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Abstract: We demonstrate reduction of group delay ripple (GDR) from 24
ps to 9 ps peak to peak in a four channel 43 Gh/s dispersion compensating
chirped fiber grating by adiabatic UV post processing. The eye opening
penalty due to the grating GDR was improved from ~2dB to <1dB for al of
the channels over a range of carrier frequencies of 15GHz. Our results
demonstrate that at 43 Gbl/s, the adiabatic UV correction technique is
sufficient to substantially improve multi-channel fiber grating performance.
We also discuss three limitations of the correction technique which cause
GDR to vary from channel to channel: Noise in the sampling function,
cladding mode loss, and varying channd reflectivity. While these
limitations are visible in our results they do not reduce the effectiveness of
the adiabatic correction for our gratings.
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1. Introduction

The development of multi-channel dispersion compensation (MDC) devices is of significant
interest due to their use in single channel applications requiring “colorless’ or broadband
components that are valid for many channels over a large range of wavelengths, as well as
applications requiring operation for multiple channels simultaneously. Recent examples
include multi-cavity etalons [1], waveguide all-pass filters [2], chirped superstructure fiber
Bragg gratings (CSFBG) [3], CSFBGs using interleaving [4] and MDCs from binary and
multilevel phase only sampling methods [5]. Tunable MDCs have aso been demonstrated
[6,7]. One of the most serious limiting factors in the performance of MDC devices has been
group delay ripple (GDR). A large GDR value can give rise to substantial OSNR penalty [8].
The GDR in CSFBGs is caused by both random and systematic errors in the grating writing
process. Several works have been done in the correction of GDR in fiber Bragg gratings as
well as optimization of the fabrication process to minimize the GDR [9-11] We have recently
demongtrated reduction of GDR of single channel linearly chirped fiber Bragg gratings by
iterative UV post processing correction [12,13]. For CSFBGs, the GDR reduction is even
more critical because these gratings require stronger UV-induced index change, and GDR
grows with increased UV-induced index. Moreover, as we discuss below, it is expected that
in superstructure gratings, the corrective profile derived from a single channel may be
applicable to al of the channels, making UV correction a useful tool for such CSFBGs just as
it isfor single channel gratings.

In this paper, we demonstrate correction of the low frequency GDR of CSFBGs using UV
post-processing and the slowly varying or adiabatic GDR [12,13]. In our work we consider
only the effect of “DC index” corrections that change the local Bragg condition (through DC
UV exposure), however AC index changes may also be considered in the slowly varying
limit. In the adiabatic regime the GDR is directly proportional to the DC index correction
profile. This condition is valid when the DC index variations occur on length scales longer
than the distance over which the incident and reflected waves vary at the resonant part of the
grating. We show that for applications at 43 Gb/s this method can significantly reduce the
low frequency GDR for al channels of a multichannel grating. We aso show that the
resulting eye opening penalty (EOP) due to the grating GDR (a measure of the quality of the
grating's performance indicating its ability to compress pulses and not introduce an additional
penalty due to GDR [14]) is also improved substantially (from 1 to 0.5dB). The effectiveness
of the adiabatic approximation for our 43Ghit/s gratings is aided by the convergence of two
characteristic wavelength scales in our gratings: The adiabatic correction wavelength range,
which is >0.1 nmin our gratings [14,15]; and the wavelength scale that affects system penalty
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at >43 Gh/s (afew tenths of anm) [14]. These wavelength scales depend on the grating chirp
(dispersion) and strength, and on the bit rate (pulse width), and therefore adiabatic correction
algorithms will have varying degrees of effectiveness depending on the grating and pulse
parameters.

While the limitations of the adiabatic approximation in single channel gratings have been
described elsewhere [12,13], in this work we discuss the limitations of applying UV post
processing to multichannel gratings. The fundamental problem with multichannel correction
is that the GDR may vary from one channel to the next, complicating the determination of a
corrective profile, especially in the adiabatic regime which explicitly assumesthat all channels
will have the same GDR. We identify three sources of variation of the GDR from channel to
channel: noise in the superstructure period, cladding mode resonances, and variation in
channel reflectivity. While none of these mechanismsis limiting in our application, our results
show the effect that they have on the applicability of adiabatic and other GDR correction
schemes.

2. GDR in multi-channe gratings

The reproducibility of GDR for al channels is critical for the application of multi-channel
grating correction. To examine the origins of GDR in multi-channel gratings we consider the
simplest example of atwo-channel grating:

AN, (2) = An,[sin(k,z+ Cz2 + ¢, (2)) + sin(k, 2+ CZ? + 9, (2))]

D
= An, sin[k1+|<2 z+Cz% + (01(2)+(p2(z)}oos[ k, —k, 74 (/’1(2)—(/72(Z)j

The first line of EqQ. (1) corresponds to the AC index Any(2) of two single channel gratings
having channel separation k; — k. Here the coefficient C determines the chirp of the gratings
and functions ¢y,(2) and @.(2) determine the spatial phase noise at each exposure. We ignore
amplitude noise in this simplified analysis. Clearly, the two phase terms are in genera
independent and a corrective profile derived from one of the channelswill not be applicable to
the other channel. The second line of Eq. (1) corresponds to the AC index introduced by a
single exposure through a sinusoidal amplitude modulated phase mask. 1n this case the spatial
noise is separated into the noise in the high-frequency AC index modulation
arage(D)=(01(D+2(2))/2, and noise in the low-frequency superstructure period variation,
Ospersrucure(D)=(1(2—@2(2))/2. Inthis case, provided that ¢y persrucure(2) 1S small, each channel
will see the same high frequency phase noise, @sragy(2), and grating correction derived from
one channel will be applicable for both channels. Therefore, just as phase noise in the grating
period causes GDR in the single channel grating, phase noise in the superstructure period will
cause channel-to-channel variations of GDR. This effect may also be understood with a
simple Fourier argument: The noise in the superstructure period may be understood as the
addition of Fourier components to the superstructure that are not simply multiples of the
fundamental superstructure period (ki-kz)/2. Such superstructure Fourier components would
have the effect of generating grating GDR with a different wavelength spacing from that of
the fundamental superstructure period. This “aperiodic” grating GDR will be roughly added
to the fundamental periodic grating response, thus resulting in an overall grating response that
is different for each channel. Note that this argument employs Fourier components and
superstructure side bands similar to the GDR cutoff arguments described in [15].

However, even if the grating has a single superstructure period, there are other sources of
noise that can make each channel profile different from another. In particular, the presence of
cladding mode loss, which occurs on the short wavelength side of a fiber Bragg resonance,
can cause the superstructure grating response to vary from channel to channel. This can be
most easily understood by considering the longest wavelength resonance of a multi-channel
fiber Bragg grating, which will not overlap with any cladding mode resonances from the other
channels, unlike the shortest wavelength resonance, which will coincide with the cladding
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mode resonances from al of the longer wavelength channels. While not large in our
experiment, we show the effect of cladding modesin our results.

Another source of channel irreproducibility originates from differences in channel
reflectivities. As we discuss later, the strong channels display mostly phase ripple, and very
little amplitude ripple, whereas for weak channels, amplitude ripple is more pronounced and
affects the channel’s response to the correction. While our results exhibit these effects, they
are not pronounced, and do not affect the usefulness of the adiabatic correction at 43Gbit/s.

Fabrication Iterative
Correction

Fber

Correction profile

|—~ V7

A scanned across
Phase mask + grating
Amplitude mask g J\'
c
0
4
Determine

correction profile

Fig. 1. Experimental setup used to fabricate the multi-channel gratings and implement the iterative
correction method.

3. CSFBG correction

The superstructure grating we used for the GDR correction is 8 cm-long and is written using
the experimental apodization function defined by Eqg. (2)

n(z) = Aexp{—aexp[ﬁln[(z_d#)zj} ©

where: o= 10, f= 5, and d = 80 mm. The grating is also linearly chirped with a mask chirp
rate of 0.094 nm/cm. The grating is written by scanned UV exposure (248nm excimer laser;
gaussian beam width ~1cm) through a dielectric-coated amplitude mask placed behind the
phase mask. The amplitude mask period is 0.347 mm with 35% duty cycle. The resulting
grating has four strong channels exceeding 95% reflection before annealing. The design of
such a grating is meant for “colorless’ single channel tunable DC applications, thus the
channel spacing is large compared to typical channel spacing and the dispersion is relatively
low [3]. After the superstructure grating is written, its per channel GDR is measured using the
Agilent 86037C Dispersion Test Set with 2.5pm wavelength steps. The GDR of each channel
is then averaged within a 0.1nm window. The smoothed GDR profile features repeat
themselves for each channel with slight variations (see Fig. 4). The smoothed GDR is then
averaged over channels to arrive at the GDR profile which is used to create a corrective DC

index  profile AN, .in(Z) by performing the simple adiabatic rescaling
AN osion (2) = AAT(K(A - /10)) described in [12,13] which primarily consists of
determining the correct index amplitude A, chirp rate k, and wavelength offset Ay, where At is
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the smoothed GDR averaged over al channdls. Introducing the corrective DC profile to the
grating trims all the channels simultaneously.  The process is performed iteratively until
substantial GDR reduction is achieved. Figure 1 shows the experimental setup we used to
fabricate the multi-channel grating and implement the iterative correction method.

To determine the adiabatic rescaling parameters correctly for each iteration we use the
observed GD change for a given correction. We performed this calibration on the corrective
DC index profile by taking the difference of the grating's GDR before and after a correction
profile has been applied. We smoothed the difference by 0.1 nm and compared it to the
applied correction profile. For a perfect correction the two curves should match, otherwise
the adiabatic rescaling parameters should be changed accordingly in the next iteration.
Figure 2 illustrates this procedure. On the top plot, the solid heavy black curve is the
observed GDR of one of the channels of the multi-channel grating, while the thin solid gray
curve represents the GDR after a correction profile (heavy dashed black curve at the bottom
plot; this was the observed GDR averaged over 0.1nm and rescaled) has been applied. The
difference of the two GDR's is then smoothed by 0.1 nm to obtain the observed differential
(thin dotted black curve at the bottom plot). The parameters used to generate the correction
profile are correct if the observed differential matches the applied correction profile as shown
in this case.

- Before correction
e After correction

snmnn Applied correction profile
---------- Observed differential

\ | | \ | | \
1556.5 1556.6 1556.7 1556.8 1556.9 1557
T T T T T T

10+ =

GDR (ps)
o
&
I

0 ---"“‘"”"H"-‘-I-.-.'.'-.q
T oy o
t-ln-_--n-...m__-w“-'”-_-'”_-.HHHN-----I

ok _
| \ \ | \ \

|
1556.4 1556.5 1556.6 1556.7 1556.8 1556.9 1557
Wavelength (nm)

Fig. 2. Calibration of the adiabatic rescaling parameters to create an accurate correction profile.
If the observed differential matches the applied correction profile, then the rescaling parameters
A, k,and A arecorrect.

The total UV correction profile for al iterations should be consistent with the differential of
the initial and final GDRs. Figure 3 shows the GDRs for the initial and final iteration (top
plot) of one of the channels of the grating together with the total applied correction profile
(bottom plot in heavy dashed lines) and the differential curve (bottom dotted curve). Note
that after rescaling the total corrective dosage vs. position profile using the parameters in the
correction algorithm, we see that the total correction profile matches fairly well the
differential between initial and final iteration GDRs.
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Fig. 3. The total applied correction profile matches the differential between the GDRs of the
initial and final iterations.

In Fig. 4, we show the results of correction for four channels of the superstructure grating. The
per-channel GDRs averaged over 0.1 nm are plotted before correction (top, black), after
correction (middle, green), and also after an anneal at 120°C for 12 hours (bottom, red). Note
that an arbitrary offset was added in x and y to the three reflection and GDR plots (black,
green, and red) from each channel to simplify the comparison. The reference level for the
reflection spectra in black is 0dB, -1 dB for the green plot, and -2 dB for the red plot. Also
note that the grating is measured in-situ after inscription as well as during the iterative
correction process, whereas after annealing it is measured after being re-mounted and re-
spliced. Therefore the reference levels of the grating's reflection spectrum before and after
annealing are different. Thus, one cannot accurately deduce the effect of annealing simply
from comparing the amplitude of the reflection spectrum before and after anneal. However,
one can conclude that the grating has weakened as expected after anneal by noting the
reduction in bandwidth of the reflection spectrum for each channel of the grating after anneal.
A quantitative measure of the change in reflectivity could be obtained from transmission
measurements before and after anneal, but these were not part of our experimental setup, since
their quantitative measure was not needed to obtain a measure of the GDR stability. Figure 4
shows that the GDR peak to peak value has been reduced from 24 psto 9 ps. Note that
remounting of the grating after anneal could result in polarization fluctuations of a few psin
the anneal GDR value. Comparison of the corrected GDR before and after annealing
demonstrates acceptable thermal stability of our correction technique within our given
annealing conditions. A full study of the thermal stability under various annealing and writing
conditions is beyond the scope of this work, and our annealed data is recorded here as a proof
of principle demonstration of the thermal stability of the correction process.
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of the superstructure grating. In each channe plot, black: before correction, green: after
correction, red: after anneal. Note that an arbitrary offset was added in x and y to the three
reflection and GDR plots (black, green, and red) from each channel to simplify the comparison.
The reference level for the reflection spectrain black is 0dB, -1 dB for the green plot, and -2 dB
for the red plot.
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The GDR of the grating is a convenient characteristic of the device's performance, but a
more relevant quantity is the eye-opening penalty (EOP) [14]. To measure this quantity we
represent the measured grating response as

R = rexp [a+amise (0))+I(pnoise (0‘))] (3)
where rexp(a) is the reflectivity of the grating, onise(®) is the amplitude noise due to the
ripple in the reflectivity, and ¢ghuise(@) is the phase noise due to the GDR. Our simulation
setup to calculate the EOP due to the FBG consists of a 43Gb/s NRZ transmitter, the
multichannel FBG characterized by its amplitude response versus wavelength and phase
ripple versus wavelength (Eqg. 3), and a receiver. The amplitude response of the FBG was
taken direcly from the measurement data. To find ¢y We first chose the center wavelength
for the EOP simulations Aeer @ 0.05nm higher than the center of the reflection bandwidth.
To find the phase ripple, we make a linear fit to the measured group delay in an interval
ranging from 0.3nm above and below Ao, The linear fit is then subtracted from the
original group delay to obtain the group delay ripple. Note, that the slope of group delay
determines the dispersion of the grating, therefore by subtracting a linear fit from a measured
group delay we assume that the grating ideally compensates for a certain amount of dispersion
(given by the slope of this linear fit), and the remaining ripple causes the EOP. Finaly we
integrate the resulting group delay ripple to get the phase ripple that is used in the smulation,
aise(®). To simplify the calculations, we assume that the phase ripple outside the wavelength
interval [ Acene—0.3NM, Acniet0.3nM] is zero. Note, that athough we present EOP calculated
for carrier frequency offsets from approximately —35GHz to +35GHz in Figs. 6, 7 and 8, in
real systems we are interested in smaller offset drifts (~+ 10GHZz), and this assumption does
not affect the EOP in these smaller ranges. In this work we consider EOP improvements over
only a 15GHz range at the band center. Similar treatment of EOP showed quantitative
agreement with experimentally measured optical signal-to-noise ratio (OSNR) penalty [16].
We modeled the receiver as an idealized photodiode (with responsivity of 1A/W, infinite
bandwidth, no thermal or shot noise, and no dark current) followed by a fifth order electrical
Bessel filter. The eye opening of the signal at the output of the electrical filter is measured as
the height of the tallest rectangle (with a fixed width of 20% of the bit period) that can be
fitted into the eye divided by the average optical power incident on the photodiode. The eye
opening penalty (EOP) is computed as the ratio between the eye opening with and without the
FBG.

Figure 5 illustrates our definition of EOP. Shown in this figure are the 43 Gh/s NRZ eye
diagrams for the signals after the electrical Bessel Filter without the grating (left plot), and
with the grating (right plot). Rectangles of fixed width (20% of the bit period) are fitted
within each eye diagram by adjusting their heights. The EOP due to the grating GDR can be
conceptually described as the reduction of the height of the rectangle from the eye diagrams
with the grating compared to the height of the rectangle from the eye diagram without the
grating. The EOP is computed first for amplitude-only effects, second for phase-only effects -
and lagtly, for both amplitude and phase effects present. If we only take into account the
effects of the multi-channel dispersion compensator into the system then the OSNR penalty
due to the device is roughly twice the EOP. In the simulations the EOP is computed based on
the eye diagram after the electrical filter instead of just from the grating [14].
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Fig 5. 43 Gh/s NRZ eye diagrams at the output of the electrical Bessel filter of the simulation
setup without the grating (left plot) and with the grating (right plot). Rectangles of fixed widths
(20% of the bit period) are fitted within each eye diagram by adjusting their_heights. The
reduction in height gives a measure of the EOP.

Figure 6 shows simulation plots of the 43Ghit/s NRZ EOP of each channel before and after
grating correction. We have demonstrated that after correction the EOP due to the superstructure

grating

have been reduced from ~2 dB to < 1 dB over arange of ~15GHz of carrier frequency

tuning near the band center. These plots show the EOP due to only the phase noise, only the
amplitude noise, and both noises together. We note that the phase noise contribution is
dominant, and that our correction technique reduces the EOP from the phase noise while leaving
the contribution from the amplitude noise small. Thisis to be expected, since the reflectivity is
large and thus insensitive to variations in the local Bragg wavelength, and moreover, the data

usedin

generating the corrective profiles was derived from the GDR.
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Fig. 6. EOP simulation plots for the four strongest channels before and after correction of the
superstructure grating GDR. Zero detuning corresponds to approxi mate center of the reflection band of
Fig. 4. Solid: amplitude, dashed: phase, bold: both. EOP near zero frequency offset improves by 0.5 to
1 dBinall channels.
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However, if channels are weak, the effect of the amplitude ripple on the correction of the
grating becomes significant. To illustrate this point we reproduce in Fig. 7 the EOP plots for
channels 2 and 4 before and after correction. Channel 2 represents a strong channel (~98%
reflectivity), while channel 4 represents a weak channel (~80% reflectivity). Note that the
amplitude ripple is noticeably larger in the weak channel. For a strong channel we would
observe that after correction the EOP due to amplitude-only effects does not change
significantly hence the overall EOP improvement results from correction of the phase noise.
On the other hand, notice that the profile of the EOP due to the amplitude-only effects
changes significantly after correction in a weak channel which can be seen in Fig 7 encircled
in red. In this case the overall EOP features contain not only the changes due to the phase-
only effects but also from the amplitude ripple. Note that even though we can observe the
effect of the amplitude ripple on the correction in weak channels, the effect is not large
enough to greatly affect the overall improvement of the EOP after correction.

Another limitation to multi-channel correction is the presence of cladding mode loss in the
grating. It was mentioned earlier that the cladding mode loss in the grating introduces
asymmetry to the channels. This asymmetry is illustrated in Fig. 8. The boxed area of the
transmission spectrum of the multi-channel grating shows the cladding mode loss.  This can
be removed by coating the grating with index-matching material. However, during the
correction procedure the grating is not index-matched so the effect of the cladding mode loss
is included in the corrective profiles. The effect of not removing the cladding mode loss can
either improve or worsen the correction of the grating. To show this we immersed the grating
in index-matching oil after the correction and annealing were performed. The EOP plots for
two of the channels of the multi-channel grating in Fig. 8 shows the effect of index matching
the grating. The changes in the EOP after index matching, although not large in our
experiment, shows the different responses of each channel to the remova of the cladding
mode effects. Note that the EOP of the channel corresponding to the longest wavelength
resonance (channel 4) does not significantly change after index matching, while the EOP of
the shorter wavelength channel (channel 1) is noticeably changed after index matching as can
be seen in the 0.5 dB increase of the EOP at the -10 GHz frequency offset locations. This
shows that the channel corresponding to the longest wavelength resonance is less affected by
the cladding mode asymmetry because it does not overlap with the cladding mode resonances
while the shorter wavelength channels are affected more since they overlap with the cladding
mode resonances.

Note that thermal tuning applications typically require an uncoated fiber to allow for larger
temperature variations, therefore the correction applied to the uncoated fiber during grating
fabrication yields the desired result for the final tunable device. Moreover, cladding mode
loss may be reduced with optimized fibers and by reducing the strength of the fiber grating.

Finaly we note that very small changes in GDR may arise due to grating polarization
dependence. Birefringence due to native fiber asymmetry and UV irradiation will cause the
grating response to split into two polarization dependent responses. This polarization
dependence is assumed to be small in our case. The differentia group delay (DGD) of our
gratings was typically a few ps or less, therefore this would have been the maximum error
observable in the corrective profile. Such ashift in GDR would only be observed if there was
a substantial change in the polarization (180 degrees on the Poincare sphere). The fibers and
measurements were stable enough in our measurements that polarization dependence could be
ignored.
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Fig. 7. Amplitude ripple affects the overall EOP of the grating for weak channels after
correction. Notice that for the weak channel the EOP due to amplitude only effects already
exhibits a small change after the correction has been applied (dark gray plot encircled in red).
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Fig. 8. Cladding mode loss introduces asymmetry to the multi-channel grating making the
channel responses vary. The grating was index matched after the correction process to see the
effect of changing the cladding mode loss. The EOPs of two of the channels show effect of
cladding mode loss on GDR.

Conclusion

We have demonstrated that adiabatic UV post processing correction of GDR may be applied
to a multi-channel chirped fiber grating fabricated with amplitude sampling. The low-
frequency GDR was reduced from 24 psto 9 ps peak to peak and the corresponding NRZ
43Ghit/s EOP from ~2dB to <1 dB in a 15GHz range of carrier frequency. We have also
examined some of the limitations of multichannel grating correction agorithms. The
limitations include noise in the sampling period, cladding mode loss, and variations in channel
strengths. While we are able to observe these limitations in our application, they are not large
enough to compromise the effectiveness of the adiabatic corrections.
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