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a b s t r a c t

A new measurement method of chirp-parameters is proposed for electro-optic (EO) intensity modulators
with the Mach-Zehnder (MZ) waveguide interferometer. This method is suitably applied for the measure-
ment of the small chirp with operation at a specific RF-frequency. To determine the chirp-parameter,
optical spectrum components of the modulated light are observed with varying the relative optical phase
difference between the two arms of the MZ waveguide interferometer. The chirp-parameter of 0.17,
which is a value small enough for EO intensity modulation, was successfully measured by the
experiment.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

The light chirp in the optical intensity modulation means a par-
asitic phase shift as the intensity is varied. Electro-optic (EO) inten-
sity modulators using the Mach-Zehnder (MZ) waveguide
structure are known to have a low-chirp performance compared
with other types of optical modulation, such as, the direct modula-
tion of semiconductor lasers or the absorption modulation [1].

Since the light chirp causes an optical-frequency variation,
wave forms of the light intensity transmitted through an optical fi-
ber are degraded by the chirp combined with the fiber dispersion.
The performance in long-haul optical fiber transmissions is usually
affected by the chirp. On the other hand, the chirp may induce
redundant optical sideband components in the spectrum of the
modulated light. Recent applications of EO modulators such as ul-
tra high-bit rate optical communication systems or microwave
clock signal generation [2] is sensitively affected by such spectrum
disturbance. High-quality modulation with extremely small-chirp,
or zero chirp, is therefore required. To support the development of

such small-chirp modulators, accurate evaluation of the small
chirp-parameters is indispensable.

A simple method for the chirp measurement has been reported
by using the fiber dispersion [3]. This indirect measurement meth-
od requires light signals modulated by RF frequencies over a con-
siderably wide range. Based on this principle, a practical chirp
measurement technique has been proposed using a fiber interfer-
ometer for high-speed measurement [4]. Another indirect method
proposed before is for characterizing an optical pulse and a tempo-
ral modulator by the analysis of the two-dimensional spectrogram
of the pulse gated by the modulator [5]. By using this method, the
light chirp induced by the modulator can be determined from the
optical phase variation obtained by the characterization of the
optical pulse. The other type of the chirp measurement is a direct
method with observing the optical spectrum and is applicable for
the single RF-frequency modulation. Some reports have been pre-
sented on the direct measurement [6–9]. However evaluation of
small chirp-parameters is comparably difficult for this method be-
cause changes in the optical spectrum with the chirp are consider-
ably slight. The direct method was preferably applied for the case
of relatively large chirp.

In this letter, we present a new direct-measurement method of
the light chirp available for MZ modulators. This proposed method
is suitably applied for the case of the small chirp by observing
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optical spectrum components of the modulated light with varying
the relative optical phase difference between the two arms of the
MZ waveguide interferometer.

2. Measurement of chirp parameter

In the MZ modulators, light intensity modulation is realized by
interference between two phase-modulated lightwaves. When A1

and A2 represent amplitudes of the optical phase modulation in
two arms of the MZ interferometer, the electric field of light output
from the interferometer is expressed by

Eej/ejx0t ¼ Ein

2
e�jfA1 cosðxmtþ/mÞþ/B1g þ e�jfA2 cosðxmtþ/mÞþ/B2g
� �

ejx0t ; ð1Þ

where E, / and x0 are amplitude of the electric field, phase retarda-
tion induced by the modulation and angular frequency of light-
waves, respectively. Ein, xm and /m are amplitude of the electric
field of the input light, angular frequency of the RF signal and initial
phase shift of the RF signal, respectively. /B1 and /B2 are optical
phase shifts in the two arms, which are determined by the optical
path length of each arm. We assume an equal split of the input light
power between two arms of the MZ interferometer. The attenuation
of lightwaves is ignored in the discussions. / means a parasitic
phase shift in the intensity modulated light and is related to the
light chirp.

A1 and A2 normally have opposite signs with each other. Assum-
ing A1 > 0 and A2 < 0, the light modulation index is given by

A ¼ A1 � A2: ð2Þ

An amount of chirp is expressed by the chirp-parameter, a,
which is defined by [1]

a ¼ d/
dt

�
1
E

dE
dt

� �
: ð3Þ

MZ modulators are preferably operated at D/B = /B1 � /B2 =
p/2, which is the most sensitive state for the intensity modulation.
D/B represents phase bias in the interference due to the optical
path difference in the MZ interferometer. At the condition of the
small modulation and D/B = p/2, a is approximately expressed as

a � A1 þ A2

A1 � A2
: ð4Þ

This equation presents an amount of unbalance in phase mod-
ulation between two arms. It is seen that in the case of the com-
pletely balanced operation, A1 = �A2, no chirp is included in the
light output. From (2) and (4), A1 and A2 are given by

A1 ¼ ðaþ 1ÞA=2
A2 ¼ ða� 1ÞA=2

�
: ð5Þ

The frequency spectrum of the modulated light is given by
expansion of (1) with Bessel functions as

Eej/ejx0t ¼ Ein

2

X1
n¼�1

JnðA1Þe�jð/B1þn/mÞ þ JnðA2Þe�jð/B2þn/mÞ
� 	

ejðx0þnxmÞt;

ð6Þ

where Jn is a Bessel function of the first kind. Intensity of the nth or-
der sideband component is expressed by using a, A and D/B as

In

Iin
¼ jJnfðaþ 1ÞA=2g þ Jnfða� 1ÞA=2gejD/B j2; ð7Þ

where Iin is the input light intensity. In (7), n = 0 corresponds to the
carrier component. Fig. 1 shows I0, I1 and I2 as functions of D/B in
cases of a = 0 and 0.5. Intensity of the odd order sideband compo-
nents is minimized at D/B = 0 and that of the even order ones
including the carrier is done at D/B = p. When the light chirp exists,

sideband components are not completely suppressed at each mini-
mum transmission point and the residual intensity of the compo-
nents is very sensitive to a. Here we consider the suppression
ratio SRn of the nth order sideband component which is a maxi-
mum-to-minimum intensity ratio, Inmax/Inmin, as

SRn ¼
Inmax

Inmin
¼ jJnfðaþ 1ÞA=2gj þ jJnfða� 1ÞA=2gj
jJnfðaþ 1ÞA=2gj � jJnfða� 1ÞA=2gj


 �2

; ð8Þ

where |a| < 1 is assumed. The SRn can be measured as an intensity
extension ratio of each sideband component with varying D/B from
0 to p. By using this relationship the chirp-parameter a is calculated
from SRn. Fig. 2 shows SR1 and SR2 as functions of a with parameters
of A.

Here we use SR2, the suppression ratio of the second sideband
components, for determining the chirp-parameters accurately
even in cases of small modulation indices. The optical spectrum
can generally be observed with a dynamic range more than
50 dB even by an optical spectrum analyzer commercially avail-
able. The SR2 of more than 15 dB corresponds to a less than 0.1
from Fig. 2b. a less than 0.1 should be easily determined by mea-
suring SR2 with a normal spectrum analyzer as long as the wave-
length resolution is high enough to distinguish neighboring
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Fig. 1. Intensity of sideband components, I0, I1 and I2, normalized by the input light
intensity as functions of the phase bias, D/B, when A = 0.5p rad. Dotted lines and
solid lines correspond to a = 0 and 0.5, respectively.
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Fig. 2. Intensity suppression ratios of the first order sideband component (a) and
the second order sideband component (b) as functions of chirp-parameter a.
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