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Abstract: The group delay response of chirped fiber Bragg gratings (CFBG) written in
polarization-maintaining fiber can be measured using the beat spectrum of the reflections from
the two polarization axis, with a resolution and reproducibility better than 50 fs. The method is
theoretically described, and we analyze the effect of group delay ripples (GDR) on the performance
of a stretcher-compressor pair used in chirped pulse amplification systems. Ripples with a spectral
period of the order of the pulse bandwidth are the most deleterious. Those are readily captured with
our method, despite the limit on resolution due to the fiber polarization beat length. As a rule of
thumb, the GDR should not exceed half the pulse duration. The reconstructed phase of the CFBG is
also used to predict the pulse compression performance for a given device. Measurement of GDR as
low as 161 fs is experimentally demonstrated.

Keywords: femtosecond laser; chirped pulse amplification; group delay ripples; chirped fiber Bragg
grating; group delay measurement

1. Introduction

Chirped fiber Bragg gratings (CFBG) have proven to be invaluable components in fiber optic
communication systems [1,2] as well as for chirped pulse amplification (CPA) laser systems[3–7],
therefore accurate measurement of their group velocity dispersion (GVD), and especially their group
delay ripples (GDR), is essential for assessing their performance [8–13].

The deleterious effects of GDR for CFBGs in optical communication links has been extensively
studied, as well as methods to mitigate them [14–24]. Typically, however, CFBG bandwidths in such
systems are around 0.5 nm, and the chirp is around 10 pm/mm. In such cases, GDR less than about 10
ps, or 20% of a bit length, are not causing significant impairment in terms of receiver sensitivity and
bit-error-rate (BER) [17]. CPA laser systems have different characteristics and requirements. The CFBG
bandwidth is typically much larger (10-20 nm), and the performance requirements are the duration
of the recompressed pulse after amplification, as well as its quality, typically measured as the Strehl
ratio. For pulses of a few 100’s fs, it is intuitively apparent that GDR should be smaller than the pulse
duration. That represents about a hundred times smaller GDR (100 fs vs 10 ps). An early study on the
effect of GDR in a CPA system [19] concluded that GDR up to 10 ps were not affecting the quality or
duration of the pulse, but that study only considered pulses in the picosecond domain. The conclusion
was also based on the effect of GDR with a single spectral frequency, whereas GDR are typically more
akin to noise. There has been so far no other detailed study on the performance requirements for
sub-ps pulses, as well as accurate measurement of GDR.

Group velocity dispersion (GVD), and the associated GDR, are typically measured using a
narrow band phase-modulated tunable light source [10,13,25]. The relative phase of the modulation
sidebands is retrieved from the beat signal using a fast photodiode and a network analyzer,
a method that involves expensive instrumentation. Other methods have been proposed and
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demonstrated [9,12,26], but although some are presented as "simpler", they still involve complex
and expensive equipment. Nevertheless, commercial instruments are available (e.g. Luna OVA5100
https://lunainc.com/product/ova-5100), that claim a resolution of 100 fs. Recently, we have presented
a simple and inexpensive method to measure the GVD of CFBGs based on measuring the phase shift
between the two orthogonal polarization modes of the optical fiber as a function of wavelength [27].
The method was originally used for dispersion compensators used in long distance fiber optic links
[28], in which case the CFBG is typically written in circular core , non-polarization-maintaining (PM)
fiber. For CPA systems, CFBGs are commonly made in PM fiber. In such cases, the polarization state
goes through a large number of rotations along the CFBG, as opposed to a fraction of a cycle in non-PM
fiber. However, we showed that our method could be adapted to reconstruct the phase from such a
large number of cycles.

We show here that our method can accurately measure not only the various orders of GVD, but
also fine group delay ripples down to better than 50 fs. We first analyze through simulations the
origins and effect of such group delay ripples on the performance of the CFBG when used in a CPA
stretcher/compressor system. The GDR are mostly due to spatial fluctuations in the CFBG period.
Through the chirp of the grating, such fluctuations give rise to a spectral fluctuation of the phase,
with higher spatial frequency fluctuations resulting in GDR with high spectral frequency. We show
that, similar to what was described in Ref.[19], GDR with spectral periods of the order of the pulse
bandwidth are the most deleterious, corresponding to fluctuations in the grating period on spatial
scales of multiple millimeters. Although the resolution of our measurement method is limited by
the beat length of the PM fiber, which is typically about 2.5 mm, it can still accurately measure the
most damaging GDR. As a rule of thumb, we find that the standard deviation of the GDR should
not exceed about one half of the transform-limited pulse duration, e.g. 240 fs for a 480 fs pulse.
However, the performance is strongly dependent on the particular pattern of noise. On the other
hand, using our measurement method to reconstruct the phase of the CFBG, we can simulate the
compression performance by multiplying the CFBG complex spectrum with that of the stretched pulse.
This provides a better predictor of individual device performance, while the standard deviation of
GDR is more indicative of average device quality.

2. Measurement method: theory

While different GVD measurement methods have been proposed and demonstrated [8–10,12,13,
25,26], the most common GVD measurement method uses the differential phase shift between the two
frequency sidebands of a modulated narrow-band tunable light source. Here, we rather use the fact
that orthogonally polarized modes have the same temporal frequency, but different spatial frequencies.
Measuring the differential phase of these two modes is achieved by first launching circularly polarized
light, and measuring the reflection through an in-line polarizer [27,28]. A broadband optical source
(BBS) passed through an in-line polarizer can be used, whose state of polarization can then be adjusted
to circular with a polarization controller (PC). An optical spectrum analyzer (OSA) then measures the
light reflected through the same polarizer. Since the phase matching condition for reflection from the
CFBG actually involves the difference between the spatial (and not temporal) frequency of the light
and that of the grating, each orthogonal mode will be reflected at a slightly different location along
the CFBG, that satisfies their respective resonant Bragg condition. For a given chirp, wavelengths
within the CFBG spectrum propagate further and further into it, so that the state of polarization at the
polarizer will go through one spectral cycle for every additional beat length traveled along the CFBG
and back. In a polarization-maintaining (PM) fiber, the typical beat length is about 2-3 mm, while the
CFBG is typically 100 mm long. Therefore the reflected spectrum will show multiple cycles of high and
low values, the phase of which is directly related to the group delay. This is but an intuitive description.
We show below mathematically that the beat spectrum is directly related to the GVD, irrespective of
the particular chirp function. For example, it can also measure the GVD of unchirped gratings.
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The measurement setup is illustrated in Figure 1. The light from the broadband source travels to
the CFBG through a 3 dB coupler, followed by a fiber polarizer (POL), and a polarization controller.
The fiber used in that part is circular-core, non-PM fiber. The PM fiber pigtail of the CFBG under test is
connected either with a fusion splice, or a mechanical splice. The reflection retrieved from the other
branch of the coupler is sent to the optical spectrum analyzer (OSA). Alternatively, a tunable laser
source could be used in conjunction with a photo-detector. Tunable lasers are usually already polarized,
and in that case a second PC may be used before the polarizer to ensure maximum transmission through
it.

BBS

OSA

3 dB
POL

PC CFBG
Lf

Figure 1. Measurement setup

For light at a given wavelength propagating to the CFBG and being reflected at one point along it,
according to its chirp function, each orthogonally polarized mode will undergo a phase shift due to
the length of the fiber pigtail to the CFBG, and from the group velocity dispersion of the CFBG itself.
For the section of unbent, non-PM fiber between the PC and the PM fiber, the phase difference can be
kept negligible because of the very low birefringence of the fiber, if care is taken to keep it straight and
short (in our case less than 1m). If the two orthogonal modes of the PM fiber have effective indices n+

and n−, then the CFBG reflection spectra for each mode are shifted in frequency by an amount:

δω/ω = (n+ − n−) /nav = B, (1)

where nav is the average of n+ and n−, and B is the normalized birefringence. The total phase shift in
each axis is then found to be:

ϕ± =
2n±L f ω

c
+ ϕg(ω ± Bω/2), (2)

where ϕg(ω) is the phase of the light reflected by the CFBG,. The phase difference Φ(ω) between the
two reflected modes is then:

Φ(ω) = ϕ+ − ϕ− = 2t f B f ω + ϕ′
g(ω)Bgω, (3)

where t f = navL f /c, and L f is the length of the PM fiber pigtail from the connector to the CFBG. The
first term on the right is the group delay of the fiber pigtail, while the second term is the group delay
due to the CFBG. In Eq. (3) , we have purposefully distinguished between the birefringence in the fiber
pigtail B f and that within the CFBG Bg, to account for the possibility that the two could be different
due to the photo-induced birefringence of the writing process. For a flat top 20 nm bandwidth CFBG,
and a typical wavelength shift of about 0.25 nm (for B = 2.5 × 10−4) between the reflection spectra of
the two polarized modes, the reflectivity is approximately the same for both polarizations, and the
light reflected through the polarizer is given by:

R/Rmax = cos2(Φ(ω)/2). (4)

Given that the beat length of a typical PM fiber is of the order of 1-3 mm, and CFBGs can have
lengths of 50-150mm, the reflection spectrum comprises a large number of cycles. The PM fiber pigtail
having a typical length of about one meter also gives rise to multiple polarization rotations. Therefore,
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it is difficult to know the absolute value of the phase with precision. However, each cycle corresponds
to an additional 2π phase shift, so the curve of Φ(ω) can be reconstructed from the beat pattern, albeit
without a precise knowledge of the absolute value of the phase to within some multiple of 2π . On
the other hand, the phase difference ∆Φ between two adjacent frequencies separated by ∆ω can be
expressed as:

∆Φ =
[
2B f t f + Bgϕ′

g(ω) + Bgωϕ′′
g (ω)

]
∆ω. (5)

The first derivative ϕ′
g(ω) is the group delay at frequency ω. The second derivative ϕ′′

g (ω) is
the group velocity dispersion (GVD). The first frequency point on the edge of the spectrum ω0 (for
example corresponding to 3 dB below the peak reflection) can be defined as having a group delay of t f ,
so that the group delay at that frequency ϕ′

g(ω0) is included in the total delay t f from the polarizer up
to that point. The following frequency point, at ω1 = ω0 + ∆ω is then found to have :

ϕ′′
g (ω1) =

1
Bgω1

[
∆Φ/∆ω − 2B f t f − Bgϕ′′

g (ω0)∆ω
]

, (6)

where ϕ′′
g (ω0)∆ω is the additional group delay between ω0 and ω1. One can thus reconstruct ϕ′′

g (ωn)

recursively:

ϕ′′
g (ωn) =

1
Bgωn

[
∆Φ/∆ω − 2B f t f − Bg

n−1

∑
i=0

ϕ′′
g (ωi)∆ω

]
. (7)

The value of the group delay at frequency ωn is given by:

ϕ′
g(ωn) =

n

∑
i=0

ϕ′′
g (ωi)∆ω. (8)

This allows the value of Bg to be extracted from the reconstructed group delay curve, using
knowledge of both the length Lg of the CFBG and its bandwidth Wg. For a value tg = navLg/c, and
knowing the difference between the final phase and the initial phase Φ(ω f )− Φ(ω0), we find:

Bg =

(
Φ(ω f )− Φ(ω0)

)
− 2t f B f Wg

2ω f tg
. (9)

The difference between Bg and B f thus represents the photo-induced birefringence from the
grating writing process.

For a CFBG used as a pulse stretcher in a CPA laser system, the higher order values of the
Taylor-series expansion of the phase of the reflected wave are important to know as they have to match
those of the compressor at the output of the amplifier. The phase ϕ(ω) is thus expanded as:

ϕ(ω) = ϕ(ωc) + D1(ωc)δω +
D2(ωc)

2
δω2 + ... +

Dn(ωc)

n!
δωn, (10)

where Dn = ∂nϕ/∂ωn, and δω = (ω − ωc). If the curve ϕ′
g(ω) is fitted around a central frequency ωc

with a polynomial of order n, such that ϕ′
g = a0 + a1(ω − ωc) + ... + an(ω − ωc)n, then we find:

Dn = (n − 1)!an−1. (11)

The resolution of the measurement is limited both by the OSA resolution (20 pm for modern
instruments), but mostly by the beat length of the fiber, corresponding to a wavelength shift of 0.25 nm
for B = 2.5 × 10−4. We show through simulations in the next section that the most deleterious GDR
have spectral periods of the order of the pulse bandwidth, and are readily captured by our method,
despite this resolution limitation.
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3. Simulations and performance analysis

We first estimate the performance of the measurement method by comparing the GVD values and
GDR obtained from the direct numerical computation of the CFBG spectrum with various amounts of
noise, with those obtained from a simulated measurement using the computed amplitude and phase
of the reflection spectrum, and taking into account the fiber birefringence and resolution of the OSA.
The phase of the CFBG extracted from both the direct computation and the simulated measurement is
also used to compare the pulse compression performance with an optimized grating pair compressor.
For the rest of the paper, the value of GDR is taken as the standard deviation of the group delay over a
given spectral bandwidth, and is expressed in fs, while the noise in the grating period is expressed as
the standard deviation of the period over the CFBG length, measured in pm.

CFBGs of 92 mm length, with a super-Gaussian spatial profile (exponent of 28) having a FWHM of
83 mm, and linear and quadratic chirp values of -0.1935 nm/mm, and -0.00026 nm/mm2 respectively,
were simulated with the well-known matrix method. A linear taper of the grating strength of 13%
across its length was added to obtain a flat reflection and transmission spectrum, as otherwise the
quadratic chirp results in a slanted spectrum. The quadratic chirp is required to match the higher order
dispersion of a grating-pair compressor. The coupling constant was adjusted to give 50% reflectivity,
a typical value for practical devices, limited by the amount of coupling by the CFBG into the fiber
cladding modes. The wavelength step was typically 2 pm or less, and spatial step 0.05 mm or less.
Noise could be introduced to either the period or the amplitude with a filtered white noise generator, to
generate GDR patterns similar to those of our actual measurements. Alternatively, we also introduced
periodic oscillations with a single spatial frequency.

The measurement was simulated by taking the numerically computed spectrum, shifting the
frequency by plus or minus the amount of Eq. (1), summing the two resulting complex spectral
amplitudes, taking the square modulus of their sum and dividing by the average of the squared
moduli of the two (equivalent to the measurement normalization using the reflection trace). The
resulting beat spectrum is then filtered to simulate the OSA instrumental resolution of 20 pm. The
algorithm to extract the phase from the beat spectrum is the same as used to process the actual
measurement data.

The various orders of GVD are obtained by fitting the phase to a high-order polynomial. The
group delay itself is obtained from Eq. (8). Generally, only the first three orders, that is D2 to D4,
are relevant, and higher order fits do not significantly change their values. GDR are calculated by
subtracting the 3rd order polynomial fit of the group delay from the computed (and eventually the
measured) exact group delay.

Pulse recompression is then simulated by summing the phase of the CFBG to that of a grating
pair compressor (calculated to all orders), using both the computed phase, or that retrieved from the
simulated measurement algorithm. The amplitude is the square root of the reflection spectrum. The
laser spectrum used is based on a typical Yb-based femtosecond laser, with a bandwidth of 2.3 nm,
and a sech2 shape.

The CFBG can have fluctuations in both its amplitude and period. Both result in GDR as well as in
a noisy transmission spectrum (Figure3). Amplitude fluctuations also give rise to period fluctuations,
if the average refractive index fluctuates (e.g. due to laser power fluctuations during the writing
process). Pure amplitude fluctuations give rise to noise in the transmission spectrum, but produce
insignificant GDR, therefore period fluctuations are the most important. Since both result in a noisy
transmission spectrum, the latter cannot distinguish between the two, and is not a good indicator of
device performance. Only the GDR can predict the device performance, so we focus on those.

First of all, for a perfect grating with the above design, a comparison between the values of D2 to
D4 obtained by direct computation, and by simulated measurement, were the same to within less than
1%. In such case, there are no GDR, although the standard deviation is not zero due to a slow and small
fluctuation from the ideal group delay. Recompression of a 482 fs pulse (transform-limited from the 2.3
nm laser spectrum), after stretching with the CFBG, yields a 493 fs pulse by optimizing the compressor
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angle and grating separation. The 11 fs penalty is due to the mismatch in D4 , as we consider a CFBG
made with a phase mask with only up to a quadratic chirp (corresponding to the devices we measured).
The CFBG has a D4 twice that of the compressor, resulting in a slightly broadened pulse. On the other
hand, the pulse has a high quality fit to a sech2 shape with no sidebands. To compute the Strehl ratio
in the presence of noise, we use this slightly longer pulse as reference, giving a ratio of 1.00 for this
ideal case. The Strehl ratio for other cases is then computed from the ratio of the peak power to the
integrated pulse energy, using the computed ratio of this ideal case as a normalizing factor.

To assess the resolution of the measurement, and its ability to capture the most deleterious GDR,
we first introduce a single spatial frequency ripple with 10 pm amplitude to the ideal chirp function,
with periods from 0.5 mm to 30 mm. This results in periodic oscillations in the reflection/transmission
spectrum, as well as in the group delay. The GDR is calculated across the 3 dB bandwidth of the
spectrum, as well as the recompressed pulse width and Strehl ratio for both the directly computed
and simulated measurement cases. As seen in Figure 2, the ratio between the GDR of the simulated
measurement and directly computed cases increases to unity as the spatial period increases, reaching
90% for a period of 6 mm, slightly more than two beat lengths. For small periods, the amplitude
of the group delay oscillations can be very large, and show a kind of periodic fluctuation with the
period, which disappears for periods larger than about 3mm. We could not explain the origins of
those fluctuations. On the other hand, although they can have amplitudes of 1000 fs peak to peak,
they have little effect on the pulse duration and quality below that 6 mm threshold, and the Strehl
ratio remains above 0.99. As the period increases, the group delay modulation creates satellite pulses
that get stronger and closer to the central peak, as already discussed in ref. [11]. Therefore, it appears
that even though the beat length limits the spectral resolution of the measurement, the latter remains
high enough to capture the most deleterious regime of GDR. It should also be noted that most effects
responsible for fluctuations in the grating period occur on scales longer than that of the laser beam
used to write the grating (with the usual scanning beam technique), which is about 1 mm.
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Figure 2. (a) GDR vs ripple period for the computed and simulated measurement cases ; (b) Ratio of
GDR for simulated measurement to computed, and Strehl ratio; (c) Pulse duration vs Ripple period

Next we introduce random noise patterns, using white noise and a low pass filter to more or less
emulate the GDR patterns obtained from actual measurements. For standard deviations of period
fluctuations ranging from 0 to 15 pm, we simulated over 100 CFBGs. The noise creates both fluctuations
in the transmission spectrum and the group delay response, and affects the pulse duration and Strehl
ratio. Figure 3 shows three examples with 0, 7.9, and 16.4 pm noise. GDR and recompressed pulses
are shown for both the directly computed and simulated measurement cases, but they are virtually
identical. Figure 4(a) shows that the GDR is linearly related to the period noise. However, the net
effect of the GDR depends on the particular noise pattern. Figure 4(b) and (c) shows the pulse duration
and Strehl ratio as a function of GDR for all the gratings simulated. It can be seen that the proportion
of "good" pulses decreases rapidly over a certain value of noise, although in many cases the pulse is
still "good enough", depending on the particular acceptable performance target. In the case of the
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particular CFBG design studied here, a threshold of about 230 fs is estimated above which the yield
of good devices becomes too low, as indicated by the shadowed areas in Figure 4. This is about one
half of the ideal pulse duration. However, in many cases CFBGs with higher GDR are still acceptable.
Therefore, while the GDR is a good indicator of average device quality, individual device measurement
and simulation of pulse recompression is a better predictor of performance.
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In any case, to accurately measure such small amount of GDR, the actual measurement should
have a resolution much below that threshold, which we demonstrate experimentally in the next section.

4. Measurement

The measurement procedure is the following. The beat spectrum is obtained by first taking the
reflection spectrum of the CFBG without the polarizer (POL) and polarization controller (PC), and
storing it as a reference trace. Since the BBS is unpolarized, this is an average of the reflection spectra
for both polarization axis. The OSA trace is then set as the difference between the measured trace
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and the reference trace (on a logarithmic scale). Then the POL and PC are added to the circuit, which
results in spectral oscillations (the beat spectrum), and the PC is adjusted for maximum contrast of
the beat spectrum (typically more than 10 dB). An example of beat spectrum is shown in Figure5(b),
consisting of 57 peaks over a bandwidth of 15.4 nm.

To process the data, we implemented a phase reconstruction algorithm that takes into account
the limited contrast of the beat spectrum caused by the finite resolution of the OSA (20 pm). The
group delay is then obtained using the algorithm of Eq. (7). Fitting the group delay with a third order
polynomial, and subtracting the raw curve readily gives the GDR, as in the simulations above. The
phase of the CFBG is obtained by integrating the reconstructed group delay (which includes the GDR).
Together with the reflection spectrum, it is used to simulate the stretching/compression of a pulse,
using the typical spectrum of our femtosecond laser (2.3 nm bandwidth, sech2 shape). The compressor
grating angle, and grating separation are then optimized to give the shortest pulse with the highest
Strehl ratio.

Figure 5 shows the reflection, transmission, beat spectrum and group delay of an actual CFBG
with a total length of 92 mm, and 1 dB bandwidth of 15.4 nm, written in a Coherent PM980 fiber.
The spectra were taken with a Yokogawa AQ6370D optical spectrum analyzer using the maximum
resolution of 20 pm, thus giving over 10,000 data points over the entire bandwidth. The transmission
spectrum shows a typical slant, introduced to compensate for the loss of light to cladding modes at
shorter wavelengths, so that the reflection spectrum itself viewed from the long wavelength side is
nearly flat.

The calculation of the group delay requires a knowledge of the fiber birefringence. As it can
change from one fiber batch to another, it is better to measure it, if not for every device, at least for
batches made with the same fiber spool. In order to obtain the value of B f , the spectrum of the light
reflected from the cleaved far end of the CFBG pigtail was measured over a range of wavelengths
outside of the CFBG bandwidth (from 1045 nm to 1065 nm). That spectrum also shows oscillations due
to the t f ω term in Eq.(3), and the birefringence can be obtained by measuring the frequency difference
between two peaks, that correspond to an integer value of 2π. We then get:

B f =
2Nπ

tp∆ω
, (12)

where tp = 2navLp/c is the round trip delay of the total pigtail of length Lp. In practice, to obtain an
even more accurate value, we used the same phase retrieval method as used for the beat spectrum, and
performed a quadratic fit, extrapolated to the device center wavelength. We found that B f = 2.5× 10−4

for the particular device measured (Coherent PM980 fiber).
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Figure 5. (a) Reflection and transmission; (b) Beat spectrum; (c) Reconstructed group delay

The measured values of D2, D3 and D4 are respectively 27.9 ps2, -0.263 ps3, and 0.0064 ps4. To
obtain the value of Bg, a knowledge of the length and bandwidth of the CFBG is required. The effective
length over given bandwidth limits (e.g. -1 dB), is obtained from simulation of the grating response,
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knowing the design of the phase mask used to fabricate it (linear and quadratic chirp). Using this
value, the difference between Bg and B f was found to be about 1×10−5, which is not unexpected for
photo-induced birefringence [29–33]. This difference in B was systematic for all CFBGs tested made in
the same fiber, and different for CFBGs made in a different fiber (also with a different sign in one case).
Such a difference does not appear in simulated gratings, where we assume Bg = B f and therefore
cannot be attributed to any imprecision of the data processing algorithm itself. We conclude that it
probably truly reflects the photoinduced birefringence from the grating writing process.

Figure 6 shows the GDR, obtained by subtracting a third order polynomial fit of the group
delay from the reconstructed curve. The standard deviation in this case is 161 fs. The transmission
spectrum itself shows only small ripples, readily indicating a good device quality. Two consecutive
measurements are shown, as well as the difference between the two measurements. Spectral features
narrower than 0.1 nm and ripples less than 50 fs are clearly and reproducibly resolved. The difference
between the two measurements does not exceed 100 fs (except for a very narrow spike), and its
standard deviation is 29 fs. It must be noted, however, that good care must be taken not to disturb
the fiber in any way during the measurement process. Any bend or pressure on the fiber leading to
the CFBG, which introduces coupling between the orthogonally polarized modes, is likely to result in
an erroneous measurement. Narrow spikes in the reflection spectrum can also introduce some error,
since the spectrum is assumed to be flat, but those are also indicative of a defective device anyway.
Although an accurate estimation of resolution would require more extensive statistical measurements,
it appears to be at least as good as 50 fs, as features that small are clearly resolved. This is on par with
much more expensive commercial instruments.
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Figure 6. Transmission spectrum, group delay ripples, and simulated compressed pulse for CFBGs
with 0, 3.85 mrad, and 8.5 mrad rms phase noise

The simultated recompressed pulse duration for the device of Figure 5 is predicted to be 499 fs.
The actual recompressed pulse using an optimized grating pair has a autocorrelation width of 700 fs,
giving a 500 fs sech2 pulse, in agreement with the prediction.

5. Discussion and Conclusion

We have presented a simple measurement method of the group delay and group delay ripples
of CFBG used as stretchers in CPA laser system, together with an analysis of the degradation of the
performance due to noise in their chirp profile. The great advantage of our method is that a quick and
complete characterization of the CFBG, including reflection, transmission, and dispersion, can be done
at the same time with a simple measurement setup. Apart from a polarizer and polarization-controller,
no additional equipment is required. Furthermore, a reconstruction of the phase of the CFBG allows a
simulation of the pulse recompression for each individual device.

Our analysis shows that fluctuations of the period of the CFBG are the main source of group
delay ripples, and that ripples with spectral periods of the order of the laser bandwidth are the most
deleterious. The spectral resolution of the GDR using our measurement method is limited by the beat
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length of the PM fiber, but is more than enough to capture those longer period GDR. We found that
the recompressed pulse duration and quality degrade for GDR larger than about one half of the pulse
duration. For sub-ps pulses, this means that a GDR resolution much better than the pulse duration is
required. Our measurements show that we can attain resolution better than 50 fs.

Although the results presented here were obtained with a CFBG written in a PM fiber, the method
can also be used in a non-PM fiber, as was shown in [28]. In such case, the value of B is much smaller,
typically less than 10−6, and the entire spectrum of the CFBG will typically only show a fraction of
one cycle. In [28], the polarization was adjusted so that the reflection was at a minimum at the short
wavelength edge of the CFBG spectrum. The value of the normalized reflection could then readily give
an accurate value of the phase over the entire spectrum. In such case, the measurement is no longer
limited by the fiber birefringence, but by the instrument spectral resolution.

In conclusion, the proposed method has been demonstrated to provide a quick, simple and
accurate measurement of the GVD parameters of CFBGs written in PM fiber, and the level of group
delay ripple, useful to assess their performance as pulse-stretchers in CPA laser systems.
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Abbreviations

The following abbreviations are used in this manuscript:

BBS Broad Band Source
BER Bit Error Rate
CFBG Chirped Fiber Bragg Grating
CPA Chirped Pulse Amplification
GDR Group Delay Ripple
GVD Group Velocity Dispersion
OSA Optical Spectrum Analyzer
PC Polarization Controller
PM Polarization Maintaining
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