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Ultra-Narrow Laser Linewidth Measurement

Xiaopei Chen

(ABSTRACT)



In this report, we give a deeper investigation of the loss-compensated recirculating de-
layed self-heterodyne interferometer (LC-RDSHI) for ultra-narrow linewidth measurement,
including the theoretical analysis, experimental implementation, further modification on the

system and more applications.

Recently, less than 1kHz linewidth fiber lasers have been commercialized. But even the
manufacturers face a challenge on accurately measuring the linewidth of such lasers. There
is a need to develop more accurate methods to characterize ultra-narrow laser linewidth and

frequency noises.

Compared with other currently available linewidth measurement techniques, the loss-
compensated recirculating delayed-heterodyne interferometer (LC-RDSHI) technique is the
most promising one. It overcomes the bottle-neck of the high resolution requirement on the
delayed self-heterodyne interferometer (DSHI) by using a short length of fiber delay line.
This method does not need another narrower and more stable laser as the reference which is
the necessary component in heterodyne detection. The laser spectral lineshape can be ob-

served directly instead of complicated interpretation in frequency discriminator techniques.

The theoretical analysis of a LC-RDSHI gives us a guidance on choosing the optimal
parameters of the system and assists us to interpret the recorded spectral lineshape. Laser
linewidth as narrow as 700Hz has been proved to be measurable by using the LC-RDSHI
method.

The non-linear curve fitting of Voigt lineshape to separate Lorentzian and Gaussian com-
ponents was investigated. Voigt curve fitting results give us a clear view on laser frequency
noises and laser linewidth nature. It is also shown that for a ultra-narrow linewidth laser,
simply taking 20dB down from the maximum value of the beat spectrum and dividing by

2v/99 will over estimate the laser linewidth and coherent length.

Besides laser linewidth measurement in the frequency domain, we also implemented time-
domain frequency noise measurement by using a LC-RDSHI. The long fiber delay obtained

by a fiber recirculating loop provides a higher resolution of frequency noise measurement.

il



However, spectral width broadening due to fiber nonlinearity, environmental perturbations
and laser intrinsic 1/f frequency noises are still potential problems in the LC-RDSHI method.
A new method by adding a transmitter switch and a loop switch is proposed to minimize

the Kerr effect caused by multiple recirculation.

v
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Chapter 1

Introduction

Lasers are unique sources of light and come in a variety of forms. The inside
processes are greatly different from one type to another. But common features of
lasers are the same. They have a pump source to provide energy to the laser sys-
tem; they have an active medium to establish population inversion and transfer
external energy into the laser beam; they possess an optical resonator (cavity)
to introduce feedback. The properties of laser light can therefore be character-
ized by an extremely high degree of monochromaticity, coherence, directionality,

brightness and short duration for some lasers[6].

Various types of lasers provide a wide range of physical and operating parameters[6].
The active medium of the lasers can be solid state, gas or semiconductor ma-
terials. The radiation wavelength of lasers can be varied from infrared, visible,
ultraviolet (UV) to x-ray. The output waveform of lasers can be continuous-wave
(CW) or femto-second pulses. The output power of the lasers can cover a range
from a few milliwatts to several megawatts. The spectral bandwidth (linewidth)
of lasers can be as broad as several hundreds of gigahertz and down to as narrow
as several hundreds of hertz. This wide range of parameters offers enormous

potential in fields of engineering, applied science and pure scientific research.
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Figure 1.1: Schematic of FMCW technique[l]

Among all these different lasers, lasers with an ultra-long coherent length,
or exceptionally low phase noise, have become a strong interest. Fiber optic
sensing systems can take the advantage of the long coherent length to realize long
distance coherent detection. Such long distance coherent detection techniques
can be widely used for security or military, oil or gas wells, earthquake detection

and high-voltage power lines.

One example of such coherent detection in fiber optic sensing systems is the
frequency modulated continuous wave (FMCW) technique. In this technique,
the light from laser source is modulated and is divided into two beams by a
two by two coupler. One of the beams is reflected back and plays the role of
the local oscillator (LO) in a heterodyne coherent detection scheme. The other
beam propagates along a long sensing fiber and reflects back. It is mixed with
the light from the LO generating a beat frequency, which is proportional to the
difference in the time delay it experiences. This technique can detect return

signals haveing power as small as 107'° of the probe signals[1].

Fiber optic hydrophone sonar arrays based upon interferometric fiber optical
sensors can also take the advantage of extremely low phase noise of the narrow

linewidth laser. In such an interferometric fiber sensor system, frequency noise
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can degrade the phase resolution, which determines the pressure resolution of

hydrophones[1].

To meet these needs and to create new landscapes of laser applications, the
development of lasers and laser systems with an extremely narrow linewidth
accelerates very rapidly. Consequently, the needs to accurately measure their
spectral linewidths and characterize frequency noises also arise. Unfortunately,
currently available techniques for these measurements are either resolution lim-
ited or accuracy limited either because of the rather limited optical delay line
involved or because of the lack of an analytical model for the thorough descrip-
tion of the laser linewidth as a function of key system parameters. As a result,
today’s manufactures of narrow line lasers can only provide estimated values of
their laser linewidths. This situation suggests that methods that require only
one laser and offer accurate measurement of extremely narrow laser linewidths

be developed to meet not only today but also future needs.

This report presents a new theoretical analysis on a linewidth measurement
technique- Loss Compensated Recirculating Delayed Self-heterodyne Interferom-
eter (LC-RDSHI). Experiments are conducted to fully characterize the narrow

linewidth lasers. The report is organized into following chapters:

Chapter 2 is a review of laser spectral width theory. Laser linewidth can be
analyzed by either the phasor theory or the RCL circuit model in different con-
ditions. In practice, laser linewidth is broader than the quantum limit linewidth.

Thus, several linewidth enhancement factors are introduced.

Chapter 3 presents and compares the current linewidth measurement tech-
niques, especially for narrow linewidth lasers. All the methods have their own
advantages and disadvantages, but they seem difficult to fulfill the task to mea-
sure the laser linewidth as narrow as sub-kHz. Loss-compensated recirculating

delayed self-heterodyne interferometer (LC-RDSHI), therefore, is proposed.
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Chapter 4 presents the theoretical analysis of the LC-RDSHI system. The
theories, related to power spectrum, amplitude fluctuations, polarization and
frequency stability, offer guidance to the later experimental implementations.

Also the analysis assists us to interpret the measurement results.

Chapter 5 describes the details of the experimental implementation of the

laser linewidth measurement techniques.

Chapter 6 provides several methods to interpret the measurement results ob-
tained from the LC-RDSHI. Not only the LC-RDSHI measures the linewidth in

frequency domain, but also provides linewidth information in time domain.

Chapter 7 lists the existing problems in the experiment and a future work

plan.



Chapter 2

Theory of Laser Linewidth

An ideal LASER (Light Amplication by Stimulated Emission of Radiation) is an
optical source that emits photons in a coherent, monochromatic and directional collimated
beam. But in reality, due to quantum mechanical fluctuations, cavity length fluctuations,
vibrational and temperature fluctuations, and other laser noises, the output of a laser is not

perfectly monochromatic. Lasers have finite linewidths.

The linewidth of a single frequency laser is the full width at half maximum (FWHM)
of the optical spectrum. For simple cases, the laser linewidth only arises from quantum
fluctuations. The laser thus has the Schawlow-Townes linewidth. One of the causes of
the quantum noise is spontaneous emission of excited atoms and ions. Compared with
stimulated emission, the spontaneous photons have random directions and random phases.
Each spontaneous emission event adds a random phase to the optical field. Some radiation
caused by the spontaneous emission will propagate very nearly along the same direction as
that of the stimulated emission and cannot be separated from it. The main consequence of

the spontaneous emission noise is to make the laser output have a finite spectral width[7].
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2.1 Schawlow-Townes linewidth

Even before the first laser was experimentally demonstrated, A. L. Schawlow and C. H.
Townes calculated the fundamental (quantum) limit for the linewidth of a laser. This lead

to the famous Schawlow-Townes formula and the spectral lineshape is Lorentzian:
AVlaser = 71-th(AVc)2/-Poutu (2]‘)

where hv is the photon energy, Av, is the cavity bandwidth (full width at half maximum),
and P, is the laser output power. The Schawlow-Townes linewidth is proportional to the

square of the cavity bandwidth divided by the output power.

Another form of the equation is [8]

AWST - P2 _ Pl |:Pout:| 707 (22)

where P, and P, are the steady-state lower-level and upper-level population, respectively.
Ye = —(¢/2d) In(R; Ry) is the cavity power damping rate. ¢ is light speed and d is the cavity

length of the laser. R; and Ry are mirror reflectivities.

In general, laser linewidth can be derived from both the phasor theory[9, 8, 10, 11, 12]
and the RLC circuit model[7, 13, 14, 15].

2.1.1 Phasor theory

Phasor theory is used when the laser oscillates above its threshold. In this regime, the
amplitude of the optical field is nearly fixed, but the phase may take any value. In the phasor
theory, laser radiation is thought as a classical wave field described by a complex amplitude.
Electric field of spontaneous and stimulated photons can be described by ‘phasor’ as shown
in Figure 2.1[11]. The light generated through stimulated emission is in-phase with the
intra cavity optical field and compensates for out coupling losses at the mirrors. The light

generated through spontaneous emission has no phase relation with the intra cavity optical
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field and disturbs both its amplitude and phase. In-phase spontaneous emission, in radial
direction, leads to amplitude variations. These variations induce changes in the population
inversion that bring the amplitude back to equilibrium. Out-of-phase events, in the tangential
direction, are not corrected for and disturb the phase ¢(t) of optical field. Theoretically, it is
impossible to introduce “phase of one spontaneously emitted photon”, but by adding many
spontaneous emission events, we can form a combined electric-field vector with a well-defined
(random) phase. The accumulated disturbances lead to a random walk of the phase[12]. The
wandering of phase can be described as Brownian motion or phase diffusion. In this way,
quantum problem can be transformed into a classical problem of calculating the statistical
properties of a fluctuating wave field. The linewidth of the laser arises from a stochastic

process in the laser’s phase, which is assumed to obey a langevin equation[16]:

d2¢
P

dg

=~ Br(), 23

where F(t) is a zero mean Gaussian white noise process so that

< F(t) >=0, (2.4)

where I' is called the diffusion coefficient.

In the limit § — oo, a laser with field E' = Ej cos(wt + ¢(t)) has a Lorentzian bandwidth
with full width half maximum of 2T".

o(t) = /O Ft)dt, (2.6)

For the purpose of analysis and simulation, here we use a discrete time random walk (also

called Wiener-LeVy) process to represent the phase noise[17]:

d)n = d)n—l + Ad), (27)
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(spontaneous emission)
Incoherent . random ¢
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\¢ photons phase
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9 phase
Re(E)

Figure 2.1: Phasor model

where An is referred as the step size of the walk and is a zero mean Gaussian random
variable. And its variance equals to 04 = 27t Av, where t,Av is referred as the phase noise

rate and ¢, is the sampling time interval.

The simulation result is compared with a theoretical Lorentzian lineshape, shown in Fig-
ure 2.2. The blue thick curve is the simulation result and red curve is from the formula of

Lorentzian lineshape with linewidth of 1kHz.

2.1.2 RLC circuit model

Phasor theory mainly deals with laser linewidth above the threshold of a laser oscillator. It
explains the physical insight of spontaneous emission effects on the laser linewidth. But the
spectral density of Aw(t) obtained from the phasor theory is accurate for simple laser models
at low frequencies[13]. But at high baseband frequencies agreement can only be reached if
a phase-noise term is added ad hoc [14]. The phasor theory predicts rare but intense phase
jumps for large photon lifetimes and large mean photon numbers. Because of this limitation

and also for laser linewidth below the threshold, the RLC circuit model is thus used to derive
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Figure 2.2: Simulation of Lorentzian Linewidth

the laser linewidth.

A RLC circuit, represents a laser oscillator is shown in Figure 2.3[13, 7, 15]. It consists of
a single-mode cavity modeled by a parallel inductance-capacitance circuit containing non-
interacting three-level atoms. The atoms may differ from each other by their transition
frequencies, dipole strengths and relaxation times. Each atom is represented by a series
of resistance-inductance-capacitance (RLC) circuits with a voltage noise source. The non-
dispersive absorber is modeled by a current noise source[13]. For below-threshold light when
the spontaneous emission is linearly amplified, the quantum limit laser spectral width in

Equation (2.1) can be obtained from this circuit.
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Figure 2.3: Schematic of the laser oscillator model led as RLC circuit

2.2 Beyond Schawlow-Townes linewidth

Laser linewidth is normally much larger than the Schawlow-Townes limit. The quantum
limited linewidth can be only obtained when the output coupling is small (i.e.,laser mirror
reflectivities near unity)[8, 10] so that the external vacuum field fluctuation coupled into
the cavity is ignored; when the gain coefficient are approximately spatially uniform[8, 10];
when the active media are homogeneously broadened and when in the situation that the

spontaneous emission is linearly-amplified (i.e.,below threshold light)[13, 8, 10].

The noise in the output of a laser will in many cases be well above the fundamental
quantum noise limit, even if the laser is subject only to quantum noise. For example,
intensity noise will always be above the shot noise level around the relaxation oscillation

frequency|[18].

2.2.1 K factor

Field noises in the laser cavity can be divided into vacuum field noise and source field noise.
The atomic source noise within the cavity contributes mainly to Schawlow-Townes linewidth.

The vacuum field noises are external noises entering the cavity from outside because of the
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high output coupling. When laser mirror reflectivities are less than unity, the vacuum field
leaks into the cavity and is amplified by the gain medium. The fundamental laser linewidth
is attributable to both vacuum and source fields. This is not surprising in view of the fact
that spontaneous emission itself may be regarded in part as stimulated emission due to the

vacuum field[8].

In this situation, the laser linewidth may be expressed in the form|§]
Aw = KAwgr, (2.8)

The K factor resulted from the amplification of vacuum field fluctuations entering from
outside is an enhancement of spontaneous emission noise associated with an atom inside a
gain medium. Therefore, it is usually referred to as the Petermann enhancement factor, or

the “excess” spontaneous emission factor.

In the unsaturated regime, the K factor is given by [§]

[(R)Y? + (Ra)?[1 — (R R2)"?]]”

K pu—
(R1R2)1/2 ln(Rle) ’

(2.9)

where R; and Ry are mirror reflectivities. K is also called Petermann enhancement factor.

In the simplest possible terms we can conclude that the fundamental laser linewidth arises
from spontaneous emission and the fluctuations of the vacuum field leaking into the laser
cavity from the outside world. When there is large output coupling, and therefore high gain,
the spontaneous emission generated both inside and outside of the cavity are amplified, and
it is this amplification that is neglected in the standard theories and that gives rise to the K

factor[8].

2.2.2 K’ factor

When saturation and spatial-hole-burning effects are included, Equation(2.9) is no longer

valid and the K factor will be modified. If we define the amplification of vacuum fluctuation
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entering the cavity from outside as the “external” contribution( I'cy; ) then there is the
“internal” contribution (I';,;) due to atomic noise fields inside the cavity[8]. The “internal”
contributions can be examined through three cases of interest:

(a) Exponential gain (linear) regime;

(b) Gain saturation regime-nonlinear regime;

(¢) Gain saturation regime with interference between counter propagating intra cavity fields.

Considering both “internal” and “external” contributions, the laser linewidth, Aw(d) ob-

tained from the mirror at z = d, can be expressed by|[8]
lrci2 hw
A =—|—| ——|T
w(d) =5 [201} Pout(d) { cat

where P; and P, are the steady-state lower-level and upper-level population, respectively.

1
— T, 2.10
(P,—P), ™ (2.10)

(P, — Py); is the (z-independent) threshold population inversion.

It was shown in [8], that in linear regime, the internal and external contributions to
the linewidth are exactly equal. The external contribution to the linewidth is unchanged
regardless of how strongly the intra cavity field may saturate the gain, while the internal
contribution will be modified by gain saturation. And the increase of internal contribution
is more pronounced when the product of the reflectivities is small. Also, the saturated gain
is modified when interference between the left- and right-propagating fields is properly taken
into account. This interference produces spatial hole burning and a reduction in output

power, therefore, increase the laser linewidth.

Based on these conclusions in [8], the modified K factor, K’ can be expressed as:

Aw  Te + [1/(P = P)'|Tine

K = - , 2.11
AwST 2[P2/(P2 - Pl)]t(hl R1R2)2 ( )
or
1 P
K = 5 |:(Fzm§ + Fext) + [F:]t (ant - Fext):|
L (2.12)

% (h’l R1R2)27
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2.2.3 « factor

In general, the laser linewidth is due to fluctuations in the phase of the optical field arising
from spontaneous emission. However, spontaneous emission also induces intensity changes
in the laser field. The restoration of the laser to its steady-state intensity results in changes
in the imaginary part of the refractive index n” and the real part of the refractive index n’.
The ratio of these changes is

a = An'/An", (2.13)

The change of An’ during a limited period of time broadens the laser linewidth by a factor
of (1+ a?)[9]. « is also called phase-amplitude coupling factor. The factor (1 + o?) is due

to the increased phase changes brought by the intensity fluctuation suppression[9].

In the linear theory, amplitude and phase fluctuations each contribute half the linewidth.
While above the threshold, the line broadening is primarily due to low frequency fluctuations.
At low frequencies, the suppression of intensity fluctuations is extremely good[9]. Therefore,
in the above threshold regime the stabilization of the amplitude eliminates the contribution
from the amplitude fluctuations. The effect is to reduce the linewidth by a factor of %, with
the phase fluctuations alone producing the linewidth[10]. Therefore the laser linewidth in
the nonlinear above threshold regime becomes[10]:

(1+a?)
2

Aw = Awsr, (2.14)

which differs from the below threshold linewidth (Schawlow-Townes linewidth) by (14a?)/2.

2.2.4 K" factor

With increasing out coupling, the spatial variation in the intra cavity field has to be
considered and we can no longer expect to obtain simply the 1 + o? enhancement to the

linewidth[10]. The laser linewidth should be modified by an additional factor (1 4+ Q?) for a
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detuned cavity:

= "K' Awsr, (2.15)

When Q = 0, K” reduces to the linewidth enhancement factor K’, due solely to “ex-
cess” spontaneous emission. In the linear approximation, K” is simply K, the Petermann

enhancement factor.

The linewidth enhancement factor K”, which multiplies the Schawlow-Townes linewidth,
takes into account the effects of large output coupling, gain saturation, spatial hole burning
and a correction to the 1+ «o? enhancement resulting from phase-amplitude coupling. As the
value of « increases from zero, the linewidth is multiplied by the factor 1 + o2, and also by
an enhancement factor that increases with increasing value of «[10]. Much of the increase
in the enhancement factor is due to the effects of spatial hole burning, which are magnified

at larger out coupling values[10].

2.2.5 Relaxation oscillation

Relaxation oscillations are small oscillations of the laser power and laser gain around
their steady-state values. When a laser is disturbed during operation, e.g. by fluctuations
of the pump power, both the phase and amplitude of the laser field undergo changes. The
amplitude changes induce relaxation oscillations, which cause additional phase changes while
restoring the field amplitude to the steady state value. It was previously shown that the
additional phase change greatly enhance the linewidth. We show here that the additional
phase changes also give rise to lineshape structure in the form of additional peaks separated

from the main peak by multiples of the relaxation oscillation frequency[19].

The laser power spectrum can be calculated by finding the Fourier transform of the ex-
ponential of —1/2 < A¢(t)? >, the mean square phase change occurring during time ¢. In
previous sections on laser linewidth, a simplifying assumption was made that the relaxation

oscillations died out rapidly compared to the time interval contributing to the calculation
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of the power spectrum. With this assumption, < Agb(t)2 > increases linearly in time and
the line shape is Lorentzian. Without this approximation, < Agf)(t)2 > exhibits damped
oscillations which generate subsidiary peaks in the line shape when the power spectrum is

calculated[19].

It is worth mentioning that such an oscillatory behavior is particularly pronounced for solid
state lasers, where the relaxation oscillations are only weakly damped and have relatively low
frequencies. On the other hand, semiconductor lasers exhibit strongly damped relaxation
oscillations with rather high frequencies. For the fiber laser we are measuring, the relaxation
oscillation frequency is at 800kHz. Therefore, when we transfer the beat-note frequency
down to 1IMHz by using the LC-RDSHI method, we can observe strong relaxation oscillation

peaks in the power spectrum.

2.2.6 Inhomogeneous broadening

Laser linewidth can be broadened by both homogeneous and inhomogeneous broadening.
A line-broadening mechanism is said to be inhomogeneous when it distributes the atomic
resonance frequencies over some spectral range[18]. That means all atoms in an ensemble are
perturbed by a different amount. Inhomogeneously broadened may be due to the Doppler
effect in gas lasers, to the environment of rare-earth ions in glass-fiber lasers or to the presence

of different isotopes[20].

Doppler broadening is one case of inhomogeneous broadening. Doppler broadening arises

from atomic motion. The FWHM Gaussian linewidth for Doppler broadening is[18]

2kT In 2
Av =2 —_— 2.1
v %) M02 ) ( 6)
and the normalized lineshape can be:
2 In 2
g(v, 1) = A—sqrtn— exp[(—2(v — vp)/Av)? In 2], (2.17)
v s

where M is particles mass at temperature 7.
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Environmental variations can also cause the inhomogeneous broadening. These environ-
mental variations including composition or doping variation, variation of orientation with
respect to the matrix, impurities and lattice imperfections. And lineshape is also Gaussian

because of these variations.

When both homogeneous broadening and inhomogeneous broadening contribute to line
broadening, the overall lineshape turns out to be Voigt which is the convolution of the

Lorentzian and Gaussian.



Chapter 3

Linewidth Measurement Techniques

A fiber laser using trivalent rare earth as the active element has the potential for very
narrow linewidth operation compared with other sources that oscillate in the same spectral
regions (e.g., semiconductor lasers). First the wave guiding nature of a fiber allows the
cavity length of a fiber laser to be many meters. The cavity linewidth scales inversely with
the cavity length of the laser. Secondly, the coupling of amplified spontaneous emission to
the oscillating mode is determined by the gain cross section of the transition. The cross
section for most rare earth ions is of the order of 10~2'em?, where for a semiconductor laser
it is typically 10~%cm?[21]. Thirdly, at least one fiber Bragg grating is usually used in a fiber
laser. The reflection bandwidth of a fiber grating is typically well below 1 nm. Very narrow

linewidths of a few kilohertz can be achieved[22].

Once the fiber laser output has been line-narrowed, the linewidth measurement becomes
difficult. Typical grating-based optical spectrum analyzers (OSAs) do not offer the mea-
surement resolution required for laser linewidth measurement. Scanning filter methods are
not able to achieve the measurement resolution either. Therefore, heterodyne detection, fre-
quency discriminator and self-heterodyne detection are possible techniques and are presented

here for high resolution linewidth measurement.

17
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Figure 3.1: Schematic of the setup for optical heterodyne detection

3.1 Heterodyne Detection

Heterodyne detection can provide not only laser linewidth data, but also optical power
spectrum. This method is the only technique that is capable of characterizing non symmet-
rical spectral lineshape. This method also offers high sensitivity and high resolution. The

key component required for this method is a stable, narrow linewidth reference laser.

In heterodyne detection, two lasers have to be used. One is the signal laser, the other one
is a reference laser and referred to as the local oscillator(LO). The central frequency of the
LO laser must be tuned close to the signal laser frequency to allow the mixing product to
fall within the bandwidth of typical detection electronics. In Figure 3.1, light from the LO is
combined with the signal laser under test. The optical spectrum analyzer(OSA) can be used
for course wavelength tuning. The coupler combines the two fields, delivering partial power
to each output port. One port leads to a photodetector (PD) which detects the interference
beat note, converting it to an electrical tone. The lower frequency term in the interference

signal is described by:

i(t) = R[Ps(t) + Pro(t) + 2+/ Ps(t) Pro(t) cos(2m(vs — vro)t + A¢(t))], (3.1)

where Ps(t) is the power of the laser under test, Pro(t) is the LO power, v and v are the
central frequencies of the laser under test and LO respectively, A¢(t) is the instantaneous

phase difference between the laser and LO, and R is the detector responsivity.
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Figure 3.2: Convolution of narrow linewidth laser fof translation of signal spectrum to low

frequencies

If the LO spectrum is much narrower than the signal laser linewidth, the spectrum of the
LO can be treated as a ¢ function, as shown in Figure 3.2. Then the spectrum appears at
the PD will be the same spectrum as that of the signal laser, but the central frequency is

moved to a lower frequency.

The main difficulty to use heterodyne detection is that two lasers must be used. And
the linewidth of the reference laser must be narrower than or at least comparable to that
of the laser source to be measured in order to achieve reasonable measurement accuracy.
For extremely narrow linewidth measurements, the characterization of the reference laser
itself is very difficult. In addition, the limited bandwidth of the PD limits the measurement
frequency range to at most tens of gigahertz vicinity of the reference laser central frequency,
which greatly limits the applicability of this method to lasers with a wide range of different

frequencies[5].
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Figure 3.3: Optical frequency discriminator for linewidth measurement

3.2 Frequency Discriminator

Frequency discriminator is a direct measurement method to measure frequency noise.
Frequency discriminators convert frequency fluctuation to intensity fluctuation, so that the
frequency variations can be detected through the detection of the intensity variations. There
are many interferometric configurations available to construct a discriminator, for example, a
Michelson interferometer, a Mach-Zehnder interferometer or a Fabry-Perot interferometer in
optical domain[23]. And electronic frequency discriminators in RF domain are also developed

to improve the stability and resolution[24, 25].

In Figure 3.2, at the quadrature position, small current variations are linearly proportional
to the optical frequency fluctuations. The variations on the laser frequency can be described

by using the instantaneous frequency of the optical carrier as:
v(t) = vy + ov(t), (3.2)

where 1 is the average optical frequency and dv(t) describes the smaller frequency variations

about the large average offset frequency. And the optical interference results in photo current
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approximated by/[5]
i(t) = ip + Aicos(2mvomy + 2mov(t)10), (3.3)

where 7y represents the differential time delay through the interferometer and Ai is equal
to the maximum amplitude of the photo current variations due to optical interference. The

discriminator slope then can be given as[5]:

di :
5 271o A, (3.4)

Equation (3.3) shows that we can get direct measurement of the optical frequency varia-
tions even though they are centered at several hundreds of teraherz. It also shows that only

two experimental parameters are required to calibrate the FM discriminator.

In order to keep the phase variation small so that the approximation sin(f) ~ 6 is valid
at the quadrature position, the optical frequency should not change much during the time

delay 7p. And this constraint can be stated mathematically as[5]
t+T0
Ap(t) = 27?/ ov(t) = 2mov(t)ry < 1, (3.5)
t

Since the optical frequency variations for a cw laser tend to be somewhat random, it is
convenient to measure the power spectral density (PSD), S,(f) , of the optical frequency
fluctuations. Using the linear relationship, the PSD of the measured photo current,S;(f), is

related to the optical frequency variations by the relation

Si(f) = (2rroAd)?sinc(tof) S, (f), (3.6)

which is valid for 2wév(t)7y < 1.

The fundamental laser linewidth can be determined from the PSD of the optical frequency.
For a cw laser with a Lorentzian linewidth of Av, the PSD of the optical frequency caused

by the effects of spontaneous emission is given by|[26]

S.(f) = 2, (3.7)

™



Chapter 3. Linewidth Measurement Techniques 22

i®)
Frequency Shifter

Laser [\ Q
Coupler —/A

photodiode

Coupler

fiber delay
Ty
Figure 3.4: Schematic setup for optical delayed self-heterodyne detection

which states that the PSD is a constant, independent of frequency. For actual lasers expe-
riencing external perturbations, this result will usually not be accurate at low frequencies.
Depending on the specifics of the laser and the sensitivity of the measurement setup, it
is often possible to find a frequency range where the flat spectral characteristics given by

Equation (3.6) is valid.

The advantage of a frequency discriminator is that it can be used to measure extremely
narrow laser linewidths and laser frequency jitter. But the frequency discriminator does
not directly yield linewidth, therefore, interpretation of the data is more difficult. Also
the frequency discriminator measurement is under the assumption that the laser runs cw,
and its intensity will be constant and variations will occur only in its optical frequency or
phase[5]. Usually, the experimental setup and calibration of a frequency discriminator is

more complicated.

3.3 Delayed Self-heterodyne Detection

Compared with heterodyne detection, delayed self-heterodyne detection provides a simpler
method to perform laser linewidth measurement without using a separate local oscillator.

Instead, delayed self-heterodyne detection needs a large optical delay.
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Figure 3.5: Delayed self-heterodyne mixing of the laser field

The delayed self-heterodyne interferometer (DSHI) concept is shown in Figure 3.4. Inci-
dent light is split into two paths by the interferometer. The optical frequency of one arm is
offset with respect to the other. If the delay,7;, of one path exceeds the coherence time, 7.
of the source, the two combining beams interfere as if they originated from two independent
lasers offset in frequency by dv. Thus the system performs similarly to optical heterodyne de-
tection. The translation of linewidth information from optical frequencies to low frequencies

where electronics instrumentation operates is shown in Figure 3.5.

3.3.1 Power Spectrum of DSHI

Theoretical analysis of the DSHI together with mathematical descriptions of the laser
phase noise has been considered in [26, 27]. The analysis is simplified and more explicitly
presented here by using the complex amplitude representation of a quasi-monochromatic
wave[28]. The laser field is modeled as a sinusoidal wave with constant amplitude if the

intensity noise is neglected.

E(t) = Aexp[jo(t)], (3.8)
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In Equation (3.8), the optical center angular frequency wp has been ignored so E(t) represents
the complex amplitude of the laser field. From the Wiener-Khinchin theorem, the power

spectral density can be obtained by the Fourier transform of the field autocorrelation function

which is defined by
R(7) =< E()E(t — 7)* >= A® < exp[jA¢(t, T)] >, (3.9)
where x denotes the complex conjugate, the angle brackets denote an ensemble average and

Ag(t, 7) = o(t) — o(t — 7), (3.10)
is the phase jitter of the laser. Here we define the phase-noise spectrum S, is the power
spectrum of the phase fluctuations and the frequency noise spectrum Sy is the power spec-
trum of the frequency fluctuations. The mean square phase fluctuations, < A¢?(t,7) > is
related to the frequency noise spectrum by[26]

< AP*(t,7) >= %/

—00

(e 9]

sin? (%) Sf(w)d—w

9
w2

(3.11)

The line shape of most lasers has a Lorentzian profile. The corresponding frequency noise

of such lasers has a constant spectral density (white noise) given by
Sy =Sy =2rAv, (3.12)

where Av is FWHM of the Lorentzian spectral line shape. Under these conditions, the phase

jitter A¢(t, ) is a zero-mean, stationary and Gaussian random process with variance
<A¢2(t,7)> = <A¢2(T)> =21 Av|T|, (3.13)

Equation (3.13) is obtained by substituting Equation (3.12) into Equation (3.11). Using the

well-known condition
< exp[jAP(t, T)] >=exp [— < A¢*(t) > /2], (3.14)

in Equation (3.13), and substituting Equation (3.13) into Equation (3.9), the Fourier trans-

form of Equation (3.9) leads to the Lorentzian line shape of the laser

Se(f) =1/ [(Av/2)* + f7] (3.15)
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where f is the frequency deviated from the optical center frequency. In a conventional DSHI
as shown in Figure 3.4, the detected optical field is the sum of the laser beam and a time

delayed and frequency shifted replica of itself
Er(t)=E(t) + E(t — 14) exp(jQ), (3.16)

where 75 and 2 are the time delay and angular frequency shift respectively. For simplicity, we
have assumed the two beams have equal amplitudes. The photo current I(t) is proportional

to the optical intensity because of the square law of the photo detector (PD),

I(t) o Ep(t)Ep(t)

x 24 exp—jlo(t) — ot — 1a)] exp(jQ) + c.c., (3.17)

where c.c. denotes the complex conjugate of the preceding term. In Equation (3.17) the
constant coefficient related to the laser field intensity and the PD sensitivity has been ignored.
The photo current contains a dc and a quasi-monochromatic signal centering at angular
frequency € with a constant amplitude and random phase fluctuations equivalent to the
laser field phase jitter. Here we are only interested in and consider the quasi-monochromatic
term that contains the information of the laser phase noise. Similar to the case of the laser
field, by ignoring the center angular frequency 2, the complex amplitude of this term is given
by

Io(t) = exp —jl6(t) — o(t — 7). (3.18)

The autocorrelation function of Ig(t) is thereby calculated by

RQ(T) = <IQ(t)]6(t—T)>

= <exp—j[o(t) — ot —74) — Pt —T)+ St — 74 — T)] >, (3.19)

Using Equation (3.14) in Equation (3.19) and after some straightforward algebra, Equation

(3.19) can be expressed as a function of phase jitter variance

Ro(7) = exp[B(7, 74)], (3.20)
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where
B(1,75) = — < A?*(14) > — < A¢*(1) > +% < AP*(T+74) > —i—% < AP*(t—14) >, (3.21)

The spectrum of the corresponding photo current component is thus obtained by the

Fourier transform of Equation(3.20)
So(w, 74, ) = F[Rq(7)] = F{exp[B(7,74)]}, (3.22)

where F' denotes the Fourier transform. In deriving Equation(3.22), the carrier angle fre-
quency €2 has been implied, thus w = 27 f is defined as the angular frequency deviated from
the carrier angular frequency. For the Lorentzian spectral line shape of the laser, Equation

(3.13) is satisfied and Equation(3.22) therefore leads to

)
S(w) = exp(—2mAvty)d(f) + 51/271]02 X
{1 — exp(—27Avty)[cos(2m f14) + %sin(%rfm)]}, (3.23)

3.3.2 Linewidth interpretation

For the case of a Lorentzian-shaped laser field spectrum, the lineshapes retain their form
during conversion from the optical spectrum to the electrical domain through the delay self-
heterodyne process, except that the electrical lineshape has linewidth twice the actual optical

linewidth. Let the laser lineshape be expressed as:

1
Se(f) ~ m, (3.24)
It’s autocorrelation is given by[29]
1
S(f)=Se(f) @ Se(f) ~ 1+ (L)e (3.25)
Av

The FWHM linewidth of S(f) is twice as that of Sg(f).
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3.3.3 Effect of fiber delay in DSHI

From Figure 3.6, when 7/7. is below 1, the effects of phase between the two interfering
waves becomes more significant and ripples appear in the spectrum. When 7/7.=1, the
shape of the spectrum is approximately that of the original Lorentzian laser lineshape, but
there is still small ripples appear, so a time delay of at least 5 times longer than the laser

coherence time was suggested for a direct laser linewidth measurement from the spectrum.

In the delayed self-heterodyne detection, the delay line must be longer than the coherence
length of the laser such that the beat signal is as if from two mutually incoherent sources.
This technique is simple, inherently self-calibrated and capable of measuring a large range of
laser frequencies where the fiber loss is tolerable. However, it is only suited for measurement
of laser linewidths on the order of or above 10 kHz because otherwise the required fiber
delay line would become impractically long. Compared with heterodyne detection, another
advantage of the delayed self-heterodyne method is the auto wavelength tracing. Since the
local oscillator signal in these measurements is provided by the laser under test, slow drift

in wavelength is usually tolerable.

3.4 Loss-compensated Recirculating Delayed

Self-heterodyne Detection

It is clearly shown that methods mentioned in the previous section do not allow accurate
measurement of laser spectral linewidths below 1 kHz. We therefore use an improved DSHI
in which a loss-compensated fiber recirculation loop is used as the delay line for ultra-narrow
linewidth measurement. This method is called loss-compensated recirculating delayed self-
heterodyne interferometer (LC-RDSHI). It was developed to improve the resolution of laser

linewidth measurement by using a short fiber delay repeatedly.

In 1990, Hidemi Tsuchida[30] proposed the first recirculating delayed self-heterodyne con-
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Figure 3.6: Power spectrum for various values of 7/7,

figuration for laser linewidth measurement, as shown in Figure 3.7. This method allows
the same fiber delay to be used multiple times in order to further improve the resolution
of conventional delayed self-heterodyne detection method. But the detectable highest-order
beat signal is limited by the large transmission loss of the recirculating loop, especially by
the insertion loss of the frequency shifter. Theoretical analysis can only give five orders of
beat notes. That means the total fiber delay line is 20km if 4km fiber delay was used for

each cycle.

In 1992, Jay W. Dawson, el.at. [31] reported the implementation of a loss-compensated
recirculating delayed self-heterodyne detection by including an erbium-doped fiber amplifier
(EDFA) in the loop. The schematic of a LC-DSHI is shown in Figure 3.8 in which a loss-
compensated fiber loop is used as a fiber delay line. The fiber delay line contains a fiber
coupler to couple the light into the loop, a span of single-mode fiber to provide the time
delay to the field, an acousto-optic modulator (AOM) to introduce a frequency shift to the
field and an erbium-doped fiber amplifier (EDFA) to partially compensate the loss of the
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Figure 3.7: Schematic of recirculating delayed self-heterodyne interferometer

fiber span and other components involved in the loop. A fiber Raman amplifier can also be
used if needed to replace the EDFA to significantly broaden the applicability of this method
to a much broader spectral range. A practical fiber loop may also include a polarization
controller which has been ignored here by assuming the field polarization is maintained
during its propagation in the system. The maximum order of beat notes in[31] was increased

to 30 with fiber delay of 11km.

Besides the linewidth measurement, we also perform the direct frequency noise measure-
ment by using LC-RDSHI system. In the next chapter, we will further introduce this method

by a theoretical analysis of the beat-note spectrum based on this method.
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Chapter 4

Theoretical Analysis of LC-RDSHI

The theoretical analysis of LC-RDSHI was conducted based on the following assumptions:
1) The nonlinear effects are ignored;
2) ASE noise generated from the EDFA may accumulate as the light recirculate in the loop,

but it has no effect on laser linewidth broadening;

4.1 Power Spectrum of LC-RDSHI

The spectrum from the LC-RDSHI can be analyzed with the equation that describes the

relationship of the fields between the input and the output ports of the coupler, which is[28]:

Ey(t) | _ va o jvl-a Eq(t) (4.1)

Eu(t) WVi—a  va || B

where E(t), Es(t), E3(t) and Ey(t) are the optical fields at input ports 1 and 2 and output
ports 3 and 4 of the coupler as shown in Figure 3.8. « is coupling coefficient of the coupler
and « is a real number between 0 and 1. The laser output is directly connected to input

port 1 of the coupler, therefore
Ei(t) = [A+ AA(1)]e?*W), (4.2)

31
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Compared with Equation (3.8), AA(t) is added to represent the amplitude fluctuation. Part
of the field output from the laser is coupled into the fiber loop by the coupler and recirculates
inside the loop. Each pass of the loop introduces a time delay 7, and an angular frequency

shift € to the laser field.

When the recirculating number n = 0, the output field at four ports of the coupler are:

Ei(t) = [A+ AA(t)]e?

Ey(t) = 0

Bs(t) = VaEi(t)

Eit) = jV1—aFE(t), (4.3)

When the recirculating number n = 1, the output field at four ports of the coupler are:

Ei(t) = [A+ AA(t))e??
Ey(t) = /BE1—1)e"" = i1 —av/BE (1 -1,
Es(t) = VaEi(t)+jvV1—aBs(t)
= VaEB(t) + [iV1—a’V/BE (1 — 7)™
Ey(t) = jV1—aBE(t) + VaEs(t)
= JVI—aB(t) + iVl —avay/BE (1 — 1), (4.4)

The input signal field of PD after n passes of the loop can be given:

Eg(t) = \/&El (t) + C() i C’nethEl (t - ’an), (45)
where[28] !

Co = af(a—1)
C, = 'y”/QeXp{[i( 1)

v o= apf, (4.6)
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The first term in Equation (4.5) is the signal directly from the laser with y/a attenuation.
The second term is the sum of n components of (¢t — 74), with each component having the

amplitude modulated by Z C,, and frequency shifted by nf). And Z C,, can be viewed as
=0 n=0

the result of interference of n multiple beams with amplitude attenuation (a/(a — 1))(y™/?),

n(n— 1]

and phase change | Q7,. The coefficient « is the effective overall gain of the fiber loop

including the coupling loss from port 2 to port 4 of the coupler.

Then the electrical current from the PD is proportional to the optical intensity at output

port 3 of the coupler given by

I(t) = E5(t Z Z c,Cr el (¢n—0m) [Ey (t — nrq) BT (t — de)]ej(”_m)m
n=0 m=0
= term 1(when m = n) + term 2(when m # n), (4.7)
where
term 1 = Z CiCI[A+ AA(t — l1y)], (4.8)

term 2= {)  CrCrulA+ AA(t —Irg)][A+ AA(t — (k + 1)7y)]ed? 0 e e}

k=1 1=0

(4.9)
Ap(t, 74,1, (L + k) = diw(t) — du(t), (4.10)

And we further define
K(t,ma, L,k +1) = [A+ AA(t — lma)][A + AA(t — (kK + 1)14)], (4.11)

Equations (4.7) to (4.11) indicate that the current contains a series of beat-notes at discrete
angular frequencies. Without loss of generality, the current component with center angular
frequency kQ (the k' order beat-note) is considered, and its complex amplitude is given
by|[28] N

t) = CfCupiK (t, 74,1,k + ettt i), (4.12)

=0
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The autocorrelation function of Iy (t) is thus given by

Rk(T) = <Ik(t)IZ(t—T)>

oo o0

= Z Z C;CerquC]jJrqK(t? Td, P, k + p)K(t —7,7d,4, k + q)
p=0 ¢q=0
< eXp{_][A¢(t> Td, D, P + k) - A¢(t> Tdy 4,4 + k)]} >, (413)

If we define[28]:
B(T + (p - Q)Td7 de) = < _j[Ad)(t? Td, P, P + k) - A¢(t7 Td, 4,4 + k)] >
= <A (k1) > = < AQ*(T+ (p — Q)74) >

+1 <AP*(T+ (p—q+k)1g) >

2
1
+g < AP* (1 — (p—q—k)1a) >, (4.14)
Then Ry (7) becomes:
Ri(r) =) CiChinCiCrig K (t, 74,0, k+p) K (t—7, 74,4,k +q) expB(7+ (p— q)74, k)],
p=0 ¢=0
(4.15)

The power spectrum is therefore calculated by the Fourier transform of Equation (4.15)

and is expressed as:

Se(w) = F[Ry(7)]

= Z Z CyCpikCyCry  expli(p — q)wTd)
p=0 ¢=0

F{K(t,74,p, k +p)K(t — 7,74,q, k + q)exp|B(T, k74)|}

= {So(w, k74, kQ)} @ F[A* + RAA(T)]} | Z CoCpir, exp(jpwry)?,  (4.16)

p=0

where we have used the relationship
F(1 4+ 14) = exp(jwTq) F (1), (4.17)
and

Kt 7,0,k +p)K(t — 7, 70,0,k +q) = A*+2A2R4(0) +4A2RA(7) + R%(7)

= A*+ Raa(7), (4.18)
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Substituting Equation(4.6) into Equation(4.16) and after some algebra, we find that the
lineshape of the ky, order beat-note (k > 0) from the LC-RDSHI becomes:

Selw) = FIA'+ Raua()] ® {5 ZWQZP(W)SO(LU, kg, K}
= S,m(w) & Sff(w), (419)
where|28
) (1-a)(y* - o)

Plw)=a+ (4.20)

1472 — 2y cos|(w + kQ)1y]’
is a periodical function of angular frequency w, resulting from the multi-interferences of
the laser field after multi-passing through the loop[28]. Sy, (w) and Syf(w) are amplitude
noise spectrum and phase noise spectrum. It is worthy recalling that Sp(w, k7y, k) is the
rf spectrum from a conventional DSHI with time delay k7; and angular frequency shift k€.
Noting that in Equation(4.19), the carrier frequency has been implied, thereby w is the
angular frequency deviated from center angular frequency k2. Equation(4.19) shows that
the spectral component at frequency k€2 of a LC-RDSHI is a modified version of the spectrum
from a conventional DSHI with an equivalent time delay and frequency shift, which indicates
that a direct measurement of the laser linewidth from the spectrum may not be appropriate

especially when the laser linewidth is small.

In order to permit a direct measurement of the linewidth, the modification function, P(w),
must be invariant of angular frequency w. From Equation(4.20) this is the case when the
parameters o and 7y satisfies[28]

v =al’?, (4.21)

or v is very small (such as 0.09) or very large (such as 3.6) so that P(w) can be approximately

equal to a constant.
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4.2 RIN Effect

The intensity of lasers fluctuate during operation due to the quantum nature of the lasing
process. The term Relative Intensity Noise (RIN) describes the amplitude fluctuations in

the optical fields.

We assume that the amplitude fluctuation is statistically independent of the phase noise[32].And
the amplitude noise spectrum is white, which is correct because the laser noise bandwidth

is much larger than the frequency shift 2 (IMHz - 40MHz)[32].
The spectrum of k' order of beat-note with consideration of amplitude noise should be:

Sp(w) = F[Ry(7)]
= A'Spp(w) + Saa(w) @ Spp(w)
= A4Sff(w)+SAA(w), (4.22)

It is shown from Equation(4.22) that the measured power spectrum consists of an ampli-
tude noise spectrum and a phase noise spectrum. The phase spectrum exhibits a Lorentzian
lineshape which can be found around integer multiplies of 2. The amplitude noise spectrum
is a flat noise spectrum. The phase noise spectrum is superimposed on the amplitude noise

spectrum.

4.3 Fiber Birefringence Effect

Polarization analysis of the LC-RDSHI system is complex as the state of polarization
(SOP) cannot be fully controlled and it may change anywhere at anytime within the system
due to the birefringence of the single mode fiber delay line and the presence of the EDFA,

AOM and other optical components in the system.

In a single channel amplified system, polarization dependent gain (PDG) plays a more im-

portant role than polarization dependent loss(PDL) and polarization mode dispersion(PMD)[33].
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PDG causes the ASE to accumulate with length faster than expected which introduces ad-

ditional noise on detection[34].

Light polarization also changes during the Bragg acousto-optic interaction. It is shown
that the linearly polarized light wave, entering an acoustic field, becomes elliptically polarized
because of an additional phase shift effect. The polarization state can be controlled by
varying power or frequency of the ultrasound[35]. But in the following analysis, we only

consider the fiber birefringence effect on the LC-RDSHI.

In ordinary circularly cylindrical fibers, there are two types of hybrid modes, HE,, and
FEH,, modes. The label v refers to the azimuthal variation of the field while the label
i accounts for modes of different radial variation. The dominant mode of an ordinary
optical fiber is designated as the H E1; mode. However, under weakly guiding condition, an
approximate modal field description can be obtained by solving the scalar wave equation
instead of the full set of Maxwell’s equations. This dominant mode solution is designated
as LPy mode for which the electric field is linearly polarized[36]. In the framework of
Cartesian coordinates, the electric field of the dominant mode has three components, F,,
E, and E,. One of the two transverse components, E, or F, predominates, while the F,
component, considered in the direction of the fiber axis, is much smaller than the transverse.
If £, is the dominant field component in an isotropic circularly symmetric fiber, the L Py
mode is said to be polarized in the x-direction, while for if F, is the dominant component,
the mode is y-polarized. Thus, single-mode fibers can, in fact, simultaneously support two
identical modes which are mutually orthogonally polarized. In an ideal dielectric waveguide
of circular cross section, these two modes are degenerate; that is, there is no difference
between their propagation constants, and thus propagate with the same phase-velocity. In
practical situations, an actual optical fiber is not absolutely perfect. It is neither completely
axially-symmetric nor perfectly straight. In addition, the fiber material is often assumed to
be nominally isotropic, in which the refractive index is the same regardless of the direction
of the polarization of the electric field. This is also not strictly true in practical fibers. Small

departures from perfect circularity and fluctuations of the anisotropy of the fiber material,
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couple the x-polarized mode to the y-polarized mode since both modes are very nearly
degenerate. These conditions lead to a complete mixing of the two polarization states so that
the initially linearly polarized light field quickly reaches a state of arbitrary polarization[36].
Polarization states in the optical fibers are extremely sensitive to the environment, such as

external stress, bending, tension, electric field, twist or magnetic field[37].

From the interferometer point of view, it is well known that the polarization of the two
interfering beams may drift randomly due to alterations in residual birefringence of the
single mode fiber delay line[38]. Normally, circular fibers do not maintain the input state
of polarization for more than a few meters, because of polarization-coupling perturbations
that are randomly distributed along the length of the fiber. Any device that depends upon
the interference of two coherent optical beams, as in homodyne or heterodyne detection,
requires that the interacting beams have identical polarizations for efficient operation. If
the polarizations of the two beams are 90° apart, complete fading can result[36]. Though
an ideal polarization controller can transform the state of polarization of highly polarized
light between any two given states, with no change in light intensity, in our application,
the SOP setting time of polarization controller is about 1ms (recirculating time = 125us
in our application) for < 1° deviation. The polarization state from the loop cannot be
adjusted to be the same with the laser. Therefore, polarization effect must be examined in

the LC-RDSHI system.

If we only consider single mode fiber, we can decompose the input field of laser into[39]
Ei(t) = gEu(t) + hEy(t) (4.23)

where F,(t) and FEj(t) represent two orthogonal modes a and b respectively. If E,(t) and

Ey(t) have equal intensities, and Fi(t) has a unit power,then
|h* +1g)* = 1, (4.24)
because F,(t) and Ey(t) are orthogonal. The autocovariance of I(t) is

Ri(t1,t2) = |g|* Raa(t1, t2) + 2|9/ |h|> Rap (t1, t2) + |A|* Rup(t1, t2), (4.25)
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In the LC-RDSHI system, for N recirculations without considering amplitude fluctuation,

Equation(4.7) becomes:

I(t) o< E5(t)E5(

t) = > ) CuCrlE(t — nma) B (t — mmy)]

n=0 m=0

exp{j(Pn(t — n7a) — om(t — ma)) } exp{j(n —m)Qt}, (4.26)

When m # n, the intensity can be represented by[28]:

I(t) = Z{Z C Crny1 exp|—j(mwory + ot — I74) — d(t — (1 +m)7y))]e™ ¥ +c.c.}, (4.27)

m=0 [=0

The cross-correlation function of I, and I is thus given by

Rap(t1,t2)

< I, (t1) I} (ta) >

N N
< Z {Z Cl*lcm1+ll exp[_j(mleTa + ¢(t - llTa)

m1=0 [1=0

—(t — (Iy +my)7,))]e’ ™}

N N
Z {Z Ci, OZzQHQ exp[—j(mawoy + O(t — lom)

ma2=0 [2=0

—¢(t — (Iy +my)m))]e! ™} >

SN NS GGG Gy, expli(my — ma) )

m1=0[1=0m2=0[>=0

< exp|—jwo(mi7, — maT)]
exp{—j[o(ti — liTa) — ¢(t1 — (L + 1mu)7a)

—gf)(tg — lgTb) —+ gf)(tg — (lg -+ mg)Tb)]} >, (428)
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We further transfer the time average term in Equation (4.30) to:

<exp{—j[o(t1 — lia) — d(t1 — (L + mu)7a) — Ot — bom) + O(ta — (o + ma)7)]} >
= exp{ iy < [0t~ i) — (12 — (1 + )7
—@(ts — lam) + d(ta — (I +m2)7)]* >}
= ep{—jgl0(t — (s +m)r)]} expl=5[0(ta — (a+ ma)m) )
exp{j[o(t1 — (b +m1)7a)[o(t2 — (l2 + m2)7)]}
(4.29)

where

exp{jlo(ts — (L +mi)7)][o(t2 — (Ia + ma)7)]}
= eXP{%W(tl —1)Ta — Gt — la)]* + %W(tl — (Iy +m1)7a — ¢(t2 — (Ia + ma)7)]?}
eXp{%W)(tl — 7)) = P(t2 — (o + mo)7)* — %[d)(tl — (i +m)7a — O(t2 — b7},

(4.30)

For a Wiener process, we define D(t,ty) =< [p(t1) — d(t2)]* >= "2, where 7, is the
coherence time of the laser. So (4.29) can be expressed as
< exp{—j[¢(t1 - ll’i'a) — ¢(t1 - (ll + ml)Ta) - @(tg - l27—b) + @(tg — (ZQ + mg)Tb)]} >
1 1
= exp{—j5D(Imml)} exp{—j5D(Iman))}
1
exp{—jé[D(|t1 — 19 — llTa + lgTbD + D(|t1 — 19 — (ll + ml)Ta + (lg + mg)Tb‘)}

1
exp{ji[D(\tl — t2 — llTa + (lg + mg)TbD + D(‘tl — tg — (ll + ml)Ta + mQ’Tb’)}

1 ’mlTa‘ -+ ’mQTb‘ + ‘tl — tg — ll’fa + l27—b’
= eXp{—Jé[
Tec
+|t1 — tg — (ll -+ ml)Ta -+ (lg + mg)Tb|

- )

]_ |t1 — tg — llTa + (lg + mg)Tb| + ‘tl — tg — (ll + ml)Ta + lgTb‘

[

2 T

exp{+j 1} (4.31)
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Then Equation(4.28) can be rewritten as:

Rop(ty, to) =< I,(t1)I; (t2) >
N N N N

= S S SN GGt ClCly oy expli(m — ma) ] < exp|—jwo(mir, —mam,)]

m1:0l1 0 ma= Olg 0
1 \m17a| -+ |m27'b\ + ‘tl — tg — llTa -+ lgTb‘

exp{—j3| -
_Htl — tg — (ll -+ ml)Ta + (lz + mg)’fb‘]}
Te
1|t — —ty— .
eXp{—l—j [’tl tg llTa + (lz + mg)’fb‘ + ‘tl tg (ll -+ ml)T + ZQTb’]} < (432)

Te
Assuming the average loop delay 7 = ™372[39], so 7, and 7, in (4.32) can be replaced by 7,

Equation (4.32) can be changed to

Rop(ti,t2) = I (t) I (t2) >
N N N N
= Z Z Z Z A m1+l10120m2+12 exp[j(ml mQ)Qt]
- ) R 1 T 1
< exp|—jwo(m Ty — mom)] exp{—j5 F(my, ma, L)(T—) gy llmal + \mzl( )]} >
(4.33)
where[39]
A= (t; —tg) /e,
L=A—-1+1,,

F(ml,mg,L) = ‘L‘ + ‘L— (m1 —m2)| - |L+m2| — |L+m1\

If 7> 7., exp{—jz[lmi| + [m2|(Z)]} in Equation (4.33) can be ignored. Then Equation
(4.33) can be simplified to:

Rop(ti,t2) = I (t) I (t2) >
N N N N

= Z Z > 2 Gl CuChy,
1=011=0 m2=0 I3—0

exp[j(my — mg)Qt] < exp[—jwo(mi7a — maTy)] exp{—j%F(ml,mg, L)(%)} >,
(4.34)
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The effect of Ry(t1, t2) is significant only when (t; —t2) is very close to an integer multiple
M of 7 [39]. At the central frequency of (m; — ms)Q2, Equation (4.34) can be rewritten as a

convolution[39]:

Rab(tla tg) = Rab,5(t1a tg X exp[—]tl — tg‘/’fc] (435)

N N N N
Rabﬁ(tlvt?) = Z Z Z Z m1+l10l2 ma+lo eXp[ ij(Ta - Tb)]é[(tl - tQ) - MT]?

m1=0[1=0 m2=0[l=0

(4.36)

Therefore, by setting 7, = 7, and substitute Equation (4.35) to Equation (4.25), we can
obtain[39]:

R[(tl, tg) = TR(g(tl, tg) X exp[—\tl — t2|/7_c]7 (437)
where
T = |g|*+2[gPh*P + |g|*, (4.38)
P = | Z exp[imiw(t, — m)]|?,
m1=0

The power spectrum at the central frequency of k = (m; — ms)2 is expressed by:
Sk(w) = TSff(w), (439)

Thus Sk(w) depends on a frequency independent factor 7', and 7" is a function of the SOP
of the fiber delay. Small value of T' compresses the output spectrum, and cuases the signal

fading.

4.4 Frequency Stability Effect

In order to analyze the frequency stability effect on laser linewidth, we tried to treat the

LC-RDSHI as an optical mixing system. Electric fields E;(t) and E3(t) are both incident on
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the PD. Expressed in terms of the analytic signals and complex envelopes, E;(t) and FE3(t)
are[29]:
Ei(t) = Re{E\(t)} = Re{E,(t)e’>™*}, (4.40)

Es(t) = Re{E;(t)} = Re{Es(t)e’ ™!}, (4.41)
The optical intensity incident upon the PD is:
I(t) = [Bi(t) + Bs(t)]* = L(t) + L(t) + L(t), (4.42)

where

L(t)=E:t), i=1,3 (4.43)
are the direct detection intensity components, and

L(t) = 2 (t) E5(t), (4.44)

is the mixing cross-term. If we use v; to represent the frequency of E;(t),the cross-term of

intensity can be further expressed as:
I (t) = 2F,(t) Es(t) = Re{E\(t)Ei(t)e?>™ A 4 B (t) By (t)e?2mtva)ty, (4.45)

Assuming the detector bandwidth is greater than Av = v; — v3 but less than 14 + 3, the

detected intensity can be written as:
I2(t) = Re{Ey(1) B ()™}, (4.46)
The autocorrelation of I7(t) is:

Cip(r,t) = <IP(t+7)I2(t) >
1 - - ~ - .
= §Re{< E(t+ 7)E;(t + 7)E;(t) Bs(t)e?*™™ >

1 - - - - .
+5Re{< Ea(t + 1) E5(t + T)E} (t) Fs(t)e?mAv@m) 51 (4.47)
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Since E(t) and Fs(t) are wide-sense stationary, the second term in Equation (4.47) is zero.
And assuming that F(t) and Es(t) are statistically independent, Equation (4.47) yields:

Crp(r,t) = %Re{< Bt +1)E; () >< [Bs(t + 1) B (1)) > 277}

= S Re{(Cp, (™), (r)e 7))

= JRe{Cr (1)C3, (1)} (4.48)
Assuming that the spectrum S B, and S g, are symmetric, by using F{Rexy*} = X(f) ®
Y(f)+Y(f)®X(f)[29], the spectrum of the detected current can be obtained by:
Sip(F) = 1185, © Su](7 — Av) + (55, @ 5} (—f — Aw), (4.49)
where Sg, and Sp, are referred to as laser lineshape.
In the LC-RDSHI system, E;(t) and Es(t) can be rewritten from Equation (4.5) as

E\(t) = Vae“ted?
N
By(t) = ) Cpeltsttmieiotzmm), (4.50)

m=0
The spectrum of the LC-RDSHI system is 1[Sp, ® Sp,](w — (w3 + mQ — w;)) with central
frequency at (w3 +mQ — w;) = mQ + Aw.

The autocorrelation of E3(t) can be derived without considering the amplitude fluctuations

as:
CL(r) = < ILt+m)L(t) >
N N
- < Z Z C* 6J[¢(t+7' m17q)+@(t+T—n174]
mi=1n1=1

N N
Z Z C:;IQ07’7,2ej[¢(t+7—_m27—d)+¢(t+7—_n27—d] -

mo= lng 1

- Y Y Y Y

mi1=1n1=1mo=1ns=1
< IoltHT—miTa)+o(t+T—n1TatP(t—mata)+d(t—nata] -

o 06(7—)® < ej[¢(t+7——m1Td)+¢5(t+7'—n1Td+¢(t—m27d)+¢(t—”27'd] >, (451)
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(4.52)
The Fourier transform of Cp,(7) can be written as:
S, (W) = Sk, (w +mQ) = Ss(w + mQ) - Sg, (w+ mQ), (4.53)

From Sg,(w) = Ss(w) - Sk, (w), we can see that E)(w) is source dependent and Ss(w) is
determined by the optical mixing system. Then the spectrum of the whole system can be

expressed as:

Sw) = i[SYEl@gE?,](w—(wg—i—mQ—wl))
= 41859 (3, - )]0 — (s + 0 — )

— 1185 ® S Sl(w — (w4 mQ - ) (4.5

In the experiment, we collected data through an oscilloscope (OSC) and took Fourier
transform of the time domain data to get the spectrum of each order of beat-note, as shown
in Figure 4.1. It was noticed that the signal to noise ratio is not good enough for high
accuracy measurement. So we tried to do 100 times average. 100 data must be collected,
summed and divided by 100. Due to all types of frequency noises in the system, ws — w;
has different values for different sets of data, so the central frequency of a beat-note varied
as calculated in Equation(4.54). The averaged linewidth may broaden after summation of
the spectra with different central frequencies though the signal to noise ratio was improved.
The averaged spectrum is shown in Figure 4.1. In Chapter 5, we will show that actions have

been taken to minimize the frequency fluctuations.
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Figure 4.1: 100-time average to improve signal-to-noise ratio

4.5 Effect of 1/f Frequency Noise

It is well known that the frequency noise spectrum of a laser with both white and 1/f

frequency noise components can be modeled as[26]:
Sf(w) :So+kf/\w|, (455)

More complicated algorithms are necessary to derive the white frequency noise component, Sy,
and 1/f frequency noise component, k, from the spectra of the various orders of beat notes.
In this case, the autocorrelation function corresponding to a specific beat note is derived in

[26] and is given by

Rqo(7) = LG, (4.56)
where
—So|T orlt| <7t
L = exp oll forlr < 74 (4.57)
—Sota  for|T| > 14
and

—ker2/27
G=|r+ Td’{—kf(7+m)2/27f}’7 _ Td’{_kf(T_Td)Q/Qﬂ-}’T‘(_kf7—2/27r)7—d( kgrg/2 )7 (4.58)

L and G are the autocorrelation functions corresponding to the white and 1/f frequency

noise components, respectively. The power spectral density for the combined white and 1/ f
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frequency noises can be evaluated by finding the Fourier transform of Equation (4.56). A
Gaussian approximation for the autocorrelation Equation (4.58), can be derived empirically

[26]. When k72 > 1, we have

4.3’7'3'116]0
m

G= exp[—72§—;(4.3 +1In )], (4.59)

The corresponding spectrum from the autocorrelation function G is also expected to be

Gaussian so the linewidth is given as

1 2k;1n2 4373k
Sl b R /Y T el A
T T T

I

le

)2 (FWHM in hertz), (4.60)

It is worth noting that the linewidth predicted is not independent of the delay time even for
large delays. This is due to the very low frequencies presented in the 1/f noise. The resulting
heterodyne spectrum for the combined white and 1/ f frequency noise is also dependent on
the delay time and is known as the Voigt spectrum which is defined by the convolution of a
Lorentzian spectrum and a Gaussian spectrum. In order to illustrate the different effects
of white and 1/ f frequency noises on heterodyne line shapes, the line shapes caused by them
are plotted in Figure 4.2. Sy/2m =3.74 kHz is chosen for the white frequency noise and
ks =108 Hz for 1/f frequency noise, leading to the same FWHM of 3.74 kHz for both the
line shapes. It is shown that the line shape due to the white frequency noise is Lorentzian
and the 1/f line shape is very close to the Gaussian profile near the center and has much
less power at the wings than a Lorentzian. The effect of the 1/f frequency noise on the
self-heterodyne line shapes is further illustrated in Figure 4.3, in which line shapes due to
different levels of 1/f frequency noise are plotted. The extra linewidth broadening due to

1/ f frequency noise is evident.

Parameters Sy and k; in Equation (4.60) can be estimated by fitting the measured self-
heterodyne line shape with a Voigt profile, so the frequency noise of a laser can be character-
ized. Efficient and accurate algorithms are available for estimating the Voigt line shape for
any combination of Lorentzian and Gaussian contributions. Some of the approximations for

the Voigt profile also provide derivatives with respect to all of the parameters allowing the
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Figure 4.2: Comparison of normalized self-heterodyne lineshape due to white noise and 1/ f
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application of nonlinear least squares fitting procedures. These fitting procedures use the
Voigt function and derivatives for each point in the line shape and iterate until a minimum
error is obtained. We will show how to use the Voigt curve fitting to interpret the Lorentzian

linewidth in Chapter 6.



Chapter 5

Experimental Implementation of

LC-RDSHI

The loss-compensated recirculating DSHI (LC-RDSHI) was first proposed by Tsuchida[30]
and Park et al. [31] and was used to measure the linewidth of semiconductor lasers. However,
as our theoretical analysis revealed, the model used by these researchers no longer provides an
accurate description of the laser linewidth as a function of key system parameters, especially
when the laser linewidth is narrowed down to the order of kilohertz. We propose here
an improved configuration that includes two frequency shifters and an electronic mixer.
Both laser spectral width and laser frequency noises can be measured from this improved

configuration.

5.1 System Configuration and Key Components

Based on the discussions in Chapter 4, the schematic of the proposed system is shown
in Figure 5.1. The system essentially consists of three parts. The first part is the fiber

delay loop consisting of a fiber coupler, 25 kilometer SMF, two acousto-optic modulators

20
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Figure 5.1: Schematic of experimental setup

(AOMs) to introduce the appropriate frequency shift, an EDFA to compensate the losses
from the fiber span, the coupler and the other components involved in the fiber delay loop,
an optical band-pass filter (OBF) to suppress the amplified spontaneous emission (ASE)
noise, and a polarization controller (PC) to maintain the beam polarization. A variable
optical attenuator (VOA) is placed right before the loop to obtain appropriate optical power
input to the delay loop. The second part is signal detection and acquisition which consists
of a PINAMP to detect the optical beat signal, and amplify the photo current from the
detector. An electronic mixer circuit is added to further translate the beat signal to even
lower frequencies. The last part is signal processing and interpretation in which the acquired
data will be analyzed using an appropriate signal processing algorithm to determine the

linewidth and the frequency noise of the measured laser.

NP Laser
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Figure 5.2: Schematic of the laser|2]

The laser we examined is a Benchtop Erbium Micro Fiber Laser Module manufactured by
NP Photonics, Inc. In this laser, a cavity is established by two fiber Bragg gratings (FBGs)
that are fusion spliced to a very short piece of active material. A spectrally narrow grating
(NB-FBGQG) acts as the output coupler for the laser signal. The laser is excited through the
second, spectrally much wider, high reflector grating (WB-FBG) using the output of a single
mode pump diode. Both grating temperatures are well controlled. Wavelength tuning is
achieved by changing the temperature of the two FBG’s (Typ and Twpg)[2]. Within the
spectral width of the NB-FBG, the laser cavity mode can be thermally tuned by changing
the laser cavity (through Ty p). But the output power of the laser cannot be changed and
keeps a value around 19.5mW. So a variable optical attenuator (VOA) is put before the

coupler to control the power injected into the recirculating loop.
Frequency Shifter

The frequency shift in LC-RDSHI linewidth measurements can be obtained with a vari-
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Figure 5.3: Orientation of wavefronts

ety of devices including acousto-optic frequency shifters, phase modulators, and intensity
modulators. Model FCM-401E5A Fiber Pigtailed Acousto-optic Modulator (AOM) manu-
factured by IntraAction Corp. is used to shift the frequency of a laser (wy) by a precise
and stable amount (£2). When a radio frequency (RF) acoustic wave propagates inside an
optically transparent medium, a periodic change occurs in the refractive index due to the
compressions and refractions of the sound wave. This periodic variation produces a grating

capable of diffracting an incident laser beam[40].

AOM can generate both positive and negative frequency shift. If the light diffracted away
from the direction of the incident acoustic wave, there is a positive frequency shift. After the
positive frequency shift, the output frequency turns out to be wg + . If the light diffracted
toward to the direction of the acoustic wave, there is a negative frequency shift. After the

negative frequency shift, the output frequency is: wg — €2
Optical Amplifiers (EDFA) and Optical Bandpass Filter (OBF)

In the system, Bookham Technology’s MultiWavelength Gain Module (MGMFP-1AOC28)
is used. This amplifier module is specified for use in 1530-1563nm (C-band) optical transmis-
sion systems. The module is designed for integration with a control system, which includes

appropriate power supplies, serial communications, alarm monitoring and thermal control.
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Figure 5.4: Blockdiagram of the mixer

The maximum input power of the EDFA is -10dBm and the maximum gain is 23dB. The

maximum noise figure is 5.0dB.

An optical bandpass fiber with 50GHz bandwidth is placed after the EDFA and to filter
out the ASE noise generated by the EDFA.

Mixer

The electronic mixer is a SA612A double-balanced mixer and oscillator manufactured
by Philips. It is intended for low power communication systems with signal frequency up
to 500MHz. The SA612A is a Gilbert cell mixer that generates both sum and difference
frequencies. One of the inputs of the mixer is variable for different orders of beat-notes. The
differential frequencies of the mixer outputs were used to further move down the frequencies

of the beat-notes from the order of megahertz to 100 kHz.
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5.2 System Design and Optimization

Design and implementation of the recirculation delay loop is the most critical task for a
successful execution of the research because the maximum recirculation length determines
the final spectral linewidth measurement resolution. Several issues need to be considered in

this task.

5.2.1 Selection of parameter: «

The coupling coefficient o of commercially available 2 x 2 fiber optic couplers ranges from
0.5 to 0.99, providing a large freedom of the coupler selection for the designed system. If we

define the peak intensity (PI) to be
PI = Sg(w)/So(w, k14, kS2), (5.1)

From Equation (4.20), PI can be expressed by:

k 1— 2 _
pr——"_|a (1-a)(v" — o)
-« 1+ 72 — 2y cos[(w + kQ)7o]

: (5.2)

Figure 5.5 shows the peak intensity of beat notes as a function of their order numbers for
different values of a, when we set the net gain of the loop to be 0.23dB. For o« = 0.9, the
relative spectral power is decreased by about 45 dB for the order of beat-note (k) as large

as 200.

In Figure 5.7, we compare the peak intensity of each beat-note between the calculation
and the experiment. We show the curve from the calculation in the left column, and the
spectral of the beat notes captured by the oscilloscope in the right column. The value of
frequency shifter (2 = Q; — €2y) is IMHz, so that the first order beat occurs at 1IMHz and
the second order beat occurs at 2MHz and so on. When the coupling coefficient o« = 0.1,
90% power from the laser goes into the loop, as shown in Figure 5.6. The coupler output

port 3 = 9K + F5. The maximum interference efficiency can only occur if F, = 9F;. Even
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we use an EDFA in the loop, this condition is hard to realize. The relative intensity drops
by 45dB only after 15 orders of beat notes. But when the coupling coefficient o = 0.1, 10%
power from the laser goes into the loop, the relative intensity drops by 50dB after 160 orders

of beat-notes. The maximum interference efficiency can only occur if Ey = (1/9)E).

2x2 2x2
coupler 10% coupler 90%
a o = o=

Figure 5.6: Coupler coefficient of a 2x2 coupler
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Figure 5.8: Lorentzian Spectrum of a 1kHz-linewidth Laser
5.2.2 Selection of parameter: ()

Four issues need to be considered in the selection of the frequency shift 2 introduced
by the AOM. First, the frequency shift of the beat-note with maximum measurement order
number must be within the bandwidth of the photo-detector(PD) because the frequency shift
increases linearly as the number of the light recirculations in the fiber delay loop increases.
In addition, a too high frequency shift puts more stringent requirements on the electronic
parts of the detection system, namely the amplifier, the data acquisition, and the spectrum

analyzer and may thus not be economical in future practical use.

Secondly, 2 must be much larger than the linewidth of the laser source to be measured
so two neighboring beat notes can avoid an overlap. The Lorentzian spectrum in Figure 5.8
shows the 60dB down bandwidth of a 1kHz-linewidth laser extended to 1MHz. Frequency
shift of each loop should not be less than 1MHz for a 1kHz-linewidth laser.

Thirdly, €2 must be large enough to avoid the overlap between relaxation oscillation side-
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bands and their neighboring beat notes. Relaxation oscillation (RO), which results from the
interplay between the intra cavity optical intensity and the population inversion[8, 41], is
another issue. The resulted spectral lineshape of the laser consists of a central line and two
sidebands from the relaxation oscillation for each order of beat-note, as shown in Figure 5.9.
The sidebands may have some effect on the tails of the beat-note spectrum. But through
detailed calculation[41], it is proved that RO has no noticeable effect on the laser linewidth

measurement. Therefore, only the frequency shift 2 is a concern related to RO.

The last issue we considered is how to effectively use the AOM. Although the frequency
shift by the AOM is known to be the most precise technique, it is still sensitive to envi-
ronmental vibrations. The crystal (AMTIR-1 Chalcogenide Glass for Model FCM-401E5A
AOM) in the AOM vibrates with the environmental vibrations. Therefore, the velocity of the
ultrasonic wave to the laser beam is varied due to the mechanical vibration of the AOM][42].

Hence the frequency of the first order beam is shifted by +f,, where f, is the frequency shift
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due to the environmental vibration. Then the frequency shift induced by the AOM becomes
Q)+ f,, instead of €.

To overcome the vibration sensitivity of the AOM, one up-shift AOM (40.5MHz) and
one down-shift AOM (39.5MHz) are used in series. When two such AOMs are used for
measurement in the LC-RDSHI, the frequency fluctuation £f, can be canceled. For the
system, the frequency shift is still €2:

[Q(40.5M Hz) £ £,] — [20(39.5MHz) % f,] = QUM H>), (5.3)
even if there is environmental vibration [42].

The other advantage to use two AOMs is to realize a frequency shift less than 1MHz. The
commercially available AOMs usually have a frequency shift higher than tens of megahertz
with a very limited adjustable frequency range. This will lead to a frequency shift at least
on the order of gigahertz for £ > 100 beat notes, requiring a very costly high speed detection
system. Therefore,using two AOMs in series with one upshifting a frequency €2; and the
other downshifting a frequency {2 can generate a much smaller combined frequency shift

0y — Qy, which can be on the order of megahertz, as shown in Equation (5.3).

5.2.3 Selection of parameter:

The overall optical gain of the fiber delay loop, v, must be properly chosen to remove the
interferometric effect from multi-recirculations of the laser beam in the fiber loop because
otherwise, the spectrum of the photo current is modified by the periodical function to cause

a Imeasurement error.

In the loop, when the coupler coefficient is fixed to be a = 0.9 and the fiber delay is fixed
to be 25km (74 = 125um), the multi-recirculation effect only depends on the total gain of the
loop 7. Different multi-recirculation patterns correspond to different values of ~, as shown
in Figure 5.10. The corresponding spectrum from a conventional DSHI is also plotted (dash

line) for comparison. And in order to remove the effect on multi-recirculation, the loop net
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gain 7y should be either smaller than -6dB (when a = 0.9), also proved in [30] or larger than
3.5dB (when a = 0.9) to make P(w) & constant or close to 0.23dB (when oo = 0.9) to make
P(w) = 0.

In the operation of the LC-RDSHI system, parameter v can be easily changed by adjusting
the power gain of the EDFA.

In Figure 5.11, three spectra of 10th order beat-notes captured by the oscilloscope under
various EDFA gains are given. Peaks and notches are observed due to the multi-recirculation
effect from the LC-RDSHI and agree with theoretical calculations. But in practice, control-
ling the EDFA gain precisely to be a fixed value is difficult. Polarization and environmental
perturbations also contribute to the performance of the system. However, it is still possi-
ble to find an optimum point where the multi-recirculating effects are small enough to be

observed through the oscilloscope, such as the first spectrum.

5.2.4 System intensity control

The NP laser is designed to have a constant output power and the power fluctuation is
smaller than 0.05% over 14 hours. In our measurement, we put a VOA after the laser to
change the system input power. From the analysis in Section 4.2, the intensity change has no
effect on laser linewidth. In order to demonstrate this conclusion by experiment, we recorded

several orders of beat-notes under different power levels, as shown in Figure 5.12.

Based on this assumption, we can change the value of VOA to avoid nonlinear effects in
the optical fiber loop and maintain a high signal to noise ratio (SNR) of the system without

broadening the laser linewidth.
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Nonlinear effect

The spectrum of the recirculated light in the fiber loop may also be affected by the optical
nonlinearities of the fiber. Special care needs to be taken to minimize this effect to obtain
desirable measurement accuracy. The main nonlinearity effects in a communication grade
silica fiber include stimulated Brillouin scattering (SBS), stimulated Raman scattering (SRS)
and Kerr effect[43].

SBS and SRS are similar in a sense because both manifest through the generation of a
Stokes wave downshifted from the frequency of the incident or pump light wave by an amount
determined by the nonlinear medium. Consequently, part of the energy from the pump wave
is transferred to the Stokes wave. However, for both the SBS and SRS, this energy transfer
only happens when the pump power exceeds a threshold level. The Brillouin and Raman
thresholds are Pfyq &~ 2mW and PiLy ~ 800mW for a standard single mode fiber. Since
the laser power needed in the measurement is much less than the Raman threshold, only
the SBS needs to be considered. The SBS can affect the system in two ways. First, the
signal power can be lost significantly due to the power transfer to the Stokes wave; secondly,
the first order Stokes wave could generate high order Stokes waves co-propagating with the
signal light at different light frequencies, thus degrading the SNR and causing a measurement
error; In order to avoid the SBS effect, the power P4 of the light at the output port 4 of
the fiber coupler, which is the power injected into the fiber loop, must be controlled to be
lower than the SBS threshold (See Figure 5.1). Assuming the power from the laser source is
PO, we have P, = Py(1 — a)/(1 — 7). Letting P, < P, the maximum power input to the
coupler is given by

Py < Pps(1=7)/(1 - a), (5.4)

Choosing typical numbers of o = 0.9 and v = 0.95 and P4 ~ 2mW, Equation (5.4) gives
Py = 1mW. For laser sources with greater output power, an optical attenuator can be used

before the fiber coupler to control the power to avoid the SBS occurrence.

The nonlinear Kerr effect is discussed in Chapter 6.
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EDFA ASE noise

One concern with having the EDFA in the fiber loop is that the signal spectrum is broad-
ened as the EDFA introduces extra phase noise into the signal every time when it passes
through the EDFA, which had been a well-accepted assumption[44, 45, 46, 47, 48]. However,
recent experimental and theoretical analysis indicates that this is not true and an EDFA
only adds an additive white noise (ASE noise) on the signal[49, 50]. Without considering
the nonlinear Kerr effect caused by the power fluctuation of the fiber delay loop, this additive
white noise does not change the linewidth of the signal rather only elevates the background
noise level, which does not impose a threat to the linewidth measurement. Assuming ng is
the ASE power added to the signal after one pass of the EDFA, the total ASE power in
the fiber loop, ny, is thus obtained by the summation of the ASE power introduced at each

recirculation round, and is given by[51, 52]:
np=mno+yno+ ... +7"ng =ne/(1 —7)", (5.5)
The ASE noise power of an EDFA is given by[51, 52]
ASy(w) = Nyphfo(G —1), (5.6)

where N, accounts for incomplete population inversion (Ny, = 1 for complete inversion), h
is Planck’s constant, f; is the central frequency of the light wave and G is the gain of the
amplifier. A band-pass optical filter with a bandwidth of By is placed after the EDFA to
suppress the ASE noise. The noise added by one pass of the EDFA is therefore given by

Ng = Nsphfo(G — 1)30, (57)

The total ASE noise power is calculated using the following illustrative numbers: v = 0.95,
By = 0.4nm(50GHz), fo is the frequency of a light at wavelength of 1550nm and Nsp = 2.
The gain of the EDFA is set to be 20d B to compensate for the 25 km fiber loss, the insertion
loss of the AOMs, the coupling loss from the fiber optic coupler and other losses. The
calculated total ASE power is 0.01 mW, which is less than the signal power by about two
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orders of magnitude. Therefore ASE noise is negligible. When a different broadband fiber
amplifier, such as a Raman amplifier, is used for a broader range of spectral capability, the
same conclusion still holds. Therefore, there is a trade off between avoidance of nonlinear

effect and keeping a high SNR by setting a proper value of the VOA.

5.2.5 Polarization control

It is well known that single-mode optical fiber (SMF) support two distinct orthogonal
polarization modes[37, 53]. Without any perturbation, the attenuations of these two modes
are identical. This means that the total attenuation of the fiber can be considered insensitive
to the polarization state at the fiber input. But the polarization state of light in SMF' is
very sensitive to any perturbation which is not symmetric about the fiber axis[53]. At the
same time, optical links are made up of more than simple fibers and usually different com-
ponents are required, i.e., couplers, isolators, filters, multiplexers, and amplifiers. All these
components present indeed a small anisotropy and are subject to polarization dependent

losses (PDL) that eventually will affect the system’s performances.

If we consider the LC-RDSHI an optical interferometer, the state of polarization (SOP)
of the signals from the two arms of the interferometer becomes critical. Because SOP will
directly affect the interference efficiency. The two light beams from the two arms cannot be

orthogonal.

If we consider the LC-RDSHI a transmission system, PDL leads to more concerns. There
are several conclusions regarding the PDL of a fiber optic system obtained by other re-
searchers through experiments and theoretical calculations. First is that the total PDL of a
series of concatenated elements is usually different from the sum of each single PDL-element
contribution. The reason has to be ascribed to the fact that the polarization sensitive
axes of the single components are not always necessarily aligned with each other. There-
fore, the resulting total PDL depends on the relative orientations of the PDL axis at each

connection[53, 54]. The second conclusion of system PDL is that the total accumulated PDL
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is Maxwellian distributed (in decibels) with the accumulation of the mean PDL growing lin-
early with the system length[37, 55, 56]. The third conclusion is related to the recirculating
loop. Due to the periodicity of the recirculating loop system, polarization phenomena are
quite different from the one in optical straight-line systems. Studies reveal that the mean
accumulated PDL is found to grow linearly with the number of circulations N in contrapo-
sition to a straight-line system. And the statistical distribution tends to become uniformly

distributed as N is increasing[53].

A LC-RDSHI system involves both an optical interferometer and a recirculating loop. The
SOP of the loop output and PDL of the loop seriously affect the beat signals. Especially
the polarization fading effect caused by fiber birefringence, as analyzed in Section 4.3 has to
be considered. Here we consider two extreme examples of the output of the LC-RDSHI as
shown in Figure 5.13 to verify the conclusion in Section 4.3. The interference efficiency of
the two optical beams decreased dramatically if the SOP of the two beams turned out to be

orthogonal.

In a practical situation, various birefringence perturbations, both internal and external,
can be introduced to the fiber. The output polarization will appear uncorrelated to the input
polarization after only a few meters of propagation. Their numbers, strengths, orientations,
and distributions are generally unknown and, moreover, they will usually vary with time as
environmental conditions change. Therefore, mitigation of the polarization-related impair-
ments must be dynamic and adaptive to random variations. Most polarization controllers
can only stabilize the slow fluctuation of the polarization. However, it can be shown that
unperturbed single-mode fiber can perform the same function as polarization-maintaining
fiber in certain situations though the precautions must be taken to guard against perturba-
tion of the SMF[57]. Therefore, during the experiment in lab, when the system connection
is finished, moving, or twist of some portion of fiber, or patch cords will be helpful to find
the best beat efficiency. As long as the best beat signal is obtained, environmental vibration,

perturbation and moving should be avoided in order not to induce fast SOP changes.
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Figure 5.13: Effect of state of polarization

5.2.6 Environment perturbation control

Vibrations, acoustic noises and temperature fluctuations are potential factors to broaden
the measured laser linewidth. And we found that the LC-RDSHI system is sensitive to
environmental noises through a simple experiment. When a 6Hz mechanic pump was turn
on besides the LC-RDSHI system, the SOP and the system power exhibits clear changes, as

shown in Figure 5.14.

The isolation system is, therefore, set up to avoid the serious effects caused by the environ-
mental noises. As shown in Figure 5.15, the fiber spools are put into a wood box with thick
acoustic and thermal proof foam on the inner surfaces of the wall. The whole wood box is
then placed on an optical table. We measured the temperature in the box. The temperature
fluctuations at four randomly chosen points in the box are 2.87 x 107¢ °C/s, 3.20 x 107°

°C/s, 3.30 x 1076 °C'/s and 3.27 x 1076 °C/s.

Though we carefully isolated the fiber delay line from environmental perturbation, the



Chapter 5. Experimental Implementation of LC-RDSHI

Power (dBm)

Value of Strokes parameters

1.2

0.8

0.6

-15.65

-15.7

-15.75

-15.8

-15.85

-15.9

-15.95

-16

-16.05

-16.1
0

6Hz pump wasturned on

2 4 6
Number of samples

6Hz pump wasturned on

2 4 6
Number of samples

x 10

Figure 5.14: Environment sensitivity of LC-RDSHI

70



Chapter 5. Experimental Implementation of LC-RDSHI

(b) Sideview, outside

Figure 5.15: Isolation system
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laser under test is also affected by the environment. We simplified the system to make it
easy to identify environmental noise, as shown in Figure 5.16. Four orders of beat-notes can
be obtained from this setup since there is no EDFA in the loop. We then measured the
central frequency fluctuation of each order. In Table 5.1, standard deviation of the central
frequencies recorded at different time slot are listed. In daytime (4:00pm), the environmental
perturbations mainly due to the heavy traffic outside the building, a fitness center downstairs,
and activities inside the lab. In midnight (1:00am), there is less traffic, less lab activities
and the fitness center downstairs is closed. The frequency noise is reduced according to our
experiment results shown in Table 5.1. Proper isolation is also helpful to further reduce
the vibration, as shown in column (1:00am(2)) when we wrap the fiber spool with acoustic

isolation polymer-fiber.

5.2.7 Effect induced by the mixer circuit

The mixer circuit used in the analysis of power spectrum of each order beat-note maybe
another source of frequency noise. One input of the mixer, f;, is generated by the frequency

generator. Its standard deviation can be referred to fi sq. The other input of the mixer is
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Table 5.1: Effect of Environmental Conditions

Std (kHz) | 4:00pm | 1:00am | 1:00am (2)
1st order 1.8 1.5 1.1
2nd order 4.8 2.2 1.5
3rd order 10.0 4.6 3.3
4rd order 14.6 8.4 4.6

40

Standard Deviation (kHz)

5 10 15
Frequency (MHz)

Figure 5.17: Stability of RF Frequency Source for mixer

from the photo detector (PD). We define the central frequency of each order of beat-note as
fo. The central frequency of the mixer output (after a low pass filter) then can be written
as: f1 + fista — fo. As we analyzed in Section 4.4, the central frequency jitter broadens the
laser linewidth when we have to do 100 times average to obtain high quality spectrum by
using an oscilloscope. In Figure 5.17, the standard deviation of the frequency generator was
measured. The frequency noise increased with the increase of generated frequency, therefore,
with the increase of the beat-note order. The best frequency source (Agilent 33120A with

the stability of £1ppm) in lab was used in the experiment.



Chapter 6

Signal Processing and Result

Interpretation

When laser linewidth gets narrower and its coherent length gets longer, the LC-RDSHI
method becomes more powerful than other methods. Though we have not examined the
ultimate limitation of this method from the experiment, we expect that the laser linewidth
on the order of 100Hz can be measured. By using the LC-RDSHI, we can obtain more
than 100 orders of beat-notes. If the fiber delay per loop is 25km, 100th order beat notes
represent the coherent length of 2500 km, therefore, LC-RDSHI has the potential to measure

the linewidth as narrow as 25Hz.

6.1 Frequency domain - spectrum

Since the maximum bandwidth of the oscilloscope used is 500MHz, the highest resolution
for 100 orders of beat-notes with 1IMHz frequency shift is 500kHz. This resolution cannot
make us observe the details of the laser linewidth which is on the order of 100Hz. An

electronic mixer is used to further move down the beat note frequencies to a much lower
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Figure 6.1: Schematic of LC-RDSHI with a mixer

frequency. One input of the mixer is the detected signal from the PINAMP containing all
the orders of beat-notes at 1MHz, 2MHz, 3MHz and so on. When we observe the first order
beat-note, the variable signal generator gives 1.1MHz sinusoidal signal to the other mixer
input, the output of the mixer gives a downshifted signal at 100kHz (1.1MHz-1MHz) to the
preamplifier. In order to observe the linewidth of the second order beat-note, the variable
RF signal generator sends a 2.1MHz signal to the mixer, and so on. The highest resolution
we can achieve by using the same oscilloscope is 0.001Hz. We show the complete system

setup in Figure 6.1.

The first task we need to do after the setup of the system is to select proper parameters of
the system. We here set the VOAI=12dB and EDFA working in the constant gain mode with
its gain=15dB. The upshift AOM is set at 40.5MHz and the downshift AOM at 39.5MHz,
therefore the frequency shift of the system is 1MHz for each revolution of light propaga-
tion. The next important task is to control the polarization. When the best beat-notes

are achieved, the polarization controller (PC) is turned on and the whole system must be
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Table 6.1: LC-RDSHI linewidth relations[5]

Measured Full-Width Point | Displayed Width
-3dB 2Av
-10dB 2v9AY
-20dB 2v/99AY

maintained stable. In Figure 6.2, 12 orders of beat-notes are demonstrated. The linewidth

of beat-notes continue to broaden with increases in the time delay.

6.1.1 20dB down direct measurement

Considering the broadening effect of 1/f frequency noise, more accurate laser linewidth
can be obtained 10dB or 20dB down from the maximum of the lineshape if the signal and
noise levels permit. Because the broadening effect of the 1/f noise is most pronounced near
the center of the spectral lineshape[26]. For Lorentzian lineshape, the 3dB linewidth can be
inferred from the displayed lineshape by using the relationship shown in Table 6.1.

We obtain the laser linewidth from 20dB down from the maximum of the width of the
displayed beat-notes and plot in Figure 6.3 for different orders of the beat-notes. The laser
linewidth tends to be a constant (910Hz) after the 6th order of the beat-note. The coherence

length of the laser therefore can be calculated from[26]:

1
= vV,——
InAv’

(6.1)

Le.=v,7,

where v, = ¢/n, is the velocity of the light in the fiber, ¢ is the light speed, and n, is the
refractive index of the fiber. Therefore, the coherence length of the NP laser is 69.9km.
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Figure 6.3: Dependence of laser linewidth on fiber delay

6.1.2 Voigt curve fitting method

In the LC-RDSHI system, the spectrum of each order of beat-note is Voigt profile, which
is the convolution of the Lorentzian spectrum associated with the white frequency noise and
the approximately Gaussian spectrum arising from the 1/f noise. The second method to
extract Lorentzian linewidth is to use the curve fitting Voigt profile method. The Voigt
spectrum can be expressed as[58]

I(v) = / G )L(v —V)dV, (6.2)
where G is the normalized Gaussian lineshape centered at v = 0, and

V4ln2

= mexp[—(l/\/llln?)Z/Al/éF], (6.3)

G(v)
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where Avgp is the full width at half-maximum (FWHM) of the Gaussian function. L is the

normalized Lorentzian function centered at v = 0 as

AVLF 1
L(v) = 4
v) 21 (v —w)? + Avin /4’ (6.4)

The Voigt profile function can be manipulated into an expression in terms of the comple-

mentary error function of complex argument, er fc(z), as [58, 59|

V(u,a) = Relexp(2®)er fc(2)], 2 = a + iu, (6.5)
where
a= \/EAVLF/AI/GF, (6.6)

w=2vVIn2(v — 1)/ Avgp, (6.7)

Automatically fitting program is made to fit the captured data with 95% confidence. In
Table 6.2, the Lorentzian linewidth and Gaussian linewidth are obtained by Voigt curve
fitting the spectra shown in Figure 6.2. It is clearly shown that the noise spectrum of the
laser under test is the white noise dominant. The Lorentzian linewidth is 680 Hz from
this method. The broaden linewidth of the first three orders of beat-notes is due to strong
relaxation oscillation (RO). RO, centered at 800kHz for the NP laser, raises the noise floor

of the beat-notes and generates additional phase noise.

The 20dB direct measurement and the Voigt curve fitting method give different Lorentzian
linewidth values can be explained through Figure 6.4. As shown in Figure 6.4, when the
Lorentzian linewidth is 680Hz, if the laser noise spectrum contains a much greater Gaussian
component (4.5kHz), 20dB down direct measurement infers a larger value of the linewidth.
If the Gaussian linewidth is smaller than 680Hz, 20dB down direct measurement provides
a simple way to infer the Lorentzian Linewidth. This is why the 20dB down method is
widely used in linewidth measurement of semiconductor lasers which have their Lorentzian
linewidth greater than the Gaussian linewidth. But for ultra-narrow linewidth lasers, the

20dB down method may over-estimate the Lorentzian linewidth.
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Table 6.2: Lorentzian linewidth and Gaussian linewidth obtained from Voigt curve fitting

Order of beat note | Avpp(kHz2) | Avgr(kHz)
1st 0.75 4.6
2nd 0.75 4.5
3rd 0.74 4.7
4th 0.68 4.8
5th 0.68 4.8
6th 0.68 0.1
7th 0.68 0.1
8th 0.68 0.1

As we mentioned in Chapter 5, the environmental perturbation isolation has its limitation.
The Voigt curve fitting method provides an effective way to further isolate the environmental

noises through the signal processing. This method is useful for all types of lasers.

6.1.3 Fiber non-linearity induced phase noise

The Kerr effect is a change in the refractive index of a material in response to an electric
field of light. Its physical origin is a nonlinear polarization generated in the medium, which
itself modifies the propagation of the light[22]. The refractive index for the high intensity

light beam itself is modified according to
An = nol, (6.8)

with the nonlinear index ny, and the optical intensity I. Fused silica, as used e.g. for optical
fibers, has a nonlinear index of about 3 x 1071cm? /W [22]. The description of the Kerr effect
via an intensity-dependent refractive index is actually based on a certain approximation,

valid for light with a small optical bandwidth[22]. Unlike the SBS and SRS, which exhibit
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a “threshold” property, the Kerr effect can accumulate during the light transmission along

the fiber.

In the LC-RDSHI system, the electrical field passing through the fiber delay is the output
from port 4 of the coupler, E,(t). Continuing the analysis in Section 4.1, Fy(t) can be

expressed as

Ey(t) = jV1—abi(t)+ vab ()
= JjV1—aF(t)+jV]l—«a ZV”El(t — n1g)ed™ M, (6.9)

It is clearly shown in Equation (6.9) that the fiber delay in the loop experiences amplitude
fluctuations. The loop power measured by the polarization controller (Figure 6.5) gives the
same conclusion. The amplitude fluctuation changes the refractive index of the fiber material

due to the Kerr effect. Phase noise can be thus generated from the Kerr effect.

ASE noises generated by the EDFA are also accumulated and increase amplitude fluc-
tuation to the transmission signal[44, 45, 46, 47, 48, 60, 61]. The amplitude fluctuation is
caused by the in-phase components of spontaneous emission. Such noise directly increases
the linewidth of the signal. The interaction between the Kerr effect and spontaneous emis-
sion increases the phase noise of the signal light[61]. Linewidth broadening, Av caused by

such effects can be calculated from[60, 61]

ngp(G — 1)*aliuhvB? | 1 4
A ~ {4 _kgLQ P 1
v 87TG[1I1(G)]2 (Pa’ue + 3 2Htot ave), (6 ())

where ng, and G are the spontaneous emission factor and gain of the optical amplifier,
respectively, « is the attenuation factor of the fiber, L;,; the total system length, h the
Planck constant, v the optical carrier frequency, B the system data rate, P,, the pass-

averaged signal power over adjacent amplifiers, and ks the nonlinear coefficient.

In [62], the Kerr effect was considered by its classical and quantum nature separately. The
intensity fluctuation induced the Kerr effect is referred to as a classical behavior. The Kerr

effect caused by the spontaneous emission is referred to as the quantum behavior of Kerr
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effect. Usually, the classical Kerr effect due to intensity fluctuation is larger effect than the
quantum Kerr effect. Therefore, the phase noise caused by the classical effect is dominant

in the LC-RDSHI system.

Linewidth broadening due to fiber non-linearity can be verified by two experiments. The
first one is to use the setup shown in Figure 6.6(a,b). In Figure 6.6(a), we bypass the EDFA
and other components in the loop to only keep the fiber delay and frequency shifter. Three
orders of beat-note can be obtained and shown in Figure 6.7(a). Obvious broadening of the
linewidth can be observed. In Figure 6.6(b), we replace the fiber delay with a VOA which
only changes the signal intensity but does have the Kerr effect. The spectra of the three
orders of the beat-note are shown in Figure 6.7(b). There is no phase noise generated from
this setup. Experiments implemented by Makoto Murakami and Shigeru Saito[48] further
proved that the classic Kerr effect of fiber either broadens or changes the laser spectral

lineshape.

The other experiment to verify the broadening effect caused by fiber non-linearity is to
compare the spectrum from a Mach-Zehnder interferometer with that of the recirculating
delayed self-heterodyne interferometer. We tried to set up a Mach-Zehnder interferometer
with the same fiber delay length, and almost same components in the LC-RDSHI system in
order to fully compare the performance of the two system. The Mach-Zehnder interferometer
is shown in Figure 6.8. In Figure 6.9, we show the spectrum obtained by both the Mach-
Zehnder interferometer and the LC-RDSHI system with the same fiber delay length. It is
shown that there is no obvious linewidth broadening in the Mach-Zehnder interferometer.
We got the same result as [49, 50]. Tt is further proved that the quantum behavior of the Kerr
effect caused by the ASE, is much smaller than the classical Kerr effect caused by multiple
recirculation in the LC-RDSHI system. The phase noise will be significantly increased when

the quantum Kerr effect and classical Kerr effects interact with each other.

Time dependence of laser linewidth is the third group of data that support our standpoint.

It is well known that flicker frequency noise and environmental perturbation cause Gaussian
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spectral lineshape and the Gaussian linewidth increases with the length increase of fiber delay
line. While the Lorentzian linewidth keeps at the same value and is independent with fiber
delay length. But our linewidth measurement results shown in Figure 6.10 didn’t follow this
rule. In Figure 6.10, the spectrum of each order of beat-note was recorded 15 times. In order
to increase the reliability of the data, the spectrum capture order is randomly distributed.
For example, for the first group of data, the capture order is 1st, 3rd, 6th, 9th and 12th
orders of beat-note. For the second group measurement, the capture order is 11th, 8th and
4th orders of beat-notes. Four groups of measurements were conducted and a Voigt curving
fitting program was used to extract the Gaussian linewidth and Lorentzian linewidth from
each spectrum. It is shown that the Gaussian linewidth becomes randomly distributed and
independent on fiber delay while the Lorentzian linewidth keeps broadening with the increase

of the fiber delay. We attribute this phenomenon to fiber non-linearity induced phase noise.

An alternative method to measure the ultra-narrow laser linewidth is proposed to overcome
the Kerr effect caused by the multiple recirculation. In this new method, we need to add
two switches to control the light injection. One switch is put outside of the loop, referred to
as transmitter switch. The other one is put inside the loop which is called loop switch, as
shown in Figure 6.11. And the time sequence to control the switches is very critical. There
must be an ultra-short overlap 7' (during 7', both switches are closed)that makes two beams
beat with each other and 7" must be less than 7;. The requirements for the optical switches
are ultrafast switch speed and high extinction ratio (> 50dB). In the time duration that the
transmitter switch is open and the loop switch is close, the light circulates in the loop and
is detected by the PD. Only the signal to noise ratio is going to decrease as this period of
time is getting longer. But there is no intensity fluctuation caused by the recirculating if we
consider the ASE noise as an additive white noise. The beat of signals from port 1 and port
3 occurs in 1" duration and T should be shorter than 7, in order to avoid coupling the light
to the loop while that there is still light circulating in the loop. Since there is no intensity

fluctuations detected, no Kerr effect occurs.
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The Kerr effect caused by the ASE noise can be minimized by using a narrower optical

bandpass filter to further suppress the ASE noise accumulated in the loop.

6.2 Time domain - Allan Variance

The laser linewidth can also be obtained from frequency fluctuation measurement. Fre-
quency discriminator introduced in Section 3.2 shows that it is one of the methods that
can measure the frequency fluctuation directly, but it requires calibration with many factors
such as optical power and interferometer sensitivity([3, 63]. With this consideration, time do-
main frequency analysis of beat-note spectra is therefore used based on LC-RDSHI system.

Two-sample (or Allan) variances are calculated for each order of beat-note.

6.2.1 Allan Variance

The conventional sample mean and variance formulas, as shown in Equation (6.11) and

(6.12), have been widely used for ‘white’ noise process which is random and uncorrelated in

time.
1 N
= — Uns 6.11
1 N
ANT. 7)= —— 7—m)? 6.12
o*(N,T,7) N_ln:1(y m)”, (6.12)

where m is the sample mean and y is the sample value. The “bar” over the y in Equa-
tion(6.11) denotes the average over a finite time interval. 7 in Equation (6.12) is the mea-
surement time of a single sample and the time 7' is the time interval between consecutive

measurements. 7' — 7 is called dead time.

The power spectral density (PSD) of white noise is constant with Fourier frequency. Noise

models whose PSD’s are power laws of the Fourier frequency but not integer exponents
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are possible as well but not as common. In precise time and frequency measurement, for
example, there are two quantities of great interest: instantaneous frequency and phase. If
the frequency noise is white noise, the PSD of its phase noise varies as 1/f? (where f is the
Fourier frequency), which is commonly called random walk noise. If the PSD of the frequency
noise varies as 1/f (flicker noise), then its phase would be the integral of the flicker noise.
It would be a PSD which varies as 1/f3. Since the conventional sample variance fails to
converge as the number of samples, IV, grows for these particular types of noise, David Allan
suggested to set N=2 and average many of these two-sample variances to get a convergent
and stable measure of the spread of the quantity in question. This is what has come to be

called the Allan variance or two sample variance[64].

Without dead time, Allan variance can be represented as 0?(2,7,7) and is alternatively

referred to as short-hand notation ¢2(2,7) or o2(7).
2.y _ L - —\2
o’(1) = 5 < (Ykr1 — Uk)” >, (6.13)

where <> denotes infinite time average, and y; is the average over time interval of 7. In
practice, o%(7) can be well estimated from the N-times successive measurements as|3]

N-1
(Yir1 — ui)%, (6.14)

=1

9 - 1
T

where y; is the measurement over the ith time interval of 7.

6.2.2 Conversion from frequency domain to time domain

From Equation (6.13), we can rewrite the Allan variance to[4]:

) = 3 <<1 ([ e - /tt7y<t'>dt')2> ,
_ <(/Zy(t')m(t—t')dt')2>, (6.15)
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by introducing the function h.,(t) with[4]

by for —7<t<0
h(t) = & Jor  0<t<T (6.16)
0 otherwise

The transfer function for the filter function h,(t) can be obtained from its Fourier trans-

form: ,
_sin(nTf)
|H(f)]* = R (6.17)
Therefore,
sm (r7f)
) =2 / (N S (6.18)

allows one to compute the Allan variance directly from (one-sided) PSD.

In noise analysis of practical oscillators, the PSD is often assumed to consist of a super-
position of several power-series components resulting from independent noise processes[3].

With this assumption, one-side PSD of a laser can be approximated as[3]:

Sy(f)—%%—%%—kw, (one — side), Hz*/Hz, (6.19)

where k,,k; and k,, are the coefficients used as the measurement of random-walk, flicker, and

white fluctuations, respectively. The white fluctuation components expressed in Lorentzian

linewidth Av[Hz] is converted to k,, as

kw = —, (6.20)

Substituting Equation(6.19) into Equation(6.18) yields

11 272
21 = ky=—+ k2In2 + k,— 21

Y

In Figure 6.12, we demonstrated two frequency fluctuation representations in frequency

domain and in time domain respectively.
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Figure 6.12: Two frequency noise representations: (a) PSD and (b) Allan Variance[3]

Note that, in the variance estimation using Equation (6.12), the uncertainty due to the
finite number N depends slightly on the noise processes. The relative standard derivation
on estimated o2(7) is given by KN/2, where K is specified as 0.87, 0.77, and 0.75 for white,

flicker and random walk fluctuations, respectively[3, 65, 66].

6.2.3 LC-RDSHI based time domain frequency fluctuation mea-

surement

Multiple orders of beat-notes can be generated from the LC-RDSHI system without using
the mixer circuit, as shown in Figure 6.13. The observed spectrum with 49 orders of beat-

notes is thus shown in Figure 6.14

Normally, frequency noises can be easily measured by using a frequency counter. Without
frequency counter available, we use oscilloscope instead. But there is dead time T — 7
generated due to the data capture time (T') from the oscilloscope to computer, which is
slower than the measurement time (7). Therefore, a bias function introduced by Jame

Barnes and David Allan[67] can be used in data processing.



1550.52nm

Chapter 6. Signal Processing and Interpretation

NP Laser

VOAI

Figure 6.13: Schematic for frequency noise measurement by LC-RDSHI

VOA I

OBF

N

coupler

mixer

pNaMPH (S — —EeAEp|

Frequency
Shifter

(2 AOM)

|V_ariab1e RE'
signal
Lgenerator_]

RF1:40.5MHz
RF2:39.5MHz

EDFA

)

OSC




Chapter 6. Signal Processing and Interpretation 96

_35 - m

Intensity (dBm)
3 &

_55 - m

::M UM DU AL :

5 10 15 20 25 30 35 40 45 50
Frequency (MHz)

Figure 6.14: Spectrum with 49 orders of beat-note from LC-RDSHI

The bias function By(r, 1) is defined by[68]
02(2,T,7) 022, T,7)

Ba(r, ) = 02(2,7,7) N o2(7)

(6.22)

where r = £, 11 is a parameter in 07(7) ~ 7# which responds to power law PSD S, (f) ~ f©.
In words, Bs(r, i) is the ratio of the expected Allan variance with dead time to that without
dead time. In frequency noise measurement system, 7 = 125us corresponds to the 25km
fiber delay and T' = 40s for capturing the data to the computer. By(r,—1) = r is used from

[67).

Alternative methods of calculating Allan variance have been used in order to allow for
the minimum measurement time necessary to retrieve the full information required[4]. If the
frequency counter is used, the counter is set to the shortest gate time 7y where the Allan
variance is to be determined and the frequency difference ¥; -, is measured repeatedly, as
shown in Figure 6.15. To derive the data from longer times, e.g., 7 = 37y the consecutive

values of 41+ = (Y17, + U2, + Us.m0) /3,027 = (U2,70 + Us,m0 + Ya,r ) /3,--. are determined in post
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Figure 6.15: Alternative methods of calculating the Allan variance[4]

processing to estimate the Allan variance for the time 7 = 37y and accordingly for all the

other time 7.

In Figure 6.16, frequency noises of five orders of beat-notes are obtained. It is shown that
the Lorentzian linewidth is around 700Hz for lower order beat-notes and becomes larger
for higher orders of beat-notes. The Lorentzian linewidths derived from both the frequency

domain and time domain methods agree with each other.
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Chapter 7

Conclusions and Future Work

As the laser spectral linewidth is getting narrower, accurately measuring the laser linewidth
becomes increasingly difficult by conventional methods. The LC-RDSHI method is shown

to be a good choice.

7.1 Conclusions

In this dissertation, the theoretical analysis of the LC-RDSHI has been presented. The
issues of multiple recirculating effect, RIN, fiber birefringence and frequency jitter in the
LC-RDSHI have been discussed. The multiple recirculating effect generates interference
fringes on the spectrum of each order of beat-note. The calculation suggested that this
interference effect can be eliminated by proper loop parameters in the LC-RDSHI. RIN
raises the noise floor of the beat-note spectrum, but does not broaden the laser linewidth.
Fiber birefringence effect causes the polarization fading without introducing additional phase
noise. Frequency jitter could increase the linewidth value in the situation that the multiple

beat-note spectrums must be captured at the different time and summed.

The detailed implementation of the LC-RDSHI on ultra-narrow laser linewidth measure-
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ment has been described. The system was optimized to meet the requirement of accurately
measuring the laser linewidth of sub-kilohertz. The multiple recirculating effect and the fiber
birefringence effect raised from the theoretical analysis section were verified by the exper-
iments. System parameters were carefully set in order to obtain the best signal. A mixer
circuit was added to improve the measurement resolution. The environmental noises were
minimized by adding an additional AOM and putting the whole system in a wood box with

the isolation foam to isolate the thermal and acoustic perturbations.

In order to extract the Lorentzian linewidth from the Voigt profile, the Voigt curve fitting
method has been used in the interpretation of the laser spectrum. In the past, most researches
focused on the characterization of semiconductor lasers which have the Gaussian linewidth
comparable with the Lorentzian linewidth in the presence of the 1/f frequency noise. The
20dB down linewidth measurement method was generally used to calculate the Lorentzian
linewidth. But it was proved in this dissertation that the 20dB down direct measurement
of Lorentzian linewidth over estimated the laser linewidth of ultra-narrow linewidth lasers
which have a large Gaussian linewidth compared with the Lorentzian linewidth. The NP
fiber laser we examined therefore has the Lorentzian linewidth of 680Hz, instead of 910Hz
obtained from 20dB down direct measurement. Voigt curve fitting method also makes the
Lorentzian linewidth independent from the Gaussian linewidth. In most situations, it can
reduce the system sensitivity to the noises. It provides a better platform to examine the

performance of any type of lasers.

It is proved in this dissertation that the LC-RDSHI is a self-calibrated system. Multiple
orders of beat-notes spectrums were displayed to calibrate the linewidth measurement in the
frequency domain. And Allan variance was used to calibrate the measurement in the time

domain.

In order to identify the nonlinear Kerr effect in the LC-RDSHI, comprehensive experiments
have been performed. The phase noise caused by the classical effect of the Kerr effect was

proved to be the dominant effect in any recirculating loop. Both the Gaussian linewidth and
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the Lorentzian linewidth are broadened as the number of the revolution of recirculations.
The Kerr effect limits the capability of the LC-RDSHI. A two-switch LC-RDSHI structure

has been proposed to eliminate the Kerr effect.

7.2 Future work

Future works are suggested to achieve the goal of conducting the accurate measurement

of ultra-narrow laser linewidth.

7.2.1 Overcome the Kerr effect

As we analyzed in Section 6.1.3 that Kerr effect is serious in the LC-RDSHI system.
The laser linewidth keep broadening as the light transmits along the fiber delay loop. The
proposed two-switch LC-RDSHI method need experimental verification.

7.2.2 Verify the ASE noise effect through experiments

We have discussed the ASE noise effect in Chapter 4 and Chapter 6. In Chapter 4, we
treat the ASE noise as an additive noise only and there is no linewidth broadening effect.
And in Chapter 6, when the ASE noise induces the amplitude fluctuation, the nonlinear
Kerr effect occurs. In the proposed two-switch LC-RDSHI, the Kerr effect caused by the
fiber delay loop can be identified and avoided. Then we can further examine the ASE noise
effect based on the two-switch LC-RDSHI. If there is still serious linewidth broadening, we

conclude that the ASE noise is not only an additive white noise.
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Figure 7.1: Schematic of heterodyne detection by using FP cavity

7.2.3 Calibrate LC-RDSHI measurement result by a heterodyne

detection system

The LC-RDSHI measurement results should be calibrated by the heterodyne detection if
a more stable and narrower linewidth laser can be available. The narrower linewidth can be

obtained by stabilizing the laser frequency using the Pound-Drever-Hall technique as shown

in Figure 7.1(dotted box). The stabilized linewidth is expected to be 10Hz to 100Hz.
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