
January 10, 2008 / Vol. 6, No. 1 / CHINESE OPTICS LETTERS 9

Improvement on peak-to-trough ratio of sampled fiber

Bragg gratings with multiple phase shifts
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Via a cascaded structure, the peak-to-trough ratio is considerably improved for sampled fiber Bragg
gratings (SFBGs) based on multiple-phase-shift (MPS) technique. This cascaded filter is composed of
two identical SFBGs which are inserted with the increasing or decreasing arrangement of phase shifts.
With this inverse arrangement of MPS in grating design, the phase fluctuation of individual SFBG can be
compensated, and as a result an excellent phase matching condition is realized. In this way, the peak-to-
trough ratio in reflection spectra is improved from 6 to 12 dB when multiplication factor m = 4, and from
5 dB to 10 dB when m = 8.

OCIS codes: 050.2770, 050.5080, 060.2340.

Up to now, fiber Bragg gratings (FBGs) have already
evolved into essential optical devices for optical com-
munication and sensing systems. In the big family of
FBGs, in particular, sampled FBGs (SFBGs) exhibit
comb-like reflection (or transmission) spectra, which
result from periodic amplitude sampling[1−3], phase
sampling[4,5], multiple-phase-shift (MPS) technique[6], or
chirp-induced Talbot effect[7−9]. These comb-like spectra
are more attractive for multichannel operation, especially
for multichannel multiplexers-demultiplexers[10], multi-
channel dispersion compensators[4,5], and high channel-
count comb filters[8,11,12].

In Ref. [6], the MPS technique has been proposed to
densify the channel spacing of SFBGs. However, the
peak-to-trough ratio (or interchannel sidelobes) of spec-
tra is not good enough. To improve the peak-to-trough
ratio, three-step apodization process or sinc-shaped sam-
pling profile is adopted. These extra processes add to the
complexity of manufacture to some extent. Meanwhile,
Magné et al.

[13] recently have introduced a cascaded
configuration to eliminate the phase fluctuation of spec-
tral Talbot effect. This cascaded configuration is able
to suppress interchannel sidelobes remarkably, which is
beneficial for improving the peak-to-trough ratio of MPS
technique as well.

Therefore, so as to improve the peak-to-trough ratio
with a relatively simple method, we introduce a cascaded
grating design for MPS-based SFBGs. In detail, two

Fig. 1. Schematic diagram of SFBGs with (a) increasing and
(b) decreasing arrangement of MPS.

identical SFBGs with MPS technique are concatenated
in an inverse way via circulators. Because there is an ex-
cellent phase matching condition between the phases of
two SFBGs, interchannel sidelobes are significantly sup-
pressed and the peak-to-trough ratio is greatly enhanced
even without extra apodization processes.

As for MPS-based SFBGs, the schematic diagram is
shown in Fig. 1. Besides the amplitude sampling, MPS
technique also introduces phase shifts into FBG sections.
These phase shifts φ(k) between kth and (k + 1)th sec-
tions can be arranged in an increasing or decreasing way,
as shown in Figs. 1(a) and (b). Mathematically, φ(k) is
expressed as

φ1(k) =
2π

m
× [(k − 1)mod m], k = 1, 2, 3, · · · , N, (1a)

φ2(k) =
2π

m
× [(N − k)mod m], k = 1, 2, 3, · · · , N, (1b)

where m is the multiplication factor of MPS and N is the
total number of sampling period. Obviously, Eq. (1a)
shows a rising arrangement, corresponding to SFBG-1,
while Eq. (1b) corresponding to SFBG-2 is a decreasing
arrangement. Here, the subscripts 1 and 2 refer to SFBG-
1 and SFBG-2, respectively. Except for the arrangement
difference, other corresponding parameters of SFBG-1
and SFBG-2 are identical. In other words, SFBG-2 is
the very inverse form of SFBG-1. This difference in ar-
rangement of phase shifts will play a decisive role in the
cascaded design.

When it comes to filtering performance, both SFBGs
are with the same channel bandwidth and channel spac-
ing, and the channel spacing can be given by

∆fmps =
∆f

m
=

c

2mnP
, (2)

where c is the velocity of light in vacuum, n is the
effective refractive index, ∆f = c/(2nP ) is the nominal
channel spacing (spacing of initial SFBG without MPS),
and P is the sampling period. From Eq. (2), it is easy to
know that the channel spacing is multiplied by m times

1671-7694/2008/010009-03 c© 2008 Chinese Optics Letters



10 CHINESE OPTICS LETTERS / Vol. 6, No. 1 / January 10, 2008

via the MPS technique.
For further investigation, we have to turn to Fourier

theory. In this way, each reflection channel in the spec-
trum can be weighted by a complex factor[6]

S1(m, p) =

2m∑

i=1

exp j [π (p + i − 1)/m] i

= |S1(m, p)| exp(jϕ1(m, p)), (3a)

S2(m, p) =
2m∑

i=1

exp j [π (p − i − 1)/m]i

= |S2(m, p)| exp(jϕ2(m, p)), (3b)

where p = 0,±1,±2, · · · identifies the order of the wave-
length channel and j =

√
−1. For respective MPS-based

SFBG, unwanted interchannel sidelobes would deterio-
rate the output performance of SFBG and the peak-to-
trough ratio of the filter is relatively low. Consequently,
extra apodization processes are always used to improve
the performance of such devices.

To overcome the problem mentioned above, we intro-
duce a cascaded grating design for MPS technique. As
shown in Fig. 2, two three-port circulators are used to
connect SFBG-1 and SFBG-2. Pin and Pout refer to the
input and output optical power of the cascaded design
filter, respectively.

To demonstrate the principle of this cascaded design,
we have to numerically analyze phase factor of the cas-
caded design. Under this design, the phase condition of
the cascaded SFBGs Φ(m, p) can be expressed as

Φ(m, p) = ϕ1(m, p) + ϕ2(m, p). (4)

The respective phases of SFBG-1, SFBG-2 and the cas-
caded filter are numerically shown in Fig. 3. Each SFBG
has a relatively low peak-to-trough ratio resulting from
the phase fluctuation between the adjacent channels.
Although with the same sampling function and spectral
densification factor, we can see from Fig. 3 that the corre-
sponding phase function of the cascaded comb filter sat-
isfies proper phase matching condition Φ(m, p) = 2Kπ,
where K is an arbitrary integer number. Although a few
channels do not properly satisfy this condition, sidelobes
can also be suppressed because of the phase differences
from each SFBG. All this is due to the difference in the
arrangement of phase shifts. Consequently, the phase
fluctuation can be compensated to a low value in the
cascaded design.

Fig. 2. Schematic diagram of the designed cascaded filter.

Fig. 3. Phase matching conditions with different Fourier or-
ders. (a) m = 2; (b) m = 5.

Fig. 4. Reflectivity of the MPS-based SFBG. (a) SFBG-1;
(b) SFBG-2; (c) cascaded design. (1) m = 4, (2) m = 8.

In following simulations, we try to confirm our de-
sign above by transfer matrix method. The detailed
parameters of the MPS-based SFBGs are as follows:
n = 1.485, the Bragg period Λ = 521.89 nm, P = 1.0
mm, the sampling length P0 = 0.1 mm, and N = 24.
Figure 4 shows the reflectivity of MPS-based SFBGs
when m = 4 and m = 8 (boundary condition of MPS
constraints[6]), respectively. Both SFBG-1 and SFBG-2
provide similar periodic comb responses in amplitude,
but exhibit a different interchannel phase variation due
to the differences between the arrangements of phase
shifts. When the two SFBGs are cascaded, the reflective
spectrum is shown in Fig. 4(c). It is evident that the
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Fig. 5. Peak-to-trough ratio for different multiplication fac-
tor.

interchannel sidelobes are significantly suppressed and
the peak-to-trough ratio of the cascaded configuration is
greatly improved as expected. In detail, the interchannel
sidelobes are suppressed from the initial value 6 dB to
the improved value 12 dB when m = 4, and from 5 to
10 dB when m = 8. The reflectivity of each channel has
reduced by only a low value (about 0.5 and 1 dB, respec-
tively). Compared with the decrease of peak value, the
improvement of peak-to-trough ratio is far more consider-
able in our design. Further, we also analyze the improve-
ment on peak-to-trough ratio for different multiplication
factor in Fig. 5, while keeping the rest of parameters un-
changed. Clearly, it can be seen that with the increase
of multiplication factor, both peak-to-trough ratio of sin-
gle SFBG and that of cascaded filter decrease to a lower
value, and the improvement of sidelobes suppression rel-
atively weakens. This is mainly because the peak power
drops while the sidelobes power increases with the incre-
ment of m, which is indicated in Ref. [6].

Furthermore, this cascaded design can be regarded as a
unit. By arranging two or more such units with more cir-
culators, the unwanted sidelobes can be suppressed fur-
ther. For instance, the peak-to-trough ratio increases
from nearly 12 dB (M = 1), 25 dB (M = 2), to 37 dB
(M = 3), where M denotes the number of such units.

In conclusion, in order to enhance the peak-to-trough
ratio, a counter-cascaded grating design has been pro-
posed for MPS-based SFBGs. In this cascaded design,

the phase fluctuation of individual SFBG is replaced by
an excellent phase matching condition Φ(m, p) = 2Kπ.
Therefore, the peak-to-trough ratio of reflection spectra
is considerably enhanced with this design. For example,
the ratio increases from 6 to 12 dB when m = 4, and from
5 to 10 dB when m = 8. Moreover, by cascading two or
more such units in series, sidelobes can be suppressed
further.
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