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Frequency fluctuations of lasers cause a broadening of their line shapes. Although the relation between

the frequency noise spectrum and the laser line shape has bee:
exists to evaluate the laser linewidth for frequency noise spe
present a simple approach to this relation with an approxims
width that can be applied to arbitrary noise spectral densiti
140.3425, 140.3430, 140.3460, 120.0120.
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Extracavity laser band-shape and bandwidth modification
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A technique for modifying the laser power spectrum by use of an acousto-optic modula-
tor is described. The theory of the power spectrum resulting from frequency modulation by
Gaussian noise is reviewed, and several examples of broadened laser power spectra are

presented.
I. INTRODUCTION

We have developed a method of controlled modi-
fication of the bandwidth and band shape of a cw
laser power spectrum by superimposing frequency
fluctuations onto a laser beam. This broadening
process is completely external to the cavity, so the
method is applicable to laser beams with no modifi-
cations to the laser itself. This is the first develop-

to be in resonance with all the atoms or molecules
in the sample.

The basic functions necessary for superimposing
frequency fluctuations on the laser are provided by
a noise module, a voltage controlled oscillator
(VCO) and an acousto-optic modulator (AOM).
The VCO transforms the voltage fluctuations from
the noise module into frequency fluctuations, yield-
ing a constant-amplitude, varying-frequency rf sig-
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1/f Frequency Noise Effects on Self-Heterodyne
Linewidth Measurements

Linden B. Mercer

Abstract—The effects of 1/T frequency naise on sclf-heterodyne de-
tection ure described and the results are applied to the problem of laser
diode linewidth measurement. Laser diode linewidths determined by
self-heterodyne methods are not adequate predictors of coherent com-
munication system performance hecavse these measurements often in-
clude significant broadening due to 1/1 frequency noise. In this paper
the self-heterodync autocorrelation function and power spectrum are
evaluated for both the white and the 1 /T components of the frequency

ise. From numerical analysis, the power spectrum resulting from the
requency noise is shown to be approximately Gaussian and an
empirical expression is given for its i dth. These results are ap-
plied to the problem of self-heterodyne linewidth measurements for
coherent optical communications and the amount of broadening due to
1/f frequency nhoise is predicted. Two methods are then provided for
estimating the portion of the measured self-heterodyne linewidth due
to the white and 1/f components of the frequency noise spectrum.

I. INTRODUCTION
ASER diode linewidths measured using delayed self-het-
rodyne detection often include significant broadening due
to 1 /f frequency noise. This complicates the evaluation of la
sers for use in coherent communication systems becausc the
linewidths determined by self-heterodyne methods are not ad-
equate predictors of performance. Coherent system perfor-
mance is strongly dependent on the Lorentzian component of
the laser lineshape resulting from white frequency noise and is

it is difficult to calibrate and the laser is required to operate at
fixed frequencies on the Fabry-Perot response curve. The self-
heterodyne measurement is easier (o set up, it is inherently cal-
ibrated, the laser may operate at any frequency and it is already
in widespread use. The results given in this paper allow the self
heterodyne measurement to provide estimates of the frequency
noise components without the difficulties associated with the
frequency noise measurements.

Most treatments of delayed self-heterodyne detection have
assumed laser phase noise solely of quantum origin leading to
a Lorentzian lineshape [6]-[9]. Because the 1/f and white fre-
quency noise components impact communicalion system per-
formance differently, a good understanding of the effects of 1 /f
frequency noise on self-heterodyne linewidth measurements is
needed so that this characterization technigue can provide the
information needed for accurate predictions of system perfor-
mance. Recently, Kikuchi and Okoshi have noted the broaden-
ing effect of 1/ frequency noise on the laser diode lineshape
as measured by the self-heterodyne technique {11, [10]-[12].
This paper provides a more complete analysis of the effects of
1 /f frequency noise on self-heterodyne detection by developing
the autocorrelation function and power spectrum of the photo-
current in terms of an arbitrary frequency noise spectrum and
then evaluating them for both the white and the 1 /f components
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The uncertainty principle in the presence of

quantum memory

Mario Berta'?, Matthias Christandl'?, Roger Colbeck3#*, Joseph M. Renes® and Renato Renner’

The uncertainty principle, originally formulated by Heisenberg',
clearly illustrates the difference between classical and quan-
tum mechanics. The principle bounds the uncertainties about
the outcomes of two incompatible measurements, such as
position and momentum, on a particle. It implies that one
cannot predict the outcomes for both possible choices of
measurement to arbitrary precision, even if information about
the preparation of the particle is available in a classical
memory. However, if the particle is prepared entangled with
a quantum memory, a device that might be available in the
not-too-distant future?, it is possible to predict the outcomes
for both measurement choices precisely. Here, we extend
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non-degenerate observables, ¢ := max; | (y;|¢s)|*, where |;) and
ey} are the eigenvectors of R and S, respectively.

One way to think about uncertainty relations is through the
following game (the uncertainty game) between two players, Alice
and Bob. Before the game commences, Alice and Bob agree on two
measurements, R and 5. The game proceeds as follows. Bob prepares
a particle in a quantum state of his choosing and sends it to Alice.
Alice then carries out one of the two measurements and announces
her choice to Bob. Bob’s task is to minimize his uncertainty about
Alice’s measurement outcome. This is illustrated in Fig. 1.

Equation (1) bounds Bob’s uncertainty in the case that he hasno

quantum memory—all information Bob holds about the particle is
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Angle Modulation
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Angle Modulation

FIGURE 4-3a A
frequency-modulated
waveform and the
modulating wave
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FIGURE 4-3b A
phase-modulated
wave and the

modulating wave
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Definitions

E(t) =Egexpli(2rvot + p(t))]

['g(z) =E*(t)E(t + 1)
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Simple Examples
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Simple Examples




General Approach
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Line-width Reduction







