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Abstract—In this article, we propose a SPICE-oriented algo- R L, R L R L R L,
rithm to analyze frequency characteristics with unstable region z l T “’V‘—""""TA’"‘—’"‘”T
and to find the peaks of the frequency characteristics. By *©08®L c c l c c
combining the sine-cosine circuits, the Fourier transformation 1 2 3 4
circuit, the nonlinear limiter and the solution tracing circuit, the
frequency characteristics curve can be obtained even if the curve il
has unstable region. Fig. 1. LRC ladder circuit.

ol ol,l, @l oL, 1,
L Cosine- R o R - R R
. INTRODUCTION circuit

For designing PCBs (printed circuit boards), it is ver £ wC wC.V wC Vs,
important to find out the locations and the frequencies givir
large peak values of the voltages. Electrostatic capacity exi : P R L N

between the wire lines of PCBs. The characteristics of tl sine-
capacitors depend on the distance between the wire lines. Fr  cireuit
this reason, we have to analyze circuits including nonline
capacitors. The SPICE can treat nonlinear elements, howe
the standard method of SPICE cannot obtain frequency char- Fig. 2. Sine-cosine circuit for Fig.1.
acteristics of nonlinear circuits easily.

In this study, we propose a SPICE-oriented algorithm fgrcuit corresponding to the determining equat.ion of the HB
analyze frequency characteristics of nonlinear circuits and R¢thod. If we set the voltage through a capacitor
find the peaks of the frequency characteristics. Although they
may be found by the standard transient analysis of SPICE, it
is difficult to find the exact peaks when the quality factey) ( the currentic is given by
is very large. Because we may pass over them if we choose a dve )
large step size. Furthermore, the frequency characteristics of C = CW = —wCVeesinwt +wCVos coswt. (2)
nonlinear circuit; often have unstable regions..Such regioPﬁus, the coefficients ofinwt and coswt are described by
cannot be obtained the standard methods using SPICE. In
our algorithm, we derive the sine-cosine circuit [1] from the Ios = —wCVee, Icc=wCVps. ©))

nonlinear circuit. Next, the Fourier transformation circuit [2}\lamel the capacitor is replaced bv coupled voltage-
is used to obtain the response of nonlinear elements. When Y, P P y P 9

N . . ontrolled current sources in the sine-cosine transformation
we analyze this circuit with the transient analysis of SPICIS

.. .af the HB method. In the same way, let the current through
we may pass over the exact peaks. In order to avoid this .

. . : .. “ah inductorL be
problem, we apply the differentiator and the nonlinear limiter

[3]. Finally, we apply the STC (solution trace circuit) [4] to iy, = Ipssinwt + I'pc cos wt. 4)

obtain the frequency characteristics even when the curve hl%s th It L b
unstable regions. en, the vollager, 1S given by

ve = Vog sinwt + Voo cos wt, Q)

dig,
vy, = L— = —wlLI;csinwt +wLIg coswt. 5
II. SPICE-ORIENTED HARMONIC BALANCE ALGORITHM L dt Lo Ls ©)
: . . Thus, the coefficients ofin wt, coswt are described by
A. Sine-cosine transformation
Vis =—wllrc, Vic=wLIpg. (6)

Sine-cosine transformation based on the HB (harmonic
balance) method such that the determining equation is solugdmely, the inductor is replaced by coupled current-controlled
by transient analysis of SPICE. We discuss the sine-cosim@tage sources in the sine-cosine transformation.
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As an example, Fig. 1 shows a LRC ladder circuit and Fig.
2 shows the corresponding sine-cosine circuits.

B. Fourier transformation circuit

In this study, we use the Fourier transformation circuit
in order to realize the nonlinear characteristics of nonlinear
capacitors.

Suppose the input and output waveforms as follows:

Fig. 3. Nonlinear limiter.

10000

{ i(t) = I coswt + Iy sinwt % 7500 7\
v(t) = Vi coswt + Vosinwt = .
The characteristics of the electric current which flows through S 2500
a capacitor can be indicated as o

7: — dq/dt — (8q/av)(dv/dt). (8) -0.0001 -0.00005 Inpu:[\/] 0.00005 0.0001
From Eq. (8), the coefficients for electric chaxge) of sin wt, Fig. 4. Characteristics of nonlinear limiter
coswt are described by o ’

1 1.
q(t) = ——Ircoswt + — I sinwt. ) I1l. PEAK SEARCH ALGORITHM
. . . _— We search the peaks by using differentiator and nonlinear
From this, input of Fourier transformation circuit modé) limiter. The frequencies: at the peak voltages satisfy
is changed as
djv(w)|
q(t) = Q1 coswt + Q2 sinwt, (10) dw 0, a7

and from Eqg. (8), the characteristics of a nonlinear ca acitor the characteristics curve. Hengeiw)| need to be firstly
is expresse?i.witr; an equation usigg) andv asv — G( F)) differentiated by a differentiator. In order to find the exact peak
We expand(q) to Fourier series, and obtain the coefficient oints, the output is limited and expanded with a nonlinear

. . imiter, which consists of a limiter and nonlinear diode as
of the voltages by using the trapezoidal formula as foIIows.Shown in Fig. 3

1 2 We suppose the characteristics of the limiter as follows.
o= / (G(q) coswt)d(wt)
T Jo _Vmaz : for Vin < _VL
1 1 vy =< kv, : for =V < <V (18)
= — (G G — (G Y] a in L >Vin VL ,
o (Go+ Ga) + 1 (Greosty Vinaw  :© for Vi < vim

4+Gocosby + ...+ Gog_1cosbai_1), (11 . .
2 2 2Kt 2-1), (1) The output of the nonlinear limiter is given by

1 2 P Is exp(Avg) : for v, >0 (19)
Vo = / (G(q) sinwt)d(wt) oub = —T,exp(—Avg) : for v, <0
m™Jo
1 . . i as shows in Fig. 4.
= i (Gisini+ Gosinby + ...+ Gox-18in02k-1)  The expansion factor of is large enough. In order to

(12) complicate an analysis around the peaks, we include nonlinear
diode in nonlinear limiter. Thus, the transient analysis around

where the zero points is executed with a very small step size, and
b L we can find out exact peak points.
G(@)dwt) = -(Go+G
/a (@)d(t) 2( 0+ Gzx) IV. TRACE FOR UNSTABLE REGION
+h(G1+ G2+ ...+ Gag—1),(13)
‘}w
™
h= E’ (14) : !, :vj L v,
o @ ® F e
Gi = G(q(t:)), (15) ] I Rl
wt; =0,7/K, ..., 2K — 1)n/K, 2. (16) vees Mvees

Fig. 5. STC (Solution trace circuit).

-35-



Since we set time as frequency, we can not analyze unstalbéeome inclined as reducing the resistance (this corresponds to
region. In this section, we explain STC (solution trace circuithcrease the effect of the nonlinearity). Although the unstable
for change a horizontal axis into a voltagg from time region appears in the case Bf= 0.01[Q2], we could trace the
(namely, frequency). curve successfully as shown in Fig. 8. We can also notice that

STC is based on the arc-length method [5][6]. Thoghe step size around the peak becomes smaller by the effect of
voltages are differentiated with respect to the titriestead of the nonlinear limiter. We should mention that each frequency
the arc-lengths by using differentiators. They are transformeaharacteristics curve could be obtained by a single run of the
to the corresponding voltage sources with current controllé@nsient analysis of SPICE.
voltage source (CCVS). Next, each voltage is squared and
transformed to the current source. We have

p 2
dvi
=3 (%) (20)
as shown in Fig. 5. If we set the voltage of nodeas v,
I, = ¥2 can be obtained by multiplier and VCCS (MVCCS)
Thus, the additional constant current source in Fig. 5 realize
satisfying the arc-length method by Eq. (20). Then, the no

voltagev,, is integrated to obtaim,,. Note thatR in Fig. 5 is
a very large resistance used only to avoid the L-J cut-set.

v[V]
O R N WA 0O~ R W
o

V. ILLUSTRATIVE EXAMPLE w[rad/s]

Fig. 8. Plot of frequency characteristics fét=0.01[2].

VI. CONCLUSIONS

We have proposed a SPICE-oriented algorithm to analyze
frequency characteristics with unstable region and to find
Fig. 6. LRC ladder circuit including nonlinear capacitor. the peaks of the frequency characteristics. By combining the
sine-cosine circuits, the Fourier transformation circuit, the
nonlinear limiter and the solution tracing circuit, the frequency
characteristics curve can be obtained even if the curve has

Cosine- . . .
circuit unstable region. The simulation results of the LRC ladder
o circuit with nonlinear capacitors showed the efficiency of the
T proposed method.
The analysis of printed circuit boards using our proposed
method is our future research.
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