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Abstract A bit skew and dispersion compensation scheme using fibre gratings 
for a 10 Gb/s-channel, 2-bit, Bit Parallel WDM system over 100 km 
of standard single-mode fibre is presented. The combination of chan
nelised dispersion, and additional fibre delay, is sufficient to give full 
compensation. 
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Introduction 

High-speed digital transmission between two points can be imple
mented basically in three different ways as illustrated in figure 1. On the 
serial system (figure l(a)), a Serialiser is used to convert the bits of a 
digital word in a stream of bits. This stream is then used to modulate an 
optical beam and sent through the fibre to the receiver. At the receiver 
side, the optical signal is converted to electrical pulses and a deserialiser 
generates the original binary word. As the bits are transmitted serially, 
to form a word the time equivalent of a number of bits in a word at 
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the bit period plus the time for serial-to-parallel and parallel-to-serial 
conversions is required. Figure 1 (b) shows an alternative to the serial 
transmission system. In order to avoid the serial-parallel-serial conver
sions, each bit is sent using a different fibre. The Bit Parallel WDM 
(BP-WDM) shown in figure I(c) uses WDM technology to transmit in
formation. Each bit is used to modulate the optical source at a different 
wavelength. The wavelengths are then multiplexed and launched into 
the fibre. After the transmission, the wavelengths are separated and 
the digital word is recovered. Besides the well-known impairments in 
the serial system such as attenuation, dispersion and non-linearities, the 
parallel system is also quite sensitive to the propagation delay differences 
among the bits of a digital word. For both parallel systems, Figures I(b) 
and I(c), each bit travels in different optical paths. While in the ribbon 
fibre system the refractive index and length differences are responsible 
for most of the bit-skew, for the BP-WDM system it is caused by the 
fibre dispersion characteristic. Practical systems using ribbon fibres are 
restricted to short distances and low-speed due to high values of bit-skew 
having its use restricted to boards and inter-frame connections and to 
short-distance links [1, 2, 3]. For high performance computer intercon
nections, for instance, the BP-WDM system can be a good option since 
it is able to cover higher bit-rates and distances by using just one fibre 
[4,5,6]. 

In this paper we present results on a two-channel (two-bit) BP-WDM 
system operating at IOGb/s per channel over IOO-km of Standard Single 
Mode (SSM) fibre. The bit skew and dispersion were compensated using 
two apodised step Chirped Fibre Gratings (CFG). Section 1 presents the 
basic ideas of BP-WDM systems. Bit skew and bit skew compensation 
are discussed in sections 2 and 3. Experimental results for the bit skew 
compensator is presented in section 4. 

1. BP-WDM TRANSMISSION 
In 1988, Loeb and Stilwell [7] proposed the fist long-distance parallel 

system using WDM technology. In his system, each bit of a digital word 
is transmitted on a separated wavelength, as illustrated in figure 2. This 
Bit Parallel WDM system uses a single fibre, eliminating the limitations 
imposed by multiple optical path lengths. Bit-skew remains a problem in 
a long-distance optical link operating in the first and third transmission 
windows where a standard fibre exhibits large group delay dispersion. 

Three major questions must be answered when designing a BP-WDM 
system. The first question is in which transmission window the sys
tem should work. VCSEL and photodiode arrays operating in 850 nm 
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Figure 1 High-speed digital systems. (a) Serial system, (b) ribbon fibre system, and 
(c) parallel WDM system. LD:laser diode, PD: Photodetector. 
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wavelength window have low manufacturing costs but intramodal and 
intermodal dispersion are very high for fibres at this wavelength window 
and link length would be severely limited. Single mode fibres operating 
in the second window have low dispersion but relatively higher losses if 
compared with the losses in the third window. On the other hand, the 
low losses and the availability of optical amplifiers in the third window 
favour long-distance transmission. Another factor is that WDM systems 
are available commercially mostly in the third window [8, 9]. 

The second question is the rate at which each bit-channel should op
erate. The main aim of a serial WDM transmission is to fully utilise the 
potential throughput of an optical fibre, by keeping the data bit rate for 
individual wavelength channels as high as possible. Instead, a BP-WDM 
system endeavours to reduce the speed per bit-channel by the number of 
optical channels, thus simplifying implementation of the required signal 
processing in optical networks. Although paralleling the data path in
creases the number of electronic circuits by a factor equal to the number 
of channels, lowered speed translates into lower prices for the electronic 
systems. For the experiments shown'in this paper, the rate per bit
channel chosen was 10 Gbit/s for two reasons. From the electronic point 
of view the performance of computers and the associated integrated cir
cuits increases by a factor of two every 18 months [10] which means that 
in few years computer clocks at 5 or 10 GHz will be part of our reality. 
From the optical point of view, the effects of dispersion in the system 
performance are apparent for a few kilometres of fibre and can also be 
studied. The third question is link length. Bit skew and dispersion are 
the import factors to answer this question. The maximum link length 
is mainly defined by the fibre dispersion and any attempt to increase it 
will depend on bit skew compensation techniques. 

Bit skew compensation techniques can be divided into two categories, 
electronic compensation [11] and all optical compensation [12]. Elec
tronic compensation implies more complicated transmitter and receiver 
systems and consequently in more expensive systems. However, all opti
cal compensation can be used without increasing the complexity of the 
system. 

2. BIT SKEW 

The bit skew is the major problem in BP-WDM systems. It can be 
caused by several factors such as turn-on delay in semiconductor lasers, 
dispersion in optical devices such as filters and (de) multiplexer, and 
mainly by the group delay dispersion of the optical fibre [12]. 
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As illustrated in figure 2, a digital word with n bits is mapped into the 
optical domain using one wavelength per bit. As each bit is represented 
by a different wavelength, they suffer different group delay due to the 
dispersion characteristics of the fibre and arrive at the end of the fibre 
at different times. 

The bit skew in the fibre can be written as a function of the disper
sion as follow: The total dispersion in a single mode fibre, expressed as 
function of the dispersion slope So, the zero-dispersion wavelength AO 
and wavelength A, is given by the Sellmeier expression [13] 

(1) 

The maximum bit skew can be determined by the difference in the 
group delay between the fastest and the slowest channel. For the sake 
of simplicity, we assume that all channels are on the same side of the 
zero-dispersion wavelength. Then, the delay between the first channel 
and the last channel gives the maximum bit skew. 

If we define a system with n channels (i.e. a digital word with n 
bits) equally spaced and total bandwidth 6.A, as shown in figure 2, the 
wavelength of the first channel and of the last channel can be expressed 
as a function of the central wavelength Ac as 

A1 = Ac - 6.A/2, 

An = Ac + 6.A/2. 

(2) 

The group delay Tg in a fibre of length L is determined by integrating 
the total dispersion over the wavelength, and 

i = ! D (A') dA'. (3) 

The maximum bit skew per unit of length is given by 

(4) 

Substituting Eq. (1) in (4) and using (2), we have 

6.Tg = 6.A AcSo [1 _ A6 ] 
L 4 _ 6.A2/4)2 . 

(5) 
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Figure 3 The bit rate-distance product as a function of the total bandwidth for stan
dard single mode and dispersion-shifted fibres when the maximum bit skew allowed 
is equal to one bit period. 

Assuming that .xc » a.x, then 

(6) 

Equation (6) shows that the maximum bit skew is a function of the 
total bandwidth and of the dispersion of the fibre at the central wave
length. The only assumptions made here are that the central wavelength 
must be much greater than the total bandwidth and all wavelengths are 
in the same side of the fibre dispersion curve. This expression holds even 
if different expressions are used for the dispersion equation (1). 

The bit rate-distance (BL) product can be easily computed from (6) 
if a maximum bit skew is defined. Figure 3 shows the BL product per 
channel for standard single mode fibre and for dispersion-shifted (DS) 
fibre! when the central wavelength is 1538 nm and the maximum bit 
skew allowed is equal to one bit period. High products can be obtained 
for DS fibres [4] if the spacing between wavelengths is kept small. 

3. BIT SKEW COMPENSATION 
A number of techniques have been proposed to deal with bit skew. 

These techniques include the use of dispersion-shifted fibre [4], electronic 
bit realignment in the receiver [11], and a shepherd pulse technique [14] 
based on nonlinear optics. Drawbacks of these techniques include lack 
ofresynchronisation accuracy ("" 100 ps) or high pulse energy to induce 
fibre nonlinearities. In addition, the shepherd pulse technique requires 
that the passive component skew be within the capture range of the 
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Figure 4 The fibre grating configuration used for bit skew and dispersion compen
sation. 

shepherd pulse ('" 5 ps), which complicates the design of optical couplers 
and demultiplexers [9]. 

In this paper, we propose the use of of step Chirped Fibre Grat
ings (CFG) to simultaneously compensate bit skew and dispersion in 10 
Gbit/s-channel parallel WDM systems. The system works as follows: 
The group delay in Standard Single Mode fibres (SSM) increases with 
the wavelength in the anomalous-dispersion regime. Bits travelling in 
lower wavelengths will arrive at the receiver end before those in higher 
wavelengths, so additional delay must be added to the faster bits. 

Figure 4 shows the Fibre Grating Bit Skew Compensator (FGBSC). 
It consists of a three port circulator and a set of fibre gratings. Light 
coming from the fibre enters into the circulator and is reflected by the 
set of gratings. Each wavelength is reflected in a different position of 
the set of gratings, so the delay imposed by the FGBSC can be used to 
compensate to the fibre skew. 

Chirped gratings have been extensively used as dispersion compensa
tion devices [15] due their compactness and dispersion characteristics. 
Each grating acts as a selective mirror, reflecting one wavelength. The 
gratings are sliced in such way that long wavelengths are reflected first 
and the device delay is defined by the separation of the gratings. Some 
degree of tuning is possible by mechanically stressing the gratings. The 
two mechanisms, the separation of the gratings and the chirp are respon
sible to compensate to the fibre dispersion and completely eliminate the 
bit skew. 

4. EXPERIMENTAL RESULTS 

The experimental setup used to measure bit skew and dispersion is 
shown in Figure 5. The optical transmitter includes two semiconductor 
lasers with external fibre grating [16], directly modulated at 10 Gb/s at 
wavelengths 1554 nm and 1556.8 nm. After combining, the two wave
lengths optical power'" 3 dBm per channel was launched into 50-km of 
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SSM fibre, optically amplified and launched again into a further 50-km 
of SSM fibre. Two lO-cm long step-chirped gratings [15, 17] with reflec
tion bandwidth 0.42 nm and 0.48 nm, respectively, separated by a short 
length of SSM are used to compensate the chromatic dispersion in each 
channel, and the overall bit skew. The per-channel dispersion of around 
1200 pslnm, corresponding to about 72 km of SSM fibre is compensated 
by the grating chirp, while the overall bit skew is compensated by the 
optical separation between the centres of the gratings Figure 6 
shows the transmitted and received optical spectra. A fibre grating op
erating in reflection in conjunction with a circulator provides rv 1 dB 
insertion loss for both channels. Very small grating reflectivity outside 
the reflection band provides good filtering of optical ASE noise from in
line optical amplifier. Both gratings were fine-tuned using strain to the 
wavelength of the corresponding channel. Eye diagrams measured for 
channell both back to back and after fibre + compensator are shown in 
Figure 7(a) and 7(b), confirming good reshaping of signal from directly 
modulated laser sources. The transmitted and received waveforms for 
both channels are shown in Figure 8, demonstrating total bit skew com
pensation. The bit skew after 100 km of fibre was around 2.5 ns. The 
propagation time delay compensation has been done using rv 9 cm 
of fibre spliced between the two gratings. 

50 km 50 km 

Figure 5 Experimental setup. 

5. CONCLUSIONS 
In this paper, we have proposed a new scheme for all optical bit skew 

compensation in bit parallel WDM systems. We have demonstrated 
2 bits BP-WDM transmission, 10 Obis per channel, over 100 km of 
SSM fibre using directly modulated lasers with external fibre gratings. 
Simultaneous chromatic dispersion (-1200 ps/nm) and bit skew ( 2.5 ns) 
compensation were achieved. We believe that systems using BP-WDM 
will be useful for computer interconnects in high-speed parallel systems 
and ring networks. 
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Figure 6 Transmitted and received optical spectra. 
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Figure 7 (a) Transmitted and (b) received eye diagrams. 
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Figure 8 Transmitted and received waveforms for both channels. 
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