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ABSTRACT 

This dissertation investigates experimentally as well as theoretically several all

optical switching configuration in a rocking filter fiber. It is shown experimentally that 

the rocking filter can be used as an intensity dependent polarization switch at the resonant 

wavelength. Up to 70% of the input power consisting of 30 ps pulses could be switched 

between the orthogonal polarization axes of a 2 long fiber. Stimulated Raman scattering 

and pulse break-up led to the saturation of the self-switching response. 

Off-resonant self-switching was shown to yield an enhanced response at shorter 

wavelengths with lower critical powers than for the resonant case. At longer wavelengths 

switching was initially inhibited but could still be implemented at powers significantly 

larger than for shorter wavelengths. This result implies that the switching is nonreciprocal 

which is a useful and necessary condition for operating a device as a logic gate. 

Controlling an intense signal pulse by a weak control pulse through a variable 

phase delay was successfully demonstrated. In excess of 55% of the input energy could 

be switched by controlling the phase difference between the two pulses. The phase

sensitive response suffered just as for the self-switching case from Raman scattering and 

pulse break-up. 

When combining the nonreciprocity due to wavelength detuning with the phase

sensitive response, logic gate operation with rocking filters is possible. By choosing the 

proper operating conditions of the device. e.g. input power, phase delay, and wavelength 

detuning, it was shown that XOR, OR, and AND gates can be realized. The contrast 

between a logic 0 and 1 was shown to be as low as 0.3 and 07, respectively. 

Strong pump controlled switching of a weak signal beam produced the best 

switching characteristics of this dissertation. Up to 90% of the signal pulse could be 
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switched between polarization states. This result was accomplished by using a pump 

pulse which had a pulsewidth three times as large than that of the signal pulse. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation for Experiments 

During the last 20 years the use of optics in telecommunications has steadily 

increased. The reason for the rapid advance of fiber optics is largely economical but the 

continuous demand for higher data transmission rates has also stimulated the rapid 

growth of this field. Despite this success, the role of optics in today's communication 

systems is largely confined to transmitting optical pulses through fibers over long 

distances while amplification and processing of signals is done electronically. Employing 

such a hybrid technology to transmit data requires the information to be repeatedly 

converted from pulses of light to pulses of electric current or voltage at a given stage of 

the communication link. This approach limits the high data rates possible with optical 

fibers and adds to the complexity of the entire system. If data signals can be processed 

while still in their optical form, data throughput can possibly be dramatically improved 

and the overall reliability of the entire system enhanced. 

Processing optical signals without having to resort to the above electronic 

conversion already exists today for a few select applications which demand high 

transmission rates of at least several GHz. This approach uses integrated optical 

waveguide devices in electro-optically active media such as LiNb03 to switch pulses 

between different channels or manipulate the optical data stream in the same waveguide. 

Nonetheless, the switching still requires electronic techniques to control the desired index 
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changes by an externally applied voltage. Hence, the potential of fibers to transmit signals 

at THz frequencies is severely curtailed since electronic circuits generally cannot operate 

beyond the GHz regime. 

Achieving THz data flow in optical communications systems is likely to be 

implemented by all-optical techniques which have received considerable attention at the 

research level during the last decade. In general, all-optical switching relies on the 

nonlinear index of refraction, where the index of refraction of a material becomes 

intensity dependent and the optically encoded information can be switched by the 

intensity of the pulse itself (self-switching) or processed by a second intense light beam 

(pump-controlled switching) [Stegeman 1990]. It is desirable to confine the optical 

energy to waveguide devices which achieve large intensities over relatively long 

propagation distances with reasonable power requirements. The all-optical switching 

technique therefore represents a direct extension of electro-optics where the external 

voltage circuit has been replaced by a nonlinear media which is controlled by light itself 

and therefore is only limited by the response time of the material. 

Optical glasses are promising candidates for all-optical devices. Silica glasses 

have one of the fastest response times of any known nonlinear material and light can 

propagate in glass with minimal loss over long distances. These attributes combined with 

well established fabrication techniques to manufacture fiber and waveguide devices make 

glass an ideal material for studying the characteristics and requirements of all-optical 

signal processing. Though, one of the limitations of silica is its very small nonlinear 

refractive index coefficient which requires generally large powers for switching fiber 

devices. These excessive power requirements can be reduced to manageable levels if 

device lengths are increased from centimeters to many meters. 

This thesis explores experimentally and theoretically some of the switching 

characteristics and signal processing configurations of fiber devices whose switching 
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power requirements are not excessive due to 'the meter long length of the devices. 

Specifically, polarization switching in a periodically twisted birefringent fiber (rocking 

filter fiber) is investigated experimentally in detail. This device, which consists of two 

input and two output ports, is shown to switch an incoming stream of pulses from one 

output port to the other. The switching is either controlled by the intensity of the 

incoming data stream or by an intense pump beam of a different wavelength and pulse 

width. In addition, phase-sensitive switching is experimentally demonstrated for the first 

time to control the output of an intense light beam by a weak control beam. Exploiting the 

phase and wavelength response of the rocking filter fiber, the logic operations OR, AND, 

and XOR were implemented. 

Self-switching , phase-sensitive switching, and optical logic operations were 

investigated with a tunable dye-laser of 590 nm emitting 30 ps pulses at a repetition rate 

of 500 Hz. Pump-controlled switching required, in addition to the dye-laser, synchronized 

pulses from a frequency doubled Nd:YAG at 532 nm with a 80 ps pulse-width. 

The goal of this experimental work is to establish new switching configurations 

for all-optical device design. One of the experiments discussed in this dissertation shows 

that self-switching with gaussian pulses leads to a poor contrast ratio at the output ports 

due to the non-constant intensity of the pulse envelope. Using a pump-controlled 

configuration the contrast ratio can be shown to become significantly enhanced while 

switching powers are reduced. Phase-sensitive switching introduces an additional 

parameter in optical device design which can be chosen to control the output of an intense 

beam by the presence of a weak beam. The phase-sensitive process can also be combined 

with the wavelength response to yield logic operations when the operation conditions of 

the device are properly chosen. 
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1.2 Organization of Dissertation 

This thesis is organized into 8 chapters of which the experimental results are 

confined to Chapters 6 and 7. In Chapter 2 essential concepts and equations of linear fiber 

optics are reviewed. Aspects of nonlinear fiber optics of interest to optical fiber devices 

are treated in Chapter 3. Here, the coupled-nonlinear wave equation is derived and the 

nonlinear refractive index is introduced. Chapter 4 provides an introduction to all-optical 

switching devices in waveguide format. The nonlinear directional coupler is discussed in 

detail since, it shares most of the device characteristics of the rocking filter fiber. The 

theory of rocking filters as nonlinear switching devices is thoroughly analyzed in Chapter 

5. The nonlinear coupled mode equations are derived and solved numerically for different 

input conditions. Chapter 6 discusses experimental results for on and off-resonant self

switching. In addition, the theory of phase-sensitive switching is introduced which is 

followed by a discussion of the experimental data. Using the rocking filter for logic 

operation is the topic of Chapter 7. In addition, experimental results of demultiplexing a 

weak signal with a strong pump pulse of longer pulsewidth is presented in the same 

Chapter. The final results of the experimental investigations are summarized in Chapter 8 

in which directions for future research are discussed. 



CHAPTER 2 

FIBER OPTICS 

2.0 Introduction 

Over the last 25 years the silica glass fiber has become the most important 

transmission medium for high-speed data communication. The success of optical fiber 

communication can be attributed to the low cost, large bandwidth, low loss, and to keeping 

group velocity dispersion at tolerable levels. In this chapter we will investigate the modes 

and characteristics of optical fibers which are essential to nonlinear fiber optics. Single 

mode fibers support only the LPoJ mode and are in general preferred to multi-mode fibers 

for switching and sensing applications. The fiber is assumed to be of the step-index kind 

and weakly-guiding, unless otherwise stated. Birefringent fibers are treated as extensions 

of ideal non-polarization maintaining fibers with two eigenvectors. In addition, dispersion 

of pulses will be neglected, since, the fibers used in this dissertation are short compared to 

the dispersion iength [Agrawal 19f,'n 

2. 1 Fiber Geometry 

The geometry of a typical step-index glass fiber is depicted in Figure 2-1. The fiber 

consists of a cylindrical core of radius a, whose index is larger than the surrounding 

cladding. The index of the core is approximately 1.45 which is the index of fused silica at 
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core 

z 

y jacket 
~--..;..~ 

-a a r 

Fig. 2.1 Geometry and index proflle of a standard optical communication 
fiber of core radius a. " 
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1.5 11m. The index difference between the core and cladding is characterized by the proflJe 

height parameter 

(2.1) 

where nco and ncl are the core and cladding indices, respectively. Doping the core with 

impurity atoms such as Ge results in a 11 of the order of 0.005. An outer plastic jacket 

provides strength to the fiber and does not affect the modes of this structure. 

2.2 Fiber ~odes 

The cylindrical wave equation can be solved exactly for a step-index fiber with an 

infinitely large cladding [Snitzer 1961, Okoshi 1983]. Applying four boundary conditions 

for the transverse and parallel E and H field components at the core/cladding interface 

results in a dispersion relation for the propagation constant f3 . The resulting modes are 

hybrid and in general have both electric and magnetic z components, i.e. each mode has 3 E 

and 3 H field components. These modes are classified as EHnm and HEnm. The indices n 

and m designate the azimuthal and radial mode numbers, respectively. Two modes which 

are not hybrid are the cylindrical symmetric TEom (EHom) and TMolll (HEom) modes, which 

are transverse modes similar to the modes of metallic cylinders. Nonetheless, the 

longitudinal components are always much weaker than the transverse fields for all fibers 

used in common systems. 

The dispersion relation for the EH and HE modes involves a complicated 

transcendental equation in Bessel funcllon~. WorkIng with these modes b quite 

cumbersome and unnecessarily complicated, since, virtually all communication fibers are 

weakly guiding. When 11<<1 (weakly guiding approximation), then the dispersion relation 
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simplifies significantly, and the propagation vectors f3 become degenerate for the EHn-l,m 

and the HEn+l,m modes_ Superposing the two degenerate modes leads to a linearly 

polarized mode designated by LPlm [Gloge 1971]. In practice, most calculations for 

communication systems are made for the simpler LP modes. Not all LP modes are linear 

superpositions of two hybrid modes. The fundamental LPOl mode is equivalent to the 

HEn mode which in theory has no cut-off. In practice, fibers do not have infinitely large 

claddings and are not perfectly straight over large distances. As a result, the bandwidth of 

available frequencies is limited in general to the optical spectrum and near IR for this mode. 

Following the derivation of the LP modes as outlined above, we obtain two E-field 

components Ey , Ez and the two H-field components Hx , Hz. The corresponding modal 

profile for Ey is given by 

for r < Q 

(2.2) 
for r > Q 

where l is the azimuthal modal number, a is the core radius, and Jl and Kl are the Bessel 

function of the first kind and modified Bessel function, respectively. The dimensionless 

parameters u and ware related to the propagation constant f3lm' and are defined as 

(2.3) 

(2.4) 

Another useful parameter used to characterize the number of modes supported by a 

given fiber is the V parameter: 

(2.5) 
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where V = ~U2 + w2 and ko = 2rc/J.... Single-mode operation occurs when V < 2.405. 

Only LPOl will propagate-all higher order modes are cut-off and radiate their energy into 

the cladding after a short distance. The transverse electric field for the LPllII mode is then of 

the following form 

E ( ) 1 \II ( ) j(/)I-{3/ Z Y r,t =-Tl r,qJ e m +c.c .. 
2 

(2.6) 

Hx is then simply given by (fJ/WJ1)Ey- The modal profile (magnitude of E) and intensity 

plots of the first 3 modes are shown in Fig. 2-2. The intensity plots correspond to the 
. -

actual modes as seen in the lab, when imaged by a lens on a screen. The longitudinal fields 

are of little interest-we will ignore them in this dissertation, since they do not contribute to 

nonlinear effects or the poynting vector. 

The parameters II and ware found numerically from the dispersion relation given by 

(2.7) 

This equation only holds for discrete values of u and w. For a given order [, 

multiple solutions exist due to the periodic behavior of the BGssel function, which are 

designated by the index 11l. Evaluating (2.7) for the first five modes yields Fig. 2-3. For a 

given wavelength or V number the propagation vector can be found for the plotted modes. 

It is important to note that only a single mode can propagate when V < 2.405. This is the 

preferred mode of operation for most optical switches, since the linear properties of a 

device depend on the propagation constant. 



Fig. 2-2 

x/a a) 

x/a b) 

x/a c) 

Electric field proflles and intensity plots of the first three fundamental 
modes. All modes were evaluated for V = 5.0 a) LPO} with uOl = 1.994, 
and wOl = 4.585, b) LPn with ull = 3.160, and wll = 3.916, c) LP2} 
with u21 = 4.180, and w21 = 2.756 . 
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v 
Dispersion relation of the first 5 fundamental modes of a step-index fiber. 
Solutions were generated by solving eq. (2.7) numerically. 
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2.3 Birefringent Fibers 

An ideal single-mode fiber, which is perfectly circular, supports two degenerate 

LPoJ modes. The two modes are orthogonally polarized along the x and y direction, but 

have the same propagation constant [Rashleigh, June 1983]. Since no preferred orientation 

exists in a perfectly circular fiber, the x and y designations are arbitrary. Various 

imperfections in practical single-mode fibers result in an anisotropy of the fiber, which can 

lead to an output polarization state different from the input. These imperfections can be 

attributed to a noncircular core, asymmetrical lateral stress or external conditions such as 

bending, twist, and tension. Even mounting the fiber with clamps at the input can result in 

stress which influences the polarization state at the output. In general, the intrinsic and 

external birefringence of a fiber is undesirable for many applications, such as for fiber 

sensors, phase coherent optical communication systems, and some all-optical switches. For 

example, the nonlinear optical loop mirror (NOLM), which essentially operates like a 

Mach-Zehnder interferometer with long optical path lengths, relies on a polarization 

controller to coalign the polarization states of both arms [Lefevre 1980]. The polarization 

controller consists of winding the fiber on three different coils which are aligned at different 

angles to each other, to provide the desired fractional phase change. 

The above method relies on an externally applied stress birefringence to compensate 

for the intrinsic birefringence. An alternate method for producing a predictable output 

polarization is to build a controlled birefringence into the fiber. This can be accomplished 

by making the core strongly elliptical or surrounding the core by an elliptical stress cladding 

(Fig. 2-4). The resulting fiber is called a polarization preserving fiber since, its anisotropy 

is constant along the length of the fiber. If one of the principal axes of a polarization 

preserving fiber is excited at the input, the output polarization will emerge with the same 

orientation, as long as the stress cladding at the output is oriented in the same direction as 

the input. Not even bending or a change in temperature can significantly disturb the output 



25 

polarization. This is because the built-in birefringence is much larger than the stress 

induced birefringence stemming from environmental factors. 

A B 

~ cladding 

1«1 stress-cladding 
mll! core 

c 

Fig. 2-4 Structural geometry of different types of polarization maintaining 
fibers. A represents an elliptical core fiber. B contains a 
separate stress-cladding. In C an external form birefringence is 
combined with a stress-cladding. 

One of the most important parameters of a birefringent fiber with principal axes 

indices, nx and ny is the beat length given by 

(2.8) 

The lower index is called the fast-axis. Conversely, the slow-axis is denoted by the higher 

index. Typical non-polarization maintaining fibers have beatIengths between 10 cm and 

2m, depending on environmental factors and on how the fiber is manufactured [Rashleigh, 

May 1983]. Spinning the preform, while pulling the fiber results in a low-birefringence 

fiber which can have beatlengths of greater than 10m. In order to maintain linear 

polarization over relatively long distances, it is essential to make the birefringence in a 

polarization maintaining fiber significantly larger than the birefringence imposed by the 

fiber environment. For this reason birefringent fibers have in general short beatlengths 
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between 1 mm to a few cm. To unden;tand the significance of the beatlength, it is 

instructive to consider the spatial evolution of light in a fiber excited by linearly polarized 

light at the input. If the initial E-field is resolved into its two eigenvectors, then each 

eigenmodes propagates with its own propagation vector f3x and /3y . The total electric field 

of the two eigenmodes can then be represented by 

(2.9) 

where Ax = Ay when the slow and fast-axes are equally excited. The difference in phase 

velocity produces a phase shift between the two modes, which gives rise to a spatially 

periodic polarization state as illustrated in Fig. 2-5. Linearly polarized light injected at the 

input turns initially elliptical and then circular. At half the beatlength, also known as the 

coupling length, the polarization is again linearly polarized but at _45°. This process repeats 

with the handedness of the polarization reversed, until the light emerges at Lb, exactly with 

the same polarization as at the input. Nonlinear polarization switches make use of the 

periodic polarization changes, whereby the beatlength and therefore the output state 

becomes intensity dependent. 



x 

Fig 2-5 Polarization evolution of linearly polarized light over a 
one beatlength segment of a birefringent fiber. The fast 
axis is along x and both axes are excited equally strong. 
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CHAPTER 3 

BASIC EQUATIONS OF NONLINEAR 

FIBER OPTICS 

3.0 Introduction 

28 

Most propagation problems in waveguides involve a small perturbation on the 

dielectric susceptibility and generally require propagation distances which are much 

larger than the optical wavelength. When these criteria are met, the polarization of the 

medium can be separated into a linear and a nonlinear part. Using the two polarizations as 

the driving terms in the wave equation, making the "slowly varying envelope 

approximation" (SVEA), yields coupled wave equations. The coupled-wave approach 

permeates throughout the field of nonlinear optics and accurately describes virtually all 

nonlinear effects in fibers. In this chapter we will derive the coupled wave equation for 

waveguides and examine the intensity dependent index. Two phenomena, self-phase 

modulation and cross-phase modulation, which follow directly from the nonlinear index 

are also discussed. 

3.1 The Coupled Wave Equation 

The wave equation for nonmagnetic and source free media is given by [Hopf 
1986] 
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t"1 t"1 E( ) 1 aE(r,t) _ _ ap(r,t) 
v x v X r,t + 2 2 - Po :l 2 ' 

c at dt 
(3.1) 

where P is the polarization of the medium. The monochromatic electric field consisting 

of a superposition of normal modes propagating inside a waveguide is assumed to be of 

the following form 

E(r,t) = ~ {~ 6j(r )ei(llJ;r-p; z) + c.c.} = ~ {~ Ai(Z)'I'i (x,y) ei(llJ;r-p; z) + c.c.}. (3.2) 
I I 

In nonlinear fiber optics several fields may be present simultaneously, due to the 

generation of new frequency components, coupling between different polarization states 

or spatially separate waveguides. To account for the exchange of energy between waves 

the siowly varying amplitude Ai(Z) is introduced. The modal profile and polarization 

direction is contained in the term '1';. Even though the LP mode designation requires two 

subscripts, the subscript i in this case is used to tag a given wave with its corresponding 

LP mode implied. 

The only thing needed to solve (3.1) is the relation between P and E. This is 

given by the constitutive relation which characterizes a given material on a macroscopic 

level. We assume the response time of the medium is instantaneous which is equivalent to 

neglecting dispersion. Glass has a response time of about 10 fs which is much faster than 

the pulses emitted from most commercial lasers. The total polarization, is then 

represented phenomenologically by a power series expar!sion, 

P(r, t) = coX(l). E(r, t) + coX(2) :E(r, t)E(r, t) + cOX(3) :E(r, t)E(r, t)E(r, t). (3.3) 
• 

The first term in the power series expansion given by X(l) is the !inear polarization and 

gives rise to the linear index of refraction and the linear absorption coefficient. The 

second and third terms represent the nonlinear polarization which is assumed to be small 
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compared to the linear polarization. A large number of nonlinear processes can be 

generated from (3.3), but we want to concentrate on the intensity dependent index. For 

this reason we can drop X(2) immediately, since X(2) vanishes in centrosymmetric media 

such as glass. Then substituting (3.3) into the wave equation yields 

(3.4) 

In deriving (3.4) it has was assumed that the medium is isotropic and that n2 = 1 + X(1). 

PNL represents the third term in the power series and we further assume that the nonlinear 

polarization consists of only a single term which drives the wave equation. Then 

(3.5) 

where the amplitude in the i direction is given by 

(3.6) 

The constant Djkl is called the degeneracy factor, and depending on the number of 

different fields present, can be 1,3, or 6 [Boyd 1992]. Substituting (3.5) and (3.2) into the 

wave equation produces the result: 

(3.7) 

Now we impose the SVEA which requires that the rate of change in the field amplitude 

varies slowly over distances compared to the wavelength. This can be expressed by 
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d A; f3 dA; __ « 0 2- ~ 
dz 2 

I dz 
(3.8a) 

and results in the elimination of the second derivative in (3.7). In addition we require the 

nonlinearity to be small enough to only perturb the propagation vector not the 

eigenmodes themselves. This implies that the linear eigenvalue equation is still valid: 

(3.8b) 

Then we obtain 

~2·f3om.dA; ;(OH-Pi Z)=J.l.r.,2 6P ;(roNLr-PNLz) 
£.J [ I Tie UJNL =-NLe • 

j dz 
(3.9) 

To decouple the above polarization which drives a superposition of modes, we make use 

of mode orthogonality. Then designating the normalization of a given mode by Ni yields 

in the weakly-guiding approximation 

N = AfJB..· B.. dxdy:: .!.eo en ff'P~' 'Po dxdy. 
I 2coJ.l. I- I- 2 co I I 

(3.10) 

The power guided by the ith mode is then simply S; = N;IA;12 . Making use of the SVEA, 

mode orthogonality, and (3.10) simplifies the wave equation to 

- 2 
dA; _ . CONL i(llror -IlPz)fJm* 6P dxd 
dz - -[ 4coN e T i ·.:LfVL y. 

I 

(3.11) 

Here, Il.co = CONL - COi and 1l.f3 = f3NL - f3i' It is customary to use power amplitudes instead 

of the dimensionless slowly varying amplitude A; when describing optical devices. Then 

letting A; = Ai{N; and replacing If 'P7 . !4Ldxdy by the more compact notation 

('P7' !4L)' the final solution is 
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(3.12) 

For some processes it is more convenient to expand ~L as given by (3.6). Then (3.12) 

expands to the general result 

(3.13) 

where the summing over repeated indices is not necessary. This equation can be applied 

to many phenomena in nonlinear optics, such as third harmonic generation, four-wave 

mixing, and the intensity dependent refractive index. 

3.2 Intensity Dependent Refractive Index 

In linear optics, the index of refraction is treated as a constant which only depends 

on wavelength but not on the intensity of the field propagating through the medium. 

Optical waveguides are capable of confining light at sufficiently high intensities that 

small index changes occur from the intense field. Propagating the strong field over large 

distances compared to the wavelength can result in pronounced changes from the low 

intensity case. For example, a high power laser pulse only needs to propagate over a few 

meters of fiber to broaden its spectrum by an order of magnitUde [Agrawal 1989]. This 

broadening is called self-phase modulation and occurs in all nonlinear switches which are 

excited by pulses and where dispersion is not important. 

The nonlinear polarization accompanying a strong field polarized along x in an 

isotropic medium such as glass can be inferred from (3.3) and becomes 
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~ _ A 3 (3) 1& 12 cR L - xe0'4 Xx.ux x X' 
(3.14) 

From the above equation it is apparent that the degeneracy factor Dxxx is 3 and 

x = i = j = k = I. In addition, all frequencies are the same and the polarization wave 

travels with the same phase velocity as the field. Then making use of W = W NL = Wi and 

1!.f3 = 0 results in the coupled-mode equation 

(3.15) 

This equation has the solution 

(3.16) 

where the intensity dependent refractive index is defined by 

(3.17) 

The effective waveguide area over which a nonlinear process takes place can be 

characterized by an overlap integral which can be quite complicated for 4 distinct waves, 

but simplifies for our case: 

(3.18) 

The effective area has units of cm2 and can be larger or smaller than the core area, 

depending on the V number. The next section will examine the overlap integral in more 

detail. 
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Combining (3.16) with the definition of the E-field of a guided mode (3.2) and 

approximating f3 by konco 

(3.19) 

Here we have defined the effective index of the guide as 

(3.20) 

and / is simply IAAot / AeJJ • The second term in (3.20) clearly shows that the effective 

index becomes intensity dependent when the second term becomes significant. In optical 

switches it generally requires only a small change in index to change the output state of 

the device. Therefore, n2/ does not need to be comparable to the linear index. For silica 

glass fibers n2 is positive and is 3.2xlO-16 (cm 21W) which is quite small compared to 

semiconductors or organic materials. Nonetheless, the effect of n2 can easily be 

demonstrated through self-phase modulation of pulses which is discussed in the next 

section. 

3.3 Self-Phase Modulation and Cross-Phase Modulation 

It was shown in the above section that an intensity dependent refractive index 

leads to an additional phase shift over the propagation distance. This phase shift is not 

easily detectable for a CW beam, but introduces spectral broadening when pulses are 

used. Since, the intensity varies along the pulse envelope, correspondingly the nonlinear 

phase shift follows the intensity profile of the pulse. As a result the phase of the exiting 
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pulse has been modified due to an intensity dependent index but the pulse shape remains 

unchanged. This process is appropriately called self-phase modulation (SPM) and leads 

to spectral broadening and chirping of the pulse. 

The equation governing self-phase modulation cannot be directly derived from the 

coupled mode equation since we neglected all temporal effects in the derivation. The 

reader must take the following equation which is essentially the CW result of (3.15) on 

good faith . Replacing the total derivative by a partial one and allowing for temporal 

changes along the slowly varying amplitude, yields the correct result [Agrawal 1989] 

aA(z, 'l") = _ ·nlA( )12A( ) az 1~1 Z,'l" Z,'l" , (3.21) 

where Q = koAejJ /n2. For a gaussian pulse, with an intensity full-width-half-maximum 

(FWHM) defined by TFWIIM and an electric field envelope of the form 

A(O,r) = Aoexp(-2In2~J, 
T FWIIM 

(3.22) 

equation (3.21) is readily integrated to obtain the solution 

A(z, 'l") = A(O, 'l")exp( -i~A(O, 'l"t z). (3.23) 

It is apparent that the maximum phase shift of the temporally varying phase occurs at the 

center of the pulse and decreases in a gaussian fashion toward the wings. This phase shift 

is given by 

(3.24) 

Not as obvious is the temporal chirp introduced by the phase. This chirp can 

understood as the instantaneous frequency along the envelope and can be obtained from 
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Q(-r) = a~L = -aozv1(z,-r) (3.25) 

where ao = (8In2)Q/T~m . The above equation clearly shows that for -r > 0 the chirp is 

negative and for -r < 0 the reverse is true. This means that the frequency of the leading 

edge of the pulse is down shifted (red shift) and the trailing edge is upshifted (blue shift). 

At the center of the pulse no frequency shift occurs. The resulting frequency chirp over 

the entire envelope of a gaussian pulse is illustrated by Fig. 3-1. As the pulse propagates 

new spectral components are continuously created which results in spectral broadening. 

To determine how much broadening occurs and what is the shape of the spectrum, one 

must take the Fourier transform of (3.23). This can only be done numerically since no 

analytic solution exists. Fig. 3-2 illustrates the spectral evolution of a gaussian pulse 

propagating increasingly longer distances and therefore experiencing progressively larger 

maximum phase shifts. Notice, that the spectrum can fall to near zero at the center 

wavelength due to interference effects. We have seen that self-phase modulation is an 

effect self-induced onto the pulse itself by the nonlinear refractive index. The nonlinear 

polarization for this process is described by (3.14). 

Another way of modulating the phase of one pulse is to use the field of a second 

pulse whose frequency or polarization direction is different from the first pulse. This 

process is called cross-phase modulation (XPM) and represented by the nonlinear 

polarization 

(3.26) 

The important difference between SPM and XPM is the factor of 2 in (3.26). Here we 

assume the pulses are colinearly polarized and pulse 1 is weak and pulse 2 is strong. The 

nonlinear phase shift experienced by wave 1 is twice as large as that for SPM. 
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In the context of SPM we encountered earlier the concept of the effective area. 

Similarly, there is measure of the area over which XPM occurs between two modes of 

different wavelengths or polarization directions. For completeness we give here both 

areas which are essential for nonlinear waveguide calculations: 

(3.26) 

(3.27) 

For XPM we have designated the shorter wavelength of the two waves by 'PI 

The effective areas for the two different nonlinear interactions can then be computed 

through (3.26) and (3.27). The numerical results are shown below in Fig. 3-3 for different 

V numbers. For SPM the curve labeled V I applies. For small V I, the effective area 

diverges, since, a significant part of the modal energy resides in the cladding. As a result 

the modal power is spread over a larger area which results in a smaller nonlinearity. XPM 

shows similar behavior, but we must specify two V numbers. We have arbitrarily chosen 

V2 S; VI. Self-phase and cross-phase modulation play an important role in nonlinear 

device physics. All those optical devices which solely rely on the nonlinear index and not 

on dispersion make use of the nonlinear phase shift. Whenever pulses are used for 

switching, SPM is an unavoidable side effect. 
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4.0 L-ltroduction 

CHAPTER 4 

ALL-OPTICAL SWITCHING IN 

WAVEGUIDES 
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The fairly recent interest in all-optical signal processing in waveguide format 

stems from the inherent speed limitation of electronics in optical communication systems. 

Optical fibers posses in general much larger bandwidths than electronic transmitters or 

receivers can utilize. Splitting and routing of information today is done electronically 

which often involves converting the optical signal to an electronic one, demultiplexing 

and routing the signal and then converting the signal back to its optical format. This 

process is slow and cumbersome and could be vastly improved by keeping the optical 

signal in its optical format. The demand for increased bandwidth is growing rapidly and 

is likely to kindle further research in this field. 

In this chapter we shall initially give an overview of the geometry and 

characteristics of optical waveguide switches. The nonlinear directional coupler (NLDC) 

has been singled out as the device to be investigated in detail. It is in general easier to 

understand than the nonlinear rocking filter fiber (NLRFF). Nonetheless the essential 

physics of the NLDC parallels that of the rocking filter. Throughout this chapter we are 

assuming an ideal Kerr type nonlinearity with an instantaneous time response and no 

saturation of the nonlinearity. The chapter concludes by deriving the coupled-wave 
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equations for the NLRFF and points out the similarities and differences between the two 

devices. 

4.1 Mach-Zehnder Interferometer 

All lossless optical switches which have been proposed to date have one 

characteristic in common-they all switch by means of the intensity-dependent index of 

refraction which was discussed in some detail in Chapter 2 [Stegeman 1990]. Currently 

the switching or routing of light between two or more output channels is controlled by a 

large DC electric field in electro-optic media such as LiNb03. Applying an electric field 

in an electro-optic waveguide changes the linear index by L1n which results in a changed 

propagation vector and a corresponding phase shift !l.l/J = ko!l.nL over the device length L. 

This change in index or phase shift is also the basis of all-optical switches. For example, 

a Mach-Zehnder waveguide switch, illustrated in Fig. 4-1 a, relies on the net phase 

difference between both channels to transmit or block an optical signal. The phase 

sensitive response of the device is given by 

(4.1) 

where we assumed a 50% splitting ratio and the constant phase is determined by the 

difference in channel length e.g. 00 = konco(Lt - L2). Controlling the phase shift electro-

optically has the effect of controlling the output power of the device. In all-optical 

switching the electronics to manipulate the output state of a device is no longer needed. 

The index change ,111 in this case is determined by the pulse itself or by a strong control 
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pulse. At large powers the phase shift is produced by the pulse itself as a result of the 

index change the pulse creates. Switching in this case can be done potentially much faster 

than by the electro-optic counterpart. If we assume the cross-sectional areas of both 

guides to be different, then we obtain for the self-switching nonlinear phase shift 

(4.2) 

Here. we assumed square pulses which have a constant intensity over their entire 

envelope. If gaussian pulses are used. the response becomes more complicated and leads 

to pulse break-up which will be more fully explored in the next chapter. 

Fig. 4-1 Nonlinear Mach-Zehnder interferometer: a) geometry of 
device, b) nonlinear switching response. 

Some of the disadvantages of the nonlinear Mach-Zehnder (NLMZ) is that the 

power response is not very sharp and the device does not lend itself easily to separate 

signals spatially. A three or four port device in general makes the routing of signals much 

more accessible. 
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4.2 The Linear Directional Coupler 

Probably the most widely studied device of all nonlinear guided wave devices is 

the NLDC. There are several reasons why this device has enjoyed such popularity. Even 

though the nonlinear optical loop mirror (NOLM), which is a device similar to a Mach

Zehnder interferometer, has also received considerable attention, especially from an 

experimental point of view [Blow 1990]. This device has several drawbacks compared to 

the directional coupler. The directional coupler is a four port device with two input and 

two output ports. Using this device as a signal splitter can be easily implemented using 

both output channels. The Mach-Zehnder configuration suffers from having only one 

output port. It would require two NLMZ to implement the splitting function. 

Demultiplexing a weak signal by a strong control beam is probably one of the most 

desirable modes of operating a nonlinear device. A four port device is the configuration 

of choice to implement such a logic operation. Another area in which the NLDC has an 

edge over the NLMZ is in the steep switching response. The switching curve of the 

NLDC is given by a Jacobi-Elliptic function which is steeper than the sin2 response of the 

Mach-Zehnder. A sharp switching threshold is a desirable property of any optical device. 

Without a steep power response, thresholding the power level of pulses becomes difficult. 

This can lead to cross-talk between outputs and limit the fan-out of the device. Both 

devices can be easily implemented in both fiber and channel waveguide format [Blow 

1990, Villeneuve 1992]. The switching power of NOLMs has been shown to be made 

essentially arbitrarily small by increasing the length of fiber in each arm [Blow 1990]. 

Manufacturing directional couplers longer than a few centimeters in length continues to 

remain a processing challenge [Saifi 1989]. 
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Understanding the linear directional coupler is a prerequisite to understanding the 

nonlinear device. Therefore, we want to focus on the linear properties first and then 

extend our knowledge to the nonlinear case. 

When a single waveguide in which an eigenmode mode is propagating comes in 

close proximity with a second guide, energy can be coupled to the second guide through 

the evanescent tail of the first guide. Complete energy transfer is possible if both guides 

are identical and occurs over a distance called the coupling length (Lc). If the propagation 

vectors of the two guides are different, then the energy exchange can never reach 100%. 

A larger mismatch in [3 leads to a decreased energy exchange until the mismatch is so 

large that the two guides become decoupled. Increasing the interaction length to two 

coupling lengths, which is denoted by the beatlength (Lb), transfers the energy back to 

the first guide for the wavevector matched case. For switching purposes it is generally 

more advantageous to work with an odd integral number of coupling lengths. In this 

configuration the energy injected into the first guide, which is referred to as the bar-state, 

is completely transferred to the second guide or the cross-state. 

The coupling between the guides can be treated mathematically through a 

coupled-mode approach analogous to the nonlinear polarization in Chapter 3. Here, the 

presence of the second guide produces a perturbation on the field of the first guide. This 

perturbation can be represented by a linear polarization which drives the wave equation 

and can be solved in a way similar to the method for the nonlinear polarization discussed 

in Chapter 3. The reader, who is interested in the details of the derivation, is referred to 

the treatments of Kogelnik and Yariv [Kogelnik 1979, Yariv 1984]. The coupled-mode 

approach yields the following equations with reference to Fig. 4-2. The coupling of the 

electric fields is described by: 

(4.3a) 
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dA2(z) . A ( ) -i2oz 
--=~= -1""21 I Z e , 

dz 
(4.3b) 

where the wave vector mismatch is described by 28 = (131 + "'11)- (132 + "'22) All four 

y ~2a->l 

guide 1 guide 2 

Fig. 4-2 Geometry and index profile of a fiber directional coupler. 

coupling coefficients must be evaluated by four separate integrals: 

(4.4a) meo If (21 2). ""12 = 4 nco 1 - ncl \f'1 \f' 2dxdy 
gllidel 

(4.4b) ""21 = ~o If (n;oI2 -n;lr;\f'ldxdy 
g II ide 2 

(4.4c) ""II = ~o If (n;oI2 - n;1 )I\f' d2 
dxdy 

gllide2 

(4.4d) ""22 = ~o If (n;o t -n;1 )I\f' 212 dxdy. 
gllidel 

""12 and ""21 are the cross-coupling coefficients and can be approximated for nearly 

identical guides by "'12 = "'21 = '" = lr/2Lc · The self-coupling coefficients ""II and ""22 
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represent a small correction to the propagation constant {31 and {32, respectively. If only 

guide 1 is initially excited then the solution for (4.3) is given by 

(4.5a) 

(4.5b) 

Here F2 is the power exchange factor which is defined by 1/[1 + (o/Kl] which reduces 

to unity when the guides are matched. Plotting of eq. (4.5a) in Fig. 4-3 reveals a periodic 

energy exchange over the coupling length. Introducing a mismatch or index difference 

into the two fibers, shortens the coupling length and diminishes the power transfer. 

Fabricating a coupler to an interaction length of exactly one coupling length is 

often difficult to achieve. A coupler which is insensitive to length variations is called a 

.1{3 coupler. This device consists of two electrodes which induce an index mismatch 

between the two channels over the first half of the interaction length. Over the last half, 

the mismatch is equal but opposite in sign. This geometry is shown in Fig. 4-4 which also 

occurs in NLDCs but is induced by the nonlinearity of the pulse itself. Adjusting the 

voltages of the electrodes can compensate for almost any interaction length larger than Lc. 

It was previously shown that a mismatched coupler can never transfer 100% of the energy 

to the bar-state and that the coupling length becomes shorter when the mismatch 

increases. The important difference here is that the equal and opposite mismatch over the 

interaction length can still result in complete coupling. The coupling length in this case 

becomes longer for larger values of A{3 . Once a voltage level has been established for 

complete cross-coupling, switching can be achieved by raising or lowering he voltages on 

both electrodes to a sufficiently large value to prevent all energy transfer. The.1{3 coupler 
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is important because it parallels the operation of a NLDC below its critical or switching 

power. 

Fig. 4-4 Schematic of a L1{3 coupler with four electrodes which 
mismatch the parallel guides by 2L1{3 over the first half of the 
coupling length and by -2/l{3 over the last half of the 
interaction length. 

4.3 The Nonlinear Directional Coupler 

The NLDC can be viewed as a self-induced L1{3 coupler below the critical power 

and a mismatched coupler above the critical power, as long as we allow for a sinusoidal 

index profile in each guide. Therefore, the insight gained by the previous section can be 
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directly applied to the nonlinear case. The equation of motion for the nonlinear coupler 

derived from coupled-mode theory is quite complicated when all terms generated by the 

third-order nonlinearity are kept [Jensen 1982, Maier 1981]. It has been shown that the 

self-phase modulation term in this equation is by far the most important term and yields 

solutions which are in excellent agreement with experiments [Trillo 1986, Friberg 1988]. 

Then restricting the nonlinear interaction only to self-phase modulation results in a 

simplified equation of motion [Trillo 1986, Chen 1990]: 

. dA l A i28z Q IA 12A 1-=K'12 2e + I I I dz 

. dA2 _ A -i28z Q IA 12A 
I--K'21 Ie + 2 2 2· dz 

The nonlinear coupling coefficients are defined by 

(4.6a) 

(4.6b) 

(4.7a) 

(4.7b) 

The analytical solutions for the mismatched coupler of eq. (4.6) were shown by Trillo to 

consist of a complicated expression of Jacobi-elliptic functions. Concentrating for now on 

the case when both couplers are identical and only guide 1 is initially excited, which 

implies that <5 = 0, K' = K'12 = K'21' and Q = Q I = Q2. Solutions for the wavevector 

matched case were first given by Jensen and Maier, which are 

(4.8a) 

(4.8b) 
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Po is the initial power and the critical or switching power is given by 

(4.9) 

For the low power case, Po/Pc «1, the Jacobi-elliptic function cn{2KZlo) simplifies to 

cos{nz/ Lc) and (4.8) reduces to the linear solution as given by (4.5). Solution (4.8a) is 

plotted in Fig. 4-5 and illustrates the L1{3 and mismatched coupler behavior previously 

alluded to. 

Two different regimes in the power exchange can be easily distinguished from the 

graph. Below the critical power complete coupling occurs but the effective coupling 

length becomes power dependent and increases with larger input powers. The Kerr 

nonlinearity initially mismatches the coupler at the input, and as some of the power 

couples to the cross-channel the mismatch becomes reduced. This process continues until 

u 
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Fig. 4-5 Evolution of the bar state power of a NLDC for a 4 coupling 
length coupler. Below the critical power complete energy 
transfer still occurs but with increasing coupling distance. Once 
the input power exceeds the critical power the mismatch can no 
longer be overcome and little power exchange occurs. 
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half the power is in each channel at which point the index of both guides become equal. 

At this point one must wonder why the coupling does not stop since 50% of the power is 

in each channel which intuitively represents an equilibrium point. It is true that a NLDC 

with 50% of the energy in each channel at the input will not experience any net coupling, 

since this configuration represents a normal mode of the coupler [Yariv 1991]. If we 

introduce any phase difference between the equal amplitude fields at the input, similar to 

the anti-symmetric mode of a linear coupler, power exchange will noV! occur. Therefore, 

care must be taken when analyzing propagation problems on the basis of intensity alone: 

It is the electric field which has both an amplitude and a phase which determines the 

evolution of the system. Therefore, at the 50% mark the bar and cross fields are not in 

phase and the power transfer continues until all the energy in the first channel ends up in 

the second guide. The mismatch during the first half of the effective coupling length is 

positive, but reverses for the remaining part. This is similar to the.t1{3 coupler, except that 

the mismatch is not constant, but varies sinusoidally over distance. Nonetheless, the 

distributed mismatch of the NLDC can be viewed in a simplified model as an averaged 

.t1{3, which explains the essential physics below the critical power. 

When the input power exceeds the critical power, the index difference has become 

so large, that the coupling process can no longer overcome the large mismatch as seen by 

the field. This is the regime which resembles that of the mismatched linear coupler. The 

effective coupling length is shortened and little energy is exchanged with the opposite 

guide. Therefore, sending a strong square pulse into the bar guide of length Lc will result 

in little or no cross-coupling, and the pulse will also exit from the same guide. 

At the critical power only 50% of the energy can be coupled to the cross-state 

which occurs over an infinitely large distance. Exceeding the critical power by an 

infinitesimal amount, collapses the effective coupling-length from infinity to a value less 

than the low power coupling-length. Even though the critical power appears to be an 
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instability point from the point of view of the effective coupling length, varying the input 

power about this point does not lead to dramatic fluctuations in the splitting ratio of both 

outputs. The power and phase response for a coupler of length Lc is depicted in Fig. 4-6. 

The power response shows no instability, but is sharper than the sin2 response of the 

Mach-Zehnder. At the critical power 46% of the input power is in the cross-state, and at 

approximately 1.26Pc, the power transfer to the cross-state is 100%. For larger input 

powers the response exhibits some ringing due to the strong mismatch the coupler is 

subjected to. 
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Fig. 4-6 CW power and phase response of a NLDC of length Lc for both 
the bar and the cross-state. The input power was assumed to be 
initially in the bar-state and the phase difference is defined by 
ll.</J = </Jbar -</Jeross' 

The phase response essentially illustrates self-phase modulation in each guide. In 

the limit of zero input power, the cross-state leads the bar-state by 90° in phase. For 

increasing powers below the critical power, the slopes for both phases are essentially 

linear in power which represents a nonlinear phase-shift. The slope for the bar-state is 
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slightly steeper, because as the effective coupling-length becomes longer for increasing 

powers, the light spends more time in the bar than the cross-state. More time is equivalent 

to !onger distances and results in a larger nonlinear phase shift. Near the critical power 

the bar-state has caught-up with the cross-state and both outputs are inphase. As the 

coupler becomes strongly mismatched above the switching power, SPM becomes much 

stronger for the bar-state. As a result the slope for the bar-state steepens and for the cross

state the slope drops. 

The instability, earlier alluded to, shows up in the two coupling-length coupler. 

Fig. 4-7 illustrates the abrupt response near the critical power. Just slightly below the 

critical power, the coupling is increased to 2Lc by the nonlinearity which is equal to the 

device length. As a result all the input power exits from the cross-channel. Driving the 

device above the critical power results in the now so familiar mismatch-respons~ and 

leads to an abrupt change in the output For the purpose of all-optical signal processing, 
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Fig. 4-7 CW power and phase response for a one beatlength coupler 
with all the input power in the bar channel. The response 
exhibits an instability at the critical power which leads to 
dramatic changes in the splitting ratio. 
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the two coupling length coupler is not a useful device. It simply does not tolerate 

fluctuations in the switching power which at best would be very difficult to implement. 



55 

CHAPTER 5 

THE ROCKING-FILTER FIBER 

5.0 Introduction 

One of the limitations of the one-coupling length NLDC is that the device length 

is generally restricted to a few centimeters, due to fabrication tolerances. It is desirable to 

reduce the switching power of the coupler or any switching device to low powers by 

increasing the device length. The rocking filter is essentially such a device, which can 

have coupling lengths from a few centimeters to ten's of meters. It is a four-port device 

with two input and two output polarization axes. The four ports are not as accessible as 

for the directional coupler, nonetheless, most coupler functions have a direct counterpart 

for polarization. 

The first part of this chapter treats the linear rocking filter in great detail by 

modeling the fiber as a folded Solc filter. This model leads to the coupled-mode 

equations which are solved for an input polarization of arbitrary amplitude and phase. In 

addition the sinc2 filter response is derived and examined over different fiber lengths. 

Nonlinear effects which are of interest to switching are treated in the latter part of this 

chapter. The coupled-mode equations for the nonlinear rocking rotator are derived and 

analyzed for both resonant and off-resonant switching. In addition the similarities 

between the NLRFF and NLDC are pointed out. 
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5.1 Linear Characteristics of Rocking Filters 

A rocking filter fiber is a birefringent single-mode fiber with a weak periodic 

twist along the length of the fiber. The twist alternates between clockwise and 

counterclockwise rotation over the twist length of a few centimeters (Fig. 5-1). If the 

twist length equals the birefringent beatlength for a given wavelength, the polarization 

state rotates with distance along the fiber. Energy can therefore be exchanged between the 

two orthogonal polarization axes. This process is analogous to the spatial coupling of the 

directional coupler. The difference here is that polarization coupling occurs in the same 

waveguide and that coupling is strongly wavelength selective. In a typical rocking fiber, 

the bandwidth over which polarization rotation occurs is only about 5 nm. This represents 

a narrow window or filter. 

Fig. 5-1 Schematic of a 2 twist period rocking filter section. Each 
period alternates between a clockwise and counterclockwise 
sinusoidal twist. 

The Solc filter is probably the most intuitive model for visualizing the physical 

mechanism leading to polarization rotation within a narrow spectrum. If we replace each 

sinusoidal twist by a constant twist, the rocking rotator becomes equivalent to a Solc filter 

[Johnson 1980, Yariv 1984]. The Solc filter consists of a stack of half-wave plates which 
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alternate in rotation of the same principal axis from 0 and -0. Fig. 5-2 depicts a 3 twist

length long (6 half-wave plates) Solc filter between crossed polarizers. Light entering 

vertically polarized through the polarizer is rotated by each waveplate by an angle 20. 

After passing through N waveplates the electric field has the direction 

(5.1) 

Here ON is the rotation angle of the last waveplate which is positive for counterclockwise 

rotation and vice-versa. We see from (5.1) that the analyzer will transmit all the light 

when 2NON = ±lrj2. The Sole filter therefore acts as a complete polarization converter if 

we choose the right conditions. As each waveplate is wavelength sensitive, the 

cumulative rotation effect is even more strongly wavelength selective. The bandwidth is 

inversely proportional to N as will be shown later. 

Fig. 5-2 The folded Solc filter structure consists of a stack of half-wave 
plates whose rotation alternates between +0 and -0. 

Rocking fibers were initially fabricated by Ulrich and Johnson by mechanically 

twisting a non-birefringent fiber in alternating directions [Ulrich 1979]. The mechanical 
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twist was adjustable and simultaneously introduced birefringence. This rather crude 

method of fabricating rocking filters was vastly improved by Roger Stolen. His 

fabrication process consisted of sinusoidally oscillating the preform of a birefringent 

fiber, while the fiber is drawn [Stolen 1984]. The resulting fibers have the twist and 

birefringence built-in, which makes them somewhat immune to environmental factors. 

Another method of fabricating rocking fibers which maintain their twist is by using the 

photosensitivity of the Ge content in.fibers. Illuminating a photosensitive, birefringent 

fiber at a certain angle with respect to one of the polarization axes produces a small 

rotation of the principal axes. If only small sections along the fiber are periodically 

exposed by the UV source a rocking rotator is produced [Hill 1991]. 

Next we want to derive the linear coupling equations for the rocking rotator and 

find the general solution for a phase dependent input. Even though the coupled-wave 

equations are equivalent to the linear directional coupler, it is not intuitively obvious as to 

what the coupling constant K is. Also solving for the most general initial conditions has 

application to the demultiplexing configuration with a strong pump beam studied 

experimentally in this work. 

The rocking filter can be analyzed in a straight forward fashion by modeling the 

device as a folded Sole filter. First we must find the perturbed dielectric tensor of this 

structure, which we can then use as the driving term in the coupled-mode equations. 

The lab reference and the coordinates for the rotated wave plate are shown in Fig. 

5-3. In this chapter we want to adhere to the convention that the slow axis is along the x 

axis and the fast axis is along y, e. g. nx > ny- This restriction on the coordinate system 

eliminates the ambiguity in the sign of the detuning S . To relate the rotated dielectric 

tensor to the labframe, we must use a rotation matrix of the form 
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Fig. 5-3 Coordinate system for analyzing the rocking filter. x and y are 
the stationary lab coordinates and X and Y represent the 
principal axes direction of a half-wave plate rotated through the 
angle e .. 

[

COS e sin e 0] 
R(e)= -sine cose 0 

o 0 1 

The dielectric tensor in the twisted fiber coordinate system is given by 

Then transforming Er to the lab frame through the operation 

where R-1(e) = R(-e), yields 

This result can be rewritten as 

(n; -n;)sinecose 

n2 sin2 e + n2 cos2 e x y 

o 
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(5.2) 

(5.3) 

(5.4) 

(5.5) 
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0] [ sin
2 e -sinecose 0] o +eo(n;-n.;) -sin8cos8 -sin2 8 o. 

2 ° 0 0 nz 

(S.6) 

When comparing (S.3) with (S.6), we immediately see that the dielectric tensor 

can be separated as the superposition of the unperturbed e and a perturbed part: 

H 

£(8) = £(8 = 0) + M.. (S.7) 

For small 8, we can set sin2 8 to zero in the second part of (S.6) and obtain the simplified 

result 

(S.8) 

The twist period is related to 130 by 130 = 2Tr/4 and CPo is the phase contribution of the 

initial section of fiber which is a fraction of Lt long. The perturbed polarization is then 

(S.9) 

which leads to the z dependent coupling constant 

(S.lO) 

The ratio of the integrals reduces to unity for a weakly guiding fiber which simplifies C xy 

to 

Using the perturbed polarization (S.9) instead of the nonlinear polarization in (3.11) 
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yields the coupled-mode equations: 

dAx _ -'C i tl{JzA 
dz - I X)' e y 

dA ' 
-y - -'c -itl{JzA dz - 1 yx e x 

(5.12) 

where !1{3 = {3x - {3y. Even though (5.12) appears similar to the equations of a 

mismatched coupler, we need to remember that CX)' is z dependent. Therefore, we would 

like to transform (5.12) to be equivalent to the coupler equations of (4.3) . Noting that 

C.\y = Cyx ' then defining 

K: = !1{3 sin(28) ::= !!1{3 8, 
4 2 

(5.13) 

expanding the cosine in terms of its two complex exponentials, and making the rotating

wave approximation (neglecting rapidly oscillating terms), we obtain the coupled 

equations 

(5.14) 

The important detuning parameter 8 provides the sharp filter response and is given by 

(5.15) 

Now, allowing for a complex coupling coefficient K = K:e-
i¢ gives the final coupled

mode equations: 

(5.16a) 

dAy 'K* --i2ozA -=-1 e dz X' 
(5.16b) 



62 

Eq. (5.16) is now of the same form as the equations for the directional coupler given by 

(4.3), except the K is complex for our case. We would like to solve (5.16) for the most 

general case, which consists of exciting both polarization axes with an arbitrary 

amplitude and phase. Transforming (5.16) via the following substitution 

yields 

A = a eiSz 
x x 

A = a e-iOz ' y y 

dax .~- 'K -=-Iuu -I a dz x y 

day * . 
-=iOay-iK ax 
dz 

(5.17) 

(5.18) 

This set of equations can easily be solved by assuming complex exponential or sinusoidal 

solutions with the initial conditions defined by the complex amplitudes AAO) and Ay(O). 

Solving (5.18) for the solutions of the electric field, we get 

AAz) = ei8
'{ ( cossz - i ~ sin sz )AAO) - i ~ sin SzAy(O)} 

Aiz) = e -i6,{ -i ~. sin szA,(O) + ( cossz + i ~ sin sz }y(O>}' 

The effective coupling constant is of the form 

(5.19) 

(5.20) 

Usually, we are more interested in the power than the electric field along a given 

polarization axis. Then taking the magnitude square of (5.19) gives the most general 

solution to the linear rocking rotator. 
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2 sZ + ~ sin

2 sz )AAot + f,.sin
2 szIAy(0)1

2 

+ 2~1( sin2 szcos(<px - <Py - f/Jo) IAAO)12IAy(0)1
2 

S 

+ I( sin2szcos(<px -<Py -f/Jo) IAAotIAy(0)1
2 

s 

2 ( 8
2 

) 2 1(2 2 IAy(z)1 = cos
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(5.21a) 

(5.21b) 

In order to arrive at the final result we had to redefine the initial conditions to be given by 

AAO) = IAAO)le i
4>x = ~IAAot ei

4>x 

Ay(O) = IAy(O)le
i

4>y = ~IAy(0)12 ei
4>y 

(5.22) 

(5.21) can be used to arrive at solutions for several different input configurations. Even 

the case of nonlinear demultiplexing can be treated by using the general result as will be 

shown in Chapter 7. 

Simplifying (5.21) for the simplest input configurations, i.e. exciting only the x 

input axis, allowing for zero detuning (8 = 0), we obtain the familiar coupler solution: 

(5.23a) 

(5.23b) 

Here 1( has been replaced by TC/2Lc and F2 is 1/[1+ (O/I()2], the same as for the coupler. 



64 

At the resonant wavelength F = 1 or 0 = 0, and complete polarization rotation takes 

place over a coupling length, analogous to the spatial coupling of the directional coupler. 

Detuning the wavelength off-resonance (o:t: 0) creates a mismatch in the coupling 

process which results in a rotation of less than 90° and a shorting of the effective coupling 

length. This process parallels the mismatched coupler which was illustrated by Fig. 4-3. 

In order to investigate the linear filter response of the rocking rotator, we need to 

allow for the wavelength dependence of the birefringent beatlength LB, the detuning 

parameter 0 as well as the coupling coefficient 1C. Making use of a wavelength sensitive 

birefringent beatlength, we obtain for the detuning parameter 

(5.24) 

and for the coupling coefficient, 

(5.25) 

The center wavelength is defined by 

(5.26) 

Then forming the ratio oil(, which will be needed for evaluating F2, 

(5.27) 

We are now in the position to find the bandwidth for a one coupling length filter, by 

using (5.27), letting z = Lc ' and setting (5.23b) to 1/2. To obtain the final result we must 

evaluate the resulting equation numerically, 
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~AFII'}{M = 0.7987Ao!2.... 
Le 

(5.28) 

This result shows that the bandwidth is inversely proportional to the total number of twist 

periods or the number of half-waveplates in a given coupling length. Because each half-

wave plate has a finite tolerance to wavelength changes, having a large stack of plates has 

the combined effect of reducing the wavelength tolerance. 

To show the sinc2 filter response, we need to rewrite (5.23b) to get, 

(5.29) 

Evaluating the above equation for several different fiber lengths, with the center 

wavelength of 588nm and a FWHM bandwidth of 4nm, we obtain the curves in Fig. 5-4. 

These graphs confirm the sinc2 behavior for fiber lengths which are an odd multiple of a 

coupling length. For a three-coupling-length fiber, the bandwidth narrows and the 

sidebands increase in amplitude. These characteristics have certain implications for 

switching which are discussed in Chapter 6. When a rocking fiber requires cutting to a 

length of Le , the wavelength is usually scanned about the resonant wavelength and the 

resulting spectral curves are recorded. Plots like 5-4 are then of considerable help to 

determine where the fiber needs to be terminated. 
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5.2 Nonlinear Switching in Rocking Filters 

The nonlinear rocking filter fiber (NLRFF) has the advantage over the directional 

coupler that device lengths can be several meters in length. This leads to a reduced 

switching power but increases the latency, which can be an issue for certain applications. 

In this section we want to outline the derivation of the coupled-mode solutions for the 

NLRFF and show thaCthe device acts like a NLDC. In addition, pulse break-up is 

discussed in detail to later bridge the gap between theory and experiment. 

Increasing the power in a rocking fiber at its center wavelength has a very similar 

effect to detuning the wavelength from resonance. In the waveplate picture, a given 

waveplate increases its index due to the nonlinearity, which is equivalent to an expanded 

or thicker plate. Expanding a waveplate has the same effect as changing to shorter 

wavelength. In reality, this expansion process is complicated by the orientation of the 

electric field and by cross-phase modulation. Nonetheless, this simple model is very 

attractive even though it is not entirely accurate. 

When deriving the equations for the NLDC, it was pointed out that the only 

important nonlinear process was self-phase modulation. XPM was ignored, because the 

guided waves in the adjacent guides interact through XPM, via overlap of their 

evanescent fields. In the rocking fiber both waves propagate in the same guide and XPM 

is 2/3 as strong as SPM. The nonlinear polarization at frequency CO for the case of 

interest is given by 

aJ _3 (3)IPI2P (3) (3»)lpI2p (3) P2P*) 
.:Dx - 4 co XX.l:.U 0 x 0 x + Xx.w + Xxyxy 0 y 0 x + Xxyyx 0 y 0 x (5.30a) 

aJ 3 (3) Ip 12 P (3) (3) )IP 12 P (3) p2 P*) 
.:Dy = 4 co Xuxx 0)' 0 y + X.uyy + Xxyxy 0 x 0 y + Xxyyx 0 x 0 y • (5.30b) 

For isotropic media such as glass, Kleinman symmetry holds which implies that [Shen 
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1984], 

X
(3) = X(3) = X(3) = 1.X(3) 
XXY.Y xyxy xyyx 3 XXXX • 

(5.31) 

The nonlinear polarization consists of three separate contributions. The first term is SPM 

and provides the largest nonlinear effects. Using (5.31), it is easy to see that the XPM 

term is 2/3 of SPM. The last contribution is similar to a four-wave mixing term but it is 

by far the least significant term. The coefficient here is 1/3, but most importantly the 

process is not phase matched. Over many birefringent beatlengths, the phase mismatch of 

2!!t.f3z will average out. Nonetheless, we shall retain this term for the moment until we are 

in the position to discard all rapidly oscillating exponents in the nonlinear equations. 

Using the nonlinear polarization of (5.30), it is not difficult to arrive at the 

coupled-mode equations [Trillo 1989]: 

(5.32a) 

To solve (5.32) one must resort to the complex amplitude transformation, given by 

(5.33a) 

(5.33b) 

The nonlinear coupling coefficient Q is the same as for the directional coupler given by 

(4.10). The total input power is denoted by Po which is also IAxl2 + lAy 12 . After 

transforming to (5.33) and making the rotating-wave approximation (neglecting all 

rapidly oscillating exponents), one arrives at the simplified coupled-mode equations 
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(5.34a) 

(5.34b) 

These equations are now in a useful form to be solved analytically or numerically. In 

order to show that (5.34) is of the same form as (4.6) requires one last transformation of 

the form 

b = a e-iOz 
x x 

b = a eiOz 
y y 

Then another form of representing (5.34) is 

i dbx = ei2Sz b + Q Ib 12 b 
dz y 3 x x 

(5.35) 

(5.36a) 

(5.36b) 

These equations are essentially the same as the equations of motion for the NLDC (4.6). 

The only difference is the factor of 1/3 in the above equations which indicates that the 

NLRFF requires three times the switching power of the directional coupler. Therefore, 

the critical power for the rocking rotator at center wavelength is 

(5.37) 

The larger switching power should come as no surprise, since the Kerr nonlinearity acts 

not just along the field but also orthogonally. This results in a reduction of the nonlinear 

phase shift for most orientations. For numerical work it is often easier to transform (5.34). 

It can be inconvenient to work with equations which involve complex variables. Then 
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transforming the two complex coupled equations of (5.34) to three coupled equations of 

real variables 

(5.38a) 

(5.38b) 

(5.38c) 

where the normalized distance is g = zj Lc, and 8.¢ = ¢y - ¢x. The only tricky part about 

(5.38c) is the initial condition for L1¢ when ay is zero and ax is non zero. In order for 

(5.38c) to remain finite the initial phase difference needs to be +1t/2. 

Solving the three coupled equations with the initial condition in which only the 

bar polarization axis is excited, produces the same result as for the nonlinear coupler (Fig. 

4-6). The only difference is that Pc is three times as large as for the rocking filter. This 

response can be qualitatively understood in terms of the folded Sole filter which is 

schematically illustrated by Fig. 5-5. For low powers (Po «Pc) the rotation rate is 

uniform along the fiber until complete polarization rotation has occurred. Increasing the 

input power below the critical power( Po ~ Pc) results in non uniform rotation. This 

occurs because the nonlinearity alters the index difference between the two polarization 

axes, which results in a z dependent birefringent beatlength given by [Trillo 1989, 

Crosignani 1985] 

(5.39) 

(5.39) assumes that the fast axis is along y. The resulting non uniform birefringence is 

similar to the sinusoidal index profile for the coupler. Complete polarization rotation still 
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takes place analogous to the power exchange of the t1{3 coupler, but with a power 

dependent coupling length. Therefore, terminating the fiber filter at z=Lc results in less 

than complete rotation, as illustrated below. For powers just above the critical power 

(Po ~ Pc), only small oscillatory rotations result which occur over distances shorter than a 

coupling length. This situation is similar to the ringing of the NLDC (Fig. 4-6). Finally, 

blasting the fiber with very large input powers shifts the filter response so much that all 

rotation ceases. 
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Fig. 5-5 Evolution of the state of polarization of a NLRFF excited along 
one of the principal axis. The polarization states are shown at 
four positions along a one coupling length long fiber. 

Virtually all switching experiments require high-power pulsed lasers. The 

switching of gaussian pulses in a NLRFF or NLDC needs to be taken into account 

torelate experimental data to theoretical predictions. Assuming a gaussian input pulse 

along the bar polarization axis, propagating each point on the envelope via (5.38), 
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provides the gaussian response of Fig. 5-6. The most notable effect of pulsed switching is 

the increase in power required to reach the 50% mark. For CW switching the input must 

equal the critical power-for the pulsed response it requires 1.26Pc. In addition, it can be 

seen that it is impossible to switch the entire pulse. 
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Fig. 5-6 Gaussian pulse and CW switching response of a NLRFF fiber 
of length Lc . All light was inputted along the bar direction with 
zero detuning. 

The reason for this behavior can be found in Fig. 5-7, where the envelopes of the pulse 

intensity for different input powers are given. These graphs show that the wings of the 

pulse emerge from the cross-state, but the intense part remains in the bar-state. 

Superposing the two parts, of course, must always add-up to the input gaussian. This 

process is appropriately called pulse break-up. The pulse break-up process can be directly 

inferred from the CW response curve. Each point along the gaussian envelope 

corresponds to a point on the CW response curve and therefore has a different 

splittingratio. Every optical switch proposed to date suffers from this dilemma to some 

extent. Using square pulses would, of course, prevent this problem, but converting 
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gaussian pulses to square pulses is not easily implemented [Weiner 1990]. Self-switching 

of pulses based on Kerr nonlinearities in optical devices probably has very little future. 

Later it will be shown experimentally how the break-up problem can be solved by 

overlapping a strong control beam with a shorter signal pulse. 

Detuning the NLRFF off-resonance has implications for constructing logic gates. 

Also, additional insight can be gained about rocking filters by comparing the equivalent 

process in directional couplers. If we allow for the wavelength dependence of 8 and 7(, 

and solve numerically the coupled-mode equations as given in (S.38), we obtain the 

responses of Fig. S-8. Even though the linear filter characteristic obeys a sinc2 response 

and is therefore symmetric about 8, nonlinear switching is strongly dependent on the sign 

of the detuning. The reason for this apparent inconsistency is that the nonlinearity in glass 

is always positive and therefore breaks the symmetry of the spectral response. 

Additional physical insight in the off-resonant response can be gained by 

transforming the nonlinear coupled equations of (S.32). Using the nonlinear phase 

transformation 

Ax ~ ax exp( -f[(Px + Py + Po + 5~Po )z + '1'0 JJ 

Ay ~ ayexp( -f[(Px + Py - Po + 5~0 } -'1'0 J} 
yields the coupled equations 

(S.40a) 

(5.40b) 

(S.41a) 

(S.41b) 

These equations are of the same form as those of the linear mismatched coupler (S.18) 

except that the detuning, which is constant for the linear coupler, is now z dependent and 
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given by the effective detuning parameter 

~(z) = 0 + ~ (laAzt -lay(z)1
2
). (5.42) 

When the device is tuned to the resonant wavelength (0 = 0), the nonlinearity acts 

symmetryically about the two input polarization axes. Changing the wavelength from 

resonance (0 :;t 0) produces a nonreciprocal response, which can be clearly deduced from 

(5.42). Depending on which axis is initially excited, the effective detuning parameter 

initially becomes larger or smaller and results in a nonsymmetric response about the two 

input axes. 

Detuning a rocking filter from the center wavelength is equivalent to introducing 

an index mismatch between the two guides of a coupler. Positive detuning corresponds to 

a larger index in the bar channel and vice versa. Increasing the input power for positive 

detuning then leads to a lower switching power compared to the matched case, since, the 

nonlinearity drives the coupler into larger mismatch. This behavior is clearly shown in 

the top left graph of Fig. 5-8. For the case 0/1( = 0.52, the switching power is halved and 

the switching curve begins to dip at even very low input powers. For the strongly detuned 

filter (0/1( = 1.08) little switching can be accomplished, since the device is effectively 

already in a switched mode. 

A negative detuning is equivalent to lowering the index of the bar channel. 

Increasing the input power in this configuration results initially in equalizing the indicesn 

both guides through the nonlinearity. At this point the device is driven to the linear 

response and complete coupling or polarization rotation results at a power close to where 

the mismatch becomes erased at the input. The bottom left response of Fig. 5-8 confirms 

this analysis. Driving the power beyond the equalization regime gives rise to a 

progressively increasing index difference. The consequence of this detuning is an 
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increased switching power, since the nonlinearity has to overcome a larger index barrier. 

For the case 8/~ = -0.52 the switching power is about 40% higher compared to that of 

the resonant device. 

Another way to view detuned switching is to examine the nonlinear wavelength 

response. It was shown previously that at low powers the filter response is sinc2 and 

therefore symmetric about the center frequency. Introducing the nonlinearity destroys the 

symmetry and leads to a shift of the peak. If the fast axis is excited at the input, the 

birefringent beatlength lengthens which favors the rotation of longer wavelengths. The 

converse is true if the slow axis becomes the bar-state input. This behavior is called 

nonreciprocal and can be exploited to design logic gates as shown experimentally in 

Chapter 7. 

The shift to longer wavelengths is clearly shown by the top graph of Fig. 5-9 in 

which the bar-state corresponds to the fast axis. Gaussian pulses were assumed for a 

wavelength of 588nm and a bandwidth of 4nm. From the sign of the shift, it can be 

deduced that the fast axis is along the bar-state. By subtracting the nonlinear transmission 

at a given power from the CW response, the pulse extraction efficiency can be generated. 

This information is shown by the bottom graph of Fig. 5-9. For now, it is worth pointing 

out that the maximum extraction efficiency is shifted to shorter wavelengths for relatively 

low powers, but approaches the resonant wavelength at large input powers. Switching at 

relatively low powers compared to the switching power occurs on only one side of the 

detuning curve. Nonetheless, there is a trade off between the detuning and the fraction of 

the pulse which can be switched. This information is also of considerable use when the 

operating point of a logic gate must be chosen. We will touch on this aspect of switching 

further in Chapter 7 in which logic gates are considered in some depth. 
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CHAPTER 6 

NONLINEAR POLARIZATION SWITCHING 

WITH ROCKING FILTER FmERS 

6.0 Introduction 
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Nonlinear polarization switching with rocking filter fibers was first demonstrated 

experimentally by Trillo in 1988 [Trillo 1988]. He used 3 ps pulses at 617 nm to switch 

up to 53% of the energy at the center resonant wavelength. Off-resonant switching was 

also implemented which agreed reasonably well with theoretical predictions. 

This chapter describes several experiments which investigate some of the linear 

and nonlinear characteristics of rocking fibers. In the first part of this chapter self

switching experiments are described. These measurements concentrate on the power and 

wavelength dependence of the switching characteristics which are then compared to the 

theoretical predictions in Chapters 4 and 5. Although, some of the experiments parallel 

the work done by Trillo in 1988, the present measurements are carried out in greater 

depth and are in closer agreement with theory than was previously shown. 

In the second part of this chapter, phase-sensitive switching is discussed in detail, 

which until now, has not been investigated experimentally in any device. Experimental 

results for both on and off-resonant phase-sensitive switching are discussed and 

compared with theory. In addition, experimental measurements on the phase-sensitive 
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seeding process are presented. The results of the experiments of this chapter pave the way 

for the next chapter which treats the implementation of logic gates with rocking filters. 

6.1 Description of Experimental Apparatus 

The laser used in all the experiments discussed in this dissertation was a 702 

synchronously pumped dye-laser built by Coherent, which was pumped by a mode

locked and Q-switched Quantronix 416 Nd:YAG laser. The YAG's CW output was rated 

at lOW; though, the laser was operated mode-locked at 76 Mhz with a Q-switch 

frequency of 500 Hz. The pulse width of the mode-locked pulses varied between 110-120 

ps at 1.06 Jlm, depending on operating conditions. At this wavelength, running in the Q

switch/mode-locked configuration, the average output power was about 1.5 W. 

Frequency doubling the infrared light with a KTP crystal to 532 nm produced 480 m W of 

average output power with a pulse width of 75-80 ps. The mode-locked pulses under the 

Q-switch envelope as displayed on a fast oscilloscope are shown in Fig. 6-1 a. The 

individual pulses are not time resolved due to the 1 ns response of the Si photodiode. 

From the graph we can deduce a 250 ns Q-switch envelope pulse width (FWHM). 

In order to achieve stable pulses with the same pulse width under the Q-switch 

envelope, the laser was allowed to oscillate weakly starting 300-400 Jls after the Q

switched envelope. This pre-lase setting initiates the built-up of a weak mode-locked 

pulse which serves as the seed for the ensemble of high-power mode-locked pulses. A 

typical pre-lase setting is reproduced in Fig. 6-1b. The mode-locked pulses, as shown in 

Fig. 6-1a,. were used to synchronously pump a Coherent 702 dye-laser. Synchronization 

required the two cavity lengths to be matched within a few mm. The solution circulating 
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through the cavity dye-cell consisted of 90% distilled water, 10% Ammonax and the dye 

Kiton Red. The dye concentration was set at 90% absorption of the pump beam, which 

resulted in a lasing threshold of 360 mW. Pumping the dye laser with the mode-locked 

Y AG pulses reduced the pulse train under the Q-switch envelope to only a few pulses, as 

reproduced in Fig. 6-2. Extracting a single pulse from the dye cavity was accomplished 

with an acousto-optic modulator, which could be electronically delayed to select a given 

pulse. Removing part of the intra-cavity energy through pulse extraction leads to a 

sudden drop in the intra-cavity power for subsequent pulses. This drop is clearly visible 

as the diminished amplitude of the pulses trailing the extracted pulse. 

The 500 Hz cavity-dumped pulse-train consisted of 30-40 ps pulses which were 

measured by autocorelation (Fig. 6-8). The pulse width depended on which pulse was 

selected under the gain envelope. In general the 4th pulse after the peak produced the 

shortest pulse width with the least noise. Nonetheless, the pulses emitted from the laser 

exhibited 12-18% power fluctuations, depending on external factors such as temperature 
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fluctuations in the Y AG cooling water. Using such noisy pulses required signal averaging 

to obtain clean data. 

The output of the dye laser was about 3 mW, which translates to over 100 kW of 

peak pulse power. Only a small fraction of this power was required to switch the NLRFF, 

as is shown later in this chapter. 

The experimental set-up for the measurements in this chapter is illustrated 

schematically by Fig. 6-3. The 185 cm long fiber was kept flat on an optical table with 

the fast axis (lower index) oriented vertically at both ends. A lOx microscope objective at 

both fiber ends was used to couple light in as well as out of the fiber. Varying the power 

inside the fiber was achieved through a computer controlled half-wave plate combined 

with a vertically oriented polarizer at the input. At the output end, a Wollaston prism 

separated the bar (vertically polarized) and cross-state (horizontally polarized) 

polarizations, which were detected by two calibrated Si photodiodes. The photodiode 

signals were averaged to reduce noise by two lock-in amplifiers which were synchronized 

to the 500 Hz mode-locked signal. The averaged outputs were then processed and plotted 

by a computer. 

Autocorrelation of the laser as well as of the two fiber output signals was done by 

the non-collinear or background-free method. The computer controlled autocorrelator 

used a Michelson interferometer type of geometry, with a motor-driven translational stage 

in one arm. The employed non-collinear method consisted of focusing the two delayed 

beams exiting the Michelson onto a KDP crystal, where the two beams of 590 nm 

impinged on the crystal at equal but opposite angles. Rotating the angular orientation of 

the crystal to the phase-matched position produced a frequency doubled signal which 

propagates at half of the incidence angle to the fundamental beams. This process can be 

understood in terms of a photon picture, where one photon of each incident beam 

combines to a single photon of the frequency doubled light. If the delayed pulses at the 
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fundamental wavelength no longer overlap, no autocorrelated signal is generated; hence, 

the name background-free autocorelation. The frequency doubled 295 nm signal was 

detected by a Hamamatsu photomultiplier tube sensitive to 170 nm and averaged by a 

lock-in amplifier and recorded by a computer. A typical scan over a 5 cm delay lasted 

about two minutes due to the 1 sec time constant used for the averaging process. 

Spectral profiles of the output states were taken by a computer driven 

monochrometer. The resolution of this instrument was about 0.5 A which exceeded the 

linewidth of the laser. Nonetheless, the resolution was more than adequate to accurately 

measure the Raman and SPM spectra for the described experiments below. In addition, 

the wavelength of the dye-laser was tunable via a computer driven diffraction grating that 

serves as the rear mirror and tuning element for the laser. 

6.2 Characterizing the Linear Filter Response 

The rocking fibers used for every switching experiment in this dissertation were 

fabricated by Roger Stolen. The birefringent fiber consisted of a rectangular outer 

cladding and a separate oval-shaped stress-cladding surrounding the fiber core. This 

geometry was discussed earlier and is illustrated in Fig. 2-4C. The rocking fiber was 

produced by sinusoidally rocking the preform of a birefringent fiber while the fiber is 

drawn. Depending on the room temperature, the center wavelength of these fibers varied 

between 586 and 590 nm. The effective modal area was approximately 1.3 x 10-7 cm2 

with a V number of 2.3 at 590 nm. The birefringence beatlength was estimated to be 

about 1.0 cm, which was inferred from the linear wavelength response curve. 
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Before any switching experiments can be done with a rocking fiber, it must be cut 

to the length of one coupling length. This somewhat tedious task requires scanning the 

spectrum about the center wavelength. This can be done by employing a white-light 

source, such as a tungsten lamp, or a tunable laser. Both methods were tried, but the 

author prefers the laser which gives cleaner data due to the better degree of polarization 

of the laser light. Initially, the principal axes of both fiber ends need to be oriented along 

the same direction. These directions roughly correspond to the long and short sides of the 

rectangle of the outer cladding. Launching light along the input polarization should lead 

to a symmetric output spectral response for the cross-state. Also there should be no 

pedestal in the wings of the response. A pedestal indicates misalignment of the output 

polarizer with the output polarization axes. If the wings are asymmetric this probably 

indicates that the input polarization is not exactly along the bar axis. Imperfections in the 

fiber can confuse the situation because they lead to the aberrated spectral curves 

described above. 

None of the fibers used for the experiments in this work were perfect. The filter 

response of a typical fiber used for nonlinear switching is shown in Fig. 6-4. This scan 

was taken over the entire tuning range of the dye laser. The filter function of this fiber 

exhibits two distinct peaks. The large peak corresponds to the the sinc2 response one 

expects from a rocking filter. The transmission through crossed polarizers extends from 

the top of the peak at greater than 99% throughput to the first zero, where virtually no 

light passes. The second peak at longer wavelengths is an indication that the birefringence 

changed over part of the fiber. This results in polarization rotation at longer wavelengths 

over that part of the fiber. If we only consider the length of fiber over which polarization 

rotation occurs at the resonant wavelength, then the fiber length is not equal to the 

coupling length. The physical length of this fiber was 185 cm, but the actual coupling 
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length can be deduced to be about 125 cm. It is important to use the actual coupling 

length when comparing experimental results to theoretical calculations. 

Using such a device for switching does not necessarily lead to a deteriorated 

switching response. In Fig. 5-9 it was shown that a nonlinear spectral shift to longer 

wavelengths occurs when the input is along the fast axi~. Tl:is input configuration is 

probably preferred for this particular fiber, because it is not desirable to shift the 

secondary peak toward the resonant wavelength by using inputs polarized along the slow 

axis. 
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6.3 Resonant Self.Switching 

Experimentally the fiber could be switched with inputs along either polarization 

axis. Inputting light along the slow-axis produced slightly better results which are 

reproduced in Fig. 6-5. 
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In excess of 70% of the input power can be switched, before stimulated Raman 

scatteIing sets in and flattens the response. The measured switching power (1.26Pc) for 

this device is about 750 W (peak) which is in excellent agreement with the calculated 

value of 713 W. ExpeIimentally, the Raman effect was quite noticeable because the laser 

color at the output of the fiber changed from yellow to orange. The onset of Raman 

scattering occurred at about 1.1 kW of peak power, at which point the first Stokes line 

just became visible when the output was resolved with a grating. Increasing the input 

power further to 1.7 kW generated a strong green anti-stokes line near 570 nm. Most of 
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the Raman light remained in the bar-state as shown by the spectral scan in Fig. 6-6. This 

is no surprise, because the ftrst Stokes line lies outside the fIlter response and therefore is 

not rotated to the cross-state. In addition, Raman conversion is strongest where the 

intense part of the pulse resides, i.e. in the bar state where polarization rotation is 

inhibited. What is somewhat surprising is that at larger powers the anti-Stokes line is 

relatively strong in the cross-state. 
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Raman scattering is, in general, a nonlinear process which competes with SPM. 

The Raman pulse grows at the expense of the pump which experiences decreased SPM. 

This process then tends to saturate the nonlinear phase shift and limit the fraction of 

power which can be switched. In a given device it is desirable to eliminate or minimize 

the effects of Raman conversion. If we calculate the ratio of the Raman threshold power 

[Smith 1972] to the critical power for a NLRFF we obtain 

(6.1) 

This ratio is length independent and only consists of material parameters and the 

operating wavelength. Evaluating (6.1) using n2 =3.2x1O-16 cm 2/W and 

gr = 1.75 X 10-11 cm/W at A = 590 nm, gives a ratio of 1.85. This result agrees 

surprisingly well with the ratio of 1.8 measured from Fig. 6-5. In equation 6.1 we 

assumed that light is rotated uniformly along the fiber length. The imperfection of the 

fiber reduces the effective coupling length which participates in rotation. As a result we 

would expect the factor of 1.8 to be reduced to about 1.2. The actual Raman gain, which 

depends on the material composition and polarization properties of the fiber, is not 

precisely known for this particular fiber. 

In order to gain a more quantitative understanding of the role of Raman 

conversion in this device, the power splitting ratio for the output states was measured by 

subtracting the Raman components. In Fig. 6-7a we have plotted the actual power outputs 

from each port for two different cases. The solid and unfilled circles correspond to the 

total light measured in the cross and bar-state, respectively. Subtracting the Raman 

components from the laser light at each output produced the solid and unfilled Xs. The 

measured response denoted by circles differs somewhat from the previous data of Fig. 6-

5, since a different but similar fiber was used. This fiber also has a switching power 
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(1.26Pc) of about 750 W. The onset of stimulated Raman scattering also occurs just 

above 1 kW with very strong Raman conversion above 1.5 kW. At 2.5 kW nearly half of 

the laser light in the bar-state has been shifted to the Raman band. Such strong Raman 

conversion leads to a reduction in the power splitting ratio when the Raman component is 

subtracted. This decrease can be understood by considering the two outputs at 1.5 kW 

with and without Raman light. The cross-state output for the two cases remains 

essentially unchanged since the Raman component is very small. The output of the bar

state consists of about 15% Raman light. Calculating the power splitting ratio when the 

Raman light is excluded results in a lower value. Although, the combined light output 

also decreased by 15% from the two ports, this reduction was entirely contributed by the 

bar-state. This decrease in the power splitting ratio is clear in Fig. 6-7b. 

The excellent fit of the power response with the theoretical curve below I kW 

input justifies the equations developed in Chapter 5. In addition, obtaining such good 

correlation confirms the arguments given earlier that the second peak in Fig. 6-4 at longer 

wavelengths has little or no influence on the switching response. The only apparent effect 

that the non-constant birefringence introduces is a lower threshold for the Raman process. 

Without the imperfection it is likely that a greater splitting ratio for switching can be 

achieved. The theoretical curve does not include the Raman process and the curve, as a 

result, diverge significantly from the measured points. 

The pulse break-up phenomenon was investigated using the background-free 

auto-correlation technique described earlier. Due to the very low mode-locked repetition 

rate of the dye-laser (500 Hz), the average power required for switching was only a few 

microwatts. Auto-correlating such a small signal proved to be quite difficult, especially 

for the cross-state. Even though the efficiency of frequency conversion is dependent on 

the peak intensity of the pulse, it is the integrated energy over the averaging time which is 
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detected by the PMTllow-pass filter combination. Increasing the time constant for 

averaging only seemed to improve the auto-correlated signal marginally. 

Nonetheless, auto-correlation was achieved by increasing the time constant to 2 s. 

The results are shown in Fig. 6-8 and 6-9. In Fig. 6-8 the cross-state pulse at very low 

input powers is reproduced. The pulse width and shape showed no signs of dispersion or 

pulse break-up, since it was essentially indistinguishable from the pulse exiting the dye-

cavity. 
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Fig. 6-8 Autocorrelation of the cross-state at very low input powers. 
The cross-state pulse was indistinguishable from the pulse 
emitted from the dye-laser. 

Increasing the input power to about 0.75 kW (1.26Pc), 1.25 kW (2. 1 Pc), and 2 kW 

(3.3P c) resulted in definite pulse broadening for the cross-state and pulse narrowing for 

the bar-state as shown in Fig. 6-9. For the 30 ps input pulse, the output pulse width was 

roughly halved for the bar polarization at 0.75 kW and doubled for the cross-state output. 

Comparing these results with the fragmented pulse shapes of Fig. 5-7 which are shown 

autocorrelated in Fig. 6-10, indicates good agreement for the bar-state data but poor 

agreement for the cross-state trace. In fact, none of the cross-state traces display the 

expected three peak autocorrelation curve. A pulse with a dip in the middle can be 
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thought of as two separate pulses. When autocorrelating such a structure, the result 

should be a curve with three distinct peaks. Only the cross-state trace at 2 kW gives an 

indication of a small dip in the actual pulse shape. Even though a substantial Raman 

component exists at 2 kW, it is not likely that the Raman light influenced the 

autocorrelation measurement. The Stokes and anti-Stokes lines are shifted too far from 

the laser wavelength to be phase-matched by the KDP crystal. To autocorrelate the laser 

pulses properly required very accurate adjustment of the rotation stage containing the 

crystal. Detuning the laser by just 0.5 nm from the phase-matched wavelength 

extinguished the SHG signal. Phase-matching the Stokes line would require a rotation of 

about 10° which makes it highly improbable that it participated in the autocorrelation 

signal. 

A more likely cause for the absence of the triple peak is the noise in the pulses 

emitted by the dye-laser. Since the pulse height fluctuated by as much as 18% as 

displayed on an oscilloscope, frequency doubling such pulses essentially doubles the 

amplitude fluctuations. Averaging such a strong modulation tends to smooth out any 

detail in the autocorelation trace. For example, using Fig. 6-lOb, it can be seen that the 

two sidebands shift further apart from the central peak with increasing inputs. 

Superimposing the autocorrelation responses of an ensemble of pulses with different 

input powers tends to obscure the detail of the sidebands. It is likely that this process led 

to the data of the cross-state displayed in Fig. 6-9. 

We have seen earlier, through autocorrelation, that the bar-state showed pulse 

narrowing. If we assume that the input pulse is transform limited, then narrowing of the 

pulse can only be accomplished by an increased spectral width. Therefore, the spectrum 

of the two outputs should provide us with information about the chirp and provide a test 

of the consistency of the earlier autocorrelation data. 

The experimental spectra from both output ports is plotted in Fig. 6-11. 
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Concentrating for the moment on the bar-state, it is obvious that the spectra have been 

self-phase modulation, at least at low powers. At the larger powers, where Raman 

scattering plays a role, the Raman pulse may also have contributed to broadening through 

XPM. Nonetheless, the resulting pulse is likely to be chirped which we expect from SPM. 

In addition, pulse narrowing is plausible on the basis of increased spectral width. The 
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broadened cross-state spectra exhibit a narrower bandwidth for a given power level 

compared to the bar-state. This result is consistent with the picture of pulse break-up, 

where the low intensity part couples to the bar channel and leads to reduced SPM. At the 

higher powers the spectra are distorted and even become asymmetric. The reasons for this 

behavior are not known but Raman scattering may have been responsible. 

6.4 Off· Resonant Self·Switching 

Up to now we have concentrated on switching at the resonant wavelength. Off

resonant switching is of interest for constructing logic gates and to confirm behavior 

analogous to the mismatched directional coupler. One of the apparent drawbacks of 

switching at a wavelength other than the resonant wavelength, is that is impossible to 

switch 100% of the energy. At this point the reader may question the usefulness of such a 

device which will only become apparent in the next chapter. 

Implementing switching detuned from the center wavelength was easily 

accomplished by rotating the angle of the grating on the dye-laser. Small adjustments in 

the delay-time of the cavity dumper had to be performed to select the proper pulse under 

the new gain profile. The cavity length adjustments, typical of most short-pulsed models, 

were not necessary in this case. A monochrometer was used to monitor the wavelength 

shift. 

The results of these measurements are presented in Fig. 6-12 for the wavelengths 

shorter than 1.0, and in Fig. 6-13 for longer wavelengths. Concentrating initially on 
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shorter wavelengths, the data reveals enhanced switching relative to the resonant case. 

The reason for an improved response which closely matches the theoretical curves in Fig. 

5-8, is that lower critical powers are necessary to switch the device to the 50% point. 

Thedeterioration of the switching response due to the Raman process is greatly reduced at 

those lower powers. For example, switching at center wavelength was shown earlier to 

require 750 W. Detuning from resonance by -1.9 nm reduces the power to 500 W. 

Nonetheless, off-resonant switching is not immune from the effects of Raman conversion 

as the flattening of the response curves show above 1 kW. Once, detuning becomes so 

large that the cross-state never reaches the 50% mark, even at zero input power, the 

definition of the critical power is no longer meaningful. Switching in the usual sense does 

not exist, since the device is already so far from resonance. Little power is needed for the 

nonlinearity to push the device further off-resonance. This response is clearly illustrated 

when detuned far from resonance, as illustrated by the bottom graph of Fig. 6-12. The 

device appears to be immune to the index changes introduced by the nonlinearity, since 

the curves are almost flat. 

We have just seen how the nonlinearity effectively detunes the filter further from 

resonance. One must ask the question if the nonlinearity can be used to switch a detuned 

device from the off-state to the on-state? The answer to this question lies in tuning the 

device to longer wavelengths for the given fiber orientation and choice of input 

polarization axis. The experimental results for this case can be examined in Fig. 6-13. 

The important feature to notice for these detunings is the increase in switching powers, 

compared to the previous case. In addition, it is evident that the device is driven initially 

toward resonance, since, the cross-state curves first slope upwards and then slope 

downwards at larger powers. The easiest way to understand this behavior is to analyze the 

analogous case for the NLDC. The NLDC in this case is mismatched with the bar channel 
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having a lower index than the cross-state. Increasing input powers tend to initially match 

the guides which has a similar response as using matched channels in the linear regime. 

In summary, the off-resonant response results agreed closely with the simulated 

responses in Chapter 5. If the input axes were interchanged, e. g. y is along the slow axis, 

the results would be reversed. That is, longer wavelengths would produce the enhanced 

switching response. This important non-reciprocal behavior is the basis of using the 

rocking filter as a logic gate. 

6.5 Phase-Sensitive Switching with Rocking Filters 

In the previous sections we have only treated switching which required a single 

beam and which was appropriately labeled as self-switching. In this section we focus on a 

type of switching that requires two distinct beams which interact to give a useful 

nonlinear response. The case to be considered first is the excitation of a NLDC at both 

input ports simultaneously with a controlled phase difference between the two pulses. 

The two input beams must be of the same frequency and coherent to maintain a constant 

phase difference. The restrictions on the coherence essentially require both pulses to 

originate from the same laser. In addition, we want one of the inputs to be significantly 

larger in power than the second, but the combined input power to be of the order of the 

critical power. The strong beam we will call the signal beam and the weak beam the 

control or seed beam. 

The purpose of the weak beam is to control and alter the outcome of the self

switching result. The coupled mode equations (5.38) of a NLDC show that the solutions 

are dependent on the initial phase difference between the input beam amplitudes Ax and 

Ay [Trillo 1991, Wabnitz 1986]. Exploiting this phase dependence leads to the scheme of 
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Fig. 6-14. When both pulses are in phase the outputs are essentially the same as for the 

self-switching case. In other words, removing the weak control beam does not change the 

final outcome. Introducing a 1t phase difference leads to the somewhat unexpected result 

that the signal pulse is coupled over to the cross-channel. The nonlinear coupler, 

therefore, acts analogous to the linear coupler and the overall effect of the weak beam 

seems to be to cancel the nonlinearity. In more precise terms: the weak beam is a 

symmetry breaking element which exploits the instability of the system. 
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Fig. 6-14 Schematic of the output of a phased-controlled switching 

response of a NLDC. The strong pulse corresponds to the 
signal which is controlled through the phase of a weak control 
beam. 

In order to gain a more quantitative understanding of the phase-sensitive process 

described above, it is of considerable help to solve equations (5.38) for the NLRFF with 

the following initial conditions: 

(6.2a) 

(6.2b) 
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For these conditions the strong signal is polarized along y and the weak control beam is 

polarized in the x direction with R2« 1. Exploring these solutions numerically through 

Fig. 6-15 for the bar-state, reveals a response which strongly depends on phase. Here, we 

seeded the x polarization with 10% (R2 = 0.1) of the total input power. The CW case has 

the more ideal phase response that can switch up to 95% of the energy between output 

polarization states. Notice, that the response curves are asymmetric about I!..l/J = 0 for both 

the CW and gaussian cases. This asymmetry can be understood directly from the linear 

eqs. 5.38 in which, in the absence of the seed beam, Ax(O) is rrJ2 out off phase with the 

input. When the input phase of the seed (Ax(O» is changed from -rc/2 to +1t/2 , the initial 

polarization conversion from Aiz) into Alz) changes from being in phase to out of 

phase with the seed beam at the input. That is, seeding in phase or out of phase with the 

initial growth A.Jz) effectively decreases or increases the total rotation achieved at the 

end of the fiber [Krautschik 1990]. 

At approximately +rc/2 and -rc/2 the device essentially reverts back to the expected 

linear response, i.e. polarization rotation of about 90° occurs similar to the low power 

case. An important question is: How much power can the device tolerate before the 

seeding effect becomes "overpowered" by the strong nonlinearity of the signal beam? To 

answer this question, one must examine the power response for a given phase delay, 

which represents taking a cut through the curves of Fig. 6-15. Fig. 6-16 shows the cross

sectional curves for the phase differences of -1t/2, 0, and +1t/2. The seed power remains 

constant at 10% of the total input power for all three graphs. An interesting feature to 

note is that the seeded curves at +1t/2 and -1t/2 remain flat and therefore, insensitive 

top ower changes. Once the nonlinearity of the strong beam reaches a certain threshold, 

the effect of the weak beam is canceled. 

From an experimental point of view, the NLRFF lends itself to phase-controlled 
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Fig. 6-16 Phase-sensitive switching response for constant seeding of 

R2 = 0.1 The ratio PI Pc is the total input power normalized to 
the critical power. 

switching in a much simpler configuration than a NLDC. Varying the seed polarization 

from 0 to 2n, while the phase of the strong signal beam remains fixed, is equivalent to 

exciting the fiber with light whose polarization varies from linear to elliptical back to 

linear. Controlling the polarization in this manner can be easily accomplished through a 

Soleil-Babinet compensator. This was the approach taken in the experiments. Another 
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approach, which would achieve the same result is to use a Mach-Zehnder configuration 

and delay one arm of the interferometer with a PZT mounted mirror. Coaligning both 

beams sufficiently well to couple both beams simultaneously into the fiber would be 

considerably more difficult than the first method. The Mach-Zehnder type of delay is 

probably the only viable method to use for the NLDC. In addition, coupling both beams 

of the interferometer, which need to be spatially separated into the two guides, remains a 

challenge. 

Achieving zero phase difference between the seed and the signal requires a linear 

input polarization which is oriented at some angle ex from the signal axis (Fig. 6-17). The 

ratio of the seed power to signal power is then simply R2 = sin2 a. Inserting a Soleil

Babinet compensator with its polarization axes parallel aligned to the fiber axes at the 

input, provides a continuously adjustable phase delay. The most difficult part of this 

procedure is to locate the input axes within one to two degrees. An easy way to test the 

alignment is to vary the phase over a 21t phase delay at low power, and record the power 

splitting ratio at the output. If it is not constant, then the fiber input axes are probably off-
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Fig. 6-17 Schematic showing how the phase between seed and signal 
were obtained. 
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set from those of the compensator. A number of other factors, such as, detuning from 

resonance or a fiber length of not exactly one coupling length long, could produce similar 

results. Nonetheless, we showed earlier that a linear rocking filter of length Lc which is 

tuned on resonance, is insensitive to phase variations from either input port. Following 

this procedure gives the experimenter the required confidence in his data. 

Using the experimental technique described above, and R2 = 0.1, or (a = 18°), 

the phase response for four separate input power levels are measured. The results of the 

bar-state are reproduced in Fig. 6-18. For 0.66 kW input power, the output bar state can 

be switched from greater than 50% to less than 5% by changing the relative phase from 0 

to 1t/2. If we compare this result with the theoretical curves of Fig. 6-15, we find the 

shape of the curve to be in good agreement with theory. The contrast between the 

maximum and minimum at the critical power for the theoretical curve extends from 68% 

to about 5%, which is larger than the experimental contrast. Peak powers of pulsed lasers 
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10% of the input power in the control pulse. The input end of 
the fiber consisted of a full half-twist period, e.g. qJo = O. The 
four different curves correspond to successive larger input 
powers of 0.03,0.37,0.66 and 1.3 kW. 
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are generally not very accurately known, because normally it is the energy or average 

power which is measured, thus the experimental result must be considered to be in 

reasonable agreement with theory. 

At the larger input powers the minima at ±1C/2 are raised through a definite 

Raman contribution. It was experimentally shown earlier that most of the Raman 

conversion occurs in the bar-state. At ±1C/2 the bar-state at the output should 

theoretically contain almost no light. If some of the incident light in the bar-state 

experiences Raman conversion, most of the laser light exits from the cross-state, but the 

Raman component remains in the bar-state. Therefore, as power levels increase and 

Raman conversion becomes important, the phase-sensitive response becomes 

contaminated by the Raman process. Excluding the Raman component at larger input 

powers, the agreement with theory is still very good. 

The excellent correlation between the corresponding curves of Fig. 6-15b and Fig. 

6-18 is though somewhat surprising. Both ends of a rocking filter fiber, in general, consist 

of a fractional half-rocking period. That is both ends do not in general consist of an exact 

half wave-plate. When only one polarization axis is excited at the input, the fractional 

wave-plate at the input produces a constant phase shift which does not contribute to the 

polarization rotation at the output. However, when both polarization axes are excited 

simultaneously, such as in phase-sensitive switching, a constant phase is added to the 

phase generated by the Soleil-Babinet compensator. This corresponds to the case of the 

coupled-mode equations (5.32) when CPo '#- O. The fiber used in the experiment of Fig. 6-

18 had an input end which consisted of a half-rocking period by chance. When the input 

and output ends of this particular fiber were revered, every curve of Fig. 6-18 was shifted 

to the right by about 40°. This result indicates that the phase response of a rocking filter is 

in general only predictable within a constant offset of ±1C. This is because a rocking fiber 

is in general terminated at both ends at an arbitrary point within a half-twist period. Only 
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if the input end is carefully prepared such ({Yo = 0 can the phase response be precisely 

predicated. 

In order to gain further insight into the mechanism of seeding, measurements for 

different values for R2 were taken. Shown in Fig. 6-19 are the results for the output for 

the bar state (Ay(Lc)) with different amounts of seeding (AALc)) and a fixed input 

power ( IAAot + lAy (0)1
2 

) of 1.05 kW. The most significant feature of weak seeding 

(R2 
$ 0.1) is a progressively weaker response. In the limit of no seeding, which is 

equivalent to self-switching, the phase response vanishes. 

These results, specifically the strong dependence on the seed power, tend to 

indicate that this phase variation is unrelated to the switching predicted at the critical 

power for NLDCs. Instead, this phase variation results from choosing the right initial 

conditions at the input end of the fiber, that is from the details of the seeding of the 

second channel. 

Seeding at 50% blurs the distinction between signal and control beam. 

Nonetheless, the outcome of this input configuration can still be controlled by a relative 

phase delay as is shown by the experimental curves of Fig. 6-19. When both equal 

amplitude inputs are in phase, the output should be the same as the input, since, this input 

configuration corresponds to a normal mode for this structure. The symmetric eigenmode, 

which is valid for the linear regime, is also valid for the nonlinear case. This is not true 

for the anti-symmetric case (Fig. 6-20), e.g. Il.¢ = ±7l'. Even though the anti-symmetric 

power splitting output is the same as the input, the anti-symmetric excitation is not a 

normal mode at high powers since, it undergoes periodic reshaping over a distance of 

one-coupling length. The experimental data of Fig. 6-19 confirms the eigen-mode results 

and the remaining data points show excellent correlation with theory (Fig. 6-20). 

Just as self-switching can be performed off-resonance, so also can phase-sensitive 
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switching. Fig. 6-21 shows the experimental phase response for wavelengths shorter as 

well as longer than the resonant wavelength. Here, the input was polarized along the fast

axis, the same as for the off-resonant self-switching experiment. The off-resonant phase 

switching results exhibit an enhanced response to one side of the resonance and a 

deteriorated response at the other. This behavior comes as no surprise because it-is similar 

to the self-switching case. Shorter wavelengths can produce an enhanced contrast ratio 

between maxima and minima at 80% and 5%, respectively. The improved contrast ratios 

for all curves stem from the lower input powers required to do switching. Raman 

scattering never played a role in these sets of data due to the low input power of less than 

1 kW. Notice that the linear phase response is no longer constant as it was for the 

resonant wavelength. This result can be easily deduced from the general solution of eq. 5-

38. Overall, the off-resonant results are consistent with the earlier self-switching data and 

are in good agreement with Fig. 6-22. 

At the longer wavelength, very little switching occurred-the contrast only varied 

between 40% to 10%, depending on the phase delay. At first consideration one might 

deduce that such behavior could never be of any use in a device. On the contrary, such a 

response is immensely useful for logic gates. If the rocking filter behaved exactly the 

same on both sides of the ftlter curve, it would be utterly useless as a logic element. In the 

next chapter we will elaborate more on this point. 
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The use of all-optical switching devices for digital switching can only be 

implemented if a given device performs certain basic logic operations. Although, all 

higher logic functions can be derived from a NAND gate, it is generally desirable for an 

all-optical device to be flexible and perform other operations such as AND, OR, etc. To 

date some of these operations have been demonstrated with bistable etalons and in fibers 

with soliton dragging gates, nonlirlear loop mirrors, and Mach-Zehnder interferometers 

[Islam 1990, Kitayama 1985]. Typically, there are two input beams, and in some cases a 

third control beam. The high intensity beams induce changes in the refractive index via 

cross-phase modulation leading under a variety of conditions to the desired logic output. 

In all of these implementations, the relative phases of the input beams play no role. 

Nonetheless, using a NLDC or a NLRFF as a logic gate does not require a phase

sensitive response, but incorporating such a response provides flexibility for realizing 

more than just a single logic operation [Yang 1991, 1992, Krautschik-l]. 

In this chapter, we will extend the usefulness of the NLRFF from a phase

controlled switch to a logic element which posses all the requirements for implementing 
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digital logic. At first, we will discuss the parameters which are of importance for 

selecting a proper operating point for logic operation. Then experimental realizations of 

OR, XOR, and AND gates are presented. Also the experimental technique required for 

logic gate operation is discussed. In the final part of this chapter we will show how the 

presence of a strong pump accompanied by a smal1 weak beam can be used for 

demultiplexing. 

7.1 AII·Optical Logic Operations ofNLRFF 

In the last Chapter it was shown that a NLRFF exhibits nonreciprocal behavior 

when the device is detuned from resonance. It was shown, that the experimental 

switching response was enhanced fOj shorter wavelengths when the fast-axis was excited 

at the input. For longer wavelengths the device was initially driven towards resonance by 

the nonlinearity and only at powers significantly larger than the critical power did it begin 

to switch. Interchanging the slow-axis with the fast-axis at the input reverses the response 

with respect to wavelength detuning. This is an important result that can be utilized to 

configure logic operations. If one judiciously selects the input power as well as the 

detuning from resonance, the same output can be achieved by exciting ~ input axis. 

For example, if we detune from resonance to a shorter wavelength, at a certain input 

power most of that power will exit from the bar state. If we input the same power to the 

cross-state (slow-axis), the response becomes resistant to power induced switching and 

most of the input energy will rotate to the bar polarization (slow-axis). This type of 

nonreciprocal behavior is absolutely essential for logic operations. 

All logic gates, except for inverters, have at least two input ports and at least one 

output port. For a given input, such as a logic 1 and a logic 0, a given output results. 

Reversing the inputs must produce the same output. This is precisely the reason why a 
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NLRFF or a NLDC must be detuned or mismatched. On-resonance, the output reverses 

when the inputs are interchanged which is unacceptable for a logic element. 

Since, a coupler or rocking filter has two output ports, one must select only one of 

the two outputs for a given logic operation. Having two possible output states and 

therefore two possible logic outputs provides additional flexibility in configuring a logic 

gate. Requiring the input to be phase-sensitive extends the use of the NLRFF from just 

implementing an OR logic operation to also the AND and XOR functions. None of the 

inverse operations such as NAND or NOR can be realized with the configuration 

described so far. They require an active device which provides energy output in the 

absence of an input. 

In order to judiciously pick an operating point for a NLRFF logic operation, it is 

necessary to explore the coupled-mode equations (5.38) for a constant input power and 

detuning as a function of phase delay. Choosing the operating point for the fiber consists 

of selecting the power of the inputs, the wavelength detuning, and the phase delay. The 

starting point for selecting the detunig (0/1() and the power is to inspect off-resonant self-

switching curves such as Fig. 5-8 in order and find equal positive and negative detunings 

for which the contrast of the two output splitting ratios is maximum. For example, in Fig. 

7-1, the two horizontal lines indicate the bar output for a (1,0) and a (0,1) excitation, 

respectively at the input with a total input power of 0.55Pc. Here it was assumed that the 

input polarization was oriented along the (slow, fast) axis which implies detuning to a 

shorter wavelength. Reversing the input polarization axes changes the sign of 0/1( for the 

two horizontal lines (actually all curves) in the graph. Reversing the wavelength shift also 

changes the sign of the normlized detuning 0/1( for all curves. This can be seen from the 

definition of 0 which we require to be independent of our coordinate system in this 

chapter 
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(7.1) 

Relating the two different cases for 0 to the two different input orientations and the 

normalized wavelength detuning, yields Table 7-1. 

Table 7-1 

( slow, fast) ( fast, slow) 

Of" Of" 
+ - + -

II A < AO > AO > AO < AO 

Summary of the relation between 8/'K, the input orientation 
(x, y) and the operating wavelength A. To be consistent the 
bar state must be along x. 

Therefore, the two horizontal lines in Fig. 7-1 provide the information for both shorter 

and longer wavelengths relative to resonance, as well as for reversing the input 
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polarization. 

The next step is to generate the phase response for the (1,1) input for both 

positive and negative detuning. These curves are also shown in Fig. 7-1 which completes 

the necessary infonnation to select a desired operating point. Notice that the definition of 

bar and cross-state become arbitrary for the (1,1) input excitation. One must debate 

whether to label the fast or slow-axis as the x direction-It does not really matter as long as 

the notation is consistent. Interchanging the x and y coordinates at the input just leads to a 

change in sign for ojl(. That's why both positive and negative detuning need to be 

included in the graph. However, these two curves are definitely related. Subtracting the 

response (for a given ojl() from 1 and reversing the sign of the phase results in the 

response for -ojl( . 

Using the curves of Fig. 7-1, it is not difficult to realize configurations which 

implement the AND, OR, and XOR operations. Several operating points for logic gates 

are tabulated in Table 7-2. In order to achieve good contrast between a logic 0 and 1, the 

input conditions are chosen to minimize the effects of pulse break-up. Nonetheless, the 

contrast ratio is as low as 0.3/0.7, which represents a limitation of this device when used 

with gaussian pulses. 

Experimentally implementing logic functions with rocking filters can be done by 

trial and error, in order to set the correct input conditions. Selecting the input power and 

the wavelength is achieved by comparing the outputs for (1,0) and (0,1) excitations. A 

half-wave plate was used to conveniently reverse the input configuration. A Soleil

Babinet compensator is not required at this point for these input conditions; on the other 

hand it does not interfere with the measurements either. The wavelength and power are 

adjusted until the contrast is maximized for both input configurations. Once, the input 

power and wavelength are fixed, a Soleil-Babinet compensator is inserted into the input 

beam for phase adjustment. Again the polarization axes of the fiber need to be co aligned 



6/lC = - 0.32; Act> = 0.4 7t 

IN OUT 

Px Py Px Py 

0 0 o (0) o (0) 

0 1 0.3 (1) 0.7 (1) 
1 0 0.2 (1) 0.8 (1) 
1 1 1.6 (1) 0.4 (0) 

OR XOR 
with gain 

6/K = 0.32; Acj) = -0.4 7t 

IN OUT 

Px Py Px Py 
0 0 o (0) o (0) 
0 1 0.8 (n 0.2 (0) 

1 0 0.7 (1) 0.3 (0) 
1 1 0.4 (0) 1.6 (1) 

XOR AND 
with qain 

BIle = 0.32; Acj) = 7t 

IN OUT 

Px r, Px Py 
0 0 o (0) o (0) 
0 1 0.8 (1) 0.2 (0) 

1 0 0.7 (1) 0.3 (0) 
1 1 1.0 (1) 1.0 (1) 

OR AND 

Table 7-2 Logic gate operating conditions for various combination of 
detuning and relative phase. 
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with those of the compensator. This set-up is more tolerant to angular misalignments than 

the phase-sensitive switch, because only a single phase delay is involved. By changing 

the phase delay one can turn an AND gate into an OR, or an XOR gate. In addition any of 

the three gates can exhibit gain with the proper phase setting. 
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The implementation of an OR and AND gate is shown in Fig. 7-2. The left-hand 

side shows the 30 ps input pulses as detected by a slow photodiode with a response time 

of 2 ns. The photodiode signal was displayed on a 1 GHz Tektronix DSA 602 signal 

analyzer and later transferred for analysis to a computer. The "ringing" seen in both input 

and output is introduced by the finite response time of both the photodiode and the signal 

analyzer. The input powers were set to 760 W or 1.27 times the critical power for the (0 

1) and (1 0) states, and twice the power for (11) input state. The wavelength was detuned 

by -2 nm to shorter wavelengths and the phase delay was set to 1t. In addition the fiber 

input was oriented to (slow, fast). When signals are incident along either polarization 

axis, an output is obtained at the same output port. This result shows the nonreciprocal 

behavior which is necessary for logic operations. The contrasts obtained experimentally 

for the AND and OR gates are in good agreement with the calculations listed in Table 7-

1. 

Changing the phase delay from 7t to -0.47t converts the previous OR gate to a 

XOR operation and the AND gate to another AND gate with an output larger than 

l(gain). These results are illustrated in Fig. 7-3 and should be compared with Fig. 7-2. 

The reason for the outputs for both the (1 0) and (0 1) input configurations being different 

for the two sets of data, is that these measurements were taken at a different time with the 

laser operating in a noisier mode in Fig. 7-3. Note that when pulses are present at either 

input axis, the output appears at only one output channel. However, when both inputs are 

present, a minimum output occurs in the x chanp~l, as required for XOR gates. An output 

is obtained in the y channel only when both input signals are present, an AND gate. 

These results show that logic operations with rocking filters can be implemented 

as well as made more versatile through phase delays. Even though, the low contrast ratios 

between a logic 0 and a logic 1 prevents this device from being cascaded, at least with 

gaussian pulses, it demonstrates some of the essential properties for all-optical logic. 
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7.2 Demultiplexing with a Rocking Filter 

One of the most promising uses of all-optical phenomena in waveguides is for the 

processing of optical signals while they are still in their optical format. Specifically, 

demultiplexing of serial data can be accomplished by using a strong control beam which 

selectively switches pulses of a low intensity signal beam (Fig. 7-4). When the control 

pulse overlaps the signal pulse inside a waveguide, the strong beam modifies the signal 

beam's properties, typically its phase, polarization or group velocity. This allows that 

particular signal to be isolated from others either in space, polarization, or time. In fibers, 

this operation has been achieved by rotating the signal plane of polarization and 

discriminating with polarizers, by changing the signal phase and hence interference 

condition in a nonlinear loop mirror and by changing the group velocity and hence arrival 

time of a signal soliton pulse via an orthogonally polarized, copropagating soliton pulse 

[Kitayama 1985, Islam 1989, 1990]. 

Demutiplexing in a rocking filter fiber can be accomplished through a strong 

pump at a wavelength far from resonance controling the nonlinearity experienced by a 

weak signal beam [Krautschi-2]. If a control pulse overlaps a much shorter signal pulse, 

signal 
beam 

control 
beam 

'A-.LL.----I...L...i ... channel 1 

J--.....&..'---... channel 2 

Fig. 7-4 Schematic of an all-optical demultiplexer. The 
control beam selectively switches signal pulses to 
one of the two output channels. 
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the signal pulse experiences a constant power induced detuning over its entire pulse 

envelope. Hence, pulse break-up will be prevented and the switching contrast 

significantly enhanced. 

To gain a better understanding of the effect of the pump on the signal beam, it is 

useful to solve the coupled-mode equations for this case. Incorporating only XPM as the 

nonlinear effect on the signal beam and ignoring SPM of the pump beam, we can easily 

obtain the coupled mode equations for the signal 

(7.2a) 

(7.2b) 

The total input power of the pump is defined by Px + Py and the nonlinear coupling 

constant Q is ~n2/ AeJJ • Since, two beams are present which have different wavelengths, 

the effective area for this particular case is given by the overlap integral 

(7.3) 

The subscripts p and s denote the pump and signal beams, respectively. Note that Px and 

Py are independent of z which implies that the effect of the strong beam on the signal is 

to modify the birefringence experienced by the signal. Therefore, we can redefine the 

propagation constants. which are now intensity dependent and controlled by the strong 

beam, as 

- 2 
{3x = {3x + 2QPx + -QPy 3 

- 2 
{3y = {3y + 2QPy + "3 QPx' 

(7.4a) 

(7.4b) 
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This now yields the coupled-mode equations 

dA -_i_x = f3xAx + 21(cos(f3oz + CPo )Ay 
dz 

(7.5a) 

(7.5b) 

These equations were solved earlier for the most general case for a rocking filter fiber. 

The solutions were given by eq. 5-22 and the only difference here is that the detuning 

coefficient 8 is now controlled by the pump power as well as orientation. This can be 

seen from 

(7.6) 

Again, two different cases need to be considered. The negative sign corresponds to the 

slow-axis along the x direction, the positive sign to the converse case. Using eq. 5-22, 

assuming a single input of the signal beam along the x direction that is tuned to the 

resonant wavelength, yields the solutions at z=Lc: 

IAALct = cos2 7r ~1 + {8/1()2 + {8/1(f sin2 7r ~1 + {8/IC)2 
IAAot 2 1 + (8/1() 

2 
2 

(7.7a) 

IAy(Lct = (7r)2 sinc2(1i ~1 + (8/1()2). 
IAAO)12 

2 2 
(7.7b) 

We can see that the cross-state follows a sinc2 response, which is the same as for the 

linear filter response. The role of wavelength for the linear filter has been exchanged for 

the power and polarization orientation of the strong beam. 

If we define the switching or critical power as the power required of the pump to 

change the output of the cross-state from 1 to 112, we can easily show that this power is 
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_ 3(0.7987) 41(" 

~ - 8Icos(2a)1 Q . 
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(7.8) 

We defined the angle a. as the angle between the x axis and the linear pump polarization 

at the input. Note that 41("/Q is the critical power for a NLDC and 121("/Q for the NLRFF. 

A minor point is that the effective areas or Qs may be different for the self-switching and 

pump-switching cases. As long as pump and signal are of similar wavelength the 

difference in effective areas is not large as was calculated in Fig. 3-3. Comparing the 

critical power of (7.8) to that for self-switching, reveals a 10 fold reduction in the 

switching power for the case of the strong pump coincident with one of the input axes. 

For the case, wh~re the pump is oriented at 45° no switching occurs, since both fiber axes 

experience the same index change leaving the beatlength unaffected. 

The pump controlled demultiplexing experiment requires a pump signal which is 

syncf.fonized with and overlaps the signal pulse. This was done experimentally by 

diverting a small fraction of the frequency doubled Y AG light (532 nm) and delaying the 

beam until one of the mode-locked YAG pulses under the Q-switch envelope overlapped 

with the dye-laser pulses (590 nm). In order to adjust the time delay between the 30 ps 

signal pulse and the 80 ps Yag pulse, a photodiode was used to monitor both pulses on an 

oscilloscope (Fig. 7-5). Despite the 1 ns response time for both the signal analyzer and 

the photodiode, the delay, which was controlled by a translation stage, was resolvable to 

about lOOps. At this point pump controlled switching could already be implemented and 

the delay could be further optimized by observing the amount of light that could be 

switched. Ironically, the nonlinear effect to be studied in this experiment was used to 

gauge the correct pump time-delay. 

The dye-laser and YAG beams were spatially overlapped through a beam splitter 
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Fig.7-5 Ensemble of mode-locked pump pulses which are delayed until one 
of the mode-locked pulses overlaps with the signal. In addition, the 
pump peak power is inferred from the pulse's position under the Q
switch envelope. 

129 

that was insensitive to polarization (see Fig. 7-6). Coupling both beams simultaneously 

into the fiber required both careful alignment and a lens for correcting the change in focal 

length of the input microscope objective for the signal beam. To avoid contamination of 

the bar and cross signals at the output, the pump light was absorbed by a Schott RG 570 

filter. The pump power was controlled through a half-wave/polarizer combination 

analogous to the self-switching set-up. Rotation of this polarizer controlled the effect of 

polarization on the signal. Detection of the signal light was done exactly as was discussed 

for the self-switching case. 

In Fig. 7-7 the pump controlled switching response of the weak dye-laser signal 

reveals a sinc2 response with 90% switching. Both the pump and signal polarization were 

colinearly oriented with the slow-axis of the fiber. The improved pulse extraction 

efficiency is a direct result of preventing pulse-break-up of the signal pulse. Raman 

scattering is absent in all these measurements as a result of the very low input power 

requirements. In order for the signal pulse to experience a unifonn nonlinear phase shift 
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across its entire pulse, the pulse width of the pump needs to be significantly longer than 

the pulse width of the signal. This was not really the case in this experiment-the ratio of 

the Y AG pulse width to that of the dye-laser was less than 3. Increasing this ratio would 

have probably led to an extraction efficiency approaching 100%. Nonetheless, this result 

shows that controlling the switching through a longer control pulse results in a response 

which much closer approximates the ideal CW characteristics. Comparing the shapes of 

the self-switching curve Fig. 6-5 and Fig. 7-7 reveals a sharper switching curve for self-

switching. This result agrees with theoretical predictions that the solutions for self

switching consists of Jacobi-elliptic functions but the pump-controlled case is described 

by sinusoidal functions. 

To achieve 50% switching required a pump peak power of90 W. This power is so 

low that SPM of the pump can in fact be neglected. The maximum nonlinear phase shift 

for the pump at the switching power is less than OATt. Therefore, neglecting SPM in the 

earlier coupled-mode equations derivation was indeed a valid assumption. 
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Comparing the self-switching power (600 W) to the pump-controlled switching 

power (90 W) yields a ratio of 6.3. This value agrees poorly with the predicted ratio of 10 

derived earlier. The rather large discrepancy can probably be attributed to two separate 

causes. First, the pump pulse does not exactly meet the theoretical assumption of 

providing a uniform nonlinear phase shift over the entire signal pulse. The pulse width of 

the pump requires lengthening to adequately overlap the signal pulse. Second, the method 

used for calculating the pump pulse power is prone to errors. Since, only the average 

YAG power is measured, the peak power of the selected mode-locked pump pulse is 

related to its relative position under the Q-switch envelope. This was done with the help 

of Fig. 7-5. With this data the final peak power of the selected pump pulse was 

calculated. One of the assumptions used for this calculation is that the pulsewidth of each 

pulse under the envelope is constant. This may not be a valid assumption and may 

contribute a significant error in the final peak power values. 

Orienting the pump input polarization along the slow-axis but leaving the signal 

along the fast-axis, produces the switching curves of Fig. 7-8. These measurements are 
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polarization of the two input beams were orthogonal (900

). 
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essentially indistinguishable from the previous results of Fig. 7-7. The switching power 

appears to have slightly increased to about 100 W, but the overall response is essentially 

the same. These results are therefore in perfect agreement with theory. The sign of 8 is 

not important for this case, since 8 is always squared in the solutions of eqs. 7-7. 

Earlier we predicted no switching when the pump is oriented at 45° with respect to 

one of the principal axes of the fiber input. This result is experimentally confirmed 

through Fig. 7-9. The output remains constant, since the nonlinearity effects both 

polarization axes of the fiber equally. 
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Fig. 7-9 Switching of a weak signal beam by a strong control beam. The 
polarization of the strong beams was at 45°. 

Exploring switching at off-resonant wavelengths in a rocking fiber, provides 

information about the device's potential as a logic gate. In Fig. 7-10 are the pump 

induced responses for positive and negative detunig of the signal. The fiber's slow axis 

was excited by both the pump and signal at the input. Detuning to a shorter wavelength 

displays a reduction in switching power to about 50 W. This result is analogous to self

switching but the pump controlled experiment yields a better contrast ratio. At the longer 
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wavelength, the filter response is initially shifted toward longer wavelengths and when 

the pump power reaches 38/2Q the detuning is essentially canceled through the 

nonlinearity. This shift in resonance is clearly indicated in Fig. 7-lOb by the upward 

sloping of the cross-state and reaching essentially 100% at around 50 W. For larger pump 

powers the cross-state is driven from the induced resonance to the switched state. 

The off-resonant pump-controlled configuration appears to be a promising 

candidate for logic operation, since it can potentially provide large contrast ratio in its 

nonreciprocal behavior. The only question unanswered is, how does the device behave 

with a phase-sensitive input? This can only be answered by exploring the solutions of eq. 

5-22 which will be done by someone else in a different dissertation! 
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CHAPTERS 

CONCLUSIONS 

8.0 Introduction 

The principal results of this experimental investigation are summarized in this 

final chapter and recommendations regarding future research in the area of all-optical 

signal processing are presented. 

8.1 Summary of Experimental Results 

In Chapter 6 it was shown that self-switching in rocking filter fibers can achieve 

up to 70% of energy transfer between the orthogonal polarization states. The critical peak 

power of 600 W was found to be in close agreement with theory for the 2 m long device. 

The limited switching response suffered from two separate processes. Stimulated Raman 

scattering saturated the amount which could be switched above 1100 Wand shifted up to 

40% of the laser light to the Stokes and anti-Stokes bands at about 2000 W. The Raman 

effect is a material response which cannot be directly influenced by device design. In 
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addition pulse break-up prevents the switching ratio to ever achieve 100%. This 

phenomena is a direct result of the nature of the gaussian pulse which posses an ensemble 

of different intensities each of which switch with a different splitting ratio. 

Off-resonant self-switching was shown to yield an enhanced response at shorter 

wavelengths with lower critical powers than for the resonant case. At longer wavelengths 

switching was initially inhibited but could still be implemented at powers significantly 

larger than for shorter wavelengths. This result implies that the switching is nonreciprocal 

which is a useful and necessary condition for operating a device as a logic gate. 

Controlling an intense signal pulse by a weak control pulse through a variable 

phase delay was successfully demonstrated. In excess of 55% of the input energy could 

be switched by controlling the phase difference between the two pulses. The phase

sensitive response suffered just as for the self-switching case from Raman scattering and 

pulse break-up. Raman scattering dramatically reduced the contrast ratio between both 

output states at larger input powers. Nonetheless, the usefulness of this response was 

demonstrated which is analogous to transistor action since a small signal here controlled 

the output of a larger one. 

When combining the nonreciprocity due to wavelength detl.1ning with the phase

sensitive response, logic gate operation with rocking filters is possible. By choosing the 

proper operating conditions of the device. e.g. input power, phase delay, and wavelength 

detuning, it was shown that XOR, OR, and AND gates can be realized. The contrast 

between a logic 0 and 1 was shown to be as low as 0.3 and 07, respectively which can be 

attributed to pulse break-up. 

Strong pump controlled switching of a weak signal beam produced the best 

switching characteristics of this dissertation. Up to 90% of the signal pulse could be 

switched between polarization states. This result was accomplished by using a pump 

pulse which had a pulsewidth three times as large than that of the signal pulse. 
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8.2 Future Directions 

Although, this work did not directly study material aspects of nonlinear optics, it 

is clear that materials with larger n2 coefficients are needed to make the field of all-

optical signal processing compatible with existing opto-electronic technology. 

Semiconductor lasers are likely candidates to be used with all-optical device techniques. 

These lasers generate peak powers of several hundred Watts and therefore require long 

interaction lengths in silica waveguides. Implementing switching with better nonlinear 

materials is likely to lead to smaller device which can be more easily integrated with 

existing electronics technology. In addition latency rates are reduced by shorter device 

dimensions which can be become an issue when timing of signals are important. 

It clear from the self-switching data that pulse-break up and Raman scattering 

spell the death of an optical device. These two processes must be avoided at all cost. Self

switching is not a very flexible mode of processing signals-once a signal is encoded its 

destination cannot be easily changed. In addition pulse break-up cannot be avoided unless 

soliton like pulses are used. Pump-controlled switching offers more flexibility to switch 

and demultiplex incoming signals. Also, this type of switching configuration lends itself 

to implement signal processing without the pulse beak-up problem if a long pump pulse 

is selected. 

Phase-sensitive switching can benefit from the same process which prevents pulse 

break-up for pump-controiled switching. If the weak control beam is significantly 

broadened with respect to the intense pump, pulse break-up can be avoided. This result 

would significantly improve the contrast ratio reported in Chapter 6 and perhaps lead to 

more practical device applications. 

A device which makes use of the phase-sensitive response is the phase-locking 

device depicted in Fig. 8.1. It consists of an electro-optic phase modulator and a NLRRF 



signal 

Fig. 8.1 

source 

Fiber Filter 

Voltage Amplifier 

detector 

Phase-locking of optical signals can be achieved by combining the 
phase-sensitive response of the NLRFF with an electro-optic 
phase modulator. A feedback control circuit maintains a constant 
phase difference between the two orthogonal input polarizations 
to maximize or maintain a desired output. 
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which is excited by the two orthogonal input polarizations of a weak signal and a strong 

source beam. A feedback control circuit adjusts and maintains the phase of the signal 

beam so that the transmitted signal polarization operates at the desired output level. The 

device requires both inputs to be of the same wavelength and the operating wavelength 

must fall within the bandwidth of the filter response of the fiber. 

The logic operations demonstrated experimentally also suffer from pulse break

up. Applying externally controlled pump beams of longer pulse widths may also lead to 

switching which is unaffected by pulse fragmentation. 

These discussions demonstrates that the future of all-optical signal processing lies 

In those switching configurations where pulse break-up is not an issue and power 

requirements can be contained at reasonable levels. 
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