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Xuewen Shu’, Kate Sugden, Ian Bennion
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ABSTRACT
We describe our recent progress in the fabrication and applications of fiber grating based resonant devices including in-
fiber Fabry-Perot etalons and distributed Gires-Tournois etalons.
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1. INTRODUCTION

Fiber grating based devices have attracted considerable research and application interest in the last decade [1]. Fiber
grating is a section of optical fiber, in which the refractive index of the core (or even the cladding) has periodical or
quasi-periodical variation along its length, scattering light in a way similar to a diffraction grating, and transmitting or
reflecting certain wavelengths selectively. Due to its intrinsic all-in-fiber feature, fiber grating devices can directly
process optical signals in optical fiber and thus overcome the loss and yield issues associated with traditional bulk-optic
devices. In recent years, there are a lot of reported researches on using fiber gratings, especially fiber Bragg gratings
(FBG) to generate novel resonant structures. In this paper, we describe our recent progress in the fabrication and
applications of fiber grating based resonant devices.

2. CHARACTERISTICS OF FBG-BASED ETALONS
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Fig.1 Schematic of typical FBG-based etalon structures. (a)FBG-FPE; (b)DGTE; (c)Virtual GTE

Fig.1 shows achematically serveral typical etalon structures based on fiber Bragg gratings. Fig.1a is a FBG-based Fabry-
Perot etalon (FPE), in which two FBGs are separately located and light resonates between the two gratings. The input
light can resonant within the cavity and finally come out to either be reflected or be transmitted. Fig.1b is a FBG-based
distributed Gires-Tournois etalon (DGTE), or a special configuration of a FPE, which consists of a partially reflective
grating and a highly (~100%) reflective grating, in which the strong grating reflects almost all light back to yield the all-
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pass transfer function and the first grating is used to control the dispersion properties of the structure. Fig.lc shows the
concept of virtual GT etalons (VGTE), which can be generated with complex modulation encoded either in amplitude or
in phase. A VGTE is equal to a stack of FBGs in spatial domain and GT resonance is generated within the overlapped
frequency range. Before we discuss the characteristics of these etalons, we would first present some theoretical models
suitable for simulating these structures.

2.1 Theoretical models for resonant structures formed by multiple gratings
The refractive index variation of a structure consisting of multiple fiber Bragg gratings can be described as

1) =y () + Ret X A2 el ik, (=2, 46, - 2,00 ()

where we have assumed these gratings are displaced each other and have similar profile (i.e. same length, same chirp
rate and same apodisation profile) but different modulation amplitudes, An, . z,is the displacement of the mih grating.

For each grating, its central k-vector is kgO =2r/A g Ag is the central grating pitch, n is the effective average mode
index of the optical fiber. The residual phase ¢g (z) describes chirp of the grating and z is the position along the fiber.

For a linearly chirped grating, the phase can be described as ¢, (z) =—-C z? /(nOAZg) , where C is the chirp rate.

The electric field of the wave propagation within the structure can be written as

E = A(z)e” 7™ + B(z)e "/ 2)

where A(z) and B(z) represent the slowly varying amplitude of the forward and backward modes, respectively.

B=2mn( /M is the mode propagation constant. The interaction of the forward and backward modes can be described with

coupled mode equations [2],

L) BTk, 208 - 2,) -4, (-2, ©
dfziz) = JA()Y k, expl J2AB(z —2,)— 8, (z = 2,1} @

where k =m, /(21) is the coupling strength of the individual grating, Af=4-7/ A, is the detuning. The

transmission and reflection response of the grating can be calculated by solving the above coupled mode equations with
boundary conditions 4(0)=1, B(L)=0, where L is the total length of the structure.

More conveniently, one can also use transfer matrix method [3,4] to calculate the spectral response of multiple grating
based structures. For each grating, we can divided it into M uniform sub-gratings, with each sub-grating represented by a
transfer matrix F; with parameters ALy (length), A; (period), ; (coupling coefficient) and 3, which is given by

Ap, ,
cosh(y,.ALgi)—jisinh(;/iALgi) —jﬁsinh(yiALgi)
_ Vi Vi 5
F - . Ap 5)
Jj——sinh(y,AL,) cosh(y,AL,,)+ j——"sinh(y,AL,)

1 1

wherey, = Wcl.z - A,B,.2 . Note that y; is imaginary at wavelengths for which |AZ| > x;.

Once all of the matrices for the individual sub-gratings are known, the transfer matrix for the whole grating is given by
multiplying them together as

T, =F, F, . F- . F. )

1

The matrix describing the propagation between two gratings with separation of d,, can be written as
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_|exp(=jpd,) 0 } o

dm .
0 exp(jAd,,)
where d =z -z — L,. When all the gratings are equally spaced, d,, is a constant independent of m. Note that we

have d,,<0 when the gratings overlap each other. If the gratings do not overlap each other, then d,>0, which is
corresponding to a blank section without refractive index modulation.
The whole structure with multiple gratings can be written as

L T,
Ttotal = T* T*
2 1

The complex reflection coefficient and transmission coefficient can be determined by

:TgN'TdN—l"'ng'le'Tl 3

r——T2 9
Tl* ©)
1

l=— (10)

Either uniform gratings or chirped gratings can be used to construct etalons. The gratings can also have either separated
structure or overlapped structures. All these types of multiple-grating-based etalons can be calculated by Eqn.(8). Also,
if N=2, Eqn.(8) describes a single-cavity etalon formed by two gratings. If N>2, Eqn.(8) describes a multi-cavity etalon
formed by N gratings.

2.2 Fabry-Perot Etalons

FBG-based Fabry-Perot etalons (FBG-FPE) have been reported in many literatures [5-16]. FBG-FPE formed by uniform
gratings has very limited bandwidth, therefore usually just suitable for narrow band applications [5]. It has been shown
that the operation bandwidth can be efficiently expanded when chirped FBGs with overlapped structure are used [6].
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Fig.2 Spectral response of FBG-FPE. (a)Calculated results for FBG pairs with reflectivity of 10%, 20%, 30%;
(c)Experimental results.
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Depending on the reflectivity of the FBGs, the FBG-FPE can have either high finesse [7] or low finesse [6]. High
finesse FBG-FPE has applications including DWDM system filtering, multi-wavelength generation and frequency
referencing [8-11]. Low finesse FBG-FPE can be used to control dispersion in optical systems since they can be
designed to have periodically linear response in dispersion [15,16]. Fig.2a shows the calculated spectral response of
transmissive FPE consisting of FBG pairs for the case of different reflectivity. Both gratings have a length of 4mm and a
chirp rate of 8nm/cm. Both gratings are apodised with super-Gaussian profile. The displacement of the two grating is
4.15mm, which gives the free spectral range (FSR) of ~25GHz. For the reflectivity of 10%, 20% and 30%, the
corresponding index modulations are 3.7x10™, 5.3x10™* and 6.8x10™, respectively. It is seen in Fig.2a that the
amplitudes of group delay peak and the dispersion increase as the reflectivity increasing. The linearity of the dispersion
curve degrades with the reflectivity increasing. The transmission loss also varies periodically and increases with
increasing FBG reflectivity. Usually, to keep good linearity and reasonable small loss, one may limit the reflectivity to
be less than 30%. Fig.2b shows an experimental example of the measured spectra of a transmissive FBG-FPE. It was
formed using a pair of chirped gratings each of length ~4mm, reflectivity ~22% and a separation of ~4.1mm. For each
channel, the time delay was quadratic and resulted in linear variation in dispersion, as clearly seen in Fig2b, which
agrees well with the theoretical resullts.

2.3 Gires-Tournois Etalons

Gires-Tournois etalon (GTE) is a special configuration of a FPE, which consists of a partially reflective mirror (first
mirror) and a 100% reflective mirror (second) [17-21]. It is well known that Gires-Tournois Etalons (GTE) are periodic
all-pass filter that can be used to compress ultrashort optical pulses or compensate chromatic dispersion [17-19].
However, tranditional GTEs formed with bulk-optic mirrors or thin film mirrors [17-19] suffer from high insertion loss
due to their bulk-optic architecture and alignment and suffer from poor yields in fabrication which increases the
manufacturing cost. Therefore, it is desirable if GTE can be directly made in the optical fiber. By using fiber Bragg
gratings in DGTEs there is the very attractive advantage of design flexibility. The length, strength, chirp rate and
wavelength off-set of the gratings can all be varied to control the dispersion properties, bandwidth and free spectral
range of the devices. The fundamental difference between the resonance characteristics of distributed GTE with that of
traditional GTE is that for distributed GTEs the resonance takes place in a dispersive cavity, where the different
wavelengths resonate at different positions along the structure, while for traditional GTE, the resonance takes place in a
largely non-dispersive cavity, where the different wavelengths resonate at same position.

Fig.3 shows some examples of calculated spectral response of DGTEs. In simulation, we assume that each DGTE
consisted of two 16mm-long overlapped chirped FBGs. The chirp rate is 14nm/cm and the displacement of the two
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Fig.3 Calculated spectral response of DGTEs. (a)R2=98%, R1=5%, 10%, 20%. (b)R1=8%, R2=98%, 90%, 80%.
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grating is 2.07mm, which gives FSR of ~50GHz. Fig.3a compares the cases when three DGTEs have same reflecitivity
for the strong grating (R2=98%) but different reflectivity (R1=5%, 10%, 20%) for the weak grating. It is found that with
increasing the reflectivity of the weak grating, the variation of reflectivity increases slightly while the amplitudes the
group delay and dispersion increase significantly. The linearity of the dispersion is also degraded with R1 increasing.
Fig.3b compares the cases when there DGTE have same reflectivity for the weak grating (R1=8%) but different
reflectivity (R2=98%, 90%, 80%) for the strong gratings. It is found that decreasing the reflectivity of the strong grating
almost does not change the group delay the amplitudes of the group delay and dispersion but insertion loss and the
variation of reflecitivity increasing significantly. Ideally, a DGTE should have the reflectivity of the strong grating close
to 100%.

Experimentally distributed GTEs of both separated structure and the overlapped structure have been investigated. Fig. 4a
shows the measured reflective response of a DGTE formed by two physically displaced uniform period gratings. The
weak grating has a length of 0.2mm and reflectivity of ~4%, while the strong grating has a length of 0.8mm and
reflectivity of ~97%. The separation of the gratings was about 4.1mm, which resulted in the FSR of ~25GHz, as shown
in Fig.4a. The 3dB reflection bandwidth of the DGTE is around 1.9nm and the ripples in the reflectivity are less than
0.5dB around central band. Similar to the traditional bulk-optic GT, both the time delay and dispersion curves have
periodic characteristics over the reflection bandwidth, where nine similar channels can be found in Fig.4a. For each
channel, the time delay was quadratic and resulted in linear variation in dispersion, as clearly seen in Fig4a. Despite the
similarity, it is interesting to note some spectral difference between bulk-optic GTE and the DGTE based on uniform
period gratings. It was found that the group delay of the DGTE shown in Fig.4a has slightly curved trend, where the
edge peaks are about 6ps higher than the center peaks. This curved trend is mainly caused by the dispersive properties of
the second uniform period grating (since the first grating is much shorter), which is confirmed by calculating the group
delay of the grating. The curved trend in group delay thus resulted in dispersion offsets of about +/-15ps at the edges
(almost neglectable compare with about +/-580ps/nm dispersion variation range). The impact of the dispersion of the
uniform period grating on the DGTE can be minimized by shortening the length of the second grating.

Fig.4b shows the measured reflective response of a DGTE formed by two overlapped chirped gratings. The DGTE was
realized with a 10mm-long strong CFBG with a reflectivity of ~98% and a 6mm-long weak CFBG with a reflectivity of
~11%. The 50GHz channel spacing resulted from the relative wavelength shift between the two gratings of the order of
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Fig.4 Measured spectral response of DGTEs. (a) DGTE formed by two separated uniform-period FBGs.
(b) DGTE formed by two overlapped CFBGs.
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2mm. The DGTE was designed to launch light from long wavelength end. The usable bandwidth of the DGTE is mainly
determined by the weak grating with the structure of Fig.1b, which is about 8nm, as seen in Fig.4b. The reflectivity of
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the DGTE is high and the variation in the reflectivity is less than 1dB, as shown in Fig.4b. The CFBG-based DGTEs
also have some particular characteristics. It was seen clearly from Fig.4b that the group delay of DGTE has a slope
caused by the dispersive nature of the CFBG. This slope in the group delay results in an almost constant offset in
dispersion, which is very small (about -5ps/nm) compared with the variation of dispersion of about £300ps/nm. The
slope will change to a positive value if the DGTE is design for use with light launched from the short wavelength end.
Despite the above difference, the CFBG-based GTE exhibits very similar periodic characteristics to the traditional GTE.
The periodic response can be observed in both group delay and dispersion of the DGTE, as shown in Fig.4b. In Fig.4b,
the group delay of the DGTE is periodically quasi-quadratic and the dispersion of the DGTE is periodically quasi-linear
(for each channel) in a certain bandwidth. It was also noted from Fig.4a and 4b that the resonance of FBG-based DGTEs
was limited to the reflection band of the CFBGs, which is another different characteristic in spectra compared with
traditional GTEs.

Introducing fiber Bragg gratings in DGTEs brings significant advantages in design flexibility. In a GTE, the reflectivity
of the first mirror/grating mainly determines the dispersion properties (such as group delay amplitude, dispersion
amplitude) of the structure. It is possible to produce arbitrary group delay profiles by tailoring the reflectivity profile of
the first mirror/grating - the reflectivity of the second mirror/grating is still kept close to 100% to achieve all-pass
function. For bulk optical mirrors, it is difficult to tailor their reflection spectra and thus such structures would be
difficult to achieve. However, by using fiber Bragg gratings in the GTE structure makes the realization of tailored GTE
much easier since the reflection spectra of fiber Bragg gratings can be readily tailored during fabrication to have an
almost arbitrary profiles [22].

To obtain a target group delay profile, A7(4), (i.e. envelop of the group delay amplitude), we derived that the reflection

spectrum of the first mirror/grating of the GTE, R;(4), should be tailored to the following profile,
2

o] [T 2 "
Az(A) At(A)

Where 7, = 2nd / ¢ is the round trip time in the cavity, n is the mode effective index, d is the cavity length, c is the light

speed in vacuum.

We have fabricated both linearly and nonlinearly tailored DGTEs in the experiments. As examples, three of them are
shown in Fig.5. The measured group delay spectra, the envelopes of group delay amplitudes and their corresponding
reflection spectra of the first grating recorded in fabrication are plotted in Fig 5a, 5b and 5Sc, respectively. DGTE (I) and
(IIT) that have FSR of about S0GHz are formed by two chirped fiber gratings (CFGs) with overlapped structure and
DGTE (II) that has FSR of about 25GHz is formed by two CFGs with separated structure. In fabrication, the second
gratings for all these DGTEs have reflectivity of >95%. It is clearly seen from Fig. 5a and 5b that DGTE (I) has linearly
increased amplitude in group delay, while the DGTE (II) and (IIT) have positive quadratic and negative quadratic varied
amplitude in group delay, respectively. Though the oscillation amplitudes of group delay vary channel by channel, for
each channel, the group delay is quadratic and result in linear variation in dispersion.
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Fig.5. Experimental examples of tailored DGTEs. (a) Measured group delay spectra, (b) the envelopes of

group delay amplitudes, (c) reflection spectra of the first grating recorded in fabrication.

2.4 Single FBG based Virtual Etalons
Most recently, we proposed and demonstrated a new class of GT etalons, i.e. virtual GT etalons (VGTE) [23,24]. A
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VGTE only need one FBG, which has complex modulation encoded either in amplitude or in phase. A VGTE is equal to
a stack of FBGs in spatial domain and GT resonance is generated within the overlapped frequency range.

To create GT resonance with a single FBG, we first consider applying a complex apodisation profile, F(z), along a
linearly chirped fiber Bragg grating and the total refractive index variation can be described as

2r
n(z)=n,+An- 1+F(z)-cos[A(Z) zj (12)

where ny is the initial refractive index of the optical fiber, An is the amplitude of the index modulation, A(z) stands for
the linearly varied grating period. F(z) can be expressed as

F(z)=[1+)_m, -cos(zN 2)]- f(z) (13)

where my is the coefficient of the Nth order cosine modulation, P is the basic period of the cosine function, where P>>A.
fz) is a normal apodisation function, which can be any bell-shape-like one such as super Gaussian function. One can
rewrite Eqn.(12) with (13) and obtains

n(z)=ny +An- {Hf(z) cos(Az( )ZJ+Z my - f(z)- cos( +2N() J+Z my - f(2)- COS( 2N() ﬂ

N N
(14)
A
where A+N(Z):P+P]V(Z)(Z) ’ AfN(Z)Z#(AZ)(Z)'

It is seen from Eqn.14 that the single CFBG with the designed complex apodisation function is equal to a set of
overlapped CFBGs that have similar reflection profile (same chirp rate) but different amplitudes (determined by my).
Though these CFBGs are overlapped each other, they have same chirp rate but different start grating-periods, which are
equal to a set of reflectors displaced in spatial domain. The central CFBG reflector can be designed to have reflectivity
of as high as to ~100%, which can block interaction between two sides and allows each side to form a GT cavity.
Therefore, such an etalon can launch light from both sides.

Fig.6a shows a simulation example of the dual direction GTE. In the simulation, we assume the grating has a length of
14mm, index modulation amplitude of 0.0024 and a chirp rate of 0.8nm/mm. The designed apodisation profile F(z) has
m;=0.3, my=m;=...=my=0, P=0.173mm and f(z) is the 20th order super Gaussian function. The generated structure is
equal to has three reflectors, which form a single-cavity GT in each side. As expected, the calculated group delay (GD)
responses for both launch ends have periodical quadratic oscillations as shown in Fig.6a. It is also seen in Fig.6a that for
both launch ends, the resonances have amplitudes of about 27ps and periods of S0GHz. For comparison, we have also
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Fig.6 (a) Calculated group delay response of a dual-direction GT etalon. (I) input from short wavelength end, (II) input from
long wavelength end. (III) and (IV) are group delay of a normal apodised CFBG and a normal uniform CFBG, respectively.
The data has been offset for clarity. (b) Measured group delay responses from two sides for a dual-direction GT etalon.
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shown in Fig.6a the GD response of a normal super Gaussian apodised CFBG and a uniform CFBG. It is clearly seen in
Fig.6a that normal apodised CFBG has no distinct oscillations in group delay and uniform CFBG has small-amplitude
non-uniform-period oscillations.

We also fabricated the proposed structure with standard UV inscription technique. A linearly chirped phase mask with
chirp rate of 0.84nm/mm was used in the experiment. To write the very fine structure, we reduced the laser beam size
with focus lens and aperture to a few tens of micrometers. The apodisation profile was similar to the simulation but m;
was adjusted such that m;=0.8 to compensate non-ideal fringe visibility and P=0.33mm to ensure channel spacing of
50GHz. The grating had a length of 16mm, a bandwidth of about 18nm and an average transmission depth of about
14dB. Group delay responses of the fabricated structure from both launch ends were measured and plotted in Fig.6b. As
expected, both launch directions show periodical quadratic oscillations in group delays. The amplitudes of the group
delay oscillations for the short wavelength launch end and long wavelength launch end were ~35ps and ~30ps,
respectively. The slightly asymmetric response might be due to slight misalignment during the fabrication.

For a VGTE created by phase-modulation, the refractive index variation of the structure can be described as

An2(Z) exp[ i(kgoZ + ¢g (2)] Z Ay exp(iNk gz)} (1)

where kg =27/ P, P is the period of the introduced phase modulation. 4y is the Nth order Fourier coefficient of a

n(z) = n,(z) + Re{

phase modulation function Spy(z), i.e.

A, = %jop S,y (2)-exp(—i2Nnz/ P)dz (16)
Here the phase modulation function can be described as
Spu (2) = expligs (2)] (17)
gs(2) = ZmN sin(Nkz) (18)
N

The phase-modulation approach for the VGTE generation is similar to the phase-only sampling method developed for
the sampled grating design [25]. However, we require here that the seed grating (chirped fiber Bragg grating) has wide
spectral bandwidth so that the generated virtual gratings have overlapped spectral range, where the GT resonance will
take place.

Fig.7 shows a design example of the proposed phase-modulation virtual GT etalon. In the simulation, we assume the
seed grating has a length of 10mm, index modulation amplitude of 0.003, a chirp rate of 12nm/mm and the 20th order

super Gaussian apodisation function. The designed phase profile ¢ (z), as shown in Fig.7a, has m;=0.31, my=-0.033,
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Fig.7 Design of a VGTE with the phase-modulation approach. (a) Designed phase profile in a period, (b) Fourier
amplitude of the phase modulation function Spy(z), (c) Calculated group delay and dispersion spectra.
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m;=0.03, my=ms=...=mn=0, P=0.115mm. The Fourier amplitude of the phase modulation function is shown in Fig.7b,
which indicates generated structure has multiple cavities and also slightly asymmetric for each side. The calculated
group delay (GD) and dispersion response from the blue launch end was shown in Fig.7c. As expected, the group delay
has periodical quadratic oscillations and the dispersion has periodical linear variation as seen in Fig.7c. The generated
VGTE has a FSR of 50GHz, GD resonance amplitude of 28.7ps, and a dispersion variation range of from -270ps/nm to
+300ps/nm.

A 25-mm-long lithographically prepared phase mask was first fabricated with the phase-modulation pattern
superimposed upon an underlying linear chirp with a rate of 15.2nm/cm. The test phase mask has simple phase
modulation profile with m;=0.3, my=m;=...=mx=0 and a modulation period of 182um, which was designed for S0GHz-
FSR. With this phase mask, we then can use our standard UV inscription setup to fabricate etalons. The writing-laser
operates at wavelength of 244nm and has a beam size of about Imm. Several etalons with various length and different
strength were fabricated. The measurement results for several etalons were shown in Fig.8. Fig.8a and 8b shows the
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Fig.8 Measurement results for the fabricated VGTEs. (a) Transmission spectra of two VGTEs with different strength. (b)
GD response of two VGTEs corresponding to (a). (c) Dependence of GD amplitude on etalon strength.

transmission spectra and group delay response of two etalons generated with the same phase mask. It is seen from Fig.8a
and 8b that the VGTE with strength of 10.5dB has GD oscillation amplitude of ~19ps, while the one with strength of
20.7dB has GD oscillation amplitude of ~27ps. By controlling the etalon strength, one may generate etalons with
different GD amplitude using the same phase mask, which can be seen more clearly from Fig.8c..

3. APPLICATIONS

3.1 Dispersion compensators or tunable dispersion compensators
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Fig.9 (a) Principle of the operation of a three-DGTE based TDC, (b) dispersion tuning range versus usable bandwidth
for group delay ripple of +/-5ps over the full dispersion tuning range.
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Etalons are very suitable for multi-channel dispersion compensation due to their periodical dispersion response. Both
FBG-FPE and DGTE can be used to construct dispersion compensators or tunable dispersion compensators
[15,21,26,27]. Two or more etalons can be combined together to increase the dispersion tuning range and the usable
bandwidth. The principle of the operation of tunable dispersion compensator based on three DGTEs can be explained
with the simulation results depicted in Fig.9a. The group delay (GD) response for all three DGTEs have same oscillation
periods but different amplitudes, which are due to different reflectivity of the weak gratings in these DGTEs chosen. The
dispersion of the TDC is determined by the shape of the combined group delay and different dispersion settings are
achieved by properly arranging the relative wavelength positions of the group delay peaks of the three DGTEs. For
example, negative dispersion is achieved by arranging three GD peaks in a decreasing order around the channel center,
while positive dispersion is achieved by arranging them in an increasing order around the channel center as shown in
Fig.9a. Zero dispersion is achieved however by setting the smallest GD peak (DGTE3) and other two GD valleys at the
channel center as shown in Fig.9a. To minimize the wavelength shift range therefor required temperature change, for a
certain channel, we use the shorter wavelength GD peaks to produced negative dispersion and shift to use longer
wavelength GD peaks to produce positive dispersion thanks to periodical group delay response of DGTEs. We also
investigate the design capability of three-DGTE based TDCs by considering the variables including the FSR, usable
bandwidth, the dispersion tuning range and group delay ripples. For a FSR of 5S0GHz, the dispersion tuning range versus
usable bandwidth with group delay ripple of +/-5ps over the full dispersion tuning range is shown in Fig.9b, in which
that of two-DGTE based TDCs is also shown for comparison. It is clearly seen in the Fig.9b that the relationship
between the dispersion tuning range and the usable bandwidth is trade-off, however, three-DGTE based TDCs have
much larger tuning range than two-DGTE based TDCs for any designed usable bandwidth. For example, it is seen from
Fig.9b that for usable bandwidth of 25GHz, the theoretically expected tuning range of a three-DGTE TDC is about +/-
460ps/nm while that of a two-DGTE TDC is only about +/-290ps/nm. TDC designed with three DGTEs is clearly better
than that designed with two DGTEs in increasing the usable bandwidth and dispersion tuning range.

The configuration of a three-DGTE TDC is schematically shown in Fig.10a, which includes a four-port and three-port
circulator and three DGTEs with linearly varying dispersion over in excess of a 50nm bandwidth. To achieve the
thermal tuning, the three etalons are mounted on individual TECs and then hermetically sealed in a 30.5x56x8.7mm
butterfly package. Fig.10b shows the resulting group delay of an experimentally constructed three-DGTE TDC with a
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Fig.10 (a) Configuration of TDC based on three DGTEs and the 30.5 x 56 x 8.7 mm package that the etalons fit
into., (b) the group delay of the device operating over 120 channels at three dispersion settings and (c) the group
delay of a single channel on the S0GHz grid for different dispersion settings
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channel spacing of 50GHz over 122 channels for dispersion settings about —439, 0, +406ps/nm. For clarity, Fig.10c
shows the group delay of a single channel on the 50GHz grid for different dispersion settings. The dispersion level is
controlled by the relative temperatures of the three DGTEs. The group delay ripple is <+/-5ps over the full dispersion
tuning and wavelength ranges. This value is much less than typical CFBG-based TDCs and raises the possibility of
cascading such devices through the system (in-line applications), in addition to providing dispersion compensation at the
terminal end. A maximum dispersion tuning range of over+/-500ps/nm was achieved with this device over a 20GHz
usable bandwidth. Alternatively +/-450ps/nm tuning range was achieved over a 25GHz bandwidth. The total insertion
loss of the device is about 6.5dB, which includes about 3.6dB loss from the circulators. The PDL of the device is
measured to be typically less than 0.2dB and the PMD of the device is measured to be typically less than 2ps.

Transmissive FBG-FPEs can be also used to build TDC. Fig.11a show schematically such a configuration, where two
transmissive FBG-FPEs are cascaded with an isolator inserted between them to prevent interaction between the two
FPEs. The principle of the operation of such a TDC is as follows. FBG-FPE1 and FBG-FPE2 are designed to have
positive dispersion slope and negative dispersion slope, respectively. The magnitudes of the slopes are equal (or near-
equal) to each other so that there is a region where dispersion is constant. The dispersion value is determined by the
relative spectral shift between two FBG-FPEs, which can be controlled either thermally or with strain. The transmissive
FBG-FPEs can also work together with reflective DGTEs to form a TDC, which can extend the dispersion tuning range.
Fig.11b shows the configuration of a TDC employing two transmissive FBG-FPEs and a reflective DGTE.
Experimentally two FBG-FPEs with grating reflectivities of about 20% were spliced to port 1 and 3 of the optical
circulator. The DGTE had grating reflectivity of 10.5% and 98% and was spliced to port 2 of the circulator. All the
etalons used in the experiment had an equal FSR of 25GHz. Fig.11c shows the measured group delay of such a device
with dispersion settings at 0, -250, -480, -750 and +720 ps/nm. The dispersion tuning range of the TDC was about +/-
800ps/nm and the group delay ripples is +/-4ps within usable bandwidth of about 13GHz.
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Fig.11 (a) Schematic of the TDC formed by two FBG-FPEs. (b)Schematic of the TDC formed by two FBG-FPEs and a DGTE.
(c) Measured group delay of the TDC with configuration of (b) at different dispersion settings

3.2 Dispersion slope compensators

High-speed WDM transmission systems also need compensate dispersion slopes. FBG based etalons may also be used
for this purpose. We have shown that dispersion slope compensators (DSC) can be realized with two different ways: (1)
using FSR-mismatched etalon pair [28]; (2) using tailored DGTEs [22].

Fig.12a and 12b shows the operation principle of dispersion slope compensator based on two DGTEs with different
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group delay amplitude (GDA) and slightly different FSR. In Fig.12a the large-GDA DGTE is designed to have a larger
FSR than the small-GDA DGTE. The separation of the group delay peaks of the two DGTEs increases (AA;<AA,<AL3) as
the channel number increases due to the mismatch in FSR as shown in Fig.12a. Since the combined group delay slope,
i.e. the dispersion, of the compensator depends on the relative separation between the peaks of the two DGTEs, the
dispersion decreases when the separation increases. Over a number of channels the two DGTEs can work together as a
negative-slope compensator. However, if we make the large-GDA DGTE have the smaller FSR than that of the small-
GDA one, a positive-slope compensator is obtained, as schematically shown in Figl2b. It is clearly shown in Fig.12b
that the group delay slope (i.e dispersion) increases as the relative wavelength separation decrease over the channels
(AN >AM>ANS).
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Fig.12 (a)Schamatic of the negative-slope DSC. (b) Schamatic of the positive-slope DSC. (c) Measured group delay of a
positive-slope DSC. (d) Measured group delay of a negative-slope DSC.

/
Group delay (ps)

We experimentally build two DSCs from three DGTEs, namely, DGTE1, DGTE2 and DGTE3, which have FSR of
25.0GHz, 25.7GHz and 26GHz, respectively and their dispersion amplitudes are measured to be 770ps/nm, 260ps/nm
and 640ps/nm, respectively. The first DSC (DSC1) was built up by cascading DGTE1 and DGTE2 using a 4-port
optical circulator. Similarly, the second DSC (DSC2) was built by cascading DGTE2 and DGTE3 through a 4-port
optical circulator. Fig.12¢ and 12d shows the measured group delay response of the two DSCs. It is clearly seen that the
first DSC has positive dispersion slope as shown in Fig.12¢ and the second DSC has negative dispersion slope as shown
in Fig.12d. The dispersion slopes of the DSC1 and DSC2 were +208.1ps/nm” and -94.9ps/nm?, respectively.

The principle of combining using two tailored DGTEs as a tunable DSC is schematically shown in Fig.13a. The two
DGTEs both have linear envelopes of group delay amplitude over a certain number of channels. The envelopes are
properly designed so that for each channel, the dispersion slopes of two DGTEs have same magnitude but different signs
in a certain region. Therefor, for each channel, there is a region where dispersion is constant when the two DGTEs are
combined. The dispersion value for each channel is determined by the relative spectral shift between two DGTEs, which
can be controlled either thermally or by strain. When the dispersion for each channel is set at zero dispersion, as shown
in Fig.13a, the dispersion slope over these channels is also zero. When tuning the DGTE1 towards shorter wavelength,
the dispersions for all channels increase but the amounts of dispersion changes are different, as shown in Fig.13a, thus a
dispersion slope is generated over these channels. The dispersion slope increases as the DGTEL! is shifted further. The
group delay spectra of the two linearly tailored DGTEs selected for the experiment are shown in the inset of the Fig.13b.
The two DGTEs were combined using a four-port optical circulator. In the experiment, we simply controlled the relative
spectral shift between them by applying strain. The measured results for dispersion slope settings of +20.2, +6.3, -0.7, -
9.4, and -20.2ps/nm’ for near 30 channels were plotted in Fig.13b, which clearly indicate the slope tunability. The slope
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tuning range of this DSC is from —22 to +22ps/nm” and the usable bandwidth for each channel is about 45% of the FSR
(50GHz).

To demonstrate even higher order dispersion compensation capability, we designed a DSC using two quadratically
tailored DGTEs. The simulated group delay spectra for the two nonlinearly tailored DGTEs are shown in the inset of
Fig.13c. The principle of tuning is similar to Fig.13a. When there is a relative spectral shift between each other, the
higher order slope (i.e. quadratic coefficients of the dispersion profile) will change. For the plotted dispersion curves in
Fig.13c, the quadratic coefficients vary between +6.3 and -7.1 and one clearly sees the change of dispersion profile over
these channels. This example strongly indicates that tunable control of arbitrary dispersion profile may be realized by
properly designed tailored DGTEs.
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Fig.13 (a) Schamatic of the DSC with tailored DGTEs. (b) Measured dispersion values at different dispersion settings for
a.tunable DSC with two linearly tailored DGTEs. inset: measured group delay spectra of the two tailored DGTEs. (c) Design of
tunable high-order DSC with two quadratically tailored DGTEs. Inset: calculated group delay spectra of the two tailored
DGTEs.

3.3 Flat-top Multi-passband filters

Flat top multi-passband filters are very useful in WDM systems, for examples as interleavers [29]. FBG etalons can be
used to form all-fiber Michelson-Gires-Tournois interfermeters (MGTIs) and generate flat-top multi-passband profile
[30]. The configuration of the all-fiber MGTI filter is schematically shown in Fig.14a, where a CFBG and a DGTE are
written in the two arms of a fiber coupler, therefor a Michelson interferometer is formed. The DGTE, acting as phase
dispersive mirrors. The reflectivity of CFBG and DGTE are normally chosen to be as high as possible to minimize
insertion loss. In a MGTI, the interference inside the DGTE and the interference between light from two arms both
exhibit a periodic dependence on the frequency of light, which are determined by the path length difference (4L) of the
two arms and the cavity spacing of the DGTE (d), respectively. A proper relationship between them is required to
generate desirable transmission function. In general, one can chosen AL to be one half of d, i.e. AL=d/2 [29].

In the experiment, the CFBG has a length of 10mm and a reflectivity of ~ 90%. The DGTE was realized with a 10mm-
long strong grating with a reflectivity of ~90% and an 8mm-long weak grating with a reflectivity of ~12%. The relative
wavelength shift between the two gratings (i.e. the cavity spacing of DGTE) is about 2mm. The CFGB and DGTE were
spliced to two arms of a 3dB fiber coupler to form MGTI according to Fig.14a. The length difference of the two arms
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(AL) was controlled to be around Imm during the splicing. The length difference was then carefully adjusted by
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Fig. 14 Configuration (a) and spectral response (b) of an all-fiber MGTI filter.

straining a short section of the fiber in one arm. The spectral response of the MGTI filter was measured using a
broadband LED light source and an optical spectrum analyser with a resolution of 0.06nm. Fig. 14b shows its
transmission spectrum. It is clearly seen in Fig.14b that the fabricated filter has flattop profile with a channel spacing of
~100GHz. The achieved channel isolation is 23dB. The passband has square-like shape with the 1dB bandwidth of
~40GHz and 20dB bandwidth of ~77GHz, which generate ratio BW45/BW;oqgof ~0.52. The insertion loss of the filter is
~2.7dB, which may be expected to be improved by reducing the splicing loss and increasing the reflectivity of the
CFBG and DGTE. The configuration shown in Fig.14b may be modified to a two-DGTE based Michelson
interferometer, i.e. replacing the CFBG with another DGTE. Such a two-DGTE Michelson interferometer may result in
even better square-like passband compared with the demonstrated single-DGTE one [31].

4. CONCLUSIONS

FBG-based etalons are very attractive devices and should find many important applications in optical communication
systems.
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