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A reply to the Comment byMortensen et al. [Appl. Opt. 47, xxxx–xxxx (2007)] on our previous paper on on
our earlier paper published in [Appl. Opt. 46, 3263–3268 (2007)is presented. In the theoretical study of a
highly dispersive dual concentric-core pure silica photonic crystal fiber, we presented a design wherein
the high value of the dispersion coefficient was due to coupling of modes between two asymmetric cores at
a phase-matched wavelength of 1:55 μm. In the condition in which both the supermodes are excited si-
multaneously, the dispersion effects of the two modes do not cancel each other, but the final dispersion
coefficient depends on the input launching condition. We also predict the feasibility of manufacturing
low-loss pure silica dual concentric-core photonic crystal fibers in future with advancement in the current
fabrication techniques. © 2008 Optical Society of America

OCIS codes: 060.2280.

The paper presented is a theoretical conception of
a design with a very high value of dispersion
(−9500 ps=nm=km) and a full width at half-maximum
(FWHM) of 55nm [1]. Such a highly dispersive, pure
silica photonic crystal fiber (PCF) has great potential
in applications requiring high dispersion values over
large wavelength, such as in phased array antenna
systems. However, we have not explored the possibi-
lity of dispersion compensation using such fibers; as
such fibers might not have the dispersion slope to dis-
persion value ratio to compensate for single mode
fiber (SMF) dispersion over a largewavelength range.
Various PCF structures have been reported that

have very high negative dispersion coefficients
[2–11]. Extreme values of dispersion coefficient as
large as −59; 000ps=nm=km have been predicted
[2] for geometries based on dual-core structure using
a doped core. However, this comes at the expense of

scattering loss and fabrication issues. Therefore,
there is a need to fabricate highly dispersive PCF
structures based on pure silica and air. Such struc-
tures will not only make fabrication process simpler
but can also potentially have loss levels comparable
to or even less than SMFs [12].

The propagation constants of the two supermodes
are

β� ¼ 1
2

�
β1ðωÞ þ β2ðωÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðβ1ðωÞ − β2ðωÞÞ2 þ 4κ2

q �
;

ð1Þ

where κ is the coupling constant between the two
waveguides and β1ðωÞ and β2ðωÞ are the propagation
constants of individual modes.

From the above expression, LB can be calculated as

LB ¼ 2π
Δβ�

; ð2Þ0003-6935/08/183330-03$15.00/0
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LB ¼ 2πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðβ1ðωÞ − β2ðωÞÞ2 þ 4κ2

p : ð3Þ

The term under the square root in the denominator
of Eq. (3) is always positive and is at least equal to or
greater than 4κ2
In our paper, we also provide the relationship

between DMax and coupling constant as

DMax ¼
���� π
2cκ

�
dn1

dλ −

dn2

dλ

�
2
����; ð4Þ

where n1 and n2 are the refractive indices of the
inner and outer cores, respectively.
Then, using Eqs. (3) and (4), the value of LB can be

approximately given as

LB ¼ 2cDMax�
dn1
dλ −

dn2
dλ

�
2 : ð5Þ

Mortensen et al. also correctly give the expression for
Dmax as

DMax − =þ LB

2c

�
dn1

dλ −

dn2

dλ

�
2
: ð6Þ

However, the dispersion coefficient D not only de-
pends upon the beat length (LB) but also depends on
the factor

�
dn1
dλ −

dn2
dλ

�
2
. The term

���dn1
dλ −

dn2
dλ

��� is repre-
sented by T in our paper. Therefore, Eq. (4) can be
written in terms of T as

DMax ¼
π
2cκT

2: ð7Þ

Although we want to keep LB low in order to have
low scattering loss and intermodal coupling effects, it
is still possible for us to maximize “T,” as it depends
purely on the geometry of the structure. We have
shown that as the squared term increases the value
of period decreases [1], leading to a high value of the
dispersion coefficient. This result is shown in Fig. 1.
Using the result in Fig. 1 and Eq. (5), we have also

plotted the variation of LB as a function of period (Λ)
as shown in Fig. 2. It can be seen from Fig. 2 that the
beat length increases with increasing period. The
smaller the period, the smaller the beat length.
Apart from obtaining a very high dispersion coeffi-

cient, we also want to have a large FWHM. In other
words, a large value of the product of dispersion coef-
ficient maximum and FWHM is desirable. This is
especially important in phase array antenna applica-
tions, wherein a large and continuously variable time
delay is required for adjacent antenna elements.
We have simulated various structures and deter-

mined the product of Dmax and FWHM as shown
in Fig. 3. From the results in Fig. 3, we fixed our per-
iod at 0:98 μm, which is the lower limit for the cur-
rently producible PCFs. The value of beat length

at this design value is 479 μm. The large value of
Dmax FWHM product, low value of beat length and
the choice of period which can be manufactured jus-
tify our choice of period and structural parameters.
Controlled fabrication of PCF can ensure that the
longitudinal variations are small in order to screen
the scattering loss. Ultralow-loss, long length of
10km PCF has already been fabricated [13]. The loss
is measured to be 0:37dB=km at 1:55 μm. The fiber
diameter fluctuations are less than 1%. This shows
that the parameter tolerances of the PCF such as
roughness of air holes, air-hole positions, and dia-
meters along the propagation direction can be well
controlled.

In order to fabricate pure silica air hole structures,
we can totally eliminate the use of theMCVD process
[6,12]. Since only pure silica is used in our design,
simple fabrication methods such as stack-and-draw
method [14,15] can be used to fabricate the PCF. This
method has been well developed and currently the
optogeometric parameters can be well controlled.

Fig. 1. Relationship between T and period (Λ).

Fig. 2. Variation of beat length (LB) with period (Λ).
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The variations in the parameters can be well under
1%. Mortensen et al. have already fabricated a highly
homogeneous PCF based on pure silica with a
Pearson factor of R ¼ −0:992 and loss less than
0:5dB=km. They were able to fabricate 2:5km long
PCF, yet maintaining such high homogeneity [7].
At this point, we would like to draw the reader’s

attention to the theoretical and experimental find-
ings by Gerome et al. [16]. The authors of this paper
have investigated the effect of launching conditions
on the chromatic dispersion of a dual concentric core
fiber. Even in the presence of both supermodes, there
exists a workable range of wavelengths in which
there is still some high negative dispersion. There-
fore, the dispersion of the two supermodes do not can-
cel each other, but the net dispersion depends on
what fraction of energy is launched into each mode.
The launching condition influences the dispersion
coefficient value. If we want to preferentially excite
one of the supermodes, we can either use a taper fiber
from a SMF to the central core of the PCF and splice
it in order to only excite the fundamental supermode
or we can use mode converters to convert one mode
into the other by carefully fabricating mode conver-
ters as given by Vaziri et al. by taking the correspond-
ing beat length into account [17].
Although we do not claim that our structure can be

readily fabricated, with the advances made in fabri-
cation technology in recent years, this design criter-
ion can be met in the near future. High homogeneity
can ensure reduced scattering events, and by redu-
cing the OH content in the raw material used for fab-
rication of PCF, the attenuation can be brought down
to the fundamental limit of silica.
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Fig. 3. (Color online)Dmax FWHMproduct plotted as a function of
PCF parameters. The solid lines are only to aid the eye. The data
points are marked with solid squares.
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