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Group delay ripple (GDR) is one of the most significant impediments in 
the application of chirped fibre Bragg gratings (CFRG) for dispersion 
compensation. GDR is defined as thc deviation from the desired linear 
group delay against wavelength and gives rise to substantial OSNR 
penalty [ I ,  21. I t  originates from both random and systematic errors 
introduced during the fibre grating fabrication process. For a tunable 
DC FBG, the tuning mechanism can also introduce small Variations in 
GD. Several papers suggested different modifications of the fibre 
grating fabrication process in order to reduce GDR 13-61, It is knou,n 
that the high-frequency GDR components (e.g. for 43 Gbit,'s, having a 
peiod 10.1 nm in wavelength) do not significantly contribute to the 
OSNR penalty [2, 71 and experience a fundamental higli-frequency 
cutoff [SI. Recently, a method for lowfrequency GDR cerrectioii by 
successive UV exposures was 'suggested [9]. This method enables 
trimming of both systematic and random components of GDR and is 
an effective tool for fabrication of high-performance dispersion 
compensation devices. In this Letter we report the fabri:ation of a 
low GDR hmable dispersion compensator (TDC) using the technique 
developed in [9]. 

Our technique is based an iterative correction of the GDR. To correct 
slowly varying GDR we used an approximate 'adidbatic'solutian of the 
inverse problem relating GDR against wavelength to UV correction 
exposure against position. Because the correction is iterative, it does not 
fully n ly  on the accuracy of this solution and is equally well suited for 
the improvement of systemat/c and random components of the GDR, 
unlike the approach of [6 ] .  Below we describe the principles of UV 
comction of CFBGs and demonstrate a TDC that was fabricated using 
OUT new technique. The low-frequency GDR of the grating used in the 
TDC is corrected from + I O  to +2 ps. The OSNR penalty measured for 
43 Gbit/s CSRZ signal transmission is c0.5 dB for the entire tuning 
dispersion range of 270 to 750 ps/nm, and camer frequencies in the 
detuning range of +I0 GHr. The value of the measured OSNR pcnalty 
is in good agreement with the one obtained by numerical simulation, 
which indicated reduction of OSNR penalty after GDR correction from 
4 d B  to <I dB. 

Our method of GDR correction is shown in Fig. 1. First, the grating 
is inscribed using the conventional phase mask UV grating writing 
technique (Fig. la). Immediately after the CFBG is written its GDR is 
characterised (Fig. Ib). Then, by an approximate adiabatic treatment of 
the group delay, discussed further below,, we determine the required 
index profile to reduce the measured GDR (Fig. IC).  Lastly, this index 
variation is introduced by direct 'DC' UV exposure (Fig. Id). We 
continue the iterative steps (b + c + d + b) of the lN trimming until 
the desired reduction of the GDR is achieved. 

High-performance 40Gbit/s fibre Bragg 
grating tunable dispersion compensator 
fabricated using group delay ripple 
correction technique 

M. Sumetsky, N.M. Litchinitser, P.S. Westbrook, 
P.I. Reyes, B.J. Eggleton, Y.  Li, R. Deshmukh, 
C .  Soccolich, F. Rosca, J. Bennike, F. Liu and S. Dey 

A recently proposed W correction method is used to reduce gmup 
delay ripple in a chirped fibre grating runable dispersion compensator. 
In 43 Gbit/s CSRZ system tests, the corrected grating had less than 
0.5 dB OSNR penalty wer the runable dispersion range of 270 to 
750 prjnm. 

Fig. 1 Scheme offibre grating correction 
Y Fibcc grating wifing 
h Characterisarion d Correction 

c Determination of corre~fion index 

We assume that the GDR is relatively small (usually it is - lops  for 
dispersion -1000 ps/nm and reflection bandwidth - I  nm) and slowly 
varying (we are correcting the low-frequency pari of the GDR). Then, 
in the simplest adiabatic approximation, the DC inder. variation, 
hD&) which compensates the GDR, cSr(i), is defined by 

cn c 
6n,,(r) = consr-s,(2"~fcg,x) (1) 

2% 
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where c is the speed of light in vacuum, ne,, is the effective index, 
C,,.=dA,,/dr is the chirp rate of the grating period, and ~ o n ~ t  is of 
order I and is determined by experimental calibration. Eqn. ( I )  shows 
that in the adiabatic approximation the compensating DC index is 
simply determined by rescaling the plat of GDR. It fallows from (1) 
that hD&) which compensates GDR with amplitude 10 ps is -W5. 
Here we consider strong gratings when the reflection amplihlde is very 
close to unity and the reflection amplitude ripple introduced by dfl,&) 
is negligible. 

4.6 4 . 4  4 2  0 0.2 0 4  06 
2. ""I 

6"- 

fr6q"s"cR GHZ 
b 

Fig. 2 lrerafive process grating correction. m d  simularrd OSNR 
penolrirs 
Y ltcrative process of grating correction: GDR (rhin line) and CUR averaged over 
0.1 nm (bald line) after several correction steps, from I (initial) to 5 (final). 
Curvcs 6 show GDR and averaged GDR of grating after grating anneal 
b Simulated OSNR penalties for original ( I ) ,  corrected ( 5 .  solid Curve) and 
annealed (6, dotted curve) gratings 

In our application, we consider a CFBG with a grating period 
A,=548 nm, chirp C=0.048 nm/cm, grating length 10 cm, and 
amplitudc of index modulation -3.10? The dispersion of the 
CFBGs is around 780ps/nm and the GDR is - f 2 0 p s .  For these 
grating parameters, ( I )  is reasonably accurate if the spatial resolution of 
index variation is > I  cm an4  respectively, the characteristic wavelength 
of GDR variation is z0.1 nm. At 43 Gbit/s GDR with variation on this 
wavelength scale is the major contribution to OSNR penalty [2], 
therefore the adiabatic approximation of (I)  is sufficient to compute 
the UV correction exposures. In general, for larger dispersions and 
smaller hit rates a more complete inverse algorithm is required [9]. 

Fig. 2n shows the original GDR of the grating considered, and the 
result of its averaging over 0. I nm. The correction ofthe averaged GDR 
was performed in several iterations by successive elimination of 
individual ripples. Fig. 20 shows the results of several steps of 
correction. It demonstrates reduction of averaged GDR from f 1 0  ps 

Fig. 26 demonstrates the corresponding dramatic improvement in 
CFBG performance obtained numerically when these devices are 
implemented in a 43 Ghit/s CSRZ transmission simulation. In our 
numerical simulations we model CFBG as a linear filter, This filter is 
fully charactcrised by its amplitude and phase against wavelenglh. To 
calculate tranrmissioii penalty \re first make a linear fit to the measured 
gmup delay over the high-reflection bandwidth of the grating and 
subtract this linear fit from the original group delay. Wc calculate 
numerically the corresponding eye-opening penalty (EOP) and then use 

to i 2  ps. 

an approximate relationship for OSNR penalty [in dB] -2 x EOP [in 
dB1 [IO]. In our simulations, we send a CSRZ pulse sequence through 
the device under test, which is determined by its amplihde ripple and 
GDR, and calculate the EOP after transmission through an ideal 
photodiode having 1 A/W responsivity (no thermal noise, dark current, 
and shot noise) and a fifth-order electrical Bessel filter. 

6 i 2 3 i i 
voltage " 

Fig. 3 OSNR penally 

o OSNR penalty calculated for TDC device fabricated from annealed grating of 
Fig. Zb, curves 3, against voltage and earrim frequency for 43 Gbitjr CSRZ 
Inset: Introduced dispersion against applied voltage 
h Experimental setup for OSNR measurement (An: attenuator; O F  optical filter; 
DCF: dispersion compensating fibre) 
c OSNR penalty for same device for -10, 0, 10 GHz carrier frequency shifls 

The OSNR penalty is reduced from 4 dB to c l  dB in a f30 GHz 
bandwidth of carrier frequencies. Note that our results highlight the 
dominant contribution of the low-frequency GDR to OSNR penalty, 
since the high-frequency ripple is about the same after grating 
correction. 

After annealing of the corrected grating (for thermal stabilisation), its 
reflectivity was reduced from 99.995% to -90%. The high-frequency 
component of its GDR was also rcduced by roughly a factor of3, while 
the low-frequency GDR remained and the OSNR penalty was approxi- 
mately unchanged (see Figs. 2a and b C U N ~ S  6 ) .  A TDC dcvice was 
fabricated by integrating a resistive thin-film heater in close thermal 
contact with the fibre grating [2]. The dispersion ofthe TDC was hmed 
by the voltage applied to the film, which changed its temperature [2]. 
Fig. 30 shows the results of OSNR penalty calculated for the fabricated 
TDC. These simulations show that the OSNR penalty was 10 .8  dB for 
carrier frequency variation of i 3 0  GHz and dispersion variation 
behveen 750 and 270 ps/nm. The OSNR penalty was also measured 
experimentally using the setup shown in Fig. 36. The 43 Gbit/s CSRZ 
signal was controlled by adjusting the input power into an EDFA. The 
dispersion was varied by sending the signal through various lengths of 
DCF. The TDC was inserted in front of an ETDM receiver. Fig. 3c 
shows the result of OSNR penalty measurement far carrier frequency 
shifls of -10, 0 and 10GHz against applied voltage. This carrier 
frequency deviation accounts for possible drifi of the laser and grating 
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central frcquency The measured OSNR penalties did not exceed 0.5 dB 
and were in reasonable agreement with numerical simulations. 
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Online measuring dispersion sign in 
optical communication systems 

M. Zaacks, U. Mahlab, M. Horowitz and S. Stepanov 

A new mcthod for un online measurement of Ihc dispersion sign in 
optical communication systems is demonsuated. The measurement of 
the dispcrsion sign is based on a low frcquency amplitude and 
wavelength modulation of a DFB laser sourcc in the ”iner. By 
eompwing, at the receiver, the phase of the exbaaed clock signal to 
the phase of a signal, obtained due to the amplitude modulation ofthe 
DFB laser, the sign of the dispersion is determined. The new 
monitoting technique might be important in high data rate optical 
communication systems where the allowable residual dispersion is 
CIOSC to zero. 

Online monitoring and dynamic compensation of dispersion became 
essential in high data rate optical communication systems (240 Gbit/s). 
In such systems, the margin of the overall system dispersion is 
exrremely small. Since the dispersion changes in time due to the 
variation of envimnmental conditions such as temperature or stress, 
online monitoring of dispersion is required. The online measurement of 
the dispersion should be performed without affecting the performance 
of the transmission system. Several methods of online dispersion 
measurement in optical communication systems have been demon- 
strated [ 1 4 ] .  These measurement techniques can be used to obtain the 
absolute value of the dispersion, or to detect when a zero dispersion is 
obtained. However, the sign of the dispersion coefficient was not 
measured. Therefore, feedback techniques that use such monitoring 

methods in dynamic dispersion compensation may not work well, 
especially when the desired residual dispersion is close to zero. More- 
over, when a small residual dispersion is needed it might be impossible 
to discriminate between a positive and a negative dispersion coeficient. 
In dynamic and reconfigurable networks the measurement of the 
dispersion sign ?night be required to quickly compensate for changes 
in the link dispersion. 

In this Letter we demonstrate experimentally a new method to online 
monitor the sign of the dispersion in optical communication systems. 
The measurement technique is based on a low-frequency modulation of 
the power and the wavelength o f  a DFB laser by modulating the laser 
current. This current modulation changes bath the carrier frequency and 
the power of the DFB laser, and hence the power and the wavelength 
modulation of the laser are synchronised and are in phase. The principle 
of our sign monitoring technique is based on this effect. The output of 
the laser is then modulated with a high data rate signal using an external 
modulator. The monitoring of the dispersion is carried out at the 
receiving end. Owing to dispersion effect, the low frequency wave- 
length modulation induces phase changes in the received optical clock. 
The amplitude of the dispersion coefficient is obtained by measuring 
the amplitude of these phase changes using a phase-locked loop (PLL), 
as described in [2]..The sign of the dispersion is obtained by comparing 
the phase of the periodic signal at the output of the PLL filter with the 
phase of the low-frequency modulation of the carrier wavelength. This 
wavelength modulation is directly connected to a readily-detectable 
amplitude modulation (AM) signal at the receiver output, caused by 
the low-frequency modulation of the DFB laser in the traniiminer The 
relative phase between the detected AM signal and the PLL error signal 
can be used to obtain the sign o f  the dispersion. The measnrement of 
the dispersion sign and amplitude is simple and was performed without 
significantly affecting the system performance even when the link 
contained four amplifiers and fibres with a total length of up to 300 km. 

so&Hz 
BPFl 

monitor 
................ 

................ I 
PLL 

Fig. I Schemoric description of experimenlal selup used to measure 
dispersion sign 
The current ofa OFB laser is periodically changed at frequency ofabout 500 kHr 
lo modulate carrier frequency and amplitude of laser. The m r  voltage of a PLL, 
used to cxrpdct clock of optical signal, is compared at the receiver to a signal 
obtained duc to amplitude modulation of laser 
G :  electrical amplifier; BPFL, BPF2. bandpass filters with central f c q ~ e n q  
about 500 kHr; V C O  voltage conbol oscillator; Rn: optical receiver; PDI, PD2: 
phase detectors; L I N K  ”niss ion link that includes fibres with different 
lengths and dispersion coefficients and up to four optical amplifiers, used to 
overcome loss 

Fig. 1 shows a schematic description of the experimental senrp. The 
DFB laser current was modulated with a small sinusoidal signal at a low 
frequency, o1,/2a I 5 0 0  kHz. When the modulation amplitude is small 
and the modulation frequency is significantly smaller than the relaxation 
oscillation frequency of the DFB laser, the intensity and the wavelength 
of the laser are sinusoidally modulated with the same frequency and 
phase as the laser current [7]. In our experiment the peak-to-peak 
modulation amplitude of the current, relative power, and wavelength 
o f  the laser were 5 mA, 10.7%, and 8.7 pm, respectively. The infoma- 
tion was added to the system at a bit rate of 10 Gbit/s by modulating 
the laser output using an electraabsorption modulator. At the receiver, 
the slow amplihlde modulation of the laser was extracted using a 
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