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Abstract

The bandwidth demanding in the access network has been increasing
rapidly over the past several years. The predominant broadband access network
solutions deployed today are digital subscriber line (DSL) and community
antenna television (CATV) (cable TV) based networks. However, the passive
optical network (PON) which is a point to multipoint access network based on
optical fibers provides much higher bandwidth compared to current access
networks based on copper lines.

Incorporating wavelength division multiplexing (WDM) in a PON allows
a much higher bandwidth compared to the standard PON which operates in the
single wavelength mode where the one wavelength is used for upstream
transmission and another different wavelength is used for downstream
transmission. Moreover, WDM-PON offers the advantages in terms of capacity,
low latency and service transparency. In the past five years WDM-PON
technology has been developed to a mature for commercial consideration.

In this thesis, we start from some fundamentals about WDM-PON and the
technology challenge for WDM-PON which is to avoid the need for expensive
wavelength selective optical components in the end-user optical network unit
(ONU). Then we investigate Injection Locked Fabry-Perot Laser Diode with
narrow band amplified spontaneous emission (ASE) noise as an approach to be a
wavelength independent ONU. We study its theoretical model and compare the

experimental results with the simulation results based on the theoretical model.
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Chapterl. Introduction

1.1 Background for WDM-PON

Passive Optical Network (PON) technology is originally developed in
1980°s [1] as a cost effective way sharing fiber infrastructure for the narrowband
telephony to business premises. Since then PONs have moved on to interactive
broadband communications implemented as BPON (ITU-T G.983), EPON (IEEE
802.3ah) and the current GPON (ITU-T G.984) [2].

All these systems are based on Time Division Multiplexed Access
(TMDA) and satisfy Fiber-to-the-Home (FTTH) standard. Recently people also
realize that wavelength Division Multiplexing (WDM) offers the alternative
method of sharing PON capacity among multiple users and offers advantages in
terms of capacity, low latency and service transparency (See Table 1-1 PON
technologies [3]). It is widely believed that the WDM-PON would be the next

generation of PONs.

EPON 10
A/BPON | (GEPON) | CFPON | Gppon | WPMPON
ITO TTU | IEEE

G.983 IEEE802ah | G.984 | P802.3av

Standard Not yet
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53to
Data Packet 1518
Cell Size 53 bytes | 1518 bytes 1175 18 bytes Independent
ytes
IP; 2.4
Gbps,
Maximum Broadcast; .
Downstream 13[%2 . 1.2 Gbps éb4 . 5 Gbps ci—i&gbws pet
Line Rate P P On-
demand;
2.5 Gbps
Maximum .
Upstream 155/622 1.2 Gbps 1.2 2.5 Gbps 1-10 Gbit/s per
; Mbps Gbps channel
Line Rate
1490 ot Individual
Downstream | and 1550 nm 1550 nm
1550 wavelength/channel
wavelength | 1550 nm o
Upstream 1310 1310 Individual
wavelength | nm 1310 nm nm 1310 nm wavelength/channel
ATM
l\'l/ireg‘ﬁc ATM Ethernet Ethernet | Ethernet Ilszlcz:tocr?clien ¢
odes or TDM pe
Voice ATM VoIP TDM VoIP Independent
1550 1550
. 1550 nm | nm 1550 nm overlay/
Video nm 1P
overlay/IP | overlay/ IP
overlay P
MaxPON | 55 32 64 128 16/100°s
Splits
Max
. 20 Km 20Km 60Km | 10Km 20 Km
Distance
Average 20 40
Bandwidth Mbit/s 60 Mbit/s Mbit/s 20 Mbit/s | Up to 10 Gbit/s
per User

(Table 1-1 PON technologies)

Fig.1-1[3] is the infrastructure of WDM-PON (Full Service Access
Network (FSAN) WDM-PON standard is expected to be finalized by 2010).
WDM-PON deploys a separate wavelength channel from the Optical Line
Terminal (OLT) to each Optical Network Unit (ONU) for each of the upstream
and downstream directions. This approach creates a point-to-point link between

2



Master Thesis-Yudan Yan McMaster-Electrical & Computer Engineering Department

the OLT and each ONU which can operate the full bit rate of wavelength channel.
And different sets of wavelength may support different independent PON sub
networks because different wavelength may be operated at different bit rates. All

the operations are over the same fiber infrastructure.

Central Office

Zldﬂ Wavelength
k » Splitter

(Fig.1-1 Infrastructure of WDM-PON)

In traditional long haul WDM network, wavelength spacing of more than
20nm is generally called coarse WDM (CWDM) (ITU-T G.695). Wavelength
spacing less than 3.2nm is typically called Dense WDM (DWDM) (ITU-T G.694).
Recently the ITU defined the following spectral bands (Table 1-2) in order to

clarify the terminology that is used for optical fiber systems. These definitions are

3
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meant for classification purposes only.

Band Descriptor Range (nm)
O band Original 1260 to 1360
E band T Exten;ie; 1 1360 to 1460
. S band Short wavelength 1460 to 1530
C band Conventional 1530 to 1565
L ban(i Long wavelengtﬁ | 1565.to. 1625
U band Ultra long wavelength | 1625 to 1675

(Table 1-2: Optical Fiber Spectral Bands)
Table 1-3 is the Channel / Wavelength Reference Sheet for ITU-T G.694.1
(100GHz Grid) in DWDM system in C band. The wavelength grid is around

0.8nm.

Channel | Wavelength Frequency Channel | Wavelength | Frequency
No. (nm) (THz) No. (nm) (THz)
61 1528.77 196.10 38 1546.92 193.80
60 1529.55 196.00 37 1547.72 193.70
59 1530.33 195.90 36 1548.51 193.60
58 1531.12 195.80 35 1549.32 193.50
57 1531.9 195.70 34 1550.12 193.40
56 1532.68 195.60 33 1550.92 193.30
55 1533.47 195.50 32 1551.72 193.20
54 1534.25 195.40 31 1552.52 193,10
53 1535.04 195.30 30 1553.33 193.00
52 1535.82 195.20 29 1554.13 192.90
51 1536.61 195.10 28 1554.94 192.80
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50 1537.4 195.00 27 1555.75 192.70
49 1538.19 194.90 26 1556.55 192.60
48 1538.98 194.80 25 1557.36 192.50
47 1539.77 194.70 24 1558.17 192.40
46 1540.56 194.60 23 1558.98 192.30
45 1545.35 194.50 22 1559.79 192.20
44 1542.14 . 194.40 21 1560.61 192.10
43 1542.94 194.30 20 1561.42 192.00
42 1543.73 194.20 19 1562.23 191.90
41 1544.53 194.10 18 1563.05 191.80
40 1545.32 194.00 17 1563.86 191.70
39 1546.12 193.90

(Table 1-3 Channel / Wavelength Reference Sheet for ITU-T G.694.1

(100GHz Grid))

1.2 Wavelength independent ONU

WDM-PON is a kind of single mode optical fiber communication
system considering its high capacity of GHz level. And in this thesis we only
consider DWDM-PON since we will study the characteristics which satisfy
the requirements of WDM-PON network.

However, since WDM-PON is an also kind of FTTH network which is
price sensitive, in practice the type of laser currently used in the long haul
DWDM transmission is cost prohibitive when using in the WDM-PON.
Another difference from WDM is that WDM network scopes expect more
than 100kms but WDM-PON network scopes are normally within 20kms

( See Table 1-1).
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Let’s study how optical fibers affect the network performance within
20kms. We choose ITU G.652.D standard compatible optical fibers (Corning
SMEF-28), which is recommended as the leading solution as communication
fibers in new FHHT network by Corning [4].

Fig.1-2[4] shows Corning SMF-28 optical fibers. It shows the
attenuation in S-band, C-band and L-band, where the water peak is, is less

than 10dB within 20kms. C-band has the smallest attenuation.

Speét’ra[ Attenuation (tvpicél fiher)

4.0 nm  dBfkm
a 850 181
3.5 1 b 1300 035
— 30X c 1310 034
E " d 1380 056
5 254 e 1550 0.18
E ‘ &
§ 204\,
8
g 1.5 -
d
g
1.0 -
b © l e
0.5 -
0.0 T T T T T T T
800 1000 1200 1400 1800
Wavelength {(nm)

(Fig.1-2 Corning SMF-28 optical fiber)
Then let’s take a look at dispersion of Corning SMF-28:
the zero dispersion Slope: 5o % 0:0%2ps fmm’ - km
the zero dispersion wavelength: 1301.5mn < dg & 132 1L.5wmn

: %5 a3
B(A) # ;[ - ;ﬁ] pefmmckm ()

Dispersion
here 4 is working wavelength 1200 mm = 4 = 1600 mmn

6
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Fig.1-3 is plotted from equation (1) by associated parameters. Roughly
calculated, the dispersion in working spectrum is between -13 pefmn km 1o
20 et = Bt Thyg the total dispersion is between -260 BZ##R 15 400
P& within 20kms. C-band’s dispersion is not as good as other band but

still within the system tolerance.

b
FT'3 A— .
Y] —

i i
NP S t
i
Gl i
v

R 3 i i 1 i i i
1&00 1260 1300 1380 1450 1800 1850 4600

(Fig.1-3 Dispersion of Coring SMF-28)
If we only consider effects from the fibers, C-band is the best work
space for upstream light signal in WDM-PON.

Fig.1-1 shows that cost for a single WDM-PON network include:

1) One OLT which dedicate different wavelengths to each ONU

2) One Remote Node wavelength splitter
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3) n* ONU each of which has its own transmitter and receiver.
4) Optical Fibers
OLT and wavelength splitter are in the central office and are shared by
multiple end users. Then the technology challenge about WDM-PON will be to
avoid expensive wavelength selective optical components in each end-users
optical network unit (ONU).Thus the ONU which satisfies wavelength
independence, in other words, colorless ONU must be used.
A tunable laser satisfies the requirement of a colorless ONU but at present
the price of it is still far too high.
Another alternative technology recently was considered to reduce the cost
of WDM-PON by eliminating the wavelength-specific sources and replacing them
with low-cost identical F-P LD. All the transmitters are identical but they operate

at different DWDM wavelengths by using an automatic injection-locked scheme.

(Fig.1-4 WDM-PON with injection locked as ONU transmitter)
Fig.1-4[3] illustrates the basic principle for WDM-PON using external

injection locked F-P LD. An un-modulated external optical beam is injected into

8
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the cavity of F-P LD after sliced by a Array Wavelength Grating (AWG) which
acts as a de-multiplexer then modulated by the user bandwidth and goes back to
the central office through the same AWG which works as a multiplexer and band
pass filter.

Recently there are many reports about experimentally demonstrating
injection locked F-P LD as wavelength independent transmitter in ONU. In South
Korea, expensive WDM-PON trail network based on injection locked F-P LD has
been successfully deployed. However, theoretical study about injection locked F-

P LD doesn’t go as fast as its experimental study.

1.3 Thesis outline

In this paper we highlight Injection Locked Fabry-Perot Laser Diode
injected by narrow band ASE ( NASE) noise as an approach to be a wavelength
independent ONU. We study a theoretical model of injection locked F-PLD based
on the rate equations for the semiconductor laser diode. We simulate the F-P LD
using MATLAB by solving the rate equations numerically. The parameters of F-P
LD are chosen partly from experiments, partly from the typical parameters of F-P
LD. Then we compare the experimental results with the simulation results based

on the theoretical model.
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Chapter2. Injection Locked F-P LD

2.1 Fabry-Perot Laser Diode

F-P LD is a semiconductor laser diode in which two mirrors are separated
by an amplifying medium with an inverted population, making an F-P LD cavity.
F-P LD is the most common type of laser diode and is the most economical, but it
is generally slower and noisier than others such as distributed feedback (DFB)

lasers. F-P LD is an edge-emitting laser (See Fig.2-1).

Rediation

'®) pattern
L Positive X

™

o Y
S £l
- 5 - ) //@‘&/ﬂﬂ"@ﬁg i il !;9&“\33\‘»‘*\%
T 3 Y F v ¥ 7

B TR
RPN | O
™ "Q‘.'Kfﬂ_',' JURE 71 WS K

"%»“(v' M »
N 3

Ty Active layerh‘ii

4

Cladding layer

i Negative Electrons Cavi
gﬂfg/ T slectrode mmg

(Fig.2-1 F-P LD infrastructure)
Fig.2-2 depicts the longitudinal mode travelling within the cavity.
Wavelengths of the longitudinal modes are selected by the cavity length according

to the following equation:

10
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L=K12 (y

R‘l Rg

73 /

f.: :'9/\
~N f.l«'g \
Zh RANEIS

% IPE W SR <
NP
7 RSN B

(o R/ S ;(,fl"\
A Sy

ok BEENEE

i IR SN

End mi End mirror

~ Equipghase lines
(Fig.2-2 longitudinal mode travelling within the cavity)
L is the cavity length; 4 is the longitudinal wavelength and N is arbitrary
integral.F-P LD cavity can support an infinite number of modes theoretically.
However, the semi-conductor material provides gain only within a narrow range

of wavelengths according to the following equation:

where h is Planck’s constant and Z is the band gap energy of the particular active
gain medium associated with the laser diode.

The Fresnel reflection from the facets (which become the laser end mirrors)
due to the light traversing from active optical materials with index of refraction
about 3.25 to air whose index of refraction is about 30%. If a different reflectance
is required, the facets must be coated with relative refraction materials to change

the reflectance.

Like most typical semiconductor lasers, F-P LD has almost all the

11
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common characteristics about semiconductor LD. Fig.2-3-a and Fig.2-3.b show

the cross section of F-P LD and relation between light output versus DC bias

current.
(g)aénﬁ jon and ®
30
current™ o el g\?a?zgguide %‘
60° z T
NA = 0. 2
{0 °°
% ¥ % 0 Current (mA) 150
Mirror Mirro:
o 1 © 155 — 0 @
Y e s §
;% " Mode %] & % ‘ |
E Locations g g A3EET]
€ o (W os 50 WUV i
1540 Wavelength (nm) 1560 & 1540 Wavelength (nm) 1560

(Fig.2-3 Characteristics of F-P LD)

Fig.2-3-c shows relation between the line width of the gain curve and the
longitudinal modes. The gain line width is typically about 7nm to 20nm wide,
while the longitudinal mode spacing is about 2nm. The result is the spectrum seen
in Fig.2-3-d above where the longitudinal modes are modified by the gain curve.

Laser power and frequency are expected to be constant in optical fiber
communication system. But in reality, laser output exhibits intensity as well as
phase fluctuations. Basically the origin of these fluctuations lies in the quantum
nature of the lasing process. In general, intensity noise reaches its peak in the
vicinity of the laser threshold and then decreases rapidly with an increase in the
drive current. Thus the intensity noise spectrum shows a peak near the relaxation

12
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oscillation frequency as a consequence of the laser’s intrinsic resonance. Phase
fluctuation produce spectral broadening of each longitudinal mode and is
responsible for the observed line width.

Noises of F-P LD mainly come from the quantum effects of spontaneous
emission, random carrier generation and recombination which trigger unstable
oscillations in semiconductor lasers. Langevin studied these random noise effects
and called them Langevin noises [5].And Langevin noises are defined for the
photon number in laser oscillations so we will study rate equations associated
inverse change of photon density and carrier density later.

Relative intensity noise (RIN) is to measure the relative noise level to the
average DC signal power which is detected by a high speed photo receiver from
the light output from a semiconductor laser as an electric signal. Theoretically
RIN describes the inverse carrier-to-noise-ratio: the ratio of the mean-square
optical intensity noise to the square of the average optical power [5].

The optical output power of the laser in a certain frequency can be

considered to be:
B ﬁf } = B4 AR 4)

P is an average value and &2 is a fluctuating quantity with zero mean

value then the RIN can be described as:

: {GFE}
RiN == )

Where {45 ) is the mean-square optical intensity fluctuation (in a certain

13
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bandwidth such as one Hz) at a specified frequency and P is the average optical

power.
Fig.2-4 is a typical RIN of F-P LD measured by Agilent [6].
I8 (Lager) = -1208.60 dB/Hz
— AIN (Systeal = ~iER.E7 dBiHz
— Theres! MNolse Term = -~15¢.83 dB/Hz
Shet Nolse Term = ~i55.087 dB/H: al.§
AL 5.38 dBa MKR 81 FRQ .81 oMz
” ~5%.73 dom (I HE
¥ PUR 311 dba  PPT SRUALE
MW
z STOF €2, z
RE 3.00 BHz =UB 30.B kH: 5T 733.3 maec

(Fig.2-4 RIN of F-P LD)

In semiconductor laser diode, there is an important parameter: line width
enhancement factor which depicts the complex susceptibility of the medium at
laser oscillation,

.

& = ez
&mixpl (6)

Xz is the complex susceptibility.
Since the line width enhancement factor of other lasers, such as gas lasers,

is almost equal to zero, while it has a non-zero value for semiconductor lasers and

14
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usual between 3 and 7 (demonstrated by Cook 1975, and Osinski and Buss 1987)
[7], it becomes the specific characteristic of semiconductor laser other than other
type of lasers. It was then later found by Henry (1982)[7] that the increased line
width results from a coupling between intensity and phase noise, by a dependence
of the refractive index on the carrier density in the semiconductor laser.

The spectral line width of laser oscillations is calculated from the well-
known Schalow-Townes equation. The half-width of full maxima (HWFM) of the
longitudinal single mode laser diode is calculated as the following [7]:

Af = ZE (1 +a?) -
The line width of gas lasers is negligible because & is almost zero.

Semiconductor lasers have a non-negligible value of the a parameter and the line

width of semiconductor lasers is (1 + E‘"2;) times larger than that of ordinary lasers
(Henry 1982, 1983, and 1986, Petermann 1988, and Agrawal and Dutta 1993) [7].
The spectral line width of laser oscillations decreases with an increase of the
photon rate, so that the line width becomes narrow with an increase of the laser
output power. Fig.2-5 is Intensity spectrum for several power level numerically

calculated by Henry in 1986[7].

15
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(Fig.2-5 Intensity spectrum for several power levels)

Here P is the photon density and Bzp is given in equation (30).
The static, dynamic and spectral characteristics of F-P LD can be
described by rate equation model [8] as below. We start from Maxwell’s

equations:

P O o
We—gggéee}—a ®

We assume that the equation works for a fast response semiconductor so

we only consider * of the complex dielectric constant as the loss but we don’t

consider its induced polarization.

The optical field  in general may consist of a large number of lateral,
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transverse and longitudinal modes oscillating at different frequency. Each mode
forms a standing-wave pattern in the axial direction arising from a superposition
of the forward and backward running waves. For simplicity, we assume that the

laser structure has been designed to support a single lateral, transverse and

longitudinal mode. Then € can be expressed as:
e(x,y. 5t) — %?@i{x}%ﬁf} gin{ks)} E() exp{—i2mft) + c.c. ©)

The sinusoidal variation of the optical field in the z direction assumes
facets with high reflectivity. Wave number k is associated with equation (2) and
given by:

¢ o 505
¥ g (10)

2
E‘@'? (11)

L is the cavity length; [ is the cavity resonance frequency; n is the refractive

index which changes with external pumping with:

nEw + AR (1))

T =6 (13)
¥y is the background refractive index of the un-pumped material and s is the
background dielectric index of un-pumped material.

47 i5 the amount by which it changes in the process of charge carriers and is

given by

fge = Re(rg) 3ny (14)
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Here X is a second rank tensor given by

A=ZetXs (15

to emphasize the dispersive nature of medium response. £o is the medium
susceptibility and 4 is contributed by strength of external pumping. Both ¥o and
Xz are complex.

We also assume ECE} varies slowly multiple by T} and ¥(F} ang
integrated the whole x and y. After some simplicity [8], we can get:

= o (Mfmoge — mf)E + IR (Tpin + 1f30o)E

gt mg (16)

Where ! is the confinement factor; Fonade is laser mode; n is mode index ; s is

the group refractive index; &% is the carrier induced index change

o —f——)
bn = —(-)ag an

Where
46=Tv bg=CG-¥ (18)

In the formulations, € is the line width enhancement factor defined in
equation (6) and (17) which provides a proportionality between the gain and
index changes; ¥ is explained in equation (27).

Equation (19) [8] shows that gain changes from its threshold value and the

phase changes as well.

o = (2 finese — 2fi) + 2(G—1) (19)
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Physically this is so because a gain change is always accompanied by an
index change that shifts the longitudinal mode frequencies. fer corresponds to the

the threshold value of the mode index. By expanding Faeae in the vicinity of fer

we can get:

() 2o = 20 = Efvaie = 20,

& is the mode absorption coefficient given by
& m =0g ~+ G + E @21
Since photon density is defined as [8]:

= 1508 vz _ |53
F mmleg I£] 22)

E = Pexp (—ig) 23
Substitute (19), (22), (23) into (16), considering Langevin noise and multi-
mode oscillation in cavity, we can get rate equation to describe time evolution of

carrier density and photon intensity in cavity [8]. We study rate equation with

photon density just because Langevin noises are defined by photon number.
S (G~ IR R () + Folt)

=L N - Ry

& or 25)

% m 2n(f; - fon) + 2lG — P+ Bp(8) o5
iis i~th mode; V is the volume of active region of cavity.

¥ is photon decay rate that can be used to define the photon lifetime *»:
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F = vl &) =750 (27

i b4
Gy = e ReEat (28)

@, is the mirror loss where &F is reflectivity of front facet; Ry is
reflectivity of rear facet

%eme is the Internal loss; 7 is group speed inside the cavity.

¥. is the carrier recombination rate that can be used to define the
spontaneous carrier lifetime Te . Both radiative and non-radiative recombination
processes contribute to ¥e.
™ (4, | BN | CKT ) mgTl (29)

4.- is recombination rate due to mechanisms such as trap or surface
recombination; B is the radiative recombination coefficient and C is related to

Auger recombination process.

B is spontaneous emitted photon intensity which is added to the intra-
activity photon density and indispensable.
Bop = Bepeg TV (30)

Py is referred to as the spontaneous emission factor;

Bew = BNLY 31y

Fplt} and & @.Qﬂ‘ are noises from spontaneous emission process and Feld)
is the noise from carrier generation and recombination process. They are all

incorporated by adding Langevin noises. In Langevin noise sources, they become
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random and their dynamics are governed by the stochastic rate equations. When

correlation time of the noise sources are much shorter than the relaxation times

_1 -— . .
¥aland ¥ (system has no memory). Under the Markovian assumption, the

Langevin forces satisfy:

(Rl -2 (32

RO = 80y (- ¢) (33

where Djj is the diffusion coefficient associated with the corresponding noise

source. In a rigorous approach, Dy can be explicitly expressed, by evaluating the

second moment variables in equation (34) ~ (39) as:

Dop = ReF (34

Byg = BesftF (35
Bpg =0 (36

Dy = RegF + ¥ (37)
Dy = ‘R-mF (38)

Prg =0 (39

P and Nare steady-state average values of carrier and photon
populations ,respectively.
G is dynamic gain and N is dynamic carrier density. When G is simply

linear dependent on N,
G(N) = TualN - Nod (40)
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Here a is gain constant; g is transparent (threshold) carrier density.

ith mode gain is given by:

Gi(f) = %[ {?ﬁ%}gp a

G0 is maximum gain at f5 and 8% is the 3dB gain band width
fom fy + 8feae (42

&fmeae is mode spacing of laser

From equation (40), (41) and (42), we can get ith mode gain is

G(f) =Gy [1 B @%ﬁﬁ 2% = el = ol [1 ) (%%;ﬁ} 25 43)

2.2 Injection Locked Fabry-Perot Laser Diode

In the semiconductor lasers, it is practically impossible to satisfy
simultaneously the requirements for high power output, spectral purity of the
emitted radiation and economical, This leads to investigate the conception of
injection locked in which two coupled lasers operate in conjunction. The first
laser (Master Laser), operated in low power and low efficiency, emits a stable
single mode output which is then injected into a comparatively high power laser
(Slave Laser), quenches completely all the modes of this laser and forces the
second laser working like a single mode laser with high power output (See.Fig.2-6)

under the appropriate conditions of the frequency detuning and the injection
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strength.

Slave

| Laser

Laser

Optical Sigral Out

(Fig.2-6 Diagram of Injection Locked)

The characteristics of optical injection locked in semiconductor lasers
originated from the fact that the line width enhancement factor has a non-zero
definite value. As a viewpoint of laser dynamics, an optical injection from a
different laser means the introduction of an extra degree of freedom to the laser.
Therefore, various dynamics are observed by optical injection.

Injection locked F-P LD can be described by rate equation model (RE) or
by Fabry-Perot model (F-P) which is often used in Fabry-Perot amplifier model.

F-P model is used to express the locking bandwidth in terms of the electric
field. The electric field and carrier density have a range of injection-locked

solutions that are strongly dependent upon the line width enhancement factor.
Equation (44)[9] describes the electric field after one round-trip where £,
is the field inside the cavity after the k-th round-trip, Af is the round-trip phase

detuning of the injected light with respect to the empty cavity, and R is the

reflectance of the mirrors. &t is the injection light. N is the carrier density. It is

23



Master Thesis-Yudan Yan McMaster-Electrical & Computer Engineering Department

assumed for simplicity that both mirrors have the same reflection coefficient of
A [9],

Eml-ﬂwwﬁﬂaﬁﬂﬂ&é@ﬂﬁ%!ﬁf_ﬁﬁwmﬁ

The steady-state field inside the cavity can be found by setting

Eppa = By = B (45

Where Es is steady-state carrier density

which results in:

« {1-r% explan)}~2Reap(Wicos (@ +8f} (46)

Equation (47)[9] describes carrier density in a stability analysis of the F-P model:

Nypy = F— ;&; — N |BRI® + M @7

Moo = N = N; (48)

The FP cavity allows for injection locking over the full range of detuning

due to the influence of adjacent modes. Regions of this range of injection locking
are dynamically unstable, so it is not advisable to exploit the continuous locking
range in optical amplifier applications. Moreover, FP model does not consider the
dynamic stability of injection locking.
Phenomenological RE model is commonly used to describe injection locked
phenomenon in semiconductor including the carrier dependence of the refractive
index [10].

In the injection locked situation, the RE model should be modified by
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adding a term that includes the external injection. Optical injection locking is a
coherent phenomenon, so that the discussion must be based on the complex
electrical field instead of the photon number.Because |E(® corresponding to the
photon density P can be expresses as equation (22), E should be normalized [8].
In a master-slave injection locked F-P LD infrastructure, we assume
detuning &f = fue = Fal is very small; photon number £uof master laser is small

comparing to the photon number s of slave laser.

We only consider of the RE model of slave laser with (22) ~ (26), we can

get [8]:

2 m 201+ J@}(Gg — ¥IBo () + FRCE} + oBiny (L) eup(—f2mAS)
49)

2w 201+ )G, — FIEED+ PR 0

ax ¥ ‘
bt AL A AL MO 1)

Noised rate equation formulations consider multi-longitudinal mode,
spontaneous emitting noise, a detuning frequency offset Af and E&w{ﬁ which
works as master laser in injection locked infrastructure.

Equation (49) expresses the governing field equation of the time change of

the electric field in the LD cavity longitudinal mode with the external light
injected which is the third item of the equation. &g is the complex amplitude of

the Oth mode of electrical field; Tois gain of Oth mode; ¥ is the loss of the cavity;
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FP(£) is the spontaneous emission noise coupled into the Oth mode; Bt 15

complex amplitude of external light injected into Oth mode. *e is coupling

efficiency[11][12]:

§ = Y8 80 ErERe- R
& M’vﬁ; @@'Mi L}
N N

(52)

Equation (50) expresses the ¥th mode electrical field with respect of the
time change. Gi is gain of £th mode; D is the spontaneous emission noise
coupled into the {th mode.

The time change of carrier density inside the active region interaction with

the laser radiation is described in equation (51).
In the formulations, a is gain constant; Hy is transparent (threshold) carrier

density; &f7 is 3dB gain Bandwidth; &f msse is mode spacing of F-P LD.

Both F-P model and RE model give identical results in the limiting case
of no injected signal. The difference increases with the increase of the injected
signal level. F-P model and the RE model give the same results for low laser
optical injection powers. But at higher injection powers, F-P model predicts a
wider locking bandwidth so is more useful for large signal RE model is suitable
for small signal applications to study the dynamic characteristics and modulation
properties of injection locked semiconductor lasers. Since a modulated injection

locked F-P LD is needed in a wavelength independence ONU [8][9] [10], RE
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model will be studied here.
Now we are going to study the dynamic characteristics associated with
FTTH network only with RE model. FTTH transmitter needs a high and pure
output with broadband modulation and broadband gain spectral width and lower
noise:
1) Spectra:

Experiments from [13] demonstrates that with the injection of a
single mode coherent light, oscillation occurs first at the injected mode by
triggering of the injected light.Fig.2-6[13] shows the spectra of AlGaAs
heterostructure laser modeulated by S00Mbit/s. The left side picture is got
without injection and the right side picture is got with injection of -28.5
dBm. At the same time, the gains of the side modes are suppressed further.
Fig.2-7[13] shows the relation between injected power and lasing mode
and side modes. While the injected power increases, the lasing mode
power consistently increases and side modes powers consistently decrease.

The locking range is widened as the drive current decreases [13].
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Fig.2-7 spectra of AlGaAs heterostructure laser modulated by 500Mbit/s
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2)

Fig.2-8 power ratio between injected mode and lasing mode and side
modes.
Locking range

In laser cavity, relaxation oscillations are caused by an intrinsic
resonance in the gain saturation process and by the subsequent coupled
fluctuations of light intensity and carrier density [14]. The optical injection
induces a modulation in the free-running signal before the locking occurs
for detuning under the lower limit of the locking range. When the locking
occurs, the operation point is moved through the locking range. Only in
this case, Injection locked F-P LD outputs stable high power longitudinal
single mode. At the upper limit of the stable locking range, the locked
laser becomes unstable, i.e. the laser becomes multimode [14].

Width of locking range is strongly dependent on the phase
amplitude coupling [14]. Spectral hole burning and lateral carrier diffusion,
treated analytically by a gain saturation term, increases width of locking
range [14].

Locking range can be expressed by detuning. [15] shows that the
stable locking range can be increased significantly by the nonlinear gain
by about an order of magnitude.

[9] reports that the line width enhancement factor influences the
injection locked states; the lower carrier injection locked states are

dynamically stable; large external injection powers states allow for
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injection locking over the full range of detuning ,some part of the range is
dynamically unstable, even when line width enhancement factor is zero.
We use RE model to solve stable locking range problem [7]:
In a master-slave injection locked F-P LD infrastructure, detuning

&f = [fu— %l is very small; photon number Puof master laser is small

comparing to the photon number Ps of slave laser. Complex electrical field

of the master laser and slave laser are:
By = f Eyeemp (— @y (BN} (53)
B, = [Bowp (g, () (54

The phases @ and @ are generally time dependent functions, but
the master laser is under steady-state operation and its phase is assumed to
be ¥ = 0. Though the phase of the slave laser fluctuates with time, it is
approximated as a small fluctuation and assumed to be a constant value in

the following. Taking these assumptions into consideration, the rate

equation of the slave laser can be expressed as [7]:

L = 201 - 1a) 8y {0l ~ BB () + LB (SJenep (mOFY

where respectively, =i is the injection coefficient, and i is the round
trip time of light in the laser cavity.

Then we can get the stable locking range should be[7]:
i gﬁ;
B & m————
4 s 4FE (56)
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Fig.2-9 shows the areas of optical injection locking in the phase
space for the frequency detuning between the master and slave lasers and
the injection ratio. The solid curves show the boundaries between optical
injection locking and non-locking regions. Within the region of the optical
injection locking, there are stable and unstable locking areas. The
boundary of the unstable and stable injection locking areas is denoted by a
dotted curve. The asymmetric feature of stable injection locking again
originated from the fact that the o parameter has a non-zero value in

semiconductor lasers [7].
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(Fig.2-9 Locking and unlocking regions in phase space of frequency
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detuning and injection field)
3) Gain
Fig. 2-10 [16] shows a dynamic process of the relaxation
oscillation of LD in the temporal evolution. Photon population in all
modes remains zero for a time period known as the turn-on delay time
after which it increases rapidly. Relaxation oscillation takes several
nanoseconds to become sufficiently damped for mode intensities to reach

their steady-state values.

Relative Unit

(Fig.2-10 time evolution of carrier density and photon population under

relaxation oscillations)

Equation (57) gives the gain of the medium at the threshold and its
relation through the carrier density ™o at the transparency using Taylor
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4)

series up to the first order.
Gon = £ Gres = mg)
én B (57)

When LD oscillates well above the threshold, the effect of gain

saturation must be taken into account [16] as equation (58)

— &tk
& = els (58)

When the saturation effects is very small (as often the case), we

can approximate the gain as equation (10)

g ® gn(1 — elEF) (59

Physically in semiconductor laser, the gain spectrum is
asymmetric with respect to the gain spectrum peak and as a consequence,
the associated refractive index near the gain peak varies appreciably with

the excited carrier density which causes gain nonlinearity. The resulting

gain compression coefficient € is found to be proportional to the frequency
derivative of the differential refractive index at the lasing frequency (see
equation (59)).
Modulation bandwidth

The modulation bandwidth of a semiconductor laser at free running
state is limited by the relaxation oscillation frequency. However, when a
semiconductor laser is strongly injected under stable injection locking
conditions, the modulation bandwidth of the slave laser is greatly

enhanced. At the same time, the suppression of laser noises is achieved,
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5)

but the strong modulation gives rise to frequency chirping in the laser
oscillation [17].
Noise

As analyzed before, RIN comes mainly from spontaneous emission
noise which is considered as a white noise process with a Gaussian
probability distribution. In injection locked situation, master laser injects a
single mode light into slave laser and injects its spontaneous emission
noise as well. According to Lang [18], carrier density in the active region
decreases with light injection yielding an increasing refractive index,
resulting in a decreasing cavity resonance frequency of the slave laser. So
the locking can be achieved only if the injected light frequency
approximately coincides with the resonance frequency which is
downshifted by light injection.

[19] demonstrates the relation among detuning, line width
enhancement factor, injection power and RIN numerically considering
spontaneous emission noise and other noises by solving rate equations.
When line width enhancement factor is large, RIN of slave laser is always
larger than RIN of free running slave laser [19]. While line width
enhancement factor is small, part of its RIN is smaller than free running
status. In Fig.2-13 RIN in the frequency range -3.0GHz ~ -.175GHz is
smaller than free running status [19]. Here line width enhancement factor

is 3.With the condition of the same line width enhance factor, larger input
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signal decreases the frequency range in which RIN of injection locked

slave laser is smaller than its free running status.

DETUNING d, GHz
5 4 3 7 4 8

B ol

(Fig.2-11 relation between RIN and detuning when line width enhancement factor

is small)

2.3 Summery

Free running F-P LD exhibits characteristics of multimode oscillation. It
oscillates in a single longitudinal mode with a high output after injected by a weak
coherent optical signal whose wavelength and injected power are within its stable
locking range.

F-P model and the RE model give the same results for low laser optical

injection powers. But at higher injection powers, F-P model predicts a wider
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locking bandwidth so is more useful for large signal.RE model is suitable for
small signal applications to study the dynamic characteristics and modulation
properties of injection locked semiconductor lasers. Since a modulated injection
locked F-P LD is needed in wavelength independence ONU.

We setup theoretical model for both free running F-P LD and injection
locked slave laser. We analyzes specific characteristics of injection locked F-P

LD based on RE model.RE model can explain experiments well.
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Chapter3. Narrow Band Amplified Spontaneous

Emission

3.1 Spectrum sliced ASE

In the injection locked F-P LD architecture, a master laser which emits a
weak coherent longitudinal single mode light is necessary. But in WDM-PON
architecture, it’s price prohibitive to supply each ONU one wavelength coherent
signal. However, a reflective architecture is considered in which all of the
individual wavelengths are provided by a shared network resource (See Fig.1-4).

Moreover, some experiments demonstrate that the F-P LD injected by a
sliced broadband light source can emit much better longitudinal single mode
signal[20][21] which supports the fundamental about WDM-PON reflective

architecture (see Fig.3-1[3)).
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SLD or EDFA
Breadband Source

‘

(Fig.3-1 F-P LD injected locked by sliced ASE in the reflective architecture in
WDM-PON)

In the reflective architecture, a seek broadband light source in the central
office is transmitted to the remote node (RN), sliced by a filter (such as a AWG)
then injected into a F-P LD which is identical in every ONU, modulated directly
by user band width then transmitted back to the central office through the same
AWG. In this architecture, the sliced broad band optical signal functions as the
master laser and the identical F-P LD functions as the slave laser.

A broadband light source (BLS) is needed in the central office to act as a
seed light for remote ONUs. BLS can be a light-emitting diode (LED), a super
luminescent diode (SLD) or an amplified spontaneous emission (ASE) based on
erbium-doped fiber amplifier (EDFA).

LED and SLD can be fabricated at a low cost and modulated directly.
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However, their output power is not sufficient enough, normally lower than -10
dBm. They cannot accommodate many ONUs after being spectrum sliced.

ASE based on EDFA technology can improve the output power by
increasing the pumping power. An associated lab has been reported by using
commercially available erbium-doped fiber, the broadband light source with two
output ports was produced. One supplies C-band ASE light with 20.5dBm output
total power and another supplies L-band ASE light with 15.7dBm [22].

Broadband ASE signal is a complex Gaussian process. The amplitude of it
follows the Gaussian distribution and its mean value is zero as equation (60). Its

phase is uniformly distributed from 2 to 2x [23] [24].

Eaes(tih=0 (60)
{Ease (t) Eqes(t — Thh = Fib(T) (61)

In equation (61), d is Kronecker’s delta function and angle brackets
denotes ensemble average. ¥s is the power spectral density of ASE light [23] [24].
ASE transforms to be narrow band ASE (NASE) by equation (62). i o is the

transferring function of the spectrum slicing filter which determines the spectral
shape of the spectrum sliced ASE.
Eaps (L) = F4{FE, o (M1} (62)

After sliced by band pass filter, ASE is still complex Gaussian process.
But it is not white anymore since it passes a linear filter, Moreover, the sliced

ASE is not coherent. So it is difficult to have a precise solution for direct
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understanding of injection locked F-P LD due to statistical property of the
injected narrow band ASE [24]. Since all the analysis which has been

demonstrated by calculations are based on a coherent injection.

3.2 Summery

Experiments have demonstrated that a spectrum sliced ASE can work
similar to a coherent injected optical signal to force F-P LD output longitudinal
single mode signal. But sliced ASE single is not a coherent signal. So it is difficult
to have a precise solution for direct understanding of injection locked F-P LD due
to statistical property of the injected this kind of narrow band ASE
A theoretical way should be found out to explain the experiments. We will answer

this question later by solving the RE model.
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Chapter4. Experiments for Injection Locked F-P

LD with NASE

4.1 Introduction

Un-cooled, un-isolated F-P LD which is less expensive than LED and
typically has over ten times the output power than LED is so far one of the best
choices to supply a colorless ONU. However, a F-P LD has its own shortcomings
when used under external injection locked in the access network where lasers
have to satisfy the fiber-to-the-home working environments.

First F-P LD should work well in temperature arrangement from -20°C~60
°C which is the working temperature standard of FTTH. Considering temperature
rise in the package, the laser diode chip should be operable in the temperature
range of 20°C~75°C at least. Since the working environment cannot guarantee a
stable working temperature, the wavelengths of the lasing modes will vary with
time; therefore the mode spacing of the F-P LD should be larger than the channel
spacing of the filter which is used to slice the broadband light source. This just
ensures that only one lasing mode can spectrally overlap with the injected narrow
band ASE considering the wavelength change due to temperature.

The second shortcoming is that a F-P LD does not inherently have a broad

optical spectrum (see Fig.2-3-c). However, experiments demonstrate that
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asymmetric multiple quantum-well (AMQW) F-P LD structure has a wide band
gain spectrum. In AMQW laser each MQW is in a single active region with each
well designed to operate on different transition energy [29][30][31].

The last and the most impact drawback while using injection locked F-P
LD is the high relative intensity noise (RIN). Injecting ASE signal into F-P LD
through a narrow optical band-pass filter will convert mode-fluctuations into RIN
[19] [28]. The narrower the optical filter is, the higher the RIN will feed in F-P

LD [20].

4.2 Experiments

We talk about one experiment mainly based on [20] [21].

Fig.3-1 is the diagram about the experiment setup

o

The proposed source

prcocdan S

“A” “BH
NDSF eI

Power ~—

meter

10 v EDFA

RBCfI\Ie =y A Batiam

Error : generator
detector (PRBS:222-1)

(Fig.4-1 diagram about experiment setup)
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In the experiment, the broadband ASE is a two stage EDFA pumped
counter-directionally with laser diodes at 1480nm.

An optical variable attenuator (OVA) is used to control the ASE power
injected into the F-P LD.

An optical circulator with an insertion loss of 0.7 dB separates the injected
broad-band ASE and the output of the F-P LD.

The broadband ASE signal in the central office is sliced by the AWG (the
one in the shadow in the Pic.4-1) which functions as a de-multiplexer and linear
filter with 0.24 nm band width. Then the sliced narrow band ASE signal is
injected into an identical F-P LD, modulated by a 155MHz user band width
generated by Pattern Generator (PRBS:27-1) then is transmitted back as an
upstream signal.

The upstream signal is multiplexed by the same AWG and is transmitted
through a 20kms Non-dispersion Single mode Fibre (NDSF). In the central office,
the upstream signals are de-multiplexed by another AWG with 0.32 nm band
width and are sent to the power meter and error detector in order to detect the
transmitting performance.

The experimental setup agrees with the WDM-PON reflective architecture.

Fig.3-2[21] shows measured spectrum of ASE injected F-P LD: (a) is the
spectrum of narrow band ASE injecting light signal; (b) is the spectrum of free
running F-P LD; (c) is the spectrum of F-P LD after injection locked by narrow

band ASE.
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The measured output power at point A and point B shown in Fig.3-1 is as

below:

Narrow band ASE -6dBm

Free running F-P -2.5dBm

LD

Injection locked F- | -2.6dBm

PLD

(Table 4-1 light powers at reference points)
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(Fig.4-2 measured spectrum of ASE injected F-P LD (1))

The bias current is 13mA; The wavelength at the peak power is
1553.33nm. Roughly observing Fig.4-2 and referring Table 3-1, we can get the
following results about F-P LD that Side Mode Suppress Rate in free running
status is less than 2.4dB and Side Mode Suppress Rate in injection locked status is
more than 29dB.

In the central office the error detector shows that error is zero.

In the experiment the wavelength at peak output power is changed by
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changing the temperature of AWG. The injection locked F-P LD maintains the

locking status when the peak of the wavelength changes withinE1%6Hz

Another experiment [20] shows the similar results in the similar network
architecture. The differences are: the transmitting distance is 10kms; the user band
width is 1.25GHz; the bias current is 20mA; the input power before fiber pigtail is
1.8dBm; the central wavelength is 1555.06 nm which is similar to the first

experiment. The transmitting is error free.Fig.3-3 [20] is its spectra output.

(Fig.4-3 Measured spectrum of ASE injected F-P LD (2))
In the Pic.4-3, the SMSR in the locked status at peak is more than 40dB;
the SMSR in the free running status is about 2 dB which is similar with the first

experiment.
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ChapterS5. Simulations for Injection Locked F-P

LD with NASE

5.1 Introduction

In the injection locked F-P LD architecture, the slave LD is an identical F-
P LD and the master LD is the narrow band ASE Gaussian Complex noise which
is not coherent. Moreover, a solitary laser is a second-order system but an
injection locked laser is a third-order system [15].

RE model is studied here since it is suitable for small signal applications to
study the dynamic characteristics and modulation properties of injection locked
semiconductor lasers. Here we discuss its complex field instead of the photon
number.

When consider the RM model numerically, we assume the following:

(1) Nonlinear gain is considered by considering gain compression factor

(2) The cavity losses are uniformly distributed along the laser cavity;

(3) The guide transverse dimension is small enough to allow single mode
longitudinal operation;

(4) The spatial gain variation along the cavity is neglected

(5) Spontaneous emission noise is considered while mode partition noise is
ignored even in direct modulation since a strong spontaneous emission is
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coupled to a particular mode [21]
According to (5), in equation (51) Fel is ignored.
According to (1), gain compression factor should be considered. From

equation (43) and (59), we can get:

rogstv- i-igased]
b = [1-e X |B2] (63)

G is approximately a Lorentzian function

Then equation (49), (50) and (51) can be expressed as

S8 w201 + f@)}(Gy — ¥)Bo L) + FEE) + R, Bass (6} eup(f2naf)

(64)
S 201+ )G, - IE(ED + FECD) (65)

o e T o IE8

In equation (64), because gain compression factor is always negative in

semiconductor laser, we use & ¥ 8ue{1+ B} instead of equation (59) where

€ is the gain compression factor. We use W&?ﬂm instead of

eap{—/j2mAf) at the same time.

Equation (64) ~ (66) are the extended version of an injection locked
semiconductor laser diode to coherent injection light [8][12].
Noised rate equation formulations consider multi-longitudinal mode, spontaneous

emitting noise, nonlinear gain fluctuation with respect to all noise linked to gain
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compression factor, a detuning frequency offset Af and external narrow band
ASE noise which works as master laser in injection locked infrastructure.

FR (L} is the spontaneous emission noise coupled into the Oth mode; “% #
is the spontaneous emission noise coupled into the éth mode. Both of them agree
with equation (32) ~ (39).

£y is the complex amplitude of the Oth mode (lasing mode) of electrical
field; Gois gain of Oth mode; &F is the frequency of detuning between sliced ASE
and the laser mode at free-running state.

Equation (65) expresses the {th mode electrical field with respect of the
time change. Gi is gain of {th mode.

The time change of carrier density inside the active region interacting with
the laser radiation is described in equation (66).

L: cavity length; #: coupling efficiency between the pigtail fiber and the
active region

R . reflectivity of front facet; By rreflectivity of rear facet

A,.-: nonradioactive recombination coefficient; B:radioactive

recombination coefficient
C: auger recombination coefficient; “=¢ : internal loss
@.: mirror loss; ¥=: carrier recombination rate

Fxazs : the centre frequency of sliced ASE; i :frequency of Oth mode at
threshold
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The optical power of the fth mode P; is expressed as below [23] [24]

C Papeez, | Esii-&p) s
By = alfywptm [B: ()2 - twﬁﬁﬁm_%@} (67)

h: Prank constant; ﬁ!: ith mode frequency; #: coupling efficiency between

the pigtail fiber and the active region.

Finase (€) is the narrow band ASE noise which is coupled into lasing mode

of F-P LD which agrees with equation (60) ~(62). The power of ASE which is

coupled into F-P LD can be measured. Then we can get Epgape (L) by

.
I

[Evassl® = g4

~7§5§;;L

ved (68)
w: width of the active region of LD; d depth of the active region of LD.
The theoretical model of injection locked F-P LD is solved numerically by

fourth-order Runge-Kutta method.

A Wavelength at gain peak 1545 = 10" %m
L Cavity length 600 = 10" %m
w Width of active region 15 =10 %m
d Depth of active region 0.2 =10 %m
r Confinement factor 0.5

Ag group index 35

o Line width enhancement factor 3
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ﬁ%‘ Spontaneous emission factor 4u 102
Eippe Internet loss 4= 10%m=1
ﬁ}, Reflectivity of the front facet 0.01
Ry Reflectivity of the real facet 0.3
a Gain constant 3= 1070n°
N, Transparent carrier density 1= 10%R?
A Non-radiative recombination coefficient 1=10%
B Radiative recombination coefficient | 2= 40 15r2s~2
C Auger recombination coefficient g+ 1008t
€ Gain compression factor 3.5 = 1075 2y?
n Coupling efficiency between the pigtail 0.4
fiber and the active region
& ﬁg‘ 3dBgain bandwidth 50 = 10 g
i fm ade Mode spacing of F-P LD 714 % 107 Ex

(Table.5-1 Physical parameters of F-P LD)

Parameters are chosen mainly from the basic characteristics about
injection locked F-P LD and others are referred by successful experiments [20]
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[21] [23] [24]. (see table.5-1)

Central wavelength of 1545 nm which is in the C band guarantees the
lower optical fiber attenuation and dispersion.

3dB band width of filter is 31.3 *10"Hz which is less than &fmese which
is mode spacing of F-P LD.

The calculated threshold current is 22.5mA. The bias current of the F-P
LD is 1.2 times of threshold current.

The time interval is 1ps and the simulation is extended to 100ns so that the

frequency resolution is 10 MHz.

The detuning af is zero in order to simplify the simulation.

The number of mode of the F-P LD is five.

The broadband ASE and spontaneous emission noise are complex
Gaussian process. They are both generated by random number generator in the
simulation.

Then the narrow band ASE is calculated by equation (62).

5.2 Simulation results:

Free running F-P LD shows multimode characteristic longitudinally.
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(Fig.5-2 Total power output distribution in the free running F-P LD)
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(Fig.5-3 Carrier density in free running F-P LD)

In Fig.5-1, the upper line expresses 0-th mode which is the main mode; the
medium line expresses the 1-st mode and the lower line expresses the 2-ed mode.
The power distribution is reasonable since the power of each mode is not
supposed to be identical since the gain dispersion is included in the model.

Carrier density in the Fig.5-3 agrees with the result in Fig.2-10.

Then we use this model to analyze the following characteristics of F-P LD:

(1) Power distribution of five modes in the cavity:

* T ' ! 1 ! T
] s f f
%.48-—. ................................ {5 ORISR PP é? .............. (0 RESXRIERRRRERS: .................................. -
i o : : io :
43k L. i i i i i , |
1843 1543.5 1644 16445 1845 15455 1548 15455 1547
‘Wayslength{nmj

(Fig. 5-4 Power distributions in the free running F-P LD)
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In Fig.5-4, the free running F-P LD also shows its longitudinal multimode

characteristic. The side mode suppression ratio (SMSR) is about 0.02dBm.

e T o o £ AP
é I U PSPPI ST PO ................... ..................................... IRt ................. -
'g : : : :

g S R SOOI . ............... . G! .................................... ................. ................. _}
5 i i i i i i i
1843 15435 1544 1544 5 15458 15455 1548 1548 5 1547

Wavslength{nm)
(Fig.5-5 Power distributions in the injection locked F-P LD with -50dBm ASE injection)

In Fig.5-5, F-P LD is injected by a very small sliced ASE signal. Since we
assume that the detuning between sliced ASE and free-running F-P LD is zero, F-
P LD shows four-wave and multi-wave mixing associated with the unlocked slave

laser frequency and has a side peak in the spectrum due to regenerative

amplification [7].

-4 T T —T T 15 > T
é B e e ................................... .
¥ :
g 8 _.,,,«\ .................................. -
a : : : : :

0 i i — (] i i l

1543 18435 1544 15445 1845 1645.5 1548 16848.5 1547

Wavelength{nm)

(Fig. 5-6 Power distributions in the injection locked F-P LD with -35dBm ASE

injection)
0 T T T T J ! !
: o 0 : o) H :
g A0 b R RATITII IS ‘ ................................. -
e 5 z 5
g.gg _ ..................................... P -
o : © :
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(Fig. 5-7 Power distributions in the unlocked F-P LD with -18.8dBm ASE

injection)

In Fig. 5-6 and Fig.5-7, F-P LD is continuously unlocked.

€
g
i
g - ;
-4 i i i i i | 1
F 543 15435 1544 15644.5 1845 16455 1546 164B.5 1647
Wavelongth(nm}

(Fig. 5-8 Power distributions in the injection locked F-P LD with -18.5dBm ASE
injection)

However, after just added only 0.3 dBm more injection power, F-P LD
reach out its threshold and starts to show its stable longitudinal single mode

characteristic with the SMSR of 17dB.

Power(dBm)

1646 16485 1547

15 l fa l 3 l i
15435 1544 1644.5 1545 15455
Wavelangth(nm)

(Fig.5-9 Power distributions in the injection locked F-P LD with -10dBm ASE
injection)
When the master laser power input reaches -10dBm, the injection locked

F-P LD shows more longitudinal single mode characteristic with SMSR of 25dB
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and its own output power of 4.9 dBm. SMSR of 25 dB is sufficient enough for
DWDM-PON and the 4.9 dBm is good enough being as a transmitter in the
optical single mode communication system. So we can get the conclusion that
injection power of approximate -10dBm is the optimal injection power in this

model. This result agrees with the lab result in Fig.4-2.

10 T T T T T T T
= : @
€ U S OO SO DRSO PRI DS SR SPIU OOt NP PSP 4
g ° :
= H
g 10_: .......................................................................................................... -
o : : :

o0 ] & i | i i i © i

1543 16435 1544 1544.5 1545 1845.5 1548 1546.5 1547

Wavalangth(nim)

(Fig. 5-10 Power distributions in the injection locked F-P LD with -3dBm ASE
injection)
SMSR and output signal of injection locked F-P LD consistently go up

with the consistent master laser power going up. But the growing up ratio

becomes slow gradually.

D 7 T T T 7 T 7
= : o
:E 0_,\\ .................. T L PP PPt S TP -
§' :
8 20_ ............................ b....b ..................................... 6 ................... ° ............................ p
) i i i i i i i
4‘10‘543 16843.5 1544, 1544.5 1548 1545.8 1648 16485 1647
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(Fig. 5-11 Power in the injection locked F-P LD with 10dBm ASE injection)
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When a 10 dBm big ASE signal injects into F-P LD, the characteristics of
F-P LD cannot be explained precisely by RE model anymore. In this case, the FP

model can give more precise explanation in this case.
The simulation results about the power agree with Fig.2-7 and Fig.2-8.
2) RIN

We calculated the RIN by assuming the receiver bandwidth is 1M which is referred

by [6].

RIN{dB/Hz)

Freguency(Hz)

(Fig. 5-12 RIN in the free running F-P LD)

In Fig.5-12, RIN starts its high frequency peak in the relaxation oscillation

of F-P LD at around 2.2 GHz.

RIN(dB/HZ)

HEE
—1 i |-

Fraquency(Hz)

(Fig. 5-13 RIN in the injection locked F-P LD with -50dBm ASE injection)

Fig.5-13, the high frequency peak downshifts. The reason is that F-P LD is

in the four-wave and multi-wave mixing associated with the unlocked slave laser
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frequency. The relaxation oscillation frequency downshifts in this case. RIN even

gets worse comparing to RIN in its free running status. The reason is the mode

partition noise and mode hopping noise increase.

20 L S S S S R St A o T
= I
g
= :
e : b :
M J i — i M v
100 =t e AU T T T Y L L i
10" 10° 1 1°

Frequency(Hz)

(Fig. 5-14 RIN in the injection locked F-P LD with -35dBm ASE injection)

In Fig.5-14, the relaxation frequency continuously downshifts but the light

output gets more stable. However, the RIN gets better than RIN in its free running

status in this case.

RINGBHZ)

Freguency(Hz)

(Fig. 5-15 RIN in the injection locked F-P LD with -18.8dBm ASE injection)

In Fig.5-15, F-P LD runs around the nearby of stable locked area but F-P

LD keeps staying in the four-wave and multi-wave mixing associated with the

unlocked slave laser frequency status.

From now on, F-P LD reaches its injection locked status. F-P LD starts to

output longitudinal single mode signal. RIN of the main mode almost equals to
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that of the total mode (See Fig.5-16). Mode partition noise and mode hopping
noise are extremely suppressed.

The simulation results in Fig.5-16 ~Fig.5-18 agree with Fig.2-5. The
relaxation oscillation frequency increases with the increase of the laser output
power which is almost the power of main mode. The performance of RIN also

increases with the increase of the power of ASE since mode partition noise and

mode hopping noise get even more suppressed.

RIN{dBHZ)

Frequency(Hz)

(Fig. 5-16 RIN in the injection locked F-P LD with -18.5dBm ASE injection)

N R I S A S i
/ 10 10° 10
Frequency(Hz}

(Fig.5-17 RIN in the injection locked F-P LD with -10dBm ASE injection)

RIN@BHZ)

Fraguency(Hz)
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(Fig. 5-18 RIN in the injection locked F-P LD with -3dBm ASE injection)

8

RIN{dE/HZ)
E B

8

Fraquency(Hz)

(Fig.5-19 RIN in the injection locked F-P LD with 10dBm ASE injection)

After injected by a high power ASE signal, F-P LD cannot be described

precisely by RE model.
The simulation results about RIN agree with Fig.2-9.
3) Gain

Since nonlinear effect is considered in the simulation, gain decreases with
the increase of electrical field, in other words, with the increase of photon density.
Photon population in all modes remains zero for a time period known as the turn-
on delay time after which it increases rapidly. Relaxation oscillation takes several
nanoseconds to become sufficiently damped for mode intensities to reach their
steady-state values. With the small signal injected, photon density doesn’t change
a lot then neither does gain (see Fig.5-20~Fig.5-22). Gain decreases obviously
after a rather big signal injected which is much close to the injection locked area

(See Fig.5-23).
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Time(s) x10°

(Fig.5-20 Gain in the free running F-P LD)

Time(s) x10°

(Fig.5-21 Gain in the injection locked F-P LD with -50dBm ASE injection)

Tima(s)

(Fig.5-22 Gain in the injection locked F-P LD with -35dBm ASE injection)

Time(s) w10

(Fig.5-23 Gain in the injection locked F-P LD with -18.8dBm ASE injection)
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When F-P LD works in the injection locked area, master laser quenches all

the side mode and forces slave laser oscillates in the single mode status. And the

linearized gain (see equation (59)) explains dynamic characteristics about gain

well when we assume that the laser operation is not so far from the laser threshold

(see Fig. 5-23~Fig.5-25).

Gain

o

1 T T T T T T T

T VRO R T SO SIS SRR S ;
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o] 1 2 3 4 g 5 7 8

Tima(s) x10°

(Fig.5-24 Gain in the injection locked F-P LD with -18.5dBm ASE injection)
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(Fig.5-25 Gain in the injection locked F-P LD with -10dBm ASE injection)

Time(s)

(Fig.5-26 Gain in the injection locked F-P LD with -3dBm ASE injection)
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However, by injected a big ASE light signal, equation (59) cannot explain
well. In this case, F-P model predicts a wider locking bandwidth so is more useful

for large signal. (see Fig.5-27).

(Fig.5-27 Gain in the injection locked F-P LD with 10dBm ASE injection)

3.3 Summary

Our goal is to find out a cost efficient way to realize wavelength
independent transceiver in ONU. We theoretically analyzed the F-P LD injected
locked by sliced broadband light source based on RE model. The simulation
results show that the injection locked F-P LD with NASE emits a very good
longitudinal single mode characteristic so could be used in the reflective
architecture of WDM-PON as a good solution of wavelength independent

transmitter in ONU,
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Chapter6. Summary and Future Work

The overall objective of this study is to find out a cost effective way to
establish WDM-PON broadband access network.

In this thesis, we are actually dealing with a kind of reflective architecture
in which all of the individual wavelengths of ONU are provided by a shared
network resource (see Fig.3-1).A shared network source is used to seed the return
path modulators with the end user’s ONU. The upstream transmitter within the
ONU only requires an identical reflective optical modulator.

We study the ASE of an EDFA as the broadband seed light source and F-P
LD as the reflective optical modulator. The sliced continuous wave ASE (cw)
seed light is used to injection lock an F-P LD transmitter in ONU. From the
injection locked point of view, the ASE light is the master laser and F-P LD is the
slave laser. So this is not the same as coherent injection locked of two lasers
anymore. Our work is to explain this phenomenon theoretically by solving the
rate equation.

In this scheme one F-P cavity mode which falls within the spectral pass
band of the filter will be amplified and modulated by the ONU laser and returned
back through the filter. Resonant operation of the reflective transmitter reduces

the required drive current and can reduce the slicing noise through gain saturation.
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The laser is different from normal F-P transmission lasers because the laser chip
should have lower than normal reflectivity on the front facet and enhanced
reflectivity on the back facet. The chip should also be longer than a conventional
F-P LD to reduce the cavity mode spacing to enable more laser longitudinal
modes to fall within the spectral pass band of the filter such as an AWD. This
effect can reduce the impact of mode competition noise. In the simulation we
ignore the mode partition noise. To optimize the performance of the injection
locked scheme required control of both the laser parameters and the injected
optical power. The optimization of the operation point will also be dependent on
the position of the natural gain peak of the laser compared to the injected spectral
slice so is likely to vary between ONU’s.

So in the first chapter we study some fundamentals about WDM-PON in
order to find a cost effective way to implement it. In the second chapter we study
the characteristics of F-P LD and injection locked F-P LD in order to theoretically
analyze how to choose the parameters of an F-P LD. In the third chapter we study
one effective seed light source. In the fourth chapter we study some good
experiments about injection locked F-P LD with NASE in WDM-PON reflective
architecture. In the fifth chapter we setup one F-P LD model based on
experiments from chapter three and theoretical analysis from chapter two and
simulate the dynamic characteristics of injection locked F-P LD by numerically

solving the rate equation. The simulation results agree with experimental results.

66



Master Thesis-Yudan Yan McMaster-Electrical & Computer Engineering Department

Py

T 1
3—--% |
!)«di Splitter

" Downlink Seed Lights

(Fig.6-1 Proposed WDM-PON architecture using CW-injection-locked F-P LD)

However, there is still a lot of work to do. Using F-P LD injection-locked
by spectrum-sliced broad-band incoherent light source, the user bandwidth is
limited because of the conversion of excess intensity noise (IN) from the seed
light to the FP-LDs. In order to further increase the data rate, the use of high-
quality seed light sources with low IN is essential. The experiment [24] shows
that by using F-P LD injected locked by continuous wave coherent seed light the
IN can be largely eliminated and user bandwidth can be improved to 10GHz with
the transmission error free.

The later work should be to construct more precise theoretical model based

on those more complex experiments.
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