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A temperature independent 80-Gb/s 100-km transmission system is demonstrated with the use of spectral
phase modulation-based tunable dispersion compensator (TDC). The principle of dispersion compensation
based on spectral phase modulation as well as the relationship between spectral phase modulation function
and group velocity dispersion (GVD) are theoretically studied. TDC based on spectral phase modulation
is implemented. The performance of 80-Gb/s transmission system is experimentally evaluated. The non-
linear relationship between temperature and temperature-induced dispersion fluctuations is demonstrated
through the asymmetric temperature-induced power penalty without dispersion compensation. With re-
spect to the low temperature area, the temperature-induced dispersion fluctuations are smaller than those
in the high temperature area. By using the proposed TDC, temperature independent 80-Gb/s transmission
is successfully demonstrated under a temperature range of —20 — 60 °C with a power penalty of less than

0.8 dB.
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In recent years, with the growing demand for wide-
band communication systems, high bit rate (>40 Gb/s)
transmission systems have attracted considerable at-
tention. However, the introduction of high speed in-
creases the impairment of data channels due to chromatic
dispersion!!!, polarization mode dispersion (PMD)?],
and nonlinearities!®!. Chromatic dispersion is a criti-
cal impairment that limits system performance. More-
over, dispersion fluctuations introduced by environmen-
tal changes such as temperature variations should be con-
sidered. Moreover, tunable dispersion compensation is a
prerequisite in the design of high-speed transmission sys-
tems due to its tight dispersion tolerance.

This issue has been extensively studied in recent years.
André et al. pointed out that systems with 40 Gb/s
or higher bit rates suffer serious impairments due to
temperature-induced dispersion fluctuations, thus requir-
ing tunable dispersion compensation!*. One possibility
of controlling the temperature of the dispersion compen-
sating fiber (DCF) to dynamically compensate for the
chromatic dispersion fluctuations induced by the envi-
ronmental temperature alterations is presented®. How-
ever, in practical optical communication systems, DCF
is a part of the transmission link buried underground
together with G.652 fibers. Hence, it is impractical to
control the temperature of DCF. Bourdoucen proposed
a method to compensate for the temperature disper-
sion effect by adjusting the length of DCF®). However,
the method is too complicated to be implemented in
an installed fixed transmission link. Hirano et al. im-
plemented a temperature independent transmission sys-
tem using a zero-dispersion flattened transmission linel”.
However, the method used is dependent on specific fibers
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to form the zero-dispersion flattened transmission line.

In this letter, we demonstrate a temperature inde-
pendent 80-Gb/s transmission system using spectral
phase modulation-based tunable dispersion compensator
(TDC). We theoretically study the principles of com-
pensating dispersion based on spectral phase modula-
tion technology. A TDC with a tunable range of —40
— 40 ps/nm based on spectral phase modulation is im-
plemented. The effects of dispersion fluctuations due
to temperature variations over a range of —20 — 60 °C,
in 80-Gb/s optical time domain multiplexing (OTDM)
transmission system are evaluated in experiments using
eye-diagrams and BER performance. With tunable dis-
persion compensation, temperature independent 80 Gb/s
was realized over a range of —20 — 60 °C. The power
penalty is less than 0.8 dB.

In this letter, a simplified non-linear Schrédinger equa-
tion which neglects attenuation, high-order dispersion,
fiber nonlinearity, and PMD, is given to assess the effects
of chromatic dispersion in high-speed optical communi-
cation systems:

0 9?
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Equation (1) is solved using the Fourier transform
method. We obtain the transmitted signal as

u(z,T)= %/U(z, w — wp) exp[—i(w — wo)T|d(w — wp),
(2)

where wy is the radian frequency at center wavelength of
the signal and U(z,w — wyp) is the Fourier transform of
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the signal at z, whose solution is given as
U(z,w—wp) =U(0,w — wp) exp Bﬁz(w - wo)z} , (3)

where U(0,w — wp) is the Fourier transform of the signal
at z = 0. Hence, the general solution of Eq. (1) is given
as

u(z,T) :i / U(0,w — wo) exp {i%z(w —wp)?

™

—i(w— wo)T} d(w — wp). (4)

Without dispersion compensation, the transmitted pulses
would be affected by severe temporal broadening, which
significantly degrades the performance of transmission
systems. Equation (4) indicates that dispersion con-
tributes a phase change in every spectral component of
the signal, causing the pulse broadening to yield. In this
case, the broadened pulses could be restored to their nor-
mal shape if we remove the phase change of every spec-
tral component induced by dispersion. Thus, the addi-
tion of an appropriate spectral phase modulation to the
transmitted signal will compensate for the effects of fiber
dispersion. Assuming that a spectral phase modulation
¢(w) is added to the transmitted signal, then the field of
signal after spectral phase modulation is given as

ue(z,T) _1 /U(O, W — wp) exp [i%z(w — wp)?

™

Figw) — i(w — wO)T} d(w — wo). (5)

In order to cancel the additional phase variations induced
by dispersion completely, we obtain

8(@) =~ 2w — w0y ()

The compensated signal will be given as

ue(z,T) = % J U, w — wp) exp[—i(w — wo)T]d(w — wp)
=u(0,T).
(7)

Equation (7) shows that the distorted signal is restored
after spectral phase modulation. A relationship between
dispersion coefficient D and phase change can be ob-
tained from Eq. (6)

A2
$(A\) = —meDz (1 - —) , (8)
Ao
where D is the dispersion coefficient, z represents the
transmission length, c is the speed of light, and A and \g
are the wavelength and center wavelength of the signal,
respectively. For the Dz that represents the accumulated
dispersion over the whole transmission link with a unit of
ps/nm, a relationship between spectral phase modulation
and group velocity dispersion (GVD) could be acquired
as

d(\) = —m(1 - %)2 9)

0

where a is the GVD compensated by spectral phase
modulation. Different GVDs can be compensated by
different spectral phase modulations, which lead to the
realization of tunable dispersion compensation.

Figure 1 shows the schematic overview of spectral phase
modulation based TDC. The light passes through a po-
larization imaging optics, which changes the orthogonal
polarization states to the high efficiency s-polarization
state of the conventional grating. Thus, light is reflected
by the imaging mirror and dispersed angularly by the
grating. The dispersed light is directed by the imag-
ing mirror into different portions of the liquid crystal on
silicon (LCOS). The phase of light can be changed by ad-
justing the voltages on the LCOS[®!. For the wavelength
channels separated on different portions of LCOS, the
phase of each wavelength can be adjusted independently.
A phase modulation can be realized over the entire sig-
nal spectrum. According to the relationship in Eq. (9),
different GVDs can be compensated with different phase
modulations. A TDC with approximately 40-nm wide
operating range is realized. The compensator has the
potential to compensate for dispersions simultaneously
in different channels in WDM systems.

Figure 2(a) shows the spectral phase modulation ¢())
for generating different GVDs from —40 to 40 ps/nm
with a bandwidth of 2 nm. It was calculated by Eq.
(9). The tunable characteristics of the proposed TDC
are experimentally measured by CD400. Using different
spectral phase modulation ¢(\) as shown in Fig. 2(a),
different group delay curves are obtained and shown in
Fig. 2(b). The results indicate that the TDC could
generate different GVDs from —40 to 40 ps/nm with
a bandwidth of 2 nm, which can be used to compen-
sate for the temperature-induced dispersion fluctuations
of transmission fibers in high-speed transmission sys-
tems. It should be noted that the accuracy of dispersion
measurement of CD400 was not sufficient to measure
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Fig. 1. Schematic overview of spectral phase modulation
based TDC.
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Fig. 2. Characteristics of the TDC based on spectral phase
modulation for different GVDs. (a) Calculated spectral phase
modulation for generating different GVDs; (b) measured
GVD curves generated by TDC.
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Fig. 3. Experimental setup of temperature independent 80-
Gb/s 100-km transmission system. PSL: pico-second pulse
laser, EAM: electro-absorption modulator.

such small GVD values. Thus, bigger group delay ripples
were observed in the measured results. Nevertheless, the
perfect compensation performance of the proposed TDC
was revealed in a subsequent compensation experiment.

Figure 3 shows the experimental setup of temperature
independent 80-Gb/s 100-km transmission system. An
optical pulse train with a repetition frequency of 10 GHz
is generated by a mode-locked fiber laser (PSL-10-1T,
Calmar Optcom Model). The FWHM of the ultra-short
pulse is shorter than 1.5 ps at a wavelength of 1554.35
nm. Subsequently, the short pulse train is modulated by
an external LiNbO3; Mach-Zehnder modulator (MZM)
driven by a pattern generator (Agilent N4901B) with
a pseudo random bit-sequence (PRBS 27-1). Thus the
80-Gb/s signal is obtained by optical time multiplexing
10-Gb/s signals using homemade OTDM multiplexer!®.
The total loss of multiplexer is approximately 12 dB.
Thus, the 80-Gb/s signal is powered up to 11 dBm by
an EDFA and launched into a 100-km transmission link.

The 80-Gb/s OTDM signal is launched into the trans-
mission line, which consists of three parts, namely, two
spans of G.652 fibers with lengths of 46.35 and 43.44 km,
and a span of DCF with a length of 10.32 km. These
parts were fabricated by Yangtze Optical Fiber and Ca-
ble Company (YOFC). The total loss of transmission
line is approximately 28 dB. In systems with 40 Gb/s or
higher bit rates, the residual dispersion slope would de-
grade system performance sufficiently. Dispersion slope
compensation should be considered in high-speed op-
tical system design!'?). Therefore, the 10.32-km DCF
was designed with the capacities of both compensating
dispersion and dispersion slope of standard single mode
fiber (SSMF) used in a transmission line. Finally, high
accurate dispersion management is achieved by a 10 m
level fine-tuned to compensate for both dispersion and
dispersion slope, which corresponds to the accuracy of
0.4 ps for dispersion compensation!!!]. All the fiber spans
are placed in a temperature chamber that simulated en-
vironment temperature variations over a range of —20 °C
- 60 °C.

At the receiver, an EDFA is used to compensate for
the loss of the 100-km transmission line. The distorted
80 Gb/s due to temperature induced dispersion fluc-
tuations is restored using the proposed spectral phase
modulation-based TDC. Thus, the restored 80 Gb/s
signal is launched into a simple loop consisting of two
concatenated electro-absorption modulators (EAMs), a

10-GHz clock and data recovery module for simultaneous
demultiplexing and clock recovery. The 40-Gb/s demul-
tiplexed signal is obtained at the output of the first EAM
driven by 10-GHz clock signal. An EDFA is implemented
between the two EAMs to compensate for the loss of the
first EAM. Moreover, because the recovery clock is set
to 10 GHz, two frequency doublers are utilized to gener-
ate the 40 GHz driving signal for the second EAM. The
40-Gb/s signal was demultiplexed into 10-Gb/s signal by
the second EAM and injected into the 10-GHz data and
clock recovery module for clock and data recovery. Per-
formance of this transmission system is evaluated using
eye-diagrams and BER performance.

Figure 4 shows the measured eye-diagrams in different
situations. Figure 4(a) presents the eye-diagrams of
non-transmitted 80-Gb/s signal. The eye-diagrams of
transmitted signal at temperature of 20 °C are illus-
trated in Fig. 4(b). The opening eye-diagrams show the
perfect performance of DCF in dispersion compensation
of the 89.79-km G.652 fibers at 20 °C. The eye-diagrams
of the transmitted 80-Gb/s signal at different temper-
atures within —20 — 60 °C without tunable dispersion
compensation are shown in Figs. 4(c), (e), (h), and
(g). Without tunable dispersion compensation, poor
quality eye-diagrams are achieved due to temperature-
induced dispersion fluctuations. According to the results,
dispersion fluctuations in dispersion management trans-
mission line due to temperature variations are more se-
vere in low temperature than in high temperature areas,
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Fig. 4. (a) Eye-diagrams of measured non-transmitted 80-
Gb/s OTDM signal; (b) eye-diagrams of transmitted 80-Gb/s
OTDM signal at temperature of 20 °C; (c¢) and (d) eye-
diagrams of transmitted 80-Gb/s signal at temperature of
—20 °C without and with —15 ps/nm compensation; (e) and (f)
eye-diagrams of transmitted 80-Gb/s signal at temperature of
0 °C without and with —10 ps/nm compensation; (g) and (h)
eye-diagrams of transmitted 80-Gb/s signal at temperature of
40 °C without and with 4+5 ps/nm compensation; (i) and (j)
eye-diagrams of transmitted 80-Gb/s signal at temperature of
60 °C without and with +7 ps/nm compensation.
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indicating a non-linear temperature dependence on dis-
persion. With the appropriate spectral phase modulation
uploaded onto our proposed TDC, different GVDs are
generated to compensate for the temperature-induced
dispersion fluctuations. The ASE of EDFA could be
severely suppressed due to the narrow bandwidth of
TDC, which is approximately 2 nm. Eye-diagrams of the
transmitted 80-Gb/s signal at different temperatures
with different dispersion compensations are shown in
Figs. 4(d), (f), (h), and (j). The eye-diagrams are com-
pletely restored, illustrating the good performance of the
proposed TDC. Finally, temperature independent error-
free (BER < 107%) 80-Gb/s OTDM signal transmissions
over 100 km are revealed over a temperature range of
—20 — 60 °C. Figure 5 shows the measured receiver sensi-
tivity (BER=10"7) versus different temperatures of the
100-km transmission line with or without tunable disper-
sion compensation. Without dispersion compensation, a
large power penalty is observed due to the temperature-
induced dispersion fluctuations with respect to 20 °C. An
asymmetric power penalty curve is also demonstrated.
A power penalty of 5.3 dB is obtained at temperature
of —20 °C without compensation, whereas approximately
1.8 dB is observed at temperature of 60°C, with the
same 40 °C temperature variation. These results re-
veal a non-linear temperature dependence of dispersion
as illustrated by the eye-diagrams. Receiver sensitivity
versus temperature with tunable dispersion compensa-
tion is also demonstrated in Fig. 5. The power penal-
ties at different temperatures from —20 to 60°C are
demonstrated to be less than 0.8 dB with respect to
20°C, indicating the perfect performance of proposed
TDC. Figure 5 also shows the eye-diagrams of demulti-
plexed 10-Gb/s signal with and without compensation
at —20°C. With respect to the case without compensa-
tion, an improvement of —5.3 dB in receiver sensitivity
is obtained with the tunable dispersion compensation
at —20°C. It should be noted that 1 dB improvement of
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Fig. 5. Measured receiver sensitivity (BER = 107%) versus
temperature without and with tunable dispersion compen-
sation. (a) Eye-diagrams of demultiplexed 10 Gb/s without
dispersion compensation at temperature of —20 °C; (b) eye-
diagrams of demultiplexed 10 Gb/s with dispersion compen-
sation at temperature of —20 °C.

receiver sensitivity demonstrated at 20 °C can be at-
tributed to the suppression of ASE due to the narrow
bandwidth of the tunable dispersion compensation (ap-
proximately 2nm).

In conclusion, a temperature independent 80-Gb/s
100-km transmission system is demonstrated in exper-
iments using spectral phase modulation-based TDC. A
TDC with a tunable range of —40 — 40 ps/nm based on
spectral phase modulation is implemented. The effects
of dispersion fluctuations due to temperature variations
in 80-Gb/s OTDM 100-km transmission system over a
range of —20 — 60 °C are evaluated both by eye-diagrams
and power penalty. Non-linear temperature dependence
of dispersion is demonstrated through the asymmet-
ric power penalty curve. Temperature induced disper-
sion fluctuations are more severe in low temperature
area than in high temperature area. With the spectral
phase modulation-based TDC, temperature independent
80 G/s is realized over a temperature range of —20 —
60 °C. Power penalties, demonstrated at different tem-
peratures, are all smaller than 1 dB with respect to 20 °C.
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