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ABSTRACT

The paper presents a general symbolic method for generating the
complex hybrid matrix necessary for computing the periodic or
nonperiodic steady-state response of a nonlinear analog circuit
driven by multitone signals. This method is remarkable by its great
efficiency and generality, and it is very useful in frequency-domain
approach based on harmonic balance and least square approxima-
tion. For the general case of the nonperiodic steadystate response
there are three basic methods: frequency-domain approach based
on Voltera series; time-domain approach and a frequency-domain
approach based on harmonic balance and least square approxima-
tion. The last one is significantly more efficient when the total num-
ber of nonlinear resistors, inductors and capacitors is significantly
less than the total number of linear inductors and capacitors in the
circuit, as is often the case in practice.
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I. Introduction

For the general case of the nonperiodic steady-
state response there are three basic methods: (1)
frequency-domain approach based on Voltera series
[1,10-12]; (2) time-domain approach [2,11-12], and
(3) a frequency-domain approach based on harmonic
balance and least square approximation [3]. The last
one is significantly more efficient when the total
number of nonlinear resistors, inductors, and
capacitors is significantly less than the total number of
linear inductors and capacitors in the circuit, as is
often the case in practice.

This method requires the following steps: first — all
nonlinear circuit elements and independent sources
will be “extracted” from the circuit to the terminals, so
that the resulting linear n-port N will contain only
time-invariant circuit elements (resistors, inductors,
capacitors, linear-controlled sources etc.); next — we
must develop a frequency-domain analysis (ac
analysis) of the substituted linear and time-invariant
subcircuit (obtained by corresponding substitution of
the nonlinear circuit elements with voltage or current
sources) and an analysis based on harmonic method
coupled with the least square approximation of the
nonlinear subcircuit.

The frequency-domain (ac analysis) of the linear
substituted n-port N can be efficiently implemented by
computing the symbolic hybrid matrix corresponding
to this subcircuit for each frequency @y . The method

presented in this paper to generate the complex hybrid
matrix for each frequency, necessary for calculating
the periodic or not periodic steady-state response of a
nonlinear circuit of great complexity, driven by multi-
tone signals, is a very useful tool.

II. Frequency—domain analysis of nonlinear analog
circuits driven by multi-tone signals

Let us consider the general case when the circuit
contains nonlinear elements — resistors, inductors,
capacitors, independent voltage and current sources
having a dc component and m multi-tone frequencies
®;,0; ,...,0n , and linear circuit elements.

Let us extract all nonlinear elements and all
independent sources to the ports. The nonlinear
elements on the left ports are described as follows:

voltage-controlled resistors: ig = fG (ug), voltage-
controlled capacitors: ¢ =(c (UC), flux-controlled

inductors: ir = ip(@r ), while the nonlinear elements

on the right ports are described by the equations:
current-controlled resistors: Ug =GR(iR), charge-

us =Us (as ).
controlled inductors: @, =@ (i, ).

controlled  capacitors: current-

The linear n-port N may contain any time-invariant
circuit element as: resistors, inductors, capacitors,
linear-controlled sources etc. Substituting all the
nonlinear elements from the left side by ideal voltage
sources and all the nonlinear elements from the right
side by ideal current sources, we obtain a linear and
time-invariant circuit.

The vector of the unknowns has the following
form:

x(t)= s Out Dok Ot O Ol

It may be expressed as:

M
x(t)= Xp + Z(sz_lcosa)kt + szsina)kt) =
k=1
M .~
= X +Ref Y (X — o I
k=1

2

Expression (2) can be interpreted as a generalized
finite Fourier series, where the frequency components
include not only harmonics, but also intermodulation
frequencies

d
O =MO] + My ®) +...+ Mp®,, 3)

whith my,, i =1,2,...,m, satisfying the constraint

My [+ Moy |+ .+ M| < P

where p is the highest order of the frequency
components considered (the components beyond this
order are negligible).
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For a given p, M represents the set of all frequency
components satisfying the inequality constraint (4).

The steady-state response of the linear and time-
invariant subcircuit, computed by frequency-domain
techniques (ac analysis) with respect to the unknown
Fourier coefficients X, Xpk_1,Xok; K=1.2,...,M , is:

M
y(t)=yo + X, (Yok_icosivyt + yaysinioyt) =

k=1
M . )
; o
= Yo +Red D (yaks — iyak Je X
k=1
The steady-state response of the nonlinear

subcircuit in terms of the same unknown, can be
expressed as:

(0= By (14 3 (Bagy () cosiogt-+ by (x)-sniog)
k=1

(6)
In Eq. (6) by(x)by_;(x)by (X) k=12,...M are
generalized Fourier coefficients of y’(t), which depend
on the X0, Xok—1: %2k, K=12,..,M, and

M > M includes in steady-state response of nonlinear
subcircuit all new frequency components generated by
the nonlinearities.

In order to compute the coefficient vector b(x) we
may apply the Discrete Fourier Transformation
(DFT), if y’(t) is a periodic response or the least
square method if it is not periodic [3].

Having the two responses Yy(t) and y’(t) expressed
in terms of the unknowns X(t) we do the last step of
the algorithm. From the substitution theorem and the
method of harmonic balance it results that the
coefficient ¢, of each frequency component @y of
y(t)— y' (t) is equal to zero. Because each coefficient
Cx is a function of the 2M+1 unknown Fourier
coefficients  Xq,Xpk_1, X2k, K=12,..,M, for each
nonlinear element we will obtain 2M+1 independent
nonlinear algebraic equations:

co(x)=0, ¢;(x)=0, ....,com (X)=0. (7

That means a total number of Nn(2M+1) equations,
where n is the total number of nonlinear elements, that
can be expressed into a compact form by a nonlinear
algebraic equation:

Fx+S—b(x)=0. (8)
This equation can be solved using the Newton-

Raphson algorithm obtaining the independent
variables Xg,X;,...,Xoy from equation (2). The first

two terms of the equation (8) are obtained by ac
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analysis of the linear substituted subcircuit. Our main
contribution in this paper is to develop an efficient
method to compute these terms; in other words to
compute the hybrid matrix of the substituted linear n-
port N.

II1. Generation of the hybrid matrix of the linear
subcircuit at frequency oy

For a given nonlinear circuit a special tree -called
the normal tree (NT)- is chosen [4,7,9]. The normal
tree elements are selected in this strict order: all ideal
independent or/and controlled voltage sources; all
nonlinear elements extracted on the left side — called
nonlinear elements of type one (the associated
variables will have the subscript 1); linear capacitors,
resistors, and inductors. The corresponding cotree will
contain: all ideal independent or/and controlled
current sources; all nonlinear elements extracted on
the right side — called nonlinear elements of type two
(the associated variables will have the subscript 2);
linear capacitors, resistors, and inductors. The NT will
not contain independent or controlled current sources.
Let T be a normal tree and L its corresponding cotree.

Remark 1. When the controlling variables of the
controlled sources are associated to the linear
resistors, capacitors, inductors or they are voltages of
the nonlinear elements of type one respectively
currents of the nonlinear elements of type two, these
variables can be simple expressed at each frequency
o, starting from their constitutive equations, in

respect of the independent variables ('il LD k) and
of the input quantities (Ek s Jk )

Applying the superposition theorem in complex it
results at each frequency @ :

Lk _[Yakak Bi_ka_k [Yik .
Us k| [A2 ki k Z2 k2 kfLa

. Yi ke Bikj [Ek}
A ve Zo kil 3k

where, for example, B, |, | (Az K1 k) represents

)

the matrix of the complex current (voltage) gains of
the nonlinear elements of type one (two) in respect of
the nonlinear elements of type two (one), and
U, « U, k3 is the complex voltage (current) vector

of the nonlinear elements of type one (two). The
meaning of the other variables results from their
subscripts.
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In equation (9) the state variables (Ql kido k)
and the complementary state variables (ll kYo

can be expressed as:

YUs « Ug 2k -1 — JUG 2k
U k= Yc « |=]| UYcok-1—lducok |.(10)
i@y | | ok (erac - iorax)
IR « [ iRok1 — Jirak
by w={ i Qg | [=| 0 Us k-1~ Jdsok |» (11)
Lok | L Tk =ik
lg « iG 2k—1— Jig 2k
L= o Qe = jon (ac ok—1 — Jac ok )| (12)
Irw | [ irak-1—Jirak
Ur UR 2k—1 — JUR 2k
U «=| YUs k || Usak-1— Jusok
jo®y | [k eLokor — ieLak |3

The characteristic equations of the linear circuit
elements included both in tree and in cotree, for each

frequency @y, are:

UZt_k :;t_klzt_k’ reSpeCtiVely th_k :Xt_kgzt_k’
Uz, k=Zc_klz, k> respectively 17 =Y. Uz,
where

| 1
o8 o

(14)
and Yoy =G+ i[—ﬁﬁnkc)

Denoting:

Hi «=Y1 xi x Hio « =By k2 «:

ﬂzl_k :Az_k,l_k’ ﬂzz_k :;z_k,z_k'

Is k=Y keEk +By jdk-Es k=

(15)
=A; veExtZs kjdk

the equation (9) becomes:

Liow{_[Hizk Hiz_k Yk . Is (16)
Usr | |Haik Ha w12 k| |Es «

In order to extract the frequency @ from the

unknown vector, we have to do the following
notations:

Ug 2k-1 — UG 2k

: R iyl
Xy k =|Ucok-1 =~ JUcok |= X1_k T IX]_k
| Prok-1— JProk

g 2ko1 — Jlr ook
Xo k= Us ok — Jds ok |= XzR_k + szl_k - 317
| ik = ik

Now the linear and time-invariant response of
n-port N can be expressed by the explicit equation:

sz
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A

Fe I .
e h Lok f
= -

F = .=} o
Ay -I .E;ar;t : :_E_HLL} A

O PPl

el g wll g

(b)

Fig. 2. a) Initial circuit diagram; u) The substituted circuit diagram.

where: i1_0:U2_0 represent the dc unknowns which
will be calculated from the dc analysis;
XIR_k,Xll_k,XzR_k,and X2|_k are the unknowns of
the ac analysis corresponding to the frequency @
and they are defined by (17); the submatrices Fj;

are obtained from the submatrices H; i K multiplying

by jo, the components corresponding to the third
row of X; | or the second row of X, | . Equation

(18) contains the first two terms of the equation (8).

We have implemented the above algorithm in a
very efficient and flexible computing program that
automatically generates the normal tree, the hybrid
matrix and the source vector. Then it performs the
frequency-domain analysis of the linear substituted n-
port N for each frequency @y .

IV. Example

Let us consider the nonlinear circuit represented in

Flg 1,a where: il = il (Ul )’q2 = az (U2 )and 03 = €P3 (|3 ) .
Substituting the nonlinear circuit elements by ideal
independent sources, according to the procedure
described in Section II, we obtain the linear circuit in

Fig. 1, b. The normal tree is made up of the branches:
{E4 «.Eg « E; «.E, (!, and the corresponding
cotree contains the branches:

{13_k vij_k liQ_k 1;6_k 1;7_k }
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Applying the computing program, we obtain the
complex hybrid matrix in the following form:

1 1

Y _
oo o= £ (A -1) 7% Z5 (Agy -1)
— 11k 1 1 1

- - +
Zy (B =1 Zge Zy(Agy—1)

S12k T 121k T - >
-1 Ag — 1 Agpe —1] -

Ho, = 0]

9

The source vectors have the following expressions:

_ Ek
32| Zx (Agy —1) E | BswEa |
= Eix L Agy —1

Z (A —1)

V. Conclusion

The paper presents a simple method to generate the
complex hybrid matrix and the complex source
vectors, in symbolic form, for the nonlinear circuit
driven by multi-tone signal analysis. This is very
useful for steady-state response computation and it

may be successfully integrated in the frequency-
domain approach based on harmonic balance and least
square method. The method is remarkable by its great
efficiency and generality.
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