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Analysis and Improvement of Mach—Zehnder
Modulator Linearity Performance for Chirped
and Tunable Optical Carriers
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Abstract—Photonic systems that use a variable or chirped op- wavelength systems. This technique enables one to greatly ex-
tical wavelength and a single Mach—Zehnder modulator have been tend the optical bandwidth of the system.
analyzed to determine the relation between optical bandwidth and
spur free dynamic range. A novel wavelength insensitive biasing
technique is proposed which significantly reduces the second-order
distortion and increases the optical bandwidth. The MZ modulator transmission as a function of applied

Index Terms—Photonic assisted A/D, RF photonics, wavelength- voltage (V) is given by
division multiplexing. T\ 1 . v \ .
( )—5[ +COS<W—V7T()\)+¢I’( ))} (1)

Il. BASICS AND SINGLE WAVELENGTH OPERATION

I. INTRODUCTION where

HE WAVELENGTH response of a Mach—-Zehnder (M2) Ang Vi . .
intensity modulator plays an important role in wavelength- ¢ = 27 —= +m— s the modulator phase bias (1a)
division multiplexing (WDM) systems where a single variable T
wavelength or multiple fixed wavelengths may be modulated by 2z internal pathlength mismatch between the two arms of
a single modulator. The modulator properties relevant to WDM the interferometera, Ly — noLo;
systems have been investigated [1]. Similar to WDM systems,A  optical wavelength in vacuum;
modulator wavelength response plays a key role in photonic’s  externally applied bias voltage;
time stretch and WDM sampling techniques currently being in-
vestigated for enhancing the performance of analog-to-digital Ad

converters (ADC) [2]. In these systems, the carrier wavelengthis V() = 2 (M) n3(N)r(A) Ly ; (1b)

continuously tuned while the modulation is being applied. Also,

a dense WDM digital system has been demonstrated which useg electrode separation;

a single modulator and a chirped laser to transmita TDM signalL,, electrode length;

over multiple wavelength channels [3]. I'(A\) confinement factor which is defined as the ratio of the
Changes in the carrier wavelength shift the modulator bias change in the effective index of refraction of the wave-

from the optimums /2 bias point and cause a strong increase guide mode to the change in index of refraction of the

in the second-order distortion. At a certain detuning from the electrooptic material;

center wavelength, the second-order distortion begins to exceed()) index of refraction;

the third-order distortion. In systems with greater than one oc-»(A) electrooptic coefficient.

tave bandwidth, this begins to degrade the spur free dynariie want to look at the first- and second-order intermodulation

range (SFDR) of the system. To prevent SFDR degradation diistortions and their impact on the SFDR. Kolner and Dolfi

to second-order distortion, one therefore must limit the optichhve derived in [4] the general expressions for the spectral

bandwidth of the system. components of the photodetector current assuming a two-tone
In this paper, we extend the modulator response analysissignal. In the following, we assume that both tones have

systems with a chirped optical carrier and introduce a technigegual amplitudes (V):

for second-order distortion suppression applicable to all multi- \%

v
11 =—Ci2sin ¢pJ; <7rvw> Jo <7rv—7r>
is the signal current (2a)
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where et _
C;  constant containing detector responsivity and optice -] il
power; i ’
Jn,  Bessel function of the first kind of ordexr. Time, Tirie: s

When the modulator is biased @ = = /2, the second-order
distortion is eliminated. The SFDR is dominated by the thirc
order and, assuming shot noise limit, is given in [4] by

- L % 111
L | St a Mloadiilszne § R -
Sourias | i — %

20 2iave ..' ] ..-__
SFDRs (dB) = - log <—q = ) 3) '-_ [I - w
where

iave average current out of the photodetector;
B electrical bandwidth;

q electron charge.

As the wavelength detunes from the nominal, two effects [ll. CHIRPED CARRIER

occur: the bias deviates from/2 and the modulation index, . ) -
m = WVWV)\ , changes because of changifig The bias shift In the photonic time stretch systems [2], illustrated in Fig. 1,

causes 4 very rapid increase in the second-order distortion, Biontinuously swept wavelength (chirped carrier) is fed into
has a small impact on the fundamental and third-order distd® modulator. In this section, we extend the above analyses
tion terms [5] and, therefore, at some wavelength detuning, tWe_determme the optical bandwidth limitations imposed on the
system SFDR starts degrading due to the rising second-orde/GpirPed wavelength system by the wavelength dependent mod-
termodulation distortion. The second effect, change in the mddator response. _ _ _
ulation index, has a much smaller effect on the system SFDR. We need to look at the powers in various spectral harmonics
Consequently, it is the rise of the second-order distortion dggnerated at the output of the modulator. We have approached
to the bias shift that limits the optical bandwidth of the modfhe Problem in two ways. The proper way to do this with a con-
ulator. The change in phase bias away froy2 at which the t!nuously tunabl_e_ wavelength is to combine the_ S|gnal_modula-
SFDR begins to be determined by the second order [4], dign and the additional modulation due to changing carrier wave-

suming SFDR > 1 and using (3) to solve fofgB /iave), i length overth_e t_ime aperture of interest and thgn tak_e a Fqurier
given by transform. This is how the results of our numerical simulations

were obtained. To get the simplified analytical results, we used
qB 1/6 the expressions for harmonics amplitudes obtained for a single
_> fixed wavelength, from (2), and averaged the power in these har-
monics over the wavelength sweep. This is acceptable as long as
the modulation induced by the temporal variation of the carrier
wavelength is small. The simplified analytical treatment allows
For an internally timmed modulator that does not require bigg to make predictions that are then compared with and con-
voltage, i.e.2r(A,/A) = 7/2, the allowable optical band- firmed by exact numerical simulations.

width is given by The RF power in the harmonics averaged over wavelength

Fig. 1. Photonic time stretch system.

w
T (Z

1
=+ —210—<SF“R3>/40. (4)

sweepA\ around center wavelen is given b
AN = 2\/510—(SFDR3/40>\0) ) pA gt is g y
T o 1 AoF(AN/2) )
meaning that the wavelength can deviatedbyi /2)AX from Pj= Cl’ﬂ /Ao—(mm) |1;(A)[" dA @)

the center wavelength,,, before the SFDR degrades below the

specified value due to second-order distortion. For an SFQ{here:;(\) are the photodetector currents given in (2) dnrd

of 80 dB atA, = 1550 nm, this distortion limits the optical 1 is the fundamental; = 2 second-order, ang = 3 third-

bandwidth toAX = 14 nm. order intermodulation distortionélp is the constant to convert
If the modulator was biased at a higher multiplerg®, then currents to relevant electrical powers.

the wavelength dependence would be higher and the bandwidtiThe integration produces the following results:

appropriately lower.

For an untrimmed modulator that does require bias voltage, P, =Cp2.J2 < 14 ) 72 <WK> [1 4 sinc (Ady)]
= J; J3

T —

i.e., 2r(A,/A) = 0andV, = V. /2, the allowable optical Ve Ve
bandwidth is given by B . v
Py =Cp2J; <7r—> [1 — sinc (A¢y,)] (8)
Ax = 2Y2 ) - (5FDR, /40 76”‘//#/(20') . 6) Ve
w T A —
Ao P3 =Cp2J} <7r1> Js <7r1> [1 4 sinc (A¢y,)]

For a typical LINb@Q modulator [6] withdV,./d\ = 8 VIym Va Va
andV, = 6.6 V and, again assuming an SFDR of 80 dB, the hereAd, = 201 Av _ sin(xz)
optical bandwidth is limited to 7.4 nm. whereag, = dx |y sine(e) = x
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second order : L
' |ntermod beat""""
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Electrical power out of the detector (a.u)
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modulation mdex m=m(V/V,)

Fig. 2. Comparison of approximate analytical and exact numerical simulations for the chirped wavelength isysterthe modulation index at the center
wavelength,. The optical bandwidth is 14 nm. Simulation is performed over the time aperture equal to 1000 signal periods and there are about eight points per
period.

The results predicted by these analytical equations areAgain using a typical LiINb@ modulator numbers [6]:
verified by exact numerical simulations and both are shown {@V,./d\) = 8 V/um andV,; = 6.6 V and assuming an SFDR
Fig. 2. of 80 dB; the optical bandwidth is limited thXx =13 nm.

The third-order-distortion-limited spur free dynamic range, The chirped wavelength and single tunable wavelength cases
SFDRs, remains unchanged by the swept wavelength operatioehave differently, because in the chirped wavelength case the
and is still given by (3) effects are averaged over all the wavelengths within the sweep;

% ) whereas, in the single tunable wavelength case the bias change

qB

This occurs because the fundamental and third-order terms|\/, SUPPRESSION OF THESECOND-ORDER DISTORTION.

are impacted similarly by the bias shift due to changing wave- WAVELENGTH INSENSITIVE BIAS TECHNIQUE
length. In the ab i di d how a typical modulat
The phase bias deviation away frani2 during the wave- nthe above sections, we dISCUSSed how a typical modutator

length sweep at which the SFDR begins to be determined - its"the otf)ltical t?anldt\)/vidfjh c.);trr:? slyfstgrr;. Fo;zn ngB SF1I_DhR,
the second-order distortions is now given by t, € allowa e optical ban W'.t IS |m|te_ to or 24 hm. The
limitation of the allowable optical bandwidth may limit the per-

B\ /6 formance of the photonic time stretch systems, because for a
Ay = £/320/9 <Lq—> = +/G10~(SFPR/40) (1) i Y

20 . . .
SFDR;3(dB) = 5 log < (9) is due to single maximally detuned wavelength.

given stretch factor and fiber loss budget the time aperture of

dis diff i th le tunabl lenath | he system is directly proportional to the optical bandwidth. [2].
and is different from the single tunable wavelength case only Nis, therefore, highly desirable to use the entire width of the op-

a small constant. For an internally timmed modulator that dOﬁéal spectrum available from the supercontinuum souns€g)(
not require bias voltage, the allowable optical bandwidth is nomn)_ In this section, we introduce a technique that can greatly

given by extend the optical bandwidth of the modulator. The wavelength
26 insensitive bias (WIB) technique suppresses the bias point de-
AN = 2210~ (SFDRs/40) ) (11) pendence on wavelength by adjusting various components of
T bias dependence to counterbalance each other.
For an SFDR of 80 dB aX, = 1550 nm, this distortion limits ~ The bias of the modulator is given by (1a), which is repeated

the optical bandwidth téA\ = 24.2 nm. here for convenience
For an untrimmed modulator that does require bias voltage, A V,
ie,2r(A,/A) = 0andV, = V./2, the allowable optical Pp = ) V. (13)

bandwidth is given by

2\/_ 10—SFDRs/40 Vi (Ao)
AV, JdA|x,

whereV, is the bias voltage used to trim the modulator 2ng,
is the pathlength mismatch between the two arms of the MZ

AL = modulator.

(12)
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We want to arrange it so that 1) at the center wavelength,
the modulator is biased at/2 and 2) the bias does not change,
to the first order, as the wavelength detunes from the center:

transmission

iti Vp/V. M
Condition 1) Al
AnL/}\'o_
¢, =m/2atA, and (14) \-—/
0 0.25 0.5 bias ¢plen
Condition 2
) Fig. 3. lllustration of the WIB technique. The modulator is biased away from
dé quadrature with an internal pathlength mismatch, but then external bias voltage
i =0. (15) is used to trim the bias back to quadrature. With an appropriate choite pf
X |, andV;, wavelength dependent bias drift is eliminated to first order.

Condition 1) implies the following connection between the - : .
. . . Prescription for an internal modulator pathlength mismatch that,
internal modulator pathlength mismatch and the required bias ™ . o .
or a given modulator, eliminates the first-order dependence of

voltage: bias point on carrier wavelength
Vﬂ'O AnLo A R
V=t [1- a5y (16) INPUPUE.S N !
2 )\0 nLo 4|1 R—-1 ( 9)

whereV,, = Vx(),), i.e.,, Vr at the center of the wavelength For the polymer modulator considered above with= 2.2,
sweep and condition 2) results in the following choice for inwe getA,;, = 0.46 . Consequently, if we adjust the internal

ternal pathlength mismatch pathlength mismatch of the referenced modulator to 0.46d
dAL, use bias voltage equal 16, = —0.42 V. to trim the phase bias
Apro = A R-ATR (17) tom/2, as shown in Fig. 3, then the first-order dependence of
4 R-1 the phase bias on wavelength will be eliminated. This occurs
where because the effect on phase biagpthanging with wavelength
. cancels the phase bias changes due to wavelength dependence
_ dd‘,\" AL of the internal bias.
R= v;m ’ Fig. 4 shows the numerical simulation of modulation spectra

coming out of (a) modulator with an internal pathlength bias of
In the above equation, the rati expresses the nonlinearity A/4 and (b) polymer modulator biased using a WIB technique.
of the V. dependence on wavelength and is a key characteridticthe WIB modulator additional internal pathlength offset is
of the modulator. It can be thought of as a ratio of a local slopsed to match th&,. wavelength dependence and the second-
of the V. dependence on wavelengtt¥/; /d\|,,, to the slope order distortion is suppressed by 24 dB. At this point, we are
of the global linear approximatiof,.,/X,. able to calculate the improvement afforded by the WIB tech-
The expression foV is given in (1b) and it can be seen thatique, but are unable to determine the ultimate optical spec-
if the confinement factorl(), index (), andr were wavelength trum allowed by the technique, because the performance-lim-
independent, thel,. would be a linear function of wavelengthiting residual second-order distortion is due to higher order de-
and the ratioR would be equal to one. This in turn would drivependencies o¥. on wavelength. To calculate the resulting al-
the denominator to zero indicating that there is no finite internkiwable optical spectrum for a WIB modulator, one would have
pathlength mismatchy,, .., which would make the modulator to determine and consider these higher ofdedependencies.
bias insensitive to wavelength. Fortunately, this turns out not Tdnis issue is not part of this paper and may be considered in a

be the case for typical modulators. later publication.

For example, a polymer modulator built at USC has,a=
1.2V at 1.310um andV,, = 1.8 V at 1.550u:m [7] resulting in V. WIB TECHNIQUE IMPLEMENTATION ISSUES AND
AV JdA = 2.5V/um. At 1.55.:m, this givesit = 2.2 indicating TOLERANCES

that it is possible to calculate finite optimuss,, and use the In this section, we identify the modulator properties needed

WIB technique. : . :
The terma(dA,. 1 /dA) expresses the change in internal paﬂan(zgzble the WIB technique and consider manufacturing toler

length mismatch with wavelength. This occurs due to index Equation (19) specifies the internal pathlength mismatch,

change with wavelength and is much smaller tanFor ex- A ded d-order di . h ired
ample, for a polymer modulataln /d\ ~ —0.02 um~" at 1.55 ~1,, Needed to suppress second-order istortion. The require
' ) ’ amount of A,y is determined by theR parameter of the

pm. Assuming an ideal pathlength mismatcligfy, = A/4and modulator. To use the WIB technique in a practical modulator,

an index (?f” =~ 1.6, we have a length mismatch dfl, = 242 we need to haveR significantly different from unity so that
nm resulting in

A, 1, is finite.
4 dAnr, —4 dn AL = 0.02. (18) The R parameter expresses the r_10n|inearity oﬂmeie_pen-
dX dX dence on wavelength. In the following, we examine this depen-

Because the value @f(dA,,;,/d)\) ~ 0.02 is much smaller dence and show how it is determined by the choice of design
than R ~ 2, it can be neglected in (17) resulting in a simplgparameters and materials.
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Fig. 4. Spectrum of (a) modulator with an internal bias\@f and (b) modulator with WIBAX = 60 nm andm = 0.1.

By differentiating (1b) with respect to wavelength, we get the TABLE |
fO”OWing derivative: VALUES FOR R AND ITS CONSTITUENT COMPONENTS FORTHREE
) / / / MODULATORS
dVe. Vi dn/d) dr/d\  dl'/dX
PN |:1 —A <3 n + r + T ):| (20) USC polymer ~ Sumitomo  Poudyal &
Mezhoudi
and therefore -
qv v R, (pm™) -0.020 N/A -0.031
R= —+ R / X, R, (um™) -0.746 N/A 0
’ Rr (um™) -0.072 N/A -0.95
- [1 - <3 dnjd) | dr/d) , dI/ dA) } . @1 R calculated 1.9 N/A 2.04
n/A /A /A R measured 22 1.88 245
For a polymer modulator, our measurements indicate
dn/dA —0.02 ym™!
R, = ( n//)\)ho = 15971 5{;) p—— —0.024 The above evaluation shows that the USC polymer modulator

[7] R value is dominated by the nonlinearity of theoefficient
with wavelength and, therefore, can be tailored by the choice
of materials. The unusually low wavelength dependence of the

is the index wavelength dependence nonlinearity

R, = (dr/dN)ly, _ _—26(pm/V/pm) _ —0.75 confinement factor occurs because in our design even as the
To/ Ao 54/1.55 (pm/V/pm) mode expands, its overlap with the applied electric field changes
is therzz wavelength dependence nonlinearity very little. Using the abové® values in (21), we geR = 1.9,
which is close to the measured value of 2.2; see Table I.
_(dU/dN)]y, AL /AX Itis inte_regting t_o compare the polymer modglatbrvalue
Rr = TN = T. /)\—0 = —0.07 to that of lithium niobate. Table | shows the available relevant

values for polymer and two LiNb©9modulators. The wave-
is the fill factor wavelength dependence nonlinearity. length dependence of LiNbOmodulators is dominated by the
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wavelength variation of the confinement fact®y;, and there- of interferometer pathlength imbalance and applied bias trim

fore can be tailored by the waveguide design. It is worth notingltage to reduce the changes in bias point with wavelength.

that for all modulators in Table I, th& coefficient is around 2. Using the WIB design for a typical polymer based modulator,
The key to WIB technique implementation is a modulatahe second-order distortion can be decreased by 24 dB.

with a predetermined internal modulator pathlength mismatch,

A,.L., and therefore, it is important to consider the tolerance ACKNOWLEDGMENT

placed onA,, 7. .
The desired internal modulator pathlength mismatch is calcall—s-l;:zzsai‘g:gors would like to thank Dr. S. Pappert for helpful

lated from the measured value®for a given modulator design '

using (19), but the actual vaIuA,fch;), may be different due to
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