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Abstract

Balanced homodyne detection of nonclassical (squeezed state) light sources yields noise
levels below the semiclassical shot-noise value. This thesis addresses the problem of
local-oscillator optimization for such homodyne arrangements. A system-theoretic frame-
work is developed to search for the local-oscillator that minimizes the variance of the
charge associated with the homodyne current. It is shown that the optimal local-oscillator
can be found by solving a Fredholm equation. Given a general scheme for signal genera-
tion, the said formalism constitutes a rigorous framework to determine the minimum
achievable noise level and the local-oscillator that attains that squeezing. From among the
traditional squeezed state generation methods, fiber FWM is chosen for detailed study,
using both instantaneous and non-instantaneous interaction. The optimal local-oscillator
for the instantaneous case turned out to be a very narrow pulse coinciding with the peak of
the pump pulse, properly phase-compensated for maximum squeezing. In the non-instan-
taneous case, important behavioral characteristics at high nonlinear phase-shifts were
determined, although exact results for the optimum local-oscillators were not obtained.
The optimal noise performance and exact solutions to the Fredholm equation were, how-
ever, calculated for a spatial interaction model with Gaussian Kerr-interaction spatial
response.
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Chapter 1
Introduction

Fiber-optic communication systems and optical precision measurement systems are
now achieving sensitivities approaching the ultimate limits set by their laser light sources.
Performance analyses for such systems usually rely on semiclassical photodetection mod-
els. Semiclassically, it is the shot-noise resulting from the random charge-carrier genera-
tion produced in a photodetector in response to deterministic classical-field illumination
that sets the ultimate photodetection sensitivity limit [1]. However, it has long been known
that photodetection noise is of quantum-mechanical origin, and that sensitivity signifi-
cantly better than the shot-noise limit can be achieved with light beams in appropriate
nonclassical states [1]. The most popular arrangement to date for demonstrating such
improvements has been balanced homodyne detection of squeezed state light. Because
this thesis will be concerned with optimizing systems of this class, we devote most of this
introductory chapter to a quick review of the quantum theory of homodyne detection, and

squeezed state generation via fiber four-wave mixing.

1.1 Balanced homodyne detection

In balanced homodyne detection (see fig. 1), a signal field is mixed with a strong
local-oscillator field through a 50/50 beam splitter onto a pair of detectors. The difference
of the photocurrents from these detectors comprises a scaled, baseband version of that part
of the signal field which is co-polarized, spatially coherent and in phase with the local-

oscillator field, plus a shot-noise term.

The semiclassical theory of homodyne detection assumes that the measurement noise
is shot-noise generated in the photodetector. In the high-intensity local-oscillator limit,

this noise is predominantly local-oscillator shot-noise, conditioned on knowing the signal
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field, and it has white, Gaussian statistics. The quantum theory, however, offers a different
explanation. Here, in the strong local-oscillator limit with unity quantum efficiency detec-

tors, the observation noise is due to the signal beam quantum noise.

detector |

balanced output
50/50 BS
signal field it)
. /_> —

detector

local-oscillator field

Fig. 1.1 Balanced homodyne detector

To be more explicit, let E¢ (r) and E, , () be the classical, photon-units, positive
frequency fields entering the beam splitter in Fig. 1.1, where we have assumed spatially
uniform beams and co-polarization, and we have suppressed the vectorial and spatial
nature of the fields involved. Then, in the strong local-oscillator limit with unity quantum

efficiency detectors, the output current satisfies [1]-[3]:

i(f) = 2qRe [Eg(1) E p* (1)] +i (1) (L)

where g is the electron charge and i, (f) is a zero-mean white Gaussian noise with

shot

covariance:

K, (t,u)=q2|EL0(t)|28(t—u) (1.2)

Shot gpot

Eqgns. (1.1) and (1.2) are the semiclassical model for balanced homodyne detection. For
the usual case of a continuous-wave local-oscillator, i.e., E L0 (1) = /PLO, with P,y
being the photon flux, eq. (1.2) reduces to a stationary noise with spectral density g2P Lo

This shot-noise level is the sensitivity limit of the semiclassical theory.
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For the quantum treatment of balanced homodyne detection, the classical fields
E((t) and E, , (1) are replaced by quantum field operators, E s(#) and E 10 (1), and the
strong local-oscillator condition becomes placing E 10 (1) in a coherent state |E, , (1)) of
high photon flux. The resulting photocurrent, i (¢) , turns out to have the same statistics as

the quantum measurement:

i(t) = 2qRe[Eg(NE, ,)* (1)] (1.3)
If £ s (2) is in a coherent state |E (1)) then the mean function and covariance function

of i (f) obey:

(i(t)) = 2qRe[Eg(NE, ,* (] (1.4)
and
Kg?(t, u) = q2|EL0(t)|25(t—u) (1.5)

reproducing the semiclassical results. However, there are quantum states which have
lower homodyne-measurement noise than eq. (1.5) predicts, i.e., with states other than

coherent states we can improve the sensitivity of a homodyne detector.

1.2 Squeezed states

Recently, there has been a great interest in the generation of squeezed states of the
electromagnetic field. These are nonclassical light states with phase-sensitive noise that

can lead to sub-shot-noise performance in optical homodyne detection [4]-[12].

In the fig.1 context, we can illustrate the potential of squeezed-state light by sup-

posing that

Eg() = pEy (1) +0E,y (1) (1.6)

where [, O are real obeying u2 _9 = 1, and E,y(¢) is in the vacuum state. We will

15



also assume that the local-oscillator is in the coherent state | /P Loe"‘i’) .Egs. (1.3) and (1.6)

then imply that:
i(t) = 2q,[P,  Re [( wE,y () +0E n (2) )e-i¢:| (1.7

which leads to:
K;; (tu) = g*P, ol +0e 2925 (£ —u) (1.8)

Eq. (1.8) is a phase-sensitive white-noise, whose normalized spectrum | + 9e-2/%|2 is

plotted in Fig. 1.2 vs. ¢, withu = 2,9 = /3.

14 T T T T T T
121 .

101 .

|+ Be-292

Fig. 1.2 Normalized current spectrum vs. local-oscillator
phase

Note that the minimum value of this noise level is below the shot-noise (coherent
state) level of g2P 1o (1 in the normalized spectrum of Fig. 1.2). Because this noise arises

from phase-sensitive “squeezing” of a vacuum-state E.» (f) , we say that E¢(¢) isina
p q g iN y S
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squeezed vacuum state. It turns out that there are several nonlinear techniques which real-
ize transformations like that given in eq. (1.6), among them are parametric amplification
in % nonlinear materials [5]-[7], and four-wave mixing (FWM) in % (3 nonlinear

materials [8]-[11]. Of particular interest in this thesis is FWM in optical fiber.

1.3 Fiber Four-Wave Mixing

A simple, instantaneous-interaction model for squeezed-state generation in single-

mode optical fiber is as follows (see Fig. 1.3)

En (D) Es (1)
— —
| |
z=0 z=L

Fig. 1.3 Fiber input-output relation

Suppressing the transverse spatial characteristics of the fiber mode, we begin with the
interaction occurring during propagation through L meters of fiber. In a frame of reference
moving at the group velocity, v of the center frequency, the spatio-temporal evolution of

the single-mode field operator in the fiber is governed by:

9% = ikE (2, D E(z, ) E(z 1) 1.9)
where x is the nonlinear phase-shift per unit photon flux, found from the physical dimen-

sions of the fiber and the Kerr coefficient n, via:

27n, ho

K= —F—
AL

where 7w is the photon energy at the laser frequency ®, A is the wavelength at that fre-

(1.10)

quency, and A is the fiber cross-sectional area.
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Eq. (1.9) can be seen to have an analytical solution if one observes that the photon
number operator, or classically the field intensity, is a constant of motion. The full self-
phase modulation solution for the output operator in terms of the input operator is there-

fore:

Egp) = expL ixLE (1) Epy (D) )E,N 0) (1.11)

With a strong pump beam injected into the medium, a linearization in the powers of
input fluctuation operators is possible, any terms higher than the first order in fluctuations
being neglected, leading to:

AEg(t) = exp(ixL|E,N(t) |2) [(1 +ikL|E,y () |2JAE,N(t) +ikLE,y, (1) *AE (1)]

(1.12)
where AE (t) = E(t) - (E(#)) for the fiber input and output fields. This represents a
Bogoliubov transformation of the type shown in eq. (1.6), i.e., it is commutator preserving

and satisfies:

AEg(5) = n(0) AEy (1) +9 (1) AE' (1)

) ) (1.13)
nl" -@I° =1

Experiments to observe the effect described here have been conducted by several
researchers [5]-[7], [14]. Shirasaki and Haus [14] proposed a ring interferometer in which
a Gaussian pulse is split by a 50/50 coupler and propagated in opposite directions around a
fiber loop (see Fig. 1.4). Vacuum fluctuations enter through the unexcited port of the cou-
pler and after mixing with the pulse within the loop, come out as squeezed vacuum from
the same port. The phase modulated pump emerges from the other port and is used after
augmenting it with a phase-shift ‘¢, as the local-oscillator for homodyne detection of the
squeezed vacuum.

We assign a peak amplitude /I ;y and a pulse width © p 0 the pump pulse,

18



\/1 Gaussian pump

~(0/50 coupler

fiber loop

i(t)

squeezed vacuumo

detector

Fig. 1.4 Ring interferometer

Ej(1) = A/I;\,exp(—(é)z) (1.14)

which undergoes a phase change through the nonlinear interaction before being used as

the local-oscillator:

E 1) = expLiKL|E1N(t)|2JE1N(t) e’ (1.15)

making the current covariance

IELO (1) |2 + 2K2L2|ELO (1) |2|E1N(t) ]4

K..(t,u) = g2 (0 (t-u)
ii + Re {i2kLE*2, , (£) E%;, (1) [1 + iKL|Ey (1)|*] e7210}

(1.16)
Unlike the simpler squeezed state of eq. (1.6), that gave rise to stationary white-noise

statistics for the current, eq. (1.16) represents a non-stationary white-noise process. Here,
a different noise measure than spectral density is needed, and the one defined by Joneckis

and Shapiro [13] is the photoelectric charge variance. The operator measure for charge is:

19



= _[?(t) dt (1.17)

which has the variance:

o2, = var( i dtJ = [arfauk.. () (L18)
11

Substituting eq. (1.16) into (1.18), the charge variance for fiber loop experiment

becomes:

J.dtlELo (0|*+ 2K2szdt|EL0 O HEN(D]* )
0% = ¢’ } (1.19)
+ 2KLRe(i J' dtE*2, o (1) E? ) (8) [1 +ikL|E}y ()] e—2i¢)

and can be minimized with respect to ¢, to give:

(1.20)

j diE, (1|2 +26°L? J dE o (0)YE ()4
e |

2L [deE*2, (1) B2y (1) 11+ ixLIE, ()]

Our task is made easier because of the Gaussian pump and local-oscillator assumed.

The analytical expression for eq. (1.20) follows:

L #2212 P e

62, = g21 “ﬁ 3 "/_ * (1.21)
qmin T Ji T A/1_1:
| —2KLI | -Eo— + ikLLy f/g J

Note that the product ®,, = kLI, appears in the noise. This is the classical nonlin-
ear phase-shift, due to fiber interaction, seen by the peak pump intensity. Eq. (1.21) can be

written in terms of ®,, , and expanded in an asymptotic series for @, » 1 to yield:

62, =

Y nin 2?/;1?{ f+ 3I ------- } (-

20



from which it is apparent that at high @, the charge variance finds a lower limit. Gauss-
ian pumps of higher peak intensity or longer fibers will not help decrease this floor further.
Had the signal field E s(#) been in a coherent state, the charge variance would

have been:

2
P 2
Ishot ﬁ

Once again, this is going to be called shot-noise limit, and as a means of comparison, will

(1.23)

be used to normalize eq. (1.22). The normalized charge-variance is therefore a dimension-

less quantity with 1 representing the shot-noise level.

o2,
Ymin _ 1 »\/5 3J§ +
= RO

-+
o2

2
OnN=
1602y,

------- (1.24)
qshot
We now introduce the standard adopted for noise calculations, the squeezing factor (in

decibels):

Spim = 10.log o [6°] (1.25)
which has a minimum of -8.73 dB for the Haus-Shirasaki local-oscillator, and a shot-noise
level of 0 dB. Compared to the calculated prediction, experimentally observed squeezing
for %) fiber from Bergman and Haus [7] is about -5 dB. The discrepancy between the
observed and the predicted noise reduction was attributed to stimulated Brillouin scatter-
ing.

The presence of noise-floor naturally leads us to the question regarding the exist-
ence of a local-oscillator that can perform better than the Haus-Shirasaki bright-fringe
local-oscillator. There are two considerations here. The first is the criterion for optimality
of a local-oscillator. The second is the particular local-oscillator that meets the criterion.

We can settle the first consideration as we did for the Haus-Shirasaki configura-

tion: we normalize the charge variance for any local-oscillator and signal field state by its
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value for the same local-oscillator and a coherent state field, i.e., by the shot-noise level

for that local-oscillator. This, we know, is:

02@ = q? j dtIELO(t)|2 (1.26)
Shot
With this normalization eq. (1.20) yields:
%,
o'y = 5 = 1+ 26212 d]e, o (), ()]
Yshot

—21<L’ j dit, ¥ (1) B, () [1 + iKL|E,N(t)|2]|

(1.27)

The optimal local-oscillator is the &, ,, (¢) that minimizes 01%, subject to the constraint:

jdt|§w MPF=1 (1.28)

The second consideration can be addressed too. Eq. (1.27) points to the desired
local-oscillator. Clearly 61%, is minimized if, at each time instant, the phase of §, , (#) is

chosen to make:

ELo*2 (1) B2 (8) [1+ikLIE (021 = (€, (1) [Ey (0 [21+ K2L2E,y (0]* (1.29)

Defining a normalized pump field via:

E,. (t
ey (D) = w (D (1.30)
i
eq. with the phase optimized §, , () becomes:
2 2
o’y = J'dt|§L0(t)|2[J1 + @2, [e,y (D[ - @pylesy (9]7] (1.31)

Because the term in square brackets is non-negative, and monotonically decreasing with

increasing @ NLle f0) |2 , and because |«"; Lo® |2 is non-negative and integrates to 1, it is
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obvious that the optimum [§,, (¢) |2 must vanish at all times when
|e,N(t) |2 < maxt|e,N(t)|2 = 1. For the Gaussian pump pulse in eq. (1.14), this means

|§ LoD |2 should be a unit-area impulse at t=0, in which case:
on = [Jl+®2, -, ] . (1.32)

Physically, the preceding optimization can be understood as follows. Egs. (1.12) and
(1.13) tell us that the signal fluctuations are a Bogoliubov transformation in the input fluc-
tuations at any time t, and completely independent of the input fluctuations at all times
other than t. If we were to choose a local-oscillator that was a very narrow pulse at time t,
such that p (#) and 9 () of eq. (1.13) (with direct counterparts in eq.(1.12)) stayed con-
stant over the pulse duration, then the normalized charge variance as a function of t,, (min-

imized over the phase-shift) would be:

o’N (t,) = Ul + @2y ley (1) |4 ~ Dy lepn () |2:| i (1.33)
The normalized variance, which is the |§, , () |*-weighted integral of eq. {1.33), can be
made no smaller in value than the lowest variance that can be obtained by varying t, in eq.
(1.33). The optimal local-oscillator is therefore a narrowly peaked pulse at the time of

maximum signal squeezing.

The maximum squeezing occurs at the peak of the pump pulse, and is:

o’y = [+ 0%y, -0, ] (1.34)

It has an asymptotic expansion which goes down as

32 and has no noise-floor. Note
NL

that this is the same noise variance as the current spectrum one would get if one chose to

drive the fiber with a continuous wave pump. The fluctuation operator in terms of @® N 1S

then:

AEg(1) = exp (iy,) [ (1+i®y,) AEy (1) +i®y, AE (1] (1.35)
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which makes the minimum-noise current spectrum (see eq. (1.8)):

[«/ 1+ @2, - q)NL] ? (1.36)

exactly the same as eq. (1.34). Thus, the best a local-oscillator can do in the instantaneous

interaction case is to perform as well as the CW operation.

Although the preceding analyses are simple and appealing, they rely on an instanta-
neous interaction model which is known to be suspect. Indeed, certain experimentally
observed and classically predicted effects are ruled out in the instantaneous interaction
quantum picture. For example, Joneckis and Shapiro [17] have established that there is no
self-phase modulation spectral broadening in instantaneous interaction quantum theory.
Yet such self-phase modulation spectral broadening has long been observed. Joneckis and
Shapiro go on to show that a finite response time (non-instantaneous) model can reconcile
the observed effects with the theory. The finite response time turns out to be necessary
even when the bandwidth of the input pulse does not approach the reciprocal interaction
time of the nonlinearity. When the interaction between the fiber nonlinearity and the elec-
tromagnetic field is non-instantaneous, different frequencies in the pump input interact
differently with the nonlinearity even in the FWM approximation, and the simple local-
oscillator optimization procedure we developed above is no longer valid.

General formalism and specific fiber FWM results for local-oscillator optimization in
squeezed state observations comprise the topics for this thesis. The remainder of the thesis

is organized as follows.

1.4 Preview

In chapter 2 we build a general local-oscillator optimization framework presuming
known second-order signal field statistics.
In chapter 3 we take a particular generation scheme -- fiber FWM -- and present a

recently proposed model by Haus, Boivin and Kértner [15] for continuous-time fiber inter-
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action. We also choose a specific fiber response and relate it to the Raman noise model
along the lines of Shapiro and Boivin [16].

In chapter 4 we use this model to look at a simple CW excitation of the fiber, and state
the optimal LO for it. We make a comparison between the instantaneous interaction with
the non-instantaneous interaction, identifying a new noise-floor in homodyne detection
occurring at high nonlinear phase-shifts. We also trace the origins to the Raman noise in
the fiber (cf. Shapiro-Boivin [16]).

In chapter 5 we generalize the results of chapter 4 to pulsed interactions, and show that
there is an ultimate floor on squeezing that is determined by the fiber response, the pump,
and the choice of local-oscillator. This is a significant result which sets a limit on FWM
squeezing. In addition we translate some of the constraints imposed by the model to make
a statement about a class of responses. We also illustrate our results for typical pump pulse
excitations.

Chapter 6 alters the course of the thesis towards a slight generalization of the time-
dependent FWM being studied. We demonstrate the predictive ability of the chapter 2
optimization framework by applying it to a spatial dependence in the FWM interaction.
Clear analytical results are obtained for the optimal local-oscillator and a discussion is
conducted of the squeezing improvement by comparing the performance of the optimal

spatial local-oscillator mode with that of the suboptimal modes.

In chapter 7 we conclude the thesis by putting the results in a perspective, and indicate

directions for future work.
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Chapter 2
General Local-Oscillator Optimization Framework

The crux of the discussion at the conclusion of chapter 1 was the elegant solution to
the problem of local-oscillator optimization for instantaneous interaction fiber FWM. A
highly peaked (short pulse) local-oscillator timed to coincide with the peak of the pump
pulse minimized the normalized charge variance at any @, , and obviated the noise-floor
at high @, , . Essential to the derivation of these results was the fact that the signal fluctu-
ation operator at the output of the fiber was an instantaneous Bogoliubov transformation
of the input fluctuation operator. Thus, the homodyne photocurrent covariance was a non-
stationary white-noise for which local-oscillator optimization was straightforward. The
purpose of this chapter is to establish a general framework for local-oscillator optimiza-

tion, within which cases which do not generate non-stationary white-noise can be handled.

Rather than limit our attention to fiber FWM experiments, we shall consider balanced
homodyne detection of an arbitrary signal field, whose second-order statistics are known,
and seek a procedure for determining the normalized local-oscillator field §, , (¢) that
minimizes the normalized charge variance 01%,. In general, signal fields which are
squeezed (i.e., which have 0‘,%, < 1) are produced by nonlinear optical interactions. Such
interactions typically have a finite response time (unlike the instantaneous interaction we
assumed in chapter 1) [15],[16], and may involve other noise degradations such as Bril-
louin scattering [7], dispersion and loss [18], or non-uniform nonlinear gains [20]. In cir-
cumstances like these, particular generation models dictate the specific signal covariances,
and the search for an optimal local-oscillator is a non-trivial problem.

To keep the discussion simple, but general enough to highlight the key issues, we
divorce ourselves from spatial variations in the field quantities, and assume that a genera-

tion-scheme analysis is available that provides second-order statistics for Eg (t) , the sig-
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nal field input to the homodyne detector. This generation scheme may be fiber FWM,

parametric amplification, or some other system.

2.1 Normalized charge variance for general signal statistics

The normalized charge variance can be found from the current covariance via eq.

(1.18) and the normalization condition eq. (1.26), with the following result:

_[ dt j duK., (1, 1)
_ i

oZy =
N q2jdt|Ew (1)|?

2.1)

The current covariance as defined through eq. (1.3) is:

Kﬁ(t, u) = (i(0iu)) = 4q2(Re[AEg(DE )" (0 |Re[AEs(WE, ) (0)]) @2

Eq. (2.2) can be rewritten as:

K (tu) = q*(AEg (1) AEg(u))E o* (1) E )" (u)

+q%(AE (1) AEg" (u))Eo* (1) E, ) () .
+q*(AE (1) ABg ())Ep (D E, * (u)

+q%(AE (8) AES' ()E o (D E,  (u)
Several observations about the terms in eq. (2.3) permit some simplification. The sec-

ond term can be reduced through the commutation relation for free-field operators:

[AEg (1), AEg(u)] = 0 2.4)

[AEg (1), AES ()] = 8(t—u) @.5)

to:
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g (AE (1) AEs" (W)E* (D E 5 () = Eo* (D E, 5 ()8 (£-u)
(2.6)

+ (AEST (1) ABg(0)Y*ELo (0 Epo (u)
where we have also used the fact that the normally-ordered covariance
(AE ST (t) AEg(u)) is Hermitian. Next, because the phase-sensitive covariance
(AEg(t) AEg(u)) is symmetric in ¢, u, the first and the fourth terms are complex conju-

gates. Eq. (2.3) now reduces to:

Koo (t4) = GY|E o (1)|28 (t-u) +2q°Re {(AEs (8) AEg (w))Eo* (1) E, )" ()}
2.7
+2q%Re {{AES" (1) ABs (w))E (D E, )* (u) }

It is expedient at this point to introduce a simpler notation for the phase-sensitive and

the normally-ordered covariances:

KP (tu) = (AEg()AEs)) K™ (u) = (AES (nAEs(w)) @8

and write the normalized charge variance from eq. (2.1) with the use of eq. (2.7) as:

0%y = 1+2[atfauk™ (t,u) &5 (08, * ()
2.9
+2Rejdt dukP (6, u) o (1€, % (u)

where we have used the property that the normally-ordered covariance is a positive semi-
definite Hermitian function of ¢, u, and § Lo (1) is the normalized local-oscillator field as

introduced in chapter 1.

2.2 Framework construction and optimal local-oscillator description

It is not very obvious from eq. (1.8) what the optimal local-oscillator should be. There

is a transformation, however, that makes clear how one might determine the optimal local-
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oscillator. Suppose the covariances are expanded in terms of their real and imaginary

parts:

kP (u) = kP (t,u) +ik, P (,u) 2.10)

K" () = K™ (t,0) +iK,"™ (8, u) @.11)
and that the local-oscillator is mapped to a 2-D vector comprising its real and imaginary

parts:

- .
Re {gLO (0}
y(1) = 2.12)
Im{§,, ()}

Then the normalized charge variance acquires an inner product structure:

62, = 1+2Jdtjduy(t) Tk (1, u)y (u) @.13)

where:

kP (u) + K" (4, u)I k" u +k,P

tu
Ktu) = X e
&% (6 u) -k, (0 K™ (1,0) - K P ()

(2.14)

The matrix K (¢, u) is a symmetric real-valued matrix function of ¢, u, because of the

»)

symmetry properties of K~ (t,u) , K () (t, u) . Thus it has orthonormal vector eigen-

functions and real eigenvalues satisfying:

I duK (t, 1) @, (u) = D, (1) @.15)

j dr®, (1) TCDJ. (1) = Sij (2.16)

Because 0',%, 20, we have that: ?»i 2 —% ; the optimum local-oscillator & Lo (?) in its com-
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ponent form is:

Re {&LO (0}
= q)min (1) (2.17)

Im{g,,(}

where @ . (1) is the solution to (2.15), (2.16) with minimum associated eigenvalue

A . :and:

min’

oly=1+2A . (2.18)

is the optimum normalized charge variance achieved with this local-oscillator choice.

2.3 Approaches to find the optimal local-oscillator

On a purely computational level, we might ask if we have made a headway by posing
the problem in a new guise. At the very least, a clear separation of the problem has been
achieved. Any optical system can be imagined to function as the signal generation
scheme, and regardless of how complicated a normally-ordered and phase-sensitive cova-
riance it produces, we know for certain that there exists a local-oscillator to minimize the
charge variance.

We will quickly overview the possible courses we can adopt to go on from here, and
present in a condensed form some of the techniques that exist for problems like these. If
we are content with a purely numeric result to our optimization problem, standard tech-
niques like discretization in time followed by computation of eigenvectors using matrix
methods can be used. That certainly is a path which will let us numerically compute the
optimal local-oscillator [21] for any generation scheme. Also, since we do not really need
to know the eigenvalues other than the minimum, it might be best to specialize and reach

for variational techniques that allow that eigenvalue and associated eigenvector to be com-
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puted. There is a body of literature [21], [22], that deals specifically with such issues, and
certain robust algorithms exist for computations like these.

Moreover, the existence of an orthonormal basis of eigenvectors also creates a useful
opportunity to choose instead of a discrete time approach, an approach that uses a finite
basis of orthonormal vectors chosen intelligently to be as close to the actual basis as can
be guessed, and then the kernel matrix can be projected onto the basis to get a finite order
matrix whose eigenvalues and eigenvectors are computed [21]. In all of the numerical
methods, the trade-off between accuracy and computational prowess has to be balanced.

These observations are handy if a numerical solution is our eventual aim. Our goal,
however, is to gain some insight from the matrix formalism. As we go through the rest of
the thesis, we will allude to our framework in this chapter to address and support some of

the findings we present.
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Chapter 3

The Non-instantaneous Interaction Model for Fiber
FWM

As mentioned in chapter 1, this thesis specializes its optimum local-oscillator develop-
ment to squeezed state generation via fiber FWM. In this chapter we introduce a non-
instantaneous interaction model for fiber FWM. Among the various efforts [17], [23], [24]
to find a model for non-instantaneous interaction in optical fiber, the model by Boivin,
Kirtner, and Haus [23], is probably the best. It is a continuous time treatment that properly
preserves commutator brackets and includes the necessary Raman noise source. The
Boivin, Kirtner, and Haus model addresses the full self-phase modulation case. In later
work, Shapiro and Boivin [16] specialized this model to CW fiber FWM. We build on the
Shapiro and Boivin model by generalizing it slightly to include pulsed FWM. Note that
only the n, interaction is modeled: group velocity dispersion and loss are ignored, i.e.,

they are assumed to be negligible.

3.1 The Haus-Boivin-Kértner model in FWM regime

In the notation of chapter 1, the signal field fluctuation operators are related to the

input fluctuation operators and the strong pump pulse by:

iO (N E,y (t)+ AE;y (1)

[iLJ.h (1-1) |E,N(r) |2d'c}

ABg() = e +iL [ (1= B (0 Ay (0 By (1)

+ iLjh (t=7) Ep (7) AET (1) E,p (1) dr

3.1
where h () is the real-valued, causal, non-instantaneous impulse response of the Kerr

effect in the fiber. For comparison, the instantaneous interaction model would have
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h(t) = %0 (¢) . In the non-instantaneous interaction model we have x = H (0) , where

H(w) = Idt [ (2) ei®F] (3.2)

is the frequency response associated with A (¢) .

In eq. 3.1) 6 (f) is an Hermitian noise operator that commutes with AE v (1),

AE ,1\;f (1) , and has zero-mean Gaussian statistics with symmetrized correlation:

(OO +6w) O (1) = %jHi (®) coth(hw/2kT)cos [@ (t-u)1do  (3.3)
where H;(0) = Im{H (®) } . Physically, O (¢) originates from molecular vibrations in
the fiber, thus it represents the noise due to Raman scattering. As we can see from eq.
(3.3), not only does the noise depend on the imaginary part of the nonlinear index of the
material, i.e., the energy conversion between the electromagnetic field and the medium, it
also has a temperature dependence through the coth(fw/2kT) term. At higher tempera-
tures this term has a greater contribution at each frequency, and is indicative of heightened
molecular vibrations. The overall effect of the noise source is to mask the signal noise at

all frequencies and temperatures, and hence reduce squeezing.

The Raman noise operator has the following commutator:

(60,6 W] = ~iZ[H,(0) sin [0 (1-1)] 34
This commutator preserves the commutators of the field operators as they propagate
through the medium. In order to ensure a self-consistent theory, the only additional

requirement we must impose is that H, (®©) be non-negative for ©>0.

3.1.1 Relation of the Raman Gain to H; (®)

H; (o) is closely related to the Raman gain [25],[26] of the medium, as it determines

the rate of growth of the signal fluctuations because of the conversion of pump photons to
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signal photons through interactions with the medium. The exact relation between the low

frequency Raman gain and H; (@) as derived by Shapiro and Boivin [16] is:

2H,(Aw) A

o - Go(a(A(o) +b(Am)3) (3.5)

where various parameters in eq. (3.5) can be found in ref. [16].

At this point it is relevant to note that certain stringent limits are placed in choosing a
model for the fiber response h(f). These arise from the requirements
H,(w) 20for ®>0 in conjunction with ((:)2(1‘)) <oco Both H;(w) and
coth(7w /2kT) are odd functions and both remain positive for positive frequencies with
coth(%w /2kT) asymptotically going to 1 as @ — oo Thus, applying (62 (£)) < o ineq.
(3.2) we see that H ; (®) must be absolutely integrable. In other words, for a proper model
we have to choose a causal real-valued 4 () whose fourier transform has an imaginary

part that obeys:

H,(0) 20 for ©>0, IﬁlHi(m)|<w

There still is some freedom in the model because the exact form of the response func-
tion is not given, only some conditions it has to meet. Next we deploy a response, origi-
nally used by Boivin-Haus-Kirtner, that matches the real fiber parameters for response
time and self-phase modulation coefficient and justify that it meets all the requirements

laid down so far.

3.2 Two-pole fiber response

Experimentally, it is known that the fiber response takes time delays on the order of 1-
100fs. The CW response has a Kerr coefficient given by x, which therefore equals H (0) .

Also, the link between the Raman gain and H; (®) puts strict condition on the slope of
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H;(®) at ®=0. We need to have enough parameters in the response to satisfy the criteria

just mentioned. The simplest one that does so is a two-pole response of the form:

r
Q° 2 22
ho) = =2 sin[(J2 ) ]u o X
JQ*-T%/4

KQZ( 92 - coz) + iKQZmF
2
(Qz — 0)2) + u)2F2

Assuming a response time of 1 fs, we have I' = 2.1015 s~1, and using the values of phys-

H(w) = (3.8)

ical parameters like the mode area A of 2.33x10-!! m?, pump wavelength w, corre-
sponding to 795 nm wavelength, and the slope of H;(®) at =0 from Shapiro-Boivin

calculations [16]:

H/(0) = 2.05x10736 s2/m (3.9)
we have:
K = 2.71x10~2! s/m, and the resonance parameter Q = 1.626x10-15 s~1.
We can see from eq. (3.8) that H, (w) is positive for positive frequencies and goes

down as % for ® » 1 which means that it is absolutely integrable.
®

3.3 Verification of the FWM approximation

Since we cannot be sure apriori that FWM is a valid approximation to work with, we
should be careful to stay within the range of pump powers and fiber lengths that character-
ize experiments involving squeezing of pulses. We are interested in applying our local-
oscillator optimization to experiments like Bergman and Haus [7], which typically have

fiber loops 25 meters long and peak pump intensities of Watts.
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The main disparity between quantum self-phase modulation and quantum FWM is the
decay of the mean-field amplitude as the pulse propagates through the fiber. We need to
establish what constitutes a strong pump regime, i.e., minimal mean-field decay, and here
a certain degree of arbitrariness can be exercised. To keep a conservative outlook, any
mean-field decay of greater than 1 dB will be considered prohibitive to FWM. To under-

stand the decay, one looks at the full SPM mean field result [16]:

. dt[exp [iLh (t-1)] — 1] lEin (1:)[2
(Eg(D) = e E\y (1) (3.10)

The noise term contributes to the decay, and implies that for a dB of decay, one

—<<=)2(0>>J

requires a fiber length of:

0.1
log (e)
where we have assumed that the term;

[ 2nJ.H (®) coth(h(o/ZkT)dO)] G.11)

jd‘c [exp [iLh(t-T)] -1] |Ein €) |2
e (3.12)

has a negligible decay at the lengths concerned. Typically the decay length from eq. (3.11)
is around 30 km for the two-pole response, with T=0 K. Expression (3.12) is on the order
of e‘10~10 for this fiber length and a 1 ps pump pulse of peak intensity 1 Watt, confirming
our guess that it causes comparatively insignificant decay. At higher temperatures the 1 dB
decay length shrinks, but stays well above the experimentally accessible range. Since the
mean-field decay has no dependence on the pump intensity and increases at higher fiber
lengths, higher phase-shifts @, are best achieved by shorter fibers and higher pump
intensities.

Now that we have constructed a response which is physically relevant, and know that
our approximation is valid in the regime of interest -- 25 meters long fiber and peak pump

intensities on the order of Watts, the noise computations can be begun.
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Chapter 4
Continuous Wave Local-Oscillator Optimization

The simplest pump that can be used to drive a nonlinear medium is a CW pump, and
this, as we saw in chapter 1, has a white-noise spectrum for an instantaneous fiber interac-
tion. For a non-instantaneous interaction, there is a simple extension to the instantaneous
case, with the twist that now the fluctuations have both a linear transformation through the

fiber response and a thermal noise exacerbating the phase noise.

4.1 Non-instantaneous interaction with CW excitation

In the linearized regime of FWM, eq. (3.1) with a coherent state CW pump of average

amplitude ,/I,,, becomes:

i0 (1) I,y +AE N (1)
a ixLI A
AEg(t) = ¢ N 4 iLI,NIh (t-1) AE,y (1) du @)
+ilLy[h(t-1) A (v do
This represents a linear time-invariant transformation from AE N (8) JAE ,NT (1) to
AE (1) AEg (1) and an added noise term. Because the inputs (including the additive
noise) have stationary statistics, so will the outputs. We naturally select the frequency
domain as the domain of choice to carry out optimization, because there the signal fluctu-

ations are uncorrelated between different frequencies. We cast aside the pure phase term,

ikLI,, . . . ‘
e N, ineq. (4.1), as it can be made a part of the local-oscillator phase e®. Fourier

transforming the fluctuation operator, we get:

) i 1,0 (@) + [1+iLIH ()] AEy (o)
Eg(o) = . (4.2)
+ LI yH (®) AEy' (-0)
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4.2 Frequency domain representation of noise

Just as in eq. (1.24), spectral calculations are best done in terms of a peak nonlinear phase-

shift:

@, = XLl 4.3)

which requires us to normalize the fiber response to:

h(1) = xg(1)
H(®) = XG(0) = k[G,(®) +iG,(0)] @9
The normally-ordered and the phase-sensitive spectra defined as:

s (@) = jde‘”’ (147, 1) €0
4.5)

s? (@) = ‘[dch(’” (£+7, 1) iOT

turn out to be the following:

s (@) = @y, (G, () cothiw/2KT) + G, (©)) + D2, |G (®)|? 456)
5P (@) = @, (-G, (®) coth(h/2kT) + iG, (®) ) - D2, |G (w) |2 @)

The signal has a center frequency of ® = 0 and homodyning assumes a local-oscilla-
tor at the same center frequency as the signal field. We, therefore, choose a CW local-

oscillator as follows:

E ,(t) = [P €™ 4.8)

and optimize ¢ at the @ we want to observe. We then measure the noise at the phase-opti-

mized ® and get:

(p)

Sy(@) = 1+2Ev[s™ (@)] -2ls ()| @9)

where Ev represents the even part of the spectrum.
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Substituting eqgs. (4.6) and (4.7) in eq. (4.9) we get:

1 +2®,, [G, () coth(fi/2kT) + @, |G (0)|*]
Sy(w) = s (4.10)
—2®NLJ[Gi(m) coth(hw/2kT) + @, |G (w)|“]” + G, (@)

Ordinarily, the CW pump, CW local-oscillator case ‘measures’ S, (®) by using a
spectrum analyzer on i (f) and the minimum noise is obtainable by tuning over the ana-
lyzer frequency. However, the CW and pulsed analyses can be unified as follows: assume

a CW pump, calculate 62, (the normalized charge variance) using:

2 T
Eo(D) = N/;COS (0r-0) <3 @.11)

0 elsewhere

with ¢ arbitrary and T — oo. ¢ optimization will yield the same normalized charge vari-
ance as the spectrum of eq. (4.10).

The subtle difference between the present CW pump, CW local-oscillator non-instan-
taneous case and the instantaneous response pulsed case is that here we are faced with a
transformation which is not a Bogoliubov transformation, so the simple peak p, 9 argu-
ments do not apply. The optimal frequency for a given ®,, depends on both the particu-

lar response function chosen and on the temperature of the fiber.

4.3 Noise spectrum for the two-pole response

Given the temperature T of the fiber, eq. (4.10) shows the effect that a general fiber
response has on the noise at different frequencies. The Raman noise comes in through the

term:

G, (o) coth(aw/2kT) 4.12)

which peaks near the peak of G;(®) . Fig. 4.1 plots G,(®) and displays its peak at

= 1013 rad/s. The degree of squeezing depends on the relative magnitudes of G,;(®) and
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G, (0) with greater squeezing resulting at the frequencies which have higher |Gr ((o)|
compared to G;(®) . The explanation behind this observation is that higher IGr ( (o)l
stand for a stronger Kerr-interaction and higher squeezing, whereas high G ; (0) imparts

more Raman noise.

0.8
0.6}
0.4

0.2F

G, (®)

-0.2

_0.4 " 1 1 1 I e 1
10° 10

Fig. 4.1 A comparison of the real and imaginary parts of
the Fourier transform of the normalized response function.

Fig. 4.2 shows S, () vs. @ for T=0 and T=300K at ®,,, = 1. Ata given temperature,
squeezing is better at low frequencies with higher |Gr(w)| and smaller G,(®) . The
spectrum reaches the shot-noise level, Sy (w) =1, where G, (®) =0 and no Kerr-inter-
action exists. Also evident from Fig. 4.2 is the variation of squeezing with temperature,
with squeezing getting worse at all frequencies as temperature rises.

The special case of ® = 0 has been investigated by Shapiro and Boivin [16]. Because

of the discontinuity in coth(f®/2kT) at ® = 0, eq. (4.10) reconfigures to become:
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1+ 2(I>NL[TG; (0) + @y,
Sy(0) = 4.13)
v o, [[2c o)+, +1

/2 [Ti()+ NL]+

There is an explicit temperature dependence here, and at T=0 the spectrum reduces to the

2kT :|

instantaneous model of eq. (1.36). As a consequence, the leading term in the asymptotic

—(DIZNL, and Sy (0) decreases monotonically at high @, . At
non-zero temperatures, the leading term changes to 2kTGl.’ (0) /hd NL which is consider-

expansion of S, (0) is

ably higher than . This is a purely Raman induced noise, which has an ostensible

presence at all frequencies, and its effect is to block the squeezing performance.

0 T T T
-1} i
—of 4
-3t 4
Sw(@)/dB | |
5t 4
—6F J
T = 300K
_7- -
T = 0K
_8 N L N 1 n N " " 1 " A " " 1 " "N 1 N "
10° 10° 10° 10" 10" 10%
®

Fig. 4.2 CW spectrum vs. frequency for the two-pole
response. Comparison of T=0 K and T=300 K spectra for

CDNL = 1 rad.
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Apart from these remarks which depend on the exact frequency and temperature under
study, we would like to find any ultimate limits imposed on the spectrum as higher @,
are approached. We must first ascertain that this limit is not unrealistic. The peak pump
intensity required to give us a ®,, of 1 rad is:

h®p

PIN = thIIN = E— “4.14)

For L=25 meters, we get ®,, = 1 rad when P, = 2.75 Watts. Pulsed pumps can have

peaks much higher than this, thus phase-shifts greater than 1 are achievable.

4.4 Asymptotic expansion of the noise spectrum

We continue the analysis in the vein of eq. (1.22), in the limit of ®,, » 1, expanding

eqg. (4.10) in an asymptotic series:

[1-G, (@) /16 (@)|*

F—— G, (®) coth(HO/2KT)x
@), |G (w)]

(Gf () coth2(7w/2kT) + G- () )
1
492, |G (w)|

Sy(®) = (4.15)

(Gf () coth2(R/2KT) + G- () )x

[-5G7 (©) coth?(h/2KT) + G () ]

The noise pattern away from @ = O is rather different from what Shapiro and Boivin [16]
discussed. Now we come across a lowest achievable noise as ®,, — oo because it is no
longer true that G, (@) = |G (w)| = 1 at @>0. The term independent of @, in eq.
(4.15) represents that noise-floor and it equals the shot-noise level of 1 for those ® which

have G,(®) = 0. The next few terms in the expansion basically determine the rate at



which the floor is approached. In particular, higher temperatures mean a decelerated
decline of the noise with @, and higher magnitudes of G,(®) have the same effect. On
the other hand, a larger magnitude of G, (®) has the effect of making the floor lower
through the term independent of @, , but simultaneously arresting the approach through

) 1
the next term in o
NL

4.4.1 Noise-floor for the two-pole response

If we take the two-pole response as the fiber response model and plot the squeezing at

some selected frequencies against @, , as in Fig. 4.3, the trends outlined above are visi-

NL’
ble. Close to the peak of G, (®) , around ® = lel5 rad/s, G, () is very small in mag-
nitude, and this amounts to both the noise-floor rising up through the ratio
Gf (0) /|G (®) |2 and the rate of decline of the noise with @, becoming slower because
of the peaking of G;(®) . The @ = 0 plots show no flattening out except that the T=
300K plot slopes down much slower than the T=0 plot as the remarks following eq. (4.14)
emphasize. The T=0 slope is =-20 dB/decade in the log-log plot of Fig. 4.3, whereas
the T=300K plot goes only as =-10 dB/decade. The ® = lel5 rad/s plot, however, has
a base. If we use the floor terms from eq. (4.15), it evaluates to -2.226 dB for the response
we have, which is exactly as it appears in the plot. Since the relative magnitudes of
G, (o) and G, () change appreciably only after @ = lel4 rad/s, the floor for fre-
quencies lower than this is negligibly small and the squeezing essentially follows the
® = 0 plot at least to the ®,, shown. As the electronically observable bandwidth is
about 10 GHz, the noise-floor is a phenomenon undetectable in the CW case, two-pole
response.

To recapitulate, we have made a quantitative analysis of the noise spectrum for CW
case in this chapter. We have also obtained clean limits to the high ®,, squeezing and the

factors that cause it to be retarded. These insights will reappear in a different form in the
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next chapter where we generalize the results to a pulsed pump interaction and obtain limits

of similar nature.
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Fig. 4.3 Squeezing floor and decay vs. nonlinear phase-
shift at different frequencies and temperatures
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Chapter 5

Local-Oscillator Optimization for Non-Instantaneous
Pulsed FWM

As a point of departure for the pulsed interaction, we may begin by elaborating on eq.
(3.1) more thoroughly. We have not yet had a reason to attach any significance to the pres-
ence of the pump pulse inside the superposition integrals in this equation. It turns out that
the pump pulse has a very profound influence on the noise behavior. For the CW case con-
sidered in chapter 4, the normally-ordered and phase-sensitive field covariances were sta-
tionary, because these were convolution integrals relating AE v (D) AE ,NJf () to
AEg (1) AE ST (#) . With a pulsed pump, however, the input operators are multiplied by
the pump pulse both before and after their being convolved with the fiber response. In the
frequency domain this leads to a mixing of frequencies, which produces correlations
between frequencies such that the output signal’s covariance is no longer stationary either
in time or in frequency.

We can easily derive the signal covariances of eq. (2.8) for the eq. (3.1) FWM model
in terms of a general response % (t) and an assumed state for the input fluctuations. Let us

assume that the input fluctuations are in a vacuum state:

(AE, () AE ), () = 0 .

(AE, (1) AE, () = 0 '
Then with the aid of eq. (3.1) and its Hermitian conjugate, we can readily compute the
output signal covariances. Without the loss of generality we shall ignore the chirp modula-

tion term in eq. (3.1), because during optimization it can be absorbed in the local-oscilla-

tor phase, as can be seen from eq. (2.2). The output signal covariances are:
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k" (tu) =

K(p) (tu) =

:
.2%];1,. (®) coth(fia/2KT) cos [ (£ - u) | de

+§L[h(u—t)—h(t—u)]

+ L2 [ (=) h (=) [Epy (1) e

(—% J H, (o) coth(hw/2kT)cos [® (¢ — u) ] do

+§L[h(u—t)+h(t—-u)]

- szh (1~ h (=) |Eyy (7)Y

E\N* (8) Ejy (u)

E\n (1) Epy (u)

(5.2)

(5.3)

The rest of the thesis adheres to the assumption that the fluctuations are in a vacuum state,

so0 €gs. (5.2) and (5.3) remain the basic covariance expressions.

The kernel matrix of eq. (2.14), in terms of the normalized functions and parameters,

becomes:

0 q>NLg (u—1)

K(t,u) =

(I)NLg (t—u)

ey (1) gy ()

+20, [ (t-D g (-1 e}y (Vv

@
-2 j G, () coth(Ra/2kT) cos [ (£ - u) ] do

54)

In principle, we need only find the minimum-eigenvalue eigenfunction of eq. (2.16) with

the kernel of eq. (5.4). However, as described below, we shall take a more circuitous, but

more insightful route.
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The earlier cases of instantaneous response (chapter 1) and the CW pump (chapter 4)
were first analyzed for an optimal local-oscillator which then enabled statements about the
noise at high nonlinear phase-shifts. Those were tight lower bounds on the achievable
noise performance and there existed local-oscillators that actually met those bounds at all
®,, . Such statements are very tough to make for the kernel of eq. (5.4), because it does
not admit to an obvious analytical form for the optimal local-oscillator, or even a non-triv-
ial noise bound at all nonlinear phase-shifts. A viable strategy, which we shall take, is to
search for a lower bound on cl%, , the normalized charge variance, and then look for local-
oscillators which approach that bound. Implicit in this argument is the dependence of the

bound on the response function and the pump profile.

Following our experience in the CW case, and given our interest in high @, , strong

NL>

squeezing, we will make an asymptotic expansion of 01%, and optimize its behavior by

appropriate local-oscillator choice.

5.1 Asymptotic expansion at high nonlinear phase-shift

The investigation of this limit begins with eq. (2.9). First we assume that the local-

oscillator has the form:

E-'LO (1 = PrLo (1) e’® (5.5)

and choose the constant phase ¢ to make the phase-sensitive term in eq. (2.9) a negative

. .. . 2.
real quantity. The phase optimized charge variance, G, is then:

oy = 1+2JdtJ‘duK(n) (t,u)pro (N p,,* (u)

) (5.6)
—ZUdt duk ) (1) ppo* (1P, ¥ ()

We can compute this charge variance for the Haus-Boivin model by substituting egs.

(5.2) and (5.3) in eq. (5.6):
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@
2—11?.[6" (®) coth(ReY2KT) cos [ (¢ - u) ] do
i xe* (1) Pro (0)

2(DNL[g(u_t) _g(t_u)] XCIN(M) pLo* (u)
|+ fet-Dgu-Dley e |
"o ]
ot j G, (®) coth(Hiy2kT)cos [ (£ - u) ] do

2
oy = 1+2d[au .

. xepn () pLo* (0
l

_2J‘dt du 45Oy [g(u-1) +g(t-w)] x &,y (1) P o* (1)

_ ¢12Vng (1-1) g (=) ey (0) 2t

5.7
At high phase-shifts @, » 1,80 the dominating terms are those in CIDIZ:,L. We single out

the coefficients of <I>12VL from the normally-ordered and the phase-sensitive terms above,

O'szjdt duy (1) y* (u) _[d’cg(t—*c)g(u—ﬂ few @]

5.8)
|Jet s 0 wr ) [ateg (1- ) g (=) e ()]
where: y (£) = e;* (1) Py (2)
Next we assert:
2
[ae [y 1y v+ ) [arg (1-1) g (u=-D) ey (0]
(5.9)

> ”dt_"dulll* (1) W* (u) Idfg (t-1) g (u—1) |y () |2|
Proof:

The normally-ordered coefficient (LHS) can be expressed as:
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jdtjdu\y(t) v (u) jd’tg (1-1) g (=) e,y (D]
- J-d'cleIN(‘c)lz[Jg (t=1) (1) di] [Ig(u—t)\p(u)du]* 5.10)

= [atley [|[Jst-Dv@a]

Similarly, the phase-sensitive coefficient (RHS) can be written:

jdtjduw* (5 w* (1) J-d“r,g(t—‘c)g(u—‘c) e (0]
(5.11)

- JdT|€1N(T)IZUg(t—"c)w(t)dt]*z

Applying the triangle inequality to eq. (5.11), the assertion becomes clear.

This result has a direct impact on the limit calculation. We can apply the triangle ine-

quality to the phase-sensitive term in eq. (5.7) and state:

@
_2_1;” G, (w) coth(he/2kT)cos [0 (£ - u) ] dw
J.dtjd“ +§¢NL[g(u—t) +tg(t-u)] v

- ¢,2VLJg(t-r)g(u-r) e (1) |2

O3, |[dt [au [ g (=) g (=) e,y (0 Pw* (0 v ()

IA

—%JGi () coth(Z®w/2kT)cos [® (¢t —u) ] d(x).
+ fdtjdu . W* (1) W (u)
i +5lg(u=-0+g(1-u)] |

(5.12)
and similarly the normally-ordered term is subject to:
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@
2 J’ G, (@) coth(fiw/2kT)cos [ (- u) ] do

J.dt du +%¢NL[g(u_t)_g(t_u)] W(t)'q[*(u)

+ <1>,2Vng (1-1) g (=) e,y (V)| dt

q»,%,L"dtjdufdrg (1-1) g (=) ey (O Pw* () w ()

v

'57_‘ J G, (®) coth(7i> /2kT) cos [ (¢ - u) ] dw
- @y e[ l. V(v )
+ E[g(u—t) -g(t-u)]

(5.13)
from which it follows that:
2 2
, 2 [ Jarlew @ |[Je-vwa]
oy21+20,, +0(D,,;) (5.14)

-“dflem(t)f[jg(t—r)w(t) dt]*2|

where O (@) terms are of order @, or lesser.

Eq. (5.14) shows the effect of a local-oscillator choice on the noise behavior at high
@, - From eq. (5.9), the term in (DI2VL is non-negative. If a fixed local-oscillator is chosen
for which the coefficient of CIJIZV ;. is a positive quantity, then as @, grows, of, eventually
blows up because of this term. Therefore, the optimum local-oscillator must depend on the
particular @, , and keep decreasing the coefficient of <I>12VL with increasing @,, . At
higher and higher @, , this coefficient must go towards 0.

The convergence of the CDI%,L coefficient to 0 does not imply that a local-oscillator that
makes this term O is the optimal one at a given @, , , because the other terms can still off-
set this reduction in 0'1%,. The purpose of the argument above is to allow us to surmise the
limits on 0'1%, at high ®,, and possibly deduce a limiting form of the function towards

which the local-oscillator tends as higher @, are approached.
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There is one more observation we need before we can state an interesting result. From
eq. (5.7) we see that we can replace the pump by a non-negative real function, because the
only place where pump phase matters is in the product y () = e,* (£) p;, (¢) . There-
fore the pump phase can be completely absorbed in the local-oscillator phase. Without
loss of generality, therefore, the pump term e, (#) will be assumed to be real and non-
negative.

Now we can show that at high nonlinear phase-shifts, with e, (#) 20, the optimal

local-oscillator, p 1o (D, tends to a constant phase function.

The coefficient of <I>12VL in eq. (5.14) is non-negative from eq. (5.9). It is zero if and
only if y (#) is real to within a constant phase (triangle inequality). If y (#) has a given
time-dependent phase, then the coefficient of (IJIZVL is non-zero in eq. (5.14) and @, can
be made arbitrarily large to make the value of 0'12\, be any positive number. This implies
that as @, increases, the optimal local-oscillator must adjust its phase to become closer
to having a constant phase.

Having established the above asymptotic condition on optimal local-oscillator, we
shall assume a local-oscillator of the form: p, , (¢) = C(r) eie , with { (#) real, and min-

. 2 ) .
imize G as a function of 0. We start with:

oy (8) = 1+2[4,®,, +A20% ] (1 - cos26) +2B®,, sin26 5.15)

where:

A = Idtjdu%tjdei(m) coth(h/2KT) cos [ (£ - 1) ] €,y (£) €,y () § () € ()

(5.16)
2 22
A, = Jdu(jdtC(t)g(t—u) eIN(t)) ey () (5.17)
B = [aufdif (1) ey (08 (1-1)E (W) ey (w)
(5.18)

= [aufait ey (18, (=) § (W ey (w)

g, (1) being the even part of the response function.
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We optimize over 0 to get the lowest possible noise for a real £ () , and then expand

in the powers of ®,, with the following result:

2 g BA, B'-aBA
Oy(®yy) = 1-=+ + Foom e (5.19)

4 6.2
A2 A2q)NL 4A2(I)NL

The noise-floor, a term chosen to describe:

. 2
lim q)NL"”GN : (5.20)
determined by the @, independent terms in the expansion, can be made zero if % =1.

A
By a method similar to the one employed before in proving eq. (5.9), it can be shown that

2_ .2 .
B“<A,. |B| can be written as:

1Bl = |[au[drl (1) ey (08 (1= 1) E (W) ey ()|

.21
sUdtgz(t))”2U'du“dt§(t) e,y (1) g (t—u) epy (u) )2]”2
- [Idu(jdtg(t)e,N(t)g(z-u) )ze}N(u)]”z = A,
Equality holds if and only if
Jaueny g (t-wyep L =15 522)

for some non-zero A and { (1) .

We have come to another Fredholm equation. If a solution to eq. (5.22) can be found
for a given pump e, (¢) , and a response g (f) , then we know that at high phase-shifts,
the noise-floor can be eliminated. Let us first check if this condition makes sense for the
simple cases we have already analyzed. For an instantaneous response, e€q. (5.22)

becomes:

efy (DG (1) = AL (D) (5:23)
which is the same as saying that a narrow pulse timed wherever e, (¢) # 0 should get rid

of the floor. This is indeed true if we look at eq. (1.33) which has no noise-floor at any t,,
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although the optimal local-oscillator must coincide with the peak pump intensity. We won-
der if such a nice result exists for all g () .

The two-pole response is illustrative of what happens in those situations in which
g () arises from a finite number of poles and zeros and has no impulsive part in it, unlike

the instantaneous response.

For the two-pole response, g (1) = O for 1< 0. The kernel of the Fredholm equation
in eq. (5.22) is then a strictly causal kernel or a Volterra kernel, ie.,
e (D) g(t—u)e,y(u) C(u) = O for t<u.Theorem 5.3.3.3 of ref. [27] states that for a
strictly causal operator A, and for every non-zero A, the operator Al — A is invertible. So
no non-zero A exists for which eq. (5.22) can be satisfied.

This does not in and of itself mean that the noise-floor is not removable, but it would
be interesting to know if we run into a problem like this only for the two-pole response we
chose or if there is a statement hidden in the constraints placed by eq. (3.6) on the
response, that makes g (0) = O for some class of allowed responses. We already have
that g () = O for <0 from the causality of g (7) .

As it turns out, the absolute integrability and phase requirements on G, (®) imposed
by eq. (3.6) are quite binding on g (¢) . For areal causal g (¢) , the Fourier transform’s real
and imaginary parts are a Hilbert transform pair, and it can be shown that as long as the
Laplace transform of the response is a rational function of two polynomials in the trans-

form variable s, and satisfies eq. (3.6), there must be exactly two more poles than zeros of

G(s).
Proof:
Z(s) . .
Part 1: If G (s) = P (s) is the Laplace transform of a real function g (7) ,
G(s) = jg(t) estdt (5.24)
where P (s) = sp+ap_1sl"1+ ------- ta,, Z(s) = sz+bz_1sz‘1+ ------- +b,, st
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p2z+1, and G(®) has an absolutely integrable imaginary part, G,(®), then

p2z+2.
Proof of part 1:

The assumption p 2z + 1 ensures that the response function has no impulses or its
derivatives. iG; () is the Fourier transform of the odd part of the real function g () .

The Laplace transform of the odd part is thus:

8, () = 318() (D1 ©G,(5) = 3[G(5) ~G(=9)] 625

where

1 .
G;(0) = ;Go (im) (5.26)

which implies

1[Z(s)P(=s5) —Z(=$)P(5)]
2 P (s) P (-s)

The order of the numerator in eq. (5.24) is at most p+z and that of the denominator is

G,(s) = (5.27)

2p. If G, (w) is to be absolutely integrable, then it must decay at least as fast as 0%2 . This
requires that the order of the denominator be at least two greater than that of the numera-
tor. If p >z + 2, integrability is assured. Assume this is not so, that is, p = z+1. Then the
p+z power terms in the numerator of G, (s) must cancel to achieve the requisite condi-
tion. But this is impossible if p=z+l, from the form of G, (s): it requires
sZ(=s)P — (=s)%sP = 2(~1)2+1522+1 = 0. Hence p2z+2 if G,(®) is to be abso-
lutely integrable.
Part 2:

If G, (w) for areal, causal g (¢) satisfies:

G, (®) 20 for ©>0, J.‘Zi—;’t)|Gi(co)|<oo (5.28)

and G (0) >0, then the number of poles must be exactly two greater than the number of
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zeros in G (s) .
Proof:

For this, one needs to look at the frequency dependence of the phase of G (®) . The

phase is given by

J
where p i and z; are pole and zero locations on the s-plane respectively. The term nm

arg [G(®)] = nt+ Zarg (Jo-z) —Zarg (j(o—pj) (5.29)

ensures that G (0) >0. According to our convention for Laplace transform (see eq.
(5.24)), the poles are in the right half-plane, since g (f) represents a causal, stable
response, and the zeros can be anywhere on the s-plane. All the poles and zeros must
appear in complex conjugate pairs, or be on the real axis.

By eq. (5.28), the phase must also be bounded by 0 < arg [G (®) ] < w. In the limit
® — oo, the poles change the phase from their ® = 0 values by a total of pg and zeros,
at the most, by phase of —%t. If p2z+3, then arg [G (®)] must change by 2> 3g .
This violates the phase condition needed to be satisfied, and implies that p <z + 2. From
part 1 of the proof, we have that p >z + 2, so it must be that p=z+2.

An implication of the above result is that for responses with rational transfer functions,
the initial value theorem for Laplace transforms of causal functions (satisfying eq. (5.28))

implies g (0) = 0. This is clear by the following argument:

g((0) = lims_)oosG(s) = lims_wol/s =0 (5.30)
precluding a pure exponential of the form Aexp(—%)u () from being a valid fiber
response because it is non-zero at t = 0.

Implications for the limiting squeezing become clear. There does not exist a local-
oscillator that can take the noise down to O asymptotically, at least for the class of fiber

responses with rational transfer functions. Once again, we are confronted with the possi-

bility of a floor we cannot remove. This bears resemblance to the CW case non-instanta-
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neous response with ® # 0. The difference is that here the exact pump profile and the
local-oscillator chosen determine the floor. For each pump pulse, the floor can be deter-
2

mined by a maximization of the objective function B—2 . A condition for this maximization

A
can be found by functional differentiation of the obje%:tive function, but the resulting con-

dition is non-trivial to solve for the optimal local-oscillator. A more practical method
would be to maximize the objective over a subclass of square integrable local-oscillators.

A parametric Lagrangian scheme might be suitable for that purpose.

We may also want to know how the rate of approach of the noise-floor depends on the
choice of local-oscillator. Just like in the CW case, in which different frequencies had dif-
fering rates at which the floor was reached at high ®,, , similar issues may come up for

the pulsed case.

5.2 Specific pulsed excitations

The results from last section can be put on a clear footing by evaluating the full FWM
squeezing for some of the pulse excitations that have experimentally been used and com-
paring the squeezing for different local-oscillators. Agreement between the full FWM
results and the limiting cases will confirm the behavior of squeezing at high ®,, , and
help us identify the significance of each term in the approximation.

The most commonly used input to the fiber is a Gaussian pulse, as in the experiments
by Bergman and Haus [7]. This presents analytical difficulties with some of the covariance
terms in our calculations, but can be numerically evaluated to high accuracy using Fourier
transforms instead of time domain computations. The other kind of pulse used as an exam-
ple here is a single-sided exponential, which is analytically tractable for the most part, and
for computations like the noise-floor it has an advantage that clear expressions can be
found and examined in various ®,, regions. Besides, it exhibits a peculiarity that has

interesting consequences for the squeezing computations.
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We shall continue, in what follows, to absorb the chirp modulation in the local-oscilla-

tor. The exponential phase factor of eq. (3.1) will not appear explicitly in what follows.

5.2.1 Gaussian pulse excitation

The Gaussian pump profile is assumed to be:

r \2

en(t) = exp(—(uat) ) (5.31)
where o is the width parameter and relates the pump width to the fiber response width.
The introduction of normalized parameters in the Haus-Boivin model has suppressed the
need to work with the exact experimental values of the response and pulse durations,
because in the final analysis I" cancels out. We choose o to be 0.01 for our calculations to

give a | ps pulse width compared to a femtosecond width of the response.
Next we consider the terms that need to be computed both for the normally-ordered

and the phase-sensitive covariances. First, the normally-ordered terms:

@NLJ'dzjduJ";—‘;’Gi (®) coth(he/2kT) cos [ (1 - u) 1y (1) W (u)

4 (5.32)

= @y, |52G, (@) coth(io/2kD)|¥ (o) |2
Lo Jdtjdu[ (=) —g (- 1y (O y* (1) = -0y, [226, () ¥ ()2 (533
5 UNL 8 8 Y1)y = NL o Yi (5.33)

and then the phase-sensitive terms:

—¢NLIdtJduj‘21—(£Gi (@) coth(he/2KT) cos [@ (£ — u) 1 W* (1) W* (u)

(5.34)
- -0, ‘21—‘7’3(;,. (®) coth(he/2KT)W* (-w) P* ()
Sy [de[dulg (u=1) + g (1w 1w (0w ()

(5.35)

= iy, [£2G, (@) ¥* (-0) ¥* (0)
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where y (#) is as defined in the last section, y (t) = e,,* (¢)p Lo (1) ,and

¥Y(w) = jdt\p (1) efot (5.36)

The remaining terms are computed directly in the time domain, and offer no advantage
in the frequency domain. In the above, Fourier domain calculations have reduced the num-
ber of integrations that need to be performed to two (one for the calculation of the trans-
form itself, assuming it is not known analytically) instead of three. Until now, no mention
has been made explicitly of the local-oscillators which will be put to test. Here, we take
our cue from the instantaneous case, because the pulse width is large compared to the
response decay time, and consider the following three local-oscillators choices:

1. The bright-fringe local-oscillator: Originally proposed by Haus and Shirasaki [6],
this is the mean field output of a Mach-Zehnder interferometer that contains in both of its

arms the same length of the fiber. It has the following form:

ol’ I' \2) i
(f) = —ex (—( oc—t) )e (5.37)
p LO ,\/i?l', p 2
hence the effective local-oscillator is the pump pulse normalized to have energy 1.
2. The pulse-compressed local-oscillator: Proposed by Joneckis and Shapiro [13], this
retains the chirped phase like the bright-fringe local-oscillator, but has additional com-

pression in the mean-field term given by the compression parameter 3 :

Pro(d) = %exp(—(ﬁl—;t)z)ew (5.38)

3. The weak-signal FWM local-oscillator: Proposed by Prem-Kumar [28], this local-
oscillator is generated by introducing a weak version of the pump signal instead of vac-
uum into the Mach-Zehnder interferometer of the Haus-Shirasaki configuration, and using

the dark fringe output as the local-oscillator. It has additional phase on it in order to imi-

tate the phase of the input fluctuation operator:
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e (1) €04+ i@y, g (1=) ey* (1) €1y (1) €%y (1) dt

' (5.39)
+ i@y, [g(t-T) ey (D epy* (D e,y (N dr

Pro (1) = Aeit

where the constant A is introduced as the normalization coefficient, as the weak-signal
FWM local-oscillator does not have an analytical form for a general response g () . The
first two local-oscillators can be analytically evaluated, at least to the point of evaluation
of eq. (5.36). After that, numerical computations are called upon. The weak-signal FWM
local-oscillator is also tackled with the help of Fourier transform, but it is a bit trickier, and

needs numerics to begin with.

5.2.1.1 Instantaneous interaction noise characteristics

We present the Gaussian pump, instantaneous interaction results first which are analyt-
ically calculated from the results of section 1.3 (eq. (1.27)). Fig. 5.1 shows the comparison
of several local-oscillators. Evidently, the bright-fringe local-oscillator is far from optimal,
both because it misses the point of maximum squeezing at the peak of the pump input, and
has the incorrect phase at all times. As the phase is corrected by the choice of weak-signal
FWM local-oscillator, squeezing improves dramatically and no longer displays the floor
that the bright-fringe local-oscillator did. We can examine this difference in performance
if we set 8 = O in eq. (5.39), and compute the weak-signal local-oscillator for the instan-

taneous response, A () = ko () :

Pro(t) = Ae®[1+ 2i<I>NL|e,N(t)|2] ey (D (5.40)

where:

A= ( J’ difeyy (1) |2 + 403, J' dilepy (1) |4)'” 2 (5.41)

PLo () of eq. (5.40) simplifies for the Gaussian pump of (5.31) to:
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Pro(t) = E(% + %J—llzeiq’[n 2i<I>NLexp(—2(ocgt)2)] exp(—( ag;)z)

(5.42)
from which eq. (1.27) becomes:
q>2 (L + 4._(1)_1%_1‘}
2 }-1 NL
6% =1+ 2(i + 4———@”} V6 10 , (5.43)
N2 W6 o (1)_.(1)2 [i+4<I>NL]
NL\ 2 NL JE Jl_()
This has an asymptotic expansion of:
1 15+6
1 (43) /@2, +(—‘/_32 )/(I)I‘t,L PR (5.44)

which lacks a constant term, i.e., the noise-floor. The factor of ﬁ in the leading term
spells the squeezing under-performance of =2.4 dB compared to the instantaneous

interaction result infinite pulse-compression result of chapter 1 (eq. (1.34)) in which the

leading term in the asymptotic expansion is .
492,

Further improvements come about if pulse-compressed local-oscillators are chosen,
and higher degrees of compression lead to lower floors. Our explanations succeeding eq.
(1.30) suffice to establish the optimality of an infinitely compressed local-oscillator. We
have included in Fig. 5.1 the floor values for the bright-fringe and pulse-compressed local-

oscillators, calculated from the following expression:

1- ﬁB 402 + 2B2) (5.45)

10.]0810( 202 + 22
which testifies to the fact that the floor disappears for § — co. We note from Fig. 5.1 that
local-oscillators compressed to a higher extent bound the performances of those with
lesser degrees of compression, with the exception that the weak-signal local-oscillator
does better at noise reduction than the bright-fringe local-oscillator although they have the

same pulse widths. A look at eq. (5.42) reveals that the weak-signal local-oscillator only
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differs from the bright-fringe local-oscillator in its phase at each time instant, and this
choice of phase makes it superior to the bright-fringe local-oscillator at each @, , as well
as helps to remove the high @, floor that plagues the pulse-compressed local-oscillators

with unadjustable phases. Next we turn towards the non-instantaneous interaction.

Bright-fringe: -8.73 dB
pulse comp x2: -16.95 dB
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Fig. 5.1 Normalized charge variance vs. nonlinear phase-
shift for instantaneous interaction and a Gaussian pump:
comparison of different local-oscillators.

5.2.1.2 Non-instantaneous interaction noise characteristics

Fig. 5.2 compares the performances of different local-oscillators. The computations in
this figure are for noise levels at absolute zero temperature. We see a performance-spread

in the non-instantaneous case.
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Fig. 5.2 Normalized charge variance vs. nonlinear phase-
shift for non-instantaneous interaction (two-pole response)
and a Gaussian pump: comparison of different local-oscilla-
tors.

There is no monotonicity of local-oscillator capability here, unlike the behavior seen
in instantaneous case. For low @, , the weak-signal FWM local-oscillator lies between
the bright-fringe and the pulse-compressed local-oscillators. At moderate @, , it outper-
forms both the bright-fringe and the pulse-compressed local-oscillators. At higher phase-
shifts, the pulse-compressed local-oscillators begin to exceed the weak-signal FWM local-
oscillator performance. Eventually weak pulse FWM local-oscillator reaches a minimum
after which its performance degrades rapidly and goes above the shot-noise level. The
pulse-compressed local-oscillators, however, smoothly flatten out to noise-fioors.Another

highly interesting fact is that the pulse-compression only goes so far to improve squeez-
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ing. When B =35 the compression attains its maximum squeezing at -27 dB approxi-
mately. At lower and higher compressions, the performance is less impressive.

We can certainly see where the maximum correlations exist in the signal output of the
fiber. Usually the pump pulses launched into a fiber have a width of the order of picosec-
onds. The nonlinear interaction response time is of the order of femtoseconds. The kernel
matrix, eq. (5.4), with a product term containing the pump pulse cannot have significant
correlations at time separations of more than a pump width. So a local-oscillator much
wider than the pump cannot be optimal. Using a local-oscillator whose duration is shorter
than that of the fiber response is also not beneficial, because then we risk missing the peak

of the term:

éL[h(u—t) +h(t-u) ] Epy (8) Epy (u) (5.46)

in the phase-sensitive covariance, eq. (5.3). This term provides the difference between the
normally-ordered and the phase-sensitive covariances for a real pump and a real local-
oscillator, and has a strong effect on the squeezing performance.

We can relate our observations to the CW analysis of chapter 4. For any @ n and a
given pump, frequency mixing in the fluctuations (as described at the beginning of the
chapter) causes the fluctuations to be correlated in frequency, unlike the CW spectrum in
which fluctuations at different frequencies were uncorrelated. To exploit these correlations
we have to employ a local-oscillator with a finite bandwidth rather than a CW local-oscil-
lator. But a local-oscillator which has a very wide bandwidth also runs into difficulties
with the finite bandwidth of the optical nonlinearity and the presence of Raman noise at
high frequencies. At very high frequencies, the squeezing in Fig. 4.2 is very weak, both
because G, (w) is small, and because the peaking Raman gain introduces extra noise. A
narrow local-oscillator (wide bandwidth) would sample the high frequencies and therefore

have less squeezing than the local-oscillators that have their frequency content in the flat
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part of G;(®) . The optimal local-oscillator would, consequently, have to be of finite
extent in frequency and in time.

For constrained local-oscillator optimizations, in which we optimize the width-param-
eter for local-oscillators of a particular pulse shape (e.g. Gaussian), this can be an impor-
tant consideration. Besides the width of the local-oscillator, its phase is also very critical in

squeezing calculations.

Comparing the bright-fringe and the weak-signal FWM local-oscillator, we notice a
key difference. For the real pump pulse assumed (eq. (5.31)), weak-signal local-oscillator

(eq- (5.39)) reduces to:

Po(t) = Aei¢(e"9+ 2i®,;, cos () jd‘cg (1-7) |egy (T) |2Je1N (1) (547)

which differs from the bright-fringe local-oscillator in the time-dependent phase with
which the weak-signal FWM local-oscillator modulates the pump pulse. The input phase
0, which determines the interaction of the pump with the weak-signal through the nonlin-
ear medium, can be adjusted to optimize the time-dependent local-oscillator phase, in
addition to the phase ¢ that the homodyne detector appends. As a first cut, we have taken
this phase to be 0, for the numerics involved in our computations do not allow optimiza-
tion over 6. Atlow @, the coefficient of ®,, ina ()'12v Taylor expansion dominates the
squeezing, compared to that of (I>,2VL, and that coefficient is sensitive to proper phase
selection of the local-oscillator (see eq. (5.46)). For the weak-signal FWM local-oscillator
the particular phase we chose through eq. (5.47) leads to a squeezing performance far
superior to the bright-fringe local-oscillator.

Another problem with a non-instantaneous response compared to an instantaneous one
is that the low @, range is also affected relatively strongly by the Raman noise sources,
so any significant gains that could have come about because of the phase compensation

are “screened” out.
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At high nonlinear phase-shifts, where the squeezing saturation is seen to occur, a dif-
ferent trend is seen. The weak-signal FWM local-oscillator shoots up and rapidly exceeds
the shot-noise level whereas the bright-fringe and the pulse-compressed local-oscillators
hold their levels. We immediately see the connection to eq. (5.14) which bars an optimal
local-oscillator from having a time-varying phase other than that predicted by the solution
of the eq. (2.15) for the kernel matrix of eq. (5.4). There is always some time-dependent
phase on the weak-signal FWM local-oscillator. At high ®,;, , it allows the <I>?\,L term to

drive the noise level above the shot-noise value.

5.2.1.3 Analysis of the effect of pulse compression on squeezing

Let us try to quantify the first point about the pulse-compressed local-oscillator having
an optimal degree of compression. To show that there is an optimal local-oscillator some-
where between the limiting cases of a very narrow and a very broad pulse, we refer to egs.

(5.17)-(5.19). The noise-floor is 1 — B—2, and as the local-oscillator width is varied we can
A

. .. . . .
see its effect on the floor. We limit our treatment here to Gaussian local-oscillators, but it

can be generalized to arbitrary local-oscillator shapes.

First, consider a very broad Gaussian local-oscillator pulse of width 1, :

Pro(t) = [%Jmexp(—(%)z)ew (5.48)

Now let us consider the limit in which T, is much larger than the width of the pump

pulse. The term in the numerator, B in eq. (5.18) becomes:

2
B= ﬁjdujdtelN (g, (t—u) e, (u) (5.49)

and the term in the denominator, A2, eq. (5.17) is:
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A2~ - JRJ.du(Jdtg(t u)eIN(t)) e, (u) (5.50)

therefore

Nz (Jduj‘dte,N(t)g (- u)e,N(u)) _ 1 651

Tz"/i J‘du(J.dtg (t-u)e, (t)) elN(u) K

which asymptotically goes to O at large pulse-widths. The noise-floor thus rises up to the

B
'_2
4,

shot-noise level.

The opposite extreme of a very narrow local-oscillator can also be analyzed similarly.
We assume a narrow width Gaussian local-oscillator parametrized by a width parameter
) and a double-sided, i.e., a symmetric pump, the reasons for which will become clear

shortly:

1

Pro(® =C;p(1)ed = [—A/%]iexp(—(%f)eiq’ (5.52)
1

which, because of the condition (1.28), in the limit T ;< 1 becomes an impulse of the form:

1
CLO (1) = (A/Q—TWI)ZS (1) (5.53)

We have to resort to an approximation which takes into account the vanishing of g (0) .

We define new variables:

-~
+
<

t = (5.54)

and

t =t—-u (5.55)

in terms of which B becomes:
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t t t t
B = Jdt_ge(t_)Jdt+elN( t, + EJe’N[ t, — EJCLO(t+ + EJCLO[t*‘ - EJ (5.56)
and under the assumption of a very narrow local-oscillator we can assume that the pump

remains constant over the local-oscillator duration:

B=e?, (0) J.dt_ge(t_)Rcc(t_) = 2e%,(0) Jdt_g(t_)Rgc(t_) (5.57)
0
where R&L t_J is the even, positive-definite auto-correlation over time of the local-oscil-

lator €, , (?) :

ch(t_) = J.dt+CL0{t++;-JCLO[t+—%) (5.58)

g (t) can be expressed as its series expansion for 1 >0 as:

g(t) = g(0) +tg'(o+)+ --------- (5.59)
which is substituted in eq. (5.57) with g (0) = 0 to yield:

B=2e2,(0) jdt_t_g'(0+)R§§(t_) (5.60)
0

For a Gaussian local-oscillator eq. (5.58) can be evaluated to:
t \2
RQC(t-) = exp[—Z[z—TI] ] (5.61)
for which eq. (5.60) simplifies [29] to:

B=e} (0) g‘(0+)ﬁrf (5.62)

We can also simplify A% in the narrow local-oscillator limit:
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1 2
A2~ J‘dr[(ﬂqy“'dﬁ (1) g (t-7) ey (£) J e2, (1)

(5.63)
= 217, J- dig? (1) e, (1)
implying:

' + 2
B [ 3(6121« ©) [¢ (0 )])
A2 -7 (5.64)
Jaig2 (-0 ety 0
So with very narrow Gaussian pump and local-oscillators, the ratio % o< 'tl3 , and just as
in eq. (5.51) the noise-floor rises up to the shot-noise level. The assum%)tion of a symmet-
ric pump, e,y (#) = e,y (~t) , comes into play here. It ensures that we have captured the

leading term in the T, — O expansion of A2.

Likewise we can find the effect of extreme local-oscillator widths on the —1— coeffi-

D
NL
cient in the expansion (5.19). That coefficient is:
B’A,
—_— (5.65)
4
Ay
2
but B—4 is a constant for very wide local-oscillator and for very narrow local-oscillator it
.4
is:
2
B—4 o< 77 (5.66)
Ay
From above computations, A, (see eq. (5.16)) goes as:
1
Ay =Ty () 7= [d06, (@) cothinar2T) (5.67)
for a narrow local-oscillator, and as:
dw 2
A= ——j 906, () coth(Ro/2KT)[,y () | (5.68)
T 2
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for a very wide local-oscillator.

where ¢, (0) = jdte,N(t) elor,

From eqgs. (5.67) and (5.68) it is clear that:

B’A,
— o 13 (5.69)
4 l
A2
for a narrow local-oscillator and,

B°A,

— oc — (5.70)
A, U

for a wide local-oscillator. The rate at which the floor is approached is, therefore, speeded
up if the local-oscillator is very narrow or very wide. Moreover, because the noise-floors
increase as T, 0 or T, —> %, we see that these floors dominate the narrow and wide
local-oscillator limits. The optimal local-oscillator therefore lies somewhere between the

two extremes.

5.2.2 Single-sided exponential excitation

This pump has the form:

e (D) = exp(—ocgt)u (1) (5.71)
where we are once again adopting normalized pulse widths through o, chosen to make the
pulse width 1 ps. The various local-oscillator performances are plotted in Fig. 5.3. Again,

the temperature is assumed to be absolute zero.

We see something curious here. The floor keeps decreasing with higher local-oscillator
compression. This is quite peculiar considering we said earlier that at high pulse-compres-
sions the noise-floor should recede to the shot-noise level. The conflict can be resolved by

noticing that for the derivation in the Gaussian case, we assumed a double-sided smoothly
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varying pump shape for eq. (5.63). Here, that has changed because of the step change in

the pump and local-oscillators at t=0. Eq. (5.63) has to be examined for the next order

term in its expansion now. Fortunately we have the exact noise-floor expression in terms

of pump and local-oscillator widths and do not need to approximate.
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Fig. 5.3 Normalized charge variance vs. nonlinear phase-
shift for non-instantaneous interaction (two-pole response)
and a single-sided exponential pump: comparison of differ-
ent local-oscillators.
The single-sided exponential pump has a duration of T, seconds:
e () = exp(—:{—)u () 672

p
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and the local-oscillator has the same form and a duration of T / seconds:

2
Co) = J%exp(—%)u (1) (5.73)

Then the floor calculations, assuming the two-pole response, reveal:

E 2
2 T
1- % = "T (5.74)
2 1+ _l
TP

goestoOas 7, 0.

We also notice that at moderate @, squeezing does not improve continuously with
local-oscillator compression. Just as in the Gaussian pump case, there is an optimal local-
oscillator width after which noise levels begin to rise. Since the noise-floor must decline
with the compression, it is primarily the q)LNL term that determines the noise variation at

high @, . The distinguishing feature of the single-sided exponential pump is brought out

in the coefficient of 1 in the expansion (5.19).
NL

5.2.2.1 Analysis of the effect of pulse compression on squeezing

We omit the case of very broad local-oscillator for which the Gaussian results hold.
For the narrow local-oscillator, our analysis follows the general lines along which the

Gaussian case was studied, with a highly compressed local-oscillator:

Co() = J%exp(—%)u (1) (5.75)

which, because of the condition (1.28), in the limit T ; « 1 takes the impulse-like form:

T
Co() = 55 (1) (5.76)

73



Evaluating eq. (5.58) we find:

t
RCC( t_) = exp(—’c_'l ) (577
and upon substitution into eq. (5.60) we obtain:
B= 2g'(0+)1212 (5.78)

2
where we have used: ¢;,,(0) = 1. Of critical importance is the fact that the ratio B

2

A
tends towards 1 as the local-oscillator gets narrower. Instead of having to explicitl%t
approximate A; from eq. (5.58) (although we have the exact expression for it, used to
generate the floor in eq. (5.74)), we use the relation 32 = A; in the limit T,«1. This rela-

tion implies:

B'A; A
— = 5.79)
A, B
which in turn gives, from the exponential version of eq. (5.68):
U2 (0) [dt[durs [doG, (o) coththor/2kT
A= ey )j tj =[0G, (@) cothh/2KT) (5.80)
and, via eq. (5.78)):
2, (226, (o) coth(hw/2KT)
z - + 72 >.81)
4, 8[8’(0 J:l T}
We can evaluate, from eq. (3.7), g'( O+) for the two-pole response as:
g‘(0+) = Q2 (5.82)

which is substituted in eq. (5.81) to yield:
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do Q*el
2 2
BA, M Q2o f4olr
A; 894’5?

2coth(7’l0)/2kT)

(5.83)

Eq. (5.83) further simplifies if we make an order of magnitude approximation of the
numerator by recognizing that at T=0, coth(%® /2kT) = 1 for ® >0 and that the inte-
grand is an even function of ®. We are assisted in completing the approximation if we
remember that G, (®) is highly peaked at the resonance frequency €2, and decays sharply
to small values within a width of 2I". To the first order then, it is a triangle of area 2

2T
The resultant expression for eq. (5.83) is:

2
B A 1

7 3.3
A2 162 Tj

(5.84)

whereby the coefficient of 1 is seen to blow up as smaller T, are chosen. There is a
strong effect of this term on tlln\;Lonset of the high ®,, regime. It takes much higher @,
to get to the floor of the noise curves for smaller T, because the coefficient of ﬁ pre-
vails in guiding the noise behavior until then. As we look at regimes away from the noise-

floor, successive terms in the approximation have greater influence on the noise.

We are left with the conclusion that the disappearance of noise-floor with higher com-
pression of the local-oscillator is accompanied with a slower approach to the floor. Indeed

as eq. (5.84) shows, an infinitely narrow local-oscillator, will not yield 01%, —0.

The third case of interest, the weak-signal FWM local-oscillator now has a floor
within the @, regime shown. This is the result of the particular form of the pump and the
local-oscillator chosen. They both have exponential dependence just like the two-pole
fiber response. At the @, plotted, the local-oscillator exactly compensates the effect of
any incremental change in <I>1%,L by a corresponding change in its own phase, hence pre-

venting the noise explosion from happening. Unlike the instantaneous response, however,
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the floor does not disappear entirely, but only reaches a level very close to that of the
bright-fringe local-oscillator. We can relate this to the expression for weak-signal FWM
local-oscillator of eq. (5.47). At low @, , the time-varying phase adversely affects the

noise, maintaining it over the bright-fringe noise level. At higher @, the phase of the
T
2
tially a convolution of a single-sided exponential with the two-pole response. The weak-

weak-signal FWM local-oscillator is very close to = from the ®,, term, which is essen-
signal local-oscillator steadily evolves towards a constant phase signal with a pulse width
the same as the bright-fringe local-oscillator, hence the convergence in their perfor-
mances. It is due to the two-pole response function chosen that the phase of the local-
oscillator (derived from a weak single-sided exponential signal through the FWM interac-
tion eq. (5.47)) adjusts such that increments in <I>§,L (eq. (5.14)) are counteracted by a cor-
responding decrease in its coefficient. As a result noise is kept from overshooting the shot-
noise level.

We conclude this chapter with some speculations to account for the apparent discrep-
ancy between the instantaneous and non-instantaneous interaction, specially in connection
with the weak-signal FWM local-oscillator. We have encountered three distinct noise
characteristics for the cases we have studied. The weak-signal FWM local-oscillator suc-
ceeded in removing the noise-floor for the instantaneous interaction (eq. (5.44)) example.
On the other hand, for the non-instantaneous interaction, it leveled the noise to a floor for
the single-sided exponential pump, and made the noise depart towards and eventually
above the shot-noise level for the Gaussian pump.

These observations re-emphasize our contention that a local-oscillator desired to
behave optimally at high ®,, must fend towards a constant phase function. The weak-
signal FWM local-oscillators for the instantaneous and the non-instantaneous cases adjust
their phases to approach a constant phase as ®,, grows. But there is more to the picture
than that. It is of critical importance how that constant phase is reached. In the non-instan-

taneous interaction Gaussian pump case, the weak-signal FWM local-oscillator could not
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adjust its phase rapidly enough to overcome the growing ®2, term, resulting in a noise
that could not be contained below the shot-noise level. The single-sided exponential man-
aged to reduce the noise to a floor, but was unable to do better, lending credibility to our
earlier statement that the two-pole response is inherently immune to any attempts at
removing the floor. The case of instantaneous interaction underscores the as yet unstated
side of our presentation, i.e., there may be more than one trajectory along which local-
oscillators can be chosen to defeat the noise-floor. The weak-signal FWM local-oscillator
is one such proposed form, but there are other such local-oscillators like the phase-opti-
mized one used in chapter 1, to arrive at eq. (1.29), that also get rid of the floor.

Finally, a word of caution. The asymptotic expansion we chose as a vehicle to carry
forward our investigation of the noise behavior, though insightful with regards to the lim-
iting form of a local-oscillator, is only circumspect about the optimal local-oscillator per
se. For those fiber responses which allow the noise-floor to be removed, an optimal local-
oscillator will surely do the same, but every local-oscillator that removes the noise-floor is
not optimal. One has to go beyond the expansion and actually solve the integral equation

(2.16) with the kernel of eq. (5.4) to get the optimal local-oscillator, as mentioned earlier.
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Chapter 6

Local-Oscillator Optimization for a Spatial FWM inter-
action: Gaussian Spatial Response. .

We finally shift our focus away from the time-dependent FWM case that we have been
probing until now, and generalize our work to discuss a plausible spatial variation in the
nonlinear interaction over the fiber cross-section. This idea is inspired by the work of
Prem Kumar et al. [20] who have investigated the diffractive effects in three wave mixing
(TWM) interaction in an optical parametric amplifier. Since the intent of this chapter is
mainly to demonstrate that generalizations can be handled within the optimization frame-
work of chapter 2, and to explicitly obtain the eigenvalues and eigenfunctions for a spatial
response, we assume that the temporal interaction is instantaneous, hence affording us the
convenience of optimizing solely over the spatial coordinates. We specialize our work to
an FWM approximation in the spatial interaction of the field with the fiber, instead of the

TWM that Prem Kumar et al. [20] considered.

6.1 Model assumptions and framework development

We borrow from the chapter 2 formalism, with a modification that the current operator
i(f) is replaced by a current density operator j (,t) , where » = (x,y) is the spatial

position on the detector surface. i(¢) and } (F, t) are related by:

i) = Idﬁ' (1) ©6.1)
A

where A is the surface area of the detector and the integral is over the spatial coordinates.

The current density, j (?, ) , for balanced homodyne detection is expressible in terms of

the signal field as:
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j(1 1) = 2qRe[Eg(1L0E, ,* ()] (6.2)

for a strong CW coherent-state local-oscillator with classical spatial field E, , (?) .
In this expression, the signal field satisfies:
[Es(h0),Es(D,w)] =0 [Es(h0),ES (D u)] = §(P-9)8(1-u)
6.3)

To simplify matters even further, we assume that the pump is CW, hence allowing us
to work in the frequency domain directly, as in eq. (4.2). We shall assume a spatial Kerr-
effect interaction with a spatial impulse response, which we shall denote g (?) . To reduce
the optimization to a 1-D calculation, we shall assume that the pump field profile as well
as the spatial response are varying in the x -direction and centered around » = 0, with no
y-dependence.

Finally, we shall assume that g (?) is symmetric in the x -direction. Because this is not
a temporal response, causality is not an issue. Spatial symmetry is both physically reason-
able, and obviates the need for Raman noise to preserve commutator brackets.

We can easily consider the zero frequency spectrum for optimization, as the signal will
now be a stationary white-noise, and the only variation left to be dealt with is the spatial
one. In direct analogy to the temporal case of chapter 2, we introduce zero frequency nor-

mally-ordered and phase-sensitive spatial covariances with respect to the x coordinate:

P (x,x) = (AEg(x) AEg(x)) s (xx) = (AES (0 AEBg(x))  (64)

and write the normalized zero-frequency current spectrum as:

Sy =1 +2jdx_[dx's(") (5 ) &0 ()&, ) (x)
) (6.5)
+2ReJlde.dx‘S P (%, ¥) ELo* ()€, (x)

where §; , (x) is the x-normalized local-oscillator field: jdxl& Lo (%) |2 = 1.

The kernel matrix for eq. (6.4) is now given by:
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Se? (6x) + 8, (x| 8, (x,x) +8,7 (x,x)

S(x,x) = (6.6)

57 06x) -85, (5,2) [ 5™ (%) - 5,7 (5, x)

with the subscripts / and R representing the real and imaginary parts of the covariance

functions. Thus eq. (6.5) becomes:

Sy =1+2 j dx j dxy (x) 7S (x, 2) Y (x) ©7)
where:
Re {E-’LO (x)}
Y(x) = (6.8)
Im {§LO (x) }

6.2 Optimal spatial local-oscillator description

To get the optimal local-oscillator, the integral equation to be solved is:

j dvS (x, %) @, (x) = LD, (x) ©69)
f dr,(x)'®,(x) = §, 6.10)

The minimum noise spectrum is related to the minimum eigenvalue A min Y-
Sy =1+2A . (6.11)

and the optimal local-oscillator in its two-dimensional form is the eigenfunction D, ., to

which the eigenvalue A, . belongs.
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6.3 Spatio-temporal FWM model

Our model suggests a natural generalization of the non-instantaneous interaction
FWM to a spatial variation. With the exclusion of Raman noise source due to the symmet-

rical spatial response, the spatial covariances of eq. (6.4) can be written as:

s (x,x) = (I)Izujdsg (x—5) g (x' ~5) ey (5) )y (x) € (x) (6.12)
Dy, 8 (X' —x) e;y (x) ey (x)
S(n) (x,x) =
- QI%,LIdsg (x—5) g (x' —5) ey (5) e,y (x) € (x)
(6.13)
The kernel matrix assumes the form:
[ o | ®,,8 (% - x) |
S(x,x) = ey (%) epy (x)
[(I)NLg (x - x)| 202, J' dsg (x—5) g (x - 5) €3y ()
(6.14)
6.3.1 The iterated kernel method of solution
If we let:
Kg(x,x) = g(x'—x)e;y(x)e(x) (6.15)
and:
K (x,x) = IdsKB (x,8) Ky (s, X))
(6.16)

= [dsg (x-5) g (¥ =) ey () ey (D) ey (x)

as the iterated kernel of K (x, x') , then eq. (6.14) can be succinctly put in the following

82



form:

0 | @, Ky (x,x)
@, K, (x, %) 202, K (x, x')

S(x,x) = (6.17)

Then, Kg (x, x') is symmetric with an orthonormal set of eigenfunctions, which can be

made complete by Gram-Schmidt orthogonalization if we include the null-space:

Kp(xx) = ZABpBi(x)dJBi (x') 6.18)
i=0
[y 0 @y 0 =5, (6.19)
and:
K@ (x) = Y A, ®p, (x) B (x) (6.20)
i=0

Since @, (x) are eigenfunctions of each term of the kernel matrix (6.14), we guess a

function normalized in the sense of eq. (6.10):

Y, (x) = Ppi () C?Sq) 6.21)
D, (x) sind

and substitute it in the integral of eq. (6.9). It is found to satisfy:
D), Ay;sind

Jde (%, X)7,(x) = @y () 622)
@, Ag,cosd +2D2 A2 sind

If we can find a ¢ such that
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@, Ap;sind ] _ k'[cos] €23
o

@, Ap;cos¢ + 202, A2 sin ‘| sin¢
for some 7»,. , then v, (x) will exactly satisfy the integral equation (6.9). Eq. (6.23) can be

solved for non-zero A, to give:

1

tan (2¢) = - (6.24)
Api®y,
which has two solutions for ¢, differing by g , each with a distinct eigenvalue:
At Api@ni +;"123‘(D1%/ [1 . Mg @y }
i - i L -
/1 +A3,@% /1 +AZ,®@2 (6.25)

= A2, @2 A, @, [1+22,02,

and an eigenvector:

1 )‘"(DNL \1/2
(11 B @y, (1)

2 /1+k2.<1>2
N ;’ NL - (6.26)
+ 1 (1 ___Bi NL _ @, (%)

:F
/1 + xgt.cpgm

In eq. (6.25) and (6.26) the signs are assumed paired, and belong to the two values of ¢
T
2
S (x, x') . We can substitute the minimum of the eigenvalues from eq. (6.25) in eq. (6.11)

that satisfy eq. (6.24). Hence a phase-shift of = yields another eigenfunction of the kernel

to get the minimum noise spectrum corresponding to the eigenfunction v, (x) :

2
Sy = [ 1+ A'Iziiq)im - xBiq)NL] (6.27)
which is essentially the Bogoliubov transformation result of chapter 1, and decreases with

Ap; @y, - Atany @, , the minimum noise therefore occurs for the highest Ag;-
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6.4 Exact solution of the optimization problem for a Gaussian spatial
excitation and a Gaussian spatial response

Next, we choose the exact form of the spatial response and the pump profile. Both of

these are assumed to be Gaussian, with different decay lengths over the width of the fiber:

2
gx) = L exp( xz) (6.28)
JaL, N\ L
x2
e,N(x) = exP(—l_;,z;) (6.29)

Eq. (6.15) for Ky (x, x') is expressible as:

, 1 (x'-x)2 x2 x?
Kp(x,x) = ———-exp(——-———)exp(————)exp(——) (6.30)
B ﬁch Lg LIZN LIZN

which is a positive definite, symmetric function, and therefore possesses a complete,
orthonormal set of eigenfunctions.

If we could solve for the eigenfunctions and eigenvalues of Ky (x, x') , the eigenfunc-
tions and eigenvalues of S (x,x") would simply follow from eqs. (6.25) and (6.26).
Indeed, we have the exact eigenvalues and eigenfunctions of K (x, x') , and these are the

Hermite-Gaussian modes:

x2
_[le(d2+2)-L—§JH. /2d ,(d2+2)x

D, (x) = Cee ; 2 i=012, ---- (631
4
L
where d = L_g and C; is the normalization constant for the mode, given by:
IN

1/2
Cc - N2dd (&% +2)
' i!2iJ1—tLg

The function H; (x) is the Hermite mode of order i. The eigenvalues A, associated with
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each eigenfunction @, (x) are:

(1 rd2-df(2+2) )“2

AB,. = 1 i=0,1,2, ------ (6.33)
(1 +d2+d,,/(d2+2)) 2
Proof:
From ref. [29], formula 7.374.8:
2 : o
dxe= =M H (ax) = Jn[l-0a?] '/2H.( ) ) (6.34)
J l l /1 _ az

and formula 7.374.1:

dee‘szn () H, (x) =8 2" 6.35)
the proof follows after a few changes of variables.
' L
Letu = = , W= X oandd = & , then from eqgs. (6.15), (6.28), and (6.29):
Lg Lg LIN

de'KB (x,x) Dp, (x) = -A—/_nlll—gjdx'exp(—lf—;v)exp(— (x 2;) 2)exp(—l§—vj¢3i (x)

- —J% fawexp (~a2ut) exp (- (u=w) ) exp (~d2w2) wy ()

(6.36)
where yp. (w) = CDBi(ng) .
We assume an eigenfunction that satisfies eq. (6.35) for orthogonality:
@2
yg (w) = Cie 2 H,(ow) (6.37)

Substituting eq. (6.37) in eq. (6.36), and employing a second change of variables to get eq.

(6.36) in a form similar to eq. (6.34):
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2
w=w f1+d2+9‘2— (6.38)

u = ——— (6.39)
/ 24 &
1+d°+ >
we reduce eq. (6.36) to:
. 2\-1/2 5
—1—( 1+d2+ ‘i) X
Jr 2
2
exp(—( 1- (1+d?) ( 1+d2+ %))u'z)x
j d'Ky (x,x) @y, (x) = ) >
J.dw'exp (-(w-w)HH, ——-g——zw’
. 1+d2+% ]
2 (6.40)
which further simplifies due to eq. (6.34) to:
o2)-1/2 o2 i
jdx'KB (x, x) Dy, (x') = (1+d2+7) _ | x
1+a2+ %
2
(6.41)
2
exp(—(l - (1 +d2)(1 +d2+a—))u'2)H — %
2 i 2
1+a2-%

We now substitute back eq. (6.39) for u' into eq. (6.41), and impose the condition that

D, (x) be an eigenfunction of Ky (x, x) . This implies:

2 2
(1+d2—%)(1+d2+92—)= 1 (6.42)

which yields:

o = 2dA (d2+2) (6.43)

The normalization constant C; of eq. (6.37) is easily obtainable from eq. (6.35), and the
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eigenvalue A, from do (6.41) by using the value of o from eq. (6.43).

Finally, we check if we have all the eigenfunctions of K g (x, x') by examining its trace

and seeing if it is the same as the sum of the eigenvalues A, .

1 x2 1 1
drK, (x,x) = —— jdxexp(-z—) -1y -L (6.44)
Jast L, Ly) L, ™ d

Also:

e > (1 )
Bi (1+d2+d (d2+2))”21=0 1+d2+d /(d2+2-—)

1 1

= 172 72
(1+d2+d/\/(d2+2)) 1_[1+d2—d;\/(d2+2))1 (6.45)
1+d2 +dy (d%+2)

=(1+d2+d (d2+2) (l+d2 dA/(42+2j

the denominator of the last term looks complicated, but admits to simplification:

(1+d2+dﬁz_:;)_)1/2_(l+d2_dmylz

6.46
i@ sal @) +1+2-af @+2) -2 (1+dD) -2 (P +2) &
= J2d

and this verifies that we have all the eigenvalues and eigenfunctions of Ky (x, x') .

Since the minimum value of 7Li in eq. (6.25) corresponds to the maximum 7»3 ;» and
because eq. (6.33) tells us that A5, are arranged in a decreasing order, we choose as the

optimal local-oscillator ¥, (x) .
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6.5 Discussion and comparison of specific cases

If we specialize to the case L g = L, ,we can be a bit more explicit about the optimal
spectrum and compare it to the spectrum of the next best available mode. As d = 1 for

this case, the first two eigenvalues are:

Ago = 1l __ -5 (6.47)

ABI ’\I A/_ (2 A/-) 3/2

= (6.48)
2+ 43
The optimal squeezing at any ®,;, is therefore:
2
= [J1+35®2, Mg ®y] (6.49)
which has a leading term of —-21— in its asymptotic expansion. Similarly the leading
4hgo PR
term for the next mode is 1 , and implies a squeezing loss of:
TN
10.log (A3,) — 10.log (A3 51) = 11.44 dB (6.50)

at high @, if we were to switch from using the lowest order Hermite-Gaussian mode,
which is just a Gaussian profile, to the next spatial mode, which has a Gaussian envelope

and a linear modulation;

2
D, (x) = Jg [JZd,J (d2 +2) } 3/2xe_(dJ (@2 +2) L_éJ
Bl -

2 (6.51)

8
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This corresponds to a differentiation of the Fourier transform (® B1 (k,) )of the Gauss-

ian envelope in the spatial frequency (k, ) domain:

L2
) L, 12 A —-—Lz—-——
% _ 2 4dy (d% +2
®py (k) = ll:n :l ke (d°+2)
2d

A (d2+2)

(6.52)

The resulting spatial Fourier transform has no frequency component at k. = 0. On the

contrary, a Gaussian spatial response (eq. (6.28)) has a Gaussian spatial Fourier transform:

ik x L, )2
G(k) = deg (x)e * = exp(—( Egkx) ) (6.53)
which peaks at k= 0. Hence the Kerr-interaction is very weak between the pump and
the spatial response for the second mode, and squeezing suffers significantly.
We can predict the effect of choosing varying input beam-widths by observing that
A g, is a monotonically decreasing function of d. Hence spatially wider pump beams have
a better chance at reducing noise than spatially confined beams. Physically, this makes
sense because we expect that a spatially wider beam is more confined in the spatial fre-
quency k. A wider pump beam therefore sees a stronger Kerr-interaction as its spatial
frequency contents are predominantly at low frequencies, experiencing a higher degree of
squeezing.
It is also worthwhile addressing the squeezing limitations that arise from the non-
localized Gaussian spatial response vis-a-vis the assumed g (*) = 9 (?) spatial response

of the earlier chapters. The CW operation for the spatially “instantaneous” response was

seen to have a leading term of With the condition Az, <1 implicit in eq. (6.33),

®2
NL
with equality if d = 0, there is invariably some loss of squeezing involved for a Gaussian

response of eq. (6.28) over a response g (*) = 8 (P) . Itis given by:

-10.log (A3,) dB (6.54)
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which has a value of 5.72 dB for Lg =L,y In fact, it is obvious from eq. (6.49) that a
finite width Gaussian response will afford lesser noise squeezing than a g () = 6 ()
response for which §,, = I: [1+®2,, — fDNL] 2,

As a closing remark for this chapter, we would like to add that the Gaussian response
whose treatment was restricted to a single dimension here, is generalizable to two dimen-
sions. We can always choose orthogonal axes such that the Gaussian response is separable
in the two coordinates, and then a simple extension of the one-dimensional results derived
in this chapter hold.

Over all, we have demonstrated that the optimization framework of chapter 2 is quite
versatile in its application, the most general case we can imagine being that of a spatio-
temporal kernel matrix generated by spatial and time-dependent correlations in the signal
field. The local-oscillator would then be a function of both space and time, and we expect
that in general, analytical results as the one presented above may be hard to find. As done
in this chapter, the general framework of chapter 2 can be adapted in a straightforward

manner and results parallel to those of chapter 2 apply.
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Chapter 7
Conclusions

In this thesis we addressed the problem of local-oscillator optimization for maximum
noise squeezing in balanced homodyne detection. We developed a criterion for measuring
the signal generated noise in a homodyne detector, namely the variance of accumulated
charge associated with the detector photo-current. Through the mixing of incoming signal
with a strong coherent-state local-oscillator beam, we can select the component of the sig-
nal beam in phase with the local-oscillator, and detect it as a photo-current generated by
the homodyne detector. Based on this fact, we devised a mathematical framework in
which the search for a local-oscillator to minimize the charge-variance 0',%, (normalized by
its shot-noise level) could be posed appropriately from a system-theoretic point of view,
and then proceeded to show how a local-oscillator could be chosen to minimize the nor-
malized charge-variance. In principle, we solved the problem by the eigenfunction-eigen-
value approach of chapter 2 through eq. (2.15). Given a general scheme for signal
generation, the said formalism provides a rigorous framework to find the minimum
achievable noise level and the local-oscillator that achieves that squeezing.

For a phase-sensitive detection scheme to reduce the detected noise below the shot-
noise, or coherent-state signal noise level, the signal needs to be in a squeezed state. From
among the traditional squeezed state generation methods, we chose to study fiber FWM.
For this purpose, we first explored the instantaneous interaction and found that the optimal
local-oscillator was a very narrow pulse timed at the peak of the pump pulse. We then spe-
cialized a model recently presented by Boivin, Kértner, and Haus [23] to the FWM
regime, and considered it at fiber lengths and peak pump powers at which FWM has been
studied experimentally. The most notable facet of this model is the inclusion of a Raman

noise source to preserve commutator brackets, which leads to the presence of an additive
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noise at all frequencies and temperatures. Inherent in the model is the relation between the
noise sources and the fiber response, which can be chosen freely as long as it meets cau-
sality, and the condition (3.6) on phase and absolute integrability. The simplest such model
that matches some key parameters like the Kerr coefficient and H,'(0) is a two-pole

impulse response, which we study extensively from then on.

A CW analysis of the fiber FWM ensued, in which we found that the noises at differ-
ent frequencies were uncorrelated for a CW pump. The minimum noise spectrum in that
case was found by tuning over the frequency of observation. Unsurprisingly, wherever the
Raman noise (H; (®) ) was strong, or the Kerr-interaction (H, (®) )was weak, the homo-
dyne noise was higher. From the comparative analysis at absolute zero temperature and
® = 0, and at non-zero temperatures and ® > 0, we found that only the former escaped
having a fixed non-zero bound on the 62 that could be attained at high ®,,, . At the rest
of the temperatures and frequencies, the asymptotic expansion (4.15) predicted that the
spectrum would not go below a floor that depends on the specific frequency and tempera-
ture. We discovered further that different terms in the asymptotic expansion corresponded
to the rate at which the floor is approached and they steer the noise behavior at lower non-
linear phase-shifts, @, .

Then we dedicated our efforts to seeking bounds of the same sort on the pulsed
squeezing. Complications arose because of the mixing of noise frequencies in the pulsed
case, and explicit optimal local-oscillators could not be solved for in closed form. Another
strategy was needed, and we decided to look for strong lower bounds on the noise, which
we surmised, could be used to search over a class of square integrable local-oscillators.

We realized that bounds at every ®,, would not be realistic, and instead chose to
characterize the optimal local-oscillator in the high @, limit. One of the first results we
produced was that if a local-oscillator were to keep the noise from going above the shot-
noise level, its phase would have to be nearly constant at high @, . A series of results fol-

lowed, the most important one being the asymptotic expansion of 61%, . Through this result,
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which assumed a constant phase local-oscillator, we were able to establish a noise-floor on
o,%, , and a condition (5.22) to remove that noise-floor. We demonstrated further that the
noise-floor was not removable for an important class of fiber response models: causal
responses having rational transfer functions. We made use of the phase and absolute inte-

grability restrictions on the allowed fiber responses to state the latter result.

Interesting issues came up when we investigated certain pulsed pump shapes and
local-oscillators for their squeezing performance with regards to the instantaneous and the
two-pole response models. We tested two different pumps, the Gaussian pump and the sin-
gle-sided exponential pump, and for each of them we computed the noise for three differ-
ent chirp-compensated local-oscillators: bright-fringe, pulse-compressed, and the weak-
signal FWM local-oscillator. Out of the three local-oscillators, the weak-signal FWM was
the only one with a time-dependent phase on it (besides the chirp compensation).

We found that the bright-fringe and pulse-compressed local-oscillators always leveled
out to noise-floors, whereas the weak-signal local-oscillator actually beat the noise-floor in
the instantaneous case. The floor calculations for the instantaneous response matched well
with the observed noise levels, and the reason we gave for the absence of noise-floor in the
weak-signal FWM case was that its phase was able to keep pace with the growing (I>12VL in
the asymptotic expansion, thus exactly compensating its effect, a result we verified
through its 0'1%, expansion. Even the weak-signal FWM local-oscillator could not defeat
the noise-floor when it came to the two-pole response, hinting to our earlier result that for
this response a zero noise-floor was a virtual impossibility, as it conformed to the rational
transfer function class of responses.

A stark difference between the Gaussian and single-sided exponential pump cases was
the noise-floor behavior for the non-instantaneous response, pulse-compressed local-oscil-
lators. The Gaussian case displayed a tendency to revert to the shot-noise level both for
very broad and very narrow local-oscillators, and the approach to the noise-floor became

rapid at both of these compressions. We were forced to conclude that none of these
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extremes was desirable as an optimal local-oscillator, which would therefore have to lie
between the two, at least at high @ NL - The single-sided exponential, however, due to its
discontinuity at ¢ = 0, functioned in a way that diminished the floor at high compres-
sions. This was not sufficient justification for the single-sided exponential to be the opti-
mal local-oscillator. The next term in the asymptotic expansion blew up at high local-
oscillator compressions, prohibiting the optimal local-oscillator from being a highly com-

pressed pulse.

Our final endeavor in this thesis was to seek a generalization of the time-dependent
local-oscillator optimization to a general spatio-temporal optimization. Without going too
far into the abstract details of the framework, which is a natural extension of the chapter 2
results, we headed straight for a particular case. We assumed a spatio-temporal FWM
interaction with Gaussian spatial response in a single dimension, and an instantaneous
temporal response. The spatial symmetry took away the need for noise sources to preserve
commutator brackets. Then we assumed a CW pump with a one-dimensional Gaussian
profile. As a consequence, the kernel matrix of eq. (2.15) assumed a very nice structure.
We found a temporal Bogoliubov transformation with spatial variation in covariances,
which led to a spatial eigenvalue-eigenfunction decomposition for optimal local-oscillator.
The spatial modes turned out to be Gauss-Hermite functions and we could exactly deter-
mine the optimal noise behavior. We witnessed that a Gaussian spatial response, even with
an optimal local-oscillator choice, came up short of the squeezing attainable in chapter 1
for the instantaneous response CW case. Also, there were significant advantages to be
gained in squeezing, if the local-oscillator was appropriately mode-matched to the
response, and fared much better than any other mode selection. The intent of chapter 6
was two-fold. The first to present a very striking and elegant solution to a spatial local-
oscillator optimization, and the second to broaden the scope of our framework to include
spatial ferritins in the signal covariances. We found it sufficient to state that the one-

dimensional optimization can be easily extended to a two-dimensional spatial interaction
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for the Gaussian response case, and the essentials were embodied in the analysis pre-
sented.

As regards the future work in this direction, we still have some unanswered questions
which might bear looking into. The first has to do with the numerical solution to the eigen-
value-eigenfunction problem for the cases we studied. That would give us an estimate of
how close the local-oscillators we tried came to being the optimal. It would also help
develop the machinery to optimize the local-oscillator for arbitrary time-dependent signal
statistics. Then there is the issue of analytical bounds on the performance. Although egs.
(5.16) through (5.19) give us the high @, bounds on squeezing as a function of the local-
oscillator p, , (#) used, it would be far better if a tight bound on the noise-floor indepen-
dent of the local-oscillator could be found. It would not only set a strong limit on how
much squeezing can be expected from choosing local-oscillators, but also facilitate the
choice of a p,, (#) which comes close to meeting such a bound by making the bound
dependent on the pump and the fiber response alone.

We might also want to know if the high ®,, bound on noise is the best achievable for
a fiber FWM. To extend the results from section 5.1 to a global result for a noise mini-
mum, we need a stronger condition: the optimal charge variance should decrease with
higher @, . If we could establish this, it could be stated that no choice of local-oscillator
will bring the charge variance to O for the class of fiber responses with rational transfer
functions. Prior to this work, limits on FWM squeezing did not exist, but we have suc-
ceeded in showing that such may be the case.

The groundwork for further studies on optimal homodyne detection is now firmly in
place. It is now needed that future studies should utilize our FWM work as a point of ref-
erence and delve into the unexplored areas of squeezing and optimal performance for the
non-instantaneous model. These could be geared to exploit the self-phase modulation

(SPM), which we expect to be bounded in performance by the FWM approximation.
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Hence optimal local-oscillators for FWM approximation serve as natural first guesses for

the exact SPM squeezing.
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