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ABSTRACT
In this dissertation, theoretical and experimental investigations leading to the
development of a novel type of Bragg grating, denominated Anti-Symmetric
Waveguide Bragg Grating (AWBG), are presented. This type of Bragg grating can
be applied in diverse areas of optical communication and optical processing by
providing compact, integratable devices which do not need circulators to separate
incoming from outgoing signals. The principle of the AWBG is derived from
Coupled-Mode Theory, and for the experimental demonstration, designs were
fabricated using silica-on-silicon technology. The advantages of the AWBG are
compared with the previously studied Tilted Bragg grating. The Anti-Symmetric
grating exclusively produces a reflection with mode conversion in a two-mode
waveguide. This improves the performance by minimizing noise and crosstalk
produced by reflection without mode conversion. In addition, the operational
bandwidth and versatility are enhanced while keeping the compactness and
simplicity of the devices.
In this work, the AWBG concept is experimentally demonstrated using
several devices: an optical add/drop multiplexer based on AWBG, sampled Bragg
gratings, a novel type of interleaved sampled Bragg gratings, and spectral
amplitude encoders/decoders. In addition, theoretical work on several applications
of the AWBG in spectral phase encoding/decoding and optical cryptography are
presented.
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1. INTRODUCTION
1.1 Introduction to Anti-Symmetric Waveguide Bragg Gratings
In recent years, important advances in optical communication and processing
have been reported. Key technologies, such as novel schemes to slow light propagation
[Vlasov et al. (IBM), 2005; Lenz et al., 2001] and the first laser semiconductors and
modulators [Rong et al. (INTEL), 2005] in silicon are being developed. The
implementation of these technologies, which represent advances toward all optical signal
processing and buffering, may also result in a significant cost reduction due to welldeveloped silicon processing. Considerable research has taken place in emerging
technologies to improve security in optical networks. These technologies include
quantum cryptography (or communication) developed by Wiesner in the 1970s [Bennett
& Brassard 1982], chaotic communication proposed by Louis Pecora in the 1980s
[Mullins, 2006], and other schemes for optical encryption that will be presented in this
dissertation.
Bragg gratings are key elements for optical processing and communications. They
are produced by a periodic perturbation in the waveguide geometry or material
properties. Depending on the application, this perturbation can be advantageous or
detrimental. In copper communication cables, for example, periodic oscillations during
fabrication can produce periodic variation in the characteristic impedance. The period of
the perturbation in the cable is in the order of several decimeters and can match the size
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of utilized wavelengths. Therefore, undesired reflections are produced, reducing the
operational bandwidth of the cable [Castro, 2004 (l)].
Unlike communication systems utilizing copper cables, optical communication
and microwave systems take advantage of this physical phenomenon to successfully
produce important components such as Fiber Bragg Gratings (FBG), integrated
waveguide Bragg gratings, photonic bandgap crystals and corrugated waveguides among
others.
FBGs were feasible after the discovery of the photosensitivity in optical fibers
(Hill et al., 1978). The periodic modulation of their refractive index in single mode fibers
has been the basis to produce spectral filters, WDM, Optical Add Drop Multiplexers
(OADM), and dispersion compensators [Kashyap, 1999]. More recently, they have been
used in signal processing applications, such as encoder/decoders for optical code division
multiplexing [Teh et al, 2001]. Other applications include sensors [Srinivasan &
McFarland, 2001], fiber lasers, and pulse reshaping [Petropoulos et al., 2005].
Devices based on single mode FBGs usually require circulators to separate
incoming signals from processed (reflected) signals as shown in Figure 1-1. This
requirement increases the size, complexity, and cost of the device.
Δλ

Δλ

CIRCULATOR

FIBER BRAGG GRATING
λc

λc

Δλ

λc

Figure 1-1: Example of application of FBG as an OADM.
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Important advances towards optical integration may be attributed to the
implementation of Tilted Bragg Gratings (TBG) [ Madsen et al.,1998;A. Kewitsch et al.,
1998; Geraghty et al., 2001] written in a two-mode waveguide. It is well known that
guided waves propagate in discrete modes which depend on the material characteristics
and geometry of the waveguide [Agrawal, 2002]. These propagation modes are
orthogonal. Therefore, periodic perturbations, that have a symmetrical profile in the
lateral direction of the waveguide, can only produce coupling between similar modes.
Conversely, asymmetric periodic perturbations in the waveguide (in dimensions, loss or
refractive index) may produce mode coupling among orthogonal modes. The strength of
this mode coupling depends on the periodicity, intensity, and length of the variation. A
TBG is an asymmetric perturbation of the refractive index. When TBGs are written in a
two-mode waveguide, they allow coupling between orthogonal modes. Devices based on
TBG written onto two-mode waveguides attached with asymmetric y-branches provide
filtering and signal separation as explained in [Riziotis & Zervas, 2001; Castro et al.,
2004 (g,h)] and shown in Figure 1-2.

On Resonance
Drop

Output

Input

Off Resonance

Input

Figure 1-2: TBG with asymmetric y-branches.

Output
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However, devices based on TBGs are very sensitive to fabrication errors in the tilt
angle of the grating or the y-branch. Even in ideal conditions, TBG produce reflections
without mode conversion (even-even) at different Bragg conditions, which can increase
the noise due to crosstalk in the device. In several WDM applications, these multiple
reflections without mode conversion also reduce the operation bandwidth of the device.
Approaches to overcome the limitations of TBG were proposed [Castro et al.,
2005 (f)]. However, they do not vary the basic structure of TBG and suffer from other
disadvantages, such as a considerable reduction in the reflection strength.
Recently, the concept of Anti-Symmetric Waveguide Bragg Grating (AWBG) has
been theoretically and experimentally demonstrated [Castro et al., 2005 (e)]. The AWBG
is a radical departure from the TBG concept, producing more efficient, compact and
integratable devices. AWBGs have been developed to perform diverse functions such as
filters and multi-wavelength filters for WDM systems and OCDMA encoders/decoders,
among many other applications. The potential applications of AWBGs, however, go
beyond the mentioned demonstrations. Optical cryptography, phase encoding, and optical
buffering are among other new applications of this enabling technology. The long term
goal of our research is directed towards the convergence of electrical and optical
information processing capabilities in compact silica-on-silicon or silicon chips.
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1.2 Original Contributions
The objective of the work presented in this dissertation was to produce compact,
integratable optical devices that can be applied in optical communication and signal
processing systems. In pursuing this goal, the Anti-Symmetric grating was developed.
LightSmyth Technologies Inc. was our partner in this project and provided the expertise
to fabricate photolithographic gratings in silica-on-silicon. The scope of this work is not
limited to the design and demonstration of the AWBG, but several applications for
OADMs, encoders/decoders, Sampled Bragg Gratings, Interleaved Sampled Bragg
Gratings, Corrugated gratings, and Optical Cryptography among others.
This dissertation has original contributions in the following fields of optical
communication and processing:

•

First demonstration of the Anti-Symmetric Waveguide Bragg Grating.

Theoretical analysis derived from coupled-mode theory is used to design the first
AWBG. Fabrication and testing of the first AWBG confirmed the model predictions.
This demonstration, explained in Chapter 3, was reported in:
o J. M. Castro, Christoph Greiner, D. Iazikov, T. W. Mossberg Seppo
Honkanen and D. F. Geraghty, “Demonstrations of mode conversion
using Anti-Symmetric waveguide Bragg gratings,” OSA Optics Express
Vol. 13, Issue 11, pp. 4180-4184 , May 2005.
o JM Castro, A. Sato and DF Geraghty,"Waveguide Mode Conversion
Using Anti-Symmetric Gratings," OME31, IEEE/OSA Optical Fiber
Communication Conference, 2005.

25

•

Optical add/drop multiplexers based on the AWBG.

OADMs, which combine AWBG and an asymmetric y-branch, were designed and
fabricated as described in Chapter 3. Experimental results on their advantages with
respect to previously designed OADM-based TBG are included. This work was
published in
o J. M. Castro, D. F. Geraghty, S. Honkanen, C. Greiner, D. Iazikov, T. W.
Mossberg, “Add-Drop Multiplexers based on the Anti-Symmetric
Waveguide Bragg Grating,” OSA Applied Optics, Vol. 45, Issue 6, pp.
1236-1243, February 2006.

•

Optimization of y-branches based on beam propagation simulations.

Shorter y-branches were required in our devices to maximize the space utilization in
the optical chip. The y-branches were designed to produce crosstalk < -20 dB, with
experimental results shown Chapter 3.

•

Reduction of polarization dependence in ion-exchanged grating devices.

AWBG fabricated in silica-on-silicon produce Polarization Dependent Wavelength
(PDW) of 0.21 nm, due mainly to the residual stress and waveguide asymmetry. Ion
exchanged waveguides with AWBG can theoretically produce negligible PDW. To
estimate the limits, devices based on TBG and asymmetric y-branches were annealed
for different periods. The PDW was reduced from ~0.2 nm to ~0.08 nm, as was
reported in
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o Sanna Yliniemi, Jacques Albert, Albane Laronche, Jose M. Castro, David
Geraghty, Seppo Honkanen, “Negligible Birefringence in Dual-Mode Ionexchanged Glass Waveguide Gratings”, OSA Applied Optics, (Accepted)

•

Analysis of sampling process for Bragg gratings.

A modified sampling approach is theoretically analyzed. A model to explain the
interaction Bragg grating – cavity and effect due to the dc component of the refractive
index modulation is presented. To the best of our knowledge, these results described
in Chapter 4 are not reported at the present in the literature.

•

Demonstration of a Sampled Bragg Grating based on the AWBG.

The first Sampled Bragg Grating based on AWBG was designed and fabricated.
Experimental results produce the multi-wavelength spectrum (expected due to the
sampling process) and the separation of incoming from outgoing signals.

•

Alternative approach for interleaving Sampled Bragg Gratings.

A different scheme for interleaving Sampled Bragg Gratings was proposed and
demonstrated to produce high channel counts with simple design and fabrication
requirements. This approach can be applied in multi-channel filtering, dispersion
compensation and many other functions. Experimental results, shown in Chapter 4,
have excellent agreement with our modeling. This work was presented in
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o Jose M. Castro, Jose E. Castillo, Ray Kostuk, Christoph M. Greiner,
Dmitri Iazikov, Thomas W. Mossberg, and David F. Geraghty,
“Interleaved Sampled Bragg Gratings with Concatenated Spectrum”,
Accepted for publication (2006).

•

Design of corrugated interleaved Sampled Bragg grating

Corrugated waveguides have localized variations in the effective index. The spectrum
of a Bragg grating written in this type of waveguide is affected by this index
variation. By properly adjusting the periodicity and magnitude of the corrugation, an
equivalent sampled and interleaved Bragg grating can be produced as described in
Chapter 4. This work was presented in
o D. F. Geraghty, J. M Castro, S. Honkanen, “New Glass Waveguide
Gratings and Grating Based Devices,” SPIE Photonics Europe, April
2006.

•

Spectral Amplitude Encoders/Decoders based on the AWBG

OCDMA networks require simple encoders/decoders enabling the integration of
optical devices for further development. In this investigation, described in Chapter 5,
silica-on-silicon Anti-Symmetric waveguide Bragg grating devices were designed and
fabricated to demonstrate compact and versatile OCDMA encoder/decoders. These
devices use mode conversion to perform all optical functions on chip. The process of
encoding and decoding was successfully demonstrated as reported in

28

o Jose M. Castro, Ivan Djordjevic, Lyubo Minkov, Christoph M. Greiner,
Dmitri Iazikov, Thomas W. Mossberg, and David F. Geraghty, “Compact
OCDMA encoders based on the Anti-Symmetric Waveguide Bragg
Grating,” IEEE Photonics Technology Letters, April 2006.

•

Spectral Phase Encoders/Decoders based on the AWBG

Phase encoding is also possible using the AWBG. In Chapter 5, two approaches are
described based on coupled-mode theory and Transfer Matrix Methods.
This work was presented in
o

JM Castro and DF Geraghty, "Spectral Amplitude/phase encoders for
Optical CDMA using Anti-Symmetric Gratings," IEEE/OSA Optical Fiber
Communication Conference, 2006.

•

Optical Correlators based on AWBG

Optical correlation is an important function in optical packet header recognition
systems and encoding/decoding process and optical cryptography. The basic
principles to produce this correlation in the optical domain are explained in Chapter 5
and Chapter 6. This work was presented at
o D.F. Geraghty, J. M. Castro, C. Greiner, D. Iazikov, T. W. Mossberg ,
“Anti-Symmetric Bragg gratings for optical filtering and encoding
systems,” IEEE LEOS Summer Topics, 2005.
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•

Novel approach for optical encryption

A new type of optical encryption based on super-structured Bragg gratings was
proposed. Security is provided by the transformation of the signal to noise-like
patterns in the optical domain which hides any structure to non-authorized users.
Encryption at speeds of several gigabits per second with low bit error rates was
simulated and can be seen in Chapter 6. This work was presented in
o Jose M. Castro, Ivan Djordjevic, and David F. Geraghty, “Novel SuperStructured Bragg Grating for Optical Encryption,” IEEE/OSA Journal of
Lightwave Technology, to be published in April 2006.
o JM Castro, IB Djordjevic, and DF Geraghty, "Novel Optical Encryption
Scheme Using Super-Structured Bragg Gratings," FThJ5, Frontiers in
Optics, 89th Annual OSA Meeting, 2005.
We expect that the successfully demonstrated concept of AWBG will enable novel
devices and applications. The long term goal in this area of integrated optics pursues
compact electro/optics elements capable of overcoming the present bottleneck in
electronic processing speed.
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2

THEORETICAL BACKGROUND

2.1 Introduction
Wave propagation in 3 dimensional optical waveguides (cylindrical, channel or ridge
waveguides) can be numerically analyzed using Maxwell equations and computationally
intensive simulations. Approximations assuming weak guidance provide simplified
analytical solutions for the field distributions and propagation constants of the waveguide
modes [Kashyap, 1999].
Similarly, approximation methods for weak perturbed waveguides such as Coupledmode theory can provide simplified and accurate solutions. Coupled-mode theory
assumes that mode field profiles of the unperturbed waveguide remain constant under the
weak perturbation. It is also assumed that the amplitude of these modes has a very slow
variation over a distance comparable with the propagating wavelength.
Simple analytical solutions using Coupled-mode theory assume that each mode can
couple exclusively with one of the allowed modes. In cases, such as tilted Bragg gratings
in which each mode can interact with more than one mode, the solution need to be
obtained in several steps. The resultant coupling from each step, needs to be added
(incoherently since modes are orthogonal) taking into account the energy conservation.
This approach has shown excellent agreement with experimental results as shown in
[Castro et al., 2004 (g)].
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The application of Coupled-mode theory to FBGs has been extensive.
Comprehensive analysis in [Othonos & Kalli, 1999, Kashyap, 1999; Erdogan, 1997],
provide information of basic parameters such as amplitude transmission and reflection of
Bragg gratings. Novel applications in optical processing require a deeper understanding
of FBGs. Other parameters such as Time-frequency analysis of their impulse response
were recently reported [Azaña & Muriel, 2003].
The remainder of this chapter is divided into four sections. The second section starts
with the derivation of the set of coupled-mode equations from Maxwell’s equations. In
the third section the coupled-mode equations are solved and the propagation of the
forward and backward signals inside the grating is analyzed for both on and off the Bragg
condition. In the fourth section the reflection coefficient and related parameters used in
practical grating characterization are derived. Intuitive criteria of different aspects of the
gratings in the frequency and temporal domain are given. The relation among several
grating parameters such as the extinction length, penetration depth and group delay is
shown. The fifth section presents a similar analysis applied to transmission. This chapter
is fundamental for the understanding of the Bragg gratings, TBG and AWBG.

2.2 Coupled-Mode Theory
Coupled-mode theory, widely used in the analysis of Bragg gratings [Kashyap, 1999],
can be obtained from Maxwell equations. Since this theory was extensively utilized in
this dissertation work, a detailed derivation is presented in this section. For this
derivation, it is assumed the interaction between two modes:

32

•

Mode a, the input wave, which propagates in the forward direction. It has a
propagation constant, β a , and a mode amplitude Aa,

•

Mode b, the reflected wave which propagates in the backward direction. It has a
propagation constant, β b , and a mode amplitude Bb.

From Maxwell’s equations,

r
dB
∇×E = −
,
dt

r
r dD r
∇×H =
+J,
dt

(2.1)

(2.2)

r
∇⋅D = ρ,

(2.3)

r
∇⋅B = 0,

(2.4)

r
r r
D = εoE + P ,

(2.5)

r
r
B = μo H ,

(2.6)

where

r
where μ o is the magnetic permeability, ε o is the free space permittivity and P is the
total induced polarization in the dielectric medium.
Assuming that the dielectric waveguide is source free of charges and

r

currents, J = 0

ρ = 0 , from (2.1) and (2.2) the wave equation applied to dielectric

waveguides is obtained

r
r
r
∂2E
∂2P
∇ E = u oε o 2 + μ o 2 .
∂t
∂t
2

(2.7)
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The induced polarization in the dielectric medium, can be expressed as

r
r
r
P = ε o χ (1) E = ε o (ε r − 1) E ,

(2.8)

(1)
where ε r is the relative permittivity and χ is the linear term of the susceptibility.

Equation (2.8) can be rewritten as

r
r
P = ε o (ε r − 1 + Δ ε ( z )) E ,

(2.9)

where Δ ε ( z ) is a perturbation in the dielectric and z is the propagation direction axis.
From (2.8) and (2.9) the polarization response can be separated in two components,

r r
r
P = Punpert + Ppert ,
r

(2.10)

r

where Punpert = ε o (ε r − 1) E and the indices indicates the unperturbed and the perturbed
polarizations.
For one state of polarization, the magnitude the electrical field is

Et =

1
Aa ( z )e a ( x , y )[exp( i ( wt − β a z )] + cc +
2

1
Bb ( z ) eb ( x , y )[exp( i ( wt + β b z )] + cc
2

,

(2.11)

where t refers to the polarization state of the transverse modes, w = 2π f , f is the
frequency in Hz, the subscript m is the index of the propagation modes, A and B are the
complex amplitude of the modes, cc represents the complex conjugated term, and

em ( x , y ) is the normalized mode profile which satisfies

∫∫ e ( x, y )e
i

allregion

*
j

( x , y ) dxdy = δ ij ,

(2.12)
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where

δ ij is the Kronecker delta function.

In this work, the height and the width of the waveguide and the width are assumed
are parallel to the y and x axis, respectively. In addition, the waveguides are designed to
be single mode in the y axis.
Once the modes are obtained for the unperturbed waveguide using (2.7), the
interaction due the perturbation can be described by modifying the wave equation,

∂ 2 Ppert ,t
∂ 2 Et
∇ E t = u oε o
+ μo
.
∂t 2
∂t 2
2

(2.13)

The effect of periodic perturbation in the refractive index δn ( z ) is related with

Δ ε ( z ) as follows,
( n + δn ( z )) 2 = ε r + Δ ε ( z ) .

(2.14)

Since δn ( z ) / n << 1 we can approximate,

Δ ε ( z ) ≈ 2 nδn ( z ) .

(2.15)

The perturbation in the refractive index should also take into account transverse
variations as shown,

δ n ( x , y , z ) = Δ n dc [1 + vζ ( x , y ) cos(

2π
z + φ ( z ))] ,
Λz

(2.16)

where Λ z is the period, Δ n dc is the average index, v is the visibility, φ ( z ) is a phase
function (for example the grating chirp), and ζ ( x , y ) is the transverse profile of the
index perturbation.
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Using Δ n = v Δ n dc as the amplitude of the ac refractive index, (2.16) can be
rewritten as

δn ( x , y , z ) = Δ n dc +

2π
Δn
ζ ( x , y )(exp( i[ z + φ ( z )]) + cc )
2
Λz

(2.17)

where cc represents the complex conjugated term.
Combining previous equations the induced polarization is obtained,

r
⎡
⎤r
2π
v
P = ε o ⎢ n 2 − 1 + 2 n Δ n {1 + ζ ( x , y )(exp( i[
z + φ ( z )]) + cc )}⎥ E
2
Λz
⎣
⎦

(2.18)

In particular, the polarization induced by the perturbation is given by,

r
⎡
⎤v
Δn
2π
Ppert ,t = 2 n ε o ⎢ Δ n +
ζ ( x , y )(exp( i[
z + φ ( z )]) + cc ) ⎥ E t . (2.19)
2
Λz
⎣
⎦
Substituting (2.11) in (2.7),

1
Aa ( z ) e a ( x , y )[exp( i ( w t − β a z )) + cc ] +
2
1
∇ 2 ( Bb ( z ) eb ( x , y )[exp( i ( w t + β b z )) + cc ] =
2
1
∂ 2 ( Aa ( z ) e a ( x , y )[exp( i ( w t − β a z )) + cc ]
2
+
uoε o
∂t 2
1
∂ 2 ( Bb ( z ) eb ( x , y )[exp( i ( w t + β b z )) + cc ])
2
uoε o
∂t 2
∂ 2 Ppert , t
+ μo
.
∂t 2
∇2(

(2.20)
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For weak coupling it is possible to assume that the amplitude of the mode change
slowly over a distance of the wavelength of the light,

∂ 2 Aa
∂Aa
<< β a
,
2
∂z
∂z

(2.21)

∂ 2 Bb
∂ Bb
<<
β
.
b
∂z
∂z 2

(2.22)

2
2
Using (2.15) and the relation, w μ o ε o ε r = β , in (2.20),

−iβ a

∂ Aa ( z )
e a ( x , y )[exp( i ( w t − β a z ) + cc ] −
∂z

∂ 2 Ppert , t
∂ Bb ( z )
iβb
eb ( x , y )[exp( i ( w t + β b z ) + cc ] = μ o
.
∂z
∂t 2
(2.23)
*

To simplify this expression both sides of (2.23) are multiplied by e a ( x , y ) . Since
propagating modes are orthogonal and normalized (2.12), by integrating through the
whole transversal region in which modes expand, only the mode a remains in the right
side of (2.23) as shown,

∂ Aa ( z )
[exp( i ( w t − β a z ) + cc ] =
∂z
∂ 2 Ppert , t
e a ( x , y ) dxdy .
μ o ∫∫
2
t
∂
all

−iβ a

(2.24)
Substituting 2.19) in (2.24),
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∂ Aa ( z )
exp( i ( wt − β a z ) + cc ] =
∂z
⎡
⎤
Δn
2π
− μ o w 2 {2 n ε o ⎢ Δ n +
ζ ( x , y )(exp( i[
z + φ ( z )]) + cc ) ⎥ ×
2
Λz
⎣
⎦
all
× ( Aa ( z ) e a ( x , y )[exp( i ( wt − β a z ) + cc ]
[ − iβ a

∫∫

+ B b ( z ) e b ( x , y )[exp( i ( wt − β b z ) + cc ]) e * a ( x , y )} dxdy

.

(2.25)
By selecting the phase-synchronous terms [Kashyap, 1999], (2.25) is reduced as,

∂ Aa ( z )
exp( i ( wt − β a z ) =
∂z
− 2 n ε o μ o w 2 Δ n Aa ( z )[exp( i ( wt − β a z )]
− iβ a

− 2nε o μ o w 2

∫∫ e

b

2π
Δn
B b ( z ) exp[ − i (
z + φ ( z ) − wt − β b z )] ×
2
Λz

( x , y )ζ ( x , y )e * a ( x , y ) dxdy .

all

(2.26)
The overlap integral between modes and the detuning parameter are defined as,

η ab = ∫∫ e a ( x , y )ζ ( x , y ) eb* ( x , y ) dxdy ,

Δβ = (β b + β a ) −

2π
.
Λz

Therefore, (2.26) can be simplified

∂ Aa ( z )
2π
= −i
Δ n Aa ( z )
∂z
λ
−i

π
Δ n B b ( z ) exp( i[ Δ β z − φ ( z )]) η ab .
λ

(2.27)

(2.28)
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(2.29)
The dc and ac coupling constants are defined as follows,

k dc =
k ac =

2π

λ

Δn ,

(2.30)

π
Δ n η ab ,
λ

(2.31)

It should be noticed that kac is real unless the perturbation has components of gain or
loss. Replacing (2.30) and (2.31) in (2.29) the following equation can be obtained,

∂ Aa ( z )
= − ik dc Aa ( z ) − ik ac B b ( z ) exp( Δ β z − φ ( z )) .
∂z

(2.32)
*

Similarly by multiplying (2.23) by the backward propagation mode, e b ( x , y ) , the
second coupled-mode equation is

∂Bb ( z )
= ik dc B b ( z ) − ik ac Aa ( z ) exp( − i ( Δ β z − φ ( z ))) .
∂z

(2.33)

To obtain the solution of (2.32) and (2.33) three variables are defined,

R = Aa exp( −
S = B b exp(
Δ θ = k dc +

i
[ Δ β z − φ ( z )]) ,
2

i
[ Δ β z − φ ( z )]) ,
2

dφ ( z )
1
(Δβ −
) .
dz
2

(2.34)

(2.35)

(2.36)

Substituting R, S and detuning ( Δ θ ) in (2.32) and (2.33),

∂R
+ i Δ θ R = − ik ac S ,
∂z

(2.37)
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∂S
− i Δ θ S = ik ac R .
∂z

(2.38)

2.3 Solution of the Coupled-Mode Equations
The previous set of couple-mode equations can be solved using standard linear
differential techniques. For example, it is possible to assume the following solutions,

R = r 1 exp( γ z ) + r 2 exp( − γ z ) ,

(2.39)

S = s 1 exp( γ z ) + s 2 exp( − γ z ) .

(2.40)

Replacing correspondent each terms of these solutions in (2.37) and (2.38)

(γ + i Δ θ ) r1 = − ik ac s1 ,

(2.41)

(γ − i Δ θ ) s1 = ik ac r1 .

(2.42)

Multiplying (2.41) and (2.42), γ is obtained,

γ

2

= k 2 ac − Δ θ 2 .

(2.43)

It can be obtained from previous equations,

s1 =

s2 =

(γ + i Δ θ )
r1 ,
− ik ac

ik ac
γ − iΔ θ
r2 =
r2 .
(( − γ ) − i Δ θ )
ik ac

(2.44)

(2.45)

From the boundary conditions additional equations can be obtained. Using (2.39),
the normalized power launched at z=0 is,

r1 + r 2 = 1 .

(2.46)
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At the end of the grating (z=L) the backward propagation mode (2.40) should have
no power,

s 1 exp( γ L ) + s 2 exp( − γ L ) = 0 .

(2.47)

Using (2.44) and (2.45) in (2.47),,

(γ + i Δ θ ) r1
(γ − i Δ θ )(1 − r1 )
exp( γ L ) +
exp( − γ L ) = 0 . (2.48)
ik ac
− ik ac
The previous equation can be reduced to,

r1 =

(γ − i Δ θ )
exp( − γ L )
.
2
γ cosh( γ L ) + i Δ θ sinh( γ L )

(2.49)

The parameter r2 can be obtained using a similar procedure as,

r2 =

(γ + i Δ θ )
exp( γ L )
.
2
γ cosh( γ L ) + i Δ θ sinh( γ L )

(2.50)

From (2.44), (2.45)

s1 = −

s2 =

k ac
exp( − γ L )
,
2 i γ cosh( γ L ) + i Δ θ sinh( γ L )

k ac
exp( γ L )
,
2 i γ cosh( γ L ) + i Δ θ sinh( γ L )

(2.51)

(2.52)

Therefore the mode amplitude can be obtained as given in,

R(z) =

γ cosh( γ ( L − z )) + i Δ θ sinh( γ ( L − z ))
,
γ cosh( γ L ) + i Δ θ sinh( γ L )

(2.53)

S (z) =

k ac sinh( γ ( L − z ))
,
i γ cosh( γ L ) − Δ θ sinh( γ L )

(2.54)
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Equations (2.53) and (2.54) are in the general solutions that describe the interaction
between two counter-propagating modes. However, it should be notice that R and S are
substitutions of the mode field amplitude as described by (2.34) and (2.35).

2.4 Reflection Analysis
In this section the coupled mode equations are used to explain diverse aspects of
the gratings in the frequency and temporal domain. For example, the evolution of the
modes for an unchirped grating with kac=800 m-1, kdc=0 and L=10mm is shown for three
different levels of detuning. Inside the stopband the amplitude of the forward propagating
mode decreases almost exponentially while the backward propagation mode increase at
the same rate as shown in Figure 2-1.

Figure 2-1: Mode amplitude of the forward R and backward S propagating mode as a function of
the propagation length. The used wavelength is inside the stopband.

At wavelengths out of the stop-band, there are oscillations in the amplitude of the
forward propagated mode. The closer to the stop band, the smaller the oscillation
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frequency and the higher the oscillation amplitude as can be seen in Figure 2-2 and
Figure 2-3.

Figure 2-2: Mode amplitude of the forward R and backward S propagating mode as a function of

the propagation length. The used wavelength is 0.2 nm far from the stopband.

Figure 2-3: Mode amplitude of the forward R and backward S propagating mode as a function of

the propagation length. The utilized wavelength is 2 nm far from the stopband.

It can be noticed in the previous figures that out of the stopband the amplitude of the
forward propagated signal has values higher than one (the input amplitude). To
understand these results the grating can be visualized as a series of numerous weak
reflectors elements. Not only the wavelengths on Bragg condition but all the others are
reflected at these discrete elements. The wavelengths inside the stopband add coherently
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and constructively at the left side of the grating (backward propagation) and cancel at the
right side (forward propagation). Wavelengths outside the stopband add coherently and
constructively to the right side of the grating (forward propagated). A fraction of the
power (wavelengths off Bragg condition) bounces (backward and forward) inside the
grating until is transmitted or attenuated. This can be compared with a reactive power
inside the capacitors or with the power stored inside a Fabry-Perot cavity. Since CoupledMode Theory assumes a continuous signal R, at the input of the grating, R would add
with the bouncing wave, increasing the power at some points inside the grating. Outside
the grating, the values of R and S are <1 (assuming no gain in the medium).
An important parameter used by gratings providers as a estimation for the grating
strength (LightSmyth Technology Inc.) is the extinction length, L ext . This length is
calculated at zero detuning γ = k ac at a position where the mode amplitude decays to e-1.
From (2.53) this can be obtained that,

R ( L ext ) = e −1 =

k ac cosh( k ac ( L − L ext ))
k ac cosh( k ac L )

(2.55)

From (2.55),

e k ac ( L − Lext ) + e − k ac ( L − Lext ) = e −1 ( e k ac L + e − k ac L )

(2.56)

An approximated solution can be obtained by assuming that L > 2 L ext as shown,

L ext ≈

1
.
k ac

The amplitude reflection coefficient can be obtained at z=0,

(2.57)

44

r=

k ac sinh( γ ( L ))
S (0)
= S (0) =
R (0)
i γ cosh( γ L ) − Δ θ sinh( γ L )

(2.58)

This expression holds for any γ real or imaginary. From (2.58) the power reflection
and phase can be obtained,

k ac

Rx = r =

k ac

2

2

sinh 2 (γ ( L ))

cosh 2 (γ L ) − Δ θ 2

ϕ = arg( r ) = a tan(

rimag
rreal

,

),

(2.59)

(2.60)

where rimag and rreal are the imaginary and real components of r.
The group delay, which is a very important characteristic of the filter, can then be
obtained as,

dϕ
λ2 dϕ
τ =
=−
.
dw
2π c d λ

(2.61)

In order to minimize numerical calculation, the following expression is derived from
(2.60),

dϕ
=
dλ

drimag
1+[

1
rimag
rreal

dλ

rreal −
( rreal

]2

dr real
rimag
dλ
,
)2

(2.62)

and replaced in (2.61) to obtain,

τ =−

λ
2π c
2

drimag
dλ

rreal −
Rx

dr real
rimag
dλ

.

(2.63)
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The Dispersion parameter given in units of ps/nm as explained in detail in [Othonos &
Kalli, 1999; Kashyap, 1999] can be obtained

D=

dτ
2τ
λ 2 d 2ϕ 2π c d 2ϕ
=
−
= 2
.
dλ
λ
2π c d λ 2
λ dw 2

(2.64)

The full width bandwidth between the first zeroes, 2Δλ, is obtained when γ L = i π .
This bandwidth can be derived from

Δβ =

2 neff

λ

2

Δλ =

2
L

( k ac L ) 2 + π

2

,

(2.65)

producing

2Δλ =

2λ2
n eff L

( k ac L ) 2 + π

2

.

(2.66)

Other important parameter, extensively used in Bragg reflectors in semiconductor
laser is the penetration depth (Melloni et al., 2003), which defined as,

L depth =

1
tanh( k ac L ) .
2 k ac

(2.67)

This parameter defines the space the light propagates in the grating before being
reflected.
In Figure 2-4, Figure 2-5 and Figure 2-6, it is shown how the grating power
spectrum change in function of kac, length and wavelength. Figure 2-4 and Figure 2-5,
indicate that the higher kac the higher the bandwidth between zeroes and the flatter the
stopband as expected from (2.59) and (2.66). Figure 2-4 and Figure 2-6 indicate that
shorter grating lengths increase the bandwidth and reduce the strength of the reflection.
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Figure 2-4: Reflection of grating kac=8 cm-1 , grating length=1 cm.

Figure 2-5: Reflection of grating kac=2 cm-1 , grating length=1 cm.

Figure 2-6: Reflection of grating kac=8 cm-1 , grating length=2 mm.
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Figure 2-5 shows how the shape of the spectrum changes by reducing kac. In the limit,
when kac is very small the bandwidth is very small. Out of the stopband equations (2.58)
can be converted to,

r =

k ac sin( Δ θ L )
= k ac L sin c ( Δ θ L )
Δ θ [cos( Δ θ L ) − i sin( Δ θ L )]

(2.68)

This result demonstrates that unapodized weak gratings have a reflection spectrum
shape similar to sinc function.
Three points are indicated in Figure 2-4, Figure 2-5 and Figure 2-6: far from the
stopband (A), the first zero (B) and at the center of the stopband (C). The group delays of
those gratings are presented in Figure 2-7 to Figure 2-10. For all the gratings, far from the
stop band (A), the reflected signal appears to come to the middle position of the grating.
Fig. 2.7 which shows the group delay of a grating with (kac=8 cm-1). The group delay is
~50 ps (at A) which is the time that the light propagates 2 x 0.5 cm (round-trip)

in a

medium with refractive index ~1.45. For a shorter grating as shown in Figure 2-10
indicates the group delay is 10 ps. This is the round-trip time propagation for 2x1 mm.
The round-trip time propagation for the whole grating (2 x 2 mm) is 20 ps.
At the edge of the stopband (slightly before the first zero), all gratings maximize
their group delays. As can be seen in Figure 2-7 this delay (> 400 ps) is even larger than
the round-trip propagation time in the complete grating. This delay is due to the multiple
reflections of the light inside the grating which reduce their effective speed. The higher
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the delay the weaker and more distorted the reflected signal since point B is very close to
the first zero in the spectrum.

Figure 2-7: Group delay of grating kac=8 cm-1 , grating length=1 cm.

Figure 2-8: Group delay of grating kac=2 cm-1 , grating length=1 cm .
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Figure 2-9: Group delay of grating kac=2 cm-1 , grating length=1 cm.

Figure 2-10: Group delay of grating kac=8 cm-1 , grating length=2 mm.

At the center of the stopband (point C) the group delay has its minimal value as can
be seen from Figure 2-8 to Figure 2-10. These correspond with the round-trip propagation
time in the penetration depth defined in (2.67). For example for the grating with kac=800
and L=1cm,

L depth =

distance is given by,

. The time the light requires to travel this
tanh(8)
= 0.625 m m
2 x 800
τ =

2 x 0.625 x1.45
= 6.042 ps
3 x10 11

which is exactly the same to the one
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shown in Figure 2-8. Interestingly, for strong gratings, L = 2 L
. This implies that
ext
depth
the reflected signal starts to build up when the input signal (with has its bandwidth inside
the stopband), is attenuated e-1 in the grating.
For signal processing applications, it is important to obtain the impulse response
(I.R.) of the linear system being investigated. The response of any arbitrary input signal
to that system can be obtained by convolving it with the I.R. Extensive theory was
developed in telecommunications [Proakis, 2001; Proakis & Manolakis, 2003] to deal
with bandpass signals. Those signals result from modulation of carriers with frequencies
several orders of magnitude higher than the bandwidth of the modulating signals. In those
cases the impulse response can be represented by a complex envelope denominated
complex I.R. The complex I.R. of Bragg gratings in the linear regime provides
information of the phase and the power spectrum. The normalized complex impulse
response for the previous analyzed gratings is shown in Figure 2-11 to Figure 2-13. From
the imaginary component of the complex impulse I.R., a shift in the phase of -90˚ can be
seen in all the gratings. Additionally, a secondary pulse, which is retarded ~ 100 ps, is
present. This secondary pulse corresponds to multiple reflections that occur before the
first half of the grating and add coherently at the output of the grating. It was studied by
[Azaña & Muriel, 2003] that this pulse contributes strong spectral components outside
the stopband. The sharp variations in the leading and trailing edges of the second pulse
may be the cause of these higher spectral components.
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Figure 2-11: Complex impulse response for kac= 8 cm-1 and grating length = 10 cm.

Figure 2-12: Complex impulse response for kac= 2 cm-1 and grating length of 10 cm.
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Figure 2-13: Complex impulse response for kac= 8 cm-1 and grating length of 2 mm.

2.5 Transmission Analysis
For many applications in optical communications it is necessary to know the effect
of a reflective grating in a transmitted signal. The transmission amplitude can be obtained
by [Othonos & Kalli, 1999; Kashyap, 1999],

t=

R(L)
1
= R(L) =
Δθ
R (0)
cosh( γ L ) + i
sinh( γ L )

(2.69)

γ

However, the phase terms need a small modification since from (2.34) (2.35). This
modification was not necessary in the reflection equation (2.58) since the phase terms are
zero. The amplitude of the electrical field can be obtained from (2.34) as,

Aa ( z ) = R ( z ) exp(

i
[ Δ β z − φ ( z )])
2

(2.70)
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Therefore the corrected amplitude transmission is given by
− iβ a L

A ( L )e
t= a
Aa ( 0 )

=

R ( L )e

+i

( Δ β L − φ ( z ))
− iβ a L
2

R (0)e

+i

−φ ( z )
2

= R ( L )e

+i

Δβ
L − iβ a L
2

(2.71)

which produces,

t=

e

+i

Δβ
L − iβ a L
2

cosh( γ L ) + i

Δθ

γ

(2.72)

sinh( γ L )

For some applications, such as phase encoding with cascade Bragg gratings it is
important to estimate the phase of the transmitted wave out of the stop-band (γ2<0) . The
variable q =

γ /i =

Δ θ 2 − k ac is used in (2.72)
2

e

t=

+i

Δβ
L − iβ a L
2

cos( q L ) + i

(2.73)

Δθ
sin( q L )
q

Very far from the Bragg condition and assuming kdc=0 and no chirping,

q ≈ Δθ =

Δβ
. At this condition,
2

t=

e

+i

Δβ
L − iβ a L
2

Δβ
+i
L
e 2

= e − iβ a L

(2.74)

This result agrees with the intuitive idea that far from Bragg condition, or very weak
modulation, the grating produces a phase change similar to the one produced by the
unperturbed region. This effect should especially be considered in cascade gratings.
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The amplitude transmission of the same set of gratings modeled in previous
section is shown in Figure 2-14 to Figure 2-16. The strongest attenuation (~60 dB) is
produced by the grating with kac= 8 cm

-1

when the grating length is 1 cm as shown in

Figure 2-14. The smallest bandwidth is obtained for the smallest kac as shown in Figure
2-15.

Figure 2-14: Amplitude transmission for kac=8 cm-1 and length =1 cm.

Figure 2-15: Amplitude transmission for kac=2 cm-1 and length =1 cm.
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Figure 2-16: Amplitude transmission for kac=8 cm-1 and length =2 mm.

Another interesting aspect in transmission is the group delay. Figure 2-17 to
Figure 2-19 show the modeled group delay for the gratings in transmission operation.
Three points are analyzed here: far from the stopband, close to the first zero and in the
center of the stopband. In all the gratings, far from the stopband the group delay is similar
to the time it takes to propagate in the medium (n~1.45) the grating length (L). For
example it can be seen in Figure 2-18 and Figure 2-19 that this time is ~ 50 ps for L = 1
cm. For the shorter grating (L = 2 mm) the time is ~ 10 ps. The transmission at this point
is ~1 (as shown in Figure 2-14 to Figure 2-16). Therefore the signal is almost not affected
by the grating far from the stopband. For gratings close to the first zero the delay highly
increases. In Figure 2-17 it can be seen that this time can increase to several times the
value of the propagation time without grating (300 ps vs 50 ps). The explanation for this
delay is that in this spectral range the multiple reflections reduce the effective speed of
the signal inside the grating.
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Figure 2-17: Group delay of grating kac=8 cm-1 L=1 cm in transmission.

Figure 2-18: Zoom in on the previous spectrum to indicate the small delay in the stopband.

Figure 2-19: Group delay of grating kac=8 cm-1 L=1 cm in transmission.
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Figure 2-20: Group delay of grating kac=8 cm-1 , grating length=1 cm in transmission.

Inside the stopband the transmission time delay is highly reduced. This could be
erroneously interpreted as the signal propagation is faster than the speed of light in the
medium. However, this reduced value reflects only a reshape in the propagating pulse,
moving the peak to the leading edge. Therefore the pulse appears on average to arrive
early. Other interpretations as a quantum tunneling or superluminal propagation (beyond
the scope of this dissertation) can be seen in [Polodian, 1997; Ouellette 1990]. It should
be noted that this effect will occur with periodic signals that in essence do not carry
information. It is not possible to transmit an arbitrary pulse sequence (information) at
speed faster than the light.
For completeness, the complex impulse response of the same set of gratings
modeled in transmission configuration is shown in Figure 2-21 to Figure 2-23. It can be
seen that in all the cases the impulse is distorted and delayed a time similar to the
propagation time in a medium with effective index of 1.45 as expected.
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Figure 2-21: Complex impulse response for kac=8 cm-1 L=1 cm in transmission.

Figure 2-22: Complex impulse response for kac=2 cm-1 L= 1cm in transmission.
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Figure 2-23: Complex impulse response for kac=8 cm-1 L=2mm in transmission.
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3

ANTI-SYMMETRIC WAVEGUIDE BRAGG GRATINGS

3.1 Introduction
Simple elements enabling the integration of optical devices are required for
further development of all-optical networks. Key functions such as filtering and
multiplexing have already been optically demonstrated using bulk elements including
fiber Bragg gratings and circulators [Tran et al., 2001].

Devices that use tilted Bragg

gratings (TBGs) and asymmetric y-branches [ Madsen et al.,1998;A. Kewitsch et al.,
1998; Geraghty et al., 2001], represent a step towards optical integration because they
can be implemented in optical chips without the need of external circulators. These
devices are based on the mode conversion properties of TBGs and the mode splitting
characteristics of an asymmetric y-branch. They can filter an incoming signal and direct
the result of the processing to a desired port. However, the TBGs produce multiple
reflections, only one of which provides the desired mode conversion [Riziotis & Zervas,
2001; Castro et al., 2005 (f) 2004 (g,h)]. The unwanted reflections produce noise,
crosstalk and back reflection and they place stringent requirements on the performance of
the y-branch.
Schemes to produce only the desired reflection with mode conversion were
proposed recently using Bragg gratings in an asymmetric configuration [Perrone et al,
2001; Aslund et al., 2003; Tomljenovic-Hanic & Love, 2003 (a,b)]. Experimental
attempts to implement these schemes have required difficult fabrication and alignment
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techniques. While the unwanted reflections were reduced, they were still strong with
approximately 90% of the input power still reflected [Tomljenovic-Hanic,2003 (b)].
In this chapter, the first successful experimental demonstration of the AntiSymmetric waveguide Bragg grating (AWBG) [Castro et al., 2005 (e)] and other novel
related ideas for mode conversion are shown. In addition, the design and experimental
results of a novel OADM fabricated with the Anti-Symmetric waveguide Bragg grating
[Castro et al. (2005) (d)] is presented. Modeling and recent experimental demonstration
of this grating show that reflection with mode conversion in a two-mode waveguide can
be achieved without the spurious reflections produced by the TBGs. Our designs are
based on coupled-mode theory applied to reflective gratings [Kashyap,1999; Erdogan &
Sipe,1996] and beam propagation simulations [Lin, 2002]. These techniques have shown
excellent agreement with experimental results when applied to a similar OADM based on
a TBG [Castro et al., 2004 (g)]. Prototypes for experimental verification of the operation
principle were fabricated in silica on silicon using a recently reported technique [Greiner
et al., 2004]. Advantages of this novel OADM with respect to OADMs based on TBGs
are discussed.

3.2 Demonstration Based on Coupled-Mode Theory
Elements of coupled mode theory described in Chapter 2 and [Kashyap,1999]
have proved to be excellent for grating modeling. At the Bragg condition, the maximum
reflection from mode “a” to “b” can be derived from (2.59) as
2

Rab = r ab = ( tanh( Kacab L ) ) ,
2

(3.1)
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where L is the grating length. Kac ab , the coupling constant between two waveguide
modes “a” and “b” is

Kacab =

π
Δnη ab ,
λ

(3.2)

where λ is the wavelength, ∆n is the index modulation and η ab is the overlap integral
between modes, given by

η ab =

∗
∫∫ ea ( x , y )ζ ( x , y ) eb ( x , y ) dxdy
,
∗
∗
e
(
x
,
y
)
e
(
x
,
y
)
dxdy
e
(
x
,
y
)
e
(
x
,
y
)
dxdy
∫∫ a
∫∫ b
a
b

(3.3)

where ζ(x,y) describes the profile of the index perturbation in the plane perpendicular to
the guiding direction and ea(x,y) and eb(x,y) are the field amplitude profiles of modes “a”
and “b,” respectively, as described in Chapter 2. For this analysis, the z-axis is assumed
as the direction of propagation. Also, for simplicity the component Kdc is assumed to be
zero. The overlap integral indicates that depending on ζ(x,y), some types of reflections
may be increased while others are minimized. In the case of a channel waveguide with
two lateral modes (x-direction) and only one vertical mode (y-direction), the mode
profiles may have either even or odd symmetry laterally across the waveguide. Standard
Bragg gratings with a uniform index profile, ζ(x,y)=1, written on that waveguide produce
coupling only between modes having the same profile (a=b), as shown in Figure 3-1.
However, due to fabrication constraints, the perturbation profile is frequently not uniform
along the vertical axis. This can produce undesired coupling to cladding modes.

Odd

Reflect.

Reflect.
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λ ee

Λ

Λ

Odd Mode Launched

x
z

Even Mode Launched

Figure 3-1: Standard, un-tilted Bragg grating.

TBGs (Figure 3-2) have the following index perturbation profile [Castro et al. ,
2004 (g),Erdogan & Sipe,1996],

ζ ( x, y ) = exp(
where θ is the grating tilt angle,

i 2π x tan(θ )
) F ( y) ,
Λ

(3.4)

is the grating period in the propagation direction and

F(y) is a function which represents variations of the grating in the vertical direction. F(y)
varies greatly depending on the method of fabrication of the grating. For example, etched
gratings do not usually extend through the waveguide height and their index modulation
changes as a function of depth. As an approximation to model an etched grating, F(y) is
assumed ~1 with slow changes in the etched region and ~0 outside this region. To avoid
undesired coupling between vertical modes due to the asymmetric shape of F(y) the
waveguide is designed to be single mode in vertical direction. In the lateral direction,
due to the linearly varying phase across the waveguide, mode converting reflections
between forward propagating modes and backward propagating modes which are
orthogonal (a≠b), are possible. There is an optimum angle that maximizes the mode
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conversion. However, reflections between forward and backward propagating modes of
the same profile (a=b) are still produced in varying strengths at different wavelengths
[Riziotis & Zervas, 2001]. Figure 3-2 illustrates the predicted reflectivity of a TBG when
even or odd modes are launched. The tilt of the grating is close to the angle that
minimizes the odd-odd reflection (optimum). It was predicted theoretically and
experimentally demonstrated [Riziotis & Zervas, 2001, Castro et al. 2004 (g)] that there
is no angle that minimizes the even-even reflection without drastically reducing the
strength of the desired reflection with mode conversion. The effect of this unwanted
even-even reflection can be minimized by choosing the proper input and output ports,
however it still produces noise and crosstalk and places stringent requirements on the

Even

Reflect.

Reflect.

performance of the y-branch.

Odd
λ oo

λ oe

Odd
λ oe

Even
λ ee

Λ

+
Odd Mode Launched

Λ

θ

+

x
z

θ

Even Mode Launched

Figure 3-2: Tilted Bragg grating.

To obtain zero reflection between similar modes at all wavelengths, i.e. avoiding
the undesired reflections produced by the TBGs, the overlap integral between similar
modes (a=b) must be zero while maximizing the overlap integral of dissimilar modes:
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∫∫ ζ ( x , y ) ea = b ( x , y ) dxdy = 0 .

(3.5)

Several solutions can satisfy (3.5). In case of a two-mode waveguide, an AntiSymmetric index modulation profile along the lateral axis will prohibit reflections
without mode conversion. Other approaches which uses two tilted gratings shifted a
distance to produce a π phase difference were proposed and analyzed in our group. The
equation describing this profile is given by,

ζ ( x, y ) = [exp(
where

i 2π x tan(θ )
i 2π x tan(θ )
) + exp( −
+ φ )]F ( y ) ,
Λ
Λ

(3.6)

takes the value of π when the separation between TBGs is equivalent to Λ /2.

This approach is shown in Figure 3-3 produce only one reflection peak with mode
conversion. The structure can be fabricated in principle using in photosensitive materials
writing two TBGs. The grating does not need to be confined inside the waveguide.
However, it does require precise control in the position of the gratings and waveguide.

λ oe

Reflect.

Reflect.

Even

Odd
λ eo

Λ

x
z

+
Odd Mode Launched

+
Even Mode Launched

Figure 3-3: Double tilted Bragg grating
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A simpler approach to obtain the desired response is shown in Figure 3-4. The twomode waveguide has a Bragg grating with an index modulation of periodicity
Λ= λoe / (ne +n o ),

(3.7)

where λoe is the wavelength on Bragg condition for the reflection with mode conversion,
ne and no are the effective indices of the even and odd modes, respectively, at λoe.
However, the grating is Anti-Symmetric, equivalent to a Λ/2 longitudinal shift at the
lateral center of the waveguide. Inside the waveguide, this anti-symmetry in the index
modulation profile produces a π phase shift between left and right components of the
modes, which can be represented by
(3.8)

ζ ( x , y ) = sign ( x ) F ( y ) ,

Even

Reflect.

Reflect.

where x=0 at the center of the waveguide.

λ oe

Odd
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Λ
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Λ
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Figure 3-4: Anti-Symmetric Grating

z
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Figure 3-4 shows also the reflection of the Anti-Symmetric grating predicted
using coupled-mode theory when even or odd modes are launched. The Anti-Symmetric
grating shows only the desired reflection peak which represents the mode conversion
coupling between forward and backward propagating modes with orthogonal profiles.
This type of grating, [Castro et al., 2005 (j)] was proposed to operated in the first or
higher orders.
A comparison between the predicted performance from our modeling of a TBG
[Castro et al., 2004 (g)] and of the Anti-Symmetric grating [Castro et al., 2005 (e)] is
presented in Figure 3-5. Gratings of identical length and strength of index modulation
are modeled. The spectrum of a TBG (dashed line) exhibits at least two strong reflections
peaks. One of them is the desired reflection with mode conversion, i.e. odd-even or
even-odd. Other reflection peaks correspond to the reflections without mode conversion,
i.e. either odd-odd or even-even reflection. In comparison, the Anti-Symmetric grating
has only the desired reflection with mode conversion, as shown with the solid line in the
same figure. This characteristic will relax the tolerances of other elements in the device
and will increase the flexibility of the design.
1

Odd-Even
Reflection

Reflection

0.8
0.6
0.4

Even-Even
Reflection

Odd-Odd
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0.2
0
1.55
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1.5509

1.5512 1.5515 1.5518
Wavelength (microns)

1.5521

1.5524

1.5527

1.553

Anti-symmetric Bragg grating
Tilted Bragg grating

Figure 3-5: Comparison of a TBG (dashed line) to the AWBG (solid line).
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3.3 Modeling using Beam Propagation Methods
Modeling using RSoft Beam Prop, which has a modified beam propagation algorithm to
model back reflections in 2-dimensional structures, confirms the analytical results
obtained with coupled mode theory. This software allows only conventional gratings for
each waveguide. Therefore, the anti-symmetry was produced by placing two waveguides
adjacent to each other as shown in Figure 3-6. Each waveguide (1 and 2) contains a
sinusoidal grating. The relative phase difference between them was set to π. The other
waveguides 3 and 4 were used to couple the light.

Figure 3-6: Modeled grating in Rsoft Beam Prop.

To minimize the length and reduce the computation time, a strong grating was
simulated (5x10-4) and the index contrast n1-n2 was set to 0.02. The total width of the
structure was 6.32 um, which allowed only two modes. Figure 3-7 shows the evolution of
the even mode amplitude through the propagation distance.
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Figure 3-7: a) Propagating even mode. b) Reflected odd mode. Only reflection

with mode conversion was produced.

Beam propagation methods were used to model the asymmetry of other type of
structure denominated corrugated Anti-Symmetric Bragg grating (see Figure 3-8).
Results indicated that this structure also produced exclusive reflections with mode
conversion at different grating orders.

Figure 3-8: Corrugated Anti-Symmetric grating

Working at higher orders can reduce the difficulties in the grating fabrication.
Waveguides and gratings could be at the same time without requiring of photosensitive
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medium. For example working at the seventh order would require periods of ~3.5 μm.
Simulations indicate that a mask with that grating could be transferred to a glass using
ion-exchange silver-film process. However, at the present there is not experimental work
reported in the literature about Anti-Symmetric corrugated gratings.

3.4 Design of the Asymmetric y-branch
Characterization of the Anti-Symmetric Bragg grating requires the launching of one
predominant mode for each spectrum measurement. The properties of y-branches (which
converge in a two-mode waveguide) were previously studied in the mode selection
[Burns & Milton, 1975]. Numerical modeling in this type of y-branches dates back more
than 30 years ago [Yajima, 1973]. The coupled mode equations that describe the ybranch operation, however, do not have analytical solutions for any arbitrary y-branch
shapes. It is well known that symmetric y-branches operate as power dividers, or 3 dB
couplers (Figure 3-9 (a) and (b)) and asymmetric ones as mode dividers (Figure 3-9 (c)
and (d)).
The following limiting condition to have either mode splitter or power dividers was
derived by Burns [Burns & Milton al. 1975], providing the following equation,
0.43 ≤

Δβ
α ⋅γ

(3.9)

where ∆β is the propagation constant difference between arms of the y-branch, α the
angle between the two branches and γ the average decay constant calculated by,
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γ = (( β narrower + β wider ) / 2) 2 − (ko ⋅ n 2 )2

(3.10)

where ko is the wave vector, βnarrower and βwider are the propagation constant of the
branches. Values higher than 0.43 predict a behavior of mode splitter. Otherwise it
operates as power divider.

Figure 3-9: Coupling between modes of a two-mode waveguide and y-branches.

Part a) and b) shows symmetric y-branches. Part c) and d) shows the
asymmetric case.

These conditions were derived from the analytical solution of the following coupled
mode equations,

dA1
dD ( z )
A2 − i β1 A1 ,
= k ( z)
dz
dz

(3.11)

dA2
dD( z )
= −k ( z )
A1 − iβ 2 A2 ,
dz
dz

(3.12)
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where Ai represents the amplitude of the fundamental mode propagating in branch i, k(z)
is a function which represents the coupling strength, D is the branch separation, and βi the
propagation constants. The coupling strength depends on the overlap integral of the
modes at their respective separation distances. These are non-linear equations which have
an analytical solution when the product k ( z ) dD( z ) is made constant. This is the
dz
assumption utilized in the analysis presented in previous work [Burns & Milton, 1975].
Due to this, their solutions are limited to a particular case which represents a family of ybranches with an angle separation α defined by,

2 tan(

α ( z)
2

)=

dD( z ) f (Δβ )
=
dz
k ( z)

(3.13)

where f is an arbitrary constant and Δ β = β1 − β 2 represents the level of asymmetry in
the y-branch. The efficiency in the mode selection can be measured using the mode
crosstalk parameter [Castro et al., 2006 (c)] defined by,
X = 20log(

Au ,
)
Ad

(3.14)

where d and u represents the desired and undesired mode respectively. They can take the
values of 0 or 1 depending on the mode in the two-mode waveguide. In those equations,
it is assumed that unitary power was launched in the branch under test and zero in the
other. Therefore, assuming minimal losses,
2

2

Ad + Au ≈ 1.
In an ideal condition without losses, Ad =1 and Au=0.

(3.15)
By using a conventional,

symmetric y-branch, both modes would be equally excited (Ad = Au=1/2) in the two-
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mode region. Due to the characteristics of the Anti-Symmetric waveguide grating, both
would be reflected at the same Bragg wavelength. However, only half of the power
would then be coupled out of the drop port, with the other half back-reflected to the input
port.

This would produce unacceptable excess loss and it would be too noisy to

characterize the AWBG.
By contrast, when an asymmetric y-branch is used, ideally only the odd or even
mode is excited in the two-mode waveguide (Ad ~ 1). Due to fabrication imperfections, a
small amount of the undesired mode is also excited (Au > 0).
More generic specifications on the conditions required to obtain mode crosstalk lower
than -40 dB was presented [Hussell et al., 1990] for straight branches. This limit is
described by,

α<

Δβ
3γ

(3.16)

where as in (3.9) α is the angle between branches which defines the rate of convergence.

3.5 Design of Prototypes
The prototypes to test the concept of the Anti-Symmetric grating were designed to
be fabricated on silica-on-silicon chips using a recently reported process [Greiner et al,
2004]. The manufacturer, LightSmyth Technologies, provides information about the
basic parameters such as refractive indices, depth of the etching, fabrication capabilities
for grating period, and waveguide variations. The prototypes were designed to fit an area
of 0.7 mm x 3.3 cm in the silica-on-silicon chip. For such a small area, a great effort was
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directed towards obtaining shorter asymmetric y-branches. The width of the y-branches,
however, was limited by the standard separation of fiber arrays obtained (127 μm).
The design was performed in several interactive steps which comprises the ybranch, the two-mode waveguide and the Anti-Symmetric Bragg grating.

3.5.1

Design of the y-branch and waist

The functionalities of the y-branch were designed based on the previous constraints
and for fixed parameters of refractive indices and initial separation. The refractive indices
obtained from the manufacturer were 1.460 for the core and ~1.448 for the upper and
lower claddings of the silica-on-silicon wafer. The effective index method was used to
determine the waveguide widths that allow one or two modes at ~1.55 μm as shown in
Figure 3-10. The waveguide height allows only one mode in the vertical direction. The
widths of the branches need to be chosen to result in single mode waveguides. They also
must have proper asymmetry to satisfy (3.16). In addition, when the branches converge
into the waist, only two modes should be allowed.

Effective index

1.451

Two mode
region

1.4505
1.4499
1.4494
1.4489
1.4483

0

10.67
21.33
Width (microns)

mode 0 (Even)
mode 1 (Odd)
mode 2

Figure 3-10: Regions for one and two mode operation.
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Modeling using a 3D effective index method and beam propagation method
produced the required dimensions for the width of the branches and waist. The branches
and waist were chosen to be 5.6 μm, 8.4 μm, 14 μm respectively. While meeting these
values produced the necessary asymmetry to produce low crosstalk, the device operates
well away from the transition points from one to two modes and from two to three
modes.
The initial separation between branches was fixed to 127 μm to minimize the area
occupied in the chip and still match conventional separation of fiber-arrays. Minimization
of the y-branches length using beam propagation methods was performed with the
objective to produce crosstalk < -30 dB.
Figure 3-11 shows the modeling for one of our designed y-branches. From the
initial separation, the branches converge to a two-mode section (the waist) at two
different speeds. In the first 3.5 mm, they converge at a very fast rate until the separation
between branches is ~ 20 μm . The design constraint in this first section is the losses due
to the curvature of the waveguides. There is not a significant influence in the crosstalk
since the large separation made the coupling between branches negligible. In the second
section, which starts with the separation of ~ 20 μm, has a length of 2.5 mm. In this
section, the rate of convergence is highly reduced and maintained constant until the
branches converge with the waist.
The evolution of the modes in the y-branch at different propagation positions is
also shown in Figure 3-11. The arrows indicate the position of the input power. In part a)
of this figure, the power is launched in the narrow branch, producing coupling to the
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second mode of the waist. In part b) the power is launched. Crosstalk of ~ -40 dB was
obtained in the simulation with this y-branch design.

Figure 3-11: Beam propagation modeling for the y-branches.

3.5.2 Design of the AWBG
For the provided fabrication capabilities, the waveguide structure was formed
with a height of 2.0

m. The Anti-Symmetric grating was formed by etching (depth ~

400 nm) the entire structure, including the branches, leaving mesas forming the grating in
the waist, as shown in Figure 3-12. The structure was then covered in a cladding
material. The height of the mesas (2.0 μm) and the waveguides (~1.6 μm) allows only the
fundamental even mode in the vertical direction. To reduce the asymmetry of the
waveguide, it would have been more desirable to increase its height to a maximum value
which still allows single mode waveguides (See Figure 3-10). However, fabrication
constraints limited us to increase the height.
This grating operates in the first order, corresponding to a grating period of about
500 nm. Our analysis predicts that this grating could operate at higher orders providing
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the desired reflection with mode conversion. Clearly, higher orders will reduce the
reflection strength which would have been required to increase the length.

Using

effective index methods, the index modulation (Δn) of this grating was estimated in
Δn~4x10-4. This value of an equivalent grating with uniform profile in the y-direction
was computed.
Input

Output

Waveguide
Height

Fast
Convergence

Grating
Height

Slow
Convergence

Add

Drop
Asymmetric Y-Branch

Anti-Symmetric Etched Grating

Figure 3-12: Schematics of the OADM using an AWBG.

The mode profiles were solved using both the effective index method and beam
propagation method. These mode profiles were used in (3), yielding an overlap integral
of ~0.5. Using (2) the coupling strength of the grating was obtained as Kaceo ~ 400 m-1.
This estimated strength was used to obtain a grating length of 4.2 mm, which
from our modeling corresponds to a reflection of 90%. This reflection was considered
large enough to prove the concept and give some protection margin for errors in our
estimation.
The grating period of ~0.530 μm for a Bragg wavelength of 1550 nm was calculated
using (3.7) and the effective indices for the design

3.6 Fabrication of the Designed Devices
To experimentally verify our design, a set of devices were fabricated using silica
on silicon waveguide technology described previously [Greiner et al., 2004]. The layout
of the waveguides and Anti-Symmetric gratings was constructed in AutoCAD. A
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conversion to the GDSII format was required by the manufacturer. A layout with our first
designs is shown in Figure 3-13.

Figure 3-13 : Layout (distorted scale) of the first designed chip.

Two types of devices were fabricated. The first type (A1 and A2 samples)
corresponded to devices designed to experimentally prove for the first time the AntiSymmetric grating concept. The second type (B1 and B2 samples) corresponds to the
OADM, which was based on Anti-Symmetric gratings.
The etched gratings were fabricated with a mesa height of 400 nm as previously
reported. Table 3-1shows the description and dimensions of each device.
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Sample

Period

(μm)

Narrower

Wider

Waist

branch

branch

width

width

width

(μm)

(μm)

(μm)

A1

0.536

6.1

8.9

15

B1

0.536

6.1

8.9

15

A2

0.532

4.9

8.5

13.4

B2

0.532

4.9

8.5

13.4

Table 3-1: Dimensions of fabricated devices.

3.7 Characterization of the AWBG
The experimental verification of the AWBG requires measurements of the
transmission and reflection spectra when either the even or odd mode is excited. The
effective index for the odd mode is lower than for the even mode. Therefore, reflection
peaks at different wavelengths when launching even or odd modes will indicate coupling
without mode conversion. Similar Bragg conditions for the reflection peaks will indicate
mode conversion between even and odd modes. Reflections without mode conversion
produce crosstalk in the drop port and back reflection in the input port. A crosstalk of -10
dB will be enough to clearly detect shifts in the Bragg condition considering the
resolution of the equipment. As mentioned in previous section, the y-branch was
designed to produce much lower more crosstalk. Prior to measuring those spectra, a
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measurement of the asymmetric y-branch performance is necessary to ensure that it is
providing the required mode crosstalk.

3.7.1 Y-branch performance as mode splitter
The performance of the asymmetric y-branch was evaluated using samples both
types of samples (A and B). Sample A1 which has the two mode waist as the output
waveguide was used to qualitatively assess the ability of the y-branch to exclusively
excite either the even or the odd mode of the waist. Figure 3-14 (Top) shows the
measured mode profile of the device when the power is launched in the wider branch.
Figure 3-14 (Bottom) shows the measured mode profile when the power is launched in
the narrow branch. These figures show that the y-branch is functioning properly, exciting
primarily either the even or odd mode of the waist depending on the port used to input the
power.

Figure 3-14: Measured mode profiles for the odd (Top) and even mode (Bottom).
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Sample B1 and B2, which have y-branches on both sides of the two mode waist,
were used to measure the mode crosstalk. To illustrate the procedure, consider a
normalized power of 1 launched in the wider branch as shown in Figure 3-15. It is
assumed that there are no propagation losses. After the first y-branch, the desired and
undesired modes have powers of Cd and Cu, respectively. To be consistent with previous
sections, Cd = Ad2 and Cu = Au2 . Both modes couple to the second y-branch producing
Cd2+ Cu2 (power) at the narrow port and 2 Cd Cu (power) at the wide port. From power
measurements at both output ports, the values of Cd, Cu, and mode crosstalk can be
calculated. A similar procedure can be used when the power is launched in the narrower
branch.

Figure 3-15: Crosstalk estimation.

Results of those measurements at wavelengths off Bragg condition are shown in
Figure 3-16. In the figure, gray lines represent the power measured at the wider branch
(dotted line) and at the narrow branch (solid line) when the input power is launched at the
opposite wider branch. Similarly, black lines represent the power measured at the narrow
branch (dotted line) and at the wider branch (solid line) when the input power is launched
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at the opposite narrow branch. Using the procedure described in Section 3.4 (3.14), the

Transmission (dB)

average mode crosstalk per y-branch was estimated as -23 dB.
0
-10

10log(Cd2+Cu2)

10log(2CuCd)

-20
-30
1540

1542

1544

1546

1548

Wavelength (microns)
In Wide-Out Wide

In Wide-Out Narrow

In Narrow-Out Narrow

In Narrow-Out Wide

Figure 3-16: Mode crosstalk as a function of the wavelength.

3.7.2 Spectral characterization of the AWBG
Figure 3-17 shows the set up for device characterization. Reflection
spectra of the device were measured using an erbium doped fiber amplifier (EDFA) as an
amplified spontaneous emission (ASE) source and an optical spectrum analyzer (OSA)
with a resolution of 0.06 nm. A polarization controller allowed characterization of both
the TE and TM performance. A fiber array was used to couple light into and out of the
device. After measurements the spectra were normalized using the EDFAs ASE profile.
POLARIZER
EDFA

Fiber

POLARIZ.
CONTROL.

Fiber array
125 μm

Sample

POLARIZER
OSA

OSA

Figure 3-17: Set up for sample characterization.
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When TM-polarized light was launched into the narrow branch (input port), primarily
the odd mode of the waist was excited (>99%) as shown in Fig. 3.18. It was reflected as
an even mode at 1.55135 μm and coupled to the wider branch (drop port). The relevant
reflection spectrum measured is shown in Figure 3-18. The designation of the ports is
arbitrary: power launched to the wider branch excites the even mode which is reflected
with mode conversion at the same wavelength and is then coupled to the narrow branch.
When the input and output ports were reversed, the measured reflection spectrum was
identical. As shown in Figure 3-18 (grey line) the reflection spectrum has only one peak
due to the desired coupling between the even and odd modes. The measured reflection
spectrum is in good agreement with our modeling. No spectral peaks are present at the
predicted wavelength for even-even and odd-odd reflections, 1.55195 μm and 1.55075
μm respectively.
When TE polarized light was launched in both narrow and wider branch only one
reflection peak was found at 1.5516 μm as shown in Figure 3-19. Reflected light coupled
back to the launch port should have the same spectral shape as the reflection out the drop
port, but reduced by the amount equal to the mode coupling in the asymmetric y-branch
(~20 dB).
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Figure 3-18: TM Spectra of transmission and reflection (Sample A1).

Figure 3-19 : TE Spectra of transmission and reflection (Sample A1).

Similarly, the transmission and reflection spectra were measured for sample A2 (TE
mode is shown in Figure 3-20). For each polarization, the measured reflection spectra
have very similar profile. There is only a strong reflection at the Bragg condition (3.7)
which relates to the coupling between orthogonal modes. A uniform Bragg grating would
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produce two additional peaks (dips) for the even-even and the odd-odd reflection
(transmission).

Figure 3-20: Spectra of transmission and reflection (Sample A2).

A shift in the Bragg wavelength due to the polarization dependence was measured as
0.25 nm for all devices (A1, B1, A2 and B2 shown in Figure 3-13).The polarization
dependence (PD) is due to the waveguide asymmetry and to the strain-induced
waveguide birefringence. The first PD component was expected from the design and can
be improved by reducing the width/height asymmetry. The second is a well known
problem of the silica-on-silicon platform that can be overcome by various fabrication
methods yielding essentially polarization-independent gratings [Adar et al., 1992].
From the measurements and (3.1) the coupling coefficient of Kaceo = 413 m-1 is
obtained. The overlap integral computed using the measured mode profiles and (3.3) is
0.48. Using (3.2) the index modulation of 4.2e-4 is obtained. All of these three
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parameters calculated from measured characteristics are in good agreement with the
parameters predicted theoretically: 400 m-1, 0.5 and 4e-4 respectively (Section 3.5.2).

3.8 Applications in OADM: Operation and Advantages
The design of and basic operation of OADM, based on null couplers and a TBG, was
explained in detail in [Madsen et al 1998; Kewitsch et al., 1998; Geraghty et al.,2001;
Riziotis & Zervas, 2001]. The conventional terminology for the device’s four ports is
used here for comparison purposes. It will be demonstrated that OADMs based on AntiSymmetric waveguide gratings do not need to follow this terminology, which gives rise
to increased flexibility in the device design.
As shown in Figure 3-21, from the input port (narrower branch) several WDM
channels excite the odd mode of the waist. The channel to be dropped is on Bragg
condition, and it is reflected as an even mode by the Anti-Symmetric grating. It is then
coupled to the drop port (wider branch). The other channels, which are out of Bragg
condition, are transmitted to the second y-branch where they are coupled to the output
port. From the add port one channel can be coupled to a backward traveling even mode
and reflected by the grating as an odd mode which is coupled to the output port.
The use of the Anti-Symmetric waveguide grating in place of the previously
demonstrated TBG avoids the reflections without mode conversion. This improves the
performance in terms of crosstalk and signal-to-noise ratio. In the optimum configuration
of OADM based on TBG [Geraghty et al., 2001;Riziotis & Zervas, 2001; Castro et al.,
2004 (g)], the crosstalk at the drop port depends on the performance of the asymmetric y-
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branch. For example, a non-ideal y-branch with mode crosstalk of -20 dB (1%) would
produce approximately the same value for the crosstalk, as nearly all of that power
launched in the even mode would be reflected to a backward traveling even mode at

ee

and routed out the drop port.
In the presented OADM, the same non-ideal y-branch will not produce that
crosstalk. The 1% of the power coupled to the undesired even mode would be reflected at
the same wavelength as an odd mode. This would then be routed out the input port as
back-reflection. Therefore, no crosstalk is produced since both desired and undesired
modes are subject to the same Bragg condition shown in (3.7). In both types of OADMs,
however, defects on the y-branch can increase back reflection to the input port. Reflected
light coupled back to the launch port should have the same spectral shape as the
reflection out the drop port, but reduced by the amount equal to the mode coupling in the
asymmetric y-branch (~23 dB). The reduced mode splitter performance requirements
relax the asymmetric y-branch fabrication tolerances and allow reduction in its length.
Shorter y-branches improve the integratability of the OADM.
The Anti-Symmetric gratings also add versatility to the null coupler OADM. Due
to the exclusive reflection with mode conversion, the order of the ports can be exchanged.
The input (or drop) port can be either the wide or narrow branch without affecting the
performance of the device. This characteristic provides more flexibility for integrating
these OADMs into more complex structures. By contrast, TGB has to rigorously follow
the conventional port nomenclature. Since there is always a strong even-even reflection,
power from the input port should not excite the even mode of the waist. A configuration
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in which the wider branch is the input port would produce an extremely high crosstalk
between non adjacent channels (~0 dB).
Another advantage of OADMs based on Anti-Symmetric gratings is the increase
of the operational range that can be used to add/drop WDM channels. OADMs based on
TBG working at the optimum angle would not add noise in the interval of wavelengths
between the even-even and odd-odd reflection [Castro et al., 2005 (f)]. The bandwidth
free of spurious reflections, or noise free bandwidth, can be obtained as,
Δλ fn =

λee − λoo
2

(3.17)

,

where λee and λoo are the Bragg wavelength for the even-even and odd-odd reflection,
respectively. Therefore, to avoid spurious reflections which reduce the OSNR of the
dropped channel, the WDM spectral bandwidth of the total number of channels (∆λ)
should be lower than the bandwidth free of noise ( Δλ fn > Δλ ). OADMs based on TBG
have a noise free bandwidth that allows few WDM channels. By contrast, OADMs based
on Anti-Symmetric grating have a noise free bandwidth that can cover all WDM bands

Power

Power

since there is only one reflection at λoe.

λ

λ

Output

Channel on Bragg
condition

Power

Drop

λ

Power

Input

Add

λ

Figure 3-21: Schematic shows the OADM based on AWBG and operation principle.
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3.9 Summary
In this chapter, an experimental verification for the mode conversion capabilities of the
proposed Anti-Symmetric waveguide grating has been presented.

The results have

excellent agreement with our modeling based on coupled mode theory and beam
propagation method. Our modeling predicts that reflection of ~99.9% can be obtained
with ~ 1.1 cm length. The proposed grating can improve the performance of several
devices, such as OADMs, dispersion compensators, and resonators, which currently use
TBGs. The key advantage is the elimination of unwanted reflections, since our device
produces only one reflection peak corresponding to the odd-even mode conversion. This
type of a grating can provide versatility and compactness in integrated optics devices
allowing the use of several optical processing functions in small chip area.
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4

SAMPLED, INTERLEAVED AND PERIODICALLY
CONCATENATED BRAGG GRATINGS

4.1 Introduction
Sampled Bragg gratings (SBGs) have found many applications in the field of
optical communication systems such as semiconductor lasers [Jayaraman et al., 1993],
multi-channel multiplexing/demultiplexing [Jayaraman et al., 1993; Eggleton et al.,
1999], multi-channel dispersion compensation [Loh et al., 1999], and metrology [Rowe et
al., 2004]. SBGs have several advantages over superimposed FBGs, not only in the
fabrication process, but in the quality of the filters.

In superimposed FBGs, a

photosensitive fiber is exposed to multiple ultraviolet interference patterns, each with a
different period. The resultant spectrum produces a series of separated interference peaks
which correspond with the wavelength channels. This writing process, however, is time
consuming. Moreover, the inscription of subsequent gratings alters previous Bragg
wavelengths due to the increase of the dc component of the index modulation. This dc
component also leads to faster saturation of the medium, which limits the number of
channels. On the other hand, the multiple peaks in the spectrum of SBGs are produced by
the modulation of the refractive index perturbation. Therefore, SBGs can be written using
only one exposure and the modulation pattern can be easily transferred to non
photosensitive mediums, such silica-silicon by etching.
Nevertheless, conventional SBGs modulated only in amplitude have some
disadvantages. Since most of the total grating length is replaced with an empty
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waveguide, the strength of SBGs is highly reduced compared with unsampled Bragg
gratings. The reduction in the coupling constant is at least proportional to the designed
number of channels Nc. Interleaved SBGs (ISBGs) [Loh et al., 1999 (a,b) ; Rowe et al.,
2004], which eliminate empty regions within the grating, have been proposed to
compensate for lost in reflective strength. Some schemes of interleaving SBGs have been
demonstrated [Rowe et al., 2004]. However, neither the original proposed ISBG [Loh et
al., 1999 (a,b) ] nor other more efficient ISBGs have been experimentally demonstrated.
One important reason is the complex fabrication requirements to provide the exact
wavelength and position matching. Small changes in the effective index, caused for
instance by the dc component of the index modulation, can shift the designed
wavelength. To the best of this author’s knowledge, these effects have not yet been
described in literature.
On the contrary, there has been a lot of interesting research in pure phase SBGs
[Li et al., 2003]. These structures use the grating area efficiently, (as with ISBGs)
limiting the phase shift requirements to small unit cells which are periodically repeated.
Optimization for these structures requires the use of computational algorithms such as
genetic and quenching optimization algorithms.
In most of the SBG applications, the separation of incoming from outgoing signals is
provided by optical circulators. These elements increase the size and complexity of the
SBG making difficult the integration with other components in an optical chip.
Devices based on TBG and asymmetric y-branches were demonstrated to provide the
filtering and separation function[ Madsen et al.,1998;A. Kewitsch et al., 1998; Geraghty
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et al., 2001]. However, TBGs produce additional reflections without mode conversion as
explained in Chapter 2. Even at the optimum tilt angle [Riziotis & Zervas, 2001; Castro
et al., 2005 (f) 2004 (g,h)] it would be challenging to apply TBG in SBGs. On the other
hand, AWBGs [Castro et al., 2005 (e)], can be applied to SBGs due to its unique Bragg
condition.
The organization of the remainder of this Chapter is described as follows. In Section
4.2, a theoretical model for different types of sampling processes is developed. In Section
4.3 it modeling for SBG based on Transfer Matrix methods is presented. The basic
structure of SBG based on AWBG is shown. In Section 4, a novel approach for
interleaving SBG is proposed. In Section 4.5 the experimental results for the SBG and the
novel ISBG are shown. In the last section of this chapter, the results are summarized.

4.2 Theoretical Background
4.2.1 Sampling Processes
The refractive index in a Bragg grating can be represented by,

n( z ) = no + s( z )(Δn cos(

2π
z + φ ) + Δndc ) ,
Λ

(4.1)

where no is the refractive index in the core, Λ is the perturbation period, φ and arbitrary
phase angle, s(z) is a slow modulation function, Δn is the index modulation and Δndc is
the dc component of the refractive index due to the grating presence. Coupled-Mode
Theory predicts that every spatial Fourier component of the dielectric perturbation
contributes a peak in the reflection spectrum [Yariv & Yeh, 1984].
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For unsampled Bragg gratings (s(z)= 1) the modulation in the refractive index
produces one peak reflection at the wavelength that satisfies,
λb = Λ (2neff),

(4.2)

where neff is the effective index.
The sampling function of conventional SBG [Jayaraman et al., 1993], is given by

z − Lg / 2 Ns−1
s(z) = rect(
) ⊗ ∑ δ (z − mLs ),
Lg
m=0

(4.3)

where Lg is the grating length of a sampled element (sampled length), Ls is the sampling
distance (sampling period), Ns is the number of sampling periods used, and ⊗ represents
the convolution. In the first part of our analysis, Δndc =0.
Figure 4-1 shows the conventional sampling process for Bragg gratings. The
unsampled grating (a) is multiplied by the sampling function (b) which has zero phase
components (c). As a result the SBG is produced (d). It can be seen that when Ls is not
multiple integer of Λ, the phase at the beginning of each unit cell grating changes.
The described process to fabricate SBG can be replicated using phase mask with
periodically blocked sections [Ibsen et al., 1999]. The manufacturer does not to be
concern about this phase changes since they are reproduced by the process itself.
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Figure 4-1: Conventional sampling approach for SBG. At the sampling positions, each grating

starts with the projected phase of the unsampled Bragg gratings.

Some SBG are produced by the repetition of a grating cell at distances multiple of
Ls. For example SBGs written by shifting the pattern produced by UV beams along the
sample [Eggelton et al. 1994]. To the author’s best knowledge, the differences between
this approach and conventional sampling have not been explained yet. Investigation in
this area is important, since the modified sampling process can be applied in the design of
more sophisticated structures, such as ISBGs. The approach or repeating grating cells is
not strictly a sampling process. However, in this dissertation, we model it as a modified
sampling process with phase (φ) variation as shown in (4.4) and Figure 4-2.

s ( z ) = rect (

z − Lg
Lg

N s −1

) ⊗ ∑ δ ( z − mLs )e jφ .

(4.4)

m=0

Figure 4-2 shows the modified sampling process for Bragg gratings. The
unsampled grating (a) is multiplied by the sampling function (b) which have non zero
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phase components (c). As a result, a different type of SBG is produced (d). It can be seen
that for this sampling process the grating phase in each unit cell is zero.

Figure 4-2: Modified sampling process. Grating cell repetition implies phase changes.

The repetition of a grating cell implies that the sampling function phase (φ) is exactly
opposite to the projected phase of an unsampled grating at the sampled positions,

φ = 2πm

Ls
mod(Ls , Λ)
= 2πm
+ 2πN ,
Λ
Λ

(4.5)

where N is an integer and mod (x,y) is the modulus after division between x and y.
It should be noticed that when Ls is a multiple integer of the period, both types of
sampling (conventional and modified) yield the same result.

4.2.2 Coupling constant of Conventional Sampling process
The coupling coefficients resulting from the conventional sampling process was
obtained by [Jayaraman et al., 1993] as the Fourier transform of the sampling function
(4.3),
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k ( n) = ko

Lg
Ls

sin c(nπ

Lg
Ls

)e

− jπ n

Lg
Ls

,

(4.6)

where n is an integer number which indicates the order of the reflection, ko the coupling
constant of unsampled gratings defined in Section 2 . To obtain (4.6) it was assumed a
weak grating with N s → ∞ . The result indicates that SBG can be modeled as parallel
Bragg gratings with coupling constants defined in (4.6) and detuning parameter given by,

Δβ =

2πneff

λ

−

2πneff

λb

±

π
Ls

n.

(4.7)

Equation (4.7) can be evaluated in the frequency domain as

Δβ =

2πneff
c

F−

2πneff
c

Fb ±

π
Ls

n,

(4.8)

where Fb=c/λb, and c is the speed of the light in the vacuum.
The resultant spectrum of conventional sampling contains a series of regular spaced
peaks under a broad envelope. This enveloped is centered at the Bragg wavelength of the
grating (when Δndc=0) as shown in Figure 4-3.
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Figure 4-3: Conventional sampling in the spatial frequency domain.

The broad envelope represents the spectrum of one sampled element and the discrete
peaks are consequence of the periodicity. For zero detuning Δβ = 0 in (4.8)
ΔF = Fn − Fn −1 =

c
2neff Ls

,

(4,9)

Using ΔF=-cΔλ/λ2 the channel separation as a function of wavelengths is
approximately
Δλ~λ2 /(2 neff Ls) .

(4.10)

Note that the provided wavelength spacing of the SBG is very similar to the free spectral
range of Fabry Perot or Ring resonators. However the resonant frequencies are centered
at Fb and they do not necessarily start at zero.
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4.2.3 Coupling constant of Modified Sampling process
The Fourier components of the modified sampling function described in (4.4) can be
obtained from
N s −1
z − Lg / 2
)}ℑ{ ∑ δ ( z − mLs )e − jφ } .
Lg
m =0
The Fourier transform of the first term in (4.11) is,

ℑ{s ( z )} = ℑ{rect (

(4.11)

KL − j KLg
z − Lg / 2
(4.12)
) = Lg sin c( g )e 2 ,
Lg
2
where K is the spatial frequency. Although the second term is not periodic it will be
ℑ{rect (

demonstrated that it has a discrete spectrum.
N s −1

ℑ{ ∑ δ ( z − mLs )e

− jφ

}=

m =0

N s −1

∑e

− j ( Kz +φ )

.

(4.13)

m =0

Equation (4.13) produces,
sin( N s ( Kz + φ ) / 2) j (( N s −1)( Kz +φ ) / 2 )
e
.
sin(( Kz + φ ) / 2)

(4.14)

For N s → ∞ , (4.14) can be considered approximately as a delta function centered at
K=

2π
N −φ .
Ls

(4.15)

Therefore (4.11) can be expressed as,
Lg sin c(

KLg
2

)e

−j

KLg
2

∞

2π

∑ δ (K − L

N = −∞

N +φ) .

(4.16)

s

Using (4.5) in (4.16) ,
mod( Ls , Λ ) Lg − j ( N −
Lg ∑ sin c(( N −
)π )e
Ls
Λ
N = −∞
∞

mod( Ls , Λ ) Lg
)π
Λ
Ls

.

(4.17)
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The coupling constants are obtained from the nth term of this Fourier transformation of
the sampling function as follows,
k ( n) =

(4.18)

ko
ℑ{s ( z )}
.
Ls
N =n

Replacing (4.12)-(4.17) in (4.18) the following expression is obtained,

mod( Ls , Λ) Lg − jπ ( n−
)π )e
k (n) = ko sin c(( n −
Λ
Ls
Ls
Lg

mod( Ls , Λ ) Lg
)
Λ
Ls

.

(4.19)

When Ls is a multiple integer of Λ k(0) is maximum and centered at λb as in
conventional sampling process. A particular case when mod (Le,Λ)=0.5Λ would produce
zero reflection at λb and maximum reflection at wavelengths λb +/- 0.5Δλ. The reflection
peaks of this modified SBG can be obtained from this modified detuning parameter,
Δβ =

2πneff
c

F−

2πneff

Fb +

c

π
Ls

(± n +

mod( Ls , Λ )
).
Λ

(4.20)

The discrete peaks of the resultant spectrum are not necessarily centered at Fb. The
new central frequency (Fc) can be found for n=0 in (4.20)
Fc = Fb +

mod( Ls , Λ )
.
Λ
2neff Ls
c

(4.21)

Therefore the position of the peak frequencies can be referred obtained from
Fn = Fc ±

c
2neff Ls

n.

(4.22)

Interestingly, there is an integer n which allows Fn to take the value of zero. Using
(4.21) and by making (4.22) equal to zero,
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Fb =

c
2neff Ls

(n +

mod( Ls , Λ)
nΛ + mod( Ls , Λ)
c
)=
(
).
2neff Λ
Λ
Ls

(4.23)

It is possible to express Ls as

Ls = aΛ + b ,

(4.24)

where a is a positive integer and b=mod(Ls,Λ).
Replacing Fb=c/2neffΛ and (4.24) in (4.23), .

Fb = Fb (

nΛ + mod( Ls , Λ)
) = Fb .
aΛ + b

(4.25)

This indicates that for n=a the resonant frequencies start at 0 Hz, and only depend on Ls
as in Fabry Perot or ring resonators.

4.2.4 Corrections in the analytical model due to Δndc
The fact that the wave propagates at different speed in the perturbed or unperturbed
regions of the waveguide suggest that a correction is required for Ls. The value of Δndc
can be positive or negative or zero. Positive values are the most common result in grating
produced in photosensitive materials by using holography setups or phase masks.
Negative values are more common in etched grating in which the diffractive elements are
etched in the waveguide and filled with cladding material. In our manufacturing process
the diffractive elements protrude over the waveguide producing positive dc index
modulation component.
Figure 4-4 shows a uniform waveguide in which a SBG with sampling length, Ls,
was written producing an increment in the refractive index in the exposed area of Δndc.
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The resultant effective index in the exposed and unexposed regions is neff and neff-Δneff.
For common values of Δndc <10-3 , Δneff ≅Δndc .

Figure 4-4: Each grating cell has a reflection spectrum of s(λ) a phase shift multiple of φ is

induced at the beginning of each cell.

The total reflection spectrum produced by the coherent interference of the grating cells
can be expressed as,
N s −1

H t (λ ) = H (λ )[1 + ∑ e

−j

2πneff

λ

2 nLe

e

jn (

2π
Ls +φ )
Λ

],

(4.26)

n =0

where here H(λ) is the spectrum of an individual grating cell and Le is the equivalent
sampling length described by,

Le neff = Ls neff − Δn dc ( Ls − Lg ) .

(4.27)

The first term inside the sum (4.26) takes in account the phase produced by the wave
propagation (backward and forward).The second term takes in account the phase of the
grating at multiples of Ls (see Figure 4-1(c) ) and the produced phase due to the modified
sampling (Figure 4-2(c)). Note that this second term does not depend on the wavelength.
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This phase shift in the grating is not equivalent to physical displacement of the grating.
The grating starts at the same position but with a modified starting phase.
In case of conventional sampling (φ=0), to produce constructive interference

2π

λ

neff 2 Le −

2πn
Ls = 2πN .
Λ

(4.28)

Using (4.2) in (4.28),

1 1
4π neff ( − ) = 2πN ,

λ

λb

(4.29)

it is possible to obtain the resonant wavelengths,

1

λ

=

1 Ls
N
±
.
λ b Le 2neff Le

(4.30)

It can be observed that Δndc produces undesired shift in the reflection peaks.
Experimental demonstrations of conventional sampling process show this effect. See for
example [Rabin et al, 2002] [Ibsen et al, 1999]. For conventional sampling process theory
predicts a central peak at λb and symmetrical spectrum. Experimental results did not
produce this spectrum. These phenomena, not explained in the reviewed literature, may
be explained by (4.30). Results derived in Section 4.2.1 holds when Ls is replaced by Le .
Another effect derived from (4.30) is the change in the channel spacing. This, however,
would produce negligible variation in Δλ. The magnitude of this variation is on the order
Δndc/ neff.
In case of the modified sampling process, φ obtained from (4.5) is replaced in
(4.26) producing the following resonant wavelengths,
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1

λ

=

N

.

(4.31)

2neff Le

This indicates that the resonant wavelength depends on Le and are not necessary centered
at λb. The closest value ≤ λb occurs for the integer a, obtained from,

Nb =

2 n eff L e

=a+

λb

m o d ( 2 n eff L e , λ b ) .

λb

(4.32)

The (reciprocal) shift of the closest wavelength λo value from λb can be obtained as,

1

λb

−

1

=

λo

1
2neff Le

mod(2neff Le , λb ).

(4.33)

Equation (4.33) can be transformed using (4.2) to,

Δ = λb − λo ≈

λb2

mod( Le , Λ)
mod( Le , Λ) ,
= (Δλ )
2neff Le
Λ
Λ

(4.34)

which agrees with the previous analysis for modified sampling process when Δndc.=0 .

4.3 Modeling of SBGs using the Transfer Matrix Method
The previous description of SBG provides analytical expressions for the coupling
constants. The assumptions required for that model are that the gratings are weak
[Erdogan, 1997] and N s → ∞ .
From a different approach, numerical simulation using the Transfer Matrix Method,
we demonstrate that the analytical model is valid and accurate. The following example
shows the resultant spectrum from an Anti-Symmetric SBG with total grating length
Lt=25 mm, Ls~1 mm and Lg = 200 μm. The period of the grating, Λ=0.536 μm, was
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selected to produce a unique central peak at 1552 nm when the grating is unsampled and
has similar parameters to previously fabricated AWBG (Chapter 3). Figure 4-5 shows
that there is a strong central peak at λb = 1.552 μm (n=0) when Ls is exactly a multiple
integer of the Λ Ls~1866 Λ =1.000176 mm.

Figure 4-5: Sampled Bragg Grating when Ls is an integer multiple of the period.

On the other hand, when Ls=1.00045 mm (mod(Ls, Λ ) / Λ =0.5) there is zero
reflection at λb and the resonant peaks appears symmetrically around this wavelength as
shown in Figure 4-6. In figures, Δλ= ~ 0.82 nm as can be obtained from (4.10).

Figure 4-6: Sample Bragg grating produced by modified sampling when mod(Ls,Λ)=0.5Λ
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Analysis performed in Chapter 3 indicates that SBG can be fabricated with AWBG.
Figure 4-7 shows the basic structure of Anti-Symmetric SBG (ASBG) integrated with an
asymmetric y-branch. The operation of this structure can be described similarly to the
OADM presented in Section 3. The main difference consists in the discrete and multiwavelength spectrum of SBG. This device is experimental demonstrated in Section 4.5.

Figure 4-7: Basic structure of Anti-Symmetric SBG. Branches Designed Anti-Symmetric SBG with

asymmetric y-branches.

4.4 Interleaved Sampled Bragg Gratings
A disadvantage inherent in conventional amplitude-SBGs is their reduced strength
compared with that of an unsampled Bragg grating. Physically the strength reduction
occurs because much of the total grating length is replaced with empty waveguide. To
compensate for the addition of empty space in the grating, an increase in the index
modulation in the remaining grating portions is required. This increase is proportional to
the number of spectral peaks, which are referred as channels, Nc in this dissertation. The
use of interleaved SBGs (ISBGs) [Loh et al., 1999 (a,b) ; Rowe et al., 2004] has been
shown to partially compensate for lost reflective strength and thus reduces increases in
the index modulation required to preserve the reflective strength. The original proposed
ISBG [Loh et al., 1999 (a,b)] has interleaved spectrum as well as shown in Figure 4-8a
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providing more efficient use of the grating. In this figure, Δλ is the spectral spacing of
peaks for individual SBGs defined in (4.10) and dλ the spectral separation of peaks of the
interleaved SBGs. To the best of our knowledge, however, there has been no
experimental demonstration of this type of ISBGs to date. One important reason is the
difficultly in interleaving SBGs without affecting the spectrum of each SBG.
In this section we analyze the conditions for a novel approach for interleaving M
SBGs [Castro et al, 2006 (a)]. In our scheme the spectra of individual SBG’s are
concatenated rather than interleaved (see Figure 4-8.b). The spectral spacing between
individual SBGs is dλ=MΔλ. This produces an ISBG with a broader and flatter spectrum
without the need of apodization. This approach requires an increase in the index of
modulation proportional to Nc0.5 where Nc is the number of channels. As compared with
simple SBGs, this requirement represents an improvement of Nc0.5. This value is identical
to the requirement for pure phase sampled gratings [Li et al., 2003], however
concatenated spectrum ISBGs have no need for multiple phase shifts as required with
pure phase sampled gratings.
For experimental demonstration, we used the AWBG which adds the functionality of
separating the input and output of the ISBGs without the need of circulators.
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Figure 4-8: Reflection (Rx) of ISBG with (a) interleaved spectrum and (b) concatenated spectrum

4.4.1 Novel design of Interleaved SBG with concatenated spectrum
For non-apodized SBGs the interleaving scheme, proposed here, can be obtained by
matching the position of maximum and minimum reflection peaks of adjacent gratings.
However, interleaving a series of gratings which have close center wavelengths can
modify the spectra of individual SBGs and therefore can produce distortion in the
resultant ISBG spectrum. Fabrication can be also difficult when abrupt changes at each
interface among different gratings element are required. Significant simplification in the
design and fabrication can be obtained when M individual grating elements (of length Li
where 0<i<M-1) are placed in series without phase shifts and with a fixed periodicity Ls
as shown in Figure 4-9. This correspond to the modified sampling process describe in
Section 4.2.
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Figure 4-9: Basic structure of concatenated-spectrum-type ISBG with M=3 grating elements.

Since we are interested in concatenated SBG spectra which have close center
wavelengths (<10nm), the wavelength spacing produced in each of the individual SBGs
can be assumed to be similar and given by (4.10) however using the central wavelength
of all the gratings (Δλ≈λc2 /(2 neff Ls)), where λc is the average of the center wavelengths
of the M SBGs. In addition, in our design each grating element starts exactly at multiple
integers of Ls, which eliminates sub-period features between adjacent gratings.
This configuration produces a sampling function which also modulates the phase of
each seeding grating. The sampling function for the ith grating element can be derived
from (4.4) as the following convolution,
mod( Ls ,Λi )

− j 2π m
z − Li / 2
(4.35)
Λi
si ( z ) = rect (
) ⊗ ∑ δ ( z − mLs )e
.
Li
m
Note that for this structure Ls=Le since ISBG has not regions without gratings and

therefore the equivalent dc component Δndc =0.
Similarly the coupling coefficients in the ith SBG (4.19) are given by,
k _ aci (n) = ko

Li
mod( Ls , Λ) Lg
sin c((n −
)π ) ,
Ls
Λ
Ls

where ko is the coupling constant of unsampled Bragg gratings.

(4.36)
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To obtain similar k_aci(n) functions and

smooth transitions between adjacent

gratings it is required that Li=Np Λi where Np is an integer which indicated the number
of periods in each grating cell. The average grating length is defined here as Lave. Since
for the proposed applications Li is greater than 200 um, Np is ~400 or higher for the
periods used. This produces variations among similar order coupling coefficients of
adjacent SBG lower than 0.25%. Also the maximum difference between Li-Lave is < Λi.
To maximize the channel count in the concatenated spectrum, the positions of zeros
and maxima of adjacent gratings are designed to match. This also produces constant
channel spacing and minimizes channel non-uniformity. Since each unapodized SBG can
produce ~M=Ls/Lave useful channels, the set of M SBGs produces ~M Ls/Lave =M2
channels. When the mod(Ls,Λi)~0, the first zero in the sinc function of the coupling
coefficients (4.6) occurs in each SBG at n=Ls/Li=M. Therefore the separation between
center wavelengths of adjacent gratings, dλ, can be obtained by dλ=MΔλ. Distortion of
the spectrum of each SBG occurs when mod(Ls,Λi)≠0. For example, when
mod(Ls,Λi)=0.5Λi, for at least one of the SBG, the maximum is not placed at the Bragg
condition of the grating. Therefore no optimization can be made as proposed here. Using
Transfer Matrix method it will be demonstrate how by using the proposed values for dλ
and mod(Ls,Λi), minimized distortion for all individual SBG components and optimize
the spectrum of ISBG.
Figure 4-10 shows calculated spectra of ISBG using total length, Lt= 19 mm, ko ~
400 m-1 and M=3 Ls~1200 μm Lgi~400μm N=764. The spectrum is calculated with
couple mode theory and transfer matrix methods [Kashyap, 1999]. This figure shows the
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match of center wavelengths of SBG1, SBG2, and SBG3 with the zeroes of the adjacent
SBGs. For example the SBG1 has the first zero at ∼ 1.55 μm which match the position of
the maximum peak of the SBG2 and the zero of the SBG3. Nine useful channels are
obtained. In Figure 4-11 and Figure 4-12 it can be seen that the group delay produced by
this type of grating is very similar for all the useful channels which in turn would produce
similar dispersion characteristics.
.
SBG 1

SBG 2

SBG 3

ISBG

Figure 4-10: Spectra of three individual SBGs and the concatenated spectra obtained from their

coherent addition. For the simulation Δn 2 x10-4 and Lt=16 mm
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SBG 1

SBG 2

SBG 3

ISBG

Figure 4-11: Group delay of three individual SBGs and the concatenated ISBG for Δn 2 x10-4 and

Lt=16 mm

Figure 4-12: Zoom in on Figure 4-11. The group delay of two consecutive channels in the

wavelength range 1.5513-1.5522 μm is shown.

Following the same principle of placing adjacent gratings on the zero reflection of
the others, the number of useful channels can be highly increased. Figure 4-13 and Figure
4-14 show the simulation for the case M=5 and M=7 respectively. It can been seen that
the ISBG with five concatenated grating produces 23 channels with strength variation of
less than 1 dB and 25 channels with a variation of less than 2 dB. By concatenating seven
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SBG in the proposed way 47 channels with less than 1dB variation can be obtained as
shown in Figure 4.9.

Figure 4-13: Spectra of three individual SBGs of the five (M=5) SBGs used to construct the ISBG

with concatenated spectra (bottom). Parameters: Δn=3.3x10-4, Lt=15.6 mm . Ls=400M = 1.6 mm.
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Figure 4-14: Spectra of three individual SBG of the seven (M=7) SBGs used to construct the ISBG

with concatenated spectra (bottom). Parameters: Δn=4.67x10-4, Lt=15.6 mm . Ls=M*200 = 1.4
mm.

From the presented numerical analysis, the minimum requirements in the product
koLt, to provide Nc=M2-2 channels with less than 2dB variation in strength were
determined. Higher values of koLt provide up to M2 channels. It can be seen in Figure
4-15 that the required increment in koLt is linear with M. The number of channels, Nc,
however increases proportional to M2. For fixed grating length, this results indicates that
Nc channels require an increase proportional to Nc0.5 in the index modulation.
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Figure 4-15: a) Minimum required koLt and b) Nc as a function of M.

Dispersion compensation can also be achieved without modifying the principle
proposed here. In this case the period in each seeding grating is defined by
Λi=Λoi(1+cpz), where cp defines the chirp in each SBG and Λoi their initial period of the
ith grating. Figure 4-16 shows the spectrum and group delay (GD) for M=5, cp=3.6x10^-6
mm, Δn=8x10-4, Lt=3.6 cm. The same ISBG using cp=0 shows an almost constant group
delay inside the stop-band.

Figure 4-16: Application in channel dispersion compensation
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4.4.2

Design steps for the ISBG with concatenated Spectrum.

Design of ISBGs with concatenated spectrum involves optimization of multiple
parameters. However, with high accuracy a simple procedure can be used to match
specifications for λc, Nc, Δλ and bandwidth as shown:
Step 1: Compute Ls from Δλ as shown in (4.10).
Step 2: From Nc determine M as explained in Section 4.41.
Step 3: Place one of the SBG’s center wavelength at the specified λc. Find the respective
period using (4.2).
Step 4: Using dλ =M Δλ defined in (Section 4.4.1) find the center wavelengths of the
other filters and their respective periods Λi (4.2).
Step 5: Compute again Ls =M Lave as defined in Section 4.4.1. The variation with respect
to the original Ls (Step 1) would be lower than Λ. Therefore errors in Δλ would
be < 0.1 %.
Step 6: Compute the maximum Ns for required strength and bandwidth. It may be
possible that both conditions reflection strength and bandwidth can not be
attained with the used Δn. A trade off between this parameters would be required
when Δn can not be changed.
Step 7: Use Transfer Matrix Method to compute the spectrum of the ISBG.

4.4.3 Analysis of the conditions for the proposed Optimization
In this section it is mathematically proved that φ=mod(Ls,Λ)/Λ is minimized when
dλ=aΔλ, where a is a integer number. Minimizing the modular function produces
resonant peaks at the Bragg wavelength of the gratings. Therefore spectrum distortions
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are avoided. For this proof, we used a=M, since dλ=MΔλ provide the optimum spectral
flatness of a set of M un-apodized SBG gratings.
From previous derived equations, the period variation ΔΛ=Δλ/2neff can be obtained
as

ΔΛ=

λc2

1 Λave2 Λave
,
=
=
2neff Ls 2neff
Ls NpM

(4.37)

where Λave is λc/ 2neff .which can also be defined as,

Λ ave =

1 M
∑ Λ j.
M j =1

(4.38)

Equation (5.38) can be expressed as
Λ ave =

M
1
[M Λi + ∑ (Λ j − Λi )],
M
j =1

(4.39)

using the proposed separation dλ=M Δλ produce,
Λ ave =

M
1
[ M Λi + ∑ M ΔΛ( j − i)],
M
j =1

(4.40)

M ( M + 1 − 2i )
.
2

(4.41)

which can be simplified,
Λ ave = Λ i + ΔΛ

Using (4.37) in (4.41)

Λ ave = Λi (1 −

M + 1 − 2i −1 ,
)
2N p

(4.42)

Expression (4.42) can be used to find mod(Ls,Λi) as follows

mod( Ls , Λ i )
Λ
= mod( N p M ave ,1),
Λi
Λi

which can be expressed as,

(4.43)

117

(4.44)

N pM
mod(
,1).
M + 1 − 2i
1−
2N p

The maximum value of

previous

expression

which

can

affect the performance of the filter occurs for the SBG around the edges, at i=2 or i=M-2.
For example for i=2 ,
mod(

(4.45)

N pM
,1).
M −3
1−
2N p

Using Taylor series
mod( NM [1 +

M −3
M −3 2
+(
) + ...],1).
2N p
2N p

(4.46)

Only the third term is used since the first two produce integer numbers and higher
orders are negligible,
mod( M

( M − 3) 2
,1).
4N p

(4.47)

From (4.47) Np can be obtained to minimize φ,
N p > 5M

( M − 3) 2 .
4

(4.48)

Expression in (4.48) indicates the constraints of the proposed design. The larger Nc ∼
M2, the larger Np and Ls. The larger Ls the smaller Δλ. Table 4-1shows the limits of this
design. For example this type of ISBG will not allow 100 channels with Δλ = 0.8 nm
without some distortion in the spectra. The maximum Δλ for 100 channels would be 0.58
nm. It should be noted that the previous condition to avoid distortion in each individual
SBG holds with more relaxed limits when a < M.
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Nc

M

Np

9
16
25
36
49
64
81
100
121

3
4
5
6
7
8
9
10
11

0
5
25
67
140
250
405
612
880

~ Min
Ls
μm
0
10
62
201
490
1000
1822
3060
4840

~Max
Δλ
Nm
180.18
29.06
8.96
3.67
1.8
0.98
0.58
0.37

Table 4-1: Limitations of the proposed scheme.

4.4.4 Distortion and suboptimum conditions
The distortion effect and sub-optimization in Nc is demonstrated analytically in
previous sections is investigated using Transfer Matrix methods. Three SBG with
dimensions and index modulation similar to the ones shown in Figure 4-10 are modeled
with separation dλ = 2Δλ . Results of this simulation are shown in Figure 4-17. It can be
seen in that figure that although there is not distortion in the spectra of each SBG, the
number of channels with peak variation is reduced to seven (instead of nine as shown in
Fig. 4.10). Moreover, a large variation in the bandwidth of the individual channels is
present.
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Figure 4-17 : Interleaving 3 SBGs using dλ =2Δ λ. Reflection spectra are given in dB.

When dλ =0.333 Δλ as was originally proposed for ISBG [Loh, 1999] the desired
spectrum with interleaved spectrum as well was not obtained. Figure 4-18 shows that the
spectrum of each individual SBG is distorted. This result does not mean that the original
proposed ISBG [Loh, 1999] is unfeasible. It may be possible to fabricated using
conventional sampling. However, to control on the phase at each SBG interface would be
challenging. Phase SBGs would provide the same spectrum with easy fabrication.
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Figure 4-18: Interleaving 3 SBG using dλ =0.333 Δλ. Modified sampling process was used.

Reflection is given in dB.

The SBG separation, dλ = (M+1) Δλ can produce greater number of peaks than the
proposed scheme presented here. However, the uniformity is degraded as can be seen in
Figure 4-19. Other SBG separations, dλ =(M+a) Δλ where a >1 produces distorted
spectrum.

Figure 4-19: (a) Optimum condition dλ=MΔλ

(b) dλ=(M+1)Δλ
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4.4.5

Corrugated ISBG

Corrugated SBG structures on an optical fiber were already demonstrated [Lin et al,
2001]. The corrugated structure was produced by a periodic variation made by
chemical etching on the cladding radius of an optical fiber. Due to the strong mode
confinement this super structured grating operates as an unsampled grating in
normal conditions.
However, when stress is applied the superstructure, due to the different cross
sections of the etched or non-etched section, the refractive index variation follows the
superimposed structure producing a stress-tunable SBG [Lin et al, 2001].
Here we proposed a different scheme for integrate optics waveguides using the
interleaving sampling concept demonstrated in previous Section. Figure 4-20 shows the
application of this concept. In this figure width variation produce different effective index
in each section of length Lg. At each interface a short taper is used to provide adiabatic
transition. The length of this tapering which can be calculated from [Burns & Milton,
1977] is < 20 μm for tapers of the order 1μm.

Figure 4-20: ISBG with corrugated structures.

At the optimum condition ( dλ = MΔλ ) derived in Section 4.4.1, it is required that,
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d λ = 2[ neff ( wi ) − neff ( wi −1 )]Λ ≈ M

λ c2

,

(4.49)

2 nave Le

where i is the index of each section, M is the total number of SBG and nave the average
effective index defined by

nave =

1 M
∑ neff ( wi )
M i =1

(4.50)

λc the average wavelength defined by,

λc = 2nave Λ

(4.51)

and Le the equivalent distance computed as ,
M

nave Le = Lg ∑ neff ( wi ) =
i

Ls
M

M

∑n

eff

( wi ) .

(4.52)

i

Solving (4.52) indicates that in this structure Le=Ls .
Using the similar analysis to the one shown in Section 4.2.3 it is possible to demonstrate
the feasibility of this filters. The spectrum of the ith SBG is given by,
N s −1 − 2πnj ( nave 2 L − 1 L )
e
s
λ
Λi

H (λ ) = H i (λ )[1 + ∑ e
t
i

].

(4.53)

n =0

For constructive interference,

2π

λ

n ave 2 Le −

2π
L = 2πN .
Λ s

(4.54)

From (4.54) it can be also obtained,

1

λ

=

1
2 nave Λ

−

N
2 nave Ls

=

1

λc

−

N
2 nave Ls .

(4.55)
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The resonant peaks due to the sampling process in all the individual SBG are centered at
the same position λc .
In the frequency domain, the peaks appear at,

Nc
FN = Fc −
.
2 nave Ls
From (4.56) it can be seen that the conditions to make FN =0 occur only when Λ =

(4.56)
Ls
.
N

This result suggests that placing the center wavelength with the optimum separation
(Section 4.4.2) the concatenated ISBG can be fabricated without constraints in the value
of Ls, and with requirements of writing only one grating of constant periodicity for the
whole structure. A schematic of this sampling approach using corrugated waveguides is
shown in Figure 4-21.

Figure 4-21: Spectra of corrugated ISBG.

As an example of an ISGB with at least 14 channels with 0.04 nm separation (Ls~2
mm) is modeled for IOG-10 glass and ion-exchange process. The silver melt ionexchange process was simulated using commercial software Ionex with input parameters
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obtained from [Choo et al., 2003] .The dependence of the effective indices as a function
of the mask with is shown in Figure 4-22.
1.525
y = -0.0006x 2 + 0.0079x + 1.4996

Effective index TE

1.524
1.523
1.522
1.521
1.52
1.519
1.518
1.517
3

3.5

4

4.5

5

5.5

Width, [microns]

Figure 4-22: Effective index of the fundamental mode for different mask widths. Temperature =

318 C, Time =600 sec, utilized diffusion coefficient for the silver =8.1 x10 -16, ratio diffusion
Ag/Na =0.109.

From that figure it was obtained that a change in the width of ~0.4 μm produces the
required channel separation among adjacent SBG (4x0.4nm). Transfer Matrix Methods
were used to model this device producing the reflection spectral shown in Figure 4-23.

Figure 4-23: Reflection spectra in linear scale of 4 SBG with optimize wavelength separation (left)

and the resultant ISBG with concatenated spectrum (right)
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4.5 Fabrication and Characterization
Figure 4-24 shows the layout of the designed SBG (B2) and ISBG with concatenated
spectrum (C1). These devices, which form part of a second silica-on-silicon optical chip,
were designed based on the previously demonstrated chip described in Section 3. The
second chip has several other devices, including encoder/decoders which are going to be
shown in detail in Section 5.
The widths of the branches and waist were 5.6 μm, 8.4 μm, and 14 μm respectively.
A core structure 2 microns thick, with refractive index ncore = 1.46, was surrounded by a
cladding of refractive index nclad = 1.4457. Gratings were etched to produce a mesa height
of 450 nm, resulting in an index modulation of Δn~4x10-4. For the design, the effective
indices for the odd and even modes were estimated from experimental work [Castro et
al., 2005 (e)].

Figure 4-24: Sampled Bragg Grating (B1) and Interleaved SBG (C1).
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The precise control required to produce the Anti-Symmetric diffractive elements is
uniquely enabled by deep ultraviolet photolithographic fabrication, an approach that was
recently shown to provide cm-scale coherence lengths and nm-scale manipulation of
individual gating lines [Greiner et al., 2004]. For the device B2 (see schematic in Figure
4-7) the grating length, Lg, and sampling length were designed to be 200 μm and 1 mm
respectively.
The ISBG with concatenated spectrum (C1) consist of three (M=3) sampled Bragg
gratings written adjacently without spacing between gratings as shown in Figure 4-25.
The grating lengths were respectively L1≅L2=L3≅400 μm and the sampling distance Ls
was 1.2 mm.

Figure 4-25: Schematic of the ISBG with concatenated spectrum based on AWBG.

The grating period of the device B1 was 0.536 μm. The periods of the ISBG (C1)
were 0.5344 μm 0.5352 μm 0.5358 μm. These periods were designed to satisfy the
condition dλ=MΔλ, as described in Section 4.4.
Figure 4-26 shows the set up for spectral characterization of the devices B2 (SBG
based on Anti-Symmetric grating) and C1 (ISBG with concatenated spectrum).
Reflection and transmission spectra were measured using an erbium doped fiber
amplifier (EDFA) as an amplified spontaneous emission (ASE) source and an optical

127

spectrum analyzer (OSA) with a resolution of 0.06 nm. A polarization controller (PC)
allowed characterization of both the TE and TM modes. A fiber array was used to couple
light into and out of the device. After measurements, the spectra were normalized using
the profile of the EDFA profile.
POLARIZER

PC

FA

Device

POLARIZER

EDFA

OSA
OSA

Figure 4-26: Setup for transmission and reflection measurements.

Figure 4-27 and Figure 4-28 show the TE and TM spectra for transmission and

reflection of the fabricated SBG with AWBG. The wavelength separation between
adjacent channels was measured in as ~0.82 nm for both polarization states. This
separation matches the modeled SBG shown in Figure 4-5 and Figure 4-6. The cancellation
of the central peak in both measured spectra indicates the fact that the sampling length is
not multiple of the period and suggest that mod(Le,Λ)/Λ is close to 0.5 (Figure 4-6). This is
however, difficult to prove since it would require a precise control in Λ or Δndc which is
not obtained at the present. A shift in the Bragg wavelength due to the polarization
dependence was measured as ~0.21 nm. The birefringence was obtained as,

nTE − nTE
(n − n ) 2Λ 0.21
= TE TE
=
= 1.35x10−4 ,
(nTE + nTE ) / 2 (nTE + nTE )Λ 1.551

(4.58)

which could be reduced as discussed in [Adar et al., 1992]. The strength of the gratings
was obtained from the transmission dips. The transmission measured using the broadband
source show dips of 4.2 dB. Using a tunable laser and detector module of the equipment
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HP 8164A the transmission dips were measured as ~6 dB. Therefore the estimated
reflection peak was 1-10-0.6~ -1.2 dB. The 3dB-bandwidth obtained was 0.19 nm. The
insertion loss (IL) for this device was 8 dB for both polarizations. This IL included of the
butt coupling (forward and backward) and propagation losses in the waveguide caused
ate the y-branch and straight section with/without grating.
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Figure 4-27: TE Spectra of the SBG with AWBG.
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Figure 4-28: TM Spectra of the SBG with AWBG.

Figure 4-29 and Figure 4-30 show the TE and TM spectra for transmission and
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reflection of the fabricated ISBG with concatenated spectrum fabricated also in silica-onsilicon with the Anti-Symmetric waveguide grating profile. For this grating the
wavelength separation between adjacent channels was measured in as ~0.68 nm for both
polarization states. This separation matches the modeled ISBG shown in Fig. 4.10. A
shift in the Bragg wavelength due to the polarization dependence was measured also as
~0.21 nm. The strength of the gratings was obtained from the transmission dips. Using a
tunable laser and detector module of the equipment HP 8164A the transmission dips were
measured as ~12B. Therefore the estimated reflection peak was ~ -0.3 dB. The 3dBbandwidth obtained was 0.24 nm. The insertion loss (IL) for this device was 8 dB for
both polarizations. Note that B2 and C1 are in the same chip. This IL as in the case of the
SBG includes butt coupling (forward and backward) and propagation losses in the
waveguide caused ate the y-branch and straight section with/without grating.
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Figure 4-29: TE Spectral of ISBG with concatenated spectrum based on AWBG.
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Figure 4-30: TM Spectral of ISBG with concatenated spectrum based on AWBG.

The measured ISBG has a slight shift in central wavelengths and narrow bandwidth
with respect to the experimental results due to small error in the estimation in the
effective index from previous chip (see Chapter 3). The second chip has increased its
height from 1.6 μm to 2 μm (regions without grating).
The increase in the height produced a reduction in the polarization dependence
wavelength from 0.25 nm (chip described in Chapter 3) to 0.21 nm. Also the measured
ISBG has broader bandwidth in each spectral peak. This broadening can be attributed to
several causes: a slight chirp in the device due to the UV-beam in- homogeneities
[Hubner et al., 1998], non perfect match in the designed wavelengths, slight variation in
the waveguide width and/or the resolution of the test equipment.

4.6 Summary
Two different types of sampling processes have been analyzed. The advantages of
each type have been described. A model to explain the effect of the dc component of the
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index modulation in the shape of the spectrum is proposed to explain the some
discrepancies between experimental and modeling of the reviewed literature. The first
experimental demonstration of SBG with AWBG has been presented.
A novel scheme for interleaving SBGs was proposed and experimentally
demonstrated. For the fabrication the AWBG were utilized to avoid the use of circulators.
These devices can increase the channel count at constant reflectivity provided that the
grating coupling constant requires increases of Nc0.5, as in pure phase SBGs. Our scheme
for interleaving SBGs allows simpler and intuitive design and fabrication compared with
phase SBGs. Applications of this type of ISBG in multi-channel multiplexers, metrology,
dispersion compensation are among other potential applications. From modeling, more
than 64 channels were obtained without distortion. The improvement of efficiency with
respect to SBG can be observed from the measurements. SBG with 25 mm length provide
less than five useful channels. ISBG with 19 mm provided 9 useful channels stronger (4
dB) reflection.
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5

APPLICATIONS OF THE AWBG IN OCDMA

5.1 Introduction
Code Division Multiple Access (CDMA) techniques were proposed for optical
fibers in the late 1980s [Salehi, 1989]. Since then, numerous research and publications in
the field have been produced. Despite this fact and the evident success of CDMA in
wireless systems, there have not been important advances towards the commercialization
of CDMA in optical networks. Part of the reason is that some of the benefits which make
CDMA an attractive technology in wireless systems are not transferable to optical
systems. For example, multi-path interference and jamming, which can be highly reduced
using CDMA, are not significant problems in optical networks which use single mode
fibers. In wireless systems, the main communication link is between the mobile unit and
the base station. This link is used to transmit voice or data at low rates with very low
requirements in bit error rate (BER<103). On the other hand, most of the publications for
optical networks OCDMA utilize a mesh (star) configuration. In those configurations,
each user can communicate with all other users at high data rates and low BER (<10-9)
[Huang, 2000]. A schematic of both configurations is shown in Figure 5-1.
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User 2

User 3

User 1
NxN coupler

User N

…

User N-1

Figure 5-1: Typical configuration of CDMA in wireless and in optical networks.

Several publications mention that security in optical networks can be improved by
using OCDMA [Salehi, 1989]. However, a recent and comprehensive analysis of
OCDMA networks demonstrates that this improvement is not significant [Shake, 2005
(a,b)]. Currently, classical encryption techniques, performed electronically, provide a
level of security much higher than that can provide optical CDMA.
A very important disadvantage in OCDMA is its low spectral efficiency [Dennis
et al., 1999]. Several OCDMA schemes such as prime codes [Ohtusuki et al., 1996;
Weiner et al., 1988; Weng et al., 2001] can offer a lower number of total users than
orthogonal schemes such as dense wavelength division multiple access or Optical Time
Division Multiple Access (OTDMA). Moreover, the number of users that can access an
OCDMA network simultaneously is extremely low. The only advantage of these schemes
is their simple implementation. For example, the use of DWDM would require
narrowband filters and lasers with temperature controls, while the use of OTDMA would
require high levels of synchronization. The type of scheme (OCDMA or TDMA) which
requires the higher levels of synchronism is still controversial.
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Since 2003, the U.S. government's Defense Advanced Research Projects Agency
(DARPA) has supported research aiming to increase efficiency in Wavelength Division
Multiplexed (WDM) and OCDMA networks. As a result of the research efforts, the
spectral efficiency slowly increased and multi-user interference (MUI) decreased. These
improvements should create more interest in OCDMA for the private sector.
Currently, OCDMA is commonly implemented using bulky elements such as
fiber Bragg gratings [Kim et al., 2003]; circulators, spatial filter, Fourier lenses, or
AWGs [Kutrokawa et al.,1999; Shahab et al., 2005]. The use of these devices makes
OCDMA impractical. Since each user needs to be able to communicate freely with the
others, each requires encoders/decoders for the complete codeword set. Using previously
reported technologies, the space required by each user would be prohibitive even for a
small network.
Optical integration can provide a key advantage for OCDMA system since it can
allow each user to have the complete set of codewords in one chip. Promising work has
been developed by Telecordia [Shahab et al., 2005]. In this dissertation, we proposed and
demonstrated integrated optical encoders to be fabricated in silica on silicon using novel
Anti-Symmetric gratings [Geraghty et al., 2005].
This chapter is divided into nine sections. The second section briefly describes the
history and basic concepts of CDMA. In the third section, the most common CDMA
access schemes are explained. In the fourth section the most important types of CDMA
codes are studied. The fifth section analyzes AWBG implementations for Spectral
Amplitude encoding. In the sixth section balanced detection schemes are explained. In
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Section 7 sections, applications of the AWBG for Spectral Phase Encoding are proposed.
Section 8 present experimental results for Spectral Amplitude encoders based on the
AWBG. The last section is the results of our analysis and experiments are summarized.

5.2 CDMA: Basic Concepts
The most common multiple access techniques are: frequency division multiple
access (FDMA or WDM in the optical domain), time division multiple access (TDMA)
and CDMA as illustrated in Figure 5-2. Those techniques were implemented in different
generation wireless communication systems. In FDMA a separated frequency channel is
assigned to each user. Representative standards of FDMA are Advanced mobile Phone
systems AMPS in United States and Nordic Mobile Telephones (NMT) in Europe.

Figure 5.2
Figure 5-2 : Common multiple access techniques.

TDMA divides the frequency band in time slots, and only one user is allowed to
either transmit or receive in one of these time slots. The major TDMA standards are
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Global System Mobile (GSM) in Europe and Interim Standard 54/136 (IS-54/136) in
North America.
In the eighties, Mobile Phone Systems (MPS) presented a new challenge to
traditional multi-access schemes. Requirements such as multi-path protection, low
radiated flux density, anti-jamming, message privacy, in addition with an efficient use of
the spectrum were required. In this context CDMA technologies proposed by Qualcomm
in 1990 overcome the other schemes and become standard (IS-95) in 1993. In CDMA,
users share the same frequency all the time. Multiple access is achieved by assigning to
each user a pseudo–random code which possesses good correlation properties. Due to its
multiple advantages, CDMA has displaced virtually every other technology in wireless
[Lee, 2002] CDMA has been proposed for the third generation of mobile systems [Kim
et al., 2005] in two approaches: wideband CDMA [Richardson, 2005] for asynchronous
schemes and CDMA2000 for synchronous ones. Characteristics of the three types of
multiple access techniques are summarized in Table 5-1 [Yang & Kwong, 2002;
Kavehrad & Zaccarin, 1995; Stok & Sargent,2003; Sotobayashi et al., 2004]. CDMA
advantages in terms of spectral efficiency are still controversial when applied to Optical
systems.
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TDMA

CDMA

WDMA

•
•

•
•
•
•
•
•
•

Advantages
Dedicated channels provided
High throughput

Simultaneous users allowed
Allows asynchronous access
No delay due to scheduling
Potential good bandwidth
efficiency.
Efficient for bursty traffic
Dedicated channels provided
Only loose frequency control
needed

•
•
•
•
•
•

•
•
•

Disadvantages
Accurate synchronization
needed
Not efficient in bursty traffic
Bandwidth wasted
Channel idle most of the time
Performance degrades with an
increase in the number of
simultaneous users
In practice, poor bandwidth
efficiency for positive systems

Channel crosstalk
Channel idle most of the time
Low bandwidth efficiency

Table 5-1: Comparison of optical multiple access schemes.

5.3 Types of Access in CDMA
In CDMA the utilized bandwidth is much larger than base-band signal bandwidth.
The most common techniques to spread the signal spectrum in CDMA are Direct
Sequence (DS), Time Hopping (TH) and Frequency Hopping (FH) [Korowajczuc et al.,
2004].
In CDMA-DS the carrier frequency of the information signal is multiplied directly
by a high chip rate spreading code. As shown in Figure 5-3, the bit duration Tb is divided
into multiple chips Tc. The spreading factor or code gain is given by,

SF =

Tb Bs
=
= Nc
Tc Bb

,

(5.1)

where Nc is the number of chips used per bit, Bb the baseband bandwidth and Bs the used
bandwidth.

138

Tc

.
Figure 5-3: Direct sequence.

In CDMA-TH [Grunnet et al., 1999; Kavedra et al., 1995] the information signal is
transmitted in short bursts of temporal pulses (chips) where the position of the chips is
decided by the spreading code. While CDMA-DS uses long bipolar pseudo-random
sequences with similar probability of -1 and +1, CDMA-TH uses blocks of unipolar
codes which have more zeros than ones. The spreading factor is similar than in direct
sequence and can be obtained using (5.1). The spreading bandwidth of a code of Nc chips
is given by [Agrawal, 2002],

Bs = Bc ≥

0.7 0.7 Nc ,
=
Tc
Tb

(5.2)

where Bc is the chip bandwidth.
Figure 5-4 shows an example of CDMA-TH for the codeword using parameters: Nc=29
and weight =6.
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Figure 5-4: Time hopping CDMA sequence (00100000010010000001010000010).

In FH schemes [Fathallah et al.,1999; Yegnanarayanan et al., 2000] the carrier
frequency is rapidly changing according to the spreading code. Therefore, the
information is transmitted using several frequencies (wavelengths). The two-dimensional
pattern (time-frequency) is determined by a selected codeword. Figure 5-5 shows a FH
signal using 3 frequencies, 6 chips, and the codeword (F3,F1,F2,F2,F3,F2). The
bandwidth of each channel is equal or greater than the chip bandwidth as shown,

Bλ ≥ Bc > 0.7

Nc .
Tb

(5.3)

The total bandwidth is equal to Bs = N λ Bλ where N λ is the number of frequencies
(wavelengths) used.
The spreading factor in this case is equal to

SF =

N λ Bλ
.
= Nc Nλ
Bb

(5.4)

140

Figure 5-5: Frequency hopping CDMA sequence.

The increase of the spreading factor improves the code’s correlation properties
[Verdu et al., 1998], the resistance to interference signals (jamming), and in general, the
performance of the system [Korowajczuk et al., 2004].

CDMA-FH allow higher

spreading factors than the other schemes without increasing the electrical bandwidth of
the modulator as can be seen from (5.4). Otherwise all CDMA schemes offers similar
characteristics [Liu , 2000].

5.4 CDMA Codes
In CDMA systems each user is assigned a sequence (code) that serves as its
address. The employed codes must be orthogonal or quasi-orthogonal to each other in
order to be correctly decoded at the receiver. The following specifications are required
during the designing process:
a) The number of simultaneous users N simult , their average rate R, and the
required Bit Error Rate (BER).
b) The maximum number of users Nt.
c) The available Bandwidth, B.
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The simultaneous users for a specified R and BER determine the required auto and
cross correlation properties of the codes. The code cardinality is determined by Nt. The
other parameters N c and N λ are determined by B.
Depending on the application, the codes require different auto and crosscorrelation properties. For asynchronous systems, side-lobes of the aperiodic and periodic
autocorrelation need to be minimized. In addition, aperiodic and periodic crosscorrelation
need to be minimized at any time. In case of synchronous systems, the in-phaseautocorrelation need to be maximized while the in-phase-crosscorrelation minimized. The
types of correlations are defined in [Proakis et al. 2003] and Figure 5-6.
R(t)
Periodic Autocorrelation

Aperiodic Autocorrelation

t

Figure 5-6: Types of Autocorrelation.

5.4.1 Bipolar Codes
Bipolar codes have excellent correlation properties to allow higher number of users
with low multiuser interference (MUI) [Lotter et al., 1994]. The most common bipolar
sequences used in wireless and optical CDMA are orthogonal sequences such as Walsh
or Hadamard and pseudo-random sequences such as M-sequences, Gold and Kasami
[Tamura et al., 1985].
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OCDMA, bipolar sequences can be generated with balance optical modulators,
[Huang, 2000], AWG with precise delay lines [Benedeto et al., 2002] or with super
structure Bragg gratings SSFBG [Chiong et al., 2001]. Since the phase is the main
parameter to be modulated, they require sources with higher coherence than unipolar
codes. In addition, all other elements would require tighter tolerances to control the
phase changes. For this reason, despite its better performance they are not as common as
unipolar codes schemes in OCDMA.
The design of orthogonal sequences dates from more than 80 years. The Walsh
codes and Hadamard matrices (which are essentially equivalent) [Walsh, 1923] are
presently used in the forward link (from base to cell phones) of CDMA systems to limit
multiple access interference. As any other orthogonal code the cardinality is limited by
the product N c N λ . Figure 5-7 shows the set of one dimensional Walsh codewords for 8
chips.

Figure 5-7: Walsh codes for Nc=8.
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Pseudo-noise sequences such as M-sequences [Yarmolik et al 1988] can be
generated by a given set of delay elements such as electronic shift registers. The length of
the M-sequences is given by,

L = 2n − 1 ,

(5.5)

where n is in this case the number of shift register.
M-sequences are the basic type of pseudo random sequences [Richardson, 2005]
which are used in present CDMA systems. M-sequences have several advantages: low
complexity, the number of zeroes and ones in the whole sequence differs by at most 1,
and they posses very good autocorrelation properties. The cross-correlation between
different sequences is, however, not as good. Codes are derived from M-sequences, such
as Gold [Benedetto et al., 1993] and Kasami [Chen et al., 2000]. They inherit the good
autocorrelation properties of M-sequences with improved crosscorrelation.
Gold Codes are generated by module-2 addition of two selected M-sequences
(preferred pairs) with the same length. The code sequences are added chip by chip by
synchronous clocking. One of the main advantages of Gold codes is their high cardinality
with bounded cross correlation. The basic construction of Gold sequences other was
studied in detail [Scholtz, 1978; Lotter et al., 1994; Kumar et al., 1996; Pott, 1998].
The properties Walsh, Gold and Kasami codes are shown in Table 5-2. In that
table N is the length of the Walsh code (which exist for any N multiple of four), n is the
number of register of the M-sequence generator, L is the temporal length of the code, AC
is the maximum autocorrelation and XC the maximum crosscorrelation.
The spreading bandwidth in all cases is given by,
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Bs = Bb L .

Walsh
Gold,
n even
Gold
n odd
Kasami

Family size
N

L
N

AC
N

2n − 1

2n − 1

2n − 1

2n − 1

2n − 1

2n − 1

n
22

2n − 1

2n − 1

(5.6)

XC
0
n+ 2
2 2

2

n+1
2

n
22

+1

+1

+1

Access
Synch.
Asynch.

Asynch.
Asynch.

Table 5-2: Properties of bipolar codes.

Implementations of spectral phase encoding using bipolar sequences has been
already demonstrated [Chiong et al., 2001; Nguyen et al., 1997; Dennis & Young, 1999;
Sotobayashi et al., 2004; Benedetto & Olmo, 1993; Shahab et al., 2005]
As it is shown in Table 5-2 the cardinality of the pseudo-random sequences in
asynchronous access can be equal to the cardinality of orthogonal schemes. For example,
using Gold sequences with n=4 only 15 codes exist. The codes have 15 chips, therefore

Bs = 15 Bb . It can be argued that the same number of users without MUI can be obtained
by dividing the required spectrum in 15 sub-channels. Although this is correct, in practice
the narrow band filters would require precise fabrication, bigger areas and probably
temperature compensators. The decision to select CDMA or WDMA in asynchronous
access would depend thus in which one requires simpler and less expensive
implementation..
In synchronous schemes the cardinality of these bipolar codes can have an
important increment. Since each shifted version of a Gold or Kasami codeword produces
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a new codeword that satisfies the in-phase-correlation, this limits the code cardinality as
high as L2. Even in networks that have lower levels of synchronism the cardinality can be
increased. For example if a lack of synchronization equivalent to d chips is allowed, the
cardinality can be still increased up to <L2 /d. Therefore synchronism can increase the
total number of users that can access to the network (cardinality). Among them, the
number of users that can access simultaneously is still limited by the autocorrelation
properties.

5.4.2 Unipolar Codes
Unipolar sequences are sequences of zeroes or ones that have good autocorrelation
and crosscorrelation properties. Their implementation is less complex than bipolar codes,
therefore they are more common in OCDMA. They can be generated using electrooptical modulators (EOM), AWG [Huang 2000], FBG [Meiling et al., 2001]. Unipolar
codes do not require high coherence sources. However the use of low coherent sources
can produce high phase intensity noise [Wei et al., 2002].
The construction of unipolar codes is based in the arithmetic of the Galois fields
(GF) [Yang & Kwong, 2002] or in combinatorial designs [Djordjevic et al., 2003;
Colbourn & Denithz, 1996; Andersen 1990;]. The best known families of OOC are
generalized and extended prime codes [Yang & Kwong, 2002] and combinatorial designs
which are explained in the next section.
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5.4.2.1 Prime Codes

Prime codes have received a lot of interest due to its simple structure and
implementation. Nevertheless, in terms of spectral efficiency prime codes perform worse
than any orthogonal schemes with similar bandwidth. To illustrated this disadvantage, the
prime code set for p = 5, (where p is the prime number which define the code) is shown
in Table 5-3. There are at most five codewords (maximum number of users).
C0
C1
C2
C3
C4

10000
10000
10000
10000
10000

10000
01000
00100
00010
00001

10000
00100
00001
01000
00010

10000
00010
01000
00001
00100

10000
00001
00010
00100
01000

Table 5-3: Prime code p=5 (p is a prime number).

Not all of them can transmit simultaneously. Since the maximum crosscorrelation is
2, two users can produce a peak power of 4 at the detector that is almost similar to the
weight of the code. For example by shifting C2 to the left one chip produces already two
hits with C1. In terms of spectral efficiency, the required bandwidth Bs is 25 times the
base-band bandwidth since 25 chips are utilized. This required bandwidth would allow 25
orthogonal channels such as OTDM, WDMA or a mix of both. In principle they would be
free of MUI.
Extended prime codes perform even worse in terms of bandwidth efficiency. The
five codewords of prime codes p=5 are shown in Table 5-4Error! Reference source not
found. There have 45 chips and only 5 asynchronous users. Although the cross-

correlation is reduced to one, again in this case if orthogonal channels can be
implemented, their performance will be significantly better.
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C0
C1
C2
C3
C4

100000000
100000000
100000000
100000000
100000000

100000000
010000000
001000000
000100000
000010000

100000000
001000000
000010000
010000000
000100000

100000000
000100000
010000000
000010000
001000000

100000000
000010000
000100000
001000000
010000000

Table 5-4: Extended prime code p=5 .

It is possible to use prime sequences to create two-dimensional (2D) codes. There are
some advantages of this type of codes when compared with prime one-dimensional (1D)
codes [Yang & Kwong, 2002]. However, in terms of spectral efficiency, 2D codes inherit
the disadvantages of 1D prime codes.
For example the 2D representation of the codeword C2 of Table 5-3 is shown in
Figure 5-8. The wavelength number corresponds to the position of the one in a group of p
chips. The maximum number of user of the codes is still 5. However, in this 2D scheme
all of them can access simultaneously. Nevertheless, the required bandwidth is still 25
times the base-band bandwidth. Again, just a simple WDM schemes which assigns one
wavelength to each user would perform better for several reasons:
•

There is not MUI in WDM.

•

In OCDMA the shot and ASE noise are higher since it requires higher B.

•

WDM requires simpler implementation, one transmitter, one wavelength and
one detector. OCDMA requires five detectors to reduce the MUI using
threshold detection.
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Figure 5-8: Codeword 2 of codeset shown in Table 5.3.

In general, synchronous accessing schemes, with rigorous transmission schedules,
produce higher throughput [Yang & Kwong, 2002]. For example the synchronous prime
code GF(5) can have a maximum of 25 codewords (users) using 25 chips. In this
synchronization scheme the autocorrelation peak can easily be distinguished from the
adjacent cross-correlation peaks. The in-phase crosscorrelation is zero or one. Depending
on the required BER, up to 5 users can access at the same time. This code performs
better that its asynchronous counterpart. The price to pay is the synchronization control.
Since some codes are shift version of the original prime code shown in Table 5.3, a small
loss of synchronism can convert one code in another. This synchronization control can be
relaxed. In that case, the cardinality of unipolar codes can be increased up to < L2 /d,
where L is the code length and d is maximum number of chips in which the
synchronization can be lost.
With the same level of synchronization an OTDMA scheme can have the same
number of users with the same tolerances to lack of synchronization, and probably lower
BER since there is not MUI. Moreover, if DWDM can be applied it would offer the same
bit rate, low BER, with asynchronous access.
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The properties of prime codes in terms of cardinality, length, Bb, and correlation
properties are described in Table 5-5. That table shows that at most p users can access
simultaneously while requiring at least p2 times the Bb. This maximum number of
potential users, p2 requires high synchronism. Even in this case, this cardinality can not
increase higher than any orthogonal scheme (L=p). In orthogonal schemes all the users
can access simultaneously with in principle not MUI. Therefore the only potential
advantage of prime codes is their simpler implementation. However this simplicity is still
controversial. With the same levels of complexity BIBD can perform much better. In this
dissertation it was not found a clear reason to justify the use of prime in real system.
Cardinality L

AC

Access
Synch/Asynch

Prime (p)

p

p2

p2 B b

p

XC
2

Extended
prime code
Synchronized
prime code
Generalized
Prime code k

p

p (2 p − 1)

p(2 p − 1) B b

p

1

Synch

p2

p2

p2B b

p

1

Synch

pk

p k +1

p k +1B b

p

1

Synch/Asynch

Bs

Table 5-5: Properties of prime codes.

5.4.2.2 BIBD Codes

Combinatorial designs codes can perform better than prime codes in terms of
spectral efficiency. Different types of combinatorial codes have been proposed
[Djordjevic et al., 2004]. Among them, balance incomplete block design (BIBD)
[Andersen, 1990; Colbourn & Denitz, 1996; Raghavarao, 1988] has the potential of
providing more cardinality than any other unipolar code scheme.
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Three potential implementations of BIBD are analyzed: 2 dimensional (2D)
frequency-time codes, 1D time, 1D frequency. The characteristic of this codes structures
are shown in Table 5-6Error! Reference source not found..
Cardinality
2D

v(v-1)
>
(k-1)

2D

v(v-1)
k(k-1)
v(v-1)
k(k-1)
v(v-1)
k(k-1)

1D-time
1D-freq.

L
K

Bs

AC

kvB b

k

XC
1

Access
Synch

K

kvB b

k

1

Asynch

V

vB b

k

1

Synch

1

vB b

k

1

Asynch

Table 5-6: Cardinality, length and required Bandwidth for BIBD(v,k,1).

To illustrate this implementations, the BIBD (9,3,1) shown in Table 5-7 will be used.
C0
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11

123
417
591
168
249
852
672
384
735
936
564
798

Table 5-7: BIBD (9,3,1) codeset.

For the 2D code implementation, each number in the codewords represents one of
the nine wavelengths. The codes C0, C1 and C2 are shown in Figure 5-9. The in-phase
autocorrelation is equal to 3 and the maximum crosscorrelation is equal to one. Using this
representation, the total bandwidth required is 27 Bb as can be derived from Table 5-6.
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In asynchronous implementation the cardinality of the codes is 12. In synchronous
access the cardinality increases up to 72. In both cases the BER degrades rapidly for more
than 3 simultaneous users. This limitation can be understood by examining the code-set
(Table 5-7). It can be seen that there are many cases in which three codewords can
produce the signature of other one.
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Time

Figure 5-9: Example of a 2D BIBD code implementation.

In the second representation, 1D- time, this code represents one wavelength and
nine time chips with at most one hit between different codewords (Figure 5-10). The total
bandwidth is 9 Bb. This code representation can be utilized only in synchronously
networks in order to keep the maximum crosscorrelation lower than one. It allows up to
12 users at maximum but less than 3 users can be active at the same time.
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Figure 5-10: Example of a 1D-time BIBD code implementation.
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In the last representation of this example the codes do not spread on time. There is
only one time chip as shown in Figure 5-11. This configuration allows up to 12 users
asynchronous using a bandwidth 9Bb. Again, in this configuration less than 3 users can be
active at the same time, without degrading significantly the BER.
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λ7
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λ1

λ5

λ1

λ4

λ1

Time
Figure 5-11: Example of the third representation for BIBD.

As can be seen in the example, in any configuration BIBD codes can have higher
number of total users (cardinality) that could be obtained with orthogonal channels. This
increment in cardinality is not possible using prime codes. There were Nc=72 users with a
total bandwidth of 27 Bb in the 2D implementation (synchronous). In the 1D
asynchronous one, there were Nc=12 users with 9 Bb. Using the same bandwidth
orthogonal schemes will have at most 27 users. However, in orthogonal schemes all of
the users can access simultaneously.

5.5 Spectral Amplitude Encoding: Implementation Schemes
Codes can be implemented using spectral amplitude encoding or spectral phase
encoding. Each of these schemes provides specific advantages and difficulties. Spectral
amplitude encoding (SAC) imposes the pattern of unipolar codes in the signal (carrier)
amplitude. SAC-BIBD can provide an important increment in the total number of users
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with respect with orthogonal schemes (TDMA, WDMA) and clearly with respect of
prime codes. This is an important advantage which does not rely just on the cost (which
is arguable and subject to changes in time) but in a qualitative characteristic which can be
required by some type of networks. For example, in a network that requires more number
of users than the available bandwidth can provide using orthogonal schemes and with the
characteristic of having only a very few fraction of the users are active at the same time.
OCDMA with prime codes, on the other hand, could have only cost or simplicity
advantages. In some cases these advantages could be defensible when comparing with
OTDMA or DWDM. However they lose their strength when compared with OCDMABIBD or bipolar OCDMA. In any case, BIBD codes increase the cardinality at the cost
reducing Nsimult. It was not found in the revised literature any unipolar code scheme that
can increase the cardinality and at the same time have Nsimult higher than the code weight
(for BER <10-5).
Spectral phase encoding (SPC) can increase the total number of users and still
provide more simultaneously access than unipolar schemes. Spectral phase encoding
imposes the pattern of a bipolar code in the phase of the signal (carrier). It requires
coherent input sources which can be a very narrow-time pulses (<10 ps) or train of pulses
generated by a mode locked lasers. In addition it requires AWG or Fourier lenses or the
devices explained in Section 5.8 to produce the phase changes.
Designs for both schemes, spectral amplitude encoding with OCDMA-BIBD and
spectral phase encoding with pseudo-random codes, are analyzed in next sections.

154

5.5.1 Synchronous Networks
As was explained in previous section, BIBD can have important advantages in
situations in which the number or simultaneous users is a small fraction of the total
number of users. In this scheme the total number of users is intended to be maximized for
a given bandwidth. The number of active users is limited to the weight of the code.
To illustrated this application an example for BIBD (7,3,1) is used. This BIBD code
implementation use 7 wavelengths 3 chips and allows 42 codewords (users) with weight
3. This configuration can operate synchronously. The 42 codewords are shown in Table
5-8.
3
5
7
6
7
7
6

2
4
6
4
5
4
5

1
1
1
2
2
3
3

2
4
6
4
5
4
5

3
5
7
6
7
7
6

1
1
1
2
2
3
3

3
5
7
6
7
7
6

1
1
1
2
2
3
3

2
4
6
4
5
4
5

1
1
1
2
2
3
3

3
5
7
6
7
7
6

2
4
6
4
5
4
5

2
4
6
4
5
4
5

1
1
1
2
2
3
3

3
5
7
6
7
7
6

1
1
1
2
2
3
3

2
4
6
4
5
4
5

Table 5-8: BIBD(7,3,1) codewords in for 2D synchronous implementation.

The proposed encoder/decoder design using the AWBG is shown in Figure 5-12
[Castro et al.,2005 (c)] .

Figure 5-12: Proposed Encoder Decoder using the AWBG.

3
5
7
6
7
7
6
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This encoder was designed to have Bragg conditions at r λ1=1.550 μm λ2= 1.551 μm
λ3=1.552 μm with bandwidth 0.15 nm as shown in Figure 5-13.

Figure 5-13: Simulated spectrum of AWBG encoder.

The complex impulse response [Proakis, 2001] indicates the relative modulation with
respect to a center wavelength of 1.55 μm. As shown in Figure 5-14 the real and
imaginary components of the first chip of the impulse response have a slow envelope
almost without modulation. This is expected for the first chip because its center
wavelength (frequency) is also 1.55 um. The other chips have different wavelengths so
their frequency modulation is proportional to the wavelength separation. For example, it
can be seen in Figure 5-14 that the modulation for λ3 is higher than the one for λ2.

156

Figure 5-14: Complex impulse response of AWBG encoder.

The spurious reflections, which can be seen at the end of the three chips in Figure
5-14, were explained in Chapter 2. The BER as a function of the maximum number of
simultaneous users was simulated (see parameters in Table 5.9). As can be seen in
Figure 5-15 the number of active users is limited by the weight of the code (three for this
example).
0

log10(BER)

-2
-4
-6
-8
-10

1
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3

4

5

# users

Figure 5-15: Simulated BER as a function of the number of users.
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5.5.1.1 Potential Applications

In ALOHA schemes, the user send messages regardless of the activity of the other
users of the systems. Therefore collision can be produced and. need to be detected by
each user in order to retransmit the message. The higher the collision rate, the higher of
retransmitted packets rate. Our analysis shows that a combination ALOHA - OCDMA
can perform better than ALOHA alone since collisions in CDMA do not produce
inevitably retransmission. Depending on the weight of the code, the transmitted packet
can be recovered even in the event of collision. For example in an asynchronous
BIBD(13,4,1), a retransmission would require that more than three users coincide exactly
in the some time slot of the packet. In ALOHA without CDMA the coincidence of only
two users would require retransmission. The probability of retransmission depends on the
carrier load [Hayes et al, 2004] which is given by

G = MαL p / R ,

(5.7)

where M is the total number of users,α is the average number of packets that the user
transmit per second, Lp is the length of the packet in bits. Figure 5-16 shows the
retransmission rate for simple ALOHA (dashed lines) and ALOHA-CDMABIBD(13,4,1) (solid line). It can be seen that using CDMA codes the rate of
retransmission reduces when G<0.1.
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Figure 5-16: Probability of retransmission as a function of the carrier load (G).

Therefore ALOHA-CDMA can be advantageous when the utilization of the
channel is low. For example, BIBD(13,4,1) can support 156 users transmitting at rates
higher than 10 Gbps in a architecture shown in Figure 5-17. In this network 13
wavelength and 4 chips per bit are used to request access (or to transmit short packets <
20 Kbits). The structure of the packets to access information can be similar to the one
shown in Figure 5-18. Other wavelengths are used to transmit the data packets with
variable lengths (several Gbits) indicated in the respective field of the access packet.
There is not need to send the sender address since it is implicit in the CDMA code. The
control bit field can be used to indicate the priority levels, the type of encryptions or
compression etc. This network, with parameters shown in Table 5-9 and using encoders
similar to the one shown in Figure 5-12, supports chip rates of 40 Gbcs (G≈10-4) with
retransmission rates < 10-12 .
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Figure 5-17: Basic schematic of a OCDMA network.

<100 bits
SYNCH

32 bits
DESTINATION

32 bits
DATA SIZE

32 bits
CONTROL

20k bits
PAYLOAD

Figure 5-18: Packet structure.

#Users
Packets rate per user
Access packet length
for accessing
Average packet
length
Swicth time between
Data wavelengths
# Wavelengths
Maximal length
Retransmission rate

M
α
La

155+1
0.1 pack/sec.
20kb

Lp

100Mb

Tsw

10-4sec
2
13
10 km
10-12

Ld
pb

Table 5-9 : Parameters of proposed application.

The high cardinality of the BIBD synchronous scheme could be utilized in peer to
peer networks. The same codeset BIBD (13,4,1) would allow 17 users synchronously in a
star (logical) configuration using 13 wavelengths and without the need of any server or
overhead in the packets. Orthogonal channels on the other hand would require one
wavelength per connection, which give as many as 17x18/2 =153 wavelengths. A
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possible application in peer networks can be optical interconnects for symmetric
processors, each one with its own memory bank. The utilization of optical interconnects
has been predicted [Benner et al., 2005; Herve et al., 2004] to be important especially for
card to card and intra card applications. Optical connection has been already studied in
standard orthogonal schemes. Here the use of BIBD (13,4,1) is proposed and analyzed.
Figure 5-19 shows 17 processors, each one with its memory bank. There are 17
controllers, which manage the traffic and convert the optical to electrical signal and vice
versa. It is assumed here that the processor requires data retrieval from others processors’
memory banks on average once every second. The size of the packets average 10 Mb and
other parameters are shown in Table 5-10. The retransmission rate for these parameters is
~10-6. Under these requirements, this scheme performs more efficiently than orthogonal
schemes. However, for high traffic requirements (for instance, packet rates as high as 100

Contr. 01

Contr. 02

Mem. 17

µProc_17

Mem. 02

µProc_02

Mem. 01

µProc_01

packets per second) TDMA/DWDMA would perform better.

Contr. 17

T

T
Optical bus

Figure 5-19: Applications of CDMA in optical Interconnects.
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#Users
Average packets rate per proc
Average packet length
Number of wavelengths
Maximal length
Retransmission rate

M

Α
Lp
Nλ
Ld
Pb

17
1 pack/sec.
10Mb
13
10 cm
10-9

Table 5-10: Parameters of proposed asynchronous peer-peer application.

5.5.2 Asynchronous Networks
In the previously explained scheme the maximum number of users is maximized
at expenses of high levels of synchronization. In this section, applications for the
implementation BIBD (v,k,1) asynchronously are presented.
To illustrate the structure of the decoders based on the AWBG a code
BIBD(25,4,1) is studied. This BIBD code allows 50 users asynchronously using 25
wavelengths, each with 10 Gbps rare. At most 4 can be active at the same time. The
decoder for one user with code λ1 λ2 λ3 λ4 is shown in Figure 5-20. Encoding is
performed by direct modulation of the assigned wavelengths. The decoder requires two
sections, each one with 4 AWBGs separated by 3.75 mm. The index modulation and the
grating length is 6x10-4 and 3.75 mm respectively. . The spectrum and impulse response
for the first section is shown in Figure 5-21. The first section of the grating reflects the
wavelengths that correspond to the codeword. As it is the case of cascade gratings, the
reflection also spread the signal as shown in Figure 5-21(b). The second set of grating
realign and redirect the signal to the output port as shown in Figure 5-20.
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Figure 5-20: Decoder for BIBD (24,4,1).

Figure 5-21: (a) Spectrum (b) Complex impulse response for the first section of the decoder

A schematic of the operation of the structure from the point of view of mode
conversion as explained in detail in Chapter 2 is shown in Figure 5-22.

Figure 5-22: Propagation of the signal in the decoder.
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5.6 Multi-user Interference Cancellation
Multi-user interference can be eliminated using balanced detection. Balanced
detection can be applied to any codeset with fixed cross correlation such as symmetric
BIBD. In this type of codes any codeword has exactly one element in common with any
other codeword of the set. The codes BIBD (v,k,1) can be constructed for any v=k(k1)+1. The cardinality for this codes is v, which is similar to the one provided by WDM
using v wavelengths. Figure 5-23 shows the decoder for balanced detection for
BIBD(7,3,1) in asynchronous implementation using the codes shown in Table 5-11.
1
1
1
2
2
4
4

2
3
6
3
5
3
5

4
5
7
6
7
7
6

Table 5-11: Symmetric BIBD (7,3,1) for balance detection.

It can be seen that this codes has exactly one element in common.
This scheme require at least to levels of detection. The detector in X receives a
power proportional to k=3 when the desired codeword is sent, a power proportional 1 for
any other codeword and zero if no codeword is present. The detector in Y receives zero
power when only the desired codeword is present and it increase (k-1) for any other
codeword. Therefore both detectors have one element in common (the MUI), with a
different proportional constant. Balanced detection requires the difference of X and Y
using the proportional factor correction. The decision parameter is given by,
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Z=X−

Y .
k −1

(5.8)

An example for this detection is shown in Table 5-12. In this example the user with
codeword 124 is the required to be detected. It asynchronously accesses the channel
sending the sequence 11110110101 as shown in the third column of that table. During
this time interval, more users access the network and so the decoder as shown in the
second column. The signal at the detector X and Y and the decision parameters Z shows
that the decoding process cancels completely the MUI.

Figure 5-23: Balance decoder for codeword (124).

TIME

# USERS

0
1
2
3
4
5
6
7
8
9
10

1
2
2
2
1
3
3
2
4
4
6

Code
124
1
1
1
1
0
1
1
0
1
0
1

RECEIVED CODES

X

Y

Z=X-Y/2

124
124+135
124+167
124+236
One code ≠ 124
124+135+167
124+236+257
437+456
124+437+236+135
437+236+135
124+135+167+236+257+437

3
4
4
4
1
5
5
2
6
3
8

0
2
2
2
2
4
4
4
6
6
10

3
3
3
3
0
3
3
0
3
0
3

DECIS
ION
BIT 1
BIT 1
BIT 1
BIT 1
BIT 0
BIT 1
BIT 1
BIT 0
BIT 1
BIT 0
BIT 1

Table 5-12: BIBD with balanced detection example. Codeword to be detected is 124.

To complete the example, the sources of noise such as thermal, shot ASE noise are
consider in the simulation with parameters shown in Table 5-13. The BER as a function
of number of simultaneous user is shown in Figure 5-24. It is shown that with balance
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detection the number of active users can be higher than the weight. However, the total
number of users for this implementation is 7 which correspond to the number of
wavelengths. WDM with seven wavelengths will perform clearly better. Therefore, there
is not advantage in terms of spectral efficiency. Some advantages might be found
probably in terms of security. Nevertheless they are controversial [Shake, 2005 (a) (b)].

log10(BER)

0
-5
-10
-15
1
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3

4
# users
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6

7

Figure 5-24: BER for BIBD(7,3,1) with balance detection.

Central wavelength
Launched power
RIN
Rate
Length
SMF attenuation
Connectors loss
Power fraction took by each user
in the network.
Margin
Total Attenuation
EDFA gain
Receiver temperature
Receiver load resistor
Detectors responsivity

1.550 µm
-3 dBm
90 dB
10 Gbps
20 km
0.25 dB/km
3 dB
0.1 (-10dB)
6 dB
24 dB
24 dB
300 K
1000 ohms
0.9 amp/watts

Table 5-13: Parameters of the simulation.

Balanced detection does not work in asymmetric BIBD. A simple example can
demonstrate the reason. Let’s assume that the codeword C0, in Table 5-7, is the code we
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want to detect. This codeword does not share any elements with C9, C10, C11. If C0,
C9 C10 and C11 are present at the same time, the term Z in (5.8) would be 3 – 9/2 =-1.5.
This would indicate that C0 is not present. Therefore balanced detection fails. More
sophisticated schemes (not described here) provide only marginal reduction in the MUI
cancellation, producing <20% improvement in the eye opening.

5.7 Spectral Phase Encoding using the AWBG
Pseudorandom bipolar codes such as M-sequences Gold and Kasami have excellent
correlation properties allowing higher number of users with low MUI [Lotter et al 1994].
They can operate synchronously or asynchronously. In synchronous networks they can
offer higher cardinality than any other code even BIBD codes. In asynchronous
configuration they can not provide more cardinality than BIBD. However they allow
more active users. In addition bipolar codes have the potential to enhance security better
than unipolar schemes. In synchronous operation they can offer more cardinality than any
other scheme. The disadvantage of bipolar codes is that they require coherent and
broadband sources and bulky elements such as lenses and phase masks.
Spectral phase encoding using those bipolar sequences has been implemented
mainly in two schemes. In the first one, the code is imposed in the phase of temporal
chips using super structured fiber Bragg gratings SFBG and optical circulators [Chiong et
al., 2001], In the other scheme the spectrum is divided into frequency bins and the code is
imposed in the phase of each one using Fourier lenses AWG and phase masks [Shahab et
al. 2005].
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These two schemes are implemented in the next section using the Anti-Symmetric
grating. The core structure is similar to the fabricated OADM presented and studied in
Chapter 3.

5.7.1 Spectral Phase Encoding: First scheme
This scheme requires a coherent input source which consists in narrow-time pulses
modulated at the bit rate. There is only one carrier at the wavelength (λ1). As shown in
Figure 5-25 the encoders consist of an array of N gratings, where N in this case is the
code length. Each grating has a variable length Lg which is designed to keep similar
power in the chips. Therefore the grating lengths decrease in the propagation direction.
The gratings are separated by a distance Lc + Δi , where Lc is the spatial equivalent or the
chip duration (constant) and Δi is a small shift in which depends on the codes as follows,
Δ i = (Ci + 1)

Λ,
4

(5.9)

where Λ is the period to have λ1 at Bragg condition and Ci is the i element of the bipolar
code to be implement. The chip rate is given by,
Rc = Rb N c =

c
2neff Lc

,

(5.10)

where Rb is the bit rate c the speed of light in vacuum.
As an example two codewords from the Walsh codeset (Figure 5-7) are
implemented using the parameters shown in Table 5-14.
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Figure 5-25: Spectral Phase encoder first scheme.

λoe (μm)
Lc (mm)
Δi (mm)
Lg (mm)
Code 1
Code 2
Δn
neff

1.55
2.67
0.2673 x (code[i]+1)/2
0.6416 0.6416 0.7485 0.7485
0.7485 0.8555 0.8555 1.0000
-+-+-+-+
- -++--++
2x10-4
1.4495

Table 5-14: Parameters of the encoder (first design).

Figure 5-26 shows that the small variation in the grating position produced by

i,

imposes the code pattern in the imaginary components of the complex impulse response.
The phase (in degrees) of the complex representation for the codeword 1 is (0 0 180 180
0 0 180 180), as can be seen in the Figure. The small increment in the duration of the last
chips is due to the increment in the grating length (to equalize the power).
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Figure 5-26: Complex impulse response for two codewords.

The spectrum of both encoders shown in Figure 5-27(a) has a bandwidth close to 0.8
nm. Therefore a source with pulses with 10 ps or lower is required. The decoder has
similar structure than the encoder. However the gratings are placed in reverse order. The
output of the matched decoder is equivalent to the autocorrelation. The output for a nonmatched decoder is equivalent to the cross-correlation. The autocorrelation of codeword 1
and codeword 2 is in Figure 5-27(b). It presents multiple peaks with separation of ~ 25 ps
due the periodical structure of the Walsh codes. The in-phase crosscorrelation is almost
zero and the maximum crosscorrelation < 0.3 as shown in the same figure.
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Figure 5-27: Spectrum (Left) and correlation properties (right) for both codewords.

For completeness an example with pseudo random generated codes. Figure 5-28
shows the complex impulse response of the codes (++----++) and (--+--+-+ ) respectively.
Due to the lower periodicity of the codes, the auto correlation for both sequences shows
more attenuated off phase peak as shown in Figure 5-29. The crosscorrelation is still
lower than 0.3.

Figure 5-28: Complex impulse responses.
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Figure 5-29: Correlation properties.

5.7.2 Spectral Phase Encoding: Second scheme
In this scheme the pattern of the code is imposed in the phase of wavelength bins in
which the spectrum has been divided as shown in Figure 5-30. It has been implemented
using coherent input sources such as mode locked lasers with wavelength separation
between 5 to 10 GHz ring resonators and phase shifters [Shahab et al., 2005].

Figure 5-30: Telecordia implementation of Spectral phase encoding.

A broad and flat spectrum, divided in N frequency components (bins) can produce
two types of temporal representations. The first type (which can be produced by
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crosscorrelation) is a spread signal with noise profile of noise and peak amplitude
proportional to N0.5. The second type (which can be produced by autocorrelation) is a
coherent pulse, with peak amplitude proportional to N. Both signals have the same
spectral amplitude but different phase components in each bin (phase-bin). In the first
signal type, the relative phase of the bins is random. In the second case the phase of the
relative bins is a linear function of the frequency.
A basic schematic of a phase encoder is shown in Figure 5-31. The spectral bins can
be obtained with Fourier lenses or AWG. The phase of each bin can be changed
according to the code using a phase mask, reflection gratings or extremely precise delay
lines.

Figure 5-31: General schematic for spectral phase encoding.

Our proposed encoder using the AWBG is shown in Figure 5-32. It consists of two
sections with N gratings each. The grating lengths are identical while the periods differ in
order to obtain N center wavelengths. In the first section of the encoder, the separation
between adjacent gratings is given by,
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Δ i = (Ci + 1)

Λi
4 ,

(5.11)

where i is the slot number, Λi is the period of each grating, and Ci is the i element of the
bipolar code. The second section has the grating separated by the fixed distance Lc .
In the first section of the grating, the code pattern is imposed in the phase of each
frequency bin. However, due to the serial configuration, the signal is also spread. The
spreading is not necessary in this scheme since the encoding in performed in the spectrum
bins. Therefore, the second section of the encoder de-spreads the signal, maintaining the
encoded phase of each bin close to the desired pattern of the code.

Figure 5-32: Proposed encoder/decoder for spectral phase encoding
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For demonstration purposes, an encoder with N=4 gratings is designed with
parameters shown in Table 5-15. The spectrum of the encoder (both sections) for code 1
and code 2 are shown in Figure 5-33. For both code 1 and code 2, the complex impulse
response of the first section is a spread signal with an equivalent duration of 0.33 ns, as
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Figure 5-33: Spectrum amplitude and phase of the proposed encoder.
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Figure 5-34: Complex impulse response of the first section of the encoder

(Left) Codeword 1 (Right) Codeword 2.

175

After the second section of the encoder the signal is compressed. The complex
impulse response has an approximate length of 50 ps as shown in Figure 5-35.
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Figure 5-35: Complex impulse response after the second section of the encoder.

The codes were generated randomly. They have a maximum normalized
crosscorrelation of ∼sqrt(4)/4 as can be derived from Table 5-2. Figure 5-36 shows the
normalized autocorrelation and crosscorrelation as a result of decoding. The decoders
have similar structure of the encoder with gratings place in reverse order.
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Figure 5-36: Autocorrelation and Crosscorrelation.
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N
Wavelengths (nm)

16
1.5500 1.501333 1.550266 1.5504 1.550533 1.550666
1.5508 1.550933 1.551066 1.5512 1.551333 1.551466
6.4
6.0

Lc (mm)
Lg (mm)
Δi (mm)

(Ci + 1)

Total grating length (cm)
Total encoder length (cm)
Δn
neff
Code1
Code2

Λi
4

7.7
8
4x10-4
1.4495
-+-+++++--++
+--+--+---+-

Table 5-15: Parameters of the Encoder (second design)

5.8 Experimental Demonstration of Spectral Amplitude Encoding
using AWBG
5.8.1

Design and Fabrication
The encoder/decoder structure is shown in Figure 5-37. A series of AWBGs were

written in a two-mode waveguide. Each AWBG has a unique periodicity in the
longitudinal direction. The gratings are Anti-Symmetric, with a longitudinal shift at the
lateral center of the waveguide as explained in Chapter 2.
Two different encoders (E1 and E2) and one decoder (D1 matched to E1) were
fabricated using a silica on silicon waveguide technology previously described [Greiner
et al. , 2004; Castro et al., 2005 (e)]. The codewords employed were λ1 λ2 λ3 and λ2 λ4
λ5 for E1 and E2, respectively as shown in Figure 5-37. These are taken from a BIBD set
using seven wavelengths and three temporal chips, and serve as a proof of principle
[Djordjevic & Vasic, 2003].
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Figure 5-37: Fabricated encoder and decoders.

The widths of the branches and waist were 5.6 μm, 8.4 μm, and 14 μm
respectively. A core structure 2 microns thick, with refractive index ncore = 1.46, was
surrounded by a cladding of refractive index nclad = 1.4457. Gratings were etched to
produce a mesa height of 450 nm, resulting in an index modulation of Δn~4x10-4. The
grating periods required for the design wavelengths were obtained using the effective
indices for the odd and even modes obtained from previous experimental work [et al.,
2005 (f) (e)]. The 5.3 mm length of each grating provides ~97% reflection. The 1 cm
separation between adjacent gratings in the fabricated device and the codeword size
requires pulse (chip) duration <= 100 ps.

5.8.2 Encoder/Decoder Characterization
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5.8.2.1

Reflection Spectra

Figure 5-38 (a) shows the set up for spectral characterization of the devices.
Reflection and transmission spectra were measured using an erbium doped fiber amplifier
(EDFA) as an amplified spontaneous emission (ASE) source and an optical spectrum
analyzer (OSA) with a resolution of 0.06 nm. A polarization controller (PC) allowed
characterization of both the TE and TM modes. A fiber array was used to couple light
into and out of the device. After measurements, the spectra were normalized using the
EDFA’s ASE profile.

POLARIZER

PC

FA

Devices

POLARIZER

EDFA

OSA
OSA
a)

PC's

PG

Laser 1
Laser 2
Laser 3

FA
S

Mod.
Osc.

Devices
E1
D1
E2

Receiv.

b)

Figure 5-38: a) Setup for transmission and reflection measurements. b) Setup for

encoding/decoding operation.

Figure 5-39 shows the reflection spectrum of the three devices (including coupling
and propagation loss). Each device exhibited the three spectral peaks expected from the
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three gratings. The measured Bragg wavelengths were λ1=1537.40 nm, λ2= 1539.13 nm,
λ3=1542.38 nm, λ4=1540.80 nm, and λ5=1544.14 nm. However, there were small
differences between the centers wavelengths of the encoder E1 and decoder D1 (~ 0.1 nm
on average). Therefore a perfectly matched filter was not obtained.
A shift in the Bragg wavelength due to the polarization dependence wavelength
(PWD) was measured as ~0.21 nm. There were not changes in the strength or shape of
the reflection of the TE and TM modes. The wavelength shift was produced by the
residual stress and the asymmetry of the waveguide. This can be reduced by techniques
described [Adar et al., 1992]. Recent results on gratings in dual-layer hybrid waveguide
cores have yielded polarization-dependent wavelength shifts as low as 80 pm [Greiner et
al., 2004].
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Figure 5-39: Measured spectrum: (a) encoder E1, (b) decoder D1, (c) encoder E2.

5.8.2.2

Encoding/Decoding Operation

The set up for encoding/decoding demonstration using the proposed devices is
shown in Figure 5-38 (b). It consists of three tunable lasers, polarization controllers
(PCs), fiber arrays (FA) a wavelength division multiplexer (Σ), a LiNbO3 Mach-Zehnder
modulator (Mod), a pattern generator (PG) a receiver and an oscilloscope (Osc). The
laser wavelengths were set to the codeword values, and their combined output was
externally modulated with the pattern generator signal. The driver signal for the
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modulator was NRZ at 10 Gbps with periodic pattern ‘1000’. This is equivalent to a RZ
2.5 Gbps with 25% duty cycle as shown in Figure 5-40 (a). As expected the individual
pulses that correspond to λ1, λ2, λ3 in the signal to be encoded are aligned in time.
The signal from the modulator is launched to the input of the encoder E1, where
the codeword 1 is imposed. The output of the encoder, as well as its individual spectral
components, is shown in Figure 5-40 (b). The encoded signal has two peaks between time
chips due to overlap of individual pulses. The insertion loss of the coding process is ~ 4
dB. After amplification by an EDFA, the encoded signal from E1 is sent to the input of
the decoder D1 which has the reverse configuration of E1 encoder. The decoder realigns
the pulses of each individual wavelength in time as shown in Figure 5-41 (a). The source
laser powers were adjusted to compensate for unequal EDFA gain. The lack of perfect
match in the center wavelengths produces small variations in the contribution from each
wavelength. Despite this small imperfection, as demonstrated below, clear distinction
between matching and non-matching decoder inputs is achieved. The pulse with power
(the addition is incoherent) equivalent to the sum of the three individual pulses is
recovered at the same repetitions rate as that of encoder input.
Additionally, the process of encoding with E2 and decoding with D1 is performed.
The encoded signal from E2 is a spread signal that employs λ2, λ4, λ5 as shown in Figure
5-41 (b). The decoded signal with D1 contains only a small fraction the signal incident to
E2, since the codewords for E1 and E2 have only one wavelength in common. Insertion
loss produced by the decoder was ~ 4 dB. Insertion losses in the encoder and decoder are
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caused mainly by butt coupling from the fiber array to the y-branches. Propagation losses
were estimated in ~0.1dB/cm.

Figure 5-40: a) Input signal to E1, b) encoded signal from E1.

Figure 5-41: a) Output from decoder D1 for input signal encoded with E1 (matched coder and

decoder).

b) Input and coded output from coder E2 along with output from decoder D1

(mismatched coder and decoder).

5.9 Discussion and Summary
In this chapter, different OCDMA schemes were studied. The results of this analysis
(summarized in Table 5-16) demonstrate the potential areas in which OCDMA can
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perform better than orthogonal schemes such as OTDMA and OCDM. The use of the
Anti-Symmetric grating in these areas was proposed to reduce the size and complexity of
encoders and decoder or improve the performance area of OCDMA.
Scheme
GOLD (bipolar)
Prime (unipolar)
BIBD (unipolar)
DWDMA

#Total Users
Bs/Bb
sqrt(Bs/Bb)
>Bs/Bb
Bs/Bb

# Simultaneous
<sqrt(Bs/Bb)
<sqrt(Bs/Bb)
<sqrt(Bs/Bb)
Bs/Bb

Complexity
H
L
L
H

Table 5-16: Basic properties for asynchronous access.

It was experimentally demonstrated OCDMA encoders/decoders based on the
novel Anti-Symmetric waveguide Bragg gratings and asymmetric y-branches for BIBD
codes. These devices, fabricated in silica-on-silicon can be applied to numerous OCDMA
coding schemes that at the present requires fiber Bragg gratings and circulators.
Integrated devices in silica-on-silicon would provide significant advantages to
OCDMA systems. For example, a small silica-on-silicon chip with the complete set of
codes would allow direct communication among all the users and flexible operation.
Tunability is not required for these devices. Optical switching among the codes contained
in a chip can produce faster network reconfiguration without increasing the complexity or
size of the encoders/decoders. The integration with other elements of the system (lasers,
detectors) would be a step toward the implementation of small network cards for
OCDMA.
OCDMA was found to perform better than orthogonal schemes in applications in
which the users sporadically access the network. In this case, some families of OCDMA
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codes such as BIBD codes can provide more users than the orthogonal schemes using
equal or less bandwidth.
Other conclusions derived from the analysis presented in this chapter can be
summarized:
•

The main source of noise of CDMA systems is the MUI (which is also mentioned
in most of the publications in CDMA).

•

Using standard or threshold detection, any unipolar code allows at most a number
of simultaneous users that is equal or below the weight of the code
simultaneously. In general for prime codes this weight is given by the prime
number p, and for BIBD by k the size of the block.

•

As in other types of networks unequal power and dispersion occurs since the users
are not equidistant. However in optical CDMA since all signals can be present at
the same time this causes more problems. Therefore, after the decoding process a
power and dispersion compensation is required.

•

It is necessary to consider that in OCDMA networks optical amplification is
needed before decoding even for shorter links. Since all users need to listen to all
the packets, each user can only take a little fraction of the power in the network.
For example, in a network with 100 users each one has to take a fraction < 1%. In
this case EDFA with gains > 20 dB would be required even in short links. .
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Several publications do not consider this important noise component in their
simulations.

•

Integratability of encoders and decoders is important in OCDMA. By principle
OCDMA requires that each user communicate with several others users of the
network. Therefore he/she should be able to detect several codewords. Using
bulky devices the required space to place would be prohibitive. Our approach can
provide compact silica-on-silicon encoders/decoders.

•

Balance detection can eliminate MUI [Wei, 2002]. However it only works by
codes with fixed in phase cross correlation. It was not found a code with in phase
cross correlation which can increase the cardinality of orthogonal schemes such as
TDMA or WDMA.

The last conclusion is very important since it states that it is not possible to have the
high increment in cardinality (total number of users) and at the same time cancel the
MUI. There is a trade off between cardinality and the maximum number of simultaneous
users for a given bandwidth and BER. Only in networks where it is known that Nsimult <<
Nt , OCDMA may provide a clear advantage over orthogonal schemes.
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6

NOVEL SUPER-STRUCTURED BRAGG GRATINGS FOR
OPTICAL ENCRYPTION

6.1 Introduction
Several techniques to enhance security in optical systems have been proposed during
the last decade. In especial, there has been considerable research in quantum
cryptography and chaotic encryption systems. They use different approaches to provide
security. In quantum cryptography the eavesdropper detection is based on the
Heisenberg’s uncertainty principle which states that the observation of a quantum system
unavoidably disturbs its state [Elliot, 2004]. In chaotic cryptography the dynamic of
lasers in the chaotic regime are made to follow prescribed trajectories depending on the
information to be transmitted [Annovazzi-Lodi & Scire, 1996]. To decode the chaotic
trajectories the synchronization between transmitter and receiver is necessary. Quantum
cryptography has the potential to solve the problem of key distribution at moderate
transmission rates. On the other hand, encryption based on chaotic carriers can provide
privacy at high transmission rates. However, the complexity level of both of these
systems is still high.
Low complexity approaches using fiber Bragg gratings (FBGs) [Torres et al., 2002]
and optical code division multiplexing access OCDMA systems [Etemad et al., 2005; The
et al. 2001; Sotobayashi et al., 2004] have been proposed to improve security. However,
in those schemes a well defined pulse sequences (chips) at selected wavelengths is
generated. These sequences can be easily observed by an eavesdropper. Therefore, the
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security of those systems depends basically on the dimensionality of the code which in
most of the cases is very low. Recently, a comprehensive analysis of optical
communication schemes has shown that conventional cryptography provides a much
greater degree of confidentiality than OCDMA encoding [Shake, 2005 (a) (b)].
In this chapter it is proposed and modeled a novel scheme to enhance security in
optical systems using super structured Bragg gratings (SSBGs) with pseudo random
modulation. This type of SSBG is designed using couple mode theory and transfer matrix
methods to produce noise-like impulses responses. The encryption process is performed
in two steps: encoding and masking.
The encoding process consists in the transformation of the user data into an optical
noise-like pattern by the use of the pseudo-random SSBG (PR-SSBG). This step has
similarities with spectral phase-encoding OCDMA [Sotobayashi et al., 2004, Shake, 2005
(b)]. However there is an important difference. Spectral phase-encoding produces either a
noisy spectrum or a noisy temporal response, but not both. A well defined structure in the
spectrum or temporal response provides ways to break the security using techniques
previously reported [Shake, 2005 (a) (b)]. Our approach, using the proposed PR-SSBG
produces noise-like spectrum and noise-like impulse response since amplitude and phase
are changed pseudo-randomly.
The masking process consists in the combination of the encoded signal with a quasiorthogonal noise generated by other set of PR-SSBG. This second step is similar to the
process of combining multiple CDMA channels [Shake, 2005 (a)]. There is a key
difference however. In our approach, noise-like sequences (no chips) are combined in an
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asynchronous way producing a high variety of noisy patterns. The resultant signal to be
transmitted is a noise-like sequence in which the structure of the bits in frequency and
temporal domain is lost for an eavesdropper.
The advantages of our scheme are numerous. The encryption is performed in the
optical domain simply using the PR-SSBG as a hardware key. There is no need to
synchronize the noisy lasers. There is large time-spreading produced by the PR-SSBG.
Therefore the average transmitted power can be reduced without reducing the energy per
bit. The reduced transmitted power, the high optical bandwidth and the pseudoorthogonal noise make the correct sampling and signal recovery for intruders challenging.
When similar power is used for the information and pseudo-orthogonal noise, the best
signal to noise ratio (SNR) the eavesdropper can obtain is ~1. The noise in the
eavesdropper's detector and losses due to tapping would reduce his/her SNR even more.
Conversely, low bit error rates (BER) for authorized users are easily attained through
decryption, and a moderate power penalty can be achieved using the bandwidth similar to
a standard WDM channel separation.
This Chapter is organized as follows. In Section 6.2 the structure, spectrum and
temporal response of the PR-SSBG is analyzed. Additionally, the algorithm to find a set
of PR-SSBG with pseudo-orthogonal impulse response is described. In Section 6.3 the
encryption and decryption scheme is explained. A simulation is presented as a
demonstration of the concept. Section 6.4 is devoted to the security analysis of the
proposed scheme. Finally, Section V presents briefly the main conclusions of our study.
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6.2 Pseudo Random Super Structured Bragg Gratings
Bragg gratings have emerged as important components in a variety of optical
applications. In their simplest form BGs consist of a periodic modulation of the refractive
index in optical fibers or channel waveguides which provides reflection at a specific
wavelength. Random phase and amplitude errors in the index modulation degrade the
grating performance. They reduce strength of the peak reflection, broaden the spectrum
and produce fluctuations in the phase response [Feced & Zervas, 2000; Coppola et al.
1999]. For cryptography purposes, however, these disadvantages can be turned into
desired characteristics.

6.2.1 Basic Structure and Spectrum
The PR-SSBG consists of a series of uniform gratings which have similar bandwidth
but slightly different Bragg conditions. The Bragg condition can be varied either by
changing the grating period or by changing the effective index in the waveguide segment.
The latter approach requires simpler fabrication processes because a grating of fixed
periodicity can be used for all grating segments. The effective index can be slightly
changed either by UV trimming of photosensitive materials [Kashyap, 1999] or by small
changes in the waveguide width as shown in Figure 6-1. Controlling the waveguide width
is both accurate and trivial for integrated optic chips, as it is simply defined in the mask
layout. For simplicity and without loss of generality the second approach is assumed.
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Small width changes ~0.4 μm require small tapering lengths (<10 μm) in order to allow
adiabatic propagation [Burns & Milton,1977] in the waveguide. These short tapered
sections can be ignored in the calculations of reflectivity due to their short length.
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Figure 6-1: Basic structure of the Super structured Random Bragg grating.

The grating period is determined by,

Λ=

λc

(6.1)

2neff ( wave )

where wave is the average width, neff is the effective index of the waveguide as a function
of the width and λc is the desired center wavelength.
The Bragg wavelength in each segment of length Lg can be obtained as,

neff ( wi ) ,

λi = λc
neff ( wave )

(6.2)

where wi is the width of the ith segment. The range of required segment widths to produce
the desired changes in the effective index is shown in Figure 6-2. The width is changed in
discrete steps determined by waveguide fabrication resolution.

neff
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Δneff
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Figure 6-2 : Effective index as a function of the width in each grating segment.

The spectrum of PR-SSBG is computed using the transfer matrix method [Kashyap,
1999]. This method is in excellent agreement with experimental results, not only for
standard apodized gratings but also for random grating arrays [Fisher & Shapira, 2001;
Berry & Klein, 1997]. The procedure is described in [Kashyap, 1999]. Our modified
method has the matrix component as a function of the width as shown,

T ( w , λ ) T12 ( wi , λ ) ,
T ( wi , λ ) = 11 i
T21( wi , λ ) T22 ( wi , λ )

(6.3)

where λ is the wavelength of the incoming signal, and the elements of the matrix are
defined as
2

2

T11( wi , λ ) = cosh( Kac − δ ( wi , λ ) Lg ) −

T12 = −

jδ ( wi , λ )sinh( Kac 2 − δ 2 ( wi , λ ) Lg )

(6.4)

Kac 2 − δ 2 ( wi , λ )

jKac sinh( Kac 2 − δ 2 ( wi , λ ) Lg ) ,

(6.5)

Kac 2 − δ 2 ( wi , λ )
*
T22 = T11
T21 = −T12 ,

(6.6)
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were the detuning and coupling coefficients can be determined from the equations
derived in Chapter 2.
The matrix resultant of the interaction, T(λ), of M consecutive grating segments is
given by
M

Τ (λ ) = ∏ T ( wi , λ ) .

(6.7)

T (λ = c / v ) .
r (ν ) = 21
T11(λ = c / v )

(6.8)

i =1
From this matrix, the reflection can be obtained as

As opposed to typical Bragg gratings, the reflection spectrum (both amplitude and
phase) of the PR-SSBG is not necessary symmetric with respect to the center frequency.
Figure 6-3 shows the reflection spectrum for two different PR-SSBGs, with parameters
described in Table 6-1. The spectrum asymmetry introduces both amplitude and
frequency modulation of the optical carrier.
Parameter
Total Length
Segment Length
Index modulation
Neff span
Neff levels
Normalized
maximum crosscorrelation peak

Symbol
Lt
Lg
Δn
Δneff
L

units
cm
μm

ρ

Table 6-1: Parameters of PR-SSBG used in the simulation.

Value
5
200
4x10-5
8x10-4
4
0.25
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Figure 6-3 : Spectrum of two PR-SSBGs generated using the parameters from Table 6-1. Relative
frequency centered at 193.548 THz.

The bandwidth (B) of PR-SSBG and the time duration of its impulse response (Δt)
are important parameters in the design of proposed security system. The higher the
product BΔt, the higher the number of PR-SSBG with quasi-orthogonal impulse
responses. As opposed to typical Bragg gratings, the parameters B and Δt can be
controlled independently. The bandwidth depends on

n, the effective index span,

neff,

and M. The PR-SSBG 10dB bandwidth for a grating length (Lt) of 5cm, with different

n

and M is shown in Figure 6-4 as a function of the span effective index. It can be seen that
the B increases as the effective index span or

n increase. In addition B increases as M

decreases. The impulse response can be computed from the grating spectrum [Ghafouri-
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Shiraz & Tang, 2004; Azaña & Muriel, 2003] using the low-pass representation [Proakis,
2001]. Most of the impulse response power is within the time slot equal to the forward
and backward propagation time through the grating (weak grating condition). Therefore
its time duration can be determined by,

Δt ≈

2 neff ,ave Lt ,

(6.9)

c

where c is the speed of light, neff,ave is the average effective index of the PR-SSBG and Lt

Bandwidth, B [Ghz]

is the total length of the grating.
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Δn=2E-5, M=80

Δn=1.4E-4,M=80

Figure 6-4 : The 10dB-bandwidth for a system with Lt=50 mm, different segment lengths Lg and

modulation indices

n as a function of the span effective index.

For example in our modeling the gratings are interrogated by Gaussian pulses of ~10
ps in duration. The impulse responses (low-pass representation) for two different PRSSBGs (see Figure 6-3), are shown in Figure 6-5. The complex value of that signal
indicates the amplitude and phase modulation. As it is shown most of the power is
contained in a time slot of 500 ns which corresponds to the length of 5 cm using (6.9) and
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Table 6-1 parameters. The spreading introduced by the PR-SSBGs reduces the power of
the incoming pulses and transforms their patterns. Clearly, the Gaussian pulses has been
converted to a two noise-like signals which have low cross-correlation as it will be shown
in the next section.

Figure 6-5: Responses of two PR-SSBGs to a Gaussian pulse with 10 ps of duration. Real and

imaginary terms are represented as solid and dashed lines respectively.

6.2.2 Code Set Generation
The previous section shows that the transformation of short pulses (information bits)
into noise-like patterns can be performed by PR-SSBGs. Each different PR-SSBG
produces a different pattern. The number of possible patterns that can be generated is
given by

N g = LM ,

(6.10)
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where L is the number of discrete levels in which the effective index can be changed. For
typical parameters as shown in Table 6-1, Ng is extremely high. Nevertheless, not all
patterns can be used simultaneously. Only set of PR-SSBGs with minimum crosscorrelation can be used to provide security in a communication channel with low BER.
The autocorrelation and cross correlation responses of a PR-SSBG decryptor are
shown in Figure 6-6. The PR-SSBG decryptor has the conjugate spectrum of the original
grating used to produce the input signal shown in Figure 6-5 (a). That conjugate pattern,
produced simply by reversing the original PR-SSBG (note that this approach works with
weak gratings), performs as an optical autocorrelator. Figure 6-6

(b) shows the

normalized response of the same PR-SSBG decryptor to a non-matched signal shown in
Figure 6-5(b). The normalized cross-correlation coefficient is ~0.25.

Figure 6-6 : Normalized autocorrelation and cross correlation functions for signals shown in

Figure 6-5.
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The maximum number of PR-SSBGs that can generate impulse responses with
pre-specified maximum cross-correlation peak (ρ), bit rate (R=1/Δt) and B defines the
cardinality (C) of the codes used for encryption. A set of PR-SSBGs is obtained by
random search using the following algorithm.
Step 1: The effective index as a function of the width is obtained from experimental data
or by simulations. An average width is computed for a given grating periodicity
using (6.1) to obtain a desired center wavelength. The width span (or effective
index span) determines the optical bandwidth used, as shown in Figure 6-4.
Step 2 : The length of the gratings is computing for a given bit rate. For instance, to have
R= 2 Gbps the time spreading of ~500 ps is needed to fill the bit interval. Higher
spreading would produce an excessive overlap between adjacent bits and degrade
the system performance. For refractive index ~1.5 in (6.9) the length is
approximately 5 cm.
Step 3: An initial value for the modulation index ~10-4 is assumed. The index modulation
should be small enough to allow the propagation of the pulse throughout the
grating length.
Step 4: The segment widths are expressed as units of the minimum width resolution in a
vector (V). The length of this vector is equal to the number of segments, M. For
example, for a 16 segment PR-SSBG the 4 levels vector can be written as
V=(0,1,1,3,3,2,2,1,0,0,1,2,3,0,1,3,2).
Step 5: An initial V is pseudo randomly generated. The impulse response of the PR-SSBG
that has that width profile is computed and stored as a first element of the set. A
maximum number of iterations for the random search is defined.
Step 6: Another vector is pseudo randomly generated. The impulse response of the PRSSBG with that profile is cross-correlated with previous impulses responses
already in the set. If the absolute value of the cross-correlation peak is lower then
the maximum pre-specified value the new profile (grating) is included in the set.
Step 7: The step 6 is repeated until the maximum number of iteration is reached.
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Step 8: Steps 5 to 7 are repeated for different modulation indices. The set that provides
the maximum number of PR-SSBGs for a specified bandwidth is selected.
The maximum number of PR-SSBGs for B ≅100 GHz and R = 2 Gbps is shown in
Figure 6-7 as a function of ρ. It can be seen that the cardinality increases as the maximum
cross-correlation coefficient increases. This increment can be used to generate more
noise-like sequences to increase confidentiality. However, higher ρ degrades the BER of
authorized users. It should be noted that for given parameters (ρ, R, B) several sets of size
C can be generated. A pair of PR-SSBGs obtained from different sets would not be quasiorthogonal. However, these different sets can be used for code reconfiguration.
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Figure 6-7: Cardinality of the set of SSBGs found for 100 GHz bandwidth, 2 Gbps rate as a

function of the normalized maximum cross-correlation.

6.3 Description of the Encryption Scheme
The basic operation of the proposed scheme is explained here. The elements of the
system, transmitter and receiver are described first. The performance of the proposed
approach is confirmed by simulations.
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6.3.1 Transmitter and Receiver Configurations
The key idea behind the proposed scheme is to transform the user codewords into
noise-like sequences by using PR-SSBGs. These gratings are designed to minimize the
cross-correlation peaks between their impulse responses as explained previously. The
transmitter, as shown in Figure 6-8, consists of two sections. In section I, the user
codewords electrically switch the optical pulses among different PR-SSBGs using the
data a signal. This can be accomplished with a 1xN LiNbO3 modulator. The output of
the gratings is redirected to a common port. In section II, the pseudo random codewords
switch the optical pulse between the different PR-SSBGs. The output of all gratings is
again redirected to a common port, and the random delays generated either thermally or
electrically are introduced before the outputs merge together. The noise components
produced in this section are quasi-orthogonal with respect to the signal resultant from the
user (section I). In the last step of the encoding process the output of both sections are
combined. The rate of the optical pulses is slightly different for the information and
pseudo-random codewords. This rate difference in addition to the random delays
increases the resultant pattern diversity.
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Figure 6-8: Transmitter configuration.

Figure 6-9 shows the configuration of the receiver. It contains the set of conjugate
PR-SSBGs to decode the information bits. The size of the set and the pseudo noise
components determines the degree of security. The higher the cardinality the more
unpredictable the noisy pattern for an eavesdropper is, and as consequence the more
secure channel is. The cardinality can be increased by increasing Lt and B of the PRSSBG and by increasing the allowed maximum cross-correlation coefficient, ρ, between
their impulse responses.
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Figure 6-9: Receiver configuration.

There are, however, several trade offs. From (6.9) it can be seen that time duration
increases as the Lt increases, and the feasible bit rate is reduced. Increasing B reduces the
spectral efficiency of the system working at a given R. The increase of ρ should not
degrade the SNR of the user that posses the complete set of SSBGs (information bits and
pseudo noise). At least in theory, that user should be able to reconstruct the noise pattern
and subtract it from the signal. However that would increase the receiver complexity, and
make the implementation more challenging. It is assumed in our analysis and simulations
that the noise cancellation is not performed. Therefore, there is an effective power
penalty due to ρ.

6.3.2 Numerical Simulation
As the proof of concept, the simplest version of the system is modeled here. In this
example information bits instead of codewords are encoded. PR-SSBGs with parameters
listed in Table I and input sources of 10 ps duration are used. The cardinality of the set
used for ρ<0.25, is four.

202

Two PR-SSBGs are used for the information bits and two to produce the quasiorthogonal noise. Figure 6-10 (a) and (b) show the resultant sequence after the pulse is
reflected by the gratings for the one and zero bits. The user rate is 2 Gbps. It can be seen
that the input pulse is spread from 10 ps to 500 ps. It can be seen that it would be
relatively easy to decrypt simply the encoded 1s. While the power has been spread into
noise, it is still confined to the individual bit periods. This is equivalent to the security
provided by two-dimensional, wavelength-time OCDMA encryption. This illustrated the
need for encrypting zero bits for additional security.
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Figure 6-10: (a) Signal for ones in the user sequence “100011001010” observed at Point A of the

cipher (Fig. 6-8). (b) Signal for zeroes in the user sequence “100011001010” observed at Point
B of the cipher (Fig. 6-8). (c) Sequence for ones and zero at point C in the cipher (Fig. 6-8).

The output of the first section of the cipher (Point C in Figure 6-8) is shown in
Figure 6-10 (c). Despite the noisy aspect of the individual bits, their patterns could
potentially be identified by an eavesdropper capable of sampling at frequencies of 100
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GHz with a enough high SNR [Shake, 2005 (b)]. However, when the quasi-orthogonal
noise is added with different time delays, the noise pattern is difficult to predict. The
result of this masking is hidden structure of the transmitted information as shown in
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Figure 6-11.
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Figure 6-11: Signal after noise masking at the output of the encryptor.

At the receiver side, by using the appropriate PR-SSBGs (matched to the transmitter
PR-SSBGs) the zero- and one-bits can be recovered as shown in Figure 6-12. As
previously mentioned, the signals from PR-SSBG are not completely orthogonal
therefore there is a power penalty due to the non-zero cross-correlation.
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Figure 6-12: Signal recovered at the detector of 40GHz bandwidth by SSBG operating as a

matched filter. The positive peaks represent the ones while the negative ones the zeroes.

The BER for the systems both without [Figure 6-10 (c)] and with the masking noise
(Figure 6-11) is shown in Figure 6-13. After the first step the Q-factor penalty with
respect to a standard WDM channel is small. After the second step, which produces a
SNR of ~1 for an eavesdropper, the penalty in Q-factor is about 4.5 dB for BER 10 -8.
The power penalty can be reduced by finding a set with lower ρ or by reducing the power
of the pseudo-noise. The second approach would increase the SNR of the eavesdropper
and reduce the security of the system.
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Before masking
Encrypted signal

-2

Bit-error rate, BER

1x10

-4

1x10

-6

1x10

-8

1x10

-10

1x10

2

4

6

8

10

12

14

16

18

20

Q-factor, 20 log10 Q [dB]

Figure 6-13: Limits for a computational secure channel.

In conventional WDM systems, a Q penalty of 5 dB could be difficult to
compensate by increasing the launched power due to non-linear effects. In our scheme,
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however, due to the spreading of encrypted signal the signal power is 20 dB lower than
that in conventional WDM systems. Therefore the transmitted power can be increased by
5 dB without entering into the non-linear regime. The peak power is recovered in the
decryption process at the receiver. Therefore low BER is possible while maintaining the
eavesdropper SNR lower than one.

6.4 Security Analysis
Security

analysis

of

optical

CDMA

systems

employing

the

time

spreading/wavelength hopping (TS/WH) using multiple signal combining is analyzed in
[Shake, 2005 (b)]. It has been shown that the error-free code detection is possible for an
eavesdropper with SNR of 12 dB or higher. The reason of this modest performance is the
predictability in the patterns that can be generated by the superposition of TS/WH
CDMA signals.
Phase encoding OCDMA can provide a much greater degree of confidentiality [8]
than standard TS/WH CDMA systems. However security can be broken when the
eavesdropper taps the signal either before or at the entry points of the network [7].
Proposed schemes in phase coding OCDMA [Etemad et al., 2005; The et al. 2001;
Sotobayashi et al., 2004] have either a well structured spectrum or impulse response for
an easy implementation of spectrally efficient bipolar codes such as Kasami or Gold
sequences [Lotter, 1994]. However, a well defined structure of either frequency bin or
time chip is detrimental for security purposes.
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Phase encoding using structured Bragg grating [Teh et al., 2001] can generate a
noisy spectrum. However, it produces a well structured impulse response as shown in
Fig. 6.14. The limited bandwidth of detector used in [Teh et al., 2001] may produce the
impression of having noise-like temporal profile. However, assuming that the
eavesdropper can sample the signal at proper rate the chip structure becomes clear (see
Figure 6-14). Phase can be recovered using standard techniques of coherent
communication systems [Sotobayashi et al., 2004; Agrawal, 2004].

Figure 6-14: Temporal phase encoding using a bipolar code of length 8.

Spectral-phase-encoding [Etemad et al.,2005] can produce noise-like impulse
responses. However as shown in Figure 6-15 the structure of the spectrum is very well
defined. This structure is required to divide the spectrum in frequency bin in which the
phase will be affected by the code. Similarly, the eavesdropper would be able to recover
the phase using techniques described in [Shake, 2005 (b)].
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Figure 6-15: Spectral-phase encoded using 16 frequency bins.

The encryption scheme presented in this paper produces noise-like impulse
response and noise-like spectrum profile due to the pseudo-random structure of the
grating. There is not structure in the impulse response which can resemble temporal
chips. Moreover, the slight variation in the Bragg condition on each segment of the PRSSBG produces overlaps in the spectrum which avoids any structure that can used to
identify frequency bins. To further improve the security, this encoded signal is masked
using a quasi-orthogonal noise. The combination of two sequences (masking noise and
encoded signal) produce a variety of noise-like patterns that hide the user information, as
is shown in Figure 6-11. The security provided for this scheme depends on the capability
of generating high diversity in the noisy patterns.
Under the Kerckhoff’s principle [Tanenbamum, 2003] the eavesdropper knows
the encryption algorithm. Only the structure of the PR-SSBGs is kept secret. To uncover
the information from the transmitted sequence an eavesdropper needs to sample the
signal at 100 GHz or higher and observe all the possible patterns that can be generated
during the encoding process. Sampling rates for signals of 100GHz or more seem
prohibitively fast for eavesdropping. However, high optical bandwidth can be divided in

209

smaller bins by gratings. The relative phase of each bin can be determined by measuring
the beating signal after the detector [Shake, 2005 (b)].
If the pseudo noise (section II of transmitter) and information sequences (section I
of transmitter) were synchronous, the number of possible patterns per bit would be equal
to the number of PR-SSBGs used to encode the noise. In the previous example, only 2
patterns per bit would be generated. Therefore, the security of the system would depend
only on the capability of an eavesdropper to sample weak and high bandwidth signals.
However, the use of different bit rates for masking (Rm) and encoded signals (Re)
produces a diversity of noisy patterns since the masking noise is continuously shifted in
time with respect to the encoded signals.
The bit rate difference (Re-Rm), however, should be kept small in order to avoid
excessive overlap between adjacent encoded or masking patterns when similar lengths for
PR-SSBG are used. Excessive overlap can provide information to the eavesdropper about
the beginning and end of the patterns. Usage of similar lengths for the complete set of
PR-SSBG is desirable property that simplifies the design of the codes and gratings with
the required correlation properties.
For example for a PR-SSBG with lengths of Lt=5 cm, Δt=500 ps, the rate for the
encoding signal is set to 2 Gbps. The rate of the masking signal to provide less than 10%
variation is Rm<2.2 Gbps, and can be determined using the following in-equality

Δt − 1/ Rm
< 0.1.
Δt

(6.11)

Figure 6-16 shows the process in which different patterns Pi are generated when
the patterns A (encoded signal) and B (masking signal) are transmitted at slightly
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different rates. In principle by making the temporal shifts infinitesimal small, infinite
patterns can be generated. However, there is a limitation in generating different patterns.
Patterns A and B can be reconstructed using a limited number of points given by the
Nyquist-Shannon sampling theorem [Proakis, 2001],

N s ≈ ⎢⎣ Δt / Ts ⎦⎥ ,

(6.12)

where Ts=1/2B is the sampling period and ⎢⎣ ⎥⎦ denotes the largest integer less than or
equal to the enclosed quantity.
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Since the temporal shifts less than Ts would produce essentially similar patterns,
the number of different patterns is reduced to at most Ns. For example, using the signals
shown in Figure 6-5 as A and B (Δt=500 ps and B=100 GHz) the maximum number of
patterns that can be generated is Ns=100. Five consecutive patterns produced by the
combinations of A and B with temporal shift of 6 ps are shown in Figure 6-17.
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Figure 6-17: Normalized power for five consecutive patterns resulting from the asynchronous and

incoherent combination of signals shown in Figure 6-5.

Another limitation to produce Ns patterns is the predetermined rate for the
masking and encoded signals. Assuming that temporal shifts lower than Ts can be
neglected, the maximum period of time before the combination of A and B start repeating
is given by

⎢ 1 ⎥ ⎢ 1 ⎥ ,
T ≈ Ts LCM( ⎢
⎥,⎢
⎥)
⎣ ReTs ⎦ ⎣ RmTs ⎦

(6.13)

where with LCM is denoted the least common multiple function. When the rate of
the encoding signal (Re) is fixed to 1/Δt and the rate difference is small, and the
maximum number of patterns is

Np ≈

T / Ts .
⎣⎢ Δt / Ts ⎦⎥

(6.14)

For the previous example with B=100 GHz, Re=2Gbps and Rm=2.1 Gbps the
maximum number of patterns is 19 patterns.
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Therefore due to the fixed rates not all the delays between the A and B are
possible. The efficiency for this pattern diversity, f, is determined by the ratio between
the actual number of patterns generated Np and the maximum number of possible patterns
Ns . In the example above this efficiency is almost 20%. This efficiency can be improved
by minimizing the difference 1/Re-1/Rm while keeping this value higher than Ts.
For the simulation given in previous section there are two quasi-orthogonal noise
patterns C and D combined with each bit pattern A (bit one) and B (bit zero). In that case
each bit pattern combines randomly with three possible consecutive noise patterns: C-C,
C-D, and D-D. That combination using different time delays can generate up to 300
patterns per bit.
In general the maximum number of patterns per codeword is given by
N p ≈ f Ns

K ( K + 1) ,
2

(6.15)

where K is the number of gratings used to generate the pseudo noise.
For a system that uses m codewords, an eavesdropper will observe mNp patterns.
However he/she will not be able to know which pattern corresponds to each codeword.
Assuming equiprobable codewords, the number in which the patterns can be arranged can
be obtained using the hyper-geometric distribution,

U=

(mN p )! .

(6.16)

m

Np!

For previous example, assuming a modest efficiency, f=5%, an eavesdropper would
observe ~30 different sequences. To determine which of them corresponds to the bit one
or zero the number of required combinations is ~108. Therefore, 4 PR-SSBGs shown for
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demonstration would not provide very high security enhancement for an eavesdropper
capable of sampling noisy and high bandwidth signals. However, the level of security
increases rapidly by increasing the number PR-SSBGs. For example, by using 7 PRSSBGs (4 for codewords and 3 for noise) with the same bandwidth and rate U > 1060. For
the present computer speeds, this is an extremely large value. Therefore, longer periods
between code reconfiguration can be used.
Since the rates Re Rm are fixed, the maximum number of patterns per codeword is
limited by (6.15). The efficiency, f can be increased by properly tuning the repetition
rates of the encoding and masking signal. Pulse generators can allow tunable repletion
rates by changing the cavity length, in case of mode locked lasers, or by changing the
beating frequency, in case of dual-wavelength light sources [Hui et al., 1999]. Careful
control is usually required in these types of pulse generators to minimize pulse jitter. For
our encryption scheme, the control is not necessary as pulse jitter would have the
beneficial result of increasing the pattern diversity.
To increase the number of patterns, random delays can be utilized. Random
delays also increase the security of the system by erasing traces of periodicity in the
spectrum. Peaks that indicate periodicity can appear in the spectrum for long repetitive
sequences due to the fixed rates.
To produce noticeable variations in the pattern the required delay should shift the
masking noise by at least the sampling time Ts. Faster scanning rates produce better
results. However, for practical purposes an important increase in U is produced when the
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scanning rates of the delays can produce changes before the mNp patterns are seen by the
eavesdropper. This means that the minimum scanning rate (SR) is limited to

SR >

Rm − Re .
mN p

(6.17)

For the values used in previous examples, B=100 GHz, Re=2 Gbps Rm=2.1Gbps,
m=2 and Np =30 the required scanning rate > 1.7 MHz and the scan span > 5 ps.
Several techniques have been proposed to generate delays using scanning
mirrors, acoustic-optic modulators or deflectors. Scanning mirror can produce long
delays however its SR is limited to a few KHz. Acoustic-optic devices, on the other hand
can provide scanning rates on the order of 1 MHz [Piyaket et al., 1995]. Recently a
technique to provide very fast scanning rates and low distortion using time-prism was
demonstrated [Van Howe et al., 2005]. This technique can produce very high scanning
rates (< 500MHz) with delay span in the range of 19 ps. Using these demonstrated
technologies, the random signal generated at the transmitter can produce the required
rates and span for the delays.

6.4.1

Code Reconfiguration
As mention in Section 6.2 for the given parameters (ρ, R, B) there are many sets

of the same cardinality. Therefore the confidentiality of the proposed scheme can be
increased by allowing frequently changes of the code set. The time interval between code
reconfiguration would depend on the difficulty to decipher the codes (U). The code
reconfiguration can be produced by physically changing the complete set of PR-SSBGs,
by switching optically among a set of gratings or by adding tunability to the gratings. The
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later approach is however the most difficult to implement since each small grating section
need to be tuned independently.
The simpler approach is switching between PR-SSBG sets. The fabrication of
devices that can be used as a core structure for the ciphers was demonstrated using ionexchange techniques and photo-sensitive glass [Castro et al. 2004 (g)] and silica-onsilicon technology [Castro et al. 2005 (c-e)]. The signal can be encoded and redirected by
this compact device. Hundreds of encoders can be placed in a chip using an area as small
as 2x5 cm without the need of circulators. A conventional optical switch can be used to
change the set of PR-SSBG.
The change of the PR-SSBG set should be performed in an unpredictable way for
the eavesdropper. The use of the proposed scheme with traditional cryptography
techniques for key generation would enhance even more the level of security. The
eavesdropper would need to know the structure of the PR-SSBGs and the key that
governs the change of their structure.

6.4.2

Eavesdropper Detection
To improve his SNR, the eavesdropper would need to take more power from the

transmitted signal. A drop in power, or increase in noise due to optical amplification
would increase the BER. If the pseudo noise sequence seed is known by the receiver, the
BER can be estimated. In previous example (BER shown in Fig 6.12) the drop in Qfactor from 11 to 10 would increase 10 times the number of bit errors. At 2 Gbps these
changes can be detected quickly and a decision can be taken to change the set of PRSSBGs.
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6.5 Conclusion
In this chapter a novel scheme to enhance security in optical systems using pseudo
random modulated super structured Bragg gratings (SSBG) was presented. This type of
SSBG was designed using couple mode theory and transfer matrix methods to produce
noisy-like impulses responses. Our approach offers a low complexity alternative to
effectively enhance security in optical channels was presented. In our scheme, PR-SSBGs
are utilized to produce essentially low power noisy patterns. That differs from standard
fiber Bragg Grating encoders which transform the bit information in well defined
sequences of chips at different wavelengths.
In theory, the synthesis of the grating [Skaar & Feced, 2002] (and therefore the
breaking of the key) could be obtained from the observation of the optical pattern as in
any linear system. The high optical bandwidth and low power of the signal coming from
the section I of cipher, makes the observation of patterns challenging, but feasible.
However, after the signal is masked by the quasi-orthogonal noise the observation and
grating synthesis become extremely difficult. The structure of the information bits is
totally lost for the eavesdropper. It was demonstrated by simulation that the use of the
quasi-orthogonal noise introduces the moderate power penalty for authorized users.
Bit rates of several Gbps in standard fibers can be used with our proposed
scheme. The encryption/decryption process is performed in the optical domain. It has a
scalable structure that allows increments in security by simply employing more
wavelengths and/or larger bandwidth. Improvements in their versatility and security can
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be obtained by increasing the number of gratings, increasing the used bandwidth and by
adding tunability to the PR-SSBGs.
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7

DISSERTATION CONCLUSIONS

Bragg gratings are important elements in optical communication and processing
systems due to their excellent spectral characteristics. The use of FBGs, however, makes
it difficult to combine multiple processing functions in compact devices. Circulators are
required to separate incoming from processed signals producing bulky devices.
TBGs with asymmetric y-branches were proposed to provide the processing (i.e
filtering) and signal separation without the need of circulators, using their properties of
mode conversion in a two-mode waveguide. However, TBGs produce noisy reflections
without mode conversion.
In this dissertation, AWBGs were demonstrated theoretically and experimentally to
produce a clean mode conversion between the modes of a two-mode waveguide. These
results were predicted from our modeling using Coupled-Mode Theory. A clean mode
conversion allows signal processing and separation between incoming and outgoing
signals in a very compact and integratable device when integrated with asymmetric ybranches. The first experimental demonstration of AWBGs, presented in this dissertation,
were fabricated by Lightsmyth Technologies through a collaborative research project.
Testing results show that noise due to reflections without mode conversion was
eliminated.
The AWBG is an enabling technology that can be applied to multiple operations. In
this dissertation applications for OADMs, Sampled Bragg Gratings, Interleaved Bragg
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gratings and Optical encoders/decoders were theoretically and experimentally presented.
Results have excellent agreement with our comprehensive modeling.
AWBGs were fabricated on silica-on-silicon by LightSmyth Technologies using a
previously reported precise fabrication technique for Bragg gratings. AWBGs have the
potential to be fabricated in silicon (instead of silica). This step will combine the strength
of optical and electronics to produce faster processing and communication speeds.
In Chapter 4 of this dissertation, new approaches for creating multi-channel
wavelength filters were proposed. These types of filters can be applied in tunable lasers,
metrology, OADMs, pulse reshaping, fiber lasers and optical sensors. To optimize the
spectrum uniformity and strength of these types of filters, an approach for interleaving a
series of sampled Bragg gratings was proposed. This approach does not necessarily
require the use of an AWBG. However, implementations using an AWBG have the
advantage of providing signal input/output separation. Spectral measurements of devices
designed at the University of Arizona and fabricated by Lightsmyth Technologies
confirm that multi-channel filters can be optimized using our proposed scheme.
In Chapter 5, the advantages and disadvantages of OCDM were analyzed in terms
of spectral efficiency and security. OCDMA encoders/decoders based on the AWBG
were designed and fabricated on silica-on-silicon wafer. The demonstrated devices can be
applied to numerous OCDMA coding schemes that at the present requires fiber Bragg
gratings and circulators. Integrated devices in silica-on-silicon would provide significant
advantages to OCDMA systems. For example, a small silica-on-silicon chip with the
complete set of codes would allow direct communication among all the users and flexible
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operation. The integration with other elements of the system (lasers, detectors) would be
a step toward the implementation of small network cards for OCDMA.
In Chapter 6, we proposed and modeled a novel scheme to enhance security in
optical systems using Super Structured Bragg Gratings (SSBG) with pseudo random
modulation. This type of SSBG was designed using coupled-mode theory and transfer
matrix methods to produce noise-like impulse responses. SSBGs differ from standard
fiber Bragg grating encoders which transform the bit information in well defined
sequences of chips at different wavelengths.
Our low complexity approach (compared with quantum cryptography and chaotic
communication) was demonstrated by simulations to effectively enhance security in
optical channels. This enhancement is mainly due to the elimination of the bit structure
produced by proposed masking process. In addition, the high optical bandwidth and the
low power of the transmitted signal increase the confidentiality of the channel even more.
The proposed scheme can operate at bit rates of several Giga bits per second in standard
fiber optic channels. It has a scalable structure that allows increments in security by
simply employing more wavelengths and/or larger bandwidth.
Our research involves different projects. For the theoretical design, Couple-Mode
Theory, Transfer Matrix Method, cryptography and coding theory among others
techniques were used. For simulation C++, Mathlab, MathCad, VIP, Optonex and RSoft
Beam Prop were utilized. The designs of two masks, each with multiple devices, were
layed out using AutoCad (see Appendix I), and GDSII converters. Experimental testing
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required the use of tunable lasers, spectral analyzers, Mach Zehnder modulators, BERT,
oscilloscopes among other equipments.
In summary, in this dissertation, we demonstrated the feasibility of the AWBG
concept. Numerous applications in the optical communication and processing field were
proposed and experimentally confirmed. Original contributions were reported in several
peer reviewed journals and conferences. We consider, however that the research in this
area is still very new. Based on the successful demonstrations presented here, we
envision novel and more sophisticated applications towards all optical processing
integrated devices.
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APPENDIX A: FIRST SILICA-ON-SILICON CHIP

A1

y-branch and AWBG 1

B1

OADM based on AWBG 1

A2

y-branch and AWBG 2

B2

OADM based on AWBG 2

See parameters in Table 5-3.
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APPENDIX B: SECOND SILICA-ON-SILICON CHIP

A1
A2
A3
A4
A5
A6
A7
A8
A9
C1
B1
B2
B3
B4
B5
B6
B7
B8

DEVICE
Packet Header Recognition
Packet Header Recognition
Packet Header Recog. / varing the width
OCDMA
OCDMA
OCDMA
Crypto
Crypto
Crypto
NOVEL INTERLEAVED SBG
Phase
SBG based on AWBG
Study OCDMA w/ samp. Grat
Study OCDMA w/ samp. Grat
Study OCDMA w/ samp. Grat
Crypto
Crypto
Crypto

STATUS

DEMONSTRATED
DEMONSTRATED
DEMONSTRATED

DEMONSTRATED
DEMONSTRATED
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