Analysis of Nonlinear Traveling Waves
by Frequency-Domain Perturbation Method

Akio USHIDA, Yuichi TANJI and Yoshifumi NISHIO

Dept. of Electrical and Electronic Engineering, Tokushima University
2-1, Minami-Josanjima, Tokushima, 770 Japan
Tel. +81-886-56-7469 Fax. +81-886-56-7471
E-mail ushida@ee.tokushima-u.ac.jp

ABSTRACT

We discuss a numerical method for solving the
nonlinear transmission lines by the frequency-domain
perturbation method. To improve the convergence,
we introduce two new methods of the compensation
and the homotopy techniques, which also help to make
the iteration stable. This kind of transmission lines
is widely used in the communication curcuits such as
GaAs integrated circuits, and varactor diode circuits.

1. INTRODUCTION
Noulinear devices such as GaAs nonlinear trans-
mission lines [1], varactor diodes and superconducting
transmission lines [2] have the nonlinear capacitors.
The velocity of traveling wave is given by

v = 1/VI{HC W)

so that if the capacitor is a decreasing function of the
voltages, it will have an interesting property such that
the higher part of the waveform is the faster than the
lower part of it. The property is used in many purposes
such as the picosecond pulse compression [1], picosec-
ond shock-wave generations [3] and so on.
There are some papers discussing the phenomena from
the physical points of view [1-5]. In reference [6], the
shock-waves of nonlinear transmission line driven by a
sinusoidal generator are analyzed by the harmonic bal-
ance method, where the nonlinear transmission line is
replaced by the finite number of the discrete lumped
models. The reference [7] has analyzed the phenomena
by the application of the difference approximation to
the nonlinear partial differential equation. In reference
[8], they have analyzed the nonlinear wave propagation
phenomena, where the 2-dimensional FFT is applied
to solve the circuit equation in the distance and time.
In this paper, we discuss an efficient numerical
method for solving the nonlinear transmission lines.
The waveform is approximated by the Fourier expan-
sion at each point on the line, and the coeflicients are
calculated by a perturbation technique. Although, the
method is only applied to the weakly nonlinear sys-
tems, we have improved it with two techniques of a
compensational and homotopy method.

2.FREQUENCY-DOMAIN
PERTURBATION METHOD

2.1. Perturbation Method Now, consider a non-
linear transmission line terminated by linear subnet-
works. The circuit equation is described by the follow-
ing nonlinear partial differential equations:

dv B¢ 0i  Ogc | .
—— + VR, —-az—-é?‘i-ZG (1)
where ¢ and g¢ are the flux of a nonlinear inductor
and the charge of a nonlinear capacitor. We assume
the characteristics as follows:

iL =F¢L+€;L(¢L), vR=RiR+€ﬁR(iR) (2.1)

ve = Sqc + €iclgc), i = Gug +€iglvg) (2.2)

where e means a small constant, and 11(ér), 9r(ir),
#c(ge) and ig(vg) are nonlinear terms. We have the
relations of i = i;, = ¢t and v = ve = vg.

To analyze the traveling-waves, consider the re-
sponses of nonlinear transmission lines driven by an
impulse waveform as follows:

2kw T
= in(—— 0<tL —
e(t) Ep, sin( T t) 0_t_2k
‘ T
= 0 P <t<T (3)

where T is a period of the impulse and & is an in-
teger. Assume that the nonlinear transmission line
is terminated by a linear impedance Zy. Then, the
circuit equations (1) and (2) are mathematically re-
duced to the nonlinear partial equations constrained
by a linear boundary condition. In this paper, we ap-
ply the frequency-domain approach, and describe the
input impulse waveform by the Fourier expansion in
the complex domain as follows:

M ; 2n
C(t) = E EkB]kWt, w = -T— (4)
k=-M
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for a sufficiently large M. Now, let us assume the so-
lutions at the mth iteration as follows:

M M
Um(w,t):‘ Z Vkmejkwt’ im(l',t)—_— Z Ii.nejk“”
k

k=M =—M
(5.1)
M . M .
ST (wt)= Y B gE(at)= Y QFet
k=—M k=—M
(5.2)
Then, we have the following perturbed equations:
avi® . m
—Ei— = —(R+ jkwD)I}
—e (Vaal™™) = jhoLlia(¢7 ™)) (6.1)
dIp . .
-—di— = —(G+jkwC)V;

~e (o™ ) = hoCVos(ag ™) )(6.2)
where L = 1/T, C' = 1/8 and
op = L(E-eliaep™)) (6:3)
Qr = (W -elou(@@™) (6.4)

Observe that the relations (6.1) and (6.2) are ordi-
nary differential equation, and the second terms at the
right hand side correspond to the forced terms calcu-
lated at (m — 1)th iteration. The solutions of (6.1) and
(6.2) are written as follows:

it

Vi(z) = .»417c"¢3)"°"J + B,:"e_’\”‘” + GVkm(a:) (7.1)
1 N
I'(z) = Too (AT + Bite™) + el (2)
(7.2)

where the propagation constant Ay and characteristic
impedance Z; ¢ are given by

e - _ [jkwL+R
)‘k = \/(]kwL+R)(]ka+ G), Zk,() = ]ka+G

The first two terms of (7) correspond to the zero-input
responses, and eV;™(x) and eIf*(z) to the zero-state
responses calculated by a numerical intergration tech-
nique. The constant parameters A7* and B} in (7) are
evaluated by the boundary conditions of the transmis-
sion line. Thus, all of the Fourier coeflicients V;/* and
I™ are caluculated, and @ and Q' are decided by
(6.3) and (6.4). The iteration is continued until the
variation

M

S W0 - v @)®

k=—-M

6m

M 1/2
+ 3 @) - i)’ 8)
k=—M

becomes sufficiently small for given a constant §. How-
ever, we can not say anything whether the solution
waveform is sufficiently accurate or not.

Now, let us define the following residual error. The
solutions for the M frequency components be vys(z, t),
tpm(z,t). Then, define the residual error as follows:

%/OT {ula.t) ~ o(z, 1))

EM =

1/2

+ (i t) - i(e, t))2} dt] )

where ©(z,t), i(z,t) are the exact solutions, and
vpm(z,t), im(z,t) are the approximate solutions at
mth iteration with M frequency components. Since
it is impossible to get the exact solutions in (9), we as-
sume the solutions obtained with the larger frequency
components M’as the exact solutions.
The residual error (9) between the solutions with M
and M’ frequency components are given by

emM = Z (Vkm(l)—vkm*l(l)f
|k|=M
1/2

+ 3 (@roy -p)’

|kj=M

If the residual error £;7 is not so small, we need to
choose much larger M for the waveform approxima-
tion, and again repeat our perturbation method.

2.2, Modified Perturbation Method It is said
that the perturbation method is only applied to the
weakly nonlinear circuits. In this section, we will mod-
ify the method such that it can be applied to the much
stronger nonlinear circuits. Assume that the nonlin-
ear characteristics given in (2) are monotone increasing
functions, and for simplicity, describe it as follows:

uy = Huy + eh(uy), H = diag(T, R, S, G) (10)

where Uy = (iLavRv ve, iG)Ta Uy = (¢La iRv qc, vG)T

. . . T
and eh(uz) = e (Z'L(‘ZSL),ﬁR(iR),@C(qc)viG(vG)) .
Since the convergence of our perturbation method
largely depens on the magnitude of perturbed terms
eiz(u2), we need to decrease it compared with the lin-
ear term. Thus, we introduce small constant

AH = diag(AT, AR, AS,AG)
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as a compensation parameter in the following form:
Uy = (H -+ AH)UQ + (eiz(m) - AHUQ) (11)

The second term is the nonlinear function correspond-
ing to the perturbed term which can be be largely
decreased by choosing a suitable AH. We found from
our numerical examples that the convergence ratio is
largely improved by introducing of the compensation
parameter,

Homotopy method is sometimes used when the it-
eration method does not guarantee the convergency.
We will apply it to our perturbation method. Let us
introduce a parameter p for the nonlinear elements (2).

(H + AH)uy + p(eh(uz) — AHuy),
pr 00— 1 (12)

Uy =

It is clear that the relation (12) for p = 0 corresponds
to linear elements, and the nonlinearity is gradually
increased by choosing {p:0 — 1}. At p = 1, it re-
duces to the original function. If we choose a small
variation Ap per iteration such as

pm =pm—l+Ap

our perturbation can also get the solution stablely.
2.3. Convergence Condition Now, let us consider
the convergence condition of our algorithm. For sim-
plicity, let us introduce the following symbols for vari-
ables in (6) and (7):

(a). For the solutions, we set
xt) = (i) ) = () )

(b). For the perturbed terms, we set

where w; = (v,4)T, wa = (¢1,9c)%.

Set the coeflicient matrices of (6) as follows:

A, = 0 R+ jkwl
=\ G+ jkwC 0

(kL 0 (oL
Bk‘( 0 jka)’CO—(C 0)
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Now, describe the zero-state response of (7) in the in-
tegration form.

X{r’lk(w) = Clyk(x)Ek + ngk(:ﬂ)Xl,kX{'fk(l)
—e/ e~ 4@ X (WL, 5)ds
0

—€By, / e~ 4k E=9) Xy (winTY, s)ds  (13.1)
0

XP(z) = CoXTy(a) — eCoXap(wy o) (13.2)

where Cy p(2), Cox(z) are decided from the bound-
ary conditions and (7).
Let us adopt the following norm

T
lw = ,/-%/0 w?(t)dt (14)

Then, we have the following convergence conditions.
Theorem: Assume that, for an approximate solution
(w?,w3)T, there are constants D1,Dy, Ky, L1 and Lo
satisfying as follows:

(i) Define the solution domain by:
Q= {un,wsl || w1 -t < D,
| w2 ~wf [|< Dy} (15.1)

(ii) Define norms of the coeflicient matrices by:

o I AL | Lyl
I Coll= Ko, Ky= ~m<k<m 1—Cop
o LB AL || Lol
Ky = -M<k<M 1 —Coy (15:2)
where

Coi = max || Cop(2) |

(iii) Assume the perturbed terms satisfy the follow-
ing Lipschitz conditions:

| X1 (wy, 2) = X1 (w; 0,2) 1< Ly [ wy — wy |

(| Xa(wy, z) — Xa(wy, ) |< L || wy —w, |
(15.3)
for all 0 € < I, where L; and Ly are Lipschitz
constants.

(iv) Set the maximum values of the variables in
z = [0,1] as follows:

Xk = max || X{% (o) Il Xl = max || X0(@) |

<

(15.4)
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Furthermore, if it satisfies the condition,

k=e| Pl<1 (15.5)
_ K, K,
forP = ( I(oKl KoLz(Kz +L2) )

our perturbation method (13) will converge to the
unique solution (w, w)7.

We found from the theorem that our perturbational
iteration will be converged to an approximate solution

XM(]) if the nonlinear term e is small.
3. ILLUSTRATIVE EXAMPLES

As an example of the nonlinear transmission line,
let us consider to analyze the shock-wave to an impulse
response. Assume the transmission line is terminated
by a resistor Ry = 10 and

i =350 x 10 g1, vg=0.015ig + 0.1i%

ve = 10M g0 + 0.5 x 10%* ¢, ig = 0.015vg + 0.1v3,

For the input impulse, we choose E,, = 0.25, T =1
and k = 16 in (3). We found from the example that
our perturbation method is largely improved by the
combinations of compensation method and homotopy
method.

4. CONCLUSIONS AND REMARKS

We have presented a frequency-domain perturba-
tion algorithm for calculating transient responses of a
nonlinear transmission lines. We can largely improve
the convergence by introducing two methods of the
compensation method and homotopy method.
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Figure 1: Convergence ratios for various
compensational parameter,where variation
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Figure 2: Impulse responses

(a) The response of nonlinear transmission line (b) The
response of linear transmission line where nonlinear terms
are set to be zeros (c) Input impulse
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