IEICE Electronics Express, Vol.6, No.7, 424-429

Equivalent circuit simulation
of light propagation in
optical fiber

Hiroki Nakajima® and Takayuki Yamanaka

NTT Photonics Laboratories, NTT Corporation,

3—-1, Morinosato-Wakamiya, Atsugi, Kanagawa 243-0198, Japan
a) hnaka@aecl.ntt.co.jp

Abstract: On the basis of the formal resemblance between the non-
linear Schrodinger equation that governs the evolution of an optical
signal in a single-mode fiber and the telegrapher’s equations that de-
scribe the voltage and current on an electrical transmission line, the
nonlinear Schrodinger equation is modeled in an electrical equivalent
circuit. Through the equivalent circuit simulations for the propagation
of an optical fundamental soliton, the validity of the proposed model,
that is, the correctness of the handling of the dispersion, the nonlin-
earity, and the attenuation in the model, is verified.
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1 Introduction

To analyze the transmission properties of optical signals in fibers, the split-
step Fourier method [1] and the finite-difference time-domain method [2] are
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commonly used. These methods require complicated and/or sophisticated
programming techniques and special calculation tools and are therefore awk-
ward to designers of ICs for fiber-optic communications, who must be able to
grasp signal transmission properties in optical fibers. The ability to analyze
optical signal transmission properties with ordinary electrical circuit simula-
tors would be of benefit to IC designers, because it would make it possible
to analyze transmission properties of optical fibers and design ICs in par-
allel on a single circuit simulator. In this paper, we propose an equivalent
circuit simulation method for light propagation in an optical fiber. The pro-
posed method is founded upon the formal resemblance between the nonlinear
Schrodinger (NLS) equation that governs light propagation in an optical fiber
and the telegrapher’s equations that describe voltage and current on an elec-
trical transmission line. Owing to the formal resemblance, the NLS equation
can be modeled in an electrical equivalent circuit.

2 Basic equations and equivalent circuit

Under the slowly-varying-envelope approximation, the electric field ampli-
tude A(z,T) in a single-mode optical fiber at transmission distance z and
time 7' (in a moving frame with group velocity) obeys the NLS equation [1]
0A  Ba 62A a

— A AP A =0, 1
where « is the attenuation and s is the dispersion coefficient. -~ is the
nonlinear parameter defined as v = (27n2)/(ASeff), where ny is the nonlinear
refractive index, A is the optical wavelength, and Scf; is the effective core
area of the fiber. The amplitude A in Eq. (1) is assumed to be normalized

such that |A|? represents the optical power. By setting (z,7) — (7,¢) and
defining parameters Vr, Vi, Ir, and Ii as

A =TRe[A] + jIm[A] =Vr+j-Vi
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Eq. (1) is rewritten as the following pairs of differential equations:
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If we view the parameters 7 and £ as “time” and “space” variables, respec-
tively, and the parameters (Vr, Vi) and (Ir, Ii) as “voltages” and “currents,”
respectively, Eqgs. (3) and (4) are none other than two sets of telegrapher’s
equations for two different electrical signal lines. Therefore, Egs. (3) and (4)
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can be modeled in electrical circuits, the circuitry of which is formally the
same as that of the well-known distributed-element equivalent circuit for an
electrical transmission line [3]. The equivalent circuits of a small section A
for Egs. (3) and (4) are shown in Figs. 1 (a) and (b), respectively. The equiv-
alent circuits in Fig. 1 are primal and artless in their form and can not be
used in ordinary circuit simulators as they are, since the voltage and current
sources cross-refer to the current and voltage on the other signal line. To
obtain a practical circuit that can be implemented in circuit simulators, we
have only to unite the two primal circuits into a single circuit. An example
of the unification is shown in Fig. 2 where CCVS, VCCS, and VCVS denote
the current-controlled voltage source, voltage-controlled current source, and
voltage-controlled voltage source, respectively. The dual-input single-output
VCCSs and VCVSs output an electrical signal, the value of which is propor-
tional to the product of the two input voltages. The circuit shown in Fig. 2
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Fig. 1. Primal equivalent circuits of a small section A&
for the NLS equation. (a) Circuit representation
of Eq. (3). (b) Circuit representation of Eq. (4).
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Fig. 2. A practical equivalent circuit of a small section
A¢ for the NLS equation.
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has two (upper and lower) main signal lines, each of which corresponds to the
signal lines in Figs. 1 (a) and (b), respectively. The upper and lower CCVSs
in Fig. 2 provide the same function as the voltage sources in Figs. 1 (a) and
(b), respectively. The upper and lower VCCSs in Fig. 2 correspond to the
current sources in Figs. 1 (a) and (b), respectively. All the elements used in
the circuit in Fig. 2 are available in ordinary circuit simulators.

To perform the equivalent circuit simulation of light propagation in an
optical fiber, we have only to plurally cascade the unit circuit shown in Fig. 2
and carry out a transient circuit simulation with initial voltage values dis-
tributed beforehand on the nodes of the cascaded circuit. The temporal
distribution |A(z,T)|? at a transmission distance z is then obtained as the
distribution of V7?2 + Vi? on the nodes of the cascaded circuit. Note that
the “length” A€ of the unit circuit corresponds to the span on the time (7°)
axis, since the exchange of the time and space variables, (z,T) < (7,§), is
assumed in the derivation of the equivalent circuit. For this reason, the pass-
ing of time in the transient circuit simulation corresponds to the extension
of transmission distance for an optical signal.

3 Equivalent circuit simulation of optical soliton transmission

To verify the correctness of the equivalent circuit model, we performed cir-
cuit simulations of the transmission of an optical fundamental soliton. The
fundamental soliton features the conservation of its pulse shape with respect
to time T over long transmission distances, because of the balance between
a pulse broadening effect due to the dispersion and a pulse sharpening effect
due to the nonlinearity. Therefore, correct simulation of the evolution of an
optical fundamental soliton with the equivalent circuit model would be ev-
idence of the correct handling of the dispersion and the nonlinearity in the
model. The correctness of the attenuation handling will also be examined.

For standard silica fibers, the dispersion coefficient 35 = —(A\2D)/(2mc),
where D is the dispersion parameter and c is the speed of light in vacuum, is
negative at A = 1.55 [um] (the anomalous dispersion regime). When 2 < 0
and o = 0, the fundamental soliton as an analytic solution of Eq. (1) is
expressed as [1, 4, 5, 6]

12| ) (T) 75 /16|
Az, T) =P, — h( — 1=—
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where Py and ty are the peak power and the full width at half maximum
(FWHM) of the pulse |A|?, respectively. Note that the dispersion length Lp

and the nonlinear length Ly defined by

Lo =13 /1Bl L =1/(vP) (6)

are equal for the fundamental soliton [See the second equation in (5)].
For the equivalent circuit simulation of the fundamental soliton trans-
mission, we set up a cascaded circuit composed of twenty-thousand unit
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circuits with A& = 0.1 [ps] and assigned the cascaded circuit to a time do-
main of —1000 [ps] < 7" < 1000 [ps]. Fiber parameters used in the simu-
lation are A = 1.55 [um], D = 18 [ps/nm/km], Sers = 50 [um?], and ny =
3.18 x 10729 [m?/W] [1, 4]. As an initial input soliton, A(z = 0,T) given
by Eq. (5) with top = 10 [ps] was assumed and corresponding initial voltages
were distributed on the Vr nodes of the cascaded circuit. The value of P is
uniquely determined to be 0.2767 [W] by the second equation in (5).

Fig. 3 shows the transient circuit simulation results obtained by using
HSPICE. The black lines in Fig. 3 (a) indicate the evolution of the optical
fundamental soliton for agp = 0[dB/km] (agp = (10/log, 10)cr, where « is
expressed in unit of km™!). For agg = 0, the resistors in Fig. 2, which are
responsible for «, were omitted. As can be seen in Fig. 3 (a), the soliton
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Fig. 3. Equivalent circuit simulation results for the opti-
cal fundamental soliton transmission. (a) Evolu-
tion of the fundamental soliton. (b) Energy re-
duction calculated with Eq. (7).
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maintains its envelope shape over a transmission distance of 50km when
agp = 0. This implies that the handling of the dispersion and the nonlinearity
in the proposed equivalent circuit model is correct. It should be noted that
the dispersion length and the nonlinear length are Lp = Lyp ~ 1.4km <
50km for the parameter values used in the simulation, indicating that the
transient circuit simulation up to a 50-km transmission distance sufficiently
includes the influence of the dispersion and the nonlinearity.

The red lines in Fig. 3 (a) indicate the evolution of the optical fundamental
soliton for agp = 0.2[dB/km]. When the attenuation exists, the soliton
gradually decays, losing its energy as the transmission distance increases.
To verify the correctness of the attenuation handling in the simulation, the
energy reduction calculated as

/ 1000 ps
—1000 ps
/ 1000 ps

—1000 ps

is plotted in Fig. 3 (b) as a function of transmission distance. From the figure,

2
A(z, T)adB=OdB/km‘ dar

(7)

2
A(2,T)qgp=0.2 dB/km‘ dr

we can confirm that the circuit simulation results shown in Fig. 3 (a) correctly
reflect the value of the attenuation constant.

4 Conclusion

On the basis of the formal resemblance to the telegrapher’s equations, an
equivalent circuit model for the NLS equation that governs the light propa-
gation in a single-mode fiber is proposed. Through equivalent circuit simu-
lations for the optical fundamental soliton transmission, the validity of the
model has been confirmed. The object of the circuit simulations was limit-
ted to a single pulse signal of the fundamental soliton; however, needless to
say, other signals like a pseudo-random-bit-sequence (PRBS) signal are also
treatable with the model. The proposed model and the simulation method
utilizing it will be especially useful to designers of ICs for optical commu-
nications systems, since the method requires only a circuit simulator as a
calculation tool.
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