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INTRODUCTION

The discussion exposed here is based on a syntbfesesveral elements collected in some
papers (see references at the end of the docuchesltihg with fundamental characteristics of
Mach-Zehnder electro-optic traveling wave intensitgdulators. We draw an analysis of the
optical response of these modulators to a timeingrgrive voltage, modelized after a
description of their technological conception. Thea review the important parameters to
study for the use of these modulators in opticahgmissions (optical response bandwidth,
chirp parameter). We present the properties ofetlpesameters with respect to the previous
analysis, and we show that they can be characternizéependently, which is of great
importance to analyse the performances of such fatmts in long haul transmissions.

SCHEMATIC DESCRIPTION OF THE MODULATORS TOPOLOGY

In electro-optic modulators based on Mach-Zehndtrierometer (see fig.1), light entering
the input waveguide is split into a pair of sepadatvaveguides integrated in LiINpO
substrate (the two arms 1 and 2 of the interferemeind recombined at the other end into a
single output waveguide. A differential time vanyiRF voltage, applied to the arms 1 and 2
with a set of electrodes, changes the relativecabindex of the arms by electro-optic effect,
thus the relative optical phase of the light trangethrough them and therefore the total output
power and phase of the recombined optical fiel@h.([

For improved efficiency, the electrodes are cloed parallel to the optical waveguides,
allowing the RF electrical field to be applied greally all along the waveguides. The longer
the waveguides and electrodes, the longer theaictien length between RF and optical fields
through the electro-optic medium, and the shoiter RF voltage magnitude required for
transition from maximal to minimal output power (@NFF). This kind of device is named a
traveling wave optical modulator ([1]).

In single drive modulators, the voltage is appliExtween a single common electrode (the
« hot » electrode) and two surrounding electrodeket to the ground ([1]). In z-cut
modulators (see fig.3), the hot electrode is pmséd directly above one arm, and one ground
electrode above the other arm. The RF field flurcamtration is maximal underneath the hot
electrode, leading to a strong overlap between R @ptical fields in the corresponding
waveguide, whereas their overlap is weaker in ttleeroarm. Thus the induced phase
variations are significantly different in magnitydend opposite in sign, because the RF
electrical field has opposite orientation in one&ompared to the other.

In x-cut modulators (see fig.2), the waveguidestmos are symmetrical with respect to the
electrodes, each one being located between theslbotrode and one ground electrode,

leading to similar overlaps between RF and opfieids in both arms. Therefore the induced
phase variations are close in magnitude and opgwsgign.
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Fig.1 : Mach-Zehnder modulator (x-cut) seen from above

Hot electrode Ground electrode

Fig.2 : transversal slice of a x-cut Mach-Zehnder modulator

Hot electrode Ground electrode

Fig.3 : transversal dlice of a z-cut Mach-Zehnder modulator
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MODELIZATION OF THE OPTICAL RESPONSE

The optical response of the modulator (i.e. theetuariations of the output optical power and
phase of the modulated light, for a given input Rittage) depends on the propagation
characteristics of the RF field along the devicewall as the interaction between the RF and
optical fields along the waveguides (parallel te diectrodes). The voltadée(y,t) between

the hot electrode and the ground electrodes (ongitudinal position along the electrodes

axis,t = time) creates a corresponding electrical fié,gl (x,¥,zt) all over the transversal

plane (x,z) centered on positignand we will consider thatljélRF (X, ¥,zt i proportional to
Vre(Y,t) and undelayed with respect to it, which impligmtt the effective transversal
dimensions of the device are far smaller than tRen@velength (thus far smaller than 1 cm
for RF frequency = 10 GHz ; usually they are a famdreds of micrometers [2]). In these
conditions, the transversal projection of the Ritdfi(perpendicularly to the propagation axis
y) can be decomposed into the product of a pureswesal vectorial function and a pure
longitudinal scalar function :

(%, y,20) = B (x D (%) (1)
The term IET (x,z )corresponds to the field flux sketched on fig.2 &n

RF response : propagation of the RF electrical signal.

The propagation of the RF electrical signal camdpgesented by the variations of the voltage
between the hot electrode and the ground, as @idnnafy andt :

Ve (V51) =V, T (i)

These variations are governed by the following petars :

* the effective indexNgr- of the RF wave, which gives its propagation veipalong the
device.Nrr depends on the dielectric constants of LiNisObstrate, as well as the transversal
dimensions and positions of the electrodes, andeasignificantly modified by the presence
of a SiQ buffer layer between the electrodes and the satiesif{1], [2]). Its frequency
dispersion is negligible ([2]).

* the attenuation experienced by the RF wave dueldotrical losses, namely conductor,
dielectric and radiative losses ([2]). It is modeli by a frequency dependent attenuation
coefficientage.

* the reflection coefficient of the RF wave at both sides of the device, duenfmedance
mismatch. It gives birth to a counterpropragatingvev and also modifies the direct
copropagating wave because of multiple reflections.

When the voltag®rrin injected at the RF input is purely sinusoidal vitBguencyQ/2r, i.e. :
Vern (@1) = RV, ()€} (2)

then, in the most general case, the voltage paifmag function takes the form of two
copropagating and counterpropagating sinusoidaésiav

Ve (2, Y1) = RV (Q)[K_ ()€™ explj(Qt - B ) + K, ()™ explj(Qt + B Y))]
3)
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Lrr = Nre Q/c (c = speed of light in vacuum) is the propagationstant,K_ (Q) andK,(Q) are
complex coefficients depending 6n are(Q), Gre(Q) and the electrodes lendth([2]).

I nter action between RF and optical fields.

The interaction between the RF and optical fielysmediation of the electro-optic tensor of
LiINbOg, has transversal and longitudinal characteristics.

Analysisin the transversal plane:

In the transversal (x,z) plane, the change of titecal index inside the waveguides, induced
by the RF electrical field, depends on the locatibthe waveguides with respect to the field
distribution IET (x,z). Since IET Is principally oriented along the z-axis of LiNp@side the

waveguides, antss is the greatest electro-optical coefficient ofNhiO;, the local change of
the optical indexX\, in the arma(a=1or 2) is:

N, V,

(ANo)a = _7r33€a% (4)

whered is the distance between the hot and the grouncireties, andf, is a reduction
coefficient representing the transversal overlagvben the electrical fieldl::,T(x,z and the

light inside the arm. In the case of z-cut modukatffig.3), with the arm 1 positioned
underneath the hot electrodg,and & have opposite signs with| > |&| (|£1] is optimized).
In the case of x-cut modulators (fig.&),and & have opposite signs with|= |&| ([1]).

Analysis along the longitudinal direction of propagation :

Along the propagation axis y, the interaction igp@ded by the velocity mismatch between
the RF and optical waves, due to the differencevéen their respective indicedy(< Ngr) :
the optical wave travels faster than the RF wawd, thus the optical modulation and the RF
signal become progressively out of phase during grepagation. This results in bandwidth
limitation of the optical response, since this effdbecomes more serious at higher
frequencies. More generally, one shall expresofiteal index change seenyatoordinate
by a photon entering the arm at instinall along its propagation at speai, :

3
(ANOphOton )a(yato) - _ No r33§a VRF (yato + y j (5)

2d c/N,

The total phase change experienced by the photentbe interaction length is :

— 27[ i photon
ACI)a(to) _7 (ANO )a(ylto)dy (6)

0

At frequencyQ/2mt and using eq. (3) for taking the internal reflect of the RF wave into
account, the total phase change has the mathemdtioma as a function of time

(ed.(3),(5).(6)) : _
AD,(Q,1) = 7, RAK (Vi (@)™} (7)

APEX Technologies 5/11

Application note : optical intensity response ahdg parameter of Mach-Zehnder traveling wave mattuk



with

_ ANl
;73_ j’d é:a (8)
= KO o (o + L) -T D L]
k(@)= el (s + iU -3+ 2= e + 80U -3 )

p. =2 (N £N,) (20

In the most general case, the input RF signal issmusoidal but composed of several
spectral components :

VRFin (t) = RQ{IVRFm (Q)eiﬂt dQ} (11)

Because of the linearity of the above equatioresyéisulting phase variation in each arm is :
A(I)a(t) = naVRFeff (t) (12)
with

Vieerr (1) = Re{j K(Q)\-ZRFin Qe dQ} (13)

Q
Vrreii(t) IS the effective voltage interacting with theiopt fields in the waveguides, common
to both arms of the interferometer, anglis a coefficient quantifying the sensitivity ofaba

arm to this voltage.

Recombined output optical field.

The recombined complex optical field at the outpiithe modulator is :

V2@ exdjon} = = izz exd o, 0} +Vireedjo,0)] (9

wheree quantifies the unbalance between the powers trigieshthrough arms 1 and 2.

Power and phase:

The output power is :

| (t) :ILZ’"X[:H\/l—eZ cod®, —cpl)] (15)

It is a function of the phase difference (see &8))(:

O, =D, =AD + (1, = 1y )Verer (1)

whereAdy is the phase difference with null applied voltaBecausey; and/, have opposite
signs, their difference is non zero : thus one icalude A®, in the DC component Ofrres
and suppose for simplicity theét; = ®, = 0 when the drive voltage is zero.

_— _ | 1+41-¢* _ 4
The extinction ratio is ER = ™ = ¢ = — (16)
Imin 1- 1—82 €
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In standard modulators, the extinction ratio isiagfy higher than 25 dB, and thug £ 0.1.
That is why first order approximation with respezeis used in the following calculations.

Far enough from extinction, i.e. as long as thigrapimation is valid, the output power is :

I o, -0 -
I (t) = %[l-l_ Coiq)z - (I)l)] =1 max COSZ(%) =1 max COSZ(VIZ 2 C VRFeff (t)j (17)
The output instantaneous optical phase is :
e, +d, ¢ ®,-0 n,+n £ n, =1
Ot)=—2—2L+—tam—2—2L =2V (t)+—tan 2LV . (t 18
(t) 5 > n{ > } > rrert (1) 5 n{ > rrert (1) (18)
Chirp parameter :

The instantaneous chirp) parameter is :
do/dt _ (do, /dt) + (ddb, /dt) co ®,-d, ) e
di/dt  (dd,/dt) — (dP,/dt) 2 sin(@®, —®d,)

a(t) =2l

t _mtn, 772_771\/ t) |- € (19)

0= =", CO{ 2 e )j Sin((nz =11 )Veeett (t))

At half maximal output powel & Ima/2), i.e. when®, -, =+7/2 :

Aoy = J_r(—ﬂl e _ sj = J_{_fl s 5} (20)
=1, $1—¢,

(see eq. (8))

Note that this value is only a function of statergmeters of the modulator (no one depends
on the RF frequenc§/2mintroduced above) and thus it is independent ®iput RF signal.

500 Can also be used to predict the time variationthefoptical phasé(t) when knowing
those of the powel(t). By using relation (20) and taking the valwgy, measured at
®,-P, =+1/2, eq. (17) and (18) can be rewritten into the folloy parametric system :

| =1_COS ¢ (21)
P = {0y, + )+ tang (22)

with () = 2222 =2y )

which provides for a direct relation betwe@randl.

& whose absolute value can be roughly estimatatidogxtinction ratio (eq. (16)), is usually
weak with respect tasoy, and thus its influence can be neglected. Takiimjo account for a
very accurate analysis is difficult, because igmsnd its accurate absolute value are not easy
to determine (this problem is not treated here).

Note that eq.(21),(22) are not valid wHheis close to its minimal value (extinction) : h€pd)
should be replaced by (15), and the approximateading to (22) are no longer valid sinke
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would become infinite whefp = £17/2. But the definition of the phase is of poor inpoce
when the optical power approaches zero.

APPLICATION TO MODULATORS CHARACTERIZATION FOR OPTICAL
TRANSMISSIONS

Two important characteristics are relevant for gssnmodulator as an optical transmitter,
especially for long haul fiber communications.

Bandwidth of the optical response.

Its optical response will determine how the modedagignal generated at the optical output of
the device will be distorded, with respect to thput drive voltage corresponding to a binary
sequence synthetized by an electronic pulse patfenerator. The bandwidth requirements
are especially high for today’s standard bit raléspr even 40 Gbits per second. That's why
many efforts have been made for optimizing the kadith, in particular by reducing the
velocity mismatch between the optical and the dsigaals ([1], [2]).

The full bandwidth characterization can be doneapplying a small sinusoidal RF drive
voltage at different frequenci€¥2r, around a DC bias voltage fixed at half maximalgo
transmission, so that the transmission functioas(a function ofVgres) IS practically linear
(see eq. (17)) and measuring the amplitude andepbfithe modulated output power with
respect to those of the drive voltage. This expenircan provide for the measurement of
(n, —n,)K(Q), whereK(Q) are the spectral Fourier coefficients of the B&ponse\(rre(t)

as a function o¥/grin(t) : see eq. (13)). Then the optical power respoasebe calculated with
eq. (17).

Optical chirp.

The chirp is another important parameter becausél itause the distortion of the modulated
optical signal along its propagation through a lalgtance of fiber, because of chromatic
dispersion (and non linear effects also, even efytare less important). Many studies have
been carried to study the impact of chirp in terindspersion penalty, and the chirp
parameter ) appears to be a relevant figure of merit. It espnts the relative amount of
phase variations with respect to power variatidee (§hown in eq. (19)) but it is constant only
in small-signal modulation regime. For large sigmabdulation like it is used in fiber
communications, the definition of the real valuattshould be used is quite fuzzy, and several
effectivea parameters have been studied and compared (Pg)visg that no one of these
values can accurately characterize the absolutorpences of the modulator for fiber
transmissions, because a single parameter is pagarfor this.

However, the value given herasfy in eq. (20)), which characterizes small-signal oiation
regime around half maximal transmission, can be ecomparing performances of several
modulators, like it is shown in [3] and [5]. Theryemportant property of this kind of
modulators is thatrsey, does not depend on the RF frequency, and thusndtance, if two
modulators have two different valu@gopy(1l) and asew2), their comparison can permit to
predict the resulting variations of the BER or povpenalty after transmission through
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dispersive fiber line with a PRBS modulating sigraalen if aspe(1) and aseef2) have not
been measured with a PRBS signal.

For a complete analysis of the output signal asdr&nsmission through the dispersive fiber,
one can measure the optical intensity with a sqop&alculate it by characterization of the
optical response bandwidth), and then calculatectiieesponding optical chirp by means of
the parametetsgy, (See eq. (21),(22)).

EXAMPLESOF CHIRP PARAMETER MEASUREMENTS

Graphs 1 and 2 show time variations of the moddlaf&ical power at the output of a single-
drive lithium niobate 10 Gb/s Mach-Zehnder modulatand the corresponding chirp
parameter (alpha). These profiles have been mahsute AP1040A chirp analyzer (Apex
Technologies), applying 4 bits periodical pattefresp. 1000 and 1110) at about 10 Gb/s to
the input RF port of the modulator. Line markers &fd V2 are positioned at approximately
half maximal power on the leading and the falliges of the pulse, and line marker H1
shows the corresponding alpha valaguf), which is nearly the same (about -1) at both sdge
and for both patterns.

Note:

This discussion is stricly valid for single-driveodulators but may be extended to dual-drive
modulators if the RF spectral response is simdabbth drives.
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Graph 1 : optical power and chirp parameter (alpha) at the output of a Mach-Zehnder
lithium niobate single drive modulator ; drive voltage = 4 bits periodical pattern (1000)
at about 10 Gbits per second.
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Graph 2 : optical power and chirp parameter (alpha) at the output of a Mach-Zehnder
lithium niobate single drive modulator ; drive voltage = 4 bits periodical pattern (1110)
at about 10 Gbits per second.
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