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A novel dispersion-compensating fiber Bragg grating (FBG)-based en/decoder is proposed to
compensate both the out-band and in-band dispersion in a time-spreading/wavelength-hopping
(TS/WH) optical code-division multiplexing (OCDM) system. The experimental realization of
such en/decoders only needs a uniform-pitch phase mask and a sub-micrometer precision moving
stage. Such an en/decoder pair with the ability of compensating the dispersion of transmission in
20-km single mode fiber (SMF) is simulated and experimentally fabricated. Both the simulation
and experimental results show that the decoded pulse can be recovered without any distortion
owing to the elimination of dispersion.
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1. Introduction

The optical code-division multiplexing (OCDM) is a spectrum-spreading technology
in the optical domain, which takes advantage of the extremely wide bandwidth of
optical transmission medium to achieve multiplexing and multiple-access. The OCDM
is regarded as a very important multiplexing technology due to its attractive abilities,
such as all-optical processing, asynchronous transmission, simplified networking and
so on [1-7]. On the other hand, as propagating in the dispersive transmission medium,
the wide-band OCDM signals will suffer serious distortion, e.g., group delay caused
by the wavelength dispersion in the single mode fiber (SMF). Using an extra disper-
sion-compensating component is a routine solution but not a cost-effective way.
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En/decoder within a group delay compensation function is a novel approach to
solving the dispersion problem. In the previous research, literature [ 8] firstly proposed
time-spreading/wavelength-hopping (TS/WH) group delay compensating a fiber Bragg
grating (FBG) en/decoder, which validated the feasibility of such concepts experi-
mentally. However, such en/decoders need to be improved if applied into practice.
First, the FBG fabrication equipment, such as phase masks, is required to vary with
the address-code or the amount of dispersion-compensation, which increases the com-
plexity and cost of experimental realization. Second, the in-band dispersion cannot be
compensated, which will deteriorate the system performance, especially in the case of
longer transmission distance or higher data rate.

In this work, we develop a novel dispersion compensating FBG-based en/decoder.
Compared with the previous dispersion compensating en/decoder, our new technology
is easier to be experimentally realized, and most importantly, the in-band dispersion
can also be compensated. Such advances are expected to make the dispersion compen-
sating en/decoder more practical.

2. Principle

Figure 1 shows the 7—A4 (i.e., time-delay versus wavelength) distribution of TS/WH
signals evolving at different stages. The address code used here is the prime-hop
sequence (POH2, p = 5) used in [8]. It can be seen after propagating in the G.652 fiber
that there is not only extra relative group delay among different wavelength-chips, but
also extra dispersion inside one chip. As reported in literature [8], the “decoding A”
in this figure represents using an out-band dispersion compensating decoder. Such
a decoder cannot compensate the in-band dispersion, and the residual dispersion will
result in pulse broadening and deteriorate the system performance. However, this paper
proposes the “decoding B” technique, which uses a total dispersion (both out-band and
in-band) compensating decoder, and can completely compensate all the dispersion.
For the encoded signals, the time delay between one tip pulse (central wavelength
A;) and another tip pulse (central wavelength A4,) is defined as AT™™ (i=2,3, ..., p,
p is the number of wavelengths). When the encoded signals propagate in the SMF with
the length of z, an extra time delay AT ;’“t'diSp (i=2,3, ..., p)among tip pulses is added:

AT = Dz(A,— A)) (1)

where D is the wavelength dispersion coefficient of SMF. On the other hand, every
reflective channel of the encoding spectrum occupies a certain bandwidth, which is
defined as AA in this paper (A4<min(4;—4), i#j). So the in-band dispersion
AT["“('?EPZ[) (i=1,2, ..., p) inside one chip is produced:

in-dis _ AL
ATIG ) = Dz(A= A, |A- 4| < == 2)
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Fig. 1. The 7—A distribution of TS/WH signals evolving at different stages. Decoding A — using out-band
dispersion compensating decoder; decoding B — using total dispersion (both out-band and in-band)

compensating decoder.

In order to compensate all the dispersion, the time delay of the decoder AT l.dec

(i=1,2, ..., p) should satisfy the following condition:
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Fig. 2. The 7—Adistribution of three different kinds of decoders: decoder without dispersion compensating
function (a), out-band dispersion compensating function (b), and total dispersion (both out-band and
in-band) compensating decoder (c).

Expression (3) represents our concept of designing a total-dispersion-compensating
decoder. Corresponding to Fig. 1, Fig. 2 shows the 7—A distribution of three different
kinds of decoders.

It would not be easy to fabricate such a total-dispersion-compensating decoder by
the conventional FBG fabrication method. However, based on the equivalent chirp (EC)
principle [9] that makes use of the —1st order reflective channel of sampled FBG
(SFBG) by varying the sampling periods, it becomes easy to experimentally realize
the proposed decoder.

The refractive index modulation of an SFBG can be expressed as

dn(z) = %(z){l + -;—V(Z)S(z)[exp(jlfli +j¢(z)) + c.cﬂ 4)

where 07 (z) is the average effective index (DC index), v(z2) is the fringe visibility
that also acts as the apodization function, A is the grating period that is determined by
the phase mask, ¢(z) describes the spatially-varying phase, S(z) describes the sampling
function. For a uniform SFBG with the sampling period of P, S(z) can be written as

S(z) = ZFmexp(j 2?‘ z), m=0,1,.. (5)

where F, is the Fourier coefficient. Hence, the refractive index modulation of
the SFBG can be rewritten as
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7tz)ex ('ﬁ)chc =
p.] A *

= 1 .2
dn(z) = dny(z) 1+7v(z)ZFm{exp(J m

2Tz }
— +c.c
(1/A+ m/P) (6)

= Ongu(z) + TZSneff(z)v(z)Fmexp{]

Equation (6) shows that the SFBG consists of a series of equivalent ghost gratings
with the grating periods of (1/4 + m/P)”". For the —1st order ghost grating, the re-
fractive index modulation can be written as

2Tz
(VA-1/P)""

snlu)=SZ;uw~%§agnw@FlmpP }+Qc (7)

The grating period of the —Ist order ghost grating (producing the —1st order
reflective channel) can be expressed as:

1 AP
A, = = 8
-1 1 1 P—A ®)

Expression (8) shows that different —1st order ghost gratings can be produced just
by varying the sampling period based on a single uniform phase mask. Furthermore,
only the sub-micrometer control-precision is required, since the sampling period is
usually in the order of hundreds of microns.

For compensating the out-band dispersion, the spacing between SFBG’s segments i
(producing the —1st order wavelength A;) and j (producing the —1st order wave-
length 4;) is determined by the relative time delay between the two corresponding
chips:

S = C (AT.enC-i- AT'out—disp_ AT.enc_ AT.OUt_diSp) (9)

20y l l ! /

For compensating the in-band dispersion, each SFBG’s segment should chirp
continuously. First, to achieve the bandwidth A4, the sampling periods of the two ends
of the segment i should satisfy:

P-A P-A

2nggg| A g = Ay gl = 20y = AL (10)

AP APy ‘

where A, gand A p are the grating periods of the —1st order ghost gratings in
the starting and ending position of the segment i, respectively. Py and P, are the sam-
pling periods in the starting and ending position, respectively. P; is the average sam-
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pling period that produces the —1st order wavelength 4. The sampling period will
increase or decrease gradually between the two ends.

Second, to achieve time delay —A l.m('jlfpﬂ.), the length L of the segment i should
satisfy: ’ '

[

L = |aTirdw, | (11)

21
where c is the velocity of light in a vacuum. It should be noted that when the apodization
of refractive index modulation is employed, a longer segment will be needed.

To conclude, expressions (9)—(11) are the basic principles of designing a total-dis-
persion-compensating decoder. These principles also apply to designing the total-
-dispersion-compensating encoder. For the sake of simplicity, the details will not be
discussed.

3. Comparison and discussion

In the simulation, we use the prime-hop sequences (POH1, POH2, p = 5), the detailed
parameters of coders are listed in Table 1.

Table 1. Parameters for total-dispersion-compensating en/decoders.

First central Wavelength Bandwidth Time Total Length of each  Apodized profile
wavelength  bin spacing  of bin slot dispersion segment of each segment
1550.4 nm 0.8 nm 0.24 nm 80ps 360 ps/nm 17.2 mm Gauss

The total dispersion, i.e., 360 ps/nm, is equal to the dispersion of transmission in
20-km SMF. For comparison, the en/decoders without dispersion-compensating func-
tion and with out-band dispersion-compensating function are also simulated. Figure 3
shows their spectral properties.

To validate the decoding performance, the en/decoders data are loaded into
a commercial simulation software. The simulation setup is shown in Fig. 4.

The broadband pulse sequence, loaded with user data, is sent into the encoders
after a 5-nm bandwidth filter. The two encoders with different address codes are
used to test the auto-correlation and cross-correlation properties simultaneously.
The time-delay-line is used to de-correlate the two input data sources. There is no
special dispersion-compensating module before the decoder after transmission in fiber
(D = 18 ps/nm/km). The bandwidth of photodetector is 30 GHz. The repetition rate is
set to be 10 Gbps and 40 Gbps, respectively.

The eye diagrams of decoded signals are shown in Figure 5. The results show that
in the case of using normal en/decoder, the decoded pulse is rather broadened after
1.5 km transmission, and after 20 km transmission, the accumulated dispersion
completely disorders the eye diagrams. In the case of using an out-band dispersion-
-compensating en/decoder, the residual in-band dispersion broadens the decoded pulse
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to a bit duration after 20 km transmission at 10 Gbps, and further more, 20 km trans-
mission at 40 Gbps makes the eye diagram completely closed. However, the total-
-dispersion-compensating en/decoder will largely reduce the influence of dispersion.
In this case, the eye diagram after 20 km transmission at 10 Gbps is almost the same
as that of back-to-back decoding with normal en/decoder. Either the encoder or
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Fig. 3. Spectral properties of three kinds of en/decoders: amplitude spectrum of encoders with POH2 (a);
group time delay of encoders with POH2 (b); group time delay of encoders with POH1 (c); group time

delay of decoders with POH2 (d).
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Fig. 5. Eye diagrams of decoded signals: are single-user results (a)—(i), are two-user results (j)—(l),
specifically: back-to-back at 10 Gbps with normal en/decoder (a); 1.5-km transmission at 10 Gbps with
normal en/decoder (b); 20-km transmission at 10 Gbps with normal en/decoder (¢); 20-km transmission
at 10 Gbps with out-band dispersion-compensating en/decoder (d); 20-km transmission at 40 Gbps with
out-band dispersion-compensating en/decoder (e); 20-km transmission at 10 Gbps with total-dispersion-
compensating en/decoder (f); 10-km transmission at 10 Gbps with total-dispersion-compensating encoder
and normal decoder (g); 10-km transmission at 10 Gbps with normal encoder and total-dispersion-
-compensating decoder (h); 20-km transmission at 40 Gbps with total-dispersion-compensating en/de-
coder (i); back-to-back at 10 Gbps with 2 normal encoders and one normal decoder (j); 20-km trans-
mission at 10 Gbps with 2 hybrid encoders (one is the normal encoder with POH1 and the other is
the total-dispersion-compensating encoder with POH2) and one total-dispersion-compensating decoder
with POH2 (k); 20-km transmission at 10 Gbps with 2 total-dispersion-compensating encoders and one
total-dispersion-compensating decoder with POH2 (1).

the decoder is also verified to have the ability of compensating the dispersion of 10 km
transmission, which is shown in Figs. 5g and 5h, respectively. Even in the case of
20 km transmission at 40 Gbps, a clear eye diagram can also be achieved by
the total-dispersion-compensating en/decoder. The two-user results which are shown
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as Figs. 5j—51 indicate that such total-dispersion-compensating en/decoders do not de-
teriorate the cross-correlation property.

4. Experimental validation

Based on the parameters in simulation, we experimentally fabricate the total-disper-
sion-compensating en/decoders. The fiber is hydrogen-loaded SMF, the pitch of
a uniform phase mask is 1070 nm. The reflective spectrum and group time delay of
en/decoders measured by optical vector analyzer (OVA) are shown in Fig. 6.

Due to the limitation of a broadband pulse source (not available in our laboratory),
the system-scale experiment cannot be implemented. In order to test the fabricated
en/decoder, the “measured data + simulation” method is used. The OVA-measured
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en/decoding spectra are loaded into the en/decoder modules in the commercial simu-
lation software, as shown in Fig. 4. The encoded and decoded signals based on
the measured data are calculated and shown in Fig. 7. It can be seen that although
no special dispersion-compensating device is employed after 20 km transmission at
10 Gbps, the decoded pulse has not been broadened. The two-user result keeps good
cross-correlation property. These results agree well with the simulation result. There-
fore, the feasibility is verified that the fabricated en/decoder can compensate all
the out-band and in-band dispersion induced by 20 km transmission in SMF.

5. Conclusions

In this paper, a novel total-dispersion-compensating en/decoder is proposed and
investigated. Such en/decoders have two main advantages: i) the experimental fabrica-
tion can be realized only using a uniform-pitch phase mask and sub-micrometer preci-
sion moving stage, which brings low cost and high flexibility; ii) both the out-band
and in-band dispersion can be compensated without any extra dispersion-compen-
sating component. Such advances can make FBG-based en/decoders more powerful
and make OCDM system more practical.
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