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INTERNATIONAL ELECTROTECHNICAL COMMISSION

OPTICAL AMPLIFIERS -

Part 9: Semiconductor optical amplifiers (SOAs)

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization<comprig
all national electrotechnical committees (IEC National Committees). The object of IEC is to promotejinternatid
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end

in addition to other activities, IEC publishes International Standards, Technical Specifications, Techhical Repd
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”). T
preparation is entrusted to technical committees; any IEC National Committee interested in-the subject dealt

may participate in this preparatory work. International, governmental and non-governmental organizations liaig
with the IEC also participate in this preparation. IEC collaborates closely with the International Organization|
Standardization (ISO) in accordance with conditions determined by agreement between the two organization

The formal decisions or agreements of IEC on technical matters express, as neatly as possible, an internatig
consensus of opinion on the relevant subjects since each technical committee has representation from|
interested IEC National Committees.

IEC Publications have the form of recommendations for international 'use and are accepted by IEC Natig
Committees in that sense. While all reasonable efforts are made te‘efisure that the technical content of

Publications is accurate, IEC cannot be held responsible for the way in which they are used or for

misinterpretation by any end user.

In order to promote international uniformity, IEC National CGommittees undertake to apply IEC Publicati
transparently to the maximum extent possible in their natiepal*and regional publications. Any divergence betw
any IEC Publication and the corresponding national or régional publication shall be clearly indicated in the laf

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conforr
assessment services and, in some areas, access/to |[EC marks of conformity. IEC is not responsible for
Iservices carried out by independent certification*bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts
members of its technical committees and IEC National Committees for any personal injury, property damag
other damage of any nature whatseever, whether direct or indirect, or for costs (including legal fees)
expenses arising out of the publieation, use of, or reliance upon, this IEC Publication or any other
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publication
indispensable for the cottect application of this publication.

Attention is drawn to/the*possibility that some of the elements of this IEC Publication may be the subject of pa
rights. IEC shall n6t be held responsible for identifying any or all such patent rights.
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IEC TR 61292-9 has been prepared by subcommittee 86C: Fibre optic systems and active

de

vices, of IEC technical committee 86: Fibre optics. It is a Technical Report.

This third edition cancels and replaces the second edition published in 2017. This edition

co

nstitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous

ed

a)
b)

c)
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ac
at

de
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ca
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st
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ition:

revised definitions for SOAs in 3.1;

added more theoretical background on gain ripple measurements using amplif
spontaneous emission (ASE) spectrum in 4.3;

Clause 5.

b text of this Technical Report is based on the following documents:

Draft Report on voting

86C/1820/DTR 86C/1830/RVDTR

e language used for the development of this Technical Report is English.

s document was drafted in accordance with lSO/IEC Directives, Part 2, and developed
ordance with ISO/IEC Directives, Part 1 and }SO/IEC Directives, IEC Supplement, availa
www.iec.ch/members_experts/refdocs. The main document types developed by IEC
scribed in greater detail at www.iec.ch/fpublications.

’Lst of all parts in the IEC 61292 series, published under the general title Optical amplifig
be found on the IEC website.

e committee has decided that the contents of this document will remain unchanged until
bility date indicated on.the IEC website under webstore.iec.ch in the data related to
cific document. At this date, the document will be

reconfirmed,

withdrawn,

replaced by a revised edition, or

amended.

removed the formerly preferred set-up for output power and PDG measurements| i

I information on the voting for its approval can be found in‘the report on voting indicated i
thg above table.

ed

in
ble
hre

he
he

IMPORTANT - The "colour inside” logo on the cover page of this document indicates that it
contains colours which are considered to be useful for the correct understanding of its
contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

g B34

ical amplifiers (OAs) are essential components for‘Q\e optic communication systems,
where they serve as booster amplifiers, in-line %@ers and pre-amplifiers. Numergus

stgndards have been published for OAs (e.g., the 61290 series and IEC 61291 serigs).
Hopwever, most of these standards focus on optic re amplifiers (OFAs) because these are
commonly deployed in commercial fibre opt idxnetworks. Recently, semiconductor optigal
amplifiers (SOAs) have attracted attention f pplications in Gbit passive optical netwofks
(GPONSs) and Gbit Ethernet (GbE) system§@|ch operate at line rates of 100 Gbit/s and beygnd.
SJA chips are as small as laser diodes and are directly driven by an electrical current.

Although SOAs operating in the 1 31~&\nm or 1 550 nm wavelength bands have been extensively
studied since the 1980s, SOAs l\@e mostly been used in laboratories or in field trials. Thig is
dug to certain performance limitations of SOAs, such as gain ripple and polarization dependgnt
gain (PDG). As a result, Q‘:’é@éare few IEC documents addressing SOAs. One exception is
IEC TR 61292-3, which is echnical Report on classification, characteristics, and applicatigns
of PAs including SOAsy However, IEC TR 61292-3 presents only general information on SQAs
angl does not con detailed information on test methods for measuring the particylar
pefformance par ers of SOAs.

IEC 61290@20 describes test methods for power and gain parameters of OAs, whjch
indude thod for gain ripple measurements on SOAs. This document has been revised to
ha mo@ts content with [EC 61290-1-1 and with IEC 61291-2.

Thisdocumerntprovides more detaited—descriptions of thespetific features of SOAS, mctuding
information on gain ripple and PDG.
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OPTICAL AMPLIFIERS -

Part 9: Semiconductor optical amplifiers (SOAs)

Scope

part of IEC 61292, which is a Technical Report,—focuses—on—semiconductor—opt
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constitutes requirements of this document. For dated references, only the edition cited appli
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nlifiers {SOAs)—especiallythe specificfeatures—and-measurement-of gain-and po larizat
pHHEFS (S UAS)—espe HY Spe ahRc—-Reasurement-ot-gatiahaporattZat

}eﬂdeﬁmga+n+F—’DG} describes the characteristic features of semiconductor o pt|cal amplifi

s document focuses on amplifying applications of SOAs. Other applications, such
dulation, switching and non-linear functions, are not covered.

ential applications of SOAs, such as reflective SOAs (RSOAs) forthe seeded wavelen
ision multiplexing passive optical network (WDM-PON), are reviewed in Annex A.

Normative references
! ) E . . .

e following documents are referred to in the textiQ such a way that some or all of their cont

undated references, the latest edition™of the referenced document (including 4
endments) applies.

[ 61291-1:2018, Optical amplifiers & Part 1: Generic specification

DAs), including the specific features of gain ripple and polarization dependent gdity (PDG).

a
=
(]

as

gth

14

bnt

(1%
(2]

ny

IEC 61291-2:2016, Optical amplifiers — Part 2: Single channel applications — Performarjce
specification template

3 | Terms, definitions, abbreviated terms and symbols

3.1 Terms and'definitions

Fof the purpOses of this document, the terms and definitions given in IEC 61291-1:20(8,
IEC 61291272016, and the following apply.

ISPand IEC maintain terminological databases for use in standardization at the follow|ng
addresses:

3.1.

IEC Electropedia: available at http://www.electropedia.org/

ISO Online browsing platform: available at http://www.iso.org/obp

1

SOA
semlconductor optlcal ampllfler

optical amplifier in which the active optical waveguide is formed by a semiconductor laser diode
structure, which is electrically pumped
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Note 1 to entry: SOAs have a similar structure to Fabry-Perot semiconductor laser diodes but with anti-reflection
elements at the end surfaces. The optical signal is amplified through the stimulated emission phenomenon in the
gain medium.

[SOURCE: IEC 61291-2:2016, 3.1.3, modified — Note 1 to entry has been added.]

3.1.2
SOA chip
semiconductor chip that is the active component of the SOA module
3.1.3
SJA module
fibfe-pigtailed optical component that consists of the SOA chip, lenses, optical isolators| (if
neg¢essary), a thermoelectric cooler (TEC), a thermistor, a package, and optical fibre(s)
3.1.4
population inversion factor
nsp
ratjo of the injected carrier density N to the subtraction of the carrier)density Ny where the
stimulated emission is equal to the stimulated absorption from N

e N

N -N

Note 1 to entry: In the semiconductor optical amplifier (SOA) field, the population inversion factor is composed of
not|only carrier density parameters but also combination of theyconfinement factor I', the optical gain g, and intefnal
optfcal losses a of the optical waveguide of SOA chip. It is_defined as:

L o I'xg
N-Ny I'xg-a

}’lsp

Not

be Is often called "transparent carrier density".

2 to entry: The carrier density N, at which the stimulated emission is equal to the stimulated absorption-

hay

3. Abbreviated terms

A anti-reflection

A amplified.Spontaneous emission
BPF band pass filter

C 100:G form factor pluggable

C continuous wave

DEMUX demultiplexer

DFB distributed feedback

EDFA erbium-doped fibre amplifier
FWM four-wave mixing

GbE gigabit Ethernet

GPON gigabit capable passive optical network
LD laser diode

MSA multi-source agreement

MMI multi-mode interference

MQWs multiple quantum wells

NF noise figure

OA optical amplifier
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OFA optical fibre amplifier

OLT optical line termination

ONU optical network unit
OPM— optical power meter

PC polarization controller

PD photodiode

PDCE polarization dependence of coupling efficiency
PDG polarization-dependentgain

PIC photonic integrated circuit

PQL polarizer

PN passive optical network

RSOA reflective semiconductor optical amplifier
S cremnbsnlasceont Ao

SMF single-mode fibre

SJA semiconductor optical amplifier
TE transverse electric

TEC thermoelectric cooler

TIA transimpedance amplifier

™ transverse magnetic

VJA variable optical attenuator
WDHM wavelength division multiplexing
XgM cross gain modulation

XPM cross phase modulation

3.3 Symbols

G optical gain

Ie forward current

L chip length

e effective-fefractive index
NI} noise figure

nsd population inversion factor

PDIG

PD Ytotal

R

AGripple

Aﬂ'ripple

active

reflectivity

peak to peak amplitude of gain ripple
period of gain ripple

TE mode confinement factor

TM mode confinement factor

wavelength
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4 Specific features of SOAs

4.1 SOA chips

Figure 1 shows the schematic diagram of a typical SOA chip. Similar to LDs, SOA chips are
less than 1,5 mm in length, 0,5 mm in width, and 0,2 mm in height. Since SOA chips are made
of I1I-V compound semiconductor materials and developed based on the technologies used for
laser diodes (LDs), the basic physical mechanisms of generating optical gain in SOA chips are
the same as those in LDs. Therefore, the population inversion inside the SOA chip is
implemented by a forward current (Ig), and the input optical signals are amplified by the

sti:lnulated emission of photons in the active Tayer of the chip. The cross seciion of a typical
acfive layer is 1,5 ym in width and 0,1 ym in thickness (height).

Stripe
_ _ _ Optica
Antireflection coatings output

SOA chip

\
e

Width
‘::iszi Optical

input

a
<
D
[C)
T

Active layer

Electrodes

Facet

IEC

Figure 1 — Schematic diagram of the typical SOA chip

Fiﬁllr

ows th
OWS—t

a
e

hn tor Q A
bysmpiy—app#ymg—the—ewpem— Figure 2 shows an example of the dependency of the SOA gpin
on|the forward qureent 7. The current is injected into the chip through electrodes at the top gnd
boftom of theySOA chip, as shown in Figure 1. The gain of the SOA chip can be varied|by
adjusting threyforward current. As shown in Figure 2, by increasing /¢ to values greater than 150

mA, typical SOA chips can provide optical gain greater than 20 dB at an input optical power of
arqund\=20 dBm.

D

aain déan
gaihi—Gepen
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ad into electrodes at tha ton
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Co

(AR) coatings on both facets to avoid optical feedback between thefacets. Since semicondug
mdterials have a much higher refractive index (> 3 is typical) than air, a facet with

an

alg

le
ref

Fidure 3 a) and Figure 3 b) show schematic top views,of a conventional SOA chip and an S

chi

SJA chip has a straight stripe, which is normalfo the two facets where AR coating is appli

AR coating conS|sts of a multlple Iayer thln film. Eaeh%kﬂess%aﬂ}aﬁe#waamlengtm

Th

25

Optical gain G (dB)

d

[,

0 50 100 150 200
Forward current Ir (mA)

IEC
Figure 2 — Example of gain dependency of an SOA chip on forward current

mpared with LDs, the most distinctive feature of SOAs is that the SQA.chip has anti-reflect

i-reflection coating has a reflectivity of 30 % or above. This feature is suitable for establish
ser cavity but not for the SOA chip, for which-requires tHe facet has to have a reflectivity
s than 0,1 % over a wavelength range of greater than 30 nm. To achieve such a |
ectivity, AR coatings are employed on both facets,of-the SOA chip, as shown in Figure

p with an angled waveguide structure, respectively. As shown in Figure 3 a), a conventio

angle{(9)-between-the-stripe-and-thefacet-is 90°- The thickness (e.g., quarter wavelength

th film layer is controlled to, within £+4 %. The residual reflectivity will cause intra-cayi
brference between the facets, Which leads to gain ripple or even laser oscillation. When
hle 0 between the active sttipe layer and the facet is 90°, the reflected light is readily coup
Lk into the stripe, thus\lgading to multiple reflections between the facets. One of the bp
lys to suppress intrascavity feedback is the introduction of an angled waveguide structure,
bwn in Figure 3 b).\The reflected light cannot-be-ceupled-by encounter significant multi
ections when gsing an angled stripe with = 7°. This approach-enables-the-SOA-¢chip
re—a-low-facetreflectivityof reduces the facet reflectivity to about 0,2 %, and to less th
% when gonmibined with AR coatings.
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Stripe /SOA chip
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Reflected light

Optical |:> 7 Optical
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!
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IEC

a) Conventional SOA chip

. . SOA chip
Stripe (angled waveguide structure) /
|
Reflected fight Opical
Facet ptica
\..H ‘ @ output
— | T e
/ Jf ------
. E 6 angle
Optical @ I ey LI R IR .
input
4 [~
\ ™~ Facet
/ N
/ \
AR coating Electrode AR coating Ec

b) SOA chip with:angled waveguide structure

Figure 3 — Schematic top view of a typical SOA chip with
and without'an angled waveguide structure

bther specific feature of SQAs is that the gain wavelength band of SOA chips can be var

byjerly changing the composition of the semiconductor materials using mature LD technolog

(i.€
SO

wal
As

thgn 40 nm.

An

bther specific feature of SOA chips is-their-integration that they can be integrated with ot

semiconductor devices, such as tuneable LDs, electro-absorption modulators and pass
wa’peguides, on a single chip. These integrated SOAs are used, for example, as booster

ed
jes

., by a band enginegring technique). For example, long-wavelength (1 300 nm to 1 600 rim)
A chips-have typigally use an InGaAsP active layer on an InP substrate, and the pegak
Velength of the gain is adjusted by changing the-respesctive relative concentrations of In, Ga,
and P in the InGaAsP layer. The typical gain wavelength-band range of SOA chips is gredter

her
ve

amplifiers in tuneable LDs and line amplifiers (loss compensators) in photonic integrated circuits
(PI

Cs).

In summary, SOAs have very different physical mechanisms for amplification and, hence,
device configuration than conventional optical fibre amplifiers (OFAs).

Figure 4 shows the schematic top view of the SOA module. An SOA chip, a TEC, and optical
lenses-may can be assembled in a butterfly package which has fibre pigtails for the input and
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output ports. This is the most common package for SOA modules and its size is almost the
same as that of 14-pin butterfly LD modules. The use of optical isolators (input and/or output)
may-depend depends on the application. For example, optical isolators are not employed in
SOA modules for bidirectional amplification. The TEC is used to stabilize the temperature of
the SOA chip, since more than 100 mA of electric current injected into the SOA chip will cause
significant heating inside the chip-te, which can affect its polarization characteristics. Similar to
LD modules, SOA modules are also hermetically sealed with N, gas.

Fibre

1st |ens and holder SOA chip  Heatsink
\ / Electrode
Isolator
(optional) Package
Lens holder  \njindow \L \ |

Ferrule holder

\ \‘
Ferrule /
2nd |ens OpEcaI
path l/
Submount

3NN\ '_'j::

B
by
P

Optical

TEC

Figure 4 — Schematic top view of a typical SOA module

4.1 Gainripple

4.21

General

\I\\ Thermistor

output

Optical feedback inside the SOA'chip,~which-is-the resulting from residual reflections-from at
thg chip facets,-may can lead to-round-trip resonances when an input optical signal is launched
intp the chip, as shown in Figure 5.

Input signal

=

-

!

SOA chip \

Facet

A

A

IEC

Figure 5 — Schematic diagram of the optical feedback inside the SOA chip

The amplified light from the various round-trip paths—will can interfere constructively or
destructively depending on the wavelength of the signal light. As a result, the SOA gain
becomes wavelength dependent, as shown in Figure 6. This gain dependence on wavelength

is called gain ripple;as-shown-in-Figure-6.
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ripple‘

\ N N

>

Optical gain

Wi

is given by Formula (1).

VAVAVA

Wavelength
IEC

Figure 6 — Schematic diagram of gain ripple

h chip gain G and facet reflectivity R, the peak-to-peak amplitude of the gain ripple AGig

(1+GxR)?

AGipple = ~——=
PP (1-GxR)?

23

ple

(1)

At signal wavelength A, chip length L, and effective refractive index ng, the period of the gpin
ripple Ayjppie-ts-gerived can be calculated from:Formula (2).

Mo = 2

ripple 2ngg L (2)

At} =1 550 nm, for example “Ad, e is approximately 0,29 nm for an SOA chip with ngs = B,4

angd L =1,2 mm. Since ap'SOA-chip—has—the birefringence—between-theparallel-transvefse

cletde—r=—aneerthego sl bmnovere s msenotie [l dipsetiene Lo b oblo cnbeliohis

wapeguide typically &xhibits birefringence between the transverse electric (TE) &

ort
de

=

4.2

4.2

}—and—orthogonaltransver

hogonally polarizZed transverse magnetic (TM) waves (relative to the chip substrate), Avig
pends on the polarization-mede state of the input light.

.2 Theoretical calculation of gain ripple

21 SOA gain and gain ripple

nd
ple

Fid
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structure of length L and power reflectivities R4 and R, respectively.

OA

Assuming a uniform gain profile, the output electric field £, in the presence of multiple

ref

lections in the SOA cavity is given by Formula (3).
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Eout = \/(1_R1)(1_R2)Gs Ein eXp(_jﬂzL)
« [1+ [R1Ry Gsexp(—2j,L)+ RiRo G§exp(—4jﬁzL)+~-]

J(1=R) (1= Ry) G Eiy exp(—j L)
1—JR1Ry Gsexp(=2j5,L)

whete

Eiy is the amplitude of the input optical signal (Einput in Figure 1);

Gq is the single pass power gain;

ﬂz is the (longitudinal) propagation constant of the field in the cavity.
Einput
— < o) '

=

. Eout

b
v
v
.
v

A
A

i

T
AN

M

A

\i

1 >
z

IEC
Figure 7 — lllustrated\ntodel of a Fabry-Perot type SOA
Then the overall SOA gain G is given by Formula (4).

2
ool Eon] (1 R2)(1-72)Gs

_|Ei”put| :(1_Gs R1R2)2+4Gs Ry Ry sin?(B,L)

magximUm*and minimum values. When ;2 (4, is zero in Formula (4), the wavelength

Dependingtoh the value of ﬁzL the SOA gain G calculated from Formula (4) varies betwgen

of the

inguisignal is equal to a multiple of the cavity resonance frequency, and G assumes |its

maximum value G5, Which is given by Formula (5).

(1= Rq)(1- R ) G5

(1- Gs /R R2)2

max —

In contrast, G is minimum when ;.24 ,) is equal to 1, which represents a phase mismatch

of © between the input signal and the cavity resonance frequency. The minimum gain G
given by Formula (6).

min IS
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1-Rq1)(1- R, )Gs
B () N

(1+GS R1R2)2

The gain ripple AG e is defined as the ratio of G5, to Gy, Which can be readily calculated
from Formulae (5) and (6), as shown in Formula (7).

4.2.2.2 SOA gain ripple derivation from ASE spectrum measurement

If there is no optical input signal, the output of an SOA is ASE light@nly. Figure 8 illustrates this
sithation for the same Fabry-Perot structure as shown in Figlre®1, having length L, power
reflectivities Ry and R,, and single pass power gain Gg. The ©nly difference to Figure 1 is the
abs$ence of an optical input signal.

> >
+— <« %
+— < <
<:| - o N |—>
< < (v <« | - Founse
- L B

' z IEC

Figure 8 — lllustrated model of ASE output from an SOA

Similar to thesease discussed in 4.2.2.1, the output electric field of the ASE, E,asg/| iS

impacted byy'multiple reflections in the SOA cavity. This can be calculated by assuming a
uniform gair profile.

Lelting £, denote the amplitude of the initial ASE electric field, the ASE output field £,,,; acg iS
given by Formula (8).

Eoutase =+ (1-R2)Gs Eg exp(—j ;L)
><|:1+ [RiRy Gsexp(—2jp,L)+ RiRo G§exp(—4jﬁzL)+m]

(8)
_ A/ (1—R2)GS EO exp(—j,b’zL)

- 1-JR1 Ry Gsexp(=2j5,L)

Then the ASE output power is given by Formula (9).
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(1-Ry)Gs ES

(1-JR1 Rz GS)Z +4 [R{ Ry Ggsin? (B,L)

2
|Eout—ASE| =

Moreover, the ASE gain Gpgg is given by Formula (10).

_|Eoutase * _ (1-R2)Gs
Eo (1-Gs R1R2)2+4G5 R1Ry sin?(S,L)

GasE

Similar to the SOA signal gain G, discussed in 4.2.2.1, the ASE gain Gaxg in Formula ({10)
valies between a maximum value Gpgg_max @nd a minimum value Gpagé)nin, depending on the
value of z_7. Gase-max @Nd Gasg-min @re given by Formulae (11) amg (12).

(1-R2) Gs
G ASE-max = 2 ( 1)
(1-Gs R1R2)
1—R-> )G
G ASE-min = ( 2) ° (12)

(1+Gs Ry R2)2

Hepce, the ripple AG g observed in the ASE gain is given by Formula (13).

ripple-AS

2

AG. _ GASE-max _ (1+GS RiRz )
ripple-ASE — G - 2 ( 3)
ASE-min (1_Gs R4 RZ)

A qomparison shows that Formula (13) is identical to Formula (7), which was derived from sigpal

galn €atculations. It follows that the gain ripple of an SOA can be determined from a ripple
mJasu[emem‘. in the ASE output spectrum measurement, even if the gain characteristics of the

SOA are unknown.

However, Formulae (3) and (4) are valid only if the value of G is less than 1/ R1 R2 . In addition,

the calculations above assume a uniform gain profile in the SOA. If the device and/or
measurement conditions do not meet these criteria, the gain ripple cannot be determined from
the ASE spectrum.
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4.3 Polarization dependent gain (PDG)
4.3.1 General

The PDG of SOAs is mainly caused by the difference in the confinement factors of the TE and
TM modes. Generally, the cross-section of the active layer has an anisotropic—structure
geometry because the thickness of the active layer (e.g., 0,1 um) is smaller than its width
(e.g., 1,5 ym). This results in a larger confinement factor for the TE mode (I'yg) than for the TM

mode (I't),), which means that the gain for the TE mode is larger than that for the TM mode.

PDG is one of the most significant characteristics of SOA modules. The total polarizatjon
dependence of the single pass gain in SOAs, PDG;,), is known to be the sum of the polacizatjon

dependence of the active layer gain (PDGg4ye) in SOA chips and the polarization dependerce

of the coupling efficiency (PDCE) between fibre and facet at both input and output)ports of the
SJA module.

In general, SOA chips have an elliptical mode field, so the PDCE is not zefo, Therefore, unlgss
a gpecific design is implemented for the PDCE, SOA modules might have‘a certain amoun{ of
PDGiotg €VenN if the PDGiye iS ZErO.

4.3.2 Polarization insensitive SOAs
4.3.2.1 General

As| described in 4.3.1, the polarization sensitivity gf SOA chips is mainly caused by the
difference between T'tg and TI'ty. To achieve.lpplarization insensitivity, —decreasingtor

coinpensation-of the-difference-willbe-needed it\issnecessary to decrease or compensate this
difference. It has been reported that the technigues outlined in 4.3.2.2 and 4.3.2.3 can yigld

PDGyotq Of less than 0,5 dB.

4.3.2.2 Bulk active layer with square cross-section waveguide structure

To[reduce the difference betweemI'tg and I't,, the thickness of the bulk active layer of the

SJA chip is increased to obtain an isotropic cross-section waveguide structure in the actjve
layler. This structure enables:SOA chips to have not only low PDG,; e but also low PDQE.
However, the isotropic waveguide structure results in a-high large total confinement facfor,
whijch in turn results intlow saturation output power. The saturation output power is defined|as
thg output power at(which the gain decreases by 3 dB from the linear regime.

4.3.2.3 Active'layer with strained multiple quantum wells (MQWSs)

To[compensate for the difference in I'tg and 'y, the TM gain coefficients-will can be controlled
by lusing strained MQWs in the active layer. The introduction of tensile strained MQWSs into the
acfive/layer leads to a higher TM gain coefficient than the TE gain coefficient. This technique
en total-
of this structure is smaller than that in an isotropic bulk active layer, the saturation output power
is higher compared with SOA chips with isotropic bulk active layers.

4.4 Noise figure (NF)

Generally, the noise figure (NF) of SOAs depends on the population inversion factor Ngp and
the coupling efficiency between the input fibre and the SOA. If the coupling efficiency is 100 %
and Ngp = 1, the noise factor is equal to 2nSID and consequently-resulied-in equal to 2, namely
yielding an NF of 3 dB in the ideal case. The Ngp of practical SOA chips is-mere higher than
unity because of the incomplete population inversion and the internal optical loss. In addition,
the optical coupling between the SOA chip facet and fibre is achieved by using a two-lens
system, which leads to the optical coupling loss of typically a few decibels because of the
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anisotropic structure of the active layer of the SOA chips (e.g., 1,5 um in width and 0,1 ym in

th

ickness). Therefore, the NF of SOA modules is typically more than 6 dB.

Since the NF depends on the coupling efficiency at the input, the NF of SOA modules with
PDG ,ive = 0 have high polarization dependence unless PDG;,, is zero.

4,

5 Lifetime of carriers

The lifetime of carriers in SOA chips is in the order of nanoseconds, leading to effects such as
cross gain modulation (XGM) and a type of signal distortion called the "pattern effect" when

usgd in gigabit-class optical signal systems.

4,

The SOA has nonlinear effects, such as cross phase modulation (XPM) and four-wave mix
(FWM). These effects are mainly caused by the carrier dynamics of SOA ghips and lead
additional applications including wavelength conversion and wavelength demultiplexing. Sir

th

arg not addressed in this document.

5

5.

It
fo

oufput power and polarization dependence. Since“signal gain depends on temperature, in
oplical power, signal wavelength and forward current, measurement results-may-sufferfrom
lack—of reproducibility are sometimes not reproducible. In this case, the use of a wide-ba
oplical light source has advantages. Byzaveraging the signal gain in the SOA over a w
walelength range, the optical power orpolarization dependence can be accurately estimat
be¢ause the influence of gain ripple on)the measurement results is drastically reduced.

Fi

dependence-en-the-wavelength-of-the for an SOA with a gain ripple of about 3 dB. The up
grgph shows the optical gower dependence on wavelength, measured by using a distribu

fe

gains of the SOA, respectively. The gain ripple is clearly observed because the DFB-LD ha
lingwidth much narrower than the period of the gain ripple. As shown in Figure 9, the amplitu

of
of

on|wavelengthfor the SOA. The green and black lines are for the DFB-LD and the amplif
spimtaneous emission (ASE) light source, respectively. Whereas the-use-of measurement w

th

lightsource was as only 0,2 dB.

q Nonlinear effects

i$ document focuses on the amplification application, further details of these nonlinear effe

Measurement of SOA output power and PDG

1 Narrow-band versus broadband light source

i usually difficult to measure SOA output power and gain using a narrow-band light sou
rlthe input signal because of the gain ripple. Gain~ipple causes measurement errors in opti

dure 9 shows an example of, theé wavelength dependence of output power and polarizat

gdback (DFB) LD as_ the input light source. The red and blue lines are the TE and TM mg

he gain ripple ef'the TE and TM modes are 3,2 dB and 3,0 dB, respectively, and the per
¢ach mode.is-0;8 nm and 0,7 nm, respectively. The bottom graph shows the PDG depender

DFB-:D showed a large PDG of more than +2 dB, the PDG measured by using the A

ng

to
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NOTE An ASE source is one example of a broadband light source.
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ptical spectrum analyser. Since the gain ripple
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5.2 compares optical power and PDG measurement results obtained by using a broadband light
source with those obtained by using a narrow-band wavelength-tuneable light source.

Figure 10 a), Figure 10 b), and Figure 10 c) show the optical power spectra of three different
SOA chips at various forward currents I and gain ripple amplitude. The period of the gain ripple

of these SOA chips is less than 0,5 nm. In the output power and PDG measurements of the
SOA chips, two input light sources were used for the comparison. One light source was a
DFB-LD with a linewidth of approximately 2 MHz (i.e., 16 fm in wavelength), and the other light
source was the ASE generated by a polarization maintaining EDFA. The peak wavelength of
both light sources was 1 540 nm, and the polarization extinction ratio of the ASE emitted from
thg EDFA was 20 dB. For the measurement set-up using the EDFA, a polarizer (POL) and]an
oplical band pass filter (BPF) was used instead of the narrow-band wavelength-tuneable optical
solirce employed in the measurement set-up described in IEC 61290-1-1. The bandwidthof the
BPF and the optical spectrum analyser was set to 5 nm, which was more than tef-times the
gain ripple period of the SOAs. The BPF was omitted when the DFB-LD was used, as the input
light source, and the bandwidth of the BPF2 was set to 1 nm. A VOA was use@d to adjust the
input power of both light sources to —20 dBm, and the polarization mode was)set to be either
TE|or TM using a polarization controller (PC).

30 Z
Ir =100 mA Ir =200 mA
50 i F

- /—\AQ\
L 3o mA
N

1480 1500 1520 154071560 1580 1600 1620

«— [-=150mA

Output power (dBm)
5

Wabvelength (nm) IEC

a) SOA chip sample 4\with negligibly small gain ripple at 7. = 100 mA

QOutput power (dBm)
8
QOutput power (dBm)

-60 =70

1480 1500 1520 1540 1560 1580 1600 1620 1480 1500 1520 1540 1560 1580 1600 1620
Wavelength (nm) Wavelength (nm) IEC
IEC
b) SOA chip sample 2 with a gain c) SOA chip sample 3 with a gain
ripple of about 1 dB at I =100 mA ripple of more than 10 dB at 7 = 100 mA

Figure 10 — Optical power spectra of three different SOA chips

Figure 11, Figure 12, and Figure 13 show the measurement results obtained with the SOA chip
samples 1, 2 and 3, respectively. In these figures, the lower graph shows the output power of
the TE and TM modes as a function of I, and the upper graph shows the PDG dependence on
Ir. For comparison, the red and black lines—are represent the measurement results obtained
with the ASE light source and the DFB-LD, respectively.
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Figure 11 — Output power and PDG of SOA chip sggle 1 as a function of I

\QFigure 12 — Output power and PDG of SOA chip sample 2 as a function of I
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Figure 13 — Output power and PDG of SOA chip sarr&;)xfg}s a function of I

In Figure 11, the difference between the results obtained with the ASE light source and the
DFB-LD was negligible due to the small gain ripple of SOA chip sample 1. However, in Figure 12,
the PDG measured with the ASE light source was about 1,0 dB larger than that measured with
the DFB-LD. This difference was caused by the 1,0 dB gain ripple of SOA chip sample 2. Even
if the gain ripple was as large as 10 dB, the measurements with the ASE light source produced
smooth and reliable results, as shown in Figure 13 for SOA chip sample 3. When the DFB-LD
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was used, the measured output power and PDG varied largely with /r due to the large gain
ripple. For example, the PDG was as large as 6 dB at /z = 100 mA while almost 0 dB at
Ir = 110 mA. On the other hand, the PDG obtained by using the ASE light source was constant
over the whole range of /g, because of the optical power was averaged over a sufficiently large
bandwidth of 5 nm.

In summary, an SOA with a gain ripple amplitude of x-dB amplitude can show variations of +x dB
in the PDG measurements when a narrow-band light source is used. For example, a gain ripple

am
t

Ho|
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rip
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solirce can be used for the gain and saturation output power, @asurements.

plitude of 3 dB can lead to +3 dB variations in the measured PDG due to the difference
amplitude of the gain ripple of the SOA is as small as 0,5 dB, it is still not advisa-bke
asure the PDG with a narrow-band light source, because of the +0,5 dB uncertai i
G measurements. Thus, to avoid the influence of gain ripple, it is better to measure out
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SOA can be noted along with the measured results of the output power anc G

O

wever, a narrow-band light source can be used for measuring the gain /saturation out
wer of SOAs if the gain ripple is sufficiently small. For example, if t plitude of the g
ble of the SOA was as small as 0,5 dB, the measurement error@ e gain measurem
uld be £0,25 dB when a narrow-band light source is used, w is much smaller than
ical SOA gain of > 20 dB. Thus, if this error is acceptable to‘<(h user, a narrow-band li

&

N
S

of
n if
to
he
Dut
of

but
Bin
bnt
he
hht



https://iecnorm.com/api/?name=3a7493ec0ffb5e4bfa7bb8d353956663

- 26 — IEC TR 61292-9:2023 RLV © |IEC 2023

Annex A
(informative)

Applications of SOAs

A.1 General

Currently, discrete SOA modules are not commonly employed in commercial-optical-network
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.2 Polarization mode of SOAs

tame fihro antic cammunication notwarks This is hecause several characteristics of SO
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h as PDG and NF, usually do not meet the system requirements. Also, SOAs are
blicable for systems that require a large saturation output power, because the gain length
As is typically as short as 1,5 mm. On the other hand, since SOA chips can be-integra
h other semiconductor devices, integrated SOA chips are widely used in PICs as’ boost
 line amplifiers. Annex A briefly reviews current and proposed applications pf\discrete S
dules and integrated SOA chips.

e polarization mode of an SOA chip is typically designed by taking-the its intended applicat
b account. Generally, integrated SOA chips used as booster amplifiers for LDs
-polarized because the LDs emit TE-polarized light. Hewever—@ser—et&%@Mned&e&u&

S,
not
of
ed
Brs
DA

on
are

,
% E%

ﬁ

domly r\hannnr’l
I HY G

line amnllflnre should be nolarization - indenendent bacads
+& rcH epe 1SA~ 1% S

D

i wil
t WHH

q
=
P
b B
el ]
[0
()]

D

T
D
P
5
e
oy
D
'_"
T
T
D
5
D
D
'_“
D

T

[ %_
®

«
>
B
(0]
Q. g
o

1ge
module
¥ atHe

» O R

© O T
O P CD

5 ¢
O T
Q QP 9
%)
©

D
@ ¢
r Fa)
e
=
s

1o
e SOA
S ami

I
- P
n (7]

odes

'_“
D
5
3

O C @

=)

=

pra
pre
thi
filt
no

A.

Re
for
link
ree
Th

semiconductor materials. For this application, an SOA chip, a TEC, and optical lenses-may

be

Lnjepepden% However, dlscrete SOA modules tised as line amplifiers are generally polarizat
e

ZaHoR—H~A ToOTCo;—

pendent because the input polarization?state to the SOA changes randomly when i
pagates through an optical fibre link. ikewise, polarization-independent SOAs are used
-amplifiers in optical receivers, whergithe input light can be in various polarization states
b application, the SOAs are typicallydiscrete modules, because they often employ an opti
br after the SOA module and hefore the subsequent photodiodes (PDs) to reduce the A
se.

8 Reach extender for GPON

cently, the use 6fSOA modules was proposed as one example of OA-based reach extend
GPON in ITU-T-Recommendation G.984.6. The reach extender is incorporated into the fi

between the'optical line termination (OLT) and optical network unit (ONU) to increase
ch to 60-km in both the upstream (4 = 1 310 nm) and downstream ( 4 = 1 490 nm) directio
e SOA-chips can be easily adapted to both wavelengths by changing the composition of

as

modules-may-be are typically utilized-ferthis-application.

assSembled in a butterfly package that has two fibre pigtails for the input and output po

O
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A.4 Pre-amplifier in transceivers for 100 Gbit Ethernet

In

OA

the IEEE 802.3ba task force, installing an SOA module as a pre-amplifier into 40 km-
100 Gigabit Ethernet transceivers was proposed. The multi-source agreement (MSA) defined
them as 100G form factor pluggable (CFP) transceivers as described in CFP MSA Hardware
Specification Revision 1.4.
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Figure A1 shows the schematlc dlagram of the recelver sectlon of SOA mcorporated CFP

#anseewe%thes@ea#kthaenehe&m&e%h&S@MneeMe The mput S|gnal Ilght to a smgle-
mode fibre (SMF) is composed of four multiplexed wavelengths (11, 42, 43, and 14) within a
wavelength band of about 5 nm around 1 300 nm, where each wavelength carries an
information signal with a data rate of about 25 Gbit/s. After propagating through the fibre, the
multiplexed signals are launched into an SOA module at the input port of the transceiver. Since
the signal light is muItipIexed four Wavelengths are simultaneously amplified by the SOA

dula Than tha Lficod ciono | hi da s adinta fo adiaidaal al al li
maoéetdre- TTTCT, e UIIIPIIIIUU Srgtrrat ||3||L S UUIIIMILIFIUI\UU Hto—+ourhahHeadat \J'JLIUUI olyllul Hhes

byl|a 1:4 demultiplexer (DEMUX). The demultiplexed-signatlights optical signals are converied
to [four 25 Gbit/s-4—channel parallel electric signals by four PDs. The electric signals are
amplified by transimpedance amplifiers (TIAs) and then converted to 10 Gbit/s A0-chanhel
pafallel signal lines by a 4:10 de-serializer.

10G x 10
25 GR4 .

M R 2 AN
SOA » PD »  TIA > 1 >
1,42, 13, J4 14 2 Pp s TIA » 410 >
_4.EMF 3 19 >
DEMUX » PD » TIA - De-serializer >
4 >
2 PD »  TIA - /} >

Receiver section of SOA-incorporated CFP transceivers

A
L 3

EC

Figure A.1 — Schematic diagram of the receiver section
of SOA-incorporated CFP transceivers

In this application, the SOA module is a butterfly package, which-may can be installed betwgen

thg input port and 1:4 DEMUX.*As—a—pre-amplifier,—the SOA-module—shal-bepolarizatjon
independent: In general, polatization independent SOAs are used as pre-amplifiers.

A.p Monolithic integration of SOAs

a
iaht launched-from
AHahRehRea

<<
L
b

T T o

a Tl t | Ds ar ia-the |

us-wave-light-lau t LDs at ia-the |

deqee— Pigure A.2 dlsplays an example of monolithic integration of an SOA W|th other optigal
compoérients. The example shown is a wavelength tuneable LD that consists of an array| of
ngmwmmmip.
In this PIC, the integrated SOA is used as a booster amplifier for the continuous-wave light
generated by the various DFB-LDs array and combined in the MMI device. SOA integrated
tuneable LDs are often used in tuneable optical transceivers, which are indispensable
components in current telecommunication systems. Generally, the integrated booster SOA
chips in tuneable LDs are polarization dependent (TE mode polarized) because the DFB-LDs
emit TE polarized light. In other PICs,-if where the polarization-mede state of the input light to
the integrated SOA-—chips is random,—the—integrated-SOA—chips—should—be polarization-

independent SOAs are used.
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DFB-LD >

DFB-LD
DFB-LD —» SOA
DFB-LD —

15 MMI >
DFB-LD >

DFB-LD >

DER-ID —p

.6 Reflective SOAs (RSOAs)

DFB-LD >

IEC

Figure A.2 — Schematic diagram of the DFB-LDs-array type
wavelength tuneable LD

OAs have a high reflection mirror on one facet of the SOAand an anti-reflection coating
other facet, while conventional SOA chips have anti-refléction coatings on both facets. T
Eign can-offer be used as an ampI|f|cat|on module W|th a single plgta|led f|bre for the opt|
uts and outputs

b .. is—amplified-again-inside-the-chip-and-is€mitted from-the-input/output o The in
t enters the input/output port of the RSOA chip.and is then amplified before it is reflected
mirror. The reflected light, propagating in the" opposite direction, is then further amplifieg
chip before it is emitted from the input/gutput port.

OCD
3.
23

—eentFaJ—eiﬂee— Recently, RSOAs have been ide tlfled as pr ing candldates for serv
optical transmitters in ONUs for seeded WDM-PON systems, as shown in Figure A.3. ITU

=1

WIPM agpplications. Since SOAs have direct-modulation bandwidths of approximately 2 G
RYOAs.éan be used as reflective, colourless amplifying modulators. In seeded WDM-P
sygtems, unmodulated CW light from a seed light source is transmitted from the central off]

598.3 de€fines and provides values for optical interface parameters of point-to-point seed

DN
ce

OLT to the ONUs in addition to the modulated signal light (i.e., downstream signal). The ONUs
receive both the modulated signal and the CW light. In each ONU, the received CW light is fed
into an RSOA, which then amplifies and modulates the light. The modulated signal light is
transmitted as the upstream signal from the ONU to the OLT in the central office.
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Central office OLT Remote node
1 ONU1 ... Inside of ONY .-
1 |
Tx 1 i Tx 1 »! I
Rx 1 Rx 1 ' Rx :
1 |
2 ONU 2 ' jZ :
Tx2 3 3 [ 2 ! !
Rx 2 2 © ||z Rx 2 ! T |
o [\ 9 | :
. 5 5 . | RSOA ‘ !
* = = : ' AR HR| |
AL ONU-A- : :
TXN TXN : :
Rx N RxN| ~  —TTTTTTEmTmEEm T oA T -

Seed light source

EC

Figure A.3 — Schematic diagram of a seeded WDM-PON system
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

OPTICAL AMPLIFIERS -

Part 9: Semiconductor optical amplifiers (SOAs)

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization<comprig
all national electrotechnical committees (IEC National Committees). The object of IEC is to promotejinternatid
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end

in addition to other activities, IEC publishes International Standards, Technical Specifications, Techhical Repd
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”). T
preparation is entrusted to technical committees; any IEC National Committee interested in-the subject dealt

may participate in this preparatory work. International, governmental and non-governmental organizations liaig
with the IEC also participate in this preparation. IEC collaborates closely with the International Organization|
Standardization (ISO) in accordance with conditions determined by agreement between the two organization

The formal decisions or agreements of IEC on technical matters express, as neatly as possible, an internatig
consensus of opinion on the relevant subjects since each technical committee has representation from|
interested IEC National Committees.

IEC Publications have the form of recommendations for international 'use and are accepted by IEC Natig
Committees in that sense. While all reasonable efforts are made te‘efisure that the technical content of

Publications is accurate, IEC cannot be held responsible for the way in which they are used or for

misinterpretation by any end user.

In order to promote international uniformity, IEC National Gommittees undertake to apply IEC Publicati
transparently to the maximum extent possible in their natiepal*and regional publications. Any divergence betw
any IEC Publication and the corresponding national or régional publication shall be clearly indicated in the laf

IEC itself does not provide any attestation of conformity. Independent certification bodies provide confor
assessment services and, in some areas, access/to |[EC marks of conformity. IEC is not responsible for
Iservices carried out by independent certification*bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts
members of its technical committees and IEC National Committees for any personal injury, property damag
other damage of any nature whatseever, whether direct or indirect, or for costs (including legal fees)
expenses arising out of the publieation, use of, or reliance upon, this IEC Publication or any other
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publication
indispensable for the cotrect application of this publication.

Attention is drawn to/the*possibility that some of the elements of this IEC Publication may be the subject of pa
rights. IEC shall n6t be held responsible for identifying any or all such patent rights.

IEC TR 61292-9*has been prepared by subcommittee 86C: Fibre optic systems and act

de
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ices, of TEC technical committee 86: Fibre optics. It is a Technical Report.

s Ahird edition cancels and replaces the second edition published in 2017. This edit
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constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous

edition:

a) revised definitions for SOAs in 3.1;

b) added more theoretical background on gain ripple measurements using amplified
spontaneous emission (ASE) spectrum in 4.3;

c) removed the formerly preferred set-up for output power and PDG measurements

Clause 5.

in
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The text of this Technical Report is based on the following documents:

Draft Report on voting

86C/1820/DTR 86C/1830/RVDTR

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Report is English.

Thl|s document was drafted in accordance with ISO/IEC Directives, Part 2, and develeped in
acg¢ordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement,‘availaple
at [www.iec.ch/members_experts/refdocs. The main document types developed~by IEC are
desgcribed in greater detail at www.iec.ch/publications.

A I’Lst of all parts in the IEC 61292 series, published under the general title Optical amplifigrs,
can be found on the IEC website.

The committee has decided that the contents of this document willhremain unchanged until the
stability date indicated on the IEC website under webstore.ieetch in the data related to the
sp¢cific document. At this date, the document will be
e |reconfirmed,

e |withdrawn,

e |replaced by a revised edition, or

e |amended.

IMPORTANT - The "colour inside"” logo on the cover page of this document indicates that|it
contains colours which are considered to be useful for the correct understanding of its
contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

Optical amplifiers (OAs) are essential components for fibre optic communication systems,
where they serve as booster amplifiers, in-line amplifiers, and pre-amplifiers. Numerous
standards have been published for OAs (e.g., the IEC 61290 series and IEC 61291 series).
However, most of these standards focus on optical fibre amplifiers (OFAs) because these are
commonly deployed in commercial fibre optic networks. Recently, semiconductor optical
amplifiers (SOAs) have attracted attention for applications in Gbit passive optical networks
(GPONSs) and Gbit Ethernet (GbE) systems, which operate at line rates of 100 Gbit/s and beyond.
SOA chips are as small as laser diodes (LDs) and are directly driven by an electrical current.

Although SOAs operating in the 1 310 nm or 1 550 nm wavelength bands have been extensiv
studied since the 1980s, SOAs have mostly been used in laboratories or in field trials; Thig

du
ga

IEC TR 61292-3, which is a Technical Report on classification, characteristics,,and applicatid

of
an

pe

b to certain performance limitations of SOAs, such as gain ripple and polarization depend
in (PDG). As a result, there are few IEC documents addressing SOAs. Ong exception

DAs including SOAs. However, IEC TR 61292-3 presents only general information on SO
i does not contain detailed information on test methods for medsuring the particy
formance parameters of SOAs.

ely

is
ent

is
ns
As
lar

IEC 61290-1-1:2020 describes test methods for power and gain{parameters of OAs, whjch

includes a method for gain ripple measurements on SOAs. This_ document has been revised

ha

Th
inf

monize its content with IEC 61290-1-1 and with IEC 61291-2.

s document provides more detailed descriptions of’the’ specific features of SOAs, includ
brmation on gain ripple and PDG.

to

ng
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OPTICAL AMPLIFIERS -

Part 9: Semiconductor optical amplifiers (SOAs)
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conmstitutes requirements of this document. For dated references, only the edition cited appli
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amendments) applies.
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ThF part of IEC 61292, which is a Technical Report, describes the characteristic features

iconductor optical amplifiers (SOAs), including the specific features of gain ripple™s
arization dependent gain (PDG).

s document focuses on amplifying applications of SOAs. Other applications, such
dulation, switching and non-linear functions, are not covered.

ential applications of SOAs, such as reflective SOAs (RSOAs) for the)seeded wavelen
ision multiplexing passive optical network (WDM-PON), are reviewed in Annex A.

Normative references

e following documents are referred to in the text in such®a way that some or all of their cont

undated references, the latest edition of the“ referenced document (including 3

L 61291-1:2018, Optical amplifiers — Part 1:°Generic specification

[ 61291-2:2016, Optical amplifiers <\Part 2: Single channel applications — Performar
beification template

Terms, definitions, abbreviated terms and symbols

Terms and definitions

- the purposes ¢f)this document, the terms and definitions given in IEC 61291-1:20
[ 61291-2:2016, and the following apply.

D and IE€<maintain terminological databases for use in standardization at the follow
jresses:

IEC Electropedia: available at http://www.electropedia.org/

of
nd

as

Oth

14

ent

14
(/2]

ny

ce

18,

ng

3.1

ISO Online browsing platform: available at http://www.iso.org/obp

A

SOA

semiconductor optical amplifier
optical amplifier in which the active optical waveguide is formed by a semiconductor laser diode
structure, which is electrically pumped

Note 1 to entry: SOAs have a similar structure to Fabry-Perot semiconductor laser diodes but with anti-reflection
elements at the end surfaces. The optical signal is amplified through the stimulated emission phenomenon in the
gain medium.

[SOURCE: IEC 61291-2:2016, 3.1.3, modified — Note 1 to entry has been added.]
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.2

SOA chip
semiconductor chip that is the active component of the SOA module

3.1

.3

SOA module
fibre-pigtailed optical component that consists of the SOA chip, lenses, optical isolators (if
necessary), a thermoelectric cooler (TEC), a thermistor, a package, and optical fibre(s)

3.1

4

po
nsp
rat

pulation inversion factor

o of the injected carrier density N to the subtraction of the carrier density Ny where

stimulated emission is equal to the stimulated absorption from N

N
N - N

nsp

Note 1 to entry: In the semiconductor optical amplifier (SOA) field, the population.inversion factor is compose

not
opt

only carrier density parameters but also combination of the confinement faCtor I', the optical gain g, and inte
cal losses a of the optical waveguide of SOA chip. It is defined as:

N I'xg
Ngp = X
N-N, I'xg-a

Nof]

2 to entry: The carrier density N, at which the stimulated emission is equal to the stimulated absorptio

oftgn called "transparent carrier density".

he

i of
nal

3. Abbreviated terms

A anti-reflection

ASE amplified spontaneous_émission
BPF band pass filter

CFHP 100 G form factor-pluggable

C continuous, wave

DEMUX demultiptexer

DFB distributed feedback

EDFA erbitm-doped fibre amplifier

F four-wave mixing

GbE gigabit Ethernet

GHON gigabit capable passive optical network
LD laser diode

MSA multi-source agreement

MMI multi-mode interference

MQWs multiple quantum wells

NF noise figure

OA optical amplifier

OFA optical fibre amplifier

OLT optical line termination

ONU optical network unit
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PC polarization controller

PD photodiode

PDCE polarization dependence of coupling efficiency
PDG polarization dependent gain

PIC photonic integrated circuit

POL polarizer

PON passive optical network

RSOA reflective-semiconductoroptical-amplifier
SMF single-mode fibre

SCA semiconductor optical amplifier

TE transverse electric

TEC thermoelectric cooler

TIA transimpedance amplifier

™ transverse magnetic

VJA variable optical attenuator

wWDHM wavelength division multiplexing

Xgm cross gain modulation

XPM cross phase modulation

3.3 Symbols

G optical gain

Ie forward current

L chip length

ef effective refractive index

nsd population inversion facter

PDG,qive Polarization dependence of active layer gain

PDGita  total polarizationdependence of single pass gain

R reflectivity

AGripple peak te'‘peak amplitude of gain ripple
Aliople periad of gain ripple

I'rg TE mode confinement factor

Tt TM mode confinement factor

2, VVGVU:GIIUth

4 Specific features of SOAs

4.1 SOA chips

Figure 1 shows the schematic diagram of a typical SOA chip. Similar to LDs, SOA chips are
less than 1,5 mm in length, 0,5 mm in width, and 0,2 mm in height. Since SOA chips are made
of I1I-V compound semiconductor materials and developed based on the technologies used for
laser diodes (LDs), the basic physical mechanisms of generating optical gain in SOA chips are
the same as those in LDs. Therefore, the population inversion inside the SOA chip is
implemented by a forward current (Ig), and the input optical signals are amplified by the

stimulated emission of photons in the active layer of the chip. The cross section of a typical
active layer is 1,5 ym in width and 0,1 pym in thickness (height).
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Figure 1 — Schematic diagram of the typical'SOA chip

Figure 2 shows an example of the dependency of the SOA gain on the forward current /. The

cufrent is injected into the chip through electrodes at’the’top and bottom of the SOA chip,|as
shown in Figure 1. The gain of the SOA chip can be¢varied by adjusting the forward current.|As
shown in Figure 2, by increasing Ir to values gfeater than 150 mA, typical SOA chips gan

prqvide optical gain greater than 20 dB at an input optical power of around —20 dBm.

25

15

Optical gain G (dB)

| l ]
0 50 100 150 200
Forward current Ir (mA)

IEC

Figure 2 — Example of gain dependency of an SOA chip on forward current
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Compared with LDs, the most distinctive feature of SOAs is that the SOA chip has anti-reflection
(AR) coatings on both facets to avoid optical feedback between the facets. Since semiconductor
materials have a much higher refractive index (> 3 is typical) than air, a facet without
anti-reflection coating has a reflectivity of 30 % or above. This feature is suitable for establishing
a laser cavity but not for the SOA chip, for which the facet has to have a reflectivity of less than
0,1 % over a wavelength range of greater than 30 nm. To achieve such a low reflectivity, AR
coatings are employed on both facets of the SOA chip, as shown in Figure 3. Figure 3 a) and
Figure 3 b) show schematic top views of a conventional SOA chip and an SOA chip with an
angled waveguide structure, respectively. As shown in Figure 3 a), a conventional SOA chip
has a straight stripe, which is normal to the two facets where AR coating is applied. The AR

ala on a ML ple - alla an ne 1n al= e.g all A elengiinhl)-o "Ch

layer is controlled to within +4 %. The residual reflectivity will cause intra-cavity interference
between the facets, which leads to gain ripple or even laser oscillation. When the~anglg¢ 6
befween the active stripe layer and the facet is 90°, the reflected light is readily coupled back
intp the stripe, thus leading to multiple reflections between the facets. One of the (hest wayd to
suppress intra-cavity feedback is the introduction of an angled waveguide structure, as shown
in Figure 3 b). The reflected light cannot encounter significant multiple reflections when us|ng
anlangled stripe with 8= 7°. This approach reduces the facet reflectivity torabout 0,2 %, and to
lesls than 0,1 % when combined with AR coatings.

Stripe SOA chip

[

Facet ~
Reflected light

Optical |:> 7 Optical
input . output

\ ~
\ [~ Facet

\
AR coating Electrode AR coating
IEC

a) Conventional SOA chip

. . SOA chip
Stripe (angled waveguide structure) /
|
Reflected light Opical
Facet ptica
\H-. ‘ @ output
— | T e
- f .......
E 6 angle
Optical @ I LM R IR .
input |
\
\ [~ Facet
L \ N
/ ! N .
AR coating Electrode AR coating Ec

b) SOA chip with angled waveguide structure

Figure 3 — Schematic top view of a typical SOA chip with
and without an angled waveguide structure
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Another specific feature of SOAs is that the gain wavelength band of SOA chips can be varied
by changing the composition of the semiconductor materials using mature LD technologies (i.e.,
by a band engineering technique). For example, long-wavelength (1 300 nm to 1 600 nm) SOA
chips typically use an InGaAsP active layer on an InP substrate, and the peak wavelength of
the gain is adjusted by changing the relative concentrations of In, Ga, As and P in the InGaAsP

lay

er. The typical gain wavelength range of SOA chips is greater than 40 nm.

Another specific feature of SOA chips is that they can be integrated with other semiconductor
devices, such as tuneable LDs, electro-absorption modulators and passive waveguides, on a

LD

In
de

Fig
len
po
thg

single chip. These integrated SOAs are used, for example, as booster amplifiers in tuneable

5—amd-fime amptifiers({foss compensators) i photonic mtegrated tircuits (PICsY:

summary, SOAs have very different physical mechanisms for amplification and/~hen
ice configuration than conventional optical fibre amplifiers (OFAs).

ure 4 shows the schematic top view of the SOA module. An SOA chip, a-TEC, and opti
ses can be assembled in a butterfly package which has fibre pigtails forthe-input and out
ts. This is the most common package for SOA modules and its size.is’almost the same
t of 14-pin butterfly LD modules. The use of optical isolators (inputsand/or output) deper

on

mdre than 100 mA of electric current injected into the SOA chip will cause significant heat

ins

biqirectional amplification. The TEC is used to stabilize the temperature of the SOA chip, sir

the application. For example, optical isolators are not employed in SOA modules

de the chip, which can affect its polarization characteristies. Similar to LD modules, S

cal
put
as
ds
for
ce
ng
DA

mddules are also hermetically sealed with N, gas.
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Figure 4 — Schematic top view of a typical SOA module
4.2 Gain ripple
421 General

Optical feedback inside the SOA chip, resulting from residual reflections at the chip facets, can
lead to round-trip resonances when an input optical signal is launched into the chip, as shown
in Figure 5.
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Th
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Wi
is given by Formula (1).

Input signal
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/ SOA chip \

Facet Facet

IEC.

Figure 5 — Schematic diagram of the optical feedback inside the SOA chip

bending on the wavelength of the signal light. As a result, the SOA gain"becomes waveleng
bendent, as shown in Figure 6. This gain dependence on wavelength is called gain ripple|}

A}"ripple

A

Optical gain
__
-

VAVAVAN

Wavelength
IEC

Figure 6 — Schematic diagram of gain ripple

h chip gain G and facet reflectivity R, the peak-to-peak amplitude of the gain ripple AGriF

(1+GxR)?
(1-GxR)?

AGripple =

e amplified light from the various round-trip paths can interfere constructively or destructively

th

ple

(1)

At signal wavelength A, chip length L, and effective refractive index ngg, the period of the gain

ripple AA

ripple €@N be calculated from Formula (2).

/12

A ripple = Zng L

(2)
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At 2 =1 550 nm, for example, Ay is approximately 0,29 nm for an SOA chip with ngs = 3,4

and L=1,2 mm. Since an SOA waveguide typically exhibits birefringence between the
transverse electric (TE) and orthogonally polarized transverse magnetic (TM) waves (relative
to the chip substrate), A4, depends on the polarization state of the input light.

4.2.2 Theoretical calculation of gain ripple

4.2.2.1 SOA gain and gain ripple

Figure 7 shows the simplified model of a Fabry-Perot type SOA, which represents a typical SOA
strpicture of length L and power reflectivities Ry and R,, respectively.
Asguming a uniform gain profile, the output electric field E,  in the presence (of ‘multiple
reflections in the SOA cavity is given by Formula (3).
Eout = \/(1_R1)(1_R2)Gs Ein eXp(_jﬁzL)
x [1+ |[R1R; Ggexp(—2jB,L)+ R4R> Gszexp(—4_j,b’zL)+---] 3)
_ J(1=R)(1-Ry) Gs Ejyexp(—jp,L)
1- JR1 Ry Ggexp(—2/B,L)
where
Ei, is the amplitude of the input optical signal (&, in Figure 1);
Gy is the single pass power gain;
ﬁz is the (longitudinal) propagation:€onstant of the field in the cavity.
Ry Ry
Einput
*‘ > Gs > >
— — < g
S >—
- y N
< < ( “D . Eout
L L >
! >
| z IEC
Figure 7 — lllustrated model of a Fabry-Perot type SOA
Then the overall SOA gain G is given by Formula (4).
2
| Eou | (1-R¢)(1-R2) Gs
= (4)

|Ei”p“t| :(1_Gs R1R2)2+4Gs RiR3 Sinz(ﬁzL)
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Depending on the value of ﬁzL, the SOA gain G calculated from Formula (4) varies between
maximum and minimum values. When ;.24 ,y is zero in Formula (4), the wavelength of the

input signal is equal to a multiple of the cavity resonance frequency, and G assumes its
maximum value G ,,, Which is given by Formula (5).

(1= Rq)(1- R ) G5

(1-Go JR 75 ) ©)

Gmax

In pontrast, G is minimum when ;24 ,) is equal to 1, which represents a phase-mismapch

of it between the input signal and the cavity resonance frequency. The minimum gain G
given by Formula (6).

min 1S

Gmin = (6)

=

The gain ripple AG e is defined as the ratio of G440 Gy, Which can be readily calculated
from Formulae (5) and (6), as shown in Formula (7).

2
G 1+ GS R1 R2
AGripple =X = ( ) (7)

Cmin (1~ Gy JR1 R )2

4.2.2.2 SOA gain ripple,derivation from ASE spectrum measurement

If there is no optical input signal, the output of an SOA is ASE light only. Figure 8 illustrates this
sithation for the same Fabry-Perot structure as shown in Figure 1, having length L, power
reflectivities Ry and)R,, and single pass power gain Gg. The only difference to Figure 1 is the
absence of anfoptical input signal.

Ry Ry
> \V »
— < =
< >—s
O & >
- | - '
- -« o, Eout-Ase
< ‘( g .
- L >

-
| z

IEC

Figure 8 — lllustrated model of ASE output from an SOA
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Similar to the case discussed in 4.2.2.1, the output electric field of the ASE, E, iasE,s iS

impacted by multiple reflections in the SOA cavity. This can be calculated by assuming a
uniform gain profile.

Letting £ denote the amplitude of the initial ASE electric field, the ASE output field E ;. asg iS

giv

en by Formula (8).

Eout-Ase =+ (1-Ry)Gs Eq exp(—jf,L)

Th

Mo

Sin
va
val

C . _
<[T+RiR2 Gsexp(=2/ B, L)+ RiRz Gsexp(=4j L)+

_ J(1-R2)Gs Eqexp(—jp;L)

- 1-JRi Ry Ggexp(~2/4,L)

en the ASE output power is given by Formula (9).

(1-Ry)Gs EZ

(1— Ry R5 GS)2 +4\/R1 Ry G sin? (/BZL)

2
|Eout-ASE| =

reover, the ASE gain Gpgg is given by Formula(10).

_|Eoutase |2 _ (1-R2)Gs

2
Eo (1-GsJR1 R ) +4Gq [Ry Ry sin? (p,L)

Gase

hilar to the SOA signal gain G, discussed in 4.2.2.1, the ASE gain Gpgg in Formula (
ies between a maximum value Gpagg_max @nd a minimum value Gasg_min, depending on
ue of 4 ;. Gasgomax @Nd Gase-min @re given by Formulae (11) and (12).

(1-R2)Gs

(1-Gs R1R2)2

G ASE-max =

(8)

(9)

10)
he

(1-R2) Gs

(1+Gs Ry R2)2

G ASE-min =

Hence, the ripple AGiy,e-ase Observed in the ASE gain is given by Formula (13).

(12)
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