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Design optimization of non-zero dispersion shifted
fiber for latency mitigation in optical fiber network

Abstract

Latency has an important role in new generation optical networks. There are a few
ways to minimize latency in the optical networks. One way is to use silica in the
core of optical fiber during the design of fabrication process. In this study, we have
designed a non-zero dispersion shifted fibers (NZDSF) used as the transmission
medium with minimal latency in an optical network. Using our optical fiber, the

latency was improved by 0.016ps.
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Introduction

Latency describes the time lapse between a transmitted and
received signal. This parameter is crucial issue for high frequency
traders associated with financial markets, In today’s marketing, high-
frequency trading firms pay a premium for a latency advantage as just
a few microseconds of delay in receiving trading information relative
to a competitor can result in loss of deals with big financial impact.'?

Latency in a link develops as a result of the delay caused by the
following different factors:

a) the signal processing in the electronics, the amplifiers, the
dispersion compensating modules (if any) and

b) the delay caused by optical propagations of the signal along the
fiber length, the longer the fiber, the more latency.'?

Besides the latency contributions from each of the above factors, it
is apparent that the biggest contribution comes from the transmission
fibers.* As the transmission length exceeds 10km, the fiber becomes
almost wholly responsible for the latency. The latency introduced by
the fiber, is directly proportional to the group index of the fiber. So
reducing the group index can lower the latency contribution from the
transmission fiber.*

Latency is one of the important issues of new generation networks.
To achieve lower latency, we need to use optical fiber with lower
refractive index. So the core must be doped by using silica.

A typical pure silica core' has a 0.4% lower group index relative
to traditional fibers made of Ge-doped silica core [5]. This apparent
insignificant latency would be noticeable in long haul propagation
across the Atlantic Ocean. This time difference will be highly
attractive to traders working between stock exchanges in two
respective continents.

In order to optimize the latency of an optical network at higher
distances, we should optimize the parameters of the optical fiber.
During the light transmission, there are several parameters that affect
on the quality of the received optical signals. One of these parameters
is the nonlinear effects.® To overcome nonlinearity, large effective

'Corning’s ultra-low-loss products (like SMF-28R ULL fiber and Vascade R
EX2000 fiber).

area fibers (LEAF) have been employed.” In the first generation, zero-
dispersion shifted fibers (ZDSF) were used to achieve minimum loss
and dispersion; but by increasing the number of signal wavelengths in
DWDM networks, four-wave mixing (FWM) occurred which induces
inter-channel crosstalk during the transmission of light.®9

Besides ZDSFs, non-zero dispersion shifted fibers (NZDSF) have
been designed which avoid the phase matching condition and reduce
the effects of FWM in optical networks.'# By using NZDSF we may
obtain a large effective area which minimizes the nonlinear effects;’
however, larger effective area makes fiber more sensitive to bending
loss. So, choosing optimum parameters during the design of an optical
fiber is very crucial for optical networks performances.

To start-up, we have studied the effects of other parameters while
optimizing the optical fibers. During the design process, we have
faced with many limitations. Using optical fibers with very large
effective area may cause a very high mode field diameter (MFD).!
In order to overcome this issue; the effective area must be limited. In
a study, the upper limit gf effective area in a single mode fiber was
reported azround 370 pum™." In a study, an NZDSF with effective area
of 95 pum”, dispersion slop of 0.1ps/nm?km and bending loss of 0.005
dB has been designed.

An NZDSF with effective area of 102 umz, dispersion of 4ps/
nm.km, dispersion slope of 0.06 ps/nm’km and bending loss of
0.0013dB/km at the wavelength 1550 nm was designed and reported,
where one dopant was employed in the core region of the optical
fiber.3

In another study, these parameters were optimized by using three
dopants to make different refractive index in the core; where the
effective area was increased up to 120 um2 and the bending loss was
decreased down to 1.4 x10 " dB/km™. At wavelength 1550 nm, the
dispersion, effective nonlinear refractive index and 1’st order PMD
resulted in 5.78 ps/nm.km, 1.41x 10" °cm’ / W and 8.77x107 ps,
respectively.

Besides all above parameters’ optimizations, one important
parameter in the next generation communication systems is the signal
latency between transmitting and receiving ends. As it is reported
before, the typical group delay in a conventional single mode fiber is
about Sus/km .
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Recently, we have designed an optical fiber network used in [oT in
order to evaluate the quality of the received signals from 50 km of our
designed NZDSF fiber. In this theoretical study, a non—zero dispersion
shifted fiber (NZDSF) with a particular refractive index which had a
minimum latency at 1352 nm was designed with an effective area of
102 umz and macrobending loss of 7.31x10 51dB/km. In comparison
to a commercial NZDSF, the latency was improved by 0.002s. '¢

To the best of our knowledge, considerable academic works have
not been reported in the literatures on the present subject. In this
paper, we have attempted to optimize design of an NZDSF fiber with
minimal signal latency with an optimum effective area.

Refractive index profile

As we know, the latency of light signal in a vacuum is 3.336ps, so
we must find the ways to minimize the signal latency of propagating
light in an optical fiber medium for most signal velocity. To achieve
this aim, we should optimize the refractive index profile of the
transmission fiber for minimal group index so as to mitigate the fiber
group index, thus results in higher group velocity of propagating
signal. We have designed an NZDSF with a core of exponential profile
assumed with Germanium dopant.

Adding Germanium or Fluorine will increase or reduce the
refractive index of pure silica, respectively. The refractive index 7 of
m mole-percentage doped material can be defined as follows:'

2, m o2 2
n= ny+—(n —ny) (D
m
where n, is the refractive index of the host material and n, is the
refractive index of doped material with m, mole percentage. Then the
exponential function of the core is as follows :'¢

n(x) = [1(0) = n(w)]x— +Eﬂ@%ﬂ9
.

X exp(—x/ w) 2)

e—1
where n(0) and n(w) are the refractive indices at x=0 and
x=w, respectively, and e=1.6x10"" .

In order to calculate the latency of this fiber, we should find the
group delay of light with refractive index of n for a fiber length of L
by the first frequency-derivation of the propagation constant given as:

G, =198 _ drdlnky) mel ( dn | dny L, 593
do do dA @ dA diA ¢ da
where N, =[n—A(dn/dA)] is the effective group index of the

fiber and A is the operating wavelength. The dispersion coefficient of
the propagating light is computed by the following expression:

L d°N,g

A FYE “

As we know, more effective area may decrease the none-linearity;
so it is important to minimize the nonlinearity of fiber in our design.
Assume that E(x,y) is the optical mode field distribution, then the
effective area can be defined by using the following expression:'®

_JIEGy)Fvay P
[JIE Ge,x) [ dxdy
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Also, the nonlinear effective index in a fiber can be found as
follows:

o = Y| F(x,p) [ dxdy
7 | F(x,p) P dxdy

(6)
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where n(x,y) is the user-defined spatially dependent nonlinear
refractive index of the various layers of the fiber and F(x,y) is the
normalized mode field pattern.

Theory of signal latency

The total end to end network latency is the combination of all
latencies incurred between the transmitting and receiving ends and all
other elements, such as witches and routers etc. Therefore, the total
latency ¢ is summarized as:

/ 0+

1= Lirans T lrec

(ZP”OC +€for +£qu€) +1inks£f (7)

all appliancesinlink

where Cians s Lorans > £ proc » gfor s Lgue > and £, are latencies
due to transmitter, receiver, processing, forwarding, queuing, and
propagation of optical signals in the fiber, respectively

To focus our study, we consider the latency due to signal
propagation in the transmission fiber which causes a major latency
in an optical fiber network. The speed of an optical signal in a fiber is
known as group velocity v, that can be determined by the effective
group refractive index N, by:

V, =— (8)
where c is the velocity of light in a vacuum. By knowing the length

of the transmission fiber L and group velocity, the fiber latency can
simply be calculated as:

_L _INg

I, = )

Vg 4

Design procedure

We have started our study by using the conventional NZDSF of
Corning Inc. with dispersion of 4ps/nm.km, effective area of 72um?>
and effective group refractive index of 1.4693. Therefore, the latency
I 55, of this optical fiber at wavelength 1550 nm for the given values
is calculated as follows:

Vi —c/ Ny = 299792.458

g 1.4693
1, 1

7= =4
Vissonm 204037.608

where V' is the velocity of light in fiber, c is the velocity of light in
avacuum, Ng is the effective group refractive index.

=204037.608 km/s (10)

Fisso = 901ps an

We have started our design procedure by employing the profile of
an optical fiber which was used to achieve high negative dispersion
in a dispersion compensating fiber (DCF).!” Since our first aim was to
design an NZDSF with an appropriate dispersion, we have modified
the sample core profile into an exponential function.

There are some literature reports that revealed the exponential
profile would decrease the loss level.'*!” Accordingly, we have used
two silica-based dopants with refractive index of 1.4-1.46 in the
cladding region. By employing the proposed parameters’ values of
the refractive profile given in Table 1, we have proposed a profile as
illustrated in Figure 1, showing the refractive index and percentage of
the refractive index difference.

The refractive index profile is divided into 5 Regions. The Region 1
forms the core of the fiber with a radius of 2.2 #m with an exponential
variation of the refractive index changing from 1.446 to 1.460. The
Region 2 is a gap of 0.5um with refractive index of 1.4448 between
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the core and the Region 3 with a width of 0.8 #m and refractive index
of 1.45, considered as a refractive index ring at the vicinity of the core

in the cladding.
Table | The proposed parameters’ values of the refractive index profile
Regions
Parameters
#1 (Core) #2 #3 #4 #5
Profile regions Exponential ~ Gap Ring Gap Clad
Width (um) 2.2 0.5 0.8 1 58
. 1.460 Max-
Refractive Index 1446 Min 1.4448 1.45 1.4448  1.4462

Region 4 is yet another gap between the ring and the cladding with

a width of 1ym and refractive index of 1.4448. The final Region 5 is

forming the major part of the cladding with a span of 58 and refractive
index of 1.4462, as shown in Figure 1.
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Figure | Exponential refractive index profile of the designed NZDSF.

Figure 2 shows the dispersion of the designed profile. As it is
noted, total dispersion and dispersion slope are 3.089ps/nm.km
and 0.0973ps/ nm?.km , respectively, at wavelength 1550 nm. The
effective area of our profile is 130pum? . Because of this large effective
area, there will be a limitation in bending, so also in the bending loss,
as depicted in Figure 3. Above 1550 nm, the macro-bending loss
increases with a higher slope.
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Figure 2 Dispersion of the designed NZDSF profile versus wavelength.

1.5138 pum , Slope: 0.09730 ps/nm2.km

The macro- and micro-bending losses in this profile are 0.79 and
1.28dB/km, respectively. Material loss is 0.19 dB/km and splices loss
in the condition of splicing two matched optical fibers, is 4.77 dB.

We have found that the minimum latency is obtained at the
wavelength of 1510 nm which is 1.4884us. Using Eq. 3 the group
index of the above profile is 1.4644 at the wavelength 1550 nm.
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Replacing this amount in Egs. 8 and 9, the estimated latency is obtained
as 4.31us. But the latency at the same wavelength is 4.884 us ;so we
have 0.574us tolerance between the estimated and practical latency.
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Figure 3 Bending losses of the designed NZDSF profile versus wavelength.

In Table 2, our obtained results are tabulated and are compared to
the data of the large effective area fibers reported in Coning data sheet.

Table 2 Designed values compared to the data of NZDSF reported by
Coning Inc

Our model @ Corning’s NZDSF @
Parameters
1550 nm 1310 nm 1550 nm 1310 nm

Group index 1.4644 1.4648 1.4693 -
G del

TOuP CEY 4885 4.886 4.901 -
(ps / km)
Group velocity 504770335 204664431  204037.608 -
(km/s)
Latency
(us / km) 4.885 4.886 4.901
Dispersion (ps/ 393 21.59 6-Apr )
nm.km) ’ ’
Effec%lve area 130 60 7 )
(um”)
Material loss
(dB/km) 0.19 0.36 0.19 <0.4
Macrobending
loss (dB/km) 0.81 1.63 <03 )
PMD (ps) 18.06 - 9.5 -

For the next step, we have employed our designed NZDSF in
an optical network to evaluate how far the light will be transmitted
without using EDFA and DCF and can be detected with desirable
quality. For this aim, we have designed an optical network based
on an optical transmitter and a receiver with the bit rate of 10Gb/s.
The received signal at the distance of 80km was monitored by using
eye-diagram as shown in Figure 4. The quality factor and minimum
bit-error rate of this signal were 10.91 and 5.03x107%* | respectively,
which are desirable amounts for this distance of transmission.?**!

Conclusion

In this study, we have designed an NZDSF with refractive index of
1.4644 at wavelength of 1550 nm which had minimum latency at 1352
nm. In comparison to Corning NZDSF, the latency for the designed
NZDSF has improved about 0.016us per kilometer The effective
area is 130um® and macro-bending loss is obtained as 0.79 dB/km.

Citation: Seraji FE, Safari S, Kiaee MS. Design optimization of non-zero dispersion shifted fiber for latency mitigation in optical fiber network. Phys Astron Int |.

2019;3(1):33-36. DOI: 10.15406/paij.2019.03.00153


https://doi.org/10.15406/paij.2019.03.00153

Design optimization of non-zero dispersion shifted fiber for latency mitigation in optical fiber network

The dispersion of this fiber is 3.23ps/nm.km which is comparable to
Corning NZDSF fiber.
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Figure 4 Eye-diagram of the received signals at the distance of 80 km.

We have employed our designed NZDSF in an optical fiber
network in order to evaluate the quality of the received signals from
80 km of our fiber. The results have revealed that without using optical

amplifier and DCEF, the quality factor and minimum bit-error rate have
been obtained as 10.91 and 5.03x102® respectively.
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