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Record Bandwidth, Spectrally Flat Coupling With
Microbend Gratings in Dispersion-Tailored Fibers

Siddharth Ramachandralember, IEEEMan F. Yan, Eric Monberg, Frank V. Dimarcello, Patrick Wisk, and
Samir Ghalmi

Abstract—We demonstrate resonant grating couplers with the In this letter, we report the demonstration of microbend-in-
broadest bandwidth (565 nm) reported to date, using microbend duced LPGs in a specially designed few-mode fiber, with record
gratings in dispersion-optimized few-mode fibers. Control of 3 4B handwidths of 565 nm. The coupling is spectrally flat over

En<o dg lzg_'fj%err?;)%?e)e rl%%'gﬁn;heTﬁiim:ﬁaS&ggog ggniggg:ra(lgy Cll]a)t a bandwidth of 110 nm. This feature is utilized to demonstrate

broad-band (110 nm) variable optical attenuator, which is highly Proad-band spectrally flat variable optical attenuators (VOAs),
cost-effective, since device assembly simply involves pressing arwith continuous tunability from 0 to 10 dB, and a spectral tilt of

as-drawn fiber between two corrugated blocks. <0.25 dB. This is enabled by a unique fiber design that allows
Index Terms—Attenuators, broad-band, gratings, microbend, Simultaneously matching the phase, group delay, and dispersion,
optical fiber dispersion, optical phase matching, variable optical as well as the dispersion slope, of thBy; andLP,; modes.
attenuator (VOA). This is the first demonstration, to the best of our knowledge,
of dispersion engineering in fibers that enables phase matching
over as many as three higher order dispersive terms. Since the
fiber design involves dispersion engineering, which is a mature
R ESONANT couplers, such as microbend-induced longachnology in the context of dispersion engineered transmission
period fiber gratings (LPGs) induce coupling between tWiners, standard processing techniques vield a fiber that can be

copropagating modes in a fiber by phase-matching the relevagkd for inducing microbend gratings, enabling highly cost-ef-
modes [1]. This is an attractive mode-coupling technique, sinfgtive VOAs.

the coupling strength can be varied simply by changing the am-

plitude of the microbend perturbation[2]. While this process en- Il. DEVICE PRINCIPLE

ables arbitrarily strong coupling, the resonant nature of coupling o

leads to strong spectral dependence—typically, stred(dB) The spectral characterls_tlcs of LPGs tha_t coupld g and

coupling occurs over a spectral range of 1-2 nm. Peolal. P11 modes can be described by a detuning paranseter

first demonstrated that this coupling bandwidth can be substan- 1 o

tially increased (20-dB coupling over 20 nm) by inducing cou- 8(A) =5 (Aﬂ()\) - T) 1)

pling between two modes that have identical group velocities _ ) _ ) )

[3]. Recently, we demonstrated that the differential dispersidfhereX is the operating wavelength,is the grating period, and

in few-mode fibers could be tailored to yield arbitrary control o2/ is the difference in propagation constants betweef.thg

the mode-conversion bandwidth [4]. While matching the groi@'dLP11 modes. At resonancé,= 0, and maximum coupling

velocities of the modes lead to enhanced bandwidth, the spedr@chieved. Away from resonance, the magnitude of coupling

are still highly wavelength dependent, since phase is a waggcreases as increases. Thus, the spectral characteristics of

length-dependent quantity. grating coupling are dependent on the spectral evolution of the
Recently, Liet al. demonstrated that the group velocity, aarameten, which in turn depends on the spectral evolution

well as dispersion, could be matched for core to cladding mo8&A 5. This dependence may be represented as a Taylor series

coupling with microbend gratings to yield spectrally insensitivBPout the resonance wavelength

resonant couplers [5]. While §pegtra that are flat over 100 nm 1 ) AB'(A) oy AB(N) 4

were demonstrated, the fabrication technique entails etchifg\) =5 | A8 (M)A —op AN AN

a single-mode fiber down to very small dimensions (diameter ' L3

~30 pm) to achieve the desired dispersive properties for the {AT()AA+ADNAX + AD'(NAN + -} (2)

coupled mode (a cladding guided mode, in this case). Thgere the primes represent derivatives with respect to wave-
cost-effective nature of such filters would be greatly enhancagngth anda ) is the difference between the wavelength of in-
if phase matching to higher dispersive orders can be achieygfbst and the resonant wavelength. These derivatives are related
in as-drawn fibers, eliminating the need for further processing, physically relevant parametera&3’ ~ Ar, the differen-
tial group delayAg” ~ AD, the differential dispersion, and
ApB"” ~ AD’, the differential dispersion slope. Thus, fibers de-

. INTRODUCTION
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g -60 . | . | . |
1000 v:/Z o0 | 14t°h° 1600 parameters rapidly diverges away from this wavelength for
_ . a‘v °oens | (n " : _— this case, leading to diminished coupling, and thus, a spectrally
NE, 250 N sharp resonance. In the case of the mode-converter fiber, the
E o0 { PMC has a minima and the line representing the grating period
c . .
(¢) 2 s O “intersects” the PMC over a larger wavelength range, leading to
g (o0 \ coupling over a large bandwidth. Nevertheless, the PMC still has
5 50 L ‘ — strong wavelength dependence; likewise, the spectrum is also
o 1000 1200 1400 1600 highly wavelength dependent. Finally, in the case of the fiber
Wavelength (nm) design reported here, the PMC is essentially flat throughout a

spectral range spanning an octave. As is evident, the line repre-
Fig. 1. Taylor terms (2) forlLP,, and LP,; modes. (a) Group delay. senting the grating period is coincident with the PMC over the
(b) Dispersion. (c) Dispersion slope. Close match of curves enables broad—bg\ﬂqme spectral range. Note that the PMC for this fiber is not
spectrally flat response. . . .
strictly horizontal (as designed) but possesses a small amount
of curvature due to small differences in the dispersive proper-
[ll. DISPERSIVEFIBER CHARACTERISTICS ties for the two modes. Nevertheless, the deviation is negligibly
small, and thus, broad-band spectrally flat coupling should be

A few-mode fiber with a pealin of 2% was designed to expected. Spectrally flat coupling also requires that the couplin
yield identical values for the group velocity, dispersion, and dis*P 9P y ping q ping

persion slope, for the core-guidé®,, andI.P1; modes. The coefficients be spectrally insensitive. The calculated coupling

fiber preform was fabricated by modified chemical vapor depc():p efficients (deduced from overlap integrals between the two

) C ) . oy
sition, which is an established technique for realising compl?rE(Ode fields) for this fiber varied by approximatety’ — 1% in

waveguide structures. Fig. 1 shows the dispersive properties R 1500-1600-nm spectral range, which results in a negligible

the fabricated fiber. As expected, th#, and LP;; modes (+/_—0.2 dB) variation in the coupling strength of a 5-dB strong
X . . . rating.
have identical group delays and dispersion slopes, and almodt
similar dispersions, in the 1500-nm range. The dispersion mea-
surements on this fiber showed negligible departures from the IV. MICROBEND GRATING SPECTRA
design target. Microbend-induced gratings were obtained by pressing
The dispersive properties of the fiber can be used to determthe fiber between two corrugated aluminum blocks that were
the grating phase-matching curve (PMC), which is a plot of theachined to yield the desired periodicity of corrugations.
grating period at the resonant condition [detuning 0, in (1)] The grating period, as deduced from the PMC in Fig. 2, was
as a function of wavelength. The PMC for this fiber is shown i425 ym. Fig. 3 shows the spectrum of a 1-cm-long microbend
Fig. 2. Also shown for comparison are the PMCs for a convegrating induced in this fiber. Mode strippers were employed at
tional LPG that couples the core mode with a cladding modeae input and output of the grating to remove unwanted modal
and a dispersion tailored fiber for mode converters, in which tihaterference effects. The 3-dB spectral width is a record value
group velocities of the two modes match at a certain wavelength565 nm, owing to the dispersive characteristics described in
(for more details on this fiber, see [4]). In addition, Fig. 2 showSection Ill. Note that strong spectral dependence is observed
a horizontal dashed line representing the grating period usedrirthe wavelength ranges where the PMC, shown in Fig. 2, has
this experiment. some curvature. However, since the dispersive parameters are
The bandwidth or spectral characteristics of grating couplireggpecially well matched in the 1500-nm range, the coupling is
can be determined by physical inspection of the PMCs in Fig.&lso spectrally flat in that range. The flat spectral region extends
Inthe case of an LPG coupling to a conventional cladding mod®sser more than 100 nm, as is evident from Fig. 3. Coupling at
the slope of the curve is steep and monotonic, which implies tlihe resonance requires control of the grating period to within
the line represented by the grating period intersects the P0G pm. While such a high level of accuracy is not feasible
at only one wavelength—this is the wavelength at which phasgth machined corrugated blocks, tilting the fiber with respect
matching is obtained and strong coupling occurs. The detunitigthe grating block facilitates fine-tuning the grating period to
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achieve the broad-band resonance. The insertion loss for this & oa d
grating, along with the mode strippers, was only 0.2 dB, as is 00 R . . , -
expected of microbend gratings. A grating length of 2.5 cm was 2 4 6 8

needed to measure the insertion loss, because some spectral Attenuation (dB)

features of the broad 1-cm grating resonance fell outside the

_ Fig. 4. VOA operation in flat spectral region. Continuous tuning from O to
meaSl‘_lrement range (1000 1700 nm)' . 10dB. (a)C'-band. (b)C'+ L-band (110 nm). (c) Spectral tilt versus attenuation.
Savin et al. [2] demonstrated that changing the pressure

of the corrugated blocks impressed upon a fiber, leads to a
change in coupling strength. Varying the pressure applied _ _
on the few-mode fiber alters the grating strength without We have demonstrated record bandwidth (565 nm) mi-
perturbing its spectral shape. Thus, the spectrally flat couplifgPbend gratings in a specially designed few-mode fiber. The
in the 1500-nm range (shown in Fig. 3) is maintained for arynique design enables matching the phase, group velocity,
grating strength. This characteristic yields a wavelength-insed dispersion, as well as dispersion sIop_e, ofltl_ﬁ’gl and
sitive VOA. Fig. 4(a) shows the spectral characteristics in tHe’11 modes. This results in a wavelength-insensitive spectral
C-band, while Fig. 4(b) shows spectra over a 100-nm ran§@Sponse over 110 nm. The insertion loss is 0.2 dB, the length
approximately covering th€'- and L-bands. In both cases,0f the grating is 1 cm, and device assembly simply entails
spectrally flat coupling is obtained as the grating strengifessing the fiber with two corrugated blocks. Thus, a compact,
is varied between 0 and 10 dB. Fig. 4(c) shows the spectt@v-loss, broad-band, and potentially cost-effective VOA is
tilt (defined as the maximum attenuation variation across tg€monstrated.
spectral band, with respect to the value at the center of the
band) for various attenuation levels. REFERENCES
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