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General Expressions for IM/DD Dispersive Analog
Optical Links With External Modulation or
Optical Up-Conversion in a Mach–Zehnder

Electrooptical Modulator
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Abstract—A general derivation of the optical modulation
process in a dual-drive Mach–Zehnder modulator (DD-MZM)
is introduced. The expressions include all harmonics and are
entirely general in terms of bias point. Chromatic dispersion is
also included allowing the prediction of a number of important
phenomena in photonic signal transmission. Examples of special
cases of these general equations are then presented. Similar
expressions are introduced for harmonic optical up-conversion
through a photonic mixer based on a DD-MZM covering any bias
point or phase shift between DD-MZM drives.

Index Terms—Electrooptic modulation, Mach–Zehnder
electrooptical modulator, nonlinear distortion, optical commu-
nication, optical fiber dispersion, optical frequency conversion,
optical modulation/demodulation, optical propagation in disper-
sive media.

I. INTRODUCTION

T HE Mach–Zehnder electrooptical modulator (MZM) has
beenthoroughlyusedfor thegenerationandtransmissionof

microwave/millimeter-wave signals [1], [2]. In the conventional
case, the MZM is biased at its most linear point [also known as
quadrature bias (QB)] and driven directly by the microwave
signal in such a way that a double-sideband plus carrier
(DSB C) modulation is obtained. The performance of this
modulation is severely limited by the chromatic dispersion of
the optical link [3], which is the most relevant impairment
in optical microwave/millimeter-wave transmission systems
operating near 1550 nm. Chromatic dispersion also limits the
performance of dispersive optical devices like the tunable
delay lines based on highly dispersive fiber or chirped fiber
gratings [4], [5]. In order to mitigate this limitation, an optical
single-sidebandpluscarrier (SSBC)modulationwasproposed
by using a dual-drive Mach–Zehnder modulator (DD-MZM)
[5], [6].

Optical harmonic up-converting techniques have been
proposed and demonstrated employing either a standard MZM
biased at the nonlinear operating region (minimum (MITB)
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or maximum (MATB) transmission bias point) [2], [7]–[9] or
DD-MZM biased to behave like a harmonic single side-band
(HSSB) optical up-converter [10].

All these modulation or up-conversion schemes are based on
biasing the DD-MZM (standard MZM is a particular case of
the DD-MZM modulator) on different points (QB, MATB, and
MITB) and introducing a phase shift (0, , or ) between both
electrodes signals. Previous studies in the literature are limited
to first-order approximations of all these different cases. In this
paper, the optical modulation process in a DD-MZM modulator
is analyzed in a simple and rigorous way including the effect of
the optical link dispersion.

This paper is organized as follows. In Section II, the gen-
eral expression for the use of a DD-MZM as an electrooptical
modulator in an IM/DD dispersive link are obtained, while Sec-
tion III is devoted to extracting the general expression when the
DD-MZM is used as an electrooptical up-converter. Section IV
collects the particular expressions and main results for five dif-
ferent modulation or up-conversion schemes (DSBC, SSB
C, HSSB, MITB, MATB) making references to the general ex-
pressions introduced in Sections II and III. Finally, the validity
of these expressions is assessed in Section V and some conclu-
sions are presented in Section VI.

II. CASE 1: DD-MZM AS A MODULATOR

The electrical voltages applied on both electrodes of a
DD-MZM modulator (Fig. 1) will be composed of a dc term
and an RF component (same amplitude but arbitrary phases)

(1)

It is important to point out that, according to (1) and Fig. 1, a
standard MZM is a particular case of the DD-MZM modulator
where . If the MZM is driven according to the
voltages from (1) and the optical field with optical frequency
at the MZM input is

(2)

where is the optical power, then the optical field at the MZM
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Fig. 1. Dual-drive Mach–Zehnder (DD-MZM) electrooptical modulator.

output is

(3)

where is the Bessel function of first kind and order,
are the MZM insertion losses, and

(4a)

(4b)

(4c)

(4d)

(4e)

where is the MZM switching voltage and is the
optical insertion phase at when no voltages are applied
at the drives.

In Fig. 2, an analog IM/DD optical link with a DD-MZM used
as an electrooptical modulator is sketched. The dispersive link
is modeled with a frequency response as

(5)

where is the frequency of the optical signal. The frequency
response of the dispersive link is assumed to be flat in ampli-
tude and parabolic in phase inside the optical signal bandwidth
around optical carrier frequency

(6)

where is the optical power loss of the dispersive link,and
are the insertion phase and group time delay of the dispersive

Fig. 2. Externally modulated (DD-MZM) analog dispersive optical link.

link at , respectively, and is the first-order dispersion
term.

As the optical signal at the MZM output from (3) passes
through an optical dispersive link with a frequency response de-
fined by (6), the optical signal at the link output is

(7)

where and .
Furthermore, as this optical signal is detected by an ideal pho-

todetector with responsivity , the temporal expression of the
detected current can be calculated from the envelope of the in-
cident optical signal and expressed as (8), shown at the bottom
of this page, where

(9)

Finally, by simple manipulation in (8), we have

(10)

where

(11a)

(11b)

Equations (10) and (11) show that the detected signal includes a
dc term and harmonics of the modulating signal frequency. The
dc term from (11a) depends on both the MZM biasing point
and the optical modulation index rather than the optical link
dispersion. The expression of theth harmonic of the RF at the
detected signal in (11b) is the sum of different beats of frequency
components of the optical signal which are separated by .

(8)
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Fig. 3. Optical up-conversion of an IF modulated optical signal through a
DD-MZM in an analog dispersive optical link.

III. CASE 2: DD-MZM AS AN UP-CONVERTER

The configuration of the IM/DD optical link using a
DD-MZM as a harmonic up-converter is shown in Fig. 3, where
a DD-MZM is placed at the transmitter side in order to up-con-
vert an intermediate frequency (IF) signal which modulates
the intensity of an optical carrier. If the IF modulation stage is
assumed to be ideal, the optical field at the DD-MZM input is

(12)

where is the IF intensity modulation index. The optical field
after the up-conversion stage at the MZM (assumed to be linear
from the optical point of view) may be expressed as

(13)

where takes into account the difference between the MZM
insertion phases for the three optical components at MZM input.
The other parameters in (13) are defined as in (4), but
corresponds to of (4a).

As the optical signal at the MZM output from (13) passes
through an optical dispersive link with a frequency response de-
fined as in (6), the optical signal at the link output is (14), shown
at the bottom of this page. After detection using an ideal pho-
todetector with responsivity , the temporal expression of the
detected current may be expressed as

(15)

where from (9) and the eight different terms in (15) corre-
spond to

(16a)

(16b)

(16c)

(16d)

(16e)

(16f)

(14)
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(16g)

(16h)

Detected current includes three terms (, , ) around
dc and five terms ( , , ) around each har-
monic of the LO signal inserted into the DD-MZM up-converter.
Depending on the particular DD-MZM driving conditions, some
of these terms may vanish.

IV. PARTICULARIZED EXPRESSIONS

A. Double-Sideband Plus Carrier Modulation (DSBC)

For conventional intensity modulation (DSB C), the
DD-MZM is biased at the linear point, ,
with a phase shift between electrodes of .

In this case, the different components of the detected signal
from (11) may be simplified as

(17a)

(17b)

for even harmonics of RF signal (even) and

(17c)

for fundamental and odd harmonics of RF signal (odd). The
sign ambiguity in (17c) comes from the selection of the bias

point and it will have no influence on the relative level of the
harmonics.

As expected, the dc term is independent of or link disper-
sion (characterizedby ),but the levelof thedifferentharmonics
of the modulating signal are clearly dependent on both terms.

As an example of the results that may be obtained from
(17a)–(17c), the level of the RF component of the detected
signal against phase dispersion term (a term
which is directly proportional to the total optical link dispersion
and proportional to the square of the signal frequency, so both
responses against total dispersion (proportional to optical link
length) or frequency can be estimated) is shown in Fig. 4 (for
five different values of optical modulation index ).

B. Single-Sideband Plus Carrier Modulation (SSBC)

To generate an optical single-sideband modulation, the
DD-MZM has to be biased at the linear point,

,withaphaseshiftbetweenMZMdrivesof
. In this case, the different components of the detected signal

(dc term and harmonics of the RF frequency) from (11) would
reduce to

(18a)

(18b)
for even harmonics of RF signal (even) and

(18c)
for fundamental and odd harmonics of RF signal (odd), where
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Fig. 4. Power of the detected signal RF component relative to dc detected power versus phase dispersion term� = (� ! )=2 for different values ofm
(� = 0:1, x = 0:25, o = 0:5, = 1,} = 1:25) in the externally modulated analog dispersive optical link (DSB+ C modulation) shown in Fig. 2.

is a sign function expressed as

(19)

and the sign uncertainty in (18a)–(18c) will define the upper
(upper sign) or lower (lower sign) single-sideband optical mod-
ulation.

For example, we show the expression for the fundamental
( ) of the detected signal as

(20)

From (20), it may be stated that the fundamental component is a
sum of different terms, none of which suffers from dispersive at-
tenuation. Furthermore, the optical link dispersion is translated
to the electrical domain. For low modulation indexes, all the
terms in eqn. (20) but the first term can be neglected obtaining
the expected expression for a SSBC optical modulation [10].

In Fig. 5, the amplitude and phase response of the RF com-
ponent of the detected signal against dispersion phase term ()
are plotted for five different values of optical modulation index,

. As expected from eqn. (20), both amplitude and phase
of detected signal are strongly dependent on optical modulation
index when the optical link is dispersive. The ripples in the am-
plitude, phase and time delay at the different components of the
detected signal [11] can be easily estimated from (18a)–(18c).

C. Harmonic Single-Sideband Up-Conversion (HSSB)

In order to generate an HSSB signal, the DD-MZM is driven
in the same way as in SSBC (Section IV-B), but a previous IF
stage is included (Fig. 3). The general expressions presented in
Section III are used to study the frequency component
at the photodetector output. From (16e), it is possible to obtain
the particular expression for the term as

(21a)



CORRAL et al.: GENERAL EXPRESSIONS FOR IM/DD DISPERSIVE ANALOG OPTICAL LINKS 1973

Fig. 5. Power of the detected signal RF component relative to dc detected power and detected phase ripple versus phase dispersion term� = (� ! )=2 for
different values ofm (� = 0:1, x = 0:25, o = 0:5, = 1,} = 1:25) in the externally modulated analog dispersive optical link (SSB+ C modulation) from
Fig. 2.

for odd and

(21b)

for even, where and the sign ambiguity are explained
in Section IV-B.

Fig.6showstheamplitudeof theRFtermof thedetectedsignal
againstRFfrequency( ) forsecond( )and

third ( ) harmonics and for three different values of in
an analog dispersive optical link [50 km of standard single-mode
fiber with dispersion parameter ps/(nmkm)] with
a DD-MZM optical up-converter (HSSB with ,

MHz). As expected from (21b) when ,
component vanishes when the dispersion is negligible but its
level rapidly increases with frequency. On the contrary,
term always exists but its level oscillates with frequency.

D. Harmonic Double-Sideband Up-Conversion
(MITB/MATB/PSH)

The use of a standard MZM modulator, biased at the most
nonlinear points, as an harmonic up-converter is a well known
technique [2], [7]–[9]. If the MZM minimum transmission bias
(MITB) point is selected, the optical carrier level at the MZM
output is completely reduced. In this case, the MZM is biased at

with a phase shift between MZM drives of
[pseudo self-heterodyne modulation (PSH)

from [9] is just a special case for MITB when we are only inter-
ested in the term]. In the MITB case, the expressions
for the dc or components at the photodetector output
from (16) are reduced to

(22a)
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Fig. 6. Power of the detected signal RF component relative to dc detected power against RF frequency (f = pf + f ) for second (p = 2, solid line) and
third (p = 3, dashed line) harmonics and for three different values ofm (� = 0:5, x = 1, o = 1:5) in the analog dispersive optical link with a DD-MZM
optical up-converter (HSSB withm = 0:1, f = 500 MHz) shown in Fig. 3.

(22b)

for even and even, and

(22c)

for even and odd. When MITB is selected, all
terms are zero for odd.

If the maximum transmission bias point is selected instead
of the MITB point, the optical carrier level at the MZM output
is completely maximized. In this case, the MZM is biased at

with a phase shift between MZM drives of
. In the MATB case, the following expression

is particularized from (16):

(23a)

(23b)
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for even and even, and

(23c)

for even and odd. As it happened with MITB, when
MATB is selected, all terms are zero for odd.

From the particular expressions in (22a)–(22c) and
(23a)–(23c), understanding and assessing the dispersive at-
tenuation and gain ripple shown by the optical up-conversion
schemes based on DD-MZM biased on MITB/MATB is
straightforward [8], [11].

V. VERIFICATION OF ANALYSIS

In order to assess the validity of the expressions shown here,
several time-domain simulations were carried out with the com-
mercial program OptSim 3.1 from ARTIS Software Corpora-
tion. The result of these simulations was a complete agreement
between this paper expressions and the OPTSIM simulation of
the configurations shown in Figs. 2 and 3. As an example of this
agreement, the position of the different symbols (, , o, ,

) in Figs. 4–6 correspond to OPTSIM results while the corre-
sponding solid/dashed lines were extracted from the expressions
in this paper.

VI. CONCLUSION

The general and rigorous expressions for an IM/DD disper-
sive analog link with a DD-MZM modulator or up-converter
have been presented and demonstrated. With these general ex-
pressions, it is straightforward to study the amplitude, phase, or
time delay suffered by the desired frequency component (fun-
damental or harmonic) of the detected signal.

All the usual analog modulation formats (DSB C,
SSB C) and up-conversion schemes (HSSB, MITB, MATB,
PSH) based on standard MZM or DD-MZM can be partic-
ularized from the general expressions. The dispersive link
could refer to any length of standard single-mode fiber, highly
dispersive fiber, or linearly chirped fiber gratings.

When the DD-MZM is used as an optical modulator (DSB
C, SSB C), the performance for any modulation against fiber
chromatic dispersion can be analyzed without any restriction on
RF level. Also, nonlinear behavior (detected signal compres-
sion or harmonic content) for these modulations can be studied.
When the DD-MZM is used as an optical up-converter (HSSB,
MITB, MATB, PSH), the selection of the optimum LO level
can be addressed just by analyzing the complete expression for
the harmonic of interest taking into account the influence of op-
tical link chromatic dispersion. Different harmonic up-conver-

sion configurations can be easily studied in terms of dispersive
attenuation, dynamic range or amplitude and phase ripple.

Finally, the general expressions for analog IM/DD dispersive
links with a DD-MZM presented here allow the study of new
modulation or up-conversion schemes.
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