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Abstract: In this paper, we investigate the performance of intensity
modulation with optical carrier reduced by biasing a dual-electrode Mach-
Zehnder modulator (DEMZM) below its quadrature point, in the presence
of controlled modulation chirp. The effects of the modulation chirp and of
the bias point of a DEMZM on the received signal are analytically derived
for small-signal operation. The interaction of these two effects is assessed
in terms of optical signal to noise ratio (OSNR) required for a BER = 107,
through a comparison between double sideband (DSB) modulation and
double sideband - reduced carrier (DSB-RC) modulation, by numerical
simulation. We found that the power of the optical carrier has impact on the
optimum value of the a chirp parameter and that a positive value of the a
chirp parameter can be the optimum value to drive a DEMZM, depending
on the central frequency of the orthogonal frequency division multiplexing
(OFDM) signal and on the DEMZM bias point.
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1. Introduction

Convergence of wired and wireless access networks into a single hybrid optical access
infrastructure based on radio-over-fiber (RoF) networks has gained considerable momentum
in recent years, due to the possibility of offering the final user a single simplified access to
broadband services. Furthermore, the merging of two different access networks allows
reducing upgrade and management costs of future broadband access networks [1]. This
convergence, applied on long-reach passive optical networks (LR-PONs), allows reducing the
network cost of operation further, since a larger geographic area can be covered with a single
central office (CO) and without optical-electrical-optical conversions at the middle of the
network.

Intensity modulation direct-detection (IMDD) systems are largely used in optical access
networks due to their simplicity and reduced cost. However, IMDD systems present some
drawbacks, such as power fading induced by chromatic dispersion, which occurs after
photodetection due to the inherent double sideband (DSB) spectrum, and low modulation
efficiency, since at least 50% of the optical power is wasted in the optical carrier, which does
not carry any information.

To overcome the latter drawback, the modulation efficiency has been improved with
double sideband - reduced carrier (DSB-RC) modulation [2], obtained by reducing the power
of the optical carrier with an optical notch filter, such as a Fabry-Pérot filter in reflection
mode [3] or a narrow band fiber Bragg grating [4]. More recently, a cost-effective method
based on biasing the Lithium Niobate (LiNbO3) Mach-Zehnder modulator (MZM) below its
quadrature point (QP), to reduce the power of the optical carrier, has been demonstrated [5].

To mitigate the former drawback, the power fading induced by chromatic dispersion in
orthogonal frequency division multiplexing (OFDM) IMDD systems, the introduction of
controlled negative modulation chirp by a dual electrode MZM (DEMZM) has been shown to
mitigate the dispersion penalty [6]. Up to now, the transmission of optical signals in the
presence of modulation chirp has been demonstrated only for intensity modulated signals with
full optical carrier, through DEMZMSs [6], semiconductor optical amplifiers [7], electro-
absorption modulators [8], or laser diodes [9, 10]. In [11], it has been analytically
demonstrated that, inside a bias voltage range around the QP of a DEMZM, the expressions
derived for the a chirp parameter components can be used to estimate the modulation chirp,
whereas at the maximum transmission point (MATP) or minimum transmission point (MITP)
of the intensity transfer function of the DEMZM the expressions derived are not valid due to
singularities in the expression of the o chirp parameter. Unlike the other aforementioned
devices, the expression of the a chirp parameter of the DEMZM does not depend on the
average optical power, i.e. power of the optical carrier. This opens the possibility of
improving the modulation efficiency of IMDD systems, by employing DSB-RC modulation
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along with controlled modulation chirp to mitigate the power fading induced by chromatic
dispersion.

In this paper, we investigate analytically and numerically the performance obtained with
an optical hybrid signal (OHS) composed by a custom OFDM Gigabit Ethernet (OFDM-GbE)
signal and three independent OFDM ultra-wideband (OFDM-UWB) signals, when
modulation chirp is introduced in the intensity modulation with reduced carrier based on a
DEMZM. The optical carrier is reduced by biasing the DEMZM below its QP, in a bias point
determined as the best value for all signals considered.

The remainder of this paper is organized as follows. A mathematical description of the
effect of modulation chirp on the received signal and the effect of the DEMZM bias point on
the modulation efficiency is presented in Section 2. In Section 3, the modeling of a
wavelength division multiplexed passive optical network (WDM-PON) operating with a
single wavelength is described, based on the equivalent block diagram of the system used to
evaluate the performance obtained with the received OHS, when transmitted in the presence
of modulation chirp. In the same section, the main parameters required to generate the
baseband OFDM signals are presented. The numerical simulation results comparing the effect
of modulation chirp on DSB and DSB-RC modulations are presented in Section 4, and the
main specifications required to drive the DEMZM and limitations of the transmission system
found are pointed out. Finally, in Section 5 the main conclusions of this work are drawn.

2. Theoretical analysis
2.1 Effect of modulation chirp of a DEMZM on the received signal

A complex-valued baseband OFDM signal up-converted to the central frequency, fir (w,r =
2mfs), can be expressed by:

x(t)=x,(t)cos(w,t)-x, (t)sin(aw,t) (1)

where xi(f) and x,(¢) are the baseband in-phase and quadrature components of the OFDM
signal with zero mean and energy o°y; and szq, respectively, at the output of the OFDM
modulator, before the RF up-converter. The optical field at the output of the LiNbO3
DEMZM with finite extinction ratio (ER) can be expressed by [12]:

£ [2pe’®! { /V—””(V,x(r)—Vh,m) j;[(sz(t)Jthm\.z)}
e b

MZM( ):

2 2

where the amplitude drive voltages for any value of the a chirp parameter are expressed as
[13]:

y oo 2 Vo) —aysin(a, [Ve)

3
] 2ycos(aV,, [V.)+1+¥ 3

V2 — _2 ycos(ﬂ-th.c/Vlr ) + 1 + a}/Sin (”I?ms /V/r ) mVﬂ (4)
2ycos(zV,, [V, )+1+y
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where Viyas = - (Voiast + Voias2) 1S the bias voltage of the DEMZM, determined by the DC
voltages Vyias1 and Viasp, Vi is the half-wave voltage of the DEMZM, m is the modulation
index, P is the average power of the continuous wave (CW) laser emitting at the frequency v,
(w, = 27mv,) fed into the optical input of the DEMZM, and y is the scaling factor, between 0
and 1, used to account for the unbalance between the arms and related with the ER of the
DEMZM [12]. For balanced DEMZMs, this scaling factor is 1. Under small-signal
modulation conditions (m << 1), the higher order sidebands are small and can be ignored, and
thus the optical field signal given by Eq. (2) can be simplified to:
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with 'y = exp(/7Vviasi/ V), T2 = exp(inVviasa/ Vi)s Ak = J1(0kg(D)) + jJ1(8ki(D), Ak = Jo(Oui(D)) +
Jo(Oky(2)), where J,(+) is the Bessel function of the first kind and order n (n = 0,1), and 6,i(¢) =

VX0 Vi, Okg(t) = -mVixy(H)/Vy are the modulation phase shifts of the baseband in-phase and
quadrature components, respectively, when applied to the electrode k = 1,2. The superscript *

denotes the complex conjugate and ;j = J=1 .When this optical signal is transmitted over a

dispersive single mode fiber, a phase shift is induced into each optical sideband, relative to
the optical carrier. The Taylor’s expansion of the dispersion propagation constant of the
dispersive fiber can be expressed as [14]:

B(w)= B+ B (0-0,)+B,/2(0-a,), ()

where B =d"f (a))/ da" |, - The effect of higher order fiber dispersion at 1550 nm is

neglected. For the sideband centered at the frequency o, + w,s; the dispersion propagation
constant is given by:

Blo.tw,)=p.=p+Bo,+pB 20, ®)

After transmission over a standard single-mode fiber (SSMF) of length L, the optical field can
be written as:

2P

E(t,L)= — {E_e’jﬂ*Lej(w‘ o), E,e /htel® +E+e’jﬂ+Lej(m"m'/ ) } )

Considering a limited bandwidth positive-intrinsic-negative (PIN) photodiode with
responsivity R , the photocurrent is expressed as:

i(0)=R{E(LL)E(L,L) = ipe +i, (1) (10)

where ipc the DC photocurrent and ig(f) the signal photocurrent. Considering the small-signal
approximation, J,(x)=1/n!(x/2)", we derived the following expression for the signal
photocurrent as a function of the system parameters:

i (t) =2RPrymF, N1+o cos(ﬂDi‘zf';L +arc tan(a)j[xl (1) + jx, (1)]cos(w, (1-7)) (11)

c

where Fyips = SINM(Voias1 + Voias2)/Vz), D 1s the dispersion parameter, 1. is the carrier
wavelength, and 7 = f,L is the time delay suffered by the optical signal propagating a distance
L through optical fiber with a group delay per unit length f,. In the derivation of Eq. (11), a
very narrow-bandwidth OFDM signal was assumed, such that the amplitude factor cos(-)
present in Eq. (11) for the central frequency f,, can be assumed constant over all the signal
bandwidth. It should be noted that, in the case of a real-valued OFDM signal, the expression
of Eq. (11) continues valid, with x,(¢) = 0.
The average power of the photodetected signal can be approximated by:
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c

where (-) denotes the averaging operator in the time domain and Ry is the load resistor where
the RF power is measured. The RF power given by Eq. (12) is in accordance with Eq. (1) in
[15], when normalized by the RF power in optical back-to-back (B2B) configuration,
considering as modulating signal a real sinusoidal signal (x,(f) = 0). Thus, Eq. (12) is the
general expression of the RF power after photodetection, in the presence of the modulation
chirp. From Eq. (12) we can conclude that: (1) When the DEMZM is biased at its null
intensity point, (Vpi.s1 and Viieso equal to V,/2), there is no signal photocurrent located at the
frequency w,;this is clear since, in this case, at the output of the DEMZM only odd-order
harmonics of w,, are present, and there is no optical carrier to beat with the 1st order
harmonics to generate the photocurrent signal at o, (2) The negative values of the chirp
parameter factor arctan(a), within the argument of the cosine function, have the effect of
generating a phase shift opposite to that caused by the cumulative dispersion along the fiber;
thus, the first null occurs for a greater fiber length in the presence of negative chirp, allowing
mitigation of the power fading induced by chromatic dispersion for a given distance. (3) The
chirp parameter has also impact on the maximum received power, through the factor (1 + o?).

In order to validate Eq. (12), Fig. 1 depicts the RF power of the received signal
normalized by its maximum, obtained analytically from Eq. (12) and from numerical
simulation of an OFDM-UWB signal following the ECMA-386 standard [16] centered at the
frequency fir = 3.960 GHz, which corresponds to the 1st of 14 channels. The DEMZM is
biased at the quadrature point. More details about the OFDM-UWB signal and the optical
system parameters considered are provided in Section 3.

From Fig. 1 it is concluded that the analytical model derived for the signal photocurrent
and its RF power shows excellent agreement with the numerical simulation results obtained,
with a small discrepancy. This small discrepancy between the curves can be due to the high
peak-to-average power ratio (PAPR) of the components x(f) and x,(#). Hence, the
approximation of the Bessel functions in Eq. (11) may not be accurate since x{f) and x,(¥)
have high-peaks at some points. Furthermore, it is observed that the first null for a = —1
occurs for a larger fiber length than for o = 0.

2.2 Effect of DEMZM bias point on the modulation efficiency

For the small-signal analysis of the effect of DEMZM bias voltage on the optical powers and
photodetected RF power, the DEMZM is considered without insertion losses, balanced (y =
1), and the modulation is assumed chirpless (¢ = 0). For these conditions, from Eq. (5) and
Eq. (6), the power of the optical carrier is given by:

—\2
POC :( ZPJ |E‘0|2 =4P(1+COS[V£(I/MGS] +I/;7ias2 )j}’ (13)

2 T

and the average optical power of the signal sidebands is given by:
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Fig. 1. Normalized RF powers as a function of fiber length, for an OFDM signal centered at

3.96 GHz.
Py = [ﬁjz <(|E,|2 +|E+|2)> = 2[@]2@

+

)

:g(’nﬂ:)2 (O-‘fl + o-fq)(l_cos(Vi(vaiasl +I/bi052 )]j

T

2
(14)

The RF power in optical B2B configuration, given by Eq. (11) for L = 0 and under the
aforementioned conditions, can be rewritten taking into account the product of Eq. (13) by
Eq. (14):

P, = RR°P, .P,,. (15)

Figure 2 depicts the optical power of the carrier, the optical power of the signal sidebands,
the total optical power (Poc + Posg) and the photodetected RF power, normalized by their
maximum values, as functions of the bias voltage normalized by the half-wave voltage of the
DEMZM. The normalized power of the optical carrier (Poc) is equal to the intensity transfer
function of an ideal DEMZM for negative bias voltages.

In Fig. 2 it can be observed that, when the bias voltage of the DEMZM decreases from the
QP towards the MITP, the power of the optical carrier decreases whereas the optical power of
the signal sidebands increases in the same proportion, and consequently the total optical
power becomes dominated by the power of the signal sidebands.

Otherwise, when the bias voltage is increased from the QP towards the MATP, the power
of the optical carrier increases and the total optical power is dominated by the carrier optical
power. The performance and reach of the optical communication system are determined by
Posp. By analogy with amplitude modulation in RF communication systems [17], the
modulation efficiency is expressed by # = Posp/(Poc + Posg) * 100. Therefore, the efficiency
reaches 100% if the optical carrier is totally suppressed, which requires the addition of an
optical local oscillator at the receiver side to perform coherent detection. In direct detection
systems, the most used systems in optical access networks, a fraction of the optical carrier
must be transmitted to enable direct-detection. Therefore, the efficiency reaches 100% if the
optical carrier is totally suppressed, which requires the addition of an optical local oscillator
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at the receiver side to perform coherent detection. In direct detection systems, the most used
systems
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Fig. 2. Relationship between the optical powers and the RF power as functions of the Vi,
voltage.

in optical access networks, a fraction of the optical carrier must be transmitted to enable
direct-detection. Typically, the optimum performance is reached when the power of the
optical carrier is reduced and equal to the optical power of the sidebands [4]. Therefore, with
Poc = Posp, the optimum modulation efficiency is 50% for direct-detection systems.
Additionally, in Fig. 2 it can be observed that the maximum RF power is obtained when Poc
= Pogp, for the bias voltage equal to —0.5V, because the optical powers are normalized.
Typically, at the output of the DEMZM biased at the QP, the power ratio between the optical
carrier and the sidebands is approximately 20 dB [4].

3. Simulation setup

Figure 3 represents schematically a hybrid long-reach WDM-PON (LR-WDM-PON) for a
single wavelength transmitted from the optical line terminal (OLT) located in the CO to the
hybrid optical network unit/base station (ONU/BS) located at the customer’s premises. In the
CO, the optical transmitter based on the DEMZM has the modulation chirp controlled through
the amplitudes of the drive signals [6].

528 528
Borpm Be o

GbE TX |
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UWB #1 TX | V1 Adjustment |/ i I80ka I020k | “Vor ED

\

|
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il 0 il i
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Fig. 3. Simulation transmission scheme of an OHS over a hybrid long-reach FTTH network
with controlled modulation chirp.
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An electrical hybrid signal (EHS) is created by subcarrier multiplexing four independent
OFDM signals, a custom quadrature amplitude modulation (QAM) OFDM-Gigabit Ethernet
(GbE) signal with 1 GHz bandwidth, and three independent quadrature phase shift keying
(QPSK) OFDM-UWRB signals following the ECMA-368 standard [16].

The three OFDM-UWB signals, UWB#1, UWB#2 and UWB#3, employing QPSK
modulation with 528 MHz bandwidth, are up-converted to the frequencies 3.432, 3.960 and
4.488 GHz, respectively. These three channel signals perform no frequency hopping, with the
three channels at time frequency codes (TFC) TFC5, TFC6 and TFC7, respectively. The
subcarriers allocation in the OFDM-GDE signal is similar to the UWB signals. The OFDM-
GDE signal is the unique that is not yet standardized, and thus can be freely translated in
frequency, in order to maximize the guard band (B,) between the DC frequency and the lower
edge of the GbE signal spectrum and minimize the aggregate bandwidth of the OFDM signals
(Borpm), as illustrated in Fig. 3. Thus, by allocating a guard band of 100 MHz between the
GbE signal and the lower frequency UWB signal, the GbE signal is up-converted to the
central frequency equal to 2.568 GHz, resulting in a Boppy = 2.684 GHz and a Bg = 2.068
GHz, which produce the ratio Bg/Borpm = 0.7705. Therefore, B, is insufficient to
accommodate all intermodulation distortion products generated upon direct-detection, since it
has been shown that B, should be at least equal to Boppm [18]. The main parameters used to
generate the baseband OFDM signals used in the simulations are gathered in Table 1.

Table 1. Main Parameters Used to Generate the Baseband OFDM Signals

GbE UWBI1,2,3
Nominal Bandwidth [MHz] 1000 528
Sampling frequency [MHz] 1056 528
FFT size (Total of subcarriers) 256 128
Data subcarriers 216 100
Pilot subcarriers 24 12
Guard subcarriers 15 10
Cyclic prefix [samples] 64 37*
Symbol time[us] 0.303 0.312
Constellation mapping QAM QPSK
Central RF frequency[GHz] 2.568 3.432;3.960 and 4.488
Net bit rate [Mbit/s] 1425.7 641
References ~[16] [16]

*The cyclic prefix in the OFDM-UWB signals are null.

The EHS involving four separately amplified OFDM signals modulates externally a
continuous wave (CW) laser with a linewidth of 5 MHz (conventional DFB laser) emitting at
1550 nm, through a DEMZM with 25 dB DC extinction ratio, half-wave voltage V; =5 V and
6 dB of insertion loss. The modulation index m is adjusted through a variable electrical
attenuator (VEA). The model of the DEMZM is based on Eq. (2). The resulting OHS at the
output of the DEMZM is transmitted through SSMF to the costumer’s premises. The SSMF is
modeled as the low-pass equivalent of a linear bandpass system. The SSMF is characterized
by an attenuation of 0.22 dB/km and a chromatic dispersion parameter D = 17 ps/km/nm.
After transmission through 80 km of SSMF, at the remote node (RN), the optical signal is
amplified by a noiseless erbium doped fiber amplifier (EDFA) to compensate for the
transmission losses. From the RN, the OHS is transmitted through fiber segments of length 0
km, 10 km and 20 km, to the hybrid ONU/BS located at the costumer’s premises, in order to
simulate the different locations of the customers relatively to the RN.

At the input of the hybrid ONU/BS, a variable optical attenuator (VOA) along with an
EDFA are used to adjust the optical signal-to-noise ratio (OSNR) of the system, defined in a
reference optical bandwidth of 0.1 nm. The OSNR is evaluated considering optical noise over
the two perpendicular directions of polarization.

In the hybrid ONU/BS, a second-order super-Gaussian optical filter with 12.5 GHz full
width at half maximum (FWHM) bandwidth, centered at 1550 nm, is used to reduce the
amplified spontaneous emission (ASE) noise power, and a PIN photodetector with
responsivity of 0.9 A/W is considered. The ASE noise is modeled as Gaussian noise. The
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thermal noise of the receiver is not considered, since at the output of the PIN photodetector its
effect is negligible, compared with the signal-ASE beating noise [19]. The received EHS is
demodulated in the EHS receiver (EHS RX), where each OFDM signal is sent to the
respective receiver to perform down-conversion and OFDM demodulation. The OFDM
demodulation includes removal of cyclic prefix, serial-to-parallel conversion, FFT,
subcarriers equalization, symbol de-mapping and parallel-to-serial conversion. The
performance for each of the received OFDM signals is assessed through the required OSNR
(ROSNR) for a bit error rate (BER) equal to 107, estimated by the error vector magnitude
(EVM) method applied to the constellation of the received signal at the equalizer output [20].

4. Numerical simulation results and discussion

The simulation results presented in this paper were produced with Matlab®, considering 528
OFDM-GbE symbols and 512 OFDM-UWB symbols. Since the OFDM signals have a
spectrum similar to Gaussian noise and different bandwidths, the electrical power of each
signal was adjusted for a power spectral density equal to —139.6 dB/Hz.

Initially, the optimum bias voltage of the DEMZM required to maximize the modulation
efficiency of the system was investigated for an optical B2B configuration. The DEMZM was
driven in balanced push-pull mode. In Fig. 4, contour plots of the ROSNR for a BER = 107’
are shown as a function of the modulation index m for different values of the bias voltage
normalized by the half-wave voltage of the DEMZM. Note that a BER = 10~ is enough to
ensure that the EVM limit of —14.5 dB after transmission, defined in the standard for QPSK
OFDM-UWSB signals, is respected.

Biasing the DEMZM below the QP, it operates in the non-linear region of its intensity
transfer function, which degrades the transmitted signals due to the generation of harmonics
and intermodulation distortion products. From Fig. 4, it can be concluded that the ROSNR
can be kept constant when the DEMZM is biased below the QP, by decreasing m. The
ROSNR for the UWB #2 signal shown in Fig. 4(c)) presents a degradation of nearly 2 dB
relative to the UWB #1 and UWB #3 signals, due to linear crosstalk suffered from the
adjacent channels. It can also be concluded that the lowest bias voltage of the DEMZM is
limited by the GbE signal and is equal to —0.8 V. Therefore, the optimum bias voltage equal
to —0.8V, was selected to define the DSB-RC modulation, as the best value between all
signals considered. In Fig. 5, the ROSNR is presented for all signals as a function of m when
the DEMZM is biased at the QP, with Vy;,s = —0.5V,, and below the QP, at V};,s = —0.8V.

Biasing the DEMZM at the QP, all signals present approximately the same ROSNR as m
increases, whereas when the DEMZM is biased at —0.8V, the GbE and UWB #3 signals
exhibit degradation relatively to the other signals, due to spurious spectral components
resulting from the nonlinearity of the DEMZM transfer function and the square-law of the
direct-detection. The GbE signal is degraded because the ratio Bo/Borpwm is lower than 1, and
thus a fraction of the GbE signal is distorted by intermodulation spectral components near
DC, after photodetection. When the DEMZM is operated below the QP, the 2nd harmonic
power of the GbE signal at 5.136 GHz increases, affecting the UWB#3 signal centered at
4.488 GHz. Furthermore, from Fig. 5 it is observed that the optimum values of m to drive the
DEMZM are 0.35 and 0.45, for the DEMZM biased at —0.8 7, and —0.5 V,, respectively. The
average OSNR improvement of DSB-RC (Vs = —0.8V7) relative to DSB with full carrier
(Vias = —0.5V,) for the optimum values of m, among all signals, is nearly 6 dB.

The drive voltage amplitudes expressed by Eq. (3) and Eq. (4) were derived from the
small-signal approximation chirp parameter components presented in [11], and depend on the
bias point of the DEMZM. Therefore, it is important to evaluate the accuracy of Eq. (3) and
Eq. (4) for the optimum values of m obtained for different bias points of the DEMZM
selected. The a chirp parameter value at the DEMZM output was measured as described in
[11,21]. Figure 6 presents the absolute error between the desired a chirp parameter at the
output of the DEMZM and the value obtained as a function of m, for the wired and wireless
signals modulated in DSB-RC and DSB.
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Fig. 4. Required OSNR for a BER = 107 as a function of the modulation index for different
bias voltages, for: (a) OFDM-GbE signal; (b) OFDM-UWB #1 signal; (c) OFDM-UWB #2
signal; (d) OFDM-UWB #3 signal.

It can be concluded from Fig. 6 that, when the DEMZM is biased below its QP, the error
of the a chirp parameter desired at the output of the DEMZM increases, relatively to the error
with the DEMZM biased at the QP, due to the increase of the non-linearity of the DEMZM
transfer function. Nevertheless, the values of the absolute error obtained for the two different
bias voltages are negligible, within the range of values considered. Therefore, the modulation
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Fig. 5. Required OSNR for a BER = 10~ as a function of the modulation index for two

different bias point of DEMZM: —0.5V; and —0.8 V.

chirp can be controlled with acceptable accuracy for both bias points selected.
In Section 2, the effects of the modulation chirp and bias point of a DEMZM on the
received signal were analyzed separately. Now, the interaction of the two effects is assessed

by numerical simulation.

The optimum a chirp parameter required to drive the DEMZM was studied for three
different distances from the RN to the hybrid ONU/BS: 0, 10, and 20 km. These correspond

to the distances of 80, 90 and 100 km from the OLT to the

hybrid ONU/BS. In Fig. 7, the

ROSNR s presented as a function of the a chirp parameter, for different distances from the
CO to the hybrid ONU/BS with the GbE and UWBs signals modulated in DSB-RC and DSB.
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Fig. 6. Absolute error between the desired a chirp parameter at the output of the DEMZM and
the value obtained for different bias points of the DEMZM: —0.5V, and —0.8 V.
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The DEMZM located in the OLT is driven at the optimum values of m selected from Fig.
5.

GbE signal

Vois=-05Ve  Vhins=-0.8Vx
—{— 80km —{ - 80km
40r—@— 90km —O - 90km
_OE 100km —< — 100km

UWBH#1 signal

a 35 1 a
= T 30
= &
g3 17
& g 25
& sl | &
sl L E 20
I
5 . | .I . . . . 15
2 -5 -1 05 0 05 1 15 2 -1.5
a

45 40
40
35¢
25 g
& & 30l
z z >
Q 30 1€
& &
251
25
20 20
-1.5 -1.5

(@

Fig. 7. Required OSNR for a BER = 107 for different distances from the CO to the ONU, as a
function of the a chirp parameter, for the following signals: (a) GbE signal, (b) UWB#1 signal,
(c) UWB#2 signal, (d) UWB#3 signal, modulated in DSB-RC (Vyios = —0.8V7) and DSB (Viias =
—0.5V3).

From Fig. 7 it is concluded that for DSB-RC modulation the introduction of controlled
modulation chirp improves the performance for all signals, when compared with a = 0.
Furthermore, it is observed that, as the central frequency of the OFDM signals increases, the
optimum values of a increase towards positive values, demonstrating that positive modulation
chirp can also be useful to mitigate transmission dispersion penalty. On the other hand, for
DSB modulation positive values of the a chirp parameter lead to additional dispersion
penalty, whereas the negative values of o can mitigate the transmission dispersion penalty.
Thus, it is concluded that the reduction of the optical carrier has impact on the optimum
values of the a chirp parameter, moving them from negative to positive values. It is observed
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that the benefits of the introduction of controlled modulation chirp, compared to a = 0, are
greater for DSB modulation than for DSB-RC modulation, mainly because the optimum
values of a are more distant from o = 0.

The ROSNR curves for the UWB#3 signal, shown in Fig. 7 d) for DSB-RC modulation,
exhibit an OSNR degradation compared to DSB modulation, contrary to what is observed for
the other OFDM signals. The reason for this is that the optimum value of the a chirp
parameter for the UWB#3 signal modulated in DSB-RC is around 0.5, which unfortunately
reduces the transmission bandwidth, and consequently the subcarriers of the UWB#3 signal
are attenuated.

In order to understand the effect of the o chirp parameter on the transmission bandwidth,
the frequency response for small-signal regime of a dispersive fiber link was derived
considering as electro-optic modulator the DEMZM modeled by Eq. (2) and driven by the
drive signals given by Eq. (3) and Eq. (4). To exclude the effects of the transmitter located in
the OLT and of the receiver at the customer’s premises, the frequency response given by Eq.
(16) is normalized by the frequency response without optical fiber.

2 r2
1, (f)=2e""" 1+ |cos {M+ arc tan (0{)}

c

) (16)

where a, is the attenuation coefficient of the optical fiber. Equation (16) is similar to the
equation presented in [22], derived for an electro-absorption modulator. Figure 8 shows the
frequency response magnitude of a dispersive optical link, characterized by D = 17
ps/(km.nm), ay= 0 dB/km and L = 100 km, for three different values of the a chirp parameter.
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Fig. 8. Frequency response magnitude of a dispersive optical link.

From Fig. 8, it is observed that for a = 0 the first null in the frequency response occurs
around 6 GHz, for & = —0.5 around 6.9 GHz, and for « = 0.5 around 5 GHz. Thus, for a = 0.5
the transmission bandwidth is reduced approximately 1 GHz compared to o = 0. The null in
the frequency response around 5 GHz for a = 0.5 attenuates the subcarriers of the UWB#3
signal centered at 4.488 GHz and with 528 MHz bandwidth, which justifies the OSNR
degradation observed in Fig. 7(d)) for DSB-RC relative to DSB modulation. However, this
problem can be overcome by changing adaptively the power of the different OFDM signals,
using a centralized frequency response compensation approach located at the optical line
terminal (OLT), such as proposed in [23]. This issue shall be addressed in future work.
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5. Conclusions

The a chirp parameter of a LINbO3 DEMZM does not depend on the average optical power
at its output. This characteristic was exploited in this paper, in order to control the modulation
efficiency and modulation chirp of a DEMZM independently. A performance comparison
between DSB and DSB-RC modulations, based on the ROSNR for a BER = 107 for different
values of the modulation chirp parameter, was carried out by numerical simulation and it was
demonstrated that the introduction of controlled modulation chirp is more advantageous for
DSB modulation than for DSB-RC modulation, because the reduction of the optical carrier
power has the effect of moving the optimum value of the a chirp parameter closer to o = 0.
Furthermore, it was demonstrated that the optimum value of the a chirp parameter increases
towards positive values as the central frequency of the OFDM signal increases, enabling
positive modulation chirp to mitigate the transmission dispersion penalty.

Finally, the control of the DEMZM bias point and modulation chirp can be exploited to
improve the transmission performance of the future hybrid optical access networks.
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