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Abstract 0 This paper addresses the subject of optical fiber
chromatic dispersion effect on the performance of an analog
optical link using a highly nonlinear dual-drive electro-optic
Mach-Zehnder modulator. A direct detection link model which
emphasizes the modulator electronic drive, the dispersion
characteristic of a linear optical fiber, and the modulator
nonlinearities, is discussed. A frequency domain analytical
model which yields a rather insightful large-signal analysis of
thelink performance for either double or single sideband analog
optical modulation formatsis presented. The mode isillustrated
by predicting the dependence of the performance of an optical
fiber link with respect to the link length, and also shows the
influence of the large modulation index value. Some preliminary
results of numerical simulations for a link that comprises
optoelectronic components for practical applications were also
provided.

Keywords O Analog optical fiber link, nonlinear dual-drive
M ach-Zehnder modulator, optical fiber chromatic dispersion.

|. INTRODUCTION

Analog photonic links have attracted significantenest
in many applications, such as phased-array antemadar
systems, wireless communications RoF access, baoddb
cable-television networks, electronic warfare, RPp- u
conversion, etc. [12]-[20]. Nowadays, the use ofdavalue
of modulation index became attractive in instruraoh and
waveform generation applications. The high-freqyenc
characterization and the measure of modulatiorieffcy of
an optical modulator have been proposed [21]. Ahhig
resolution and wideband optical vector network gred was
demonstrated with single and double sideband dptica
modulators [22]-[23]. A triangular pulse generataas
proposed based on photonic-assisted devices [24].

This paper is concerned with the effect of a highly
nonlinear electro-optic modulator on the perforngné¢ an
analog optical link by using a linear and dispersoptical
fiber. An intensity modulation and direct detectig-DD)
link model which emphasizes the external modulator
electronic drive, the effect of dispersion charaste of a
standard single-mode linear optical fiber (SSMR)d dahe

Due to the evidence that the microwave photonigodulator nonlinearities, is discussed. The modebee the
technology will be playing a major role in globalinfluence analysis for large values of RF modufatindex,

interconnectivity, many efforts have been directvacd
researches and development on the field of opfiicaf link.
The microwave photonics technology focuses on geioer,
processing, control and transmission of radio-fesgqy (RF)
signals by using photonic devices. A great deatraphasis
continues to be driven by military and commerciaimgnds,

permits one to quickly retrieve a wide range of\wnaesults
available on a rather ample literature, and redunederical
simulation time. A frequency domain analytical mibde
approach which yields a rather insightful analyfishe link
performance is presented. The model is illustratgd
predicting the dependence of the performance obtical

which aim at performance on the subjects of phatonfiber link with respect to the link length. Someelminary

generation and processing of RF signals, microvpdnggonic
filters, radio-over-fiber (RoF), antenna-remotingnda
beamforming, and so on [1]-[8].

numerical simulations for a link which comprises
optoelectronic components for practical applicatioa given.
This publication consists of four other sectiondheT

The broadband and low loss offered by optical fibeftatement of the problem, which comprises an oeenvof

communication led to interest in implementation aledign
of photonic assisted solutions for long-haul higipa&city
communications systems.
communications services as voice, data, video,aaivdnce
internet applications are transported using optiiaérs,

forming an interconnected global optical networkeTdesire
for high-capacity transported per fiber and low tcpsr

information transmitted led to researches in ofitica
networks with high spectral efficiencies. The dethdor

high-capacity and wide bandwidth increases at abo% per

year. Advanced optical modulation formats have beethe

key to the design of modern optical fiber commutiaa

systems [9]-[11].
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the optical link components, is given in the Settlh An
analytical frequency domain model for a single Rinet

The majority of worldwigénalog fiber link is discussed in Section Ill. Nuroel
d simulated results are presented and discussedctinSeV,

and a few conclusions are presented in Section V.
[l. STATEMENT OF THE PROBLEM

A simple block diagram of an optical fiber link $hown
in Fig. 1, where different types of optical and agdectronic
components can be used to implement a modern bfitiea
system [25]. The electrical signal is converted oftical
signal (E/O conversion) by using direct or external
modulation processes, and will be transported dwverfiber
link. At the receiver, a photodiode is used to arhithe
optical signal to electrical signal (O/E conversioih should
be pointed out that the optical intensity modulaaod the
square-law photodetector are nonlinear deviceswiich
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introduce RF distortions into the system. Also, #ifect of
fiber chromatic dispersion will limit the transmi@s distance
in a long-haul optical link, as well the opticajsal may
experience fiber nonlinearities if the optical powelarge to
excite the nonlinear fiber effects. So, it is impot to
mitigate these impairments to improve the signalliggaand
system performance [26].

Optical-Electrical
(O/E) conversion

Electrical-Optical

(E/O) conversion Optical fiber channel

@)

— Electrical signals —— Optical signals
Fig. 1. A simple block diagram of an optical fibiek.

This paper is focused on a typical
representation of the IM-DD link with a transmittean
optical channel, and a receiver, as illustrate@im 2(a). At
the input side, a continuous wave from a distriddeedback
single-mode laser diode (DFB-LD) generates a aaatea
desired optical wavelength, and a dual-drive iraee
electro-optic Mach-Zehnder modulator (DD-MZM) imess
an analog RF signal on the optical carrier. Thgnai is
applied to an optical fiber link and at its outpat
photodetector (PD) is employed to recover the andtd
signal from its optical carrier. In Fig. 2(b), thexternal
electro-optic modulator electronic driver is emphed. It is
worthwhile to point out that the DD-MZM plays anportant
role in the link for it enables the wideband imptntation of
single (OSSB) and double sideband (ODSB) analogcalpt
modulation formats. A great deal of such controlyniee
achieved through the electronic driver, by chooshregphase

shift (6,) and the biastg) of the applied electrical signals to

the modulator electrodes.

Assuming a balanced splitting ratio of the DD-MZM Y
junctions, a rigorous analysis of the chromaticpeision
effect on the performance of an analog link wasigied by
[27], with expressions in an infinite series formaBuch
drawback is overcome by means of an analytical mode
closed-form expressions for the power at the Ppuiyi28].
In these works, the small-signal condition was @ered,
i.e., small modulation index value.

A DFB-LD generates an optical carrier at a desired

wavelength/frequency with a complex output optifield
given by [29]

£ ()= J2ER(e

where o, is the mean optical frequency, is an arbitrary
initial optical phaseP,(t) is the optical power, angl (Q/m?)

is a constant that depends on both the laser béactiee

cross-section and the optical wave impedance. Theept
publication relies on the often used approach eahalysis
of IM-DD optical links according to which the lasaverage
power and its phase are time invariant [27],[28].

In Fig. 2(b) one should observe that the opticalvgro
delivered by the laser diode reaches the inputrii¢gon of
the integratedz-cut LINbO; DD-MZM. Then, it is divided
into two parts according to a splitting ratio, detaed by the
Y-junction power transmission coefficient;X [30]. The
simplified view of an integrated DD-MZM s illustied in

1)

91

schematic
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Fig. 3, where (a) shows the top view in which thmical

waveguides are properly positioned with respecths RF

modulation field pattern, and (b) shows the crasgien

view [31],[32].

Transmitter Receiver

! I
|
' i Photodetector
|
Electro- | | Eyppif) @ E@) | i)
: oA
I
| |

optic
modulator Dispersive optical fiber

Optical channel

Remote
antenna

,,,,,,,,,,,,,,,,,,,,,,,

(a)

Electrical signals
—— Optical signals 0° W(t)
Hybrid Eq0) Eyzad?)
coupler
Zg
o vi(t)
e (90° or 180°)

(b)
Fig. 2. Overall architecture of the IM-DD analodiogl fiber link, where (a)
shows the transmitter, optical channel and recearat (b) presents the DD-
MZM electronic driver.
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| | d :
|

Optical waveguides

(a)

RF data

/electmdes\

z-cut

Optical waveguides

(b)
Fig. 3. Simplified integrated DD-MZM with zcut LiNbO; substrate using
an optical TM mode, where (a) is the top view shmgathe Y-junctions
transmission coefficients, and (b) shows the ceession view.

After a MZM’s configuration is specified, its perfoance
dependence on substrate orientation and electgetasetry
can be predicted through the variation of the @ptghase
factor by using a standard perturbation analysis. &
consequence of the electro-optic effect, a RF sigaa be
used to control the phase of the optical field eisded with
each optical power parcels as they propagates ghrdlie
distinct arms of the DD-MZM. It is worthwhile to mt out
that in the configuration selected in Fig. 3 théicg) guided
mode has transverse magnetic (TM) polarizationgesiit
enables the utilization of the strongest LiNbé&ectro-optic
coefficient €33). The RF signal, henceforth

named
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modulation signal, must generate an electric figlding both and @,7/2), respectively. The DD-MZM output spectrums for

a temporal and a spatial pattern adequately dig&im order the ODSB and OSSB situations are illustrated in Ejgvith
to reach some key requirements performance, suldwaRF the RF harmonic ordem) varying from -3 to +3. In Fig.

power consumption and wide RF bandwidth [33],[34]. 4(a), all these sidebands are presented and thésrefers to
The optical phase variations introduced in the aofithe ODSB modulation. In Fig. 4(b), we observe that itieal
DD-MZM through linear electro-optic effect are givby OSSB modulation is achieve if the modulation inéelow,

i.e., in the small-signal condition. In this illustion, there are
L presented the *2 and +3 sidebands beyond the fuerdam
(pl(t)=v—vl(t)= M cog{weet +6,) (2.a)  component (~1), which can introduce measuremewt énr
" the detected signal at PD due to the spectral coamie beat

by the -2 and -1, +2 and +3. As the larger the radbidu

(Pz(t) :Vlvz(t) =m, Cos(wRFt) (2.p) index s, the measurement error increases [36].
L
n 1 T T T T
ERA @0 - _

E 0.8F s R SR O S i
where vi(t) and v,(t) are instantaneous values of the j; _ _ _ _
modulating signals applied to the lower and uppecteodes T — SO FOUOUU ST ........... i
of DD-MZM, wge is the angular frequency of the RF signal g : :

0. is the phase difference between the sigials the phase &

variation due to the voltage bia¥) applied to the proper & O4f )
access, an¥, is the DD-MZM half-wave switching voltage. £

The coefficientany, andm, are the modulation indexes due t¢ £ ol ... .................................... o
their signals in the lower and upper arms. They given,

respectively, by

3 2 1 0 1 2 3
_TV, 3 (n)
=— a
m V. (3.9)
l T T T
~TV, 3b
n’lz VTI ( ) ) 2 OGF ................................... ............ ........... 4
whereV, andV, are the amplitudes of RF signals in lowel é P o B FR S o i
and upper arms of DD-MZM. It can be shown thatdpécal - : : :
electrical field at the output of the DD-MZM haseth E : : :
fOIIOWing Complex form, taking into account the pl‘t Y— g 04 ............ ........................ e ............. ............
junction power transmission coefficient)(and based on it g _ _
having a 50/50 splitting ratio ) T I D e e _
E (t) = Eejwot iw @intret 4 o T . T
MZM 2 & % (4) 3 2 -1 o 1 2 3
&)
where Fig. 4. The DD-MZM output spectrums for the (a) @G,n/2) and (b)

OSSB (/2,n/2) analog optical modulations, where the RF hatimordern
varies from -3 to +3.

a, = jn[\]n(ml)eJ(neﬁez) +Jn(mz)] (5)
The optical signal at the output of the modulaeeds a
E.=V(2EP,), andJ,(.) is the first kind Bessel's function with spool of a linear SSMF. For instance, in the fibbedeling, a
ordern. It should be pointed out that (4) applies to DM fused silica glass SSMF operating at 1550nm wagéfeis
with arbitrary modulation signals. It is readilyesethat the considered to be linear with constant lagg) (dB/km),
optical field at the DD-MZM output indeed consist an whereas the phase factpfwm) (rad/m) exhibits dependence
infinite series of optical spectral components,, iam optical with respect to the frequency deviation and chraenat
carrier component ab,, and an infinite number of sidebandsdispersion. The optical field signal is affected biye
with frequencies = o, + Nnwrr and amplitude,. attenuation and the phase factors after propagfatesgh an
A small-signal analysis which enables one to idertie optical fiber with lengthL. In the model of optical fiber
requirement that should be satisfied by the DD-M@dhve propagation characteristics, one should bear indntime
electronics in order to obtain specific analog ogti presence of some phenomena in the fiber channéthvetne
modulation formats was performed in [35]. For extmp different in nature, occur simultaneously, andugfice each
OSSB and ODSB can be obtained when the pair ofher, namely: noise, filtering, nonlinear effectand
parameters 6¢,0,) obeys the following constraintt/R,n/2) polarization mode dispersion. These effects impose
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NP F APLICACOES PERACINNS EN AREAS DEDEFESA
limitations on the performance in modern optical Al 4o L (neoe P8, (60, )L
transmission systems [9],[37]. This publicatiorc@ncerned  E((wL)=10 ® nE, Zan5((0— NWge JE 2 9)
with the filtering phenomenon which stems from ftoer's n=-eo

chromatic dispersion, including waveguide and nialt¢t0]. ) ) )
All the optical signal spectral components will pagate Whered represents the Dirac’s delta function, ands the
through the optical fiber with different velocitieand the fiber attenuation factor (dB/km). To detect thectie current
phase of each component will be changed by chremafit PD output, we must be able to use a model tdigire
dispersion. The optical fiber phase factor couldekpanded dependence on frequency of such current. To this aie
in a Taylor series around the carrier frequengy Taking remember that the convolution theorem can be apytbe
into account the linear nature of the fiber andringain mind ~ rewrite the time domain expression of the PD curierthe
the spectral composition of the optical field a¢ tutput of frequency domain as
the DD-MzZM, the phase factor has optical spectral
components with frequencies deviations equale t o, + __E (oo L) OE (oo, L)
noge. The interesting is ofix(w,) coefficient related to the (e L)=0 41E (10)
fiber chromatic dispersion paramef2f.), the optical carrier
wavelength Xg), and the speed of lightc)( in vacuum,
according to [38]

Then, by applying the Graf's addition theorem for
Bessel's functions [40], we obtained the expresdmnthe
detected electric current in the frequency domaidger the

B ((0 )= _ D()‘))‘% (6) conditions that the modulation indexes are eqogl<m, =
2o 21 m) andn = N + k [41]:
The expression obtained for the output electrigald f “Gel p
after propagation through a fiber with lengtls given by I(NwRF, L)= 10 0 —2x
~Oggl . Yoo . L NWge i 2 X _1 N ejN91 +1J 2mSIn (—p +
E, (t) =10 © Eemﬁ Z a]ejanFter( Fea(n) @) ( ) {( ) N 2
2 N=—oo in& +0 (11)
+e 2 {ejGZJN[stin(—(p 1]} +
At the output end of the SSMF, a square-law PD 2
transforms the photon stream into an electric airre o (-8,
Introducing the concept of PD responsivity, it danshown +te 2y 2msm( ]
that the electrical photocurrent is proportionathe incident

average optical power, hence it is also to the rntade of the
optical Poynting vector. By assuming a uniform ppwewhere
distribution over the fiber cross-section, the tidependent

electric current is 0= N B, (w, )L (12)
i(t)=0 E (tE(t) (®) Equation (11) is an exact closed-form expressiahwaas
28 obtained without introducing any approximation, @rialso

includes a few parameters such as the fiber attmuand
where O is the PD responsivitys (Q/m?) is a constant that chromatic dispersion, PD responsivity, laser outpower,
depends on both the fiber effective cross-sectind the @nd RF modulation index. The exact analytical fdatian
optical wave impedance, arft) is the optical electrical Presented in this paper is in agreement with erpantal
field at the fiber link output according to Fig.a2( Equation 'esults for ODSB push-pull and single-arm, and OSSB
(8) reveals that by applying the fiber output sigoathe PD, analog modulations formats, in which the expressiare in

beating signals between the optical spectral compisnwill Nfinite series format [42]. o
generate harmonics of the original radio-frequerf&F) Furthermore, (7) and (11) enables one to retrigegipus
modulating signal. publications and it is in perfect agreement wittngnauthors
[27],[28]. The modeling of analog optical fiber Kinis
I1l. FREQUENCY DOMAIN APPROACH synthesized by (11), it enables the frequency doranalysis

of how the optical fiber chromatic dispersion affethe link

In order to develop the frequency domain analyitis, Performance which employs a nonlinear DD-MZM. The
might be possible to benefit from standard techeigu Parameter given in (12) takes into account the Rffnonic
developed for frequency domain analysis of a lirsmtem Order, chromatic dispersion, and fiber length.

[28],[39]. Once more, we remember the linear charstics The modulation indexnf) is related to signal power z_;md
of the optical fiber and the propagation of theigtfield Impedance of the RF source, and to the DD-MZM input
along a linear standard single-mode fiber (SSMHstFwe impedance. The RF power delivered to the loadlatee to
took the Fourier’s transform of (7) and we obtdie putput PD output impedance [43]. The link performance &an
electrical field in the frequency domain after pagption evaluated in terms of the RF output average powéveted
through a fiber with length as toaloadR) as

93
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R (13)

IV. NUMERICAL RESULTS AND DISCUSSION

parameters used in [28], and they were presenti8b]n

for 10GHz frequency in function of fiber length,rfboth
exact and small-signal approaches, with ODSB mdidula

ITA, 24 a 27 de setembro de 2013

small-signal approaches, using the OSSB modulaftard,)

= (n/2,n/2), withm = 0.1. The link exhibits the special feature
of RF fundamental power displaying very low sendii
with respect to fiber chromatic dispersion. In thise, the
two modeling are in agreement. However, if the naiilon

The numerical simulations were developed by usin@dex ism = 1.916 (large-signal condition), a minimum point

components with parameters specified in Table Ivdladate at about 36km for the detected RF power will appaarin
our model, we developed our simulations with theesdink  Fi9. 6(b). This occurs because the ideal OSSB nadidul is
not achieved due to the influence of the otherslmdds that

Figure 5(a) shows the normalized RF fundamentalgpowcompose the DD-MZM output spectrum (Fig. 4(b)).

TABLE |. TYPICAL VALUES OF PARAMETERS USED IN THE SIMULATION

(01,0,) = (w,n/2), and with modulation index) equal to 0.1.

It is observed that by using small value for thedoiation

index, the two modeling are in agreement. The fibagth in

which the RF power is minimum is about 36km, andais a

periodic variation as presented in [41]. Howevdr,the

modulation index increases, i.e., large-signal @wrg the

small-signal approximation moves away from the &xa

Parameter description Symbol Value
RF load impedance Z 50Q

Laser optical power P 1mw
Laser wavelength Ao 1.55um
SSMF attenuation [44] Odp 0.2dB/km

SSMF chromatic dispersion [44] D 17ps/nm.km

Speed of light in vacuum c 3x10m/s
- PD responsivity [45] O 0.75A/W

analysis, as Fig. 5(b). In this case, we ose 1.916, related
to the first root (3.832) of thdy(.) Bessel function. New
minimum points for the RF power will appear, in wlhithe
fiber length is about Okm and 73km. It can be sk the
increases in a RF power do not improve the linkguerance.

Relative detected EF to DC power, dB

G0 : : : : : : - : B
: : P Exact analysis approach
; *  Bmall-signal approach
aok- B R ST IS T T T ORISR 4
-100 M e e
¥ 16 20 30 40 50 &0 FO 80 90 100
Fiber optic length (1), km
(@

Relative detected FF to DC power, dB

60 3 ; 3
Exact analysis approach
: * Brmall-signal approach : : :
_EOR- ....... .............. ....... ..... ....... 4
100 ; ; ; ‘ ; ; ; ; ;
0 10 20 30 40 50 80 70 &0 90 100

Fiber optic length (2}, ki
)]

Fig. 5. Detected RF fundamentdl € 1) to DC power versus fiber length for
the ODSB modulationbg,8,) = (x,n/2), where (a) uses a small modulation
index value i = 0.1), and (b) a large value € 1.916). The RF is 10GHz.

94

ol T T T T T .
e
=
g
B RO b i
=]
=5
o
a
QLA i
=]
2z
D LBOE T [T [ Tt 4
g Exact analysis approach
z * Bmall-signal approach
:; CBOE b [ ..... i
L5
%)
100 ; ; ; ; ; ; ; ; ;
o 10 20 30 40 S50 60 70 80 90
Fiber optic length (2, krn
(@
O T T T T T T T T T

100

Relative detected EF to DC power, dB

-50 : : ; : §
Exzact analysis approach
* Brnall-signal approach
] O S TSI T T IR 4
100 S S S S A
o] 16 20 30 40 50 60 TF0 80 20

Fiber optic length (2}, lem
(b

100

Fig. 6. Detected RF fundament®l € 1) to DC power versus fiber length for
the OSSB modulatiord{(,0,) = (n/2,n/2), where (a) uses a small modulation
index valuein = 0.1), and (b) a large valum & 1.916). The RF is 10GHz.

V. FINAL COMMENTS

This publication presented a very comprehensive

frequency domain analytical

model

which enables the

analysis of fiber chromatic dispersion effect amel influence
Figure 6(a) shows the normalized RF fundamentaif large modulation index in the performance oflehDD
(10GHz) power in function of fiber length, for batlkact and analog optical fiber link. The model besides refgyion
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parameters that suits experimental researchers, adlgws
one to retrieve important results widely availablditerature,
and will be very helpful for the system design. i&ng some
optoelectronic components and devices, we performed
numerical simulations that yielded results whickreeto be

. . , [20]
of practical interest. The authors are working talgsa
designing, implementing, and characterizing optiiter link
based on the model developed.
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