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Abstract

This thesis discusses theoretical and experimental investigations of tunable erbium
fiber lasers that are pertinent to the development of a 1550 nm light source for the optical
fiber communications industry. Three aspects are investigated: wavelength tuning due to
changes in the output coupling, relative intensity noisc in the laser, and digital optical fiber
communications using the laser as a source. A novel laser resonator layout is also
presented. The experimental results obtained were found to be in reasonable agreement
with simplified theoretical models.

Based on the work done, significant insight was gained, and recommendations

regarding future research in the arca of erbium fiber lasers arc discussed.
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1

Introduction

1.1 Project Background

Since its early development, the field of optical fiber communications has seen
many imﬁrovements making it a practical, reliable and cost effective alternative to many
conventional communications systems. This has led to increased demand for
communications services and hence competition between companies and countries to
maintain market share in a fast growing field. As a result, through financial
encouragement, industry has been looking to university for new ideas to push the state of
the art of optical communications further in order to maintain its competitive edge. The
NSERC/BNR/TRIlabs Industrial Research Chair headed by Dr. J Conradi has been
established to address such concerns and this MSc thesis project has been conceived and
managed to be in support of the Chair's objectives.

Toward this end, this project dealt with a relatively new potential optical
communications light source: the single mode erbium fiber laser operating in the 1550 nm
wavelength range. Since other related projects depend on high quality 1550 nm light
sources, work to investigate and characterize an erbium fiber laser has obvious advantages.
Among these is that this work used many of the components normally purchased or
designed for other projects and could thus be undertaken with essentially no budget for
cquipment and has proved very efficient research as compared to other projects in terms of

capital costs.

1.2 State of the Art
Although bulk glass erbium lasers have existed since the mid sixties, only relatively
recently has the technology to produce single mode erbium doped fiber and low cost/high

power 980 nm pump lasers been developed to the point where the state of the art erbium



fiber laser is seen as a practical reality. A literature search at the start of this project has

shown a number of promising aspects of the erbium fiber lascr:

1) Single Mode Fiber- The inherent single mode fiber design of the fiber makes for
good coupling efficiency into systems that usc single mode
fiber (now the industry standard for high speed

communications).

2) High power - More than 250 mW of 1550 nm power is attainable [1].
3) High Efficiency- Better than 51% slope efficiency reported [2]
4) Low Threshold- Threshold values less than 10 mW have been attained [2]

5) Narrow Line Widths - 10 to 60 KHz line widths have been reported (3], [4].
6) Thermal Stability - Claimed to be stable [5).
7 Wide Tunability- Using intra-cavity filters, the fiber laser has been shown to

be tunable over a wide range, 1522 nm to 1567 nm. [6].

Each of these reported properties were not necessarily attained simultancously for a

given laser design; however, they do show the potential that exists for this device.

1.3 Industrial Communication Requirements

For current high speed digital communication systems and futurc high speed
communication rates, such as been investigated by other chair projects [7], a laser of
narrow line width and low relative intensity noise is a necessity. For transmission of
analog signals such as cable television trunking distribution [8,9], and in the future fiber
optic cable television to the home [10]-[15], it is imperative that laser noise be cven lower
as the quality of analog signals in the distribution network is highly sensitive to light source
signal quality [16]. A tunable source is also desirable as this can be useful in future

applications of wavelength division multiplexing. As far as power is concerned, a light



source of only a few mW is necessary, today, but several tens of mW may be needed in the

future.

1.4 Project Objective

The main objective of this project is to produce a tunable optical source with low
noise and narrow line width characteristics, suitable for use in optical communications
systems. Three aspects of erbium fiber lasers not reported in related research journals were

chosen as sub-objectives in working towards the main objective:

1) The inherent tuning of the laser wavelength due to changes in laser cavity output
coupling.
2) The Relative Intensity Noise (RIN) inherent to the laser.

3) The experimental use of the laser in a digital transmission system.

In essence the project was intended to do research into niches not yet investigated
that are both in the interests of industry, and of scientific merit, rather than to simply beat

previously reported performance records.

1.5 Thesis Layout

Although several interesting concepts were looked into and many experiments were
done in the lab, it is the intent of the author to write as concisely as possible and discuss
only issues directly related to the objectives of the project thereby limiting the writing to six
brief chapters.

Chapter two provides a brief discussion of the laser theory that is relevant to the
experimental part of the thesis. Chapters three, four and five discuss the results of the three

thesis sub-objectives investigated as stated above. Chapter six has some brief concluding



remarks on the project followed by a list of references and appendices with project related

support information.



2
Erbium Fiber Laser Design

2.1 Background Theory
The generation of light in erbium lasers centers around what is generally described
as a three level lasing system [17] since the erbium ion Er3* cycles through three energy

levels E,|, E, and E, as shown in Fig. 2.1.

Figure 2.1 Ideal energy level diagram for a three level laser.

Normally, the erbium ion is primarily in ievel E, , but under "pumping” it will rise to
E,. R is the rate at which ion are pumped up from E, to E, by absorbing photons at

| G . |
wavclength A, — is the rate at which ions relax from E; t0 E, and — is the rate of
T3z T

spontaneous emission from E, to E. w,, and w,, are the absorption and stimulated

emission rates of photons respectively at the infrared signal wavelength A . All transition

rates are in units of s't,



In mathematical terms, the total number of erbium ions N, (ions/cm?) will be

distributed in an amount N, in each energy level E; and can bc represented by the

following set of rate equations [17],[30]:

N, 1
—at-‘- —(R,; +w,;)N, +(wu-4—;z-l)N2 (2.1.1D)
JN. 1 N.
-a—’z- = w,,N, - (w,, + ‘t_u)Nz +t—3':- (2.1.2)
‘9_N3- R.N, _& (2.1.3)
ot T3y

The number of ions in the N, and N, states are critically important as their relative

difference influences the expected level of absorption or amplification of 1550 nm light.

. . 1 . .
Assuming the ion has a fast — rate relative to the other transition rates and hence a low
T3

density of ions in the N, level, we can solve for the steady statc case for N, and N, as:

[ wel ]

N, =N, | (2.1.4)

{w21+w12+R,3 "“;;JI

[ 1
N, =N, e PRALLE - : (2.1.5)

W, +w,+R, +—
21 12 13 _tZIJ
where:

wlz'_o_a' s (2.1.6)



Wy, = = | 2.1.7)

Ry= L1, 2.1.8)
14

and,

a, = the absorption cross-section (cm2) at A,
o, = the emission cross-section (cm?2) at A,
a, = the absorption cross-scction (cm?) at A,
I, = the signal light intensity (W/cm?2) at A,
1, = the pump light intensity (W/cm2) at A,
hv, = the cnergy (J) in a single photon at A,

hv, = the energy (J) in a single photonat A,

The stimulated emission or amplification property of the ion in the infrared
wavelength range is what is behind the principle of the erbium laser. Careful incorporation
of this ion into a glass optical fiber "host" creates characteristic cross-sections which allow

the potential for a single mode erbium fiber amplifier operating in the 1550 nm range.

2.2 Erbium Doped Fiber Construction

Th optical fiber used for this type of laser work consists an erbium-doped glass
center core surrounded by a cladding to confine light within the core. Due to the small core
size and numerical aperture (NA), due to the difference between refractive indices between
core and cladding, light photons can propagate in single transverse modes, with nearly
Gaussian intensity profiles, and with very low loss through the fiber. Fig 2.2 shows the

mode distribution with respect to the fiber core.



It is noted that the Er3* jons are not distributed cvenly throughout the core, but arc
confined within a region near the center of the core where the erbium ions can interact most

strongly with the pump mode at its maximum intensity.

1.2
1.0

6 ym

Normalized .
Mode Field 0-6

intensity 0.4 - 1550 nm mode

0.2 — 980 nm mode

Distance (1m)

Figure 2.2 Cross section of the dopant distribution within the glass fiber core shown as
compared to the normalized mode shapes for the pump (98C nm) and signal
(1550 nm) wavelengths considered.

The erbium is the only active ion while the other dopants, aluminum and
germanium, serve to enhance the Er** solubility and to increasc the refractive index to
achieve a desirable NA.

The glass host and dopants together produce unique o,

e

o, and o, valucs which
vary depeading upon wavelengths A, and A, . For the purposcs of this thesis, A, will be
considered a signal wavelength anywhere from 1530 nm to 1560 nm and A , 10 be fixed at
980 nm.

The doping level of the erbium is very low, typically a few hundred parts per
million (ppm), and as a result, most erbium fiber amplifiers are scveral meters long in order

to obtain usable gain levels.



2.3 Light Amplification and Absorption
Over a section of fiber there will be amplification or absorption of light as depicted

in Fig. 2.3.
Erbium doped Erbium doped
fiber fiber
(pumped) (not pumped)

AN

i

1 —>]

e 1 >
Figure 2.3 Conceptual view of the amplification and absorption process through sections
of pumped and un-pumped erbium doped fiber.

Considering small input signals only, and ignoring the contributions of incoherent
spontaneous cmission, the input light will be amplified coherently, with phase, direction
and polarization maintained, through the section of pumped fiber. Conversely, the signal
will be attenuated through a section of fiber that is not pumped. The exact ratio of change

or gain G in signal intensity from the input J; to the output [, over a section of fiber of

length { is given by:

Geleo o (2.3.1)

where the gain coefficient y is given by:

y = N,o, -N,o, (2.3.2)



Itarust be noted that Fig. 2.3 is only a conceptual view, and that the output from a
section of pumped fiber would contain some additional incoherent spontancous cmission,
not necessarily at the exact wavelength of the input signal. Also, the values of N, and N,
in general are not constant through the length of fiber for high input intensities resulting in a
variation of the gain per unit length of fiber. For high light intensities equation (2.3.1)
does not hold and a more involved analysis must be sought. The exact gain, the
contributions of spontaneous emission amplified over a length of pumped fiber, and its
dependency on input signal intensity are a whole study in themselves and have been dealt
with in another chair project [18]. However, for leading to an understanding of the major
mechanisms behind laser operation, the conceptual view is sufficiently accurate.

From (2.3.1) it can be readily inferred that to obtain amplification in the fiber,
equation (2.3.2) must be positive otherwise absorption of light will occur, i.e. negative
gain. Since the emission and absorption cross-sections are fixed, amplification can only be
produced through pumping of the erbium doped fiber to ensure that N,o, is greater than
N,o,.

For very small input signals, the gain will be greatest and is termed the cffective

small signal gain. The gain G, from input to output due to the small signal gain coefficient

can be written as:

G -Len o (2.3.3)

A small signal is loosely defined as a signal much i=ss than the saturation intensity

I...- The absorption I, and emission I”,, saturation intensisies can be written as [48]:

sat? sar

hy, (2.3.4)

O,Tyy

a

I, =

sar

10



a2 (2.3.5)

Getz 1

Rather than viewing the gain coefficient in terms of the levels of N, and N, as

cquation (2.3.2), the gain can be written in terms of the light intensity 7, within the fiber

[49]:

y - —Lo (2.3.6)

For very low intensities the gain coefficient is relatively constant; however, at
higher signal intensities the gain drops. Essentially an input signal that reduces the small

signal gain coefficient by S0% is at the saturation intensity.

2.4 Basic Laser Resonator Configurations

After light is amplified in a section of pumped fiber, repeated amplification is
produced by feeding the output back into the erbium amplifier and confining it there to form
a light resonator, conventionally known as a laser resonator. Allowing some of the light
within the resonator to escape as usable light results in a potential source of erbium doped
fiber laser light.

Two hasic resonator designs are possible: the traveling wave ring type, as shown in

Fig. 2.4 and the standing wave Fabry-Perot type as depicted in Fig. 2.5.

11



Coupler

P Light Output

Pumped Erbium Fiber

Figure 2.4 Traveling wave ring resonator.

Pumped Erbium Fiber
i Light Output
100% Partialy
Reflective Reflactive
Mirror Mirror

Figure 2.8 Standing wave Fabry-Perot resonator.

For convenience purposes however, the Fabry-Perot resonator mirrors can be
simulated using variable couplers to create "fiber mirrors". As a result the configuration
will sometimes be referred to as the fiber mirror configuration. Sec Appendix D for further
information on fiber mirrors.

It is also noted that there is no external "input signal" applied to the cavity to act as
source for repeated amplification. The input signal is essentially produced by a small
amount of spontaneous emission created upon initial pumping. If laser gain and phasec

conditions are met, lasing within the cavity will then occur.

12



2.5 Gain Conditions For Laser Operation
For a traveling wave ring resonator, the round trip gain must equal the round trip

losses. The minimum or threshold gain coefficient value y,, required to start the laser

lasing is given by [S0):

_ In(R(1 -L))

Y ] (2.5.1)

where R is the effective fractional power reflectivity of the coupler or (1 - the fractional
power coupling). L is the total lumped fractional intensity loss per round trip and [ is the
total round trip distance. One round trip equals the total ring circumference.

For the standing wave Fabry-Perot resonator, the minimum gain needed is:

_ In(R(1-L1))

2.5.2
Y 2 ( )

where R is the fractional power reflectivity of the output mirror and 2/ is the round tnp

distance. [ is the distance between the mirrors according to Fig. 2.5.

2.6 Phase Requirements For Lasing
The phase requirement for laser operation is that an integer number of optical
wavelengths resonating must fit within one round trip of the laser's resonator cavity as

shown in Fig. 2.6.

13



Resonant

Modes
U VW Light
Pumped Erbium Fiber /\/» OU‘PU‘
100% Plnlaly
Reflactive Reflactive
Mirror Mirror

Figure 2.6:  Conceptual iew of resonating modes that satisfy the phasc requirement for
laser resona’or operation in a Fabry-Perot type resonator.

Since the resonator length is very large relative to the resonant wavelengths, there
are many wavelengths, commonly referred to as longitudinal modes, which could satisfy
the phase condition. For a multi-longitudinal mode operating Fabry-Perot lascr, the

expected frequency spacing df between modes is given by [33]:

-— 2.6.
a9 2nl ( h

Where c is the speed of light in a vacuum, n is the optical fiber refractive index and ! is the
resonator cavity length as shown in Fig. 2.6. Similarly, for a ring resonator, the cxpected
frequency spacing is estimated as:

df =< (2.6.2)
nl

Where ! is the total ring circumference. Given that [ is typically scveral tens of melers, it

would be expected that transverse modes should be separated by approximately 4 - 10

MHz. In terms of wavelength, this translates into a wavelength spacing AA,of about

0.00004 nm.

14



Knowing that the typical amplification range for erbium doped fiber spans more
than 30 nm from about 1530 nm to 1560 nm as depicted in Fig. 2.7, many longitudinal
operating modes can be expected to satisfy the phase and minimum gain requirements for
lasing. In other words it is potentially a highly multi-mode laser.

It must also be noted that light generated will be coherent within each mode (intra-

modally coherent) but incoherent between different modes (inter-modally incoherent).

/’\\ Gain

\ _—Curve
e

Longitudinal Made

Relative
Gain

Lyl T T
1630 1535 1540 1545 1550 15565 1560
Wavelength (nm)

Figure 2.7 Graph depicting the many resonant longitudinal modes that could satisfy the
gain and phase requirements for lasing.

2.7 Lager Wavelength Operation

Ideally, it is desirable to have the laser operating on only one of the many possible
longitudinal modes. To some extent there will be some competition between modes as
wavelengths that have stronger gain will draw energy from the weaker transitions due to
the homogeneous broadening effect [S1]. As light is repeatedly reflected back into the
lasing cavity, the intra-cavity light intensity increases, and the gain is suppressed as
predicted by equation (2.3.6). The resulting uniform or "homogeneously broadened" gain
suppression is conceptually shown in Fig. 2.8. The end result is that fewer wavelengths
can meet the gain requirement for lasing, fewer modes remain in the cavity, and the laser's

spectral output narrows.

15
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Figure 2.8 Depiction of mode reduction through homogeneous gain suppression.

However there are flat points on the gain vs. wavelength curve where there is little
difference in gain over a limited wavelength range, so there may not necessarily be a clear
mode competition "winner" and the output spectrum may be spread out somcwhat duc to
"mode hopping" effects or to simultaneously operating modes.

Normally, to produce a single desired mode competition winner or single moade
output, the resonator is set up to ensure that the other competing wavelengths lose. This
has been typically accomplished using intra-cavity filters or modified resonator
configurations [3],{4] that massively attenuate undesirable wavelengths. Of special interest
is the use of tunable bandpass filters and multiple loop fiber filter resonators, since these
can be readily implemented at TRLabs using existing equipment. A combination of both
should ensure tunable single mode operation, and this method of mode selection and
control is explored in section 4 of this thesis.

Without intra-cavity filtering, it is noted that equations (2.5.1) and (2.5.2) predict
that the gain conditions for lasing can be changed through intra-cavity loss or reflectivity.
Since the gain of the laser varies with wavelength, the laser should be somewhat tunable

purely due to changes in the output mirror reflectivity. The extent of reflectivity induced

16



tuning, its practicality and mode behavior are solely dependent upon the emission and

absorption cross-scctions, and forms the subject of section 3.

2.8 Laser Linewidth
An erbium fiber laser operating in a single longitudinal mode is not infinitely
narrow in spectral width. It has a homogeneously broadened Lorentzian line shape

centered about the mode's center optical frequency v, as shown in Fig 2.9. The spectrum
is spread out due to phonon interactions between the erbium ions which essentially
"dephase” each other [S52], forcing emission of wavelengths slightly off the center

operating frequency.

N, —>
Relative ' Lorentzian

Intensity Line Shape

Optical Frequency

Figure 2.9 Close up view of a single homogeneously broadened laser mode.

The full width half maximum (FWHM) of the Lorentzian curve, or mode

"linewidth" Av, is commonly stated in frequency units (Hz) and can be approximated by

[52]:
1
Av, & — (2.8.1)
n

where T, is the mean time between phase interruptions of the erbium ions and ranges quite

widely depending upon laser type considered. T, is an inherent parameter not readily
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measurable at TRLabs for erbium doped fiber; however, erbium fiber laser linewidths have
been often reported to be less than 100 KHz [3],[4]. The exact linewidth is normally

determined by experiment.

2.9 Laser Output Power

The output power varies reasonably linearly with respect to the pump power above

a certain pump threshold level as shown in Fig 10.

Laser
Output
Power

I
F,

Input Pump Power

Figure 2.10 Typical output power versus pump power for a laser.

The amount of signal light power P, cmitted by the lasing cavity can be

approximated by [42],[53]:

P
P,= P/(';,L"' Dn. (2.9.1)

th

where P, is the pump power at A, and P, is the pump power required to produce

minimum threshold gain, the point where lasing starts. 7). is the power extraction

18



efficiency of the resonator and P, is the spontaneous emission or fluorescence power

emitted at threshold. For a three level laser P, is given by [54]:

p, o My (2.9.2)

2 1,

where V is the total laser volume containing erbium ions of density N;.

Assuming a 6 micron core fiber with an ion density of 750 ppm, 0.40 confinement
factor, 15 meter length, and a spontaneous emission time of 14 ms, the fluorescence power
would be about 5.3 mW.

For a three level laser, the minimum threshold pump power is approximately the

power needed to produce the fluorescence power.

2.10 Pump Power Efficiency
Some insight into pump power efficiency can be obtained from the ideal three level
laser model shown earlier in Fig 2.1. A single photon of pump light at wavelength A, will

cause a single erbium ion to rise from E, to E,, the ion will then decay non-radiatively to

energy level E, then eventually fall to E, while simultaneously emitting a photon of light at
A,. Essentially there is one to one relationship between photons absorbed and emitted;
however, the energy ratio 7, between them is not the same. Considering energy hv, for a

photon at the emitted wavelength compared to energy hv, in a photon at the pump

wavelength results in an efficiency of:

hv,

-E

", (2.10.1)

which is defined as the maximum pump power conversion efficiency. Taking A, = 980

nm and A, = 1550 nm, gives an efficiency of about 63%.
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In the case of a laser resonator that produces 5.3 mW of fluorescence power at

threshold, we would have to inject at least 8.4 mW of pump power.

2.11 Resonator Power Extraction Efficiency

For a laser resonator, once the pump power exceeds the threshold level, laser light
will be produced and dissipated amongst cavity losses and the output coupling. Both arc
essentially losses as far as laser dynamics are concemed; however, the cavity losses are
true power losses while the output coupling loss is a productive loss.

The fraction of the total cavity power that is coupled out of the resonator as uscful
light is the power extraction efficiency .. For low loss, low output coupling lasers this is
relatively simple; however, high gain, high loss resonators require a Rigrad analysis [S5].

For a unidirectional operating ring resonator, the losses cannot be considered as onc
lumped value but must be separated into two losses, L, and L, on cither end of the gain

medium as shown in Fig. 2.11.

Lossy
C omponent Coupl . N Light Output
2 Lossy
Component
L 1

umped Erbium Fiber

Figure 2.11 Ring resonator with losses.

The power extraction efficiency 7, for a unidirectional ring laser is derived as [55], [56]):

_ (=R = L)IG,R(1 - L)1~ L,)]
L In(G,1- RO - L)1 - L,)]

(2.11.1)

20



where L, and L, are the fractional power loss through components L, and L,. R is the
effective fractional power reflectivity of the output coupler and G, is the single pass small
signal gain of the pumped erbium fiber. The losses of the coupler itself are considered
lumped in with L, .

Normally however fiber optic component losses are quoted in terms of "insertion
loss" and therefore must be converted to the conventional laser term of fractional loss. For
example, a 10 dB insertion loss would be equivalent to a 0.9 fractional loss.

Similarly, the Fabry-Perot configuration can be modeled as shown in Fi g 2.12.

Lossy Lossy

Component Component

L, L,

Pumped Erbium Fiber

'wl ~ | ight Output
100% Partially
Reflective Reflactive
Mirror Mirror

Figure 2.12 Fabry-Perot resonator with losses

The power extraction efficiency can be estimated as [S5]:

(1- L,X1- R)In[G,(1 - L,)(1- L)VR]

) [ IRA-LDY, fm1 1
ln(G,,)ln 1) J[‘ JR(1- L)1 - L,)]

N (2.11.2)

The effects of each variable on the coupling efficiency can be best explained

graphically.



2.12 Power Extraction Efficiency Versus Losses
For a fiber with a G, = 15 dB and a resonator output coupling of R = S0%, the

expected efficiency variation versus insertion loss for the ring configuration is shown in

Fig. 2.13.
Device Insertion Loss (dB)
10 15
L, varied
4 L, Lossless
Power
Extraction
Efficiency ~ L, losslese ;
(dB) 30 <+ L, varied
'35 -
'40 -
-45 <4
-50

Figure 2.13 Power extraction efficiency vs. device insertion loss for the ring configuration.
The results for the Fabry-Perot resonator with the same variables is shown in Fig. 2.14

Device Insertion Loss (dB)
0 5 10 15

L] v L v LS L] ¥ L] LA L

T

L, Varied
L, Lossless

Power -20 -+

Extraction o5 1 L, lossless

Efficiency L, varied
(dB) '30 -+ 2

y 4

Figure 2.14  Power extraction efficiency vs. device insertion loss for fiber mirror
configuration.
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In both cases one component is considered lossless while the loss of the other is
varied from Oto 15dB. It is seen that the output efficiency varies almost linearly for losses

less than 10 dB and that losses at L, are twice as significant.

2.13 Laser Efficiency Versus Reflectivity

It is intuitive that the output power will depend on the output reflectivity. Some
reflectivity is needed to rneet the laser gain requirements; however, too much reflectivity
will result in no output power. Too little reflectivity will impede lasing and result in a
device producing incoherent amplified spontaneous emission: an erbium fiber flashlight.
Between these two extremes, there will be an optimum coupling value which will depend
on equations (2.11.1) and (2.11.2). Assuming a 15 dB small signal gain, the coupling
efficiency has been caiculated in Fig. 2.15 and Fig. 2.16 for the ring and Fabry-Perot

configurations respectively for a variety of insertion losses.
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Figure 2.18 Extraction efficiency vs. reflectivity for ring configuration. G, = 15dB.
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Figure 2.16 Extraction efficiency vs. reflectivity for Fabry-Perot configuration. G, = 15 dB.

For insertion losses on the order of a few dB, it is apparent that the ring laser
prefers reflectivities of about 45-50% and the Fabry-Perot laser is best suited to about 20-
25%.

2.14 Power Extraction Efficiency Versus Gain
The small signal gain will influence the power extraction versus reflectivity

characteristic. For L, = L, = 2 dB, some sample curves are shown plotted in Fig. 2.17

and Fig. 2.18 for the ring and Fabry-Perot laser configurations respectively.
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Figure 2.17 Extraction efficiency vs. reflectivity for ring resonator. L, = L, =2 dB.
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Figure 2.18 Extraction efficiency vs. reflectivity for Fabry-Perot resonator. L, = L, =2dB.
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2.15 Light Output Power Versus Pump Power

Based on knowledge of coupling efficiency and equipment readily available in the
lab it is possible to derive an expected power out versus power in characteristic based on
equation (2.9.1). An expected power out versus pump power in graph is shown in Fig.
2.19 for a Fabry-Perot laser with G, = 15 dB (pump power =18 mW), L=L,=2dB,
P, =84 mW and R = 20%.

2

SR L 4 , L L3 L l L T T T L] v Lo T v A v
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Figure 2.19 Output power characteristic expected for the fiber mirror laser.

2.16 Laser Steady State Time

From the instant of initial spontaneous emission within the laser cavity to the point
where mode competition has completed, and the final steady state intensity value is
reached, a portion of time has elapsed as depicted in Fig. 2.20. During this time the laser
will peak and subside due to a combination of gain switched pulsing and mode hopping

effects.
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Figure 2.20 Conceptual view of laser response to initial pump power switching.

Assuming the pump power switching time is very fast, the time ¢ to steady state can be

estimated for a ring laser by [S6]:

20n!
= 2.16. 1
In[G,(1- R -L)f @16
or for a Fabry-Perot laser:
40nl (2.16.2)

" W2G,0- Ba-DF

As a reasonable example, a laser with a small signal fiber gain on the order of 15

dB, reflectivity of S0%, losses at 4 dB, 20 m round trip length, the time to reach the steady
state output power would be around 2.1 us (Ring resonator) or 1.6 us (Fabry-Perot

resonator).

In terms of communications, if this laser were to be digitally modulated through
switching the pump laser on and off, it would be limited to a bandwidth less than 700

KHz.

2.17 Relaxation Oscillations
A laser that is continuously producing a constant average output power may
fluctuate occasionally due to small disturbances in the resonator conditions then settle back

ic its original level as shown conceptually in Fig. 2.21.

27



ha—\v
Laser
Output

Power

-
Time

Figure 2.21 Depiction of disturbance in a lasers average output power.

The characteristic frequency at which the laser responds to the disturbance is termed
the relaxation oscillation frequency f;,, . This value is inherently different for every laser

type and can be reasonably estimated for three and four level laser systems by the following

equation [57]:

2\
fr = J\ P P (2.17.1)

Where:
P, is the pumping power,
Pu is threshold pump level,

T, is the upper state lifetime, and
T . is the lasers cavity photon lifetime.

For a ring laser of circumference ! the photon lifetime is given by [S8]:

nl

T.= m (2.17.2)

For a Fabry-Perot laser with mirror separation /, the photon lifetime is given by :

2nl

T = m (2.17.3)



Where:

n = index of refraction

¢ = speed of light in vacuum

L = fractional round trip cavity intensity loss

R = effective cavity output mirror reflectivity

2.18 Relative Intensity Noise

The ideal single mode laser should produce a constant output power level, or

continuous wave (CW), with no intensity fluctuations over time. In reality however, lasers

do tend to continually fluctuate very slightly with respect to the average power they produce

and this is termed relative intensity noise (RIN). This is shown greatly exaggerated in Fig.

2.22.
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Figure 2.22 Laser average output power over time.

The RIN of a laser is given by [59]:

(AP

RIN = ——
(Pavs)

(2.18.1)

where (AP)? is the mean square noise power spectral density of the optical output and

(P ) is the average optical power squared. RIN does not occur at a single frequency
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like relaxation oscillations but typically exists over a wide bandwidth and will vary with
frequency. As a result, RIN is often referred to as a valuc measured at a particular
frequency and within a 1 Hz bandwidth.

At the inception of the project a literature search indicated that no theoretical
investigation or experimental measurements of the RIN expected for an erbium doped fiber
laser had been reported; however, based on noise analysis done for other lasers, a number
of inferences could reasonably be made regarding factors that influence the noisc level.

The noise is not dominated by random spontancous emission created within the
amplifying medium as is the case with erbium doped fiber amplifiers. Although broad
band spontaneous emission exists and increases with initial pumping, above laser threshold
the contribution of spontaneous emission is clamped to the fluorescence level [60].
However, this power is randomly emitted in direction and is therefore relatively small
compared to the coherent stimulated emission that is produced and coupled efficiently into
the fiber.

There are generally two causes of RIN [47]: 1) quantum shot noise inhcrent to the
laser and 2) random external fields disturbing the laser.

Quantum noise in the laser occurs due to the active laser medium absorbing pump
power in discrete energy quanta or photons. The rate equations describing the laser
dynamics naturally react to this by emitting discrete photons or quanta of energy at the
signal wavelength. In other words, on the small scale, the pump power is not absorbed
evenly, therefore light is not emitted evenly. This quantum noise is somewhat analogous to
shot noise inherent to the optical detection process in optical detectors. It has been shown
for gas, solid state, and diode lasers that this type of RIN gencrally dominates near
threshold but decreases as the pump power is increased [47).

Random external fields disturbing the laser such as the method of pumping and
environment of the laser dominate the RIN at higher pump powers. A pump laser that is

unstable or pulsing wil! obviously cause instabilities in the rate equations and produce a

30



noisy output. Similarly, external forces on the laser resonator which causes changes in
cavity loss also disrupts the steady state assumptions and undesirable modulation of the
output occurs. External forces on the resonator cavity sounds similar to effects that cause
relaxation oscillations; however, these interruptions are on a much smaller scale. In the
case of laser diodes however RIN is known to peak or be at its worse right at the relaxation
oscillation frequency.

For the development of a communications grade fiber laser incorporating a high
quality pump source operating well above threshold, it would be expected that forces other
than quantum noise and pump modulation noise would dominate the RIN. External forces
are nearly impossible to model given all the variables involved; therefore, for this project a

primarily experimental approach to investigating the RIN would have to be used.

2.19 Lab Equipment

Scveral crbium doped fiber designs are possible; however, this thesis study has
limited itself to utilizing fiber that was designed previously [18] for use as an amplifier and
that concentrated on designing erbium doped fiber for maximum amplification given the
pump power available in the Jab.

Given that the amplifier available had a small signal gain of 15 dB and that this gain
was in excess of the total round trip losses expected for any resonator envisioned, an
erbium laser was viewed as possible.

The fiber also had a wide range of amplified spontaneous emission from about
1530 nm to 1560 nm which would suggest a wide laser tuning range. However, the
amplifier in the lab was also 15 meters long which in theory would allow for several
thousand longitudinal modes to resonate within a resonator cavity. Some additional
filtering equipment was available in the lab in the event that pure mode competition would

not produce a single mode laser.
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As a first step towards producing a low noise, tunable communications lascr, the
available erbium doped fiber was experimented with in the two basic un-filtered resonator
configurations described earlier. Lasing was accomplished, and a noted tuning or shifting

of the operating wavelength was observed as the output coupling was varied.
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3

Output Coupling Induced Wavelength Shifts in
Erbium Doped Fiber Lasers

3.1 Introduction
Several methods for obtaining tunable operation of erbium-doped fiber lasers have

been reported, all of which require some form of wavelength selective element as part of
the laser cavity. Typically, intra-cavity filters or gratings have been used to obtain
broadband tuning and very narrow line operation of ring lasers as well as other laser
configurations [20-23]. In [24] Scrivener et al. report tuning over certain wavelength
bands and attribute the tuning to the optimization of the reflectivity of a variable fiber
coupler, in which the coupling coefficient can be wavelength tuned enabling tuning of the
laser output. Similarly, Chaoyu et al. [25] report a continuously tunable Nd** fiber ring
laser in which the tuning is attributed to the wavelength dependent characteristics of a fiber
coupler, using the same ring laser configuration as Scrivener et al. Millar et al. [26-27]
also made use of a well characterized wavelength dependent variable coupler, configured in
the form of a fiber mirror to produce a wavelength tunable fiber laser.

Recently, a simplified theory of fiber laser operation has been published [28] in
which it is predicted that the wavelength of erbium doped fiber lasers can be tuned within
and between wavelength bands simply by varying the wavelength independent reflectivity
of the output coupling mirror. In this chapter experiments are presented in which an
erbium doped fiber laser is wavelength tuned within and between three narrow wavelength
bands using only the variable output coupling of one output mirror, taking extreme care to

ensure that none of the components within the laser cavity has a significant wavelength
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dependence that could cause the laser to be wavelength tuned, thus verifying the predicted
reflectivity tuning operation of reference [28].

Most of this chapter has been published in reference [61].

3.2 Tuning Theory
For a standard two mirror, standing wave laser resonator, the round trip gain G =

exp(g) at the signal or lasing wavelength A, can be written as [28];

g=2I ,Ip[(xa)a,(l, )-(1-{x.))o, (A,)] +In(R)+In(R)+ In(1- L) 3.1)

while for a laser in a traveling wave, ring resonator configuration, the corresponding

equation is:

g= I‘,I;{(x,,)a,(l,) -(1- (xa))aa(l,)]+ In(R) +In(R,)+In(1- L) 3.2)

o, and a, are the absorption and emission cross sections respectively at various

wavelengths and L is the round trip fractional lumped component loss. [ is the erbium
fiber length, R, and R, are the effective mirror fractional power reflectivitics of the lasing

cavity and p is the erbium ion concentration. and (x,,) is the mean fraction of excited

erbium ions along the fiber axis which is expressed as

(x,) = % jf o X(r=0,0)dz 33)

Assuming that x is the fraction of erbium ions in an excited state at some point z along the

fiber and some radius r in the fiber it is assumed
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f f px(r,z)I(r)2ar drdz w Tpl(x,) 34
00

I", being the signal modal confinement factor which can be calculated using,

= f 1(r)2nr dr k)
o .

The lasing condition g = 0 will be satisfied over a range of wavelengths for pump
powers above threshold. However, because of the wavelength dependent emission and
absorption cross sections, the value of (x,,), the mean fraction of excited erbium ions along
the fiber axis, that satisfies this lasing condition will also be wavelength dependent. This
can be calculated from equation (3.1) and is illustrated for example in Fig. 3.1 where, for
our laser configurations, R, = 1 and R, = R = (1 - output coupling). Thus the lasing
wavelength for a particular set of parameters /, pump power, erbiuin concentration etc.,
will be that wavelength at which the choice of (xa) results in a maximum gain cross-section
g, = [(xo )a, (A,) - (1 - (xo))a,, (A,)]. For example in figure 3.1 this wavelength will be =
1550 nm for R = -3 dB and = 1536 for R = -10 dB. By varying the wavelength
independent reflectivity of the cavity mirrors, a tunable laser can result. In the traditional
methads of obtaining tunable lasers, strong wavelength dependence in the reflectivities R,

and R, or in the internal cavity loss L is introduced.
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Figure 3.1 Excited ion fraction that satisfies the lasing condition vs. wavelength (sample

calculation for two different output mirror reflectivitics).

3.3 Tuning Results

Two fiber laser configurations were used in the experiments as shown in Fig. 3.2a
and Fig. 3.2b. The directional coupler, S0/S0 coupler, and optical isolator were tested to
ensure that over the wavelength range of the amplified spontancous emission there was
insignificant wavelength dependence in the coupling coefficient and/or transmission loss.
The erbium doped fiber was step index fiber, co-doped with aiuminum and germanium,
with a core diameter of 6.1 yum and NA = 0.16. The erbium concentration was = 750 ppm,
confined to the central = 40% of the refractive index core radius, and the length of this fiber
was 15 meters. Assumed emission and absorption cross-sections were based on reference
[29]. The injected pump power was =~ 18 mW as referenced to the input of the erbium

doped fiber.
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Figure 3.2 Experimental laser configurations: (a) fiber ring laser (b) fibe; mirror laser

The total round trip intra-cavity losses of all components were ~6 dB and 8 dB for

the ring and fiber mirror configurations, respectively. As a function of output coupling
mirror reflectivity, the calculated and measured lasing wavelengths of the two respective
laser configurations are as shown in Fig. 3.3a and Fig. 3.3b. As can be seen from Figures

3.3a and 3.3b, at some fixed reflectivities the laser was measured to be operational at more
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than one wavelength. In these cases it is not known whether the laser is rapidly hopping
between individual wavelengths or is operating simultaneously at multiple wavelengths.
Although direct measurement of this is difficult, one can make some assumptions
based on the structure of the laser and its gain media characteristics. In general, lasers that
use amplifying media that are homogeneously broadened tend to have their longitudinal
modes briefly compete after initial power up, but then one mode that requires the least gain
to oscillate will quickly dominate over the others within microseconds by absorbing power

from the other wavelength transition bands due to the homogeneous broadening effect.
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Figure 3.3 Wavelength of observed lasing peaks vs. reflectivity (a) ring configuration (b)
fiber mirror configuration.
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One possible exception to this is for Fabry-Perot laser resonator designs. In these
resonators the light within the cavity sets up a standing wave pattern along the cavity length
where there are local maximums and minimums in intensity every half wavclength. The
points of local maximum tend to locally saturate out the gain media while minimum points
leave the medium unsaturated. This effect, commonly referred to as spatial hole burning,
can allow additional modes to spatially take advantage of the unsaturated gain medium
points . This can result in simultaneous lasing of multiple wavelengths within a single
homogeneously broadened amplifying medium.

Lasers with inhomogeneously broadened gain media tend to not share cncrgy
between their transitions so it is possible that lasing at many wavelengths can
simultaneously occur as long as the round trip phase and gain conditions arc met. There
will be points within the gain spectrum that use wavelengths of light that do not meet the
lasing conditions thereby leaving gaps of unused gain media that are csscntially wasted
since their energy cannot be transferred to other wavelengths bands that do meet the
conditions. This effect is called spectral hole burning.

Given that the erbium doped fiber structure resembles a solid state laser rather than
a gas laser, it is perhaps disconcerting at first to find that erbium doped fibers are described
widely as being homogeneously broadened devices [30]. Solid state lasers such as Nd-
YAG Lasers that have their gain media trapped within a lattice structure tend to be
inhomogeneously broadened while gas lasers such as CO, that allow free movement are
homogeneously broadened. Researchers attribute the homogeneous broadening to cnergy
sharing between ions through phonon emissions.

Using the assumption that the laser is homogeneously broadened as reported, it is
probably most likely that the laser is operating at only one wavclength at a time, and that the
monochromator scans that shows two wavelengths lasing are actually showing the laser
hopping between wavelengths. There has been only one paper, to the author's knowledge,

that claims simultaneous operation of two laser lines within a single erbium doped fiber
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gain medium [31]. However, the experiment used two different resonant ring cavities
sharing the same gain media to achieve the claimed result.

Onc other group has published a paper that claims to have produced a wideband
optical comb [32] which implies simultaneous operation, however this was not proven.

Nevertheless, given the uncertainty in the wavelength dependent absorption and
cmission cross sections, the agreement between the calculated and measured wavelengths is
good, illustrating that the operative wavelength shifting mechanism is associated with the
wavclength dependence of the emission and absorption cross sections, since there are no
wavelength dependent components inside the laser cavities.

Both configurations had lincarly polarized outputs, however the degree of
polarization between two mutuatly orthogonal axes, called the ordinary and extraordinary,
varied depending upon configuration. The ring configuration had a 12 dB polarization

extinction ratio while the fiber mirror configuration had only a 5 dB diffcrence.
The laser output spectrum in either configuration was relatively broad, being on the

order of 1 nm as shown in Fig. 3.4.
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Figure 3.4 Typical spectral shape of observed laser oscillations.
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The output power and residual pump power as a function of reflectivity for each

configuration is shown in Fig. 3.5.
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Figure 3.5 Observed laser output power and pump residual power vs. reflectivity (a) ring

configuration (b) fiber mirror configuration.
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It must be noted that the residual pump power measurements of Fig 3.5 are
referenced to the exit of the erbium fiber. Also, according to Fig 3.5 there is still output
laser power at 100% and 0% reflectivity and this is attributed to inaccuracy in the couplers.
100% and 0% are in fact some small deviation from this, enough to create lasing and some
output power.

If we compare the experimental power Vvs. reflectivity curves of Fig. 3.5 with the
corresponding theoretical curves of Fig. 2.15 and Fig. 2.16 we see that there is at best

qualitative agreement between theory and experiment. This is to be expected as the

measured G, is for 1550 nm signals only and in this experiment the laser wavelength
changes and G, is substantially higher at the lower reflectivities where the operating
wavelength is 1535 nm.

In Fig. 3.6 we show the laser output power as a function of input pump power for

the mirror configuration with output coupling set at 20%. The input pump power is

referenced to the input of the erbium fiber. Considering L, = L,=2dB, R =20%, P, =
53 mW, P, =84 mW and G, = 15 dB equation (2.9.1) predicts about a 16.4 % slope
efficiency while the experimental attained 14.4% efficiency with respect to input pump
power. It is noted that the pump power stated is the injected pump power and that in actual
fact not all the power is absorbed as can be inferred from the residual pump power
measurements shown in Fig. 3.5. This can account for some of the discrepancy between
theory and experimental but nevertheless there is reasonable agreement between the two in

terms of slope efficiency and threshold pump power.
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4
Laser Spectral Width and Noise Properties

4.1 Mode Measurement Theory

As configured in chapter 2, the two fiber lasers operated with a spectral width on
the order of one nm. Since the monochromator takes about three minutes to complete a
scan from 1500 to 1600 nm, the observed results represent a time average rather than an
instantancous view of the laser's output spectrum. As a result, it is difficult to determine
whether the viewed spectrum is due to many longitudinal mode lines or optical frequencies
operating simultancously, or a few lines hopping within the one nm range seen. Further
information about the laser's operating behavior can be obtained through shining the laser's
output on a photo diode and observing the resulting electrical spectrum on an RF spectrum

analyzer. Fig. 4.1 illustrates the experimental layout.

Optical
Fiber Receiver RF Spectrum
Laser Analyzer

Optical Connection
Electrical Connection e

Figure 4.1 Experimental layout for measurement of laser modes

The theory behind this technique is relatively simple but will be summarized briefly in order

to better understand the results that will be presented.
The laser's total transmitted (CW) optical powerP,,, composed of one or more

laser longitudinal modes or lines with electric fields E, operating at frequencies f,,
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generates a photo-current /,,,,, in the photo-detector that is proportional to the sum of the

oto

input optical electric fields squared as defined below:

2

@ SEEl @ { S B cozin] o

Due to this "square law" property, the electrical signal seen at the output and as
viewed in the frequency domain will be composed of camiers at the sum and difference
frequencies or "beat" frequencies of the electrical fields. Fig. 4.2 shows the spectral
beating effect expected versus the number of laser lines transmitted.

For the perfectly ideal single longitudinally moded 1550 nm lascr cmitting an
oscillating electrical field corresponding to f; = 194 THz we should sec an observed output
spectrum corresponding to Fig. 4.2 (3). The expected beat frequencics would theoretically
occur at DC and at 2 f;. Given that typical spectrum analyzer coverage is from about 100
Hz to several GHz, this instrument will not measure the DC component and the 2f
product is too high in frequency.

As the number of modes or operating frequencies, separated by df increases as in
Figures 4.2 (b), (c) and (d), the number of beat products also increascs in number and in
amplitude. For a multi-longitudinal mode operating laser, the expected frequency spacing
df between modes is given by (2.6.1) and (2.6.2). Given that [ is typically several tens of
meters, it would be expected that beat products should occur in approximately 5 MH.
increments. In reality, the highest beat frequencies observable will be limited by the
frequency response limitations inherent to the photo diode, receiver amplifier and spectrum

analyzer.
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4.2 Measurement Equipment

The equipment used for the measurement was a Hewlett Packard 71400™
Lightwave Signal Analyzer. This device is essentially a wide bandwidth optical detector,
amplifier and fundamentally mixed spectrum analyzer combination that provides a
calibrated optical power reading over the 100 KHz to 22 GHz frequency range. This
equipment was used to obtain further information on the number of operating modes within

the 1 nm wide line width observed by the monochromator.

4.3 Laser Mode Beat Products for Basic Loop Configuration

Fig. 4.3 shows a typically cbserved RF spectral output in terms of effective input
optical power measured within a 1 MHz resolution bandwidth for the fiber ring laser
configuration. Itis apparent thut the laser is clearly not operating single moded as there are
peaks seen at rcgular 6.2 MHz intervals that correspond to the frequency spacing of laser
modes expected, using equation (2.6.2), for a laser with about a 33 m round trip cavity
Jength. It m.ist also be noted that although the peaks appear rounded at the top, triangular
in shape and stopping short of the noise floor, they are in reality very narrow spikes
extending down to the noise floor. Closer scans of individual spikes were seen (o have a 3
dB width of less than 10 KHz. Essentially the linewidth shown in Fig. 4.3 is wider than
the actual linewidth due to the chosen 1 MHz spectrum analyzer resolution bandwidth, but
the peak power measured for each spike is accurate.

The shape of the recorded lines is a function of the spectrum analyzer's resolution
and video bandwidth used. A narrower resolution bandwidth could have been used to
increase the sharpness; however, the sweep time of the analyzer correspondingly increases
thus causing the acquisition time of results to reach impractical lengths. As a result, a
compromise between speed and resolution was made and should be kept in mind when

viewing any spectrum analyzer results.
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Figure 4.3 Spectral output vs. frequency for 33 m ring laser (10 to 100 MHz).

As configured the laser showed a highly multi-moded behavior with mod= beat
products extending well into the GHz range (Fig 4.4), indicating that the total laser spectral
width was at least 10 GHz. As a potential communications source, the laser was obviously
unacceptable; therefore, a new modified configuration was needed in an attempt to produce

a better quality laser.
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Figure 4.4 Spectral output vs. frequency for ring lascr (1 to 20 GHz )
4.4 Reduction of Modes

4.4.1 Band Pass Filtering

Several papers have reported producing single mode lasers using a varicty of
filtering techniques. The easiest method of reducing line width was to utilize a tunable 1
nm bandpass filter available in the lab. For both the mirror and loop configuration, the
laser spectral width was reduced to about 0.3 nm. To compensate for the insertion loss of
the filter, a higher power 980 nm pump laser (= 40 mW) was used to drive the laser .
Other changes included residual pump wavelength division multiplexor removal since the
filter installed attenuated any residual pump. The experimental layout for the filtered mirror

configuration s shown in Fig. 4.5a.
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Figure 4.8a  Experimental layout for filtered fiber mirror configuration with intra-cavity
tunable band pass filter.

Plots of output power vs. operating wavelength obtained by adjusting the filter in

the mirror configuration of Fig 4.5a are shown in Fig. 4.5b.
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Figure 4.8b  Observed peak power vs. wavelength and various reflectivities for the fiber
mirror laser with intra-cavity tunable bandpass filter.
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The effects of insertion loss of an internal cavity component on output power were
also investigated using a variable optical attenuater within the resonator as shown in Fig.

4.6a.
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Figure 4.6a Experimental layout for fiber mirror configuration using an intra-cavity
optical attenuator.

The effects of output power versus insertion loss at 1535 nm is shown in Fig. 4.6b

and demonstrates the linear relationship as predicted earlier.
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Figure 4.6b  Peak output power vs. intra-cavity attenuation for the fiber mirror laser with
intra-cavity tunable bandpass filter set at 1535 nm.
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Although this configuration can bc used as a tunable light source for other
cexperiments [34], to produce a source more suitable for communications purposes,
additional filtering techniques were needed since little reduction in mode beat products was

obscrved for frequencies less than 10 GHz.

4.4.2 Fiber Fiitering
Other possible choices of filters include the Fabry-Perot and fiber loop type.

Although they produce a comb filter effect they have a much sharper filter responsc than a
simple band pass filter [35]. Of special interest is the reported use of fiber filters since
these can be readily constructed using existing couplers in the lab. The three filter

configurations considered are shown in Fig. 4.7.

E E E

o o (¢}

(a) (b) (c)

O = Coupler

Eo = Output
Figure 4.7 Various ring resonator designs: (a) single loop (b) double loop (c) triple loop.

Fig. 4.7(a) is obviously the configuration already tried and widely reported. Fig.
4.7(b) simply adds a second loop which has been reported, although in a slightly different

53



coupling arrangement, to improve spectral behavior [36]. The resonator in Fig. 4.7(c) has
not been reported on, to the author's knowledge, but would be expected to add an

additional level of filtering to the resonator.

4.4.2.1 Passive Loop Filter Theory- Equating of Fields
In order to model the filtering effect of a multi-loop resonator, we can first view the
device as passive filter with an input and output, similar to the way the modeling of a

standing wave Fabry-Perot resonator can be approached. Scc Fig. 4.8.

E'» I I I _—»E;

Figure 4.8 Triple ring filter layout.

Knowing the way electric fields are coupled as shown in Fig. 4.9 and accounting
for phase delays due to fiber between couplers, we can determine the clectric fields at cach

entrance and exit point of every coupler.
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Figure 4.9 Diagram showing tiic coupling of electric fields across a coupler.

This technique requires solving many simuitaneous equations and unknowns in
order to determine the transfer function which is tedious and prone to mistakes. A much

simpler approach is a matrix formalism [37] approach.

4.4.2.2 Passive Loop Filter Theory- Matrix Approach

A fiber coupler with power coupling coefficient K; can be viewed with an input and
output relationship as shown in Fig 4.10.

E/>»> - E

F< > E;
Figure 4.10 Input-output view of coupler for matrix approach.

Neglecting phase delays due to fiber lengths, the corresponding matrix transfer

function [37] is:
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[E_4[-1 &l ..
&7 % |-n 1][&] (4.4.2.2.1)

where,

r, - ‘/(1 -K) (4.4.2.2.2)

1, =JK; (4.4.2.2.3)

To account for phase delays in the lengths of fiber connected to the coupler we

consider fiber pigtails as in Fig. 4.11.

Figure 4.11 Input and output notation for sections of optical fiber when using the matrix
formalism.

For two lengths of optical fiber, with lead lengths not necessarily ecqual, the

relationship between input and output can be written as:

[E] Te™% o 1[E;]
BT 0 o] (4.4.2.2.4)

where,

k = 2_;2 (4.4.2.2.5)

3

A multi-cavity filter is simply an alternating concatenation of these two functions as

shown in Fig. 4.12.
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Figure 4.12 Triple ring filter layout for matrix formalism.

The relationship between input and output is essentially the individual transfer
matrices multiplied together in the same order that they appear physically laid out.

Multiplying out the matrices results in:

[E] [E; ] [EZ] [ a:)[E;]
&]" A,BA,B,A,B,A,l 5| C[Ez_ 1"l enlle] (4.4.2.2.6)
where,
i[-1
A~ f[_r :} (4.4.2.2.7)
B - [e‘;(';." e,-ng} (4.4.2.2.8)

In considering the multi-ring structure as a filter with only one output E, from E,

and one input E, taken from E as shown in Fig. 4.13, we can determine the transfer

function % by setting E; =0in (4.4.2.2.6) and solving for -Z%:

(

E E;L 1
S (4.4.2.2.9)
E E ;0 1t

The expected transfer function is skown in equation (4.4.2.2.10).
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Using this approach, the determination of the filter transfer function is much
simpler to obtain than with the equating of ficlds technique and lends itself readily to
solving via computer algebraic multiplication and reduction algorithms. It is therefore a

very fast and accurate technique.

4.4.2.3 Simulation Results

Obviously for a high gain high loss laser utilizing a multi-ring resonator filter, a
Rigrod type analysis would have to ensue that would account for the cffects of the filter
resonator's coupler losses, coupler values and fiber gain. However due to the numerically
intense calculations involved and their sensitivity to conditions the multi-ring filter was
viewed as a "black box" with an overall filtering effect and insertion loss.

Using equation (4.4.2.2.10), the filtering of a one, two or three loop filter can be
modeled and was done so by assuming no losses or gain within the filter, no polarization
rotation and 10-5 coupling for each coupler. Modeling in this fashion essentially predicts a
filter's best case side mode suppression behavior. Using practical fiber length values
readily available in the lab, one can determine whether building such a resonator is even
worth attempting.

The predicted filtering effect of a single S0 m loop configuration is shown in Fig.
4.14. A two loop configuration with a second parasitic 10 m long loop, as in Fig. 4.7(b),
has a filtering effect shown in Fig. 4.15. The addition of a third 1.4 m long loop as in Fig.

4.7(c) will have a filtering function as in Fig. 4.16.
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It is readily seen that as more rings are added, the filtering between lines increases
from 4 MHz to 20 MHz then to 143 MHz. Essentially, the largest frequency spacing
observed for each configuration generally corresponds to the inverse round trip time it takes
for the light to travel around the smallest of the loops (equation (2.6.2)). In theory, the
wider spacing should result in progressively better filtering by filtering out more modes and
thereby producing a more spectrally narrow laser.

The above simulation: are for a passive cavity structure with very small coupling
coefficients, other values of the coupling coefficients are much less effective in suppressing
modes. In a multi-ring laser similar variations in the coupling coefficients can cause the

laser to operate in multiple modes as determined by the experimental results that follow.

4.4.2.4 Experimental Results

Using equipment available in the lab a low noise laser configuration was
constructed and is shown in Fig. 4.17 with variable couplers C1 and C2 set to about 80%
and 50% respectively (+/- 1%).

The addition of a polarizer and rotator was deemed essential for the purposes of
creating a more polarized output which would be necessary when considering external
modulation of the light source using a polarization sensitive Mach-Zehnder modulator.

With all these additional components, the laser internal cavity losses have increased
dramatically resulting in a significantly lower laser output power (~-7 dBm). However the
polarization improved by 16 dB resulting in about a 28 dB difference between two

orthogonal axes.
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Figure 4.17  Experimental triple ring resonator configuration.

The configuration had a slope efficiency of about 0.7% with a power out versus

injected pump power as shown in Fig. 4.18.



0.2 MAARA RARSS RARAS RASAAS AAAAS AAASE AAALL RAARA AAAAI

0.18

0.12

Output
Power
(mwW)

0.08

0.04

Jlll“‘l“‘lll‘l“

“"l“‘]“‘]“““‘

(o L] 10 15 20 25 30 35 40 45
Injacted Pump Power (mW)

Figure 4.18  Output power versus injected pump power for the triple ring resonator
configuration.

Residual pump power measurements were not possible in this configuration;
however, the injected pump power was most likely not 100% absorbed. To compare with
theory, we must normalize with respect to this and consider the injected threshold power to
be 12 mW. The three ring filter loss was estimated through Fig. 4.16 to be at least 5 dB
and was lumped in with the tunable filter, rotator, polarizer, isolator losses for a total L,
loss of 10.8dB. L, was estimated at 1 dB, R = 50% and an estimated G, based on [18]
of 30 dB. The theoretical peak power is more than experimentally obtained but this is
attributed to an underestimation of the three ring filter resonator insertion loss of 5 dB and
an overestimation of the fiber small signal gain. The estimated output power characteristic

versus pump power has about a 1% slope efficiency and is shown in Fig. 4.19.
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Figure 4.19  Theoretical output power versus injected pump power for the triple ring
resonator configuration.

The laser was tunable from 1530 nm to 1560 nm with corresponding changes in the

output power as shown in Fig. 20.
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Figure 4.20 Measured laser output power versus operating wavelength for the triple ring
resonator.



However, the RF spectral properties of the laser were improved dramatically over
the basic single loop configuration as can be seen in Fig. 4.21, 4.22 & 4.23 where the beat
products are shown over various frequency ranges. In these traces the three loop laser
spectral content is suppressed by better than 32 dB (optical) with respect to the average
output power considered. In comparison, for the same optical input power to the detector,
mode beat products for the basic single loop configuration are only suppressed by 12 dB
(optical). The triple ring resonator results in about a 20 dB improvement in effective side

mode suppression.
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Figure 4.21  Laser spectral output vs. frequency for triple ring resonator (10 to 100 MHz).
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Figure 4.22  Laser spectral output vs. frequency for triple ring resonator (0.1 to | GHz).
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Figure 4.23  Laser spectral output vs. frequency for triple ring resonator (1 to 20 GHz).

Although the mode beat products are significantly attenuated, there are some small

spikes visible. In Fig. 4.22 the peaks appear about 148 MHz apart, which would
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correspond to a loop of about 1.38m long which differs from the estimated 143 MHz or
1.40 m long loop that was simulated. The 2 cm difference is less than that but is within
reasonable error given the fact that the loop length was never broken and stretched out for a
precise measurement. The length was instead estimated based on the loop diameter.

It is also interesting to note the effects of de-coupling C2, or setting C2 to 0%
coupling, as shown in Fig. 4.24, which in essence eliminates the third loop, leaving a two
loop configuration. The spacing between peaks is seen to be about 19 MHz, close to what
is theoretically predicted and shown in Fig. 4.15.

The results of de-coupling coupler C1 are also shown in Fig. 4.24 and a four MHz
separation is noted which is agreement with Fig. 4.14 and equation.(2.6.2).

The effects of singularly removing or de-tuning other components is also shown
and demonstrates that the parasitic loops are primarily responsible for the sharp reduction in

multi-mode beat products.
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Figure 4.24  Laser spectral output vs. frequency for triple ring resonator (10 to 100 MHz)
after various resonator modifications.
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4.5 Relative Intensity Noise Measurement
Using the triple ring resonator configuration, the relative intensity noisc (RIN) of
the laser was determined using the HP Lightwave analyzer equipped with appropriate

software (RIN DLP). Results are shown in Fig 4.25.
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Figure 4.28 Relative intensity noise (RIN) vs. frequency for triple ring resonator
configuration.

From Fig 4.17 it can be seen that the RIN is lowest at the higher frequencices where
it reached about -142 dB/Hz. It should also be iioted that due to the low power of the laser,
the limits of calculating RIN are reduced [38] so that the actual RIN is equal to or better
than actually measured. An effort to measure the RIN was made using a recciver
independent technique [39] (see Appendix A); however, it too suffered limitation duve to

low power values. Some minor noise results have been reported by others [401],[41]
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since the inception of the project, however they do not discuss noise over such a large
frequency range.
The RIN was noted to be worst toward the lower frequencies which makes sense as

that is where the relaxation oscillations inherent to this laser should occur.

4.6 Low Frequency Observations
Viewing the output of the three loop laser again as was done in Fig 4.1 except at a

lower frequency, found the output spectra to vary with pump power as is shown in Fi g

4.26.
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Frequency (kHz)

Figure 4.26  Spectral output vs. frequency for triple ring resonator at various injected
pump power levels.

It is believed that these are relaxation oscillations since they are too low to be laser
mode beat products and are within the relaxation oscillation range expected for the lasers
under consideration.

A theoretical comparison was made using equation (2.17.1) based on a measured

pump threshold value of 12 mW, upper state lifetime of 14 ms and pump powers ranging
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from 13 mW to 40.5 mW. The three loop laser considered has a multi-cavity structure,
therefore it is difficult to estimate the photon lifetime; however, estimating about 13 dB of
internal losses, and S0% effective cavity reflectivity, the observed peaks are compared to
theory assuming a number of different cavity lengths in Fig. 4.27.

The three ring multi cavity laser appears to have a photon lifetime inherent to a
single cavity laser with a 4 m cavity length. Rather than viewing the laser with an effective
cavity length it could be said that the laser has an effective photon lifetime of about 20 ns.
Sometimes the measurement of the relaxation oscillation frequency is used as an indirect

method of determining or verifying certain unknown laser parameters such as the laser

photon lifetime [S7].
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Figure 4.27  Experimentally observed oscillation center frequency for triple ring resonator
vs. pump power. Theoretical calculations shown for a single ring resonator of
various cavity lengths.

4.7 Linewidth
Other than the very low frequency relaxation oscillations and some small high

frequency laser line beat products, the laser was essentially single longitudinally moded
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with a line width measured to be less than 30 KHz. The delayed self-homodyne technique
was used to measure the linewidth [43] as shown in Fig. 4.28. The resultant observed
spectral 3 dB width is taken as the laser's line width and can be seen in Fig. 4.29.

Fiber Optical Spectrum
Laser 5.2 km spool Receiver Analyzer

(.

Optical Connaction
Elactrical Connection

Coupler Coupler

Polarization
Controller

Figure 4.28 Experimental layout for measuring laser linewidth.
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Figure 4.29 Declayed self-homodyne spectral output vs. frequency.

If the laser was inifitely narrow in linewidth, the spectral output would show a

strong peak and 0 Hz and a flat output beyond. A laser with a 30 KHz linewidth would
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have a Lorentzian line shape with a 3 dB roll-off at 30 KHz. From Fig 4.24 it is scen that
there is a3 dB roll-off much sooner than 30 KHz; therefore, the linewidth is probably
much less than 30 KHz. However, since the fiber delay loop was limited to 5.2 km, the

linewidth measurement is only statistically valid down to 30 KHz [43].
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5

Transmission Using An Erbium Doped Fiber Laser
Source

5.1 Introduction

The next step was to demonstrate the potential of the erbium fiber laser as a useful
optical communications light source by incorporating it into a transmission experiment and
modulating its light intensity. Given the slow upper state lifetime of the erbium ion, =14
ms, and the large round trip cavity size of the resonator, the switching time is very limited
as predicted by equation (2.16.1). It is apparent that modulation of the laser light through
modulation of its pumping laser would be limited to something less than a MHz for certain
and is impractical for today's multi-GHz transmission systems.

Thus as a practical experiment for demonstrating the laser as a communications
source, the triple ring resonator was run in continuous wave form and modulated externally
using a Mach-Zehnder modulator as shown in Fig 5.1. The modulator was digitally
modulated at the OC-48 rate through the control of a bit error rate test set (BERT). The
received signal also went back into the BERT and was used to determine eye diagrams and
bit error rates. The output of the laser was tuned to 1551 nm with =~ -7 dBm of lineariy
polarized output power. The power tended to fluctuate +/- .1 dB over a period of a few
seconds; however, with the low noise configuration of the laser, no significant spectral
content in the RF domain past 50 KHz existed that should, at least ostensibly, pose a

problem.
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Figure 8.1 Transmission experiment layout using the erbium fiber laser.
5.2 Results

An "eye diagram" of the received digital pulses is shown in Fig 5.2. Although the
individual bits can be discemed, the diagram is still not very clean and as a result, the
BERT had trouble locking in on the received signal, and bit error ratc measurcments could
not be made. The reason for this is not fully known, although the experiments that follow
make some progress in determining the possible causes.

The experiment was repeated again using a Fujitsu 1551 nm DFB scmiconductor
laser with a 50 MHz linewidth as the source. In this case the BERT successfully locked on
to received signal even with average power levels that were as much as 10 dB lower than
was the case with the erbium fiber laser experiment.

The likely cause for the BERT iock-in failure is its inability to determine an average
decision threshold level which it sees as constantly changing due to an unstable laser. The

average laser output power drifts +/- .1 dB over a few seconds; however, this should not
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present a problem since the electrical amplifier just before the BERT has a lower bandwidth
limit of 10 KHz.
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5.3 Time Domain Analysis
Further insight to the lasers operation was obtained by viewing results from time

domain analysis of the laser's output. The test configuration is shown in Fig 5.3.

_— hp 16500A™
Fiber Epitax lthaco™ 100 MHz BW
Laser Detector  Ampiifier  Oscilloscope

Oz H (1

Optical Connection
Electrical CONNBCioN  ewmsemes

Figure 8.3 Experimental setup for time domain measurement.
Since the output of the Ithaco amplifier is DC coupled, the fiber laser's average
power cffsets the AC portion of the signal by about 720 mV, as seen in the digital storage
scope's 10 second "snapshot", Fig. 5.4. From the results, it can be seen that the laser is

fluctuating or spiking with peak modulation depths as much as =10%.

( Oscilioscope U) ' Chennel \, (Autoscale ] @encel) ( Run ]
Input ] ( V/D1v ] Lorfsetj Probe Impedance] [ Preset
20 mv -720 mv 141 50 Ohms ) User
s/Div Delag Herkers
, 00 0” Sample Period @ 4.0000 ms

T -

Figure 5.4 Time domain plot of laser output. (1 s’Div scale).
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A closer look on a 1 ms/Div scale as displayed in Fig. 5.5 shows the spikes to
actually be damped relaxation cscillations as theoretically discussed in section 2.17.

(Oscilloscope D ] ' Channel j &utoscule) (Cancm ( Run I
Input ‘ V/Div ' Offset Probe Impedance Preset
Ct 40 mv =720 my 1:1 S0 Ohms User
s/Div Delay Markers
1.00 ms 0 s ort Semple Period 4.0000 us
C1 H

Figure 8.8 Time domaiu plot of laser output. (1 ms/Div scale).

Fig 5.6 is an expanded scale view of Fig. 5.5 and reveals the relaxation oscillation
frequency to be on the order of about 14 KHz which coincides with the low frequency RF
spectral peaking observed in Fig. 4.26.

(Dscilloscope DJ ( Channel | ' Qutoscela (cancel) L Run )
Input V/Div ] Offset Probe Impedance Preset
(o)) 40 mv -720 mV 1:1 50 Ohms User
s/Div Delay Harkers X teO Trig to X Trig to O
200 us 4.0038 us On -72.000 us 232.00 us

Figure §.6 Time domain plot of faser output. (200 us/Div scale).
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The strange, and unpredictable way the laser fluctuates could be due to the fact that
the laser cavity, being very long and laid out loosely over the experiment bench, could be
susceptible to vibrations. The vibrations could translate into changes in the cavity length
and or polanization. Any changes in these could bring about a situation where the round
trip conditions for lasing are broken and the laser stops lasing. Mean while, the 980 nm
pump laser continues to pump the erbium ions and when the fiber cavity moves back into
alignment, the energy is released rapidly in the form of a gain switched pulse.

If a more mechanically stable fiber laser resonator layout was chosen, utilizing a
floating optical table and fastening down all loose fiber ends for example, it may be
possiblc to reducc the pulsing effect thus allowing the BERT to lock-in on a externally
modulated signal. It may in fact actually have been easier to transmit analog signa's such as
an analog television signal, which would not require some sort of BERT instrument to
lock-in on the received signal.

Others have recently reported similar unexplained pulsing behavior [41] as well as
strange passive soliton pulsing effects at high pump power levels where high laser cavity
light intensiltics start to induce non linear intra-cavity transmissi-n effects [44]. There may
be fundamentally limiting effects in addition to the simple mechanical limitations mentioned
in operation of this test laser,

Thus, further work on the laser is needed, however given project time limitations,

rescarch on the laser was drawn to a close, and numerous conclusions have been drawn on

the work done thus far .
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6

Conclusions
6.1 Summary

The erbium doped fiber laser work completed here has accomplished gaals or made
headway in three areas.

First the wavelength tuning effect due to output coupling changes was detcrmained
in two resonator configurations. The tuning appeared to be more of a wavclength shifting
effect over three wavelength bands 1535 nm, 1550 nm and 1555 nm in agreement wiih
theory.

The fiber mirror configuration appeared to be the best layout as a wide band tunable
light source with powers reaching as much as +5 dBm over the filter range from 1526 nm
to 1555 nm with a spectral width of about 0.3 nm.

The fiber ring laser configured in a novel triple ring resonator structure was found
to be a better layout for low noise, narrow linewidth operation. A linewidth - wer than 30
kHz and relative intensity noise measurement as low as -142 dB/Hz. were observed; these
values were limited only by equipment resolution.

As a source for communications purposes, the three loop laser appears to have an
instability problem which causes difficulty in reception thus lcaving it inappropriate for

transmission testing at this time.

6.2 Future Research
Based on the work done thus far, suggestions with regards to possible future
erbium fiber laser research can be made:
e Any further work on stabilizing thc iaser should also be done with resonator
components and bench space designated specifically for the purpose of that

research. Although it may have been cost effective to share equipment, repeatedly



having to disassemble and re-assemble the resonator for sharing components and
lab space proved often an inefficient use of time. About S0% of the lab time was
often spent trying to get back to what was had earlier since the laser's output was
found to change dramatically and require a lot of component "tweaking".

* The power level of the laser should also be increased through a combination of
higher gain, and lowering of the resonator internal losses. This would also allow
for a more accurate measurement of the laser's true RIN as it is suspected to be
very low. The receiver independent RIN calculating technique could prove this as
it has been shown to be capable of calculating RIN levels as low as -179 dB/Hz
on YAG lasers [39].

e To further widen the spacing between longitudinal modes, smaller loop lengths
may also be considered where possible.

If future research on the laser was continued, and it incorporated the above

suggestions, it is believed by the author that a stable low noise tunable crbium fiber laser

could be developed.
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Appendix A
Relative Intensity Noise Calculations Using LabVIEW™

A.1 Introduction

The receiver independent technique used to calculate the relative intensity noise of a
light source is a very simple technique based on reference [39]. If we consider a light
source with average power Po, and relative intensity noise RIN, shinning onto an optical
receiver with photo detector responsivity R , transimpedance R, and gain G, the electrical

output noise power P measured within an electiical bandwidth B, can be expressed as:
P = (is* +2ql + I’RIN)RGB (A.1.1)

where [ is the average photo current, or DC photo current generated through the detector,
i» is the effective noise current inherent to the receiver and q is the charge of a electron.
Assuming that accurate knowledge of the thermal noise, shot noise, and transimpedance
gain are known then the RIN value is obtained by measuring the total power received Pr
then subtracting off the thermal and shot noise terms. However by taking simple

derivatives, the RIN can also be isolated as follows:

d2Prx )
RIN = d;,"’z iq (A.1.2)
l—EI— I-OJ

In this calculation only the power received versus the photo current must be determined and

specific information about the receiver's noise or gain within the measured bandwidth is

not necessary.



Figure A.1 shows the functional block diagram of how Px vs. [ curves arc
generated experimentally through adjusting a variable optical attenuater.

The actual experimental layout used is shown in Fig. A.2. Since a photo current
monitor point was not readily available, the photo current was determined indircctly
through multiplying the power incident on the detector by the known detector responsivity.
Power incident on the detector was found by sampling 10% of the JDS™ VOA light as
measured on an hp 8515™ optical power meter, and applying a calibration factor of about
-10.3 dB. The optical detector and receiver used was an analog device made by the
Ipitek™ company. It is made and sold with the intention of being a CATV quality receiver
and was thus fourd to be very linear over the 10 to 550 MHz frequency range and input
powers up to +7 dBm. The 50Q input spectrum analyzer shown was used as a
combination electrical filter/power meter and required a transformer to properly impedance
match with the 75Q output of the Ipitek™ recciver.  The Ipitek™ detector had a
responsivity of .85 A/W at 1550 nm, and the receiver had a noise current of 5 pA/\/H'z,, and
a power gain of about 25 dB which was necessary to lower the overall measurement noisc
figure and put weak signals above the spectrum analyzer noise flocr.  Although other
receivers can be used, the Ipitek™'s low noise, high gain, responsivity, and power
linearity represented the best receiver available for measurements taken in the 10 to 550
MHz range.

All the instrumentation equipment was linked via the general interface buss (GPIB)
and controlled by a Macintosh computer equipped with a GPIB interface card and
LabVIEW™ control software which enabled automation of the calculation process. The
process consisted of incrementing the VOA over a range of values, and measuring the
effective detector photo current and received power on the spectrum analyzer at each point.
From this data, a Px vs. I curve can be generated where P~ varies parabolically with
respect to I as in equation (A.1.1). Using a least squares analysis to curve fit the data, the

coefficients of the (A.1.1) equation can be found which can then be used to determine the
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first and sccond order derivatives necessary for calculating the RIN according to equation
(A.1.2). Secction A.2 details the actual LabVIEW™ virtual instrument (VI) created to

contro! the calculation process.

Photo
Current
Monitor
Variable
Optical E,

— Attenuator Filter Power Meter
Light Pagessed : m
Lo Pan Jd VOA s BRY P

Detactor
&
Amplifier

Figure A.1 Block diagram illustrating the general technique for calculating relative
intensity noise (RIN).
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Power Meter LN Ap
. \ nalyzer
I'lllumuu|mmummmlnmumlmml'l I'"lmmn|mm|||mm|mll" 'llmlull
Macintosh™
LabVIEW™ with GPIB
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—
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Figure A.2 Experimental setup used for calculating relative intensity noise (RIN).
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A.2 Vi for LabVIEW™ Controlied RIN Measurements
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Appendix B

Screen Capture Using LabVIEW™

B.1 introduction
The spectrum analyzer screen capture was done through a LabVIEW™ controlled

GPIB interface with a hp™ 70000 series spectrum analyzer. It was found to be very useful
and thus the LabVIEW™ program or Virtual Instrument (VI) has been included on the next

few pages as reference for those interested.
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Appendix C
Polarization Rotator

C.1 Overview

The necessary control of the optical fiber light polarization was accomplished
through a simple mechanical polarization controller. Given that several were needed in the
lab for this and other projects and that they are an easily made mechanical device of which
the theory is well known [45], several were designed and built for about 1/4 the cost of
commercially sold units. The rotators worked well, therefore mechanical drawings and

operating description have been included for those interested in the device.

C.2 Operating Notes

The mechanical drawings on the following pages show the various parts and design
of the polarization controller. Looking at the assembly diagram, it can be seen that the
device centers around two rotators which are held in place by three rotator supports bolted
to a base plate. It is intended that a fiber optic cable, less than .9 mm in diameter, carrying
~1550 nm light be fed in the left support, wrap around the left rotator, feed through the
middle support, wrap around the right rotator and exit out the right support. The fiber is
held in place within the rotator grooves by the rotator cover plates. It is also advisable to
insert a piece of foam around the fiber at the input and exit sides of the assembly to hold the
fiber centered, thus keeping it from slipping into either rotator clamp slot and risk crimping
or shearing the fiber.

It is intended that one rotator be wrapped rwice to produce a quarter wave device
and the other three times to create a half wave device. The quarter wave rotator converts
lincarly polarized light to circularly/elliptically polarized light, or vice versa. The half wave

rotator rotates linearly polarized light to any other linearly polarized angle desired, or vice
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versa. It is usually necessary to sequentially adjust each rotator back and forth several
times to achieve the desired output polarization properties .

Once the optimum polarization is created, the rotators can be locked in place by
tightening the socket head cap screw on the slotted side of each rotator support- the bottom
screw as seen on the assembly diagram. Use a 3/32" Allen wrench with a T-handlc for
best results; a standard L-handle wrench will eventually strip the bolt socket hcad after
repeated tightening and loosening.

This is just a brief description of the polarization controller. A more complete
description can be found in reference [45] which discusses the theory in depth, and was

used as the main information source for the design.
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Appendix D
Directional Coupler Operation

D.1 Coupler Theory
The fiber optic directional coupler is a simple device that transfers optical power
from one fiber to another [46] as shown in Fig. D.1.

Coupler with rated
power coupling K

E —» —» E = E[TK EK
E,—» —» E = EJJTK) EJK
o,
K
K
1K)

Figure D.1 Diagram showing the coupling of electric ficlds across a coupler.
D.2 Fiber Mirror Theory

Making use of the coupling phase shift property, a fiber "mirror" can be constructed

by connecting the two output ports as shown in Fig D.2.
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Coupler with rated
power coupling K

- T

’Dﬂa

Figure D.2 Coupler configured in a fiber mirror configuration with power reflectivity R and
power transmission T.

Assuming a fractional power coupling of K and an incident power traveling into the

fiber of P,, the reflected power R is given by:

R=4K(1-K)P, (D.2.1)

and the transmitted power T is given by:

T =[1- 4K(1- K)JP, (D.2.2)



