by mzans of similar techniques; the vesulis are
summarized ia Table 2.7, Consider resistive hranches first., Let
¥, = RI (2.12]
R TR \e.12)

wheve tnz sudscript R denotes resistance element. This subscripting

«sde

siance is vay

fRY)

scheme will be employed throughout. Since the resi ed,

Vi ¥ aip = (R + AR\(I + AIP) (2.13)
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Comparing equations (2.12) and (2.13), notice that

AVR = RAIR + I,AR

R

(neglecting second-order terms)., Therefore, the terms of equation

(2.11) associated with resistance branches of N can be written

2[(R¢R - ¥p)Alp + 1a0pR] (2.14)
R
vhere the subscripts on the summation indicate that it is to be taken

over all such branches. To achieve the goal of eliminating the

dependence of equation (2.14) on AIR, choose

¥, = Ro,

which is the branch relation for a resistance of value R in the adjoint
11} 1]
network NA .

The capacitance branch relation is

I. = jwCV

C C
so that
AIC = JwCAVC + JwVCAC

(neglecting higher-order terms). Terms of equation (2.11) associated

with capacitance branches of N can be written as
g[(@c - JwC?&)AVC - JwVCWCAC]

Thus, the expression describing the adjoint element associated

with a capacitance is
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a capacitance bvanch relation itself. Thus, a capacitance in the ori-
ginal network of volue C is associated with a capacitance in the edjeint
netvork of value C.

Consider a two-bravuch model for the four basic types of dependent
sources. The branch relaticas for voltage controlled voitage (VCV),

(VDY tinplies voltage dependent voltage)., sources are

Ywov = Wycy

and
Tyoy = ©
so that
Mypy = walycy * Vycyhw

and

[t
o

Myey
(nzglecting second-ovder terms)., Terms of equation {2.11) correspondiag

to veliage controiled voltage sources may now be written as

Z;[(¢vcv + ubypy)AVycy = YypyAlypy + Vyey@ypyavl
Ve

so that the adjoint branch relations becoms

Pycy = ~uOypy

and

Yypy = 0



Table 2.1
Element Branch Cerresponding Tern Branch Relation Sensitivity Comp.
P Tyne Relation of Expression (2.11) in Adjoint G-comp. of Ap
Resistance | Y_=RI (Ro_-% )AL +I & AR V_=R¢ -10 AR
R (Rep -7 )AT Lt R R'R
ance =GV -GY,.} - 4 = V.Y G
Conductance IG GXG (@G CWG;AVG Vg6 s G¥% Jg s AG
scitan =5} -3y .3 S =3 Sy Y C
| Copacitance! T 3(,)CJC (o _"“YC)AVC Jch‘{’CAL d’C JuCy Jwv’c\!c A0
!
- . 1 . . 1 -

. =14l Q — h = N - e & AY
Eiastance SIJ Ju\s ( S v )AI + wlsésas e, Jut ijv s AS
Inductance ‘L’L=ij}L (ijQ’L-‘PL)AIL*":}U)ILQLAL ‘PL=ij¢L -ijL@L i
Reciprocal | ¢y -0 (o - 3—-4“? AV 1y war TU=jud. Iy AT
Inductence U7 T jw T ju T Jo 7T

Vo =nV -(no_ o, AV (Yo ¥ ). ny_ =y o_ 4 AR
Transformerl 12 71 P2 ) ( 12 1 T2 1712
I_,=-nl_ AL -{V_ o *I y__)An -nd_ =0 I_v
T2 r2 2 T 2 T T2 T

ut?



Table 2.7 {continued)

{ i 1

Element ! Branch Corresnonding Term { Branch Reiation Sensitivity Comp)
Tyre Reiation of Expression (2.11) in Adjoint G-comp. of Ap

=0 o, %Y. JAl S I S “{I.y0%nyi- A
Gyrator en™er2 vy er M e ey Yevad Yo ™ ere Hay2"ent *

o Y . \ (' \ v 1, s - Q - .

Vev2™ ey Moy, ey ey Tari%ava’2 | Yoy2™%y Loy %av2
Voitage ;
e \ = - T - :
Controtled | Vygy=w¥ygy | (Byey™ oy )Wycy-YypytTvoy | Svov=-1bypy Yyevtuny s
Source ivcv=0 +Y VCV)VDV Au ?VDV:O
IVoligage

Controlled| I...;=gqV . { -G\ / . Oronr =0 Y LY bAg
oniroltec) Syprthver o Ve 9 tvor AVeryorVupr | ®ver™% vos Werfvor | A9n
Sounca T =0 -V w . o, =D i
Soure fver™ ver vorin ypr0

Currant g
Controiled =Y p v AL 4w Ve BB .
Yol ?a; i A T oy rov’ iy ™ iov®tiov | YrorTmliov tevIny Lro,
Souse Frev=0 eyt ioviy Y1pv70

Current

Controtleg I,.n,7BI AY, ., ABY, Y =_gy oy

Controtled | Irpr™Blicy | Crpr®Vior-rer*™rolier | ¥yo™ Py Lerion a8
seurce Yrer “f1o:Yypi08 L e1p170

al
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3 o

which describe a curvent centroiied cuvrent source of current ampli-
fication factor -~ pu. Note the charge of roles between controlling
and dependent hrawcﬁes in the adjoint network.

The terms of equation {2.11) associated with tha remaining element
types of the network N can be manipulated in a similar manner. The
resuits arve presented in Table 2.1 along with the appropriate branch
relaticns to be chosen for the velated adjoint network Ny,

The netwovrk N end its adjoint Nﬁ are shown symbolically in Figure

.

2.4, Expression (2.11) can now be writien as

xcee

}[A\'Vfbv - AivaJ Z[LV ¢, - AII‘PI] = §'Ap (2.15)
v .
where the components of G and Ap ave shown in Table 2.1,

Now, assume that the independent voltege souvce voltages aud

independent curcent source current of N are held constant so that

AVV =

AII =
Thus, expression (2.15) becomes

XAVI@I XuTuWV G A" (2.}5)
i v

~

From equation (2.16) the necessary sensitivities are easily cal-

2,

culated by appiying the eppropriate inpute to the adjoiri network.

Let
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X

Vv(éw) = -Ma(jm){lv(dw) - fifjw)] (2.17)

be the adjeint netviork independent port voltage souvce excitations and

QI(Jw)

W G [V {30) = Vo) (2.18)

he the sdioint natwork independent port curvent source éurrent exci-
tations., In other words, the excitation of the kth port of the adjcint
network (?V, @I) is the complex conjugate of the weighted (wv, NI)
evrroy between the actual (Iv, VI) and desirad (fv, ?I) responces of the
it port of the original retwork. If there is ao desired response at

@ povt of the original netwiork, then the corresponding weighting funce
ticik would have been set equai to zevo, indicating a zerc cxcitation

at the Kih port of the adjoint network. Also, i{ there is a zero
evicr at @ given port ¢f the original neiwork, then the corresponding

port of the adjoint network has zerc excitation as well.,



ITI. TIME DOMAIN PARAMETRIC SPACE GRADIEMT CALCULATION

The preceding sensitivity computations were pervormed using
Tellegen's Theorem., However, the initial sensitivity computations,
i.e. postdating Leeds and Ugron's [ 4 ] work, were performed by Direc-
tor and Rohver [j0] using variational calculus [31]. This method,
although rigovous, proved to be much more tedious than the equally
rigorous computation using Tellegen's Theovem. However, when consi-
dering the time domain case the varietional calculus method will give,
perhaps, a better insight into the complexities invelived. Thus, the
following time domain derivation has been performed with variational
“caleulus [31] in lieuw of Tellegen's Theovem. Also, the paramstric
space gradients calculated in this chapter will be used in Chapter VI

which involves a new concept in the transient modeling of devices.

3.1 Variational Calculus Technique

Considar the simple fixed-structure, linzar, time-invariant net-
work in Figure 3.1 for which the element values are constrained by
lower and upper bounds:

Lo <R < s

P

s £ 2w

(3.1)

fA

T < s

>
(gp]
A

< C<ugs
. < G < Mg

19
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These bounds may be dictated a priori (by physical or eccnomic
considerations, perhaps), or they may be adjusted in the course of
solution of the prob1em'[31].

Now, let the excitation functions Ve te[to, tf], and ii,
te[to, tf], be given for the time interval T = [to, tf] and accept
the response functions for current iv, te[to, tf], and the voltage
vi, te[to, tf], as those associated with the excitation sources.
While the desired forms of the response functions gv’ telt,, tf], and
Gi’ te[to, tf] are assumed to be specified a priori over the time
interval of interest, it is safely assumed that they can not be
’attained exactly for the given network structure in general. Hence,
specify as an approximation criterion the minimization of

t
j A .
{{wv(t)[iv(t)uiv(t)]2+wi(t)[vi(t)-vi(t)]z}dt (3.2)

0
whevre R, L, S, T, C and G are the parameters to be cptimized and wv

E(R,L,S,T,C,6) =

N [=—

and Ni are the non-negative weighting functions. The following equa-

tions govern the time domain behavior of the netwerk:

114
o

4o

v (8) + R (6) # Liy(6) # vg(t) - vy (1)

.

Siv(t) - vs(t) 0 (3.3)

i5(t) + Guy(t) + Cvy(e) + ig(e) + 4 (¢) =

L]

+
$]
o

Ty, (t) = ig(t) =

]
(o]
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Expressions (3.1) and (3.3) constitute the set of mathematical
constraints under which the approximation criterion of equation (3.2)
is to be minimized. To p}oceed to the parameter optimization, first
append the dynamic constraints of equations (3.3) to the approximation
criterion of equation (3.2) by means of four Lagrange multiplier func-
tions, Tv’ Tgr Ty and Tps in that order to obtain the augmented per-

formance :unctional [31]
f
£ = [ o (00,0 - 107 + M vt - 7,07
to

+x (6, (8) + Ri (1) + L (£) + vg(t) - v (8)] -
+rgwmuu)-%un+14wﬁﬁw+c%u)+d4w
+ ir(t) + iv(t)] + Tr(t)[rvi(t) - {r(t)]}dt

Upon an integration-by-parts of equation (3.4), applying the
necessary condition that the first variation §E > 0 for a local mini-
mum, and also applying the endpoint transversality conditions [31],

there follow four adjoint Euler differential equations:
W (E)[3, (t) - 1, (£)] + Rr (t) - Lr () + Srs(t) + 1,(t) = 0;
T, (t) + 1g(t) = 03

Wi (E)IV;(8) - V()] + Gry(t) - Cry(t) + Prp(t) - (¢)

n
o
we

%u)+§u>=m
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.

This set of coupled first-ovder differential eguations is viriuvaliy

2 ’, .

identicel te the original differential-state equaticns (3.3), and may
ke brought into clioser correspondence vith them upon making tﬁo Toilowi

identifications:
s {8y = W (¢ + - it 4+ . =-2)-1(t * - & 3
Y E) = W (e + £ - )01 (& # tp - 2) -1 (£ +te - £)], (3.5

& voltage source voltage;

a voltage source curvent;
U P <+ - 2

an elastance voltage (note: g must be an elastance charge);

.i(g} = "'f (t + t = g)s (309)
a current source voltage;
¢;(8) = -y ( - g)[vi(to *tp - E) - v (t, + t. - £)], (3.10)

2 curvent source current;

op(E) = Yoyt + t. - £), (3.11)

o
-
(¢
[$]
=
<
]
o
——d
asde

nductance current. The {ransformed independent variabls

‘ect of vunning time backwavds (f.e., E =t @ t = (g,
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£ = tf<$ t = to and dt <> -df) so that the adjoint-differential Euler

equations (3.5) with the substitutions of equation (3.6) coincide in

form almost exactly with the original differential equations (3.3):

¥ (6) + Ro (£) + Lo (&) + ¥ (&) - ¥, (k)
S¢,(€) - ¥(£) = 0
6;(8) + G¥,(6) + OV, (£) + o (6) + ¢, (¢)

Ty () - ¢T(£) = 0

n

0

(3.13)

Figure 3.2 gives the network representation of equations (3.13)

and coincides exactly with that of Figure 3.1; the only differences

between the two are the time reversal and the excitation by the

weighted evror Tuncticns.

Finally, from the coefficients of the parameter value variations,

6R, 8L, &S, 6T, 6C and &G, in the necessary condition for the first

variation (omitied hewve, but found in reference [31], p. 1933), the

element value paremeter oprvimization criteria was obtained:

<
te te
[‘iv(t)rv(t)dt = [yt * tp - 04 ()de =
0 tO >
b, ?f :
[0 (ae = [ L= (e + ¢, - £o, (6T
to %

0
0

H

]

L]

R = UR

R = r
L= W
g, <L <u (3.15)
L=2g
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b i COm ST

. ¢ . . "’? o - n w5

2 {+)q o= L w & ; ! a3 = ST 2,16
! iy (thr {E)at J iv(tc v tf £)S YS(C)Gg 0 25 <S 2w (2.76)
ty % 205 § = g
t." tf , <= T= pT
[gtomginiae = [Ty 6+ o - 1 To(e)les = 0% ap < T <y (307)
io F | r -

t i P OA::. T o=

o 0 b2
tf t b e
I vi{t)T (e)dt = j v (t + c - g)v (gide =0 = fe 26 2 (3.18)
L 1:0 >0 = C= 94(:
. < 0 B ( =
'l}.'c t‘f ' UG

y . "‘f () t = "".{ ':' W had £ U- S X = = B n i-s 35
{ vilehe (thae = [ [ovg(e o+t - 60 ()]dE = 0= & <6<y, (3.19)
LO 1'.0 >0 = &= §

3

vhare each of the right-hand side expressions becomes convenient in
subsequent computations. Now, employ the variational conditions derived
2bove to obtain the gradient of the error functicnal in perameter space
for the ultimate goal of processing an iterative neiwork design tech-
nique. First, reccgnize that if the transversality conditions are

satisTizd along with expressicns (3.3) and (3.13), the expressien for

the first variation of the auguented performance functional veduces to
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t

t. ~ |
5E ;-{{Tiv(tc +t, - £)0, (E)EISR + {[f{~iv(t0 © b - £), (B T8L
to to
: ?f. ' | -1 . tf ) IS PR
*{ el * b, -E)STTgg(E)dEdes {[ [-vi(t + te -~ g)T f¢T(§)]u£}o1
t % ~(3.20)
te, | te
#{f vgle + e - Eog (e)gdec + {{ [-vy (t, + te = E)¢(£)1dED6G
t0 0

but the fermula for the gradient of the augmented performance functional

with respect t¢ the parameters follows ¥rom

‘&.-.: '/‘\““:.:.ag -'-.?E -?ﬁ_ .g.gé .:..a._g.. +.3_.E. Ge (R
6 = VEGP 5 SR oL 8l < =5 N 5 ) C 6C oG 8G; (3.21)
SO

~ig{ty + te - £, (8) ]

t %v(eo * te - E)o, ()

VE = j -1 (kg * te - &)S"1¢S(£) dg (3.22)
t .
of -vy(t, + te - £)o;(£)

. yp=1
vilt, + tg = £ op(E)

vilt, ¥t - £)0()

is the (unncrmalized) gradient for

T

6p = [oR, 6L, &S, 6T, &C, 6G] (3.23)



IV. AUTOMATED NETWORK DESIGN

A fixed structure design algorithm [30] is reviewed in this chapter.
Also, a basic variable structure design algorithm [31] along with iter-
ative design based on the parameter space error gradients are presented

in order to enhance an understanding of the present-day techniques.

4.1 Fixed Structure Design

The fixed structure case is one in which the node-branch-element
~network configuration has already been synthesized, leaving only the
final element values to be detevmined by an iterative optimization
scheime.
4.1.1 Frequency domain case

The fixed structure frequency domain design problem can be stated
as follows. Find the element values of the Tumped, Tinear, time-invar-
iant fixed structure network N such that the complex-valued port

excitation phasors

A ~

V] (jw)’ \,Z(jw), eeoy vnv(jw)s
I (jw), I (Guw)s eoes I . (jw)
My fya2 fy¥ng

yield the desived complex-valued port response phasors

I](Jw)a IZ(Jw), cees InV(Jw)»

A
A

v (ju)s V. () s V (o0
nv+] uv+2 nv+nI

27
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over a specivied Trequancy range WeQ, where nv is the nuwber of inde-
pendent veitage sources and ny is the number of independent currant
sources.

A weighted integral squared ervror criterion over the specified

frequency renge is employed &s a performance measure:

~ 2
% I W (5w)|1v(jw) - 1,(Ju)| do

=

(4.1)

2
+ { (Jm)'V (jw) - \'I (jw)| dw
I

“O"-——.

wihere subscr1pts V and I of the summation sign denote summalion cver
all voltage and current scurces, respactively, and the wv(jm) and Nl(jw)
are real nonnegative waighting functions, _The performance function
is a function of the parameter values of the branch elements (resis-
tonces, capacitances, ...) via the response currents and voltages

New, ascertain the vawrietion of the error function, expression

(4.1), with respect to the element values:

oE
=7 —Ap (4.2)
op .
P
where the summation is teken over all variable parameters. From equa-

tion (4.1

oF : ‘ % BI (Jw) .
o ) Jr {Nv(jw)[IV(Jw) Iv(Jw ] —— e
"o Vg (4.3)
aV ('!u_.)
) {Re{h *w)[V “(jo) - V (Jw)'] “—“‘“p“—'f iy
1 g ‘
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Hence, the requirements are to odtaln an expression Tor the unnov-
malized network sensitivities
s 0\
Ayl
°p
and

oV (Jw)

Thus, teking the real part of equation (2.16), after substitution
of the adjoint excitations of equations (2.17) and (2.18), integrating
over the specified frequency range Q, and comparing the result with

(4.

equations (4.2) and (4.3),

- [j Re{G}duw] Ap
Q

vhere » is the astwork element vector and the "gradient vector" is

VE = [ Re{G}dw . : (4.2)
Q

Hence, referring to Table 2.1 fur the previously ueru»ea sensitivity

G-componants, the gradient becomes

l

= [ Re{«IoéR}du for resistors,
n

7’

Re{VG?G}dw for conductances,

[N )
%1S

N .
D =

R
fn)
( )

Re{jmvcwc}dw for capacitors,

@ o

o m
[}

b‘q
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aE - > ,._]_. : + 25
5E = I Re{ T IS¢S}dw for elastances,
§
3 . Sy
5{.3 [ Re{anILéL}dw | for inductances,
and &
BE r ] s 3 el
2= = Re1*t~VTWT}dw for reciprocal inductances.
oT Q Jw

Consequently, a fixed structure design algorithm can now be enunciated,
1) Make an initial guess as to the netwerk structure and associated
element values.
2) Calculate theAgradient and ocutput error,
3) Adjust the element values using a‘gradient method such as
steepest descent, conjugate gradient, etc.
4) Repeat from 2) until a suiteble termination criterion is met,
The fixed structure frequency-domain design procedure fiow diagram
is shown in Figure 4.1,
4.1.2 Time domain case
The fixed structure time domain case involves finding the struc-
tures (Figure 3.1) element values in an optimal fashion so as to best
depict a desired (optimal) transient response. For any initial choice
of parameters it is desived to reduce the error of cquation (3.20)
(i.e. to make GE < 0); for exampie choose to alter the parameters in
the divection of steepest descent:

an -

Ppet = Pg - QK(VE)',
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Read:

a) Initisl parameter values;

b) Excitation-Response
situation & waights at
specified frequency poinis:

V\[(ij) Qi\f(‘ij) ’wv(ij) 3
II(J('J‘\) “Vl (ij) ’wl (lef\) s
K=0,1,...,m,

[K=10 |

3

[Apply inputs V (1wK)&I (Jw,)
to nnx‘ogk

4‘,}

1

Cail Ana!ysis program & Store
the branch voltages & currents
nacessary for agradient calc:

Form er”or excitation
W, (o, )| (Jc» )I
W (JwK)I\ (]”k) ‘I\Jw )l

\ JCU

and partial integral of error
(trepezoidal integration rule):

if K=0

€ =]/2(m] w )eh
1f O<K<m
ckaeK"]+]/5(wK+]nuK ])e“
if K=m

Wi WY, of K
e ; -
€ =€ I/Z(wr . ])e

V‘(?#’(‘"
“UV Jo‘y !iv(Jw/) I J(L‘}\)I

+hI(JwK)|ii(JmK)"VI(JwK)I

(i)

Apply error excitations to
Adjoint network

v

Call Analysis program
to caiculate the biranch
voltages and currents

Calculate the partiel gradient
components (trapezoidal integration
rule):
it K=0
Veo(P)=]/2(m]"w0)Vck(P)
it O<K<m
vek(p)=vet! H(P)+1/2(wy,
if K=m

i~ ~ - .« e K
Vel (P)=ve™ (P)+1/2(u -ty 1) Ve (P)
where
ve*‘(r))=<-xp(ij)¢<ij),vx.me)vG(ij),

ST

«wK_])VeK(P)
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Is
termination| Yes
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o

o]

Figure 4.1,
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of freauency-domain design procedure
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where o is a non-negative parameter. A problem which originally

entails & multidimensional search in parameter space is reduced to a

one-dimensional search in the non-negative parameter ay (Appendix A). -
The following iterative design scheme emerges [31]:

T.,C

1) Choose a nominal set of element values, Ro’ L,S o* Co

o’ o’
and So'
2) For this set of element values compute and store the responses
iy %v’ v; and &i’ te[to, tf].
3) Form the adjoint error excitations wv [equation (3.6)] and ¢i
[equation (3.10)], Ee[to, tf], in backward time.
4) For the same set of element values compute the responses by
ws, ¢T and wi, Es[to, tf], in backward time, while simultaneously
computing the gradfent components of equation (3.22).
5) Alter the element values according to some gradient technique
(Negative-gradient technique [ ] with a Fibonacci search (Appendix
A) on the scalar aK.is a useful one), and iterate along the

_ parameter boundary, if attained.

6) Return to step 2) with this set of element values, and continue

the process until an accepiably small error is obtained [i.e. EK+]

K+1

of equation (3.2), where E° ' < E (acceptable errov)].

4.2 Variable Structure Design

It is relatively easy to envision a design procedure that allows
for network structural changes. Recall that the gradient components

are dependant only on current and/or voltages, net on any element
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value. Since voltages across any node pair (open civcuit) and currents
in any branch (short circuit) can always be determined, gradients can

be calculated with respect to non-existent elements., If such a gradient
indicates an incirease in an element value (i.e. a negative valued
gradient), an element is "grown" in that location. Every time an
element is "grown" from an-open circuit a new branch is added, and

every time an element is "grown" in a short circuit a new branch and a
new nede are added to the neiwork.

It now becowes clear why not only resistances, cepacitances and
inductances were considered, but also reciprocal resistances, capacitances
and inductances. That is, because the "growth" gradients can be cal-
culated for the oper circuit case (voltage-voltage product) for G, C
and T while the "growth" gradients can also be caiculated in the short
civcuit case (current-current product) for R, S and L.

For example, an ac-amplifier design could first be approached
from dc considerations only. Then the dc realization could be broad«
banded by the examination of it for initial “growth" gradicnts of "zero
valued" C's and S's, chosen to be placed at strategic oper circuit and
- siiort civcuit locations, respectively. Locating the initial "growth"
gradient-indicaied C's and S’s ints the dc circuit and following the

procedure of Figure 4,1, the amptifier could then be broad-banded at a

-lo

dasived voltage gain over a frequency range.
4.2.1 Freouency domain case
The variabie structure frequency dowmain design problem is one in

which G's, C's and T's can be placed in open circuit locations and
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R's, S's and L's cen be placed in short circuit locations so &s to
'CBange the network topology as well as enhance some hetwork response
to emulate & desived aetwork response. Determining whether an R, S
or L can be placed in the shovt circuit Tocation "A" in Figure 4.2
and whether & G, C or T can Lz placed in the open circuit locaticn "BY
in Figure 4.2 is accomplished by calcuiating the “"zero vatued"-element
"growth" indicator gradients.

These "growth" indicator gradients werve derived in section 4.1.1

and for the typical network of Figure 4.2 are

aE = ” «1..q AT .
. Re{ INQN]dw for fLs1otors,
Q
BE" ! ot c .
36" ! Re{vﬁvw}dw for conductances;
Q
%%~= I Re {JuwVy ¥yt do for capacitors;
"9

) .
’....L..T. I for ol oge
lef % “ﬁ®Nrdw for elastances;

i
wym
u
Ny,

3t . I Re{nijNéN}dw for inductances;
A .

~for reciprocal inductances.

-3
[
[i]

O e,
>3
4V
-

Cae | et
|
<2
=
R
=
et
.
=
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Hence, once these initial "growth" gradients have been calculated as

outlinad in section 2.3 (i.e. G) the fixed network structure can be

obtained by placing elements in the locations indicated by theiy

respective negative-valued "growth" indicator gradients. Positive-

valued "growih" indicator gradients simply mzan that the element is
emitied from the particular circuit location for which it was being
considered, since its “"growth" at that lecaticn car in no way enhance
the network response toward a desived vesponse, Once the fixed network
structure has been realized in the preceding mannar, the digital design
algoritim shown in Figure 4.1 can then be implemented.
4,2.2 Time domain case

The variable structure tima dormain design problewm is similar in
natura to the frequency adomain problem with two important exceptions:

1) The basic network building-block is that which is depictod

in Figure 3.1. This block, or any portion of this block (as

regative gradient indicated), can be cascaded until a minimal

evvor Tuaction "E" is achieved for a desived response,

2) The “growth" indicater gradients for the "zero valued"

case are those of expressicn (3.22). In the “zero valued"

case for S = G vie may assuie ws(to) = 0 and make the substitution

'3
I ¢ (n}dn = S-?wsfi) (4.5)
t

&~

and for T = 0 ¥ may assume ¢T(to) = 0 and make the substitution
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w1
b.{n)dn = .
b, ()an = 777 ()

e S YO

Hence, the basic "growth" indicator gradients become
| t

E o] -igle, + tp - )0 ()0

cR t ) ' v

for resistance byenches;
ts
?_E_ = f .: + - ‘ 4
(o}

for inductive branches;

R . £

% . [ So(t 4t - E) f 6 (n)dnde

oS Vo T I v &
to to

for elastance branches [using equation (4.6)7;

te
A ¥ £
3 E o~ { K R . 1
Ew [ vylty + te - 8) [ gyln)ende
t t
Y : Cc

for recinrocal inductance [using equation (4.5)];

2 'z . AV
_E.m f «Vi\to + Lf - €)¢1(91d$
ty

for capacitive branches;

L,
E vt +t - ) ()
oG i ito f i

(4.6}
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for conductive branches., Figure 4,3 dzpicts the initial network buila-
ing-bicck a5 well as the cascading of blocks to attain scme desived
transient response, Hence, the design procedurs is cne of determinsticn
of the initiel network structure, optimizing it by the design algorithm
listsd in section 4.1.2, cascading another network stiucture and opti-
mizing the total configuration, etc., etc., etc., until a final struc-

ture realizes the desired transient within the regquired error msrgin.
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V. CHARACTERIZATION OF THE AC ERROR GRADIENT

FOR SMALL SIGNAL TRANSISTOR MODELS

The main contribution of this research is contained in this chap-
ter and the next chapter. This chépter reviews a basic automated design
algorithm and develops a graphical technique by which small signal tran-
sistor models can be "grown" in a network, without the automated design

algorithm requirement of a digital computer optimization process.

5.1 The Neqative'Gradient Technique

Director and Rohrer [35] have shown that fixed structure transistor
models can be parametrically adjusted so as to yield desired network
performances using gradient-adjustment techniques. Gradient components
are obtained after two analyses, one on the original network and one
on the topologically equivalent adjoint network. They can also be deter-
mined in the case of "zerc valued" or non-existing transistors, thus
indicating to the designer the possibility of "growing" transistor
medels in a network to obtain a desired response.

The design algorithm is based on the minimization of a desired
performance function which adequately reflects the desired network
response. A useful one is the integral of the squared error between
the actual and desired responses over the frequency range of interest,

i.e,

EAC = ‘]é‘j [N(m)]\f(w) - G(w)ljzdw (5.])
Q2
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where W(w) is a real non-negative weighting function, g(w) is the
desired voltage-gain phasor, V(w) is the actual voltage-gain phasor
under unit excitation, and @ is the frequency range of interest. Using
this performance function Director and Rohrer [10] have shown by appli-
cation of Tellegen's theorem in the weak form that the error gradient
terms for resistance, éohcﬁuctances capacitance, elastance, inductance,
and reciprocal inductance in the frequency domain are those of section
4.2.1. They have also shown that for a transistor in the common-base

configuration

3Epc
- j Re{-V, ¥, }du (5.2)
1]

for the voltage gain. And for the common-collector configuiration

oF . . .
__AE.: [ R9{°11W2}dw (5.3)
o8 0

for the current gain. And for the common-emitter gonfiguration

%nc _ %Eac , *Fac

[ .
= J [Re{‘V]@?} + Re{"I]W2}]dw (5.4)
ouB ou B )

Q
for both voltage and current gain.

After two circuit analyses, one on the original network and the
other on the adjoint network, it is possible to determine i¥ a transis-
tor should be "grown", and the appropriate configuration as indicated
in Table 5.1.

Once it has been determined whether a certain transistor configu-

ration need be "grown", the design algorithm tokes the following forin:



k|

TABLE 5.1

BEAC/ap aEAcleﬁ Transistor Configuration
>0 >0 None.needed
<0 >0 Common base stage
>0 <0 Common collector stage
<0 <0 Common emitter stage
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1) Make an initial gquess as to the transistor model structure

(Hybrid w, Ebers Mol1l, Small signal low frequency, etc.) and the

structure's associated element values.

2) Calculate the gradient and output error.

3) Adjust the element values using a gradient method such as

steepest descent, conjugate gradient, etc.

4) Repeat from 2) until a suitable termination criterion is met.
Implementation of the previous design algorithm can be costly since
computer looping between 2) and 4) is time consuming. Also, the nega-

tive gradient optimization technique seeks out only a local minimum

solution, and generally many local minimum solutions exist to a
problem. Hence, the local minimum solution converged upon depends en-
tirely on how well the parameters are bounded as well as the initial
guess made for the structures element values. The forthcoming small
signal transistor model development with the preceding algorithm is
indicative of the difficulties encountered with the bounding and
initial guess problem. Then in section 5.2 a graphical analysis
routine is developed to circumvent these difficulties by eliminating
the optimization routine, as well as yielding an insensitive model at
some desired center frequency point.

Consider this linear small signal model designed at some desired
center frequency point. The gradient terms of equations (5.2), (5.3)
and (5.4) must first be calculated to determine which transistor

configuration should be grown.
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where the original network and adjoint network notations are indicated

in Figure 5.1, then the gradient terms become

ok
AC _
——a—-{l— - -V]¢2A(L) (5'5)

and
0 EAC

—;B—-': -I.I‘J’ZAQ) (5.6)

and
3Exc

— = V.0 A - .Y Aw . _ v (5.7)
 auB 172 12
Now, assuming a network is being examined for possible transistor
"growth" locations so as to enhance its gain (voltage in this case,
but it could also be current), the gradient terms of the basic two

port “"zero transistor" block to be placed at this location will be

developed. Hence, consider Fiqure 5.2. Thus,

Ein.

Vo = iR = Rc(Rb ¥ Re
[ o _tin_
1 Rb -+ Rc

E.

v oLy = in
=V = Vo = Ry
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Figure §.2.

I 2 .,

+ original * *

V] . VZ ¥1
netviork

Figure 5.1,

adjoint

network

Typical two-port notation

Rb .
l] 12
AN —— —_—
+ + |
+ Possible
<E£Z> Vi Transistor v, Re Vo
Location |
- ' - ¥
g1
- -
(2) Original netwerk
— AN~ <
+- +
¥ Adjcint ¥, Re (j‘
Transistor ¥ Ay
Location

i,

(b) Adjoint network

2

e

lll 2

ivc,'"
2:-5

£ possible transistor “"growth" location in sowne metwork

Vo!



R RR.ER "
. bec ,inc | 7)

'Rb-;-k Ry + R, o

c c
R
= ® = - c
¢2 - Q] (Rb + Rc)¢
o = - R ( EinRe -0
2 Rp + Re Ry + R, 0

Therefore the gradient "growth" terms become:

2 .
aEAC _ v d) E.'nRC l'..ich :J ) (5 8)
S R Y (P + Re) '
Adwdp (R + R ‘b
ahAC I % E'IanRL /- E1 RC G ) (5 9j
= -1y, = - (7 + ) -V 5.9)
A8 (Rb RC) fp ™

e g, g (5.10)
An2uf  Awdu  AwdB
Now, assuming that the gradient terms above indicate that a common
emitter (CE) configuration should be grown (Condition #4 of Table 5.1)
the gradient terms will be developed for the CE-small signal low fre-
quency model of Figure 5.3.a.

Fin = I.R, = —-————E""ﬁ-—«-

RGNS T =
TTERY O T T (R R



S = = () - )
Vo IZRC V2 (.2 )
13 = BI.l
12 = -\IO/Rc
Therefore,

V o= (-V /R - BI.)R
0 0o C 1" 2

. E4nBRoR,
o (R *R)R, ¥ R)

3)

R

L6

2

and the adjoint model of Figure 5.3.b yields:

P EinRZRcB 1

(R] + Rb)(R2 + Rc)

Rr ) RC E: R RCB N
%, = o) = e et — -V
?2 = R2¢2
Therefore, the gradient terms become:
e o vo o intife I
Awdu V2 CERR. R ) (R, H +
Aw2y (Rl + Pb)(RZ Rc) (k] Rb)(R2 Rc)
EEAC _ I w . EinRZRC [ EinRBRCB
BdyR 1'2 (Ri + Rb)(R2 + RC)‘(R] +‘Rb)(§; + RC)

(5.11)

(5.12)
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T1
Ry Do — — — -'-j
MV 1 %
+ // § 4‘ | -+
+ | Ry s > §R2 I
E,;\Gp y C\r y Re v,
= 1 a
- - |-
L |1
{a) Original network
T
“’]r- T T T T '*54
’—-————-—VV’W\/\/"!—>— ' , | <
b | l MU=~ l +- ‘
zh 3 g
I R %P N2 VoYl
l{l] Y, 'c 5, L
' 2 2 " O =1
|
._l l —_—
. )

(b} Adjoint network

Figure 5.3, Small k1Qhal Tow frequency CE-model in possibi

e transistor
location of Figure 5.2
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%Epe Ve 1y - EinRo(Ry + ) ERoR .
12 12 N )
AwduB (R] + Rb)(R2 + Rc) (R] + Rb)(R2 + Rc)
(5.13)
%pe - EinRoR. ., EinRR8 i
'Ry Ry T T 2 \ (0]
BwdRy - F1 (R, + RZ) (R, + Rg(R] + Rb)(R2 +R)
(5.14)
and 2
R - R 2\ R - Vo) . (5.]5)
Awd 2 (R] + Rb)( o ¥ Rc) ( : + Rb)(R2 + Rc)

Now, the second-order partial derivatives will be calculated to
form the Hessian matrix for use with the negative gradient technique
in finding the optimal values of R], R2 and B at different Go‘ By
direct differentiation of the first-order partial derivatives:

Ep;  EjRR B  FEinReR
paRi2 (R, + RO(R, + R)S (R, + R)(R, +R,)

- ZVO} (5.16)

2
3°Epc E. R,R B 2E: R,R B N
ROR. (R +1n 22C 7 nl s - Vo) (5.17)
AwdR; 3 » 1 Rb) (R2 + R.) (R] + Rb)(R2 + Rc)
2
3E E. R.,R 2E;nRoR B n
AC _ in2¢c (—— et V) (5.18)

- 2 \ . - 0
AmaR]ae (R] + Rb) (R2 + Rc) (R] + Rb)(R2 + Rc)

2 2
2 3 o *
Aw8R2 (R] + Rb)(R2 + Rc) (R] + Rb)(R2 + Rc)
32E E. RZ

AC_ . in’c ( ZER2RcEin V) (5.20)
2" 0 ’
AwaRzaB (R] + Rb)(R2 + Rc) (R] + Rb)(R2 + Rc)
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And now the "locally optimal" values of R], R2 and B can be found

for a given Vo’ E. , R Rc and Aw using the negative gradient tech-

in> b’
nique [25]. Hence, iterate the following expression:

7] 7] [ : 1 10 T
2. K 2. K 2. K K
1 1 v
| e, R GR, O, 28 2Ry
2. K 2. K .2 K K
K+1 K 9 EAC 9 EI\C 9 EAC BEAQ__ \
R2 = Rz - 2 (5-21}
3
MIR R, 2R,08 R,
2. K 2. K 2. K K
oK1 oK o"Epc Eac 3 SExe
L L eeew 283R, 3g2 1 e |

until the ac-ervor function is minimized (ideally, equal to zero).

Consider the error function

E; R,R B A 2
Enc = %.J W | nee AN
Q (Ry + R)(R, + R)
and Tet W2 = 1 so that
20 24 2,2
E = l.f Ein Ry Rc B _ 2\oEva R.8 + Q Z)dw
AC 2 7 7 0
(R1 + Rb) (R2 + Rc) (R.| + Rb)(R2 + Rc)

Thus, it can be seen that this expression reduces teo

25 20 2.2
Eqn RyR 28 2V E. RR g .
E = Aw ( in 2 . 0°in 2 ¢ Ny 2)

AC 2 2 2 0
(Ri + Rb) (R2 + Rc) (R1 + Rb)(R2 + RC)
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Hence, digital computer iteration is requived until

EACK+] < EAC (ideally zero)
K'*'l‘ . X S t - ° ] > ' 4.
where EAC is the (K+1)°" error and Eac is the maximum acceptable

error, Shown in Figure 5.4 is a computer flow chart for the calculation
of the optimal values of Ry, R2 and B using the negative gradient
Hessian matrix technique [25], The values converged upon by the nega-
tive gradient technique covered a wide range and convergence was
largely dependent upon boundary restrictions placed on R], R2, B and
the initial values picked for R], RZ and 8. -Some of these "locally
optimal" values are listed below for Rc = 33009 and Rb = 3000 in
| Table 5.2, and for Rc = 10,0000 and Rb = 1,000Q in Table 5.3.

The values listed in Tables 5.2 and 5.3 are "]oca]ly_optima]" for
R], R2 and B. E1ectrqnic computer iteration begen with the initial
values R]O’ R20 and Bo and searched by negative gradient techniques
within the boundary restrictions under R

<, R, <and B <. Also, to

1 2
maintain a feasible circuit realization, the three search parameters
were required to be positive definite throughout the iteration cycle.
In each case the performance function converged to zero within 30
iterations,}and in 80% of the cases converged within 10 iterations.
Any set of values listed in the preceding Tables 5.2 and 5.3 will
yield the desired 00 indicated. In fact, there is an entire family
of values for Ry, R, and B that yield the desired Qo provided Ein’
Rc and Rb are specified by the network designer. And since Ein = ]V
(or any reference, i.e., V, mV, uV, etc.) for standard sensitivity

analysis [10], orly Rb and RC vemain to be specified.
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( START ) (:;:)

¥
Read in values, Calculate the
of Aw Rb,R Em,v0 Hessian matrix .
and invert it
Eac using the
4 MINY
K=o subroutine
Rzad in va]ue ' R§+1=R KnH"]VEi
o K R K (K 1 1
1202 K+1_, K ,=1.-K
R, "=R,"“-H "VE
1_ ‘ 2 2 RZ
Boundary Conditions K+1_ K 1 =1o¢K
R- <R]§R] R =g -HT'VE 8
P <R,<R
\23 "'; - 2]_1 |
8 _ﬁ_ﬂu Check paiameter
T encroachment
1 s beyond boundaries
H=20 .
and iterate along
- houndary i7 violated
Calculate Gradients J
K K K .
BEI‘C BEI’\C at“\(\ Calculate EAC
TaRy TBR, OB 7

Print R]ﬁRZ’g’EAC

@ \ Eac<Enc >

No

N=H+]

J

Figure 5.4, Computer flow chart for negative gradient-hessian
matrix technique
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Tabie 5.2

v, Ry R, g R | RS | B< |Rig| Ry | B
300 | 56.93| 1541.5| 101.9 | 5,000. | 50,000. | 350 50 | 1000 | 100
_;;c .~;7.37 1674.1 84.9 | 1,000, | 19,000, |350| 40 | 800 | 80
200 | 168.77| 1732.2| 71.9 | 500.| 5,000, |350| 32| 640 | 54
150 | 435.7 {1738.1] 96.9 | 5,000. | 50,000, |350| 26 | 510 43
150 | 405.0 | 1588.1] 98.6 | 1,000. | 10,000, |350] 50 {3000 |1C0
100 {3132.8 | 2233.8] 257.7 | 5,000. | 50,000, | 350 50 | 1000 {100
100 | 330.8 | 1538.6| 60.14| 500.| 5,000. |35C| 50 | 1000 | 100
100 | 525.9 | 1563.3| 77.36|1,000. | 10,000, {350 | 50 | 1000 |10
100 {2645.5 | 1496.9| 286.0 | 5,000. | 50,000. |350 | 20 | 405 | 34
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Table 5.3
ol M R | B | R | R LR | Ry | 8
300 | 460.6 |4948.1 [132.4 | 500 | 5,000. [350{ 50 |1000 100
300 | 607.8 |4724.9 |150.3 {1,000, | 10,000. [350{ 100 |2000 |120
- ,
200 | 2141.7 4508.6 |202.2 |5,000, {50,000, [350| 66 |1250 | 80
150 | 202.4 4617.2 | 67.1 | 500.| 5,000. [350 | 100 {2000 |120
100 | 2865.4 14349.5 |119.1 {5,000, | 50,000 350 | 50 {1000 |100
100 {0809 J5019.3 [179.1 [5,000. | 50,000, B0 | 100 |2000 |120
100 | 981.1 [5172.3 | 58.1 |1,000. {10,000, [350| 50 |1000 {100
56 |5206.0 (5075.0 | 92.2 {5,000. |50,000. (350 | 34 | 540 | 36
| 10 1655.8 10810 | 9.2 (5,000, |60,000. 150 | 25 | 400 | 20
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5.2 A Graphical AC-Design Technique

Recognizing that all the gradient terms previously calculated have
the same common factor, it is evident that they simultaneously can be
made equivalent to zero. When the desired performance function of
equation (5.1) has been achieved, the gradient terms of equations
(5.11 - 5.15) will be equivalently zero; Vo having been made equal to
\70. This implies that:

E: R.RB

vo - in2c X C (5.23)
(R] + Rb)(R2 + Rc)

1’ R2 and B

and R . Thus
c

This equation involves the three unknown parameters R
along with the four specified parameters Go’ Ein’ Rb
there is one equation of three unknown in which two unknowns may be
arbitrarily chosen and the third unknown calculated. This lends itself
to graphical interpretatioh rather handily since it is possible to
make a two dimensional plot of R] vs. R2 at the various feasible values
of B. Consequently, Figures 5.9 - 5.20 illustrate some of the variations
possible for different given parameters in this linear resistive model
case, taken at a center frequency point. Figures 5.9 - 5,20 were
constructed for typical values of transistor input‘resistance
(0 <R

1 5_6KQ), output resistance (0 < R 5_100KQ), and current

2
gain (0 < g8 < 300). Also, they realize a desired output voltage

> Vv
(0 < V0 < 300 ) for the arbitrarily picked values of circuit-base
resistance (Rb = 200n, 300, 400, 1000Q) and the corresponding values

of circuit-collector resistance (RC = 4,3000, 3,300Q, 2,3009,
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10,0002). A point on any one of the curves satisfies

AC _ O°AC _ STAC _ 4 (5.24)

and stresses the "local optimality" of the solutions. However, a de-
gree of uniqueness may be given these solutions by considering the
minimization of the Figure 5.3.a circuit voltage transfer ratio to
parameter sensitivity. Blostein advanced the multiparameter sensitivity
approach [21] that the summation of the various voltage transfer ratio

to parameter sensitivities should equal zevo [21]. Conseguently,

N N N N N
R T L T c T r T g T
L '+ 3 s V-3 s eysteysYe0 (5.2
E T SRR =4 TS TR 3 NS SR =3 N T 3 B
. Tv 3
where SK. is the n0r$alized voltage transfer function to parameter K
i
v

sensitivity is summed over i = 1 to i = NK

(where NK is the number of K-eleinents in the network). Also, Ri’ Li

sensitivity. Each SK
i

and Ci denote individual passive elements, and ri and 9; denote trans-
fer constraints on the current-to-veltage and voltage-to-current trans-
duction, respectively.

Consider the voltage transfer ratio of the circuit in Figure 5.3.a

- EinRZRcB R 8
T o lout (Ry *+ Rp)(Rp + R.) 2% (5.26)
i ) - + T+ 1 .
V. Vin Ein (R, Rb)(Pz + QC)

expressed in bilinear form [21], i.e.
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- N(K) _ N] + KN2

v D(K) ~
D, + KD,

(5.27)

T
where K is the factored parameter (subscript of SKV). Hence, using

expression 5-54 from Mitra [21]

AT
K p N
yields
Jv_ R ERIR HR)
B +
(R] + Rb)(R2 Rc)
and
STv _ Rb(R2 + Rc) i BRZRc
R
1 (R] + Rb)(R2 + Rc) stRc
T R
sRv -—b (5.28)
1 R] + Rb
Also,
T R (R, +R) R
5 = —C1 b - C (5.29)
2 (R] + Rb)(R2 + Rc) R2 + RC
and
S;v (PR rR) RRE
b (R + Rb)(R2 + Rc) RZRCB
T R
s = LI (5.30)
b Ry + RID

and
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i _ RZ(R] * Rb)

Y+ R )R +R
¢ (R FRIE, +R)
Sy Vel S (5.31)

Hence, applying Blostein's equation (5.25) for a totally resistive

network yields

f

"r T, o

s, '=0. (5.32)
i51 Ry

And subs{ituting equations (5.28 -~ 5.31) into equation (%.32)

R Ry R R

"
.........B.-..-.__ - ] + + ] ) -]+ —-‘_Z...-,_ —= 0
+ R ’ + + R <+
(R] Pb) (R2 Rc) (R‘ Pb‘ (rz RC)

0=0
reduces it to an identity and satisfies Blostein's requirement.

Heweveyr, since R, and RZ are internal transistor values hie and

1

hoe respectively, a more stringent requirement on sensitivity would

be te require
Ty Ty

+ SRZ =0 . (5.33)

S
Ry

Thus, it is seen that

R R
LN S Y
R+ R R, + R
(n] Pb) (tz ec)

and
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R, (R, + R.) + R (Ry * Rp) _
(Ry + Rb)(RO + RC)

S

and

Rofe = RiRy - (5.34)

is required for the circuit “Tv“ to be insensitive to the transister
hie &nd hoe paraniaters,

Expression {5.34) combined with expression (5.23) yields a unique
point for each B-value at which the model supplies the desired V0
togetheir with a total voltege transfer function 0 resistance sensi-
tivity of zero. Hence, the resulting contours rasemble those depicted
in Figure 5.5, The fypica1 curves of Figure 5.5 are drawn for given
E

values of Rb’ R and VO at various values of B.

c* "in
Considering the pirevious development, an ac~design algorithm
emarrges wiich eliminates electronic computer seavch techniques to find

an cptimal sclution, The design aigorithm can now be enunciated as
Tfollows:
I) Given: A nztwork structure whose overall voltage or curient
gain requires enhancement within some Trequency range.
I1) Basic AC-design algorithi:
1) Seiect the possible transistor "growth® location (points
A-B-0 in Figure 5.6}.
2) Assign the required volues to Vpg and VBG 10 yield the

desired V /":q ratio.
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3) Analyze the original and adjoint network using Director
and Rohrer's technique [35] to determine the transistor
"growth" indicator gradients.

4) If the "growth" gradients show that a common emitter
small signal transistor configuration is required, then
equations (5.34) and (5.23) are applied to determine a set
of curves similar to Figure 5.5.

5) Select from the curves the best combination of R], R,
and B to yield a minimally sensitive model for the required

VBO/VAO ratio.

5.2.1 Differential amplifier design example
Consider the Tow frequency AC-design of a simple differential
amplifier. The given network appears in Figure 5.7.a including biasing
circuitry.

The desired excitation-response requirement is the following. If

|Vs(jw)| = ]°0v
then
. v
lvout(aw)l = 100.0
for

0 <w< 1 MHz,

Now, since the common-mode amplifier operation has a zero valued
diriving source, consider design for the differential mode of operation
only. In the differential mode of oparation the given network can be

reduced to the following for AC-design [10].
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+)e! (R, &)
4 oK 4K
3.3% .Y, $3.3°Q
3000 B W _f 30
R VYV V) :" ’"é" '"': RL E‘“ T Q_- - "‘i———-&/vv\/v-- ——e
_._I-L. L.v~~f_.J
Ve ,\>
% 1,25 2.5"9%
% 2.9%
vgl = 05" . L
Figure 5.7.a. MNifierential amlifier
30062 e -
1~ '; -
+ | | Q l L 1
| 1 2 2Ky Tpy ¥
: 2 .'7 TR W
\F ’\D L S _Jl f 3°Q T [ 1jUt‘,

V()| = vyl = 2fvg] = 1.0

Figure 5.7.b. Reduced differential amplifier
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How, considering the preceding network and analyzing it for tae

"growth" indicator gradients of a "zero vaiued" transistor at location
QI’ it is seen that:
%nc
g
9L,
_ AL e
3E
_AC
aup

24 . 184-10°

i
]

"'AU)}: ] \{"2

!
i

-266.014-100

1

--Aw[I]‘{’ +V <I>£] ~290.198°10

Thus the “growth" gradients indicate that a common-emitter coafiguration
can be placed at location inas well as its symwmetrical location Qq
(i.e. condition #4 of Table 5.1). Also, it the 2000 resistor and the
3‘3KQ resistor is.inc]uded in the deve]opéd medel as Rb and Rc’ respec-

€t v. then V = = \ = watiens as 5.23
tively, then /10 Ein vy and JBO Vout' Ecuaticns (5.34) and (5.23)

can now he utiiized to determine a set of curves for the given R,-SOGQ,

R, =3.3%, €. =1V and ¥ ;. = 100.0". These curves are depicted in

Figure 5.10. Concequently, for a transistor whose 8 = 100, Figure 5.10

indicates that Ry (h,_ of the transister) = 7000 and R R, (h e of the

ie
treansistor) = 1414.3Q are also required for a mininum voltage transfer

function to resistance sensitivity of zero.
The preceding valu2s were determiined from the intersection of the

RiRy = R

Rb = 4000 and R = 23000 at g = 100, R1 and R2 were Tound from Figure
5.10 to be 500Q and 1,840%, respectively. Similarly, letting Rb 2009

bRc curve witih ihe B = 100 curve. In the second case, Tetting

and Rc = A,3000, R1 and R2 wera detcrminad to eaval 7400 and 1762.10,

The three previous examples are indicative of tha variations in
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R] and RZ as Rb and Rc are varied. Considering the values Rb = 2000
and Rc S 3.3KQ, the final realization of Figure 5.7.a is shovm in

Figure 5.8,



6l

v
6" _out = 100"
Vg
3.3% §3.3Kn
I Vout
- AANMANA-
3009 R E 3000
8=100
1414.3 ,1414% l‘* \?oon _
"’S
+
K
ok
1.2% ) ?
6V =
v
lvgl = 0.5

Figure 5.8. The final differential amplifier realization
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VI. TRANSIENT MODEL "GROWTH" ALGORITHM

Device modeling using the basic variable structure design technique
presented in section 4.2.2 is advanced invthis chapter. Also, it is
shown mathematically that only three initial "growth"-indicator gradients
are required to calculate those of the six elements in the basic building
block structure needed to emulate a desired transient response. Further-
more, these gradients are developed into vv(t) and Ci(t) explicit form,
hence making their calculation less tedious. Lastly, the basic design

algorithm is enunciated and example problems are employed.

6.1 Basic Variable Structure Technique

The simple fixed structure, linear, time-invariant network of
Figure 3.1 provides the basic building block for device transient models.
Previous automated design modeling techniques [30] have been ones in
which the basic fixed structure was appended with elements in the appro-
priate gradient indicated locations.

These techniques require a change in network topology with each new
element added to the model. Consequently, the model circuit solution
program for subsequent gradient computations requires updating to allow
for the addition of branch and/or node points. One way to circumvent
any change in structure topology, and hence updating the circuit solution
program [required in step 2 of the section 4.1.2 algorithm], is to
develop the model only in the basic fixed structure form given in Fig-
ure 3.1. Then a number of these structures can be cascaded with depen-

dent source coupling (Figure 6.1); using the response of each previous
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Figure 6.1, Basic block cascading configuration and overall veoltage transfer function in Laplace
transform
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block as the forcing function of the next block. Unit valued coupling
(i.e. u =1, B = 1) provides isolation so as to keep each newly cascaded
block from loading or changing the previous blocks output vesponse.
Dependent source coupling of the voltage-voltage transducer (VVT)
variety can be implemented when the model is designed to emulate a
desired veltage response, and a current-current transducer (CCT) when a
current response is desived. Also, greater than unity valued coupling
(i.e. u>1, B>1) can be used to "boost" a blocks response and hence
reduce any séeadyestate error. Coupling building blocks in this manner
~allows davice transient responses to be more closely "fitted". For
éxamp?e, a cascade configuration involving three building blocks weould
generally "fit" a 12th order vi(t) response to the optimal Gi(t) response.
In general if n is the number of cascaded building biocks the order z

of the "fitted" vesponse would become:
z = 4n (6.1)

Ard, once the device model has been realized in the fixed structure
form shown in'Figure 6.1, the unnecessary elements existing in the fixed
‘structure can be omitted via short and open circuits. These element
values arve usually down by.three orders of magnitudes or wore from the
next element vaiué [35]. However, the initial "growth"-indicator grad-
jents provide & concise means for discerning those of the elements that
make negligibie contribution toward achieving the desived response
function. Consequently, these indicated elements can be inciuded in

the f¥xed structure design at very small values in the series element
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cases (R, L, S) and very small values in the parallel element cases
(T, C, G). This “protecis" the fixed structure topology required by the
circuit analysis prog%am for the section 4.1.2 algorithm and after the
model has been realized allows these elements to be eliminated by short
or open ciréuits, hence making this a variable structure technique.
6.1.5 Initial "growth" gradients

Once a block has been inserted into the basic model shown in Figure
6.1 only three initial "growth"-indicator gradients need be calculated
to determine. which elements should be omitted from the final model
~ realization.

Consider the initial circuit structure of Figure 6.2.2 in which

v.(t) = -i (t)
i %
and
iv(t) = -vv(t)/z
and _
vi(t) = vv(t)/Z . te (o, )
Also,
and in backward time (t = to + tf - £)
vilty + b =€) = -1 (¢ +t. -E) (6.2)

Similarly, for the adjoint network of Figure 6.2.b, it is seen that

6(8) = - v (6 +to-8) -2ttt - )]
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Figure 6.2.a "Original" network used for
calculating initial "growth"-indicator gradients
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<~ +
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Figure 6.2.b Adjoint network used for
calculating initial "growth"-indicator gradients



82

and
d\,(&) B - - ¢‘§(g)
requiving
_ 1 .
wi(e) = - §-¢i(g)
and hence

Now, consider the unnormalized resistor initial "growth"-indicator

_gradient (section 4.2.2)

t
T
3 _ r b o . \
S Al et - B e (6.4)
to

and substitute equations (6.2) and (6.3) into (6.4) to yield

te

aﬁ = [ t +¢,. - 5
%o
Hence, it becoimes apparent that the resistance and conductance initial
"growth"~indicator gradienis of section 4.2.2 are egual and require one

integraetion for both gradients since

(34

Pz i!’"‘)
n

QL

[&p) ‘r")
a8

j vile, g - v (E)de (6.6)
tO

In a similar manner it can be shown that
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te

o _of _ [ )

3L oC f it +t £)¢v(£)dr: (6.7)
t0

and A A tf T

3 . 3E | i f

ar 23S J vilty + t - €) ¥; (n)dndg , (6.8)
t, t

Consequently, only three gradient calculations are required to determine
those elements to be omitted from each block in the final realization. |
However, the equalities presented in (6.6), (6.7) and (6.8) are applicable
only in the initial sense of Figure 6.2 and should not be confused with
the six independent gradients of section 4.2.2 that are used in the "grow-
ing" process.

6.1.2 Initial "growth"-indicator gradients expressed explicitly in {erms
: of v ?t) and v, (t)

The initial "growth“-indicator gradients required for the final
structure realization can be expressed explicitiy in terms of the model
defining "known" or "given" quantities v, (t) and Gi(t). Doing so creates
a simplistic technique by which the final block by block realization
indicated in Figure 6.1 can be reduced to the minimal number of elements
‘capable of producing the desired model transient response, Beginning with
the first building block, Qv](t) is the input or forcing function and
v; (t) is the desired (optimal) block response. The second block would
requive the Vy (t) function to be AP (t) of the first block and etc.;
with the desired v1 (t) the same for each subsequent nth block. Thus,
by kncwing the vy (t) u anni(t) for the nth building block and the

specified v1 (t), it becomes an easy matter to calculate these gradient
)
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terms; once the gradient expressions of (6.6), (6.7) and (6.8) have

been put into v, (t) and Gi (t) explicit fowm,
n n
Recall from Figure 6.2 that

i, (B +te - 8) = v, (£ +t - E)

v, (b +t.-£)/2  (6.9)
n f n f Vo © f

and

(t, + t - &) zci (t, + tc - €)1 (6.10)

i .1
o (€)= 45 (2) = v, LR

n

and

H]

“iy (bt - ) = vy (k) + b - &)

) Vy (t0 + tf - £)/2 . (6.11)

n

Hence, substituting equations (6.9) and (6.10) into {6.6) yields

t.
~ A T
?—E—.:ﬂ: .@.g = l 2 - - 9 4+ ¢ - ’; £ S - § 1
-5 " 8 ! {vvn(to + tf £) 2vvn(to tf g)\in(to tf £)}dg
to (6.12) -

and equations (6.10) and {6.11) into (6.7) yields

ts .
i-inlf ° D (et
T {vvn(t0 +te - £) - 2vin(tO *te - E)}dxvn(t.G 4 tf £)

to (6.13)
and equations (6.2) and (6.10) into (6.8) yields

Ao ¢

a§-§§.~lj ¢ ] oy "'.l

ST | W gt [Ty () -2y ()Ienge. (6.14)
to %

Consequently, the initial "growth"-indicator gradients are now in
the proper explicit form and can be caiculated by direct differentisction

if ?v (t) and yi (t) are in continuous function form. If vy (t)
n n n
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and ;in(t) are in discrete data form, then trepezoidal rule or Simpson's
rule integration can be easily implemented on the digital computer.

As an example problem to demonstrate the ease of using the initial
"growth"-indicator gradients of expressions (6.12), (6.13) and (6.14),

consider the input and desived output functions

vv(t) = 1(t)
and

Gi(t) =12 Ut -1) . tE(-w, @)

Calculation of the resistance and conductance gradient follows:

9E _ 3E _ Jéjm(g)] - 2:1(-£)" 1(g-1)}a£

oR oG
SR 36 {1 l(s)] 1 - 1)1 - e+ 1)]dg
R 93¢ 8

<«
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And, calculation of the elastance and inverse inductance gradient yields:

aE . aE =1 _ -
xok. 8[ [ - 18] [ {1(n) - 1n - 1) }dnde
ié.:ié::l[dggw

oT 9S 8

Hence, the initial “growth"-indicator gradients imply that a series
resistance and inductance and shunt capacitance and conductance should
~-be-grown. -The elastance and inverse inductance are not required due
to the positive nature of the "growth"-indicator gradient. However, to
preserve the basic structure topology, they can be included in the model
at small values (three orders of magnitude or more) and eliminated from
the wodel with short and open circuits after the model has been para-

metrically developed using the section 4.1.2 algorithm.

6.2 Basic Variable Structure Block Cascading Algorithm

The following iterative design scheme emerges from the developments
g i
“in the three previocus sections:
. "~
I) Define the probiem with & "givea" vy (t), vqy (t) and maximum
" 1 1
altowakle block ervor E' as well as maximum allowable cascaded
configuraticn evror E",
I1) Calculete the initial “"growth"-indicator gradients using
equations (6.12), (6.13) and (6.14) and assign very small
vaiues to those elements having positive gradients in the

Figure 3.1 block structure.
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TI1) Develop the remaining elements in the Figure 3.1 structure
using the algorithm presented in section 4.1.2 until the block
error E has satisfied E < E' in step 6). Iterate one or more
times beyond the iterate satisfying E' to inspect for E" satis-
faction (i.e. E < E"). Store the final Vin(t)’ *The advantage
of this technique is encountered in this step since the circuit
solution program requived in step 2) of the section 4.1.2
algorithm is the same for all subsequent blocks of the cascaded
configuration.

Iv) If ce <E g.g', then cascade another.bYOCk into the Figure 6.1
structure picking H, or Bn by either a) or b) below. Then

assign this new block an input function v, (t) = pv. (t)
Vi N

and a desired output function ;in(t) E cin“](t). Return to
step II) with the new input and desived output functions, and
continua the process until an acceptably small evror E is
obtained (E < E").

a) For each subseguent block input vvn(t) egual to the output

vi (t) of the previous block, pick u, Torg =1,

n-1 n
b) If the previous blocks output V4 1(t) has a steady state
n" k3
error with respect to the desired vy (t) cutput, then pick
n-1

Vi (t)
n-l .
w, = lim [ ] (6.15)

1A Y t)

n-1

ovr, for a desived current responise function iv (t), pick
n
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i, (t) S
B, = lim [ ._.'_':l_.__ ]. (6.16)
e ]v ](t) .
n-

V) Once E < E", omit the positive value gradient-indicated ele-
ments (step II) from the cascaded block structure by shorting
them out if they are an R, L,or S and open circuiting them
if they are an T, C, or G. This completes the final device
model realization.

Figure 6.3 offers a general variable-structure block-cascading

flow chart by which a maximum "J"-number of b]ocks‘can be cascaded to
—"Fit", in genevral, a "4n"th order transient response curve. The index

"I" fixes the number of iterations by which the section 4,1.,2 algorithm

searches beyond E < E‘ satisfaction so as to attempt to satisfy E < E“.

This techrique will generally "fit" a 4nth order curve with a 4nth order

curve to within some specified E" imaximum allowable evrror, or & 4nth

érder curve to a higher order curve satisfying E! but not necessarily Ev.

6.2.1 One block (fourth order) design example
Consider the problem of vealizing a one block (fourth order) response

v;(t) to emulate the desired Qi(t) response shown in Figure 6.4.b. Take

the vv(t) block input to be the following:
v (€) = 125(1 - 73-44%

Hence, using the prescribed vv(t) and @i(t) functions, trapezoidal

rule integration was performed on the initial "growth"-indicator gradients
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described by equations (6.12), (6.13) and (6.14). These gradients
indicated by their negative.values that an R, G, S and T can be "grown"
to meet the Ci(t) response; while the L and C elements of the basic
structure (Figure 3.1) have positive valued gradients and are therefore
assigned small values (i.e. 1E-8). Four iteration cycles were under-
taken using the negative gradient technique to reduce the block error
to E4 = 0.00327. Each of the four cycles is shown in Figure 6.4.a, with
the individual iterative-cycle responses depicted in Figure 6.4.b.

6.2.2 Two block (eighth order) design realization
of a DC motor transient torque model

As a second examp]é problem for implementation of the section 6.2
algorithm consider the realization of v; (t) shown in Figure 6.5.b for
2

the following truncated romp input vy (t) function:
1

v. (t) = 50t 0<tc<.l
V] - -

vy, (t) =5.00 .1<t<10.0
1

The input function v, (t) and output function Vi (t) are typical forcing
2

1
and transient response functions for a DC motor loaded by a DC generator.

The Qiz(t) function is a brush recorder voltage response produced by a
torque transducing helical torsion spring dynamometer [32]. And vv](t)
represents the mechanical load imposed upon the DC motor by the DC gener-
ator when the generator armature is 1oaded with a truncated ramp function.
For the 1st block design a maximum allowable error was specified at

E} = 0,700, The initial "growth"-indicator gradients showed that R], Ll’

C], and G] could be grown. In four iterations E? = 0.197 with the
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parameter values given in Figure 6.5.a and the response vy (t) function
shown in Figure 6.5.b. Obvfous1y this vi](t) response curve does not
adequately fit the desired Qiz(t) curve, thus a second block was cascaded
into the configuration and a maximum allowable two block error was taken
at €;2 = 0,0200. The initial "growth"-indicator gradients showed that an
L2 and C2 could be developed. Subsequently five iterations reduced the
error to E?Z = 0,00189 and yielded the final realizations depicted in
Figures 6.5.a and 6.5.b.
6.2.3 Two block (eighth order) design example

Now consider the realization of a transient model which fits the

desired response curve Qiz(t) shown in Figure 6.6.b. Once again take

the input forcing function to be the following:
vy (t) = 125(1 - e73.449%)
1 ,

Calculation of the initial "growth" indicator gradients using vv](t)

and Viz(t) show that R], S], T] and G] may be grown whili C; and L,

need not be grown. A maximum allowable 1st block error Ei was specified

at 0.0500 and four iterations reduced the error to E? = 0.0452. However,
this error did not give a satisfactory vi](t) [Vi (t) coincides with 1st
iteration - Fig. 6.6.b] curve-fit to the desired viz(t). Additional
iterations failed to improve on the error E? and hence a second block

was cascaded onto the first, with a maximum allowable error Efz speci-
fication of 0.0099 to insure a closer fit. Once again the initial "growth"
indicator gradients were calculated and they indicated that the development

of an 52 and Fz would grow the first blocks response curve Vi (t) toward
1
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fitting ;i (t) within E;Z' Also, since there was no steady-state error

2 A
between v, (t) and v (t) the VVT multiplier p was taken to be 1. After
1 2

4
12

well within the prescribed error E;z’ yielding the results depicted in

four iterations were performed upon block two the error function E,, was

Figure 6.6.b. The first and second block 4th iterate realizations can

be evidenced in Figure 6.6.a.
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(1.0)  (1E-8) (2.0)
WA-—-— |
R- L S T
(O (1) (2.0 (E-e 0.0 S
(i) initial cirecuit
iteration 1 2 3 4
R 1.0 .321 195 .100
S 2.0 40.0 19.12 | 21.00
r 2.0 3.205 | 4.566 | 8.403
G 1.0 0.38 | 0.337 | 0.320
(.1) (21.0)
||
“?4““ X [ T
n T G
"v(t)C_') (8.403% (0.320)

r

(i1) final circuit

Figure 6.4.a.

A one block realization example
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R] Ll +
4 . (t
(8 ¢ T o6 3 H®
(1.43) (0.405) l

(1) 1st block fihal realization

iteration 1 2 3 4 4
EY = 0.197
R, 1.00 0.263 | 0.512 | 0.561| !
L 2.00 1.542 | 0.839 | 0.761
C, 2.00 1.762 | 1.495 | 1.430
6, 1.00 0.821 | 0.400 | 0.405
(.561) (.761) (6.321)
AN ‘K{KK‘
Ry 1 + L2 +
C G . v C . (t)
+ 1 1M Vi Yvf + 2 1V
Vv](t) __> (1.43)T (0.405) 1 2<_>(0.024F" f

(ii) st ana znd block final realizations

iteration 1 2 3 4 5
L2 6.725 8.611 7.553 6.538 6.321
Cz 0.876 0.197 0.090 0.044 0.024

Figure 6.5.a. A two biock realization for a DC motor transient model
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(0.12) (20.8)
A |
R g _I.T
1 ]
r] G] vi]
(8.17 (.31) l
(i) first block, E? = 0.0452
iteration 1 2 3 4
R, 1.0 0.33¢ | .157 | 0.12
Vv, = Y
S, 2.0 |35.69 |24.91 | 20.80 2 1
p=1l
Ty 2.0 4.596 | 6.592 | 8.17
6, 1.0 0.768 | 0.456 | 0.31
| L ] |1
“4}AV' d |
1 1 + 5,(15.56) +
(0.12) (20.8) I
v, vV, (b14) & V4
Ty G i 2 2
(8.17) (0.51)

(ii) first and second blocks, E?z = 0.0028

iteration 1 2 3 4
S, 5.0 |8.326 |16.04 |15.560
Ty 0.1 }0.189 | 0.355| 1.014
Figure 6.6.a. A two block realization example
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VII. CONCLUSIONS

New concepts in both frequency and time domain device modeling
techniques were introduced in Chapters V and VI. These concepts in-
volved approaching the device modeling problem from an error gradient
minimization viewpoint so as to obtain the minimal index of perfor-
mance function. In Chapter V the AC error gradients for small
signal transistor models were characterized to provide the advantages
~ listed below:

(i) Simplicity. This technique requires no optimization scheme
and completely eliminates computer computation costs. Also, it
guarantees an exact solution to thé small signal model since no
search in an unknown parameter space is involved.

(i1) Insensitive que1. Following th2z procedure listed in
Chapter V the small signal model not only can be realized to meet
certain subnetwork performance requirements, but can also be
designed to be voltage and/or current transfer function insensitive;
with respect to drifts in hie and hoe transistor parameters.

(iii) Basic building block. This small signal model design tech-
nique offers a basic building block upon which higher frequency
model realizaticn techniques, the hybrid pi model for example,

can be implemented. A hybrid pi model constructed from the small
signal model simply involves placing capacitors into the small
signal model at the required locations and then "growing" them to

meet an index of performance [35].

99
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In Chapter VI the time domsin cascaded building block modeling tech-
y prevides among 1ts main features:

(i) Simplicity. Althouch an optimization procedure is required

in this technique the civcuit analysis program incorporated in the
section 4,1.2 algorithm is Tixed in terms of the tepological struc-
ture it must anaiyse. That is, it nead not be updated to calculate

new gradient terms for a tepolegicaily chenging structure as is
requived by previcus variable structure modeling techniques [31].
(i1) Capshle of fTitting high order responses within a relaxad black
by biock evrror mavrgin. Optimization processes are acterious for
theiy ability to become stuck in a Tocal valley ov Tlat poriion

of the index of performance surface. And many times a block in the
cascaded structuve can enccunter this problem, hence making it more

difficuit to realize strict error margins by the index of perfovsance.
Howaver, each subsequent block offevs the ability to begin with the
previous blocks best "fit" to v (t) and the prospect of not being
stuck in an IP ¥lat portion or valley. Thus, no individual block

in the structure may be requived to achieve a certein strict errov

merging white the stvuctureiin its entirity may achieve the strict

mavgin.

(it1) Divect approech. This device modeling technique offers a
eehcice appreach to ihe modeling problem. The design enginger

need only kinow a device charvacteristic response in order to approach

the probianm.
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Recommendations for further research in this area are the following:
(i) In the freguency domain, characterization of error gradients
for other we11'known models such as the hybrid pi medel may also
lead to a gréphic model development technique which ¢ircumvents

any optimization process requivement.

(i1) In the time-domain, perhaps a block by block building struc-
ture approach for the series, parallel, series-parallel, or
parallel-series type of connections [21] would prove even move

beneficial than the cascaded biock approach presented in Chapter VI,
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APPENDIX A

FIBONACCI SEARCH TECHNIQUE

There are two types of one dimensional search techniques:‘ those
that iterate along the search direction until the limits that bound a
minimal point of the performance function (interval of uncertainty)
have been reduced to within some interval toleraﬁce, and those that
assume a particular shape of the performance function and set o
equal to the explicitly calculated minimum [34].

4Interp61ation polynomial techniques such as Davidson's [25] are
representative of the second of the two types mentioned. Ssarch by
golden section [34] and»Fibonacci search [23] are representative of the
first type.

Search by the Fibonacci technique is about 17 percent more effi-
cient than golden saction with regard to interval reduction of ths
intervail of uncertainty at each step. The Fibonacci search is initi-
ated after the interval of uncertainty has been bounded, assuming the
performance measure to be unimodal [33]. Then the bounded interval of
uncertainty is divided according to the Fibonacci sequence
112 3581 3 .....,asshown in Figure A.1. The major
disadvantage of the Fibonacci techniquebis that the total number of
iterations must be specified a priori. Hence, the search procedure
begins by choosing a value for N, a number which can be determined by
the total interval reduction desired.

The efficient scheme can be evolved by assuming, on the final

iteration, the interval is divided into thirds. Proceeding backward
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to the (N - 1)st iteration under the assumption that
(1) 1inequalities of the form of Equation A.1 were applied at the
are performance func-

(N - 1)st iteration (where Ea, E Ec and E

b* d
tion values evaluated at interval points a, b, ¢ and d; and
either Eb or Ed will be common to any two successive iterations),
(2) the Nth and (N - 1)st iterations share a common interior
point, ‘
(3) b and d are symmetric about the center of the interval [a, c],
then, the intervals between the abcissas at the (N - 1)st iteration

are [2A, A, 2A] vespectively. By comparing E, and E, we can shrink the

d
bound on &' since
and E, > E ac< a‘ <b
b>d b~ d oL ‘
and Ed > Eb d 5_&' <c
(A.1)
and E > E b < &i <c
d>b b~ d T
and E, > Eb a<é& <d

and &i is the optimal (minimal) value for o calculated at each
respective iterate.

Consequently, after an N value has been chosern, the interval reduc-
tion factor [33] quickly asymptotes to 0.618, so the total reduction
for N iterations becomes (0.618)N. For example, ten iterations, re-
quiring eleven evaluations of E, reduces the bound on &i by a factor
of 100.

Calahan [33] has written a Fortran IV computer program which is

easily implemented as a subroutine program. It is listed on page 292
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of the preceding reference and requires six input variables for each &
calculation. The subroutine fowin is:

SUBROUTINE FIBMIN{X1,X2,XMIN,ITER,KEY1,F,F1,F2) where the input
data is:

X1 .Lefthand o bounding value

F1  Performance Function calculated at X1

X2  Righthand o bounding value

F2  Performance Function Calculated at X2

ITER  the number of iterations N

-KEYT  Set equal to 2 initially
“and the resultant output data becomes:

XMIN  the minimal & value

-F the performance function calculated at &
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MODEL REALIZATION USING SENSITIVITY FUNCTIONS

by

Ernest Edward Saunders, Jr.
(ABSTRACT)

New concepts in linear, time invariant model realization using
sensitivity functions are presented. These concepts involve approaching
the device modeling problem from an error gradient minimization view-
~point. This leads to the attainment of a minimal index of performance
function (IP) and, consequently, emulates a desired device model
response either in the frequency or time domain.

In the frequency domain the prob]eﬁ of characterizing the AC
error gradients for a small signal transistor model is considered.

The integral of the weighted squared-error is the IP functional
incorporated. It is found that the error gradients all contain a
similar expressionlwhose values, when chosen properly, create zero
valued gradients and a zero valued (globally minimal) IP functional.
Hence a graphical analysis routine based on the similarity expression
is developed to provide the advantages listed below:

(i) Simplicity. This technique requires no optimization scheme

and completely eliminates computer computation costs.’

(ii) Insensitive model. A design scheme is affixed to the

graphical analysis scheme so as to yield insensitive voltage

and/or current transfer functions; with respect to drifts in

hie and hoe transistor parameters.



(ii1) Basic building block, The small signal model design

technique offers a basic building block upon which high

frequency model realization techniques, the hybrid pi model

for example, can be implemented.

In the time domain a variable structure cascaded building block
technique was designed and provides among its main features:

(i) Simplicity. Although an optimization procedure is required

in this technique the circuit analysis program incorporated in

the negative gradient algorithm is fixed in terms of the topolo-

gical structure it must analyse. That is, it need not be updated

to calculate new gradient terms for a topologically changing struc-

ture as is required by previous variable structure modeling

techniques.

(ii) Capable of fitting high order responses within a relaxed

block by block IP functional. No individual block in the struc-

ture may be required to achieve a certain strict IP functional,

while the structure in its entirity may achieve the strict func-

tional. |

(i) Direct approach. This device modeling technique offers

a concise approach to the modeling problem. The design engineer

need only know a device characteristic response in order to

approach the problem.

Further research possibilities include characterization of the

AC error gradients for the hybrid pi transistor model and possibly



a series, parallel, series-parallel, or parallel-series connection
would prove even more beneficial than the cascaded block time domain

approach.
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