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Phase-Shifted Superstructured Fiber Bragg Grating

Nobuyuki Kataoka,1 Naoya Wada,1 Yoshihiro Terada,2 Akira Sakamoto,3 
Kenji Nishiwaki,4 and Kenji Nishide 5

Optical code division multiple access (OCDMA) is one of the multiplexing access techniques 
that assign different codes to each user. It is one promising candidate for a new-generation 
broadband multiple access technique. In this report, we modify phase-shifted superstructured 
fiber Bragg grating (SSFBG) encoder/decoders. We also construct an optical network that uses 
multiport encoder/decoder at central office and SSFBG encoder/decoders at each ONU, and 
successfully demonstrate field trials of 10 Gbps×8 user DPSK-OCDMA system.

1. Introduction
By the diversification of the data service that uses 

the Internet, the individual who had received informa-
tion only from the television and the newspaper be-
came the source to send information, and it became 
possible to exchange tons of information among indi-
viduals. As for a rapid spread of the Internet, the 
amount of telecommunication in daily life increased 
explosively. Hence, higher speed and larger capacity 
of telecommunication network are required. For such 
a demand, optical code division multiple access (OCD-
MA) method is remarkable as the multiple access 
method that can achieve the high-speed and large-ca-
pacity telecommunication network. In OCDMA net-
work, a lot of users can share one transmission line by 
optical encoding of the information bit with a different 
code in each user. OCDMA system can perform com-
plete asynchronization, low-latency accessibility, and 
high confidentiality. It is possible to combine OCDMA 
with existing wavelength division multiple access tech-
nology, and it can provide not only the increase in 
communication capacity but also various functions for 
the optical access network.1)

In OCDMA method, the orthogonal code is used. 
The orthogonal code gives the value 1 between same 
codes, and gives the value 0 between different codes. 
It has a mechanism that a different code is allocated to 
each user, and only the signals that have the same 
code between sender and receiver are regenerated. 
The signal not regenerated due to the code mismatch 
causes the interferometric noise and degrades the sig-
nal quality. In a number of previous reports, time gate 

processing method and optical threshold processing 
method are used for reducing the interferometric 
noise2) 3). Time gate processing method cuts the sig-
nals outside the particular time window by using the 
signals synchronized with decoded signals. Optical 
threshold processing method cuts the signals under 
the threshold power level. Because the control of 
OCDMA system becomes complicated and the scale 
of the device becomes large, these methods are not 
suitable for access network. So, it is desirable to im-
prove the property of optical codes and construct 
OCDMA system without these processes for reducing 
the interferometric noise. 

In this study, we aimed for improving the property 
of optical codes by developing the optical encoder/de-
coder using phase-shifted super structured fiber Bragg 
grating (SSFBG). We report on making phase-shifted 
SSFBGs and the result of the field transmission ex-
periment of OCDMA system using these phase-shifted 
SSFBGs.

2. Making phase-shifted SSFBG
2.1  Optical encoder/decoder using phase-shifted SS-

FBG

The relation between property of optical codes and 
interference noise level (ξ) is described by equation 
(1) using the number of optical chips (N) and power 
contrast ratio (PCR) 4).

 = 1
N ¥PCR

ξ  …………………  (1)

Here, PCR is an optical intensity ratio of autocorrela-
tion (code match) output and cross correlation (code 
mismatch) output. In a word, if the number of chips or 
PCR increases, the interferometrical noise will be de-
creased and an improvement in the signal quality can 
be expected.

As an optical encoder/decoder that makes the opti-
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cal orthogonal code, optical fiber delay circuit, planar 
lightwave circuits, arrayed waveguide grating (AWG)5), 
and SSFBG, are enumerated. In the present optical ac-
cess network, only a peculiar optical code processing 
function is necessary in each user’s home. Therefore, 
small-size and low-price optical code processing units 
are required. An optical encoder/decoder using SSF-
BG is very effective for optical network unit (ONU) 
because fiber-based SSFBG can reduce the price and 
the size of units, and it has the polarization indepen-
dence property and wavelength demultiplexing func-
tion.

Phase-shifted SSFBG has a structure in which a 
number of unit FBGs (FBG chips) that reflect specific 
wavelength (Bragg wavelength) are arranged in series 
(Fig. 1), and the number of arranged FBG chips cor-
responds to the number of chips of optical codes. It is 
possible to increase the number of chips of optical 
codes in the manufacturing method of FBG. More-
over, the phase of the reflection signal from each FBG 
chip is controllable arbitrarily by changing the phase 
shift level between individual FBG chips, and we can 
use these phase-shifted SSFBGs for the optical encod-
er/decoder in coherent OCDMA system with high 
PCR value6).

With these features, we made phase-shifted SSFBGs 
using two approaches, (1) increasing the number of 
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Fig. 2. (a) Reflection spectrum of 511 chip phase-shifted 
SSFBG, (b) Extended figure.

Fig. 1. Schematic illustration of phase-shifted SSFBG.
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Panel 1. Abbreviations, Acronyms, and Terms.

OCDMA–Optical Code Division Multiple Access
SSFBG–Super Structured Fiber Bragg Grating
WDM–Wavelength Division Multiple
PLC–Planar Lightwave Circuits

AWG–Arrayed Waveguide Grating
ONU–Optical Network Unit
OLT– Optical Line Terminal
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FBG chips and (2) enlarging the PCR value.

2.2 Making 511 chips SSFBG

First of all, for the decrease in the interference noise 
level by increasing the number of chips of optical 
codes, we designed and made phase-shifted SSFBGs. 
We demonstrated an experiment using these optical 
encoders/decoders. The length of the FBG chip in 
phase-shifted SSFBG is 0.156 mm, and the number of 
FBG chips is 511. This is the largest number of FBG 
chips in the world. We selected the Gold code se-
quence, which has a lot of code sequences and is effec-
tive for applying to the multiuser. Phase-shift pattern is 
composed of binary levels, 0 or π. Each FBG chip was 
made by irradiation of UV laser to the optical fiber 
through diffraction grating made of fused silica (phase 
mask). We controlled the phase shift level between 
FBG chips by controlling the position of the phase 
mask and the optical fiber precisely by the nm order. 
We measured the reflection spectrum of phase-shifted 
SSFBG and compared it with the simulation result. 
Figure 2 shows the measured reflection spectrum and 
the simulated spectrum of SSFBG. The spectrum 
shape of the actual measurement correlated well with 
the simulated spectrum, and it was confirmed to be 

able to control the phase-shift level between FBG chips 
with high accuracy.

In the next place, 2-multiple optical encoding/de-
coding experiment was demonstrated using the above-
mentioned 511 chips phase-shifted SSFBG, and the 
noise level was evaluated. In this experiment, we used 
1.8 ps optical pulses at a repetition rate of 1.25 GHz. 
The wavelength of the optical pulses was 1551 nm, and 
the intensity of these pulses was modulated by LN 
modulator. As for FBG, the Bragg wavelength chang-
es with the refractive index and the linear expansion of 
the optical fiber depending on the ambient tempera-
ture. We installed the mechanism that is able to tune 
the Bragg wavelength by adjusting the period of SSF-
BG by adding the tensile stress to the SSFBG. Figure 
3 shows the result of multiple optical encoding/decod-
ing experiment. At 1.25 Gbps, the interference noise 
level ξ was reduced to -27 dB, and the effectiveness of 
the optical encoder/decoder using 511 chips SSFBG 
was proven.

2.3 Making 16 level phase-shifted SSFBG

Subsequently, we tried to reduce the interference 
noise by using the optical encoder/decoder with high 
PCR value and improve the quality of optical signal. 

Fig. 3. Encoding and decoding waveforms.
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Fig. 4. Schematic illustration of apodized SSFBG.
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PCR can be enlarged by using the phase code pattern, 
which consists of equally divided phase-shift level 

from 0 to 2π, and using not the random code sequenc-
es but the cyclic code sequences. As in the previous 
section, when we used 511 chips SSFBG, transmission 
bit rate was limited by the length of optical code. In 
contrast, we can achieve the high bit rate transmission 
by reducing the number of FBG chips, in other words, 
shortening the length of optical code. We designed the 
hybrid optical encoder/decoder system for OCDMA 
network that uses AWG multiport optical encoder/de-
coder for an optical line terminal (OLT) at the central 
station and SSFBG encoder/decoder for an ONU at 
user’s home. Because a number of optical codes are 
encoded and decoded in OLT, a multiport optical en-
coder/decoder that is able to encode and decode dif-
ferent optical codes with one device at the same time 
is suitable. Moreover, SSFBG encoder/decoder is 
very effective because only unique optical code for 
each user is processed at ONU and it is necessary to 

Fig. 6. 100 km field setup of 8-user OCDMA system.
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be compact and low price for home use7).
In this examination, cyclic phase code patterns with 

16 chips, 16 phase-shift levels were generated by 16 ¥ 
16 multiport optical encoder/decoder for OLT. To fit 
this phase code patterns generated by 16 ¥ 16 multi-
port optical encoder/decoder, we prepared the SSFBG 
encoder/decoder with 16 FBG chips, 16 phase-shift 
level for ONU. The length of the FBG chip was de-
signed 0.516 mm to fit the code (200 GChips/sec) gen-
erated by 16 ¥ 16 multiport optical encoder/decoder. 
Moreover, the apodization technique was applied to 
the refractive index modulation of the individual FBG 
chip to control the extension of the signal pulse width 
caused by the reflection band limiting of SSFBG (Fig. 
4). By this means, the code recognition performance 
has improved.

We measured the reflection spectrum of the 
apodized phase-shifted SSFBG and compared with the 
simulation result. Figure 5 shows the measured reflec-
tion spectrum and the simulated spectrum of SSFBG. 
The spectrum shape of the actual measurement cor-
related well with the simulated spectrum, and it was 
confirmed to be able to control the phase-shift level 
between FBG chips with high accuracy. Moreover, 
the PCR value of 20 dB or more was achieved in 16 ¥ 
16 multiport optical encoder/decoder with 16 levels 
cyclic code sequences. On the other hand, PCR value 

of the optical encoder/decoder with binary random 
code sequences and 511 chips SSFBG described in the 
previous section was about 1 dB. In the optical encod-
er/decoder using 16 level phase-shifted SSFBG with 
the same cyclic code sequences, PCR value of 20 dB or 
more was achieved too.

Subsequently, we constructed an OCDMA system 
that used 16 ¥ 16 multiport optical encoder/decoder 
for OLT and 16 level phase-shifted SSFBG for ONU, 
and 100-km field transmission trial and full-duplex 
transmission experiment were demonstrated. In the 
100-km field trial, we used the dark fiber 
(Koganei~Otemachi), which is set in Japan Gigabit 
Network 2 operated by NICT, and applied optical puls-
es at a repetition rate of 10.3125 GHz modulated with 
DPSK format in order to measure the system under 
actual environment. As a result, error-free transmis-
sion (BER < 10-9) was achieved in fully asynchronous, 
10 Gbps, 8-user DPSK-OCDMA system (Fig. 6). In the 
full-duplex transmission experiment, we simultane-
ously transmitted both down- and uplink with same 
wavelength. In order to verify the improvement of the 
wavelength use efficiency in an optical fiber, over 50-
km transmission experiment was conducted using op-
tical pulses including error-correcting code at a repeti-
tion rate of 10.7 GHz modulated with DPSK format. As 
a result, error-free transmission (BER < 10-9) was 
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achieved in fully asynchronous, full-duplex, 10Gbps, 
8-user DPSK-OCDMA system (Fig. 7). The effective-
ness of the hybrid optical encoder/decoder system, 
which combined multiport optical encoder/decoder 
and SSFBG optical encoder/decoder, was verified.

3. Conclusion
In the OCDMA method that used phase-shifted SS-

FBG for optical encoder/decoder, we tried to decrease 
the interference noise level by two approaches, (1) in-
creasing the number of FBG chips and (2) enlarging 
PCR value. 

In (1), we made 511 chips phase-shifted SSFBG. 
This is the largest number of FBG chips in the world. 
The reflection spectrum shape of the actual measure-
ment correlated well with the simulated spectrum, and 
it was confirmed to be able to control the phase-shift 
level between FBG chips at high accuracy. Moreover, 
in 2-multiple optical encoding/decoding experiment 
using 511 chips SSFBG optical encoder/decoder, the 
interference noise level ξ was reduced to -27 dB.

In (2), we constructed OCDMA system that used 16 
¥ 16 multiport optical encoder/decoder for OLT and 
16 level phase-shifted SSFBG for ONU. 100-km field 
transmission trial and over 50-km full-duplex transmis-
sion experiment were demonstrated. As a result, error-
free transmission (BER < 10-9) was achieved in 10 
Gbps, 8-user DPSK-OCDMA system. The effective-
ness of the hybrid optical encoder/decoder system 
was verified. 

In future, OCDMA system using optical encoder/
decoder with phase-shifted SSFBG will be a promising 
method for the optical access network that becomes 

increasingly larger. 
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