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Preface

Optical filters whose frequency characteristics can be tailored to a desired response
are an enabling technology for exploiting the full bandwidth potential of optical
fiber communication systems. Optical filter design is typically approached with
electromagnetic models where the fields are solved in the frequency or time domain. These techniques are required for characterizing waveguide properties and individual devices such as directional couplers; however, they can become cumbersome and non-intuitive for filter design. A higher level approach that focuses on the
filter characteristics providing insight, fast calculation of the filter response, and
easy scaling for larger and more complex filters is addressed in this book. The important filter characteristics are the same as those for electrical and digital filters.
For example, passband width, stopband rejection, and the transition width between
the passband and stopband are all design parameters for bandpass filters. For high
bitrate optical communication systems, a filter’s dispersion characteristics must also
be understood and controlled. Given the large body of knowledge about analog and
digital filter design, it is advantageous to analyze optical filters in a similar manner.
In particular, this book is unique in presenting digital signal processing techniques
for the design of optical filters, providing both background material and theoretical
and experimental research results.
The optical filters described are fundamentally generalized interferometers
which split the incoming signal into many paths, in an essentially wavelength independent manner, delayed and recombined. The splitting and recombining ratios, as
well as the delays, are varied to change the frequency response. With digital filters,
the splitting and recombining are done without concern for loss or the required
gain; whereas, filter loss is a major design consideration for optical filters. The delays are typically integer multiples of a smallest common delay. A well-known
example is a stack of thin-film dielectric materials where each layer is a quarterxi
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wavelength thick. In this case, the splitters and combiners are the partial reflectances at each interface. Just as capacitors, inductors, and resistors have underlying electromagnetic models but are treated as lumped elements in analog filter designs, each splitting and combining element is modeled from basic electromagnetic
theory and then treated as a lumped element in the optical filter design.
Another similarity with analog filters, but a major difference from digital filters,
is the level of precision and accuracy that can be achieved in the design parameters
for optical filters. For example, analog electrical components and optical components cannot be specified to the tenth decimal place; whereas, such numerical precision is commonplace for digital filters. Thus, a filter’s sensitivity to variations in the
design parameters must be considered. In addition, measurement and analysis techniques are needed to identify where variations have occurred in the fabrication
process and what parameters are causing a filter to deviate from its nominal design.
These issues, which are characteristic of optical filters, are addressed in detail.
This book is intended for researchers and students who are interested in optical
filters and optical communication systems. Problem sets are given for use in a graduate level course. The main focus is to present the theoretical background for various architectures that can approximate any filter function. Planar waveguide devices
realized in silica are used as examples; however, the theory and underlying design
considerations are applicable to optical filters realized in other platforms such as
fiber, thin-film stacks, and microelectro-mechanical (MEMs) systems. We are at an
early point in the evolution of optical filters needed for full capacity optical communication systems and networks. Many filters need experimental investigation, so
this book should be valuable to people interested in furthering their theoretical understanding as well as those who are fabricating filters using a wide range of material systems and fabrication techniques.
A detailed introduction to electromagnetic and signal processing theory is given
in Chapter 1. In Chapter 2 on electromagnetic theory, a complete discussion is provided on waveguide modes, coupled-mode theory, and dispersion. In Chapter 3 on
signal processing theory, Fourier transforms, Z transforms, and digital filter design
techniques are discussed. The next three chapters (Chapters 4–6) cover optical filters and include design examples that are relevant to wavelength division multiplexed (WDM) optical communication systems. The examples include bandpass filters, gain equalization filters for compensating the wavelength dependent gain of
optical amplifiers, and dispersion compensation filters. A particularly important filter for WDM systems is the waveguide grating router (WGR), which is fundamentally an integrated diffraction grating, because it filters many channels simultaneously. Its operation is examined using Fourier transforms to provide insight into its
periodic frequency and spatial behavior. Filters using thin-film dielectric stacks,
Bragg gratings, acousto-optic coupling, and long period gratings are also examined.
Filters with a large number of periods such as Bragg and long period gratings are
typically analyzed using coupled-mode theory. We include the coupled-mode solutions for these filters, thus offering the reader a comparison between signal processing techniques and the coupled-mode approach. Measurement techniques and filter
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analysis algorithms, which extract the filter’s component values from its spectral or
time domain response, are addressed in Chapter 7. Finally, areas that are expected to
have a dramatic effect on the evolution of optical filters are highlighted.
The authors gratefully acknowledge the review and suggestions provided by G.
Lenz, Y. P. Li, W. Lin, D. Muelhner, and A. E. White of Bell Laboratories Lucent
Technologies, S. Orfanidis of Rutgers University, B. Nyman of JDS Fitel, and T. Erdogan of the University of Rochester.
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CHAPTER ONE

Introduction

The field of signal processing provides a host of mathematical tools, such as linear
system theory and Fourier transforms, which are used extensively in optics for the
description of diffraction, spatial filtering, and holography [1–2]. Optical filters can
also benefit from the research already done in signal processing. In this book, digital signal processing concepts are applied to the design and analysis of optical filters. In particular, digital signal processing provides a readily available mathematical framework, the Z-transform, for the design of complex optical filters. More
conventional approaches, such as coupled-mode theory, are also included for comparison. The relationship between digital filters and optical filters is explored in
Section 1.1, and a brief historical overview of optical waveguide filters is given.
Previously, spectrum analysis was the main application for optical filters. Recently,
the demand for optical filters is increasing rapidly because of the deployment of
commercial wavelength division multiplexed (WDM) optical communication systems. With low loss optical fibers and broadband optical amplifiers, WDM systems
have the potential to harness a huge bandwidth, and optical filters are essential to
realizing this goal. In addition to traditional designs such as bandpass filters, new
applications have emerged such as the need for filters to perform gain equalization
and dispersion compensation. Filter applications for WDM systems are discussed in
Section 1.2. These applications are used for filter design examples in later chapters.
The scope of this book is outlined in Section 1.3.

1.1 OPTICAL FILTERS
Optical filters are completely described by their frequency response, which specifies how the magnitude and phase of each frequency component of an incoming
1

2
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signal is modified by the filter. While there are many types of optical filters, this
book addresses those that allow an arbitrary frequency response to be approximated
over a frequency range of interest. For example, thin-film interference filters can
approximate arbitrary functions. An illustration of this capability is Dobrowolski’s
filter approximating the outline of the Taj-Mahal [3]. A complete set of functions is
needed to closely approximate an arbitrary function. A well-known set consists of
the sinusoidal functions whose weighted sum yields a Fourier series approximation.
The Fourier series can be written in terms of exponential functions with complex arguments as follows:
N

H() = 冱 [cne–j(2n–n)]

(1)

n=0

where H() is the frequency response of the filter, N is the filter order, and the
cnejn terms are the complex weighting coefficients. A weighted sum is common to
any basis function decomposition. An incoming signal is split into a number of parts
that are individually weighted and then recombined. The optical analog is found in
interferometers.
Interferometers come in two general classes, although there are many variations
of each. The first class is simply illustrated by the Mach–Zehnder interferometer
(MZI). An incoming signal is split equally into two paths. One path is delayed with
respect to the other by a time T = Ln/c where n is the refractive index of the paths,
c is the velocity of light in vacuum, and L is the path length difference. The effective group index is used for waveguide delay paths. The signals in the two paths are
then recombined as shown in Figure 1-1a. A partially reflecting mirror, indicated by
the dashed line, acts as a beam splitter and combiner. A waveguide version with directional couplers for the splitter and combiner is shown in Figure 1-1b. Each implementation has two outputs that are power complementary. Coherent interference
at the combiner leads to a sinusoidal frequency response whose period is inversely
proportional to the path length difference. A representative transmission response is
shown in Figure 1-1c. Its Fourier series is given by H() = [1 – e–j2T ]. The frequency is referenced to a center frequency 0 and normalized to one period, called
the free spectral range (FSR). Changing the splitting or combining ratios adjusts the
coefficients in the Fourier series. The number of terms in the Fourier series is increased by splitting the incoming signal into more paths. An N term series results
when the light is split into N paths, with each path having a relative delay that is T
longer than the previous path. The distinguishing feature of this general class of interferometers is that there are a finite number of delays and no recirculating (or
feedback) delay paths. The interfering paths are always feeding forward even
though the interferometer may be folded such as with a Michelson interferometer.
The signal processing term used to designate this filter type is moving average
(MA) or finite impulse response (FIR).
The second class of interferometers is illustrated by the Fabry–Perot interferometer (FPI). The FPI consists of a cavity surrounded by two partial reflectors that are
parallel to each other as shown in Figure 1-2a. The frequency response results from
1
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FIGURE 1-1. A Mach–Zehnder interferometer: (a) free-space propagation, (b) waveguide
device, and (c) transmission response.
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FIGURE 1-2. A Fabry–Perot interferometer: (a) free-space propagation, (b) waveguide analogue, and (c) transmission response.
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the interference of multiple reflections from the mirrors. The output is the infinite
sum of delayed versions of the input signal weighted by the roundtrip cavity transmission. A representative transmission response is shown in Figure 1-2c. The waveguide analog is a ring resonator with two directional couplers as shown in Figure 12b. There are two outputs: Out1 corresponds to the transmission response of the
FPI, and Out2 corresponds to its reflection response. Filters with feedback paths are
classified as autoregressive (AR) or infinite impulse response (IIR) filters in signal
processing. When several stages are cascaded, the resulting transmission response is
described by one over a Fourier series as follows:
1

N
H() =
冱[cne–j(2n–n)]

(2)

n=0

The reflection response is given by the sum of an AR and MA response and is classified as an autoregressive moving average (ARMA) filter. The IIR classification is
ambiguous since the filter may either be AR or ARMA and still have an infinite impulse response; consequently, the terminology MA, AR, and ARMA is preferred
over the FIR and IIR designation. Thin-film interference filters and Bragg reflection
gratings are coupled cavity FPI’s with an order N equal to the number of layers or
periods, respectively. They have a transmission response that is AR and a reflection
response that is ARMA.
The theory presented in this book applies to generalized interferometers. The
concept of a generalized interferometer refers to the ability to tailor the frequency
response of the interferometer to approximate any desired function by choosing the
number and type (feed-forward or feedback) of paths that the incoming signal is
split between and the relative weighting and delay for each path. Propagation in the
interferometer may be governed by diffraction or by waveguiding. The former case
includes thin-film and micro electro mechanical (MEMs) devices. The latter case
encompasses both optical fiber and planar waveguide devices. In either case, the filter response arises from the interference of two or more electromagnetic waves; so,
phase changes on the order of a fraction of a wavelength dramatically change the
filter function. It is critical, therefore, that the optical path lengths are stable over
time, temperature and exposure to mechanical vibrations. Planar waveguide filters
are advantageous over optical fiber implementations since many devices can be integrated on a common substrate that can easily be temperature controlled and is mechanically rigid. In addition, several material systems can be used ranging from
glass to semiconductors to polymers.
The fundamental relationships between optical waveguide and digital filters
were developed by Moslehi et al. [4] in 1984. Both digital and optical filters consist
of splitters, delays, and combiners. These parts are identified in Figures 1-1 and 1-2
for the MZI and FPI, respectively. Many stages are formed by concatenating single
stages or combining stages in various architectures. The optical path lengths are
typically integer multiples of the smallest path length difference. The unit delay is
defined as T = LUn/c where LU is the smallest path length and is called the unit de-

