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1 WHAT IS THIS DOCUMENT

This documentontainsthe completeandmostup-to-datdist of primitive modulesof the Endto
End LIGO simulationprogram.The physicsimplementedn eachmoduleis describedorie3y in
this documentandthe detailsof the physics andformulationsare given in separatelocuments
(121, 12], 3], [4]). The commonprocesss to usealp, a GUI front endof e2e,to combinethese
primitivesto dePnea conbgurationto be simulatedusingthe physicssimulationprogram save the
conbgurationin a ble (.box is an extensionof the Ple name),andthe simulationprogramreads
this ble whenit runs.In Ch.10,the syntaxof this descriptionPle is providedin caseyou needto
deal with the content of tHee directly

2 USING THE PROGRAM - STEP BY STEP

2.1. A quick overview for E2E-user:

For usingthe endto endsimulationprogrammeit is not necessaryo know aboutthe structureof

source codes.However, knowledge of a few basic featuresmay turn out to be useful. The

following discussiorassumeshat you have alreadygonethroughour other documentOGetting
Started with E2EO).

The End-to-End(popularly called E2E) simulation codeshave beenwritten with the object-
orientedapproachof C++languageThe codeis modular Eachcomponents almostindependent
of others.

In orderto setup your own experiment, the brst stepis to properly place your individual
instruments and components. E2E provides these: e.g., beld_gen (alias laser source),
sideband_genor phase_adddaliasphase-modulatorpd_demodthedetector) mirror2 (2 inputs
and?2 outputs)or mirror4 (4 inputsand4 outputs) Jens,power_meteretc. You needto do thisjob
of assemblingyy creatingwhatwe call *.box Ple usingour graphicalinterface, Al b, or writing
your descriptionble (seedocumentOGettingStartedwith E2EQ). The next obvious stepis to
connectall these componentsmeaningfully togetherand bring them to life. In an optical
experiment, this is done by lasétowever, we intellectuals, prefer to call iP&ldO.

Our beldis aclasswhich, atits heart, containamportantinformationaboutlaserlight in theform

of a vectorof avector:Eachelementof the parentvectorrepresents frequeng of light (carrier
or sideband)whereasachelementof the offspring vectorrepresentshe complex coefcient of

theamplitudeof laserin a particularmodeof Hermite-Gaussiabasis.The basisof thesemodess

alsocarriedby the beld classitself in theform of its two importantprivatememberswaist-sizeof

beamanddistanceto waist. As will be explainedin sec.2.1 belaw, this classalsocarriessome
important information about moyou wish to perform young@eriments.

Thebasictaskof eachmoduleis to acceptsomeinput beld and/ordata andprovide someoutput

Peld and/or datalhese can interact with each other directly or with the help of another important
module,OpopQ the propagtor (if theseare exchangingbeldsandthereis a distancebetween
them).

We also developedsomemoduleswhich representompositerepresentationsf someprimitive
modules,e.g.,Oca_sumOa Fabry-Perotcavity or Orec_sum@,recycled Michelsoncavity. Of
course,one canform a FP cavity or Michelsoncavity using primitive modulesof mirrors and
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props.However, insidethesecompositemoduleswhich arejust like black-boes, calculationsof
mary round-tripsare performedwith the help of ready-maddormulasandthus,if we need,we
may use them forast computation.

In next two subsectionsve describeall modules their inputs,outputs,otherparameteraindalso
various data types that these modules use.

2.2. data stream

As is discussedelow, a simulationconbgurationis dePned by a set of bulding blocks, called
primitives,and connectionsamongthoseprimitves. Eachconnectionpassever datafrom one
primitive to the net, like abeld is propagted from a mirror to mirror

The entire systemis ticked at a bxed digital time stepto emulatean analogworld, which is
smaller than ary interestingtime constantof the simulatedsystem.Part of the system,like
electronicsbetweenADC and DAC, are working with differentdigital time steps.This digital
time step is added to the data stream after the release of e2e-3.0.0.

Some primitives, like digital_Plters. psd_outand DCA needthe ditial time step of the input
streamto properlyfunction. Before e2e-3.0.0a parameteiof eachmodulehadto be setto the
input time stepmanually After e2e-3.0.0this is not necessaryin FUNC and FUNC_ X family
primitives,thetime stepcanbe accesdy aglobalvariableTIME_STER if necessaranddigital
Plters use thiFIME_STEP if timing information is not pwded eplicitly.

Primitiveswhich changethe timing informationare marked assuchin the table of the primitive
below, which includesADC and DAC.

2.3. modeler and modeler_feq

modeleris an application to simulate the sg=azl system in the time domain.

modeler_freds anapplicationwhich calculatethe transferfunction of the speced systemin the
following way.

QANALYZE_FLAGO

FUNC_1X1 - Data_out

Figure 1: modeler_feq

The systemto be analyzedhasoneinput sourceandmultiple outputports.A sinusoidalsignalis
supliedto theinput port,A;, sin(! t). Theprogramrunsuntil the outputsbecomestablej.e.,the
amplitudesof the frequeny becomeconstantA; sin(! t + "; ), for eachoutput. Then the
amplitude of the transfer function is calculatedatA;, and the phase shift to be

If the systemis comple, it may take a long time or an unpredictableamountof time until the
outputs become stable. To analyze these systems,connecta Odata_out@odule to some
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appropriateport and renamethe Odata_out@odule as GQNALYZE_FLAGO. The program
modeler_freq starts analyzing the system only whAetwQYZE FLAGOIs not zero

E.g.,if onewantsto calculatetransferfunctionsof the LIGO system,the analysisneedsto be

doneafter the beld in the cavity is fully built up andis stationary To calculatethesetransfer
functions,createan output ANALYZE_FLAGOwhich is 0 during the lock acquisitionprocess,
andsetit to nonzerowhenthe power at someportis largerthansomethresholdvalue(e.g.,95%

of the full power). Betteryetis to wait alittle bit to let the beld build up fully beforethe RBagis

turnedon. So, for example,with LIGO 1 parameterdor the Hanford 4Km interferometerthe

pick-off power from beam-splitte(for the beld going from beam-splittetto in-line input mirror)

reachesipproximatel\27W at steady-stateSo,you may connecta Opaver-meterGnoduleat this

port and then connecta FUNC_1X1 module at the output port of the powermeter Write the

following equationin the settingof the FUNC module: outO=if(in0>25,1,0).Finally connecta

Odata_out@odule at the output port of the FUNC module and renamethe Odata_out@s
Q\NALYZE_FLAGO.
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2.4. Data types and existing modules
Table 1: "Data types" summarizesdata types used in the multi-mode version of Adlib,

Table 1: Data types

type name

description

example

data type

comple

zeros and poles of digi
tal Plter

adlib_comple

vector_comple

arrayld<adlib_compie

integer

numberof sidebandsf
peld

int

vector_intger

arrayld<int>

real

ref3ectance of mirrors

adlib_real

vector_real power or phase of arrayld<adlib_real>
beld_gen
beld input and output of beld
optics objects
string type spedbcation of string
data_in
boolean freq_Rag of bool
power_meter
clamp data representing position, rotation, force and | mirror position and clamp
torque. Explicit form is dened in adlib_types.h. | rotation, connection
Nth bit of clampf3agis trueif Nth datais meaning-| between mechanical
ful, i.e., if (Bag&(1<<N) != 0) meaningful. modules.
bundle collection of data with names. DBundle is multiple data passed adlib_hundle
used to mage data with name to aibdle, and together between bes
DNFromBundle is used toract data from aun-
dle by identifying by name
unknavn data type assigned to a port whose data type is| output of data_in N/A

determined by other conditions, dilthe output
port of data_in which is determined by the Otyp
setting.

aY

o

debningsettinggor modulesandpassinglatabetweermodules Otypename@s the nameusedfor
the documentatiorpurpose,while OdatatypeOis the nameusedin the C++ code. The real
variablesarereferedto usingOadlib_real@sthe datatypeasmuchaspossible sothatit would be
easyto switchto differentbyte sizes.Oadlib_compiOandQpeldGalsouseadlib_realfor thereal
variable.The deéult is double type.

Table3: "Primitive Modules"is atableof all primitive modulesThe detailsof modulesaregiven
later The units of quantities used in these modules are asviollo

For mary modulesthe maipinputandoutputarenameohsOO()Nhenappropriatethe meanings
placed in () folleving the O0O.
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Table 2: Units
Quantity Unit
length m
time second
Power watts
Frequenyg either Hz or rad/sec. (see module description)
Field Jwatts
angle radian
k=2#!% mEt
boolean ( in setting ) | yes/no or true#lse
boolean ( logic unit) | real \alue is used to represent true aisé'statusﬂ.\ value rep-
resent true if it is layer than Othreshold@isk otherwise.

Table 3: Primitive Modules (default \alues shavn in [])

Name Function in out setting
I/0
data_in used to get data into the | none O00Oariable type "type" string (“real"), "init" output type
simulation (??7?)
data_out used to get data out of the| "0" variable type none none

simulation (a "probe")

data_reader | read data from Ble and none OoutputGeetor_real (rleNameO string, numData igée [0],
(Sec. 4.17.) | generates interpolated or skipLines[0] intger, useFilter [true]
extrapolated data series. boolean

data_viever Interavively view data "0" variable type none OthisNewer_0nO bool [true]
(Sec. 4.18.)

psd_out accumulate the input, 000 real disk Ple whosenameis | f_from [0.1], f_to [10 ]real
(Sec. 4.35.) calculate psd of the input | OactiateO [1] real the full path of this logSpacing [true] boolean

[T.in]. ' and write to &le primitive N_fregs [100], Lavpass_Order [6],

Highpass_Order [6], SlopetRer,
N_TffT [1], N_delT [4], maxCounter
[100] integer
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Name Function in out setting
Real Function
madder implements z = a*x + b*y | "a"[1.0] "x"[0.0] "0" real none
"b"[1.0] "y"[0.0] real
sine the sine function "0" (time)[0] "0" real none
- . . "amplitude"[1]
Slit) amplitude x sin(& t “frequeny”[1]
"phase"[0] real
square_root | the square root function "0" [0] real "0" real none
out = sqrt(in)
inverse the irnverse function "0" [1] real "0" real none
out=1/in
digital_plter a digitalblter "0" [0] real "0" real "zero" "pole" (in rad/sec.) '@n" real
(Sec. 4.22) out = digiatlblter (in) OresetOnO "zeropair" "polepair" comple
OforceQuadCalie] boolean
OsampeimeO [0] real
ADC Discritize the input with 000 [0] real 000 real O@inO [1], OsamplieeO [0],
(Sec. 4.26.) | the spedbed sampleTIme. OintgrationTmeO [0] real, OnumBitsOI[(
integer, OsignedIntO [true] boolean
DAC digitize the input alue 000 [0] real 000 real O@inO real [1], OnumBitsO [0] gee
(Sec. 4.27.) | usingbnite numberof bits. Osignedintfirue] boolean®ipTime 0]

[delay module]

A noisemodelbasecdn bit
RBipping is included.

real

DDC _real, change the time step, ék | OinO realgector or OoutO realegtor or OoutputimeStepO real, OuseAntFilterO
DDC_\ec, ADC, of data stream clamp clamp (true) bool, OzerabcityO (true) bool
DDC_clmp
(Sec. 4.27))
limiter models a circuit with rails | "0" [0] "upper" [1e30] | "0" real none
. _ "lower" [-1e30]
if in < lower, out = laver OslerRateLimitd [0]
if in > upper out = upper | real
delay add one delayxplicily. 000 [0] real 000 real OdelayO [0] real, OoptionO [Opiete

[delay module]

Input "v al" is evaluated to be true if \al > threshold, otherwise false

Logic functions

. Output is true_al if the r

esult is logical true, fale_\val otherwise.

and logical AND "a" [false_al],"b" "0" real "threshold" [0.9], "true_al" [5],
[false_al] real "false_al" [0.0] real
or logical OR "a" [false_al],"b" "0" real same as ahe
[false_al] real
xor exclusive OR Oal dise al],ObO 000 real same as ahve
[false_al] real
agth comparison "a" [false_al],"b" "0" real same as abe

[false_al] real
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Name Function in out setting
not negation "0" [false_wal] real "0" real same as ahe
RipRop RipRop OsetOdfse_al], 000 real same as abe
if (reset) state =dise; else | OresetOdse al] real initial state is &lse
{ if(set) state=true;}
switch if the input alue OboolO ig "bool" [false al] "0" real same as ahe
true,theinputvalueOhighO| "low" [0] "high" [0]
is returned as the output, | real
else the inputalue OlwO
is returned.
hardSwitch | Connect one of the inputs| OONinputO, OoutO unknonwn switch [1] real
(Sec. 4.33.) | to the output based on the] OOFFinputO unkwa
switch (ON if non-zero)
Data Generation
rnd_Rat generatesandomnumbers | "range" [1] real "0" real none
with afRat distritution
rnd_norm generatesandomnumbers | "width" [1] real "0" real none
with a normal distribtion
clock generates the time none "0" real none
Unit Conversion
lam2k corverts vavelength to "0" [1] real "0" real none
wavenumber
out =2#/in
f2k corverts frequengto "0" [0] real "0" real none
wavenumber
out=2#in/c
Type Corversion
beld2comple | corverts abeld to a "0" peld, "dk" [O]real, | "0" comple none
(Sec. 4.15.) | complex number OmO [0], OnO [O]oee
beld2info gives info about theeld O0eld Ospot_sizeO real Oaxis_choiceO [2] real
complex2reim | corvertsacomplexnumber | "0" [(0,0)] comple, "real" "imag" real none
to real and imaginary "phi" [0] real
real = Re( in * gp(i phi) )
imag=Im(in * exp(i phi))
complex2aphi | cornvertsacomplecnumber | "0" [(0,0)] comple "amp" "phi" real none

to amplitude and phase

amp = abs(in *xp(i phi))

phi =Arg( in * exp(i phi) )
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A4

Name Function in out setting
clamp2xyz | corvert clamp to indiiual | O00 [all 0 with empty | OX@Y@Zz@GthetaXO,| none
components anflag Rag] clamp OthetaYO, OthetazO,
OFXO,. OFYO, OFZz0,
OtorqueXO, OtorqueYO,
OtorqueZO real
MRagO intger
clamp2z extract one data from OinputO [all 0 with Ooutput@eal datalnde (2) integer, specifyingthedata,
clamp input emptyfRag] clamp 0 for x, 1 for y 2 for z etc.
xyz2clamp Combineindividualdatato | OXO,.QthetaXO,... rea] 000 clamp none
m‘?e atglarlr:p dalltésla? '; [all 0, and the clamp
;U on;a 'C?hy l(;akcu ate Bagis setfor connected
ased on the link. value]
z2clamp Put the input data to clamp QinputO [0] real OoutputO clamp datalnde (2) integer, specifyingthedata,
0 for x, 1 for y 2 for z, etc.
clamp2wec Convert clamp datatoa | Qin@lamp Oout®ector_real POSorFORCEHnteger(0) : copy position
vector of 6 components. (0) or force (1) element of clamp
clampfRRag is not respected
vec2clamp | Convertavector(0 padded | OinOactor_real OoutO clamp POSorFORCE intger (0) : cog to
to 6thomni)to aclampdata position (0) or force (1) element of clam
type
6 bits of clam3ag set
real2\ec Corvert a real glue to a Oreal_inputO [0] real | O0Qactor_real none
vector of real with one data Oector_inputO [null]
out = in,just type changes| vector_real
ClampT™Bun- | Corvert clamp data into a | OinO clamp OoutOundle OnameNNO where NN=00~12 (string)
dle bundle default values are the same as the outp
(Sec. 4.34)
names of clamp2xyz.
Field Operation
beld_gen generates keld "power" [(1)] "0" peld "lambda" real [1.064e-6],
(Sec.4.1) vector_real;phase’[0] Ovaist_size_XQwaist_size Yeal[0.01,
real Odistance_aist XOQdistance_aist_YO
[0] real, Omax_mode_orderO [1] jate
Opolarizationidteger Ocompute_option(
[1] integer, Oangle_resolutiofCe-8]real
, Ocompute_mismatch_catureO [no]
bool , OkepGugOffsetO [no] bool
sideband_gen| phase and amplitude "0" peld, Ok_modO[0]] "0" beld OorderO [1] irger

(Sec. 4.19))

modulates deld (uses
sideband approximation)

Odel_phiO[0]gamma"
[0], Odel_gmmaO [0]
OgmmaAmpO [0],
Odel_gmmaAmpO[0]
real
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Name Function in out setting
sidebandblter | passe®nly sidebandsvith | O0®eld "0" beld Odk_maxO (+inf), Odk_minO (-inf),
(Sec. 4.20.) | dk value between dk_min Oamp_minO (1/inf) real

and dk_max and the
amplitude lager than
amp_min. If SBList is
provided, more spebt
bltering can be applied.

OSBListO [emptyjectorCompl (real
part = dk, imaginary part = modulation
index). If the imaginary part is 0, the reg
part is the dk to pass through.

3d_modulator | modulatgphase&amplitude| "0" beld, "0" peld none
(Sec. 4.25.) | of abeld directly “ohi* [0], Odel_ampO

out =in * (1+del_amp) * [0] real

exp(i*phi)

freq_shifter | shift frequencies of all O0®eld O0®eld none
(Sec. 4.24.) | subbelds by del_k Odel_kO [0] real

pover_meter | outputs the poer of abeld | "0" beld, "0" real OfregRagfalse]boolean;OmeteBagO
(Sec. 4.2)) Odk_for_paerO [0] [0], OmO [0], OnO [0], Oorder_minO [0
real, Oorder_maxO [0] <imgger ,
beam_wiggler | deviation of the beam at | "0" beld, OthetaXO [0],| O0®eld none
(Sec. 4.10.) | small angles OthetaYO [0] real,
beam_shifter | small transersal shift of | O0®eld, OdxO [0], O0deld none
(Sec. 4.11.) | the beam OdyO [0] real
pd_demod | photodiodewith shotnoise | "0" beld, "k_demod" | "demod" complg, OshapeO [0], Oshotnoise@en{@],
(Sec. 4.21.)) | and demodulator [0] real "power" real Oelbcieng/O [1] real

rad_press | Force and torque on a Q\inO, AoutO, OBINO, | OpressureO clamp OangleO [0] real
(Sec. 4.6.) | mirror due to radiation OBout®eld OnoiseOndafse] bool

[delay module] | pressure. Omech,_datad clamp

O@inO [1] real

beam_center | location of the center of | Obeamgeld OX0, OYO real Oaccura® [0.001], OdelzO [0] real
(Sec. 4.7) bear_n where the peer is OdkO [0] real
maximal
baseChaner | Change the mode base of| Oin(reld Oout®eld Owox0, 0zx0, OwoyO, OzyO real
(Sec. 4.8)) | the beam. Orelatie_shiftO bool fise]
mode_modulat| Modify amplitudes of a OinField®eld OoutField®eld OdedultAmpO real [1]
or beld separately for each

OdkOactor_real,
OampCQector_real
Ophaseaotor_real

(Sec. 4.8)) mode and sideband. E.g.,
suppress allit 00 mode.

Optics

prop propagtes aeld over a "0" peld "0" peld "length” real [1.0]
(Sec. 4.3) macroscopic distance "dphi* real [0.0]
[delay module] OdphiGuyO real [0.0];
Ohae_delayO bool [yes]
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Name

Function

in

out

setting

mirror2
(Sec. 4.4)

a 2-input 2-output mirror
(cavity end mirror)

"mech_dataO clamp;
"Ain" "Bin" beld

"Aout" "Bout" peld

"r* Ut "R T "L real [2.0 : used to
mark them undened],

"angle"real [0.0], Oradius_frontO,
Oradius_backO real [1e20] ,
Orefractie_inde [1.0] real

telescope
(Sec. 4.16.)

Simulate a collection of
lenses

OinGreld

OlengthO [0] real

Oout®eld

Owvaist_XO, Caist_YO, Odistaist_XO,
Odist2wist_YO,0gy60_XO,
Ogug00_YO real [used only when
debned]

OlensinfoGeetor_complr (real part
keepghelocationandtheimaginarypart
keeps the focal length of one mirror).

OthicknessInfoGator_real (thickness of]
each lens)

Ocalc_sb_phaseO bool [true]

Summation Optics:

cav_sum [b]

(Sec. 4.12)

represents a FP aty

Omech_dataAO,
Omech_dataBO,

"Ain" "Bin" Ppeld,

clampipeld

"Aout" "Bout" "Apick"

"length” real [1.0], "dphi" real [0.0]
"dirA" real [1.0], "dirB" real [1.0]
OdphiGuyO real [0.0];

"rA" "tA" "RA" "T A" "LA" real [2.0],
"rB" "tB" "RB" "TB" "LB" real [2.0],

Orefractie_indexAO Orefractie_indexBO
real [1.0], Oradius_frontAO,
Oradius_frontBO,real [1e15],
Oradius_backAO, Oradius_backBO, re
[1e15].

Al

tricav_sum
(Sec. 4.14.)

represents an isosceles tn
angular cwity

-Omech_dataAO,
Omech_dataBO,
Omech_dataCO clamp;

Q\inO Peld,

Peld

@AoutOOBout@CoutO

Olength_layeO real [1.0], Olength_smal
real [0.01], OdphiABO, OdphiBCO,
OdphiCAO real [0.0];

OdphiGugABO, OdphiGyBCO,
OdphiGupCAO real [0.0];

OrAO OtAO ORAAGDLAO real [2.0],
OrBO OtBO ORBO OTBO OLBO real |
OrcO OtCO ORCO OTCO OLCO real
Oradius_frontCO , real [1e15],

Orefractie_indeAO,
Orefractie_indexBOQrefractie_indexCO

o

0 0],
2.0],

real [1.0],
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Name

Function

in

out

setting

rec_sum [c]

(Sec. 4.13))

represents a rgcled
MIFO

Omech_dataAO,
Omech_dataBO,
Omech_dataCO,
Omech_dataDO
clamp;

"Ain" "Bin" "Cin"
"Din" Peld

"Aout” "Bout" "Cout”

"Dout"

"Bpick" "Cpick"
"Dpick"

beld

"lengthA","lengthB","lengthC" real [1.0],
"dphiA","dphiB","dphiC" real [0.0]
OdphiGugAO, OdphiGy&0,
OdphiGugCO real [0.0];
"dirA","dirB","dirC","dirD" real [1.0],
"rA" "tA" "RA" "T A" "LA" real [2.0],

"rB" "tB" "RB" "TB" "LB" real [2.0],

"rC" "tC" "RC" "TC" "LC" real [2.0],

“rD" "tD" "RD" "TD" "LD" real [2.0],
Orefractie_indeAO,
Orefractie_indeBO,
Orefractie_indexCOQrefractie_indexDO
real[1.0], Oradius_frontAO,
Oradius_frontBO, Oradius_frontCO,
Oradius_frontDO, real [1e15],
Oradius_backAO, Oradius_backBO,
Oradius_backCO, Oradius_backDO,
real[1el5].

dual_sum

Dual regcled Michelson
cavity (scalarbeld only)

[X4]=PRM,SRM,ITMX,IT

MY;
[X5]=[X4], BS;

Omech_data[X5]0
clamp;
O[X4]inGeeld

O[X4]outlreld
O[X4]pickGpeld
OBSpick2[X4]®eld

Ot[X5]0, OT[X5]0, Orf[X5]0, Orb[X5]0
ORIf[X5]0, ORb[X5]O, OIf[X5]0, OIb[X5
OLf[X5]O, OLb[X5]O real

Odir[X5]0 real[1]
Olength[X4]2BSO real
Odphi[X4]2BSO real[0]
OdphiGouy[X4]2BSO real [0]

10,

mechanics

susp3Dmass
(Sec. 4.29.)

Simple suspended 3D
mass.

OsuspPtO, OforceO
clamp

OmassPosO clamp

Data type of all settings are real.

OThicknessO [0.10],
Od_ywO [0.0333],
Od_attachO [0.255086],
Od_pendulumO [0.450],
Od_CMO [0.0014],
Od_pitchO [0.0082],
OMassO [10.30],
OQuallinvzO [1e-4],
OQuallnvPITCHO [1e-4],
OQualinvYAWO [1e-4],
OlnitPoszO [0],
OlnitPosPITCHO [0],
OlnitPosXWO [0],
Olnit\elzO [0],
Olnit\eIPITCHO [0],
Olnit\elYAWO [0]

statespace
(Sec. 4.23)

statespacemodelspecibed

by ABCD matrix

OinQrector_real

Oout®ector_real

A, B, C, D matrix_realjnitial vector_real
Oaccurg® real (1e-12), OuseQuadO b
(false)

bol

Vector operations (Sec. 4.23.)
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Name Function in out setting
VecLen the size of ector O\VNO ector_real "length” real none
VecScaMege | Append (up to 16) scalars| O\nO ector_real, OwutO ector_real OscalarDataSizeO e (-1)
to the input ector to mak | Oscalar00€0scalar15(
a lager vector real
Vec\ecMege | Merge 2 \ectors into one | "VO0in", OV1inO "Vout" vector_real none
vector_real
VecSgment | Extract part of the input "Vin" vector_real, "Vout" vector_real none
vector Vout[0...length-1F | Obasef0], Olength{l]
Vin[base ... base+length-1] integer
VecElem Return one elementofa | OMNO ector_real, 0walO real none
vector val =Vin[index] Oind=O [0] intger
VecMaryElems | Extracts up to length O\inOvector_real Oscalar00€0scalar150 ObaseO igfer (0), OlengthO igtr(16)
elements of the input real
vector to scalar outputs,
s00=\in[base]...sN=Vh[ba
se+length]
VecSubs Substitute aalue into one | O\NO ector_real, OwutO ector_real none
element of the inputector | Oind&O [0] intger,
Vout=Vin, Vout[index]=val 0wlo [0] real
VecAdd a*Vvoin + b*V1in OVoino, OV1inO owutd none
vector_real, Oa0 [1],
ObO [1], real
ClampAdd | a*clampO + b*clamp1 Oclamp00, Oclamp10| OclampOutO none
clamp, 0a0 [1], ObO [1]
real
Matlnv Mout = 1 / Min, if fails, OMinO ector_real OMoutOector_real, none
s_tatus is se_t to 0 M_[l,J] is OstatusO real
(i*column size+j)th in
vector M.
MatVecProd | Vout = Min *Vin. size of | O\nO, OMinO OwutO ector_real none
Min should be size dfout | vector_real
x size ofVin. Min[i,j] is
(i*Vin size + j)th in ector
Min.
AxisRotation | Rotate the coordiante axis| OinClampO clamp OoutClampO clamp | Three Eularian angles, OphiO [0], Othe
(Sec. 4.31) and calculate theector in [0] and OpsiO [O]real

the nev axis.

taO

If other combination of inputs and

Generic Functions (Sec. 4.32.)

outputs ar necessaryplease let the deeloper know (e.g, 2 vectors and 2 scalars).

FUNC_1x1
FUNC_2x2
FUNC_4x4
FUNC_8x8
FUNC_16x16

n real input to n real outpu

t Oin0Ain1Q, . real[all
inputs are initialized to

be 0]

Oout00, Oout10,... real OEquationsO string
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Name Function in out setting
FUNC_VxV | nvector_real inputto n Oin\éc00 ...actor_real| Oout¥c0O ... OEquationsO string
FUNC_2VxV vector_real output vector_real Ooutput¥ctorSize_00 irger
bundle (Sec. 4.34))
megeBundles | meige two bundles to one | Oin0O, Oinldnkdle OoutOundle
D4ToBundle | mege up to 4 (8)data to a| OinBundleQuimdle OoutOumdle name00, name01, name02, name03 ...
D8ToBundle bundle Oin00AiN01A)in020, (these should be set to name the input
0in030 unkam data, otherwise triggered as error)
D4FromBundle| extract up to 4 (8) data OinOundle Oout000, Oout010, | name00, name0l1, name02, name03 ...
D8FromBundle from a tundle Ooutd20, Ooutd30 (these should be set to specify the data
unknavn : .
extract, otherwise triggered as error)
VecToBundle | Add vector to another OinBundleCuindle, OoutOundle OofsetO [0] intger
bundle Oiméctor© gctor OnameNNO NN=00~15 [empty string]
string (see Sec. 4.27. for edetails)
Bundle®Vec | Add or replace the input | Oin\éctorO ector OoutOactor OofsetO [0] intger
\éeﬁtj()lg(g;p%r;?nttby a OinBundleCundle OnameNNO NN=00~15 [empty string]
u P string (see Sec. 4.27. for edetails)

Thecurvatureof aopticssurfaceis positve (negative) if the surfacelooks concae (corvex) from
outside the optics elemenbdéal length is posite (negative) for cowverging (diverging) lenses.

Throughoutthis documentX andY representorizontal,and vertical axis respectiely. Z is the
directionof beam-propaationin anunperturbedtateof the optical set-up.The mechanicablata
(longitudinal position z, trans\erseshifts dx and dy, pitch and yaw) are attributed to a mirror
(mirror2 or ary mirror in a summationcavity) through a port called Gnech_dataéD whose
data_typés GlampO Thefollowing subsectiomescribeshemodulewhich shouldbe usedto put
mechanical data to mirror(s).
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3.1. Oxyz2clampO module:

Inputs of this module (available under item
Otype_corerters@n the pop-upmenuof AlP) arez, X,
y, theta_x(pitch),theta_y( yaw), theta_z(roll) andits
output can be connectedto Omech_datafort(s) of
optics modules.All thesequantitiesare debnedin a
right-handed coordinate system.

QO: small longitudinal displacemenof mirror. The
signis positive if the displacements in the direction
of normal to the coated sade.

q0& XO: displacementin trans\ersedirections,y
in vertical and x in horizontal direction.

OpitchOor Oyaw(: OpitchQs rotation aroundthe
horizontal axis, x, and OyavQOis rotation about the
vertical axis, y. Considerthe normal to the front
(coated)surfaceof a perfectlyalignedmirror. This is
the z-axis. Now you know the positive x-axis andy-

pitc

Figure 2: Ddinion of axis and angle

axis in a right-handedframe. The positive valuesof OpitchOQyavOand OrollGare rotation of
mirror in clockwise (right-handedcorvention) directions around positve X, y and z axes

respectrely.

Theshift of amirror long x andy axisis implemetedasatilt operationwithouttakingthechange
of positionalongthe z axisinto account\Whena mirror with aradiusof curvatureR is shiftedby
%in a place perpendicularto the z axis, this approximationintroduce an error of the mirror
positionof the orderof %/R. For a shift of 1mm of a mirror with R=10km, this is O( 0.1 nm).
Thisis nota seriousproblemwhensimulatingalock with alengthcontrol. But, someerrorsignal
sensitve to the caity length may she false result due to this error
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3.2. Definition of length between optics

3.2.1. General arguments

The lengths between mirrors arery
important for the simulation of optics sys-
tems.

As is shavn in Figure 3, the distance
between the tov mirrors, m1 and m2, are
functionsof 6 quantities)ength,dphi, z,(t),
thetal, 3(t) and thetaZl'he meanings of

each parameter and axpécit formula are
givenin thefollowing subsectiongzor each 220
mirror, thereis areferenceplane,shaovn by
dashed lines in Figure 3, which is time
independentThelengthbetweemmirrorsis
calculated using a time independent length between reference planes of mjiréecaldulated
using Olength® and Odphi®etkin primitve OpropaatorO and inarious summation ity
primitives,like Orec_sum@pdtime dependentnirror positions z;(t), which areinputsto various
optics primitves.

Figure 3: Ddinition of length

E.g.,aFabry-Peroitavity is constructedby mirror 1 mirror 2
two mirrors with two progapators connect-

ing thesetwo mirrors,asis shovn in Figure propagior 12
4.,

Lo
=1z
The static distance,k, is déened in the propagitor 21

two propa@tors, and the mirror displace-

ment, z(t), with respect to the reference —t |
plane, is gren as a dynamic input to each - 210 2(1)
mirror as the mirror motiorhe distance Figure 4: Fabry-Peroit cavity '
between tw mirrors at time t is calculated
by
L(t) = Li,Dz(t) Dz,(t) (1)

The mirror displacementsre subtractedoecauseof the z axis corvention, i.e., z axis of each
mirror is pointing outward from the coatedsurface.When mirrors are displacedwith respecto
their respectie referenceplane as is shovn in Figure 4, z; and z, are both positive in this
cornvention, and the length between th@twirrors are shorter than fby z+2z,.

The choiceof the staticdistancel-;, andthe referenceplanesof the mirrors, is not unique.Only
the summationof the static distanceand mirror displacementsj.e., Eq. (1), is physically
meaningful.Properchoiceof a staticdistancemakesthe simulationsetupeasy If L4, is setto be
the caity resonance length, the mirror displacements can be set to 0 to setup a resdiyant ca
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3.2.2. Time independent length betweeneaference frames - scalafield

When a scalapeld propagtes through a distance L, the phase changes by theifglamount:
L

" scalar = E2#§= P2#N + & (2)
& . me#'tpNt 3)
’ ($ )

where$ is the vavelength of thédeld and N is an inger closest to 1$. A beld is resonant in a
FP caity when&" = 0 or#, and is anti resonant whéi = #/2.

In e2e, the wavelength of &eld,$, is déned using a referenceavelength $,,, and the dbet dk
as follows:

2# _ 2% L 4k @)

$ %,

$p is dePnedin field_genprimitive which is the sourceof a beld. Usually, dk = O for the carrier
but a nonzerovalue canbe assignedy usingfreq_shifter. For a sidebandwith the modulation
wavelength$y,op=c/fuop, dk = 24/$y0p-

In e2e,the inter-opticslengthis specbed by a pair of values,lengthanddphi. lengthis usedto
give the macroscopidength, and dphi is usedto specify & . In otherwords,dphi debnesthe
deviation of the cuaity length from the resonant statligssonance 2 N#.

If the numericalvalue of lengthis usedliterally to calculatethe phasechangeof the Peld by
2# -length !'$, thenumericalvalueof lengthneedgo be specbedwith morethan13 digitsto
specify a 4km cavity to be resonantafter identifying the exact numericalnumberof the wave
lengthusedin the simulation.With the e2ecorvention,the cavity is resonantvhendphi= 0 or is
anti resonant whedphi=# ! 2, for ary value oflength

All physics quantities can be calculated with enough acgwsiag the macroscopic quantity
lengthandthe microscopicadjustmentiphi. E.g.,the phasechangeof the sidebandelative to the
carrierbeld is calculated biengtiiOvave length of RF modulationO (~10m) and theyGulmase
by length/ ORaleigh rangeO (~1km).

3.2.3. Time independentlength betweenreferenceframes - multi modefield

In order to present this topimst in a simpler &y, let usbrst discuss this topic for the case when
theeffectof mismatchbetweerbeamwavefrontandthemirror curvatureis nottakeninto account
(in actualsimulationonemaydothatby settingcompute__mismaltc curvatue, theboolear3agin
thefield genmodule to &lse).

The(m,n)componenbf a Gaussiareamacquireghefollowing phasevhenpropagtingthrough
a distance of L (Ref.[3]),
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w o L ok L
= E)2#§+(m+n+1). 00 = (DZ#§+. oo;”’(m* n). oo (5)

where. 00 is the Guoy phaseacquiredoy the TEM0O0 modethroughthis propag@tion.For a beld

whichis theTEMOO eigenstat®f a FP cavity of lengthL with mirror curvaturesof R; andR,, the
Guoy phase change propatghg through the ety is given by the follaving equation.

FP _ * % L+* L++
.00 " aCO%J(lDRl)(lDRQ) (6)
The phase change of the (0,0) mode canwatten in the follaving way.
" —_ L —_ 1
. *L o, —
& , B2#,=-DN{ +. 8
(3°0) T o0 ©

whichis ageneralizatiorof Eq.(2)and(3). Here, . ,, is the Guoy phasechangedependenbnthe
Peld quantity and . ,, is a constantsetting named dphiGuoy in the propagtor and other
summationcavity modules.Whenthe boolean3ag KeepGuoyJsetin the field_genmoduleis
false(which is the default), dphiGuoysettingsare neglectedand .  is setto . ,,, sothatthe
offset& becomes zero.

Justin thesameway aswe discussedor thescalarbeld, the cavity distancds specedby length
anddphi (Eq.(8)), and the phase of the (m,n) mode with déebvf{see Eq.(4)) is calculated by

"(mn,dk) = D2#N +(m+n). oo+ & +dk-length + dphi (10)

WhenKeepGuoyUsetis false,& =0, and, it is easy to setup avitg whereTEMOO carrier
(m=n=dk=0) component of the incomiirgld is a well dened state. But, with this ceantion,
the length of the adty implied bydphi= 0 changes as the mode Haskthebeld changesThe

size of the change of the length &y small, lot this change can be important when discussing
locking.

Now we discussvhathappensvhenthe mismatchbetweerthe beamwavefrontandmirror cuna-
ture is also taén into account in simulation.

So, ifcompute_mismaltic curvatue, the boolearfdag in thefield _genmodule is set to true, the
perturbation calculation is performed for the mismatch betweenabefnant cunature and the

1. A Hermite-Gauusiatreld is characterized by two independent parameters (see [3]). In e2e, Hist\wise
andpositionarechoserto debPnethe baseof themode,ascanbefoundwhenspecifyingthebeldin field_gen

primitive. In the folleving discussions, Ochange of the mode baseO means the change of these parameters.
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mirror radius of curature on rBection from the mirrorThis changes the resonant condition for
the length of the aaty. In that case thEEMOO component of a Gaussian beam acquires the fol-
lowing phase in a round-trip of thewy of length, L

- L _ :
00‘92#§+-oo+/1+/2+/12‘ D2HN+& +& +/+/,+/ 1, (11)

where / ; , /, are phases induced on the beam due to mismatch in mirror 1 and mirror2 respec-
tively and depend on parameters represented by 0, (which describe the perturbatieffect

of mismatch)for detailsseeRef.[3]). Thedependencef /, , /, on 0, , 0, respectrelyis of

prst order whereas the same dependence fgris of 2nd order and wolve coupled terms

between0, andO,.

WhenKeepGuoydsetis false, the mirror does not induce the corresponding piiasw the

beam, so the ale discussion mgarding the resonant length fBEMOO remain approximately
valid if the efect of mismatch is not much and the phass is ngligible. Hovever, if there is
too much mismatch, one may not automatically get the resonant condition just by setting
KeepGuoydsetto false. In that case we recommend the Wilhg: SetKeepGuoydsetto true.

In that case the phasels are imparted to the beam orfdeetion from mismatched mirrors and

the user needs to calculdtg, separately and set thatlve to & , the longitudinal phase fskt
to male the length resonant.

A goodexampleis thethermallensingeffect of theinputtestmass? Imaginea casethata TEMOO
Peld with agivenmodebaseis goinginto a FP cavity. The beldin the cavity hasadifferentmode
basethantheinput Peld dueto theinput testmassAnotherway to sayis thatthe curvatureof the
Peld changes when theeld goes through a lenBhis change of base is automatically calculated
by e2eusingtherefractve index of themirror. As theinputtestmasss heatedup, this lenseffect

changes, and accordingly the mode base opgfebinto the caity changes®

This efect can change the mode base in thatgdarge enough that thealue of. 3o can change

to causaneasurableffect. If thecavity lengthis debnedwith KeepGuoyGsetfalseanddphi=0
(or ary constant)this effectis not simulated becaus¢he changeof the Guoy phaseof thecarrier
is automatically compensated by the change of length.

In orderto simulatethis kind of effect, KeepGuoyGsetneeddo be setto true,andsomevalueis
to be assigned tdphiGuoy and the same setting should be used to simuldezatif states of
interest, lile cold and hot states of the input test massaH-P cuaity, using the Gup phase
change determined by avity geometry Eq.(6), for a cold state, will be a good choice.

Sincethechoiceof dphiGuoyis arbitrary theuseof this settingleavesthe choreof Pndingtheres-
onance point of a @&ty to the user This is usually acomplished with a control loop and, and the

2. Only the lensing ééct due to the radius dependent refraitndex change of the substrate is discussed here.
3. The thermal lensing fefct can be simulated in a crudayby changing the refracé index of the input test
mass.
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ability to obsere the action of these loops isdli the motvation for setting<eepGuoydtetto
true.
3.2.4. Time dependent mirror displacements

The mirror position, which can be time
dependent, is dmed to be the relat

Z
distance between the mirror sagé and = —
. : cosl
the mirror reference plane, using the-pe
= dl1l-cos21

pendicular direction pointing outwd
from the coated side (sivo by a gray
box in Figure 3) of the substrate as the
axis. So in Figure 3,;2s negative while
z, is positive. The effect of the mirror dis-
placement, zand 2, are takn into
account by the change of the phaseis
shavn in Figure 5, the net change of the
path length i22z - cosl, and the phase
change due to this d#rence is added to thel¥ectedbeld.

Figure 5: Phase change due to displacement

4  PRIMITI VE MODULES

In summationmodules(cav_sum, rec_sum,tricav_sum), there are somerestrictionswhich
shouldbe notedcarefully We decidedto keeptheserestrictionsin orderto avoid unnecessary
optionswhich arenot really utilized in LIGO-relatedapplicationsghatwe know of. It shouldbe
notedthat any or all of theserestrictionscan be lifted by a quick modibcation of our source
programme; In case you need such rirodiions, please contact us.

4.1. field gen:

This is basicallyour lasersourcebut it alsocarriessomeimportantadditionalinformationabout
how you wish your simulationto be done.Optical simulationwithout light meansnothing. A

mirror or a cavity is alive only when it receves light. That® why we decidedto put these
additionalinformationinside this module.The Peld carriestheseadditionalinformation (or the
userspeched instructions) everywhere it goes and simulation is performed accordingly
everywherein a consistentway. So we explain belov the parametersof this modulein two

cateyories:

4.1.1. simulation information:

Omax_mode_orderQepresentshe maximumorder(m+nof TEM) up to which theuserwishes
to perform the computation.As explained above, once specbed, this remainsto be a static
constantthroughoutthe simulation. If you set Omax_mode_order -10Qo0r ary other negative
integer, all modulesperformoperationassumingdight asplanewave (no trans\ersedimensions).
Setting Omax_mode_ordet® zero or other positive integer (up to 3) makes all the modules
perform Gaussianbeam calculationsusing multi-mode computationalernvironment; The zero
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settingcorrespondso just TEMOO mode.Note thatthe currentimplementatiorcanstudymodes
up to order m+n = 3, which is $adient for most of our application purposes.

Ocompute_optionQallows the user to select one of the computational methods for the multi-
mode calculations.Currently only one option, 1, the standardmodal-modelcomputation,is
available.NOTE: if you setOmax_mode_ordet@ary negative integer, which effectively means
that you wish to perform ordinary single-mode operations, obviously, the setting of
Ocompute_optionO will noteaary signibcance and will be ignored.

Oangle_esolutionO: Matricesthatareusedto studyhigherordermodesgeneratediueto pitch
andyaw areupdatednly if thesequantitieq(in radian)getchangedy atleastthe set-\alueof this
parameter Thus, this avoids expensve matrix re-calculationseven for negligible changesin
alignmentangles.Choiceof a highervalueleadsto relatively less(not necessarilyjunacceptable)
accuray but faster simulation, and vicesksa.

Ocompute_mismatch_cwature® This is a booleanRag. If you wish to computefor the
generatiorof higherorderspatialmodesdueto mismatchin radii of curvatureof mirrorsandthe
correspondingphase-frontsyou needto setit to eithertrue or yes.If you setit to falseor no, the
simulationassumeshatthe phase-fronatary mirror exactly matcheswith theradiusof cunature
of the correspondingnirror. This hasmary advantagesFor example,whenyou are at the pbrst
stage of designing some conbguration, you may not be interestedin detailed mismatch
calculations. Caution: before setting it to noalsé, be sure that mismatches are really small.

OKeepGuoyOffsetO See Section 3.2.3.

4.1.2. field information:

OlambdaOlaser vave-length.

Opolarization®At presentE2E supportsbeld in only one polarizationstateand doesnot allow
their simultaneougpresencéThis statuswill be changedshortly). Setthis parameteto eitherO00
(zero)if the bPeld hasp-polarization(in the planeof incidence- XZ planein E2E&corvention)or
to O10 if thieeld has s-polarization (perpendicular to the plane of incideYiZzgane).

Owaist_size X@)waist_size YOlaserbeamwaistradii : Radialdistancen X orY directionat
which the electrideld drops to 1/e times the maximurdwe (at the center).

Odistance_waist_XGDdistance waist_Y® Distancein z-directionto beam®waist: To be set
negative (positve) for a comerging (dverging) beam.

OpaverOandOphase(rhesein variousmodesneedto bespecbedasanarrayof realnumbersn
thefollowing orderof TEM_ xy basis:00, 10,01, 20, 11,02, 30, 21, 12,03. Note thatthe current
implementationcan study modesup to order m+n = 3, which is sufbcient for most of our
application purposes. If it is really necessavg@incorporate m+n > 3 modes in future.

Someexamplesif you setmax_mode_order -1 or 0 (single-modesimulation)andpower = 1.0,
0.2,0.1,only TEMOO power will besetto 1.0;thelasttwo valuesin thearrayareignored.If you
setmax_mode_order 1 andpower=1.0,0.2,0.1,0.01,thelastvaluein the arrayis ignored.If
yousetmax_mode_ordex 1 andpower=1.0,0.2,the TEMO1 poweris automaticallysetto zero.
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4.2. power_meter:

Odk_br_powerO: Differencebetweerthefrequeng for which youintendto measurgower and
thecarrierfrequeng. If you setit to zero,thatmeansyou intendto measurearrierpower. NOTE:
you must seOfreq_flagOto yes in order to use this parameter

Ofreq_flagQ if you setit to OyesGhe Opaver _meter@nodule calculatespower in frequeng
correspondingo thesetvalueof Odk_br_powerO. If you setthe sameto OnoQt sumsup power
in all frequenciesln bothcasesit sumsup powerin only thosemodes selectedy you by setting
OmeteragO.

Ometer flagO: SettingOmeteBagQo zero,you getsummed-upowerin all modeslf it is setto

1, power_metersums up power in all modesin betweenm+n = Oorder_minOto m+n =

Oorder_max® The settingsof OmOand OnQ if you make ary, will be neglected. When
OmeterizagQss setto 2, the power_metemivesthe power only in modeTEM_mn; In this case,
the settingsof Oorder_minQor Oorder_maxQif ary, areneglected.If you aredoing something
inconsistent(e.g., Oorder_minGs greater than Oorder_maxGetc.), you®d receive warning
messagedght at the startof your run of modeleror modeler_freqSo,watchout for thoseand,if

needed, stop running and change the settings.

An easyquestion:How to get total power in all frequenciesandin all modes?Answer: Set
OfreqRagO to no and Omet&agO to O.

4.3. prop (the propagator):

OlengthCand OdphiO: In the planewave case(whenyou selectOmax_mode_order-1 in
(reld_genGnoduleof your .box ble) , the total length of ary propagtion pathis calculatedas
follows:

_ *[length dphi+
LO—(N[ 5 }DZ#) $ (12)

In the equation,N[x] meansthe closestinteger to x, and $ is the carrier wavelength.When
longitudinal phaseoffset, dphi = 0, the propagtion path length is an integer times the wave
length.

QiphiGuoyO : See Section 3.2.3.

Ohae_delayQ WhenOhse_delay@s true, propbehaesasamodulewith delay i.e., atleastone
time stepdelayis introduced,evenif thelengthis 0. So, maximumtime-stepof simulationis
determinedby maximumvalueof Olength@arametersf all the propsinvolved. However, When
Ohse_delayQs false,prop calculateshe outputby multiplying properphaseswithout ary time
delay Thisis intendedo simulatea very shortcavity andbeld pathsoutsideof aresonatarUseof
this latter modus-operandmay speedup the simulation speedwithout introducing ary extra
inaccurag.

4.4. mirr or2:

SideA (B) referesto the sidewhich is coated(uncoated)E.g.,A;, meansaninput Peld coming
into the coated side.
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Any two of the R, T, L (power ref3ectance fransmittanceand loss),r, t, | (amplitude)can be
specbed for a mirror

Oradius_fiontO,Oradius_backO:Radiusof curvatureof the coatedsurface.To be setpositive (
negative) if the coated suate looks conaa (corvex) from outside the mirror

Oefractive_indexOrefractive index of substrate

Oangle® The anglebetweertheincidentor relectedbeamandthe normalto the mirror surface.
When Oangle& 0, the mode-matchingbetweenthe input beamsand the mirror surface is
assumedAny small differencebetweenOradius_front@ndthe radiusof wavefrontof the beam
is thencomputedn a perturbatve way (providedyou keepOcompute_mismatch_cuwatureOto
yesor truein (ield_gen® However, whenOangle@ not zero,the mirror is treatedasa turning
one. Incoming and ref3ectedbeamsare relatedby ABCD transformatiorwhich usesthe value
assignedo Oradius_front@&ffectsof mirror rotation(pitch, yaw) arecalculatedn a perturbatve
way.

Omech_dataGsee section 3 "Ceention”

lens:

Module remeed. Use telescope instead.

This modulemay be usedto effect the changeof basisof beamTEM modesby a lensor by a
mirror with lensingaction.To useit for studyingthelensingeffect of a mirror, pleasereferto the
brst paragraph of section 2.4 on mirror2.

Oradius_fiontO and Oradius_backQ To be set positive ( negative) if the lens surface looks
concae (corvex) from outside the lens. Oradius_front@ on the side of OinOpPeld and
Oradius_backO is on the side of QmaitO
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4.6. rad_press

Figure 6: Radiation pressue on ETM

The Orad_presg®imitive modulecalculatesthe force andtorqueacting on a mirror. Incoming
peldsandoutgoingbeldson bothsideof amirror needto be connectedo the4 Oinput@orts Ain,
Aout, Bin andBout. The positive z directionis the sideof A belds.E.g.,in Figure6, it is pointing
from ETM to ITM, andthesignof Fzin thisexampleis negative,i.e.,ETM is pushedackwardto
expand the caty length.

Oneinput, Omech_data@rovidesthe positionof the centerof gravity of the masswith respecto
the geometricalcenterof the mass.Only quantityimportantwill be the offsetdueto the wedge
angle Anotherinputis OginOwhich is a real valuemultiplied to the output. This is implemented
to turn on and dfthe radiation pressurefett, lut can be used continuously increase tifecef

The setting OangleO is the incident angle dfelie so use 0 for ETM and ITM and Pl/4 for BS.
The booleansetting OnoiseOn{ the switch to turn on and off the Buctuationof the radiation

preessure-or now, only the Buctuationof the longitudinalforceis calculatedandthetorquedoes
not have RBuctuation.

4.7. beam_center

This primitive Pndsthe X-Y value wherethe power of the beld is maximal (extremum).If the
input Odk@s provided, thenthe peakof the sidebandwith dk is found. The settingdelZ debnes
the distanceof the planeof interestfrom the point wheretheinput Peld is provided. Onecanuse
two primitives with the same inpireld kut with different delZ tdend the beam direction.

If reasonablenaximalpeakis not found, e.g.,the peakis 2 x beamsize away from the center a
warning message is printed 5 times.
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4.8. baseChanger

When an eigenstateof a cavity doesnot matchwell with the baseof the incoming beam,the
modal model arrpoximationdoesnot work well. To improve the situationand to measurehow
goodor badthe modemismatchis, it is usefulto changethe baseof the incomingbeamby the
base dened by the base of thewity.

? air::n—HGmn(wi)n, zin) =2a ) (13)

Thebaseof theinput beld is changedo theonespecbedby the setting.The new baseis specbed
by the waist size (w0) and the distanceto waist (z) in the x andy plane separatelyWhen
Orelatie_shiftOis true, OzxGand OzyGare addedto the mode specbcation of the input beam.
WhenOrelatie_shiftGs false,settings,0zx@nd OzyQare usedas specbcation of the distances
themseles.

Theamplitudeof eachmodecontentchangesorrespondingo the changeof the modalbaseand
thenumericalvalueof the Peld doesnot changewithin theaccurag deperminedy the numberof
modes used.

out out _out
mn - I_|Gmn(W0 x4

4.9. mode_modulator

Amplitudesof the input Peld is modiped using the magnitudeand phasespecbed in the input.
Oamp@ndOphase&@evectorof realvaluesandtheamplitudeof the TEMmn modeis multiplied

by
ampl j ] - Exp(i - phase] j]) (14)
Modes specbed by (m,n) are arrangedas (0,0),(1,0),(0,1),(2,0rtc to relate (m,n) pair to one

dimentionalarray If ampis not specbed for somemode, the setting OdediultAmpOis used.f
phase is not spdeed, \alue of O is used.

E.g.,in orderto keeponly TEMgg andto suppressll higherordermodes setthedefaultAmpto O,
and set ampl[0] = 1.

When a real @ctor input dks is praded, only those frequepcomponents are mdekd.
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4.10.beam_wiggler:

This canrotatethe beamaroundhorizontalOx@xis (OthetaX®or vertical Oy@ixis (OthetaY Gy
small angles (as compared to theetience angle of the beamprfexample, as shwn in bgure,

e —] Propagation p————

Laser Beam
wiggler

if the Obeam-wigglerfoduleis put on a beampath and appropriatevaluesof OthetaX@nd/or
OthetaYQire set to it, the beam direction will rotate by the specbed angles.If the beam
propagtes some bnite distanceafter that, we can seethat its maximum power position in

trans\ersedirection moves some bnite distancefrom the center One should note that in this
particularcase while propagting, the effect of the additionof gouy phaseis the only important
one for the angulardeviation of the beamto happen.The time-delay of propagtion is not
important.So,if oneis usingthis set-upwith someothercavity, onemaylik e to setthetime-step
appropriatefor the cavity without botheringaboutthe time-delayfor this propagtion. Onemay
do this by using either the OpropO module witheOtialayO 6br using OtelescopeO.

4.11.beam-shifter:

This canshift the beamin trans\erseOx@horizontal)or OyQvertical) directionsby smallamount
(as compared to beanaist size).

X
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4.12.cav_sum:

Thisis usedfor fastsimulationof a Fabry-Perotavity. Theris one |
restriction in this module: The brst light should enter the cavity
through mirrorA. |

Thecoatedsidesof mirrors, by default, areinsidethecavity. Incase  ao [ | B
you needto orientoneor both of themotherwise setOdirAGand/or I

OdirBOto (-1).

Lensing_effects of the componentmirrors have beenincludedin virtuallpickoff (Apick)
calculations. So, do not fget to
setOrefractive_indexQOradius_flontOandOradius_back®f mirrorsA and B.

Give mechanicaldata of the mirrors through Gnech_datas0 and Onech_dataBO ports (see
section 3 "Cowention").

OdphiGs longitudinalphaseoffset. Onemay useanotherphaseoffset OdphiGuoyCafter setting
the boolean3ag OKeepGuoyOffsetGn Gpeld_gen@oduleto true or yes.The offset OdphiGugO
is usefulfor comparing say simulationrunswith variouslevels of modematchingin a cavity to
Pnd out absolutevaluesof changesn mirror positionsin theserunsby settingOdphiGupOto a
reference &lue (See Section 3.2. and Section 4.3. for detadpldeation).

4.13.rec_sum:

This representshe regycling cavity of LIGO interferometeror
just a power-regycled Michelsoninterferometer There is one
restrictionin this module:The brst light shouldenterthe cavity
through mirrorA.

This hasbeendevelopedin orderto performfastsimulationof
thewhole LIGO interferometer In aLIGO conbgurationmade / B
D

C

with primitive mirrorsandpropagtors, the maximumvalue of A

time-stepof simulationis limited by the smallestvalueof oneof

thelengths(in this case oneof thelengthsinsidetheregycling

cavity). This moduleenableneto make a LIGO conbguration

whereOrec_o&Dsitsin the middle andgetsjoined by the propsto the primitive endmirrors and
allows a time-step whose maximuralwe is limited by the lengths of armviges. Of course, it
can,on its own, produce simulationresultsfor a Michelsoninterferometein afastway. It can
also be usedto study dual-regcled michelsoninterferometerby having non-delayprops and
primitive signal regcling mirror at its dark port.

By default, the coatedsidesof all the mirrorsareinsidethe power-recycled MichelsonCavity. To
simulate with one or more than one coatedsides turned to outside this conbguration, set
correspondingdir_Qariableto (-1). For example,in orderto studya power-regycled Michelson
cavity, mostprobablywhatyou would lik e to simulateis just the default orientationof mirrorsin
Orec_sum®owever, if you wish to study full LIGO conbgurationusing Orec_sum@r the
regycling cavity, you need to setirB anddirC to (-1).

Lensingeffectsof the componentirrors have beenincludedin calculations.So, donotforgetto
setOrrefractive_indexQOradius_fiontOandOradius_back®f each mirrar
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Give mechanicaldata of the mirrors through Gnech_data”O, Gnech_dataB), .... ports (see
section3 "Cornvention"). Rememberthe longitudinal position, z, of the beam-splitterrefersto
shift alongthe normalto its coatedsurface,just like in any othermirror (andthe /2 factoris
taken care of by the code).

The output PeldsApick, Bpick, Cpick referto internal belds at correspondingnirrors and are
directedat the beam-splitterThe Peld Dpick is the Peld at the beam-splitterand is directedto
mirror B.

OdphiOsare longitudinal phase offsets. One may also use a set of other phase offsets
OdphiGuoyAO,OdphiGuoyA@dphiGuoyACafter settingthe booleanRag OKkeepGuoyOffsetO
in Areld_genGnoduleto true or yes. The offsets OdphiGugOsare useful for comparing,say

simulationrunswith variouslevels of modematchingin a regycling cavity to bnd out absolute
valuesof changesn mirror positionsin theserunsby settingOdphiGugOsto a referencesetof

values (See Section 3.2. and Section 4.3.for detaiadmation).

4.14.tricav_sum (isosceles triangular oaty):

This is a summationmodule representinga triangular cavity like pre-
mode-cleaneor mode-cleaner Four restrictionson this module (i) the A B
triangle shouldbe an isoscelesone, (ii) light shouldenteronly one port - \
(referredto asA port), (iii) theinput (A) andoutput(B) mirrorsshouldbe

Rat., (v) the coated sides of all mirrors arevays inside the saty.

Olength_lageOEither of lengths BC or CA. u
Olength_smallOengthAB. c
Oradius_frontCO :radius of curature of mirror C

Oefractive_indexAO, Gxfractive_indexBO, @fractive_indexCO refractive indices of mirrors
OdphiABO, OdphiBCO, OdphiCAGmall phase d$ets in arious lengths.

If all dphi_are zew, the triangular cavity would be resonantwith TEMOO of its natural modal
basisin p-polarization.So,if youhavesetOpolarization@o O0Qn field-genmoduleof your .box
file andif all dphi_are zeo, the cavity will automaticallybe resonantHowever, you needto set
one of the dphi_ s to Pi to male it resonantif you have set Opolarization(o O10(i.e. s-
polarization) infield-gen module

Onemayalsousea setof otherphaseoffsetsOdphiGuoyABOQdphiGuoyBCOOdphiGuoyCAO
aftersettingthe boolean3ag OkeepGuoyOffsetGn Gpeld_gennoduleto trueor yes.Theoffsets
OdphiGugOsareusefulfor comparingsay simulationrunswith variouslevelsof modematching
in a cavity to bPnd out absolutevaluesof changesin mirror positionsin theseruns by setting
OdphiGugOsto a referenceset of values (See Section 3.2. and Section 4.3. for detailed
explanation).

Give mechanicaldata of the mirrors through Gnech_data”O, Gnech_dataBO, .... ports (see
section 3 "Cowention").
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4.15.field2complex:

This moduleallows oneto getthe comple« amplitudeof a Peld (which, by E2E constructionjs a
classcontainingvarious Peld information and associatedunctions) in frequeny specbed by
OdkQasusual the differencebetweerthe specbedfrequeny andthe carrierfrequeny) andin a
particularTEM_mn mode spebed by intgersOmGandOnO

4.16.telescope

Telescopanodulesimulatesa setof thin lenses
to changethe waist size and position, and the length
phaseof the Peld. The lenssettingis debned by
its location|; andthe focal lengthf;, optionally
with its thicknessd;, wherethe focal lengthis
relatedto thelenssuracecunaturesR; andR,,
and its refractve index n.f, by the following U

I

equation. output feld

" calculated her
? = anref Dl)(R_ + = 0 (ll!fl) (|2,f2) (ln,fn)

The @nsinfoO setup should bekieed in the follving way to ddene the lens cdeguration.
lensinfo = (I3, f1), (I, f5), .oy (I T)
If you want to include the thicknesd&gt, you preide @hicknessinfoO in the follaing format
thicknessinfo = dl, d2, dm
Whenthereis athicknessesassignedthelenspositionl; is thecenterbetweertwo surfaceslf the

thicknessnformationis not specbedfor thej@h lens,zerothicknesss assumedThethicknesss
used only to correct for the calculation of thaist position, and no thick lendegt is included.

The QengthOof the telescopecan be debPnedthroughthe input port, andit canvary during the
simulation.If GengthOis not provided neitherasaninputto this port, nor by a default value, the
lastlenslocationis usedasthelengthof thetelescopelf neitherof themareprovided,thelength
is set to be zerd.he output of the telescope module isltedd at the locationléngthO.

Thebeldis propagtedbetweeriensesn the sameway asthe propagtormoduledoes,.e., Guoy
phasesindsidebandhaseg (I, - I.1)*dk; ) areappliedandthe distanceto the waistpositionis
advancedaccordingly Whenthe beld goesthrougha lens, the waist sizeandthe distanceto the
waust position is changed. If the focal length igéathan 1&°, it represents 8at lens.
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Whenthe sidebandohasesareincluded,the debnition of the demodulatiorof the beld after the
telescopejn-phaseand quad-phasegdependon the length of the telescopeln orderto make it
easyto debne the in-phaseand quad-phaselemodulationthe sidebandohasescan be excluded
from the telescope calculation. In order to do that, sgtCsb_phase to élse.

The telescopeeffect can be specbed by the setting parametersQuaist_XO, Qvaist_YO,
Qlist2waist_XO Qlist2waist_YO,Qyuoy00_ X0 ,Qyuoy00_YOin steadof specifyingthe detailsof

thelenssetting.If thesegparameterarespecbed,thebaseof the outgoingbeldis changedo these
valuesand,eachmodeis multiplied by a phasebasedon guoy00. In this case nho sidebandrelds
are multiplied.

If QensInfoOis specbedandoneor moreof thesethreeparametersrespecbed, theseparameter
settingsoverride the calculationbasedon the lensinfo specbcation,i.e., after the calculationof
the telescopds bnishedusingthe QensinfoOdata,the Pnal waist size, the distanceto waistand
total gouy phase changes are replaced byxpkc# specbcation, if there were gn

4.17.data_reader

Readdatafrom a ble GrleNameCand interpolateor extrapolateto generateime seriesof data.
TheinputPle shouldhave thetime in the brst columnandarbitrarynumberof columnsof data,all
separatetby white spacesA dataseriesn eachcolumnis interpolatedr extrapolatedusinga2nd
order polynomial. This outputis Pltered by a lowpasshPlter (Chebyshe 2, 10th order 40dB,
Nyquistfrequeny determinedby the brsttwo input times),if OuseFilter true.All outputsare
stored in a gctor output.

If OnumDataf8 positive, brst OnumData@ataseriesare processedFirst OskipLines@nes are
skippedandall linesareskippedwhich do not startwith anumber(startswith acharactexwhichis
not a digit nor period).

4.18.Data_Viewer

This is a module to dump out the dathis is equralent to the follaing c++ statement.
for (i =0; i< counter*step; i++)
if ( mod(i,step) ==0)
cout << data;

You arepromptedfor the valuesof counterandstep,andyou canstopdumpingif youwant. This
data will not go to the standard outfie.

By usingsettingOthis\ewer _OnCand runtime options,viewerON and viewerOFF viewers can
be selectvely turnedon andoff. With -viewerON (-viewerOFF)option, all viewersare enabled
(disabled) Whennoneof theseoptionsarespecbed, thoseviewerswhosethisViewer Onsetting
true are enabled.
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4.19.sideband_gen

This module simulatesthe amplitude and frequeny modulation debned by the following
equation.

E,u = Ein-EXpl{i(3. +8&3. (1)) +(3,+83,(1)}-sin(4t+& (1))] (15)

Whenthe settingOorder dePnedto be a positive valuen, the modulationis approximatedy a
suprerposition of multiple harmonics using the fwilog equations.

n
Eout= Ein- 2 An(t)-Exp(iN(4t+& (1)) (16)
N = fn

The amplitude of the Nth harmon#y(t), is given by the follaving formula.
n
A5 2 (B)NP L33 ) -1y pi(3,)-(1+B; -&3. (1) + B2 . - &3
N 2 ( ) - I( ')' NDi( a)'( i (t) NDi~ a(t))
i =86n

5 = J(B) D‘Ji+1(3' )
T T3 33
a_ G _ j, li+1(3d)

(17)

3, 1.3y

where J,(X) is the Besselfunction and I ,(x) is the modiped Besselfunction. The noise of the
modulation deapth isdpt only thebrst order of the noise amplitude.

Whenthe settingOorder@ setto be 0, the outputis calculatedusing the debnition of Eq. (16)

explicitly. Thisis mainly deluggingpurposeln orderto usethis setting,the simulationtime step
should be, say more than factor 10, shortedthan the cycle of the modulationfrequeng. For

example,if the modulationfrequeng is 10MHz, thenthe simulationtime stepshouldbe shorter
than 10 ns.

4.20.sideband filter

This modulelet only thosesidebandgjo throughwhich satisfythe criteriaspecbed by the setting
parametersThis is usefulto remove thosesidebandsvhich do not play importantrolesin the
interferometer controls.

Odk_min@nd Odk_max@ebne the rangeof sidebandfrequenciesto passthroughunder ary
additional conditions imposed.
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If SBListis not specbked, all sidebandreldswhoseamplitudedargerthanOmin_amp®® carrier
amplitudeare presered. If thereis no carriet i.e., dk = 0, then a beld which hasthe largest
amplitudeis usedasthereferenceamplitude.This amplitudetestis doneonly atthe brsttime the
input Peld goesinto the module,or whenthe numberof sidebandghangessothis conditioncan
be used only when sideband amplitudes do not change much.

SBList is an array of comple< values,and is usedfor two purposesA comple value with
imaginarycomponenbeingO is usedto specifya freqeny to passthrough.l.e., if a elementof
SBList is (dki, 0), then a sideband with the frequedii will be kept in the output.

Each elementof SBList whoseimaginary parts being non zero is interpretedas (frequeng,
modulation deapth). Several modulation elementscan be included, (dkj, 3;). All possible
frequeny componentsproduced by these modulation elements, dk= 2 m, -dk; with an
amplitudeofA= @ J (3 ), where m;@ are integers, and thosefrequeng componentswhlch
satisfydk_min7 dk7 dk max andA8 min_amp are presemd in the outpulpeld.

E.g.,whenSBListis (0.1, 0.5) and (0.01,0.1), togetherwith dk_min=-0.25,dk_max=0.25and
amp_min= 0.01,thenthis modulepassup to the 2nd ordersideband®f the brst modulationand
up to the 1st order sideband of the second modulation.

SBList cancontainmixture of thesetwo typesof specbcations.E.g., SBList canbe specbedto
be (0.1, 0.5), (0.01,0.1), (0.12,0),(-0.12,0) to force to add the secondorder harmonicof the
second modulation.

4.21.pd_demod

The detailsof the implementationof the demodulationand shotnoiseare given in [1]. Setting
CxfficiencyQOis the quantumefciengy, whichis multiplied to theinput power to getthe netpower
corverted to the photo current.

Therearethreeoptionsfor the shotnoisesimulation. WhenGhotnois&is 0, the shotnoiseis not
simulated WhenGhotnois@is 1, afastmethodis usedto generateéhe shotnoise.This generates
the shot noise using a gaussiandistribution which gives correctvaluesfor the averageandthe
variance,when only one pair of sidebands(one upper and one lower) exists. This method
generateshe shotnoiseof the threesignals,the inphasedemodulatedgquadphaselemodulated
andthe power, independentlyWhen Ghotnoisis 2, a full simulationis usedto generateand
the simulated3uctuationis no morea simplepoissiondistribution andthe correlationsamongthe
threesignalsare properly generatedBut this methodis orderof magnitudeslower thanthe fast
method.

The Ghapedsettingdebnesthe shapeof the detector For the Oshape@lues0 to 8, no additional
inputsareneededandeachvaluecorrespondso theshapeshowvn in Figure5 with inPnite radius.

Several box Ples are provided, Gircular_det.boxO, Gxhalf_det.boxO, Ghalf_det.boxO and
Quad_det.boxO.They containsoneto four pd_demodmoduleswith properweightsto combine
them. complex2reim is includedto corvert the demodulatecbutputto inphaseand quadphase
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21 11 /B CICh
@ g9

Figure 7: OshapeO number of detectors

demodulatedsignals.In Figure 6, O+Gand O-Gsignsindicatethat they are addedtogetherwith

y in A 4an
{E'XC =T

circular_det.box xhalf_det.box yhalf det.box quad_det.box

Figure 8: detector bas

weights of 1 and -1 respeatiy.

When you needto simulateary detectorswith different shapesa detecotormap needsto be
generatedisinga programOdetmap® ContactHiro Yamamotoof LIGO Lab aboutthe detailsof
this program] This programgenerateatableof valuesto be usedby pd_demodor this detector
Then paste this table of numbers, array of rahlas, into the map_dateld of pd_demod.
Using OdetmapO, you cafruea detector by specifying the fallimg quantities (see Figure 7).

¥ r_min, r_max : minimum and maximal radius

¥ phi_bain, phi_end : minimum and maximal angle

¥ gap : distance between the detector boundary to the geometrical bdrned dbey

phi_begin adn phi_end

¥ dx0, dyO : the det of the detector center to the beam center

All quantities with length dimention are to be normalized by the spot size.

y axis

Figure 9: Spedication of a detector

For example,if you wantto debPne a Bullseye photodiodedesignedor 100, you make detector
maps of the folleing 4 detectors with the parameter sets (r_min,r_max,phi_min,phi_max) =

(0,1,0,360),(1.15,2.748,-30,90),(1.15,2.74890,210).(1.15,2.748,210,330) he radiusvalues
are arbitrary chosen.
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4.22.digital_filter

The digital Plter implementationin e2eis basedon the samealgorithm usedin pziir.m by
p.fritschel,i.e., (1) usebilinear transformationfrom s to z, ( s = 2/T (z-1)/(z+1)), followed by
zp2sosgroup-orderingmplementedn matlab(DIR_FLAG = 'UP"). The blter codeis basedon
iir_blter in ascFiltec by R. Bork.

The spedpcation of the digitaPlter is as follav:

f1<%>-f2(zTo)

DF(s) = gain- (18)
£1(P) - T,(pP)
f1(X) = G (sbx)
- o (19)
fo(xp) = @ (sBxp,)-(sbxp;)

Thenumeratomandthedenominatoarerepresentely two formsof polynomials zerosandpoles
in theform f1 in Eq.(5),complex zeropairsandpolespairsin the form f2. Eachoneis specbed

by a real vector (zerosand poles) or by a complex vector The coebcients a® and b® are
calculatedfor a giventime stepusing 128 bit precision Whenthe new outputvalueis calculated
internally in the module,either64 bit or 128 bit precisionsare useddependingon the valuesof

zeros,polesandthe time step.This criteriais not perfect.If you preferto usel28bit calculation
for a gven module, setf@ceQuadd to true.

wp T Eatia source df  out
| o S .
.| .
e B - | ADC
B | ; ‘
| . ] T | ]
| .
| 2
V(- L . f
B 3 —  st=0—
1 "#1 - ‘ .. }
V(- ;
!"a‘tss !"a‘#% !"#‘#& 1!‘ !!a‘t' ”,;g, ”#‘%

Figure 10: Digital Filter

GampleTimeOlargerthanthe simulationtime step(tick time), this moduleusesthis valueasthe
digitizationtime step.In Figure8, the dottedline is the outputwith OsampleimeO= 0. The solid
line is producedby placing a A2D_samplerbetweenthe sourceand the digital blter module,
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which hasthe samebnite valueof sampleTme asthedigitial biter. The dot-dashedine is thethe
outputof the samearrangementsource-> A2D_sampler-> digital_Plter, but the sampleTme of
the digitalblter is set to 0.

OresetOn€witch is usedto clearthe internal buffer. Whenthe resetOnvalueschangedo a non
zerovalue,theinternalbuffer is clearedandoutputvalueis alsosetto 0. WhenresetOris positive,

the outputis 0 andthe internalstateis zero.WhenresetOris zeroor negative, the evolution goes
on asusual.The normaluseis to setOresetOn® 0. If the resetOris setto 1, thenthe internal
buffer is cleared and the output is O until the resetOn is set to 0.

4.23.statespace

State space model is implemented usinghdBRED matrix.A matrix can be speleed as follavs:
mO00, m01, m02 [CR]
m10, m11, m12 [CR]

mNO, mN1, mN2
One can use O|O character to mark the line break, lik
mO00, m01 | m10, m11

The sizesof the 4 matricesshouldbe consistentj.e., they shouldbe matriceswith the following
dimensions :

: numStates x numStates
: numStates X numinputs
: numOutputs X numStates
: numOutputs X numlinputs,

O0Ow>

where numSpacess the internal degree of freedom,numinuptsis the numberof inputs and
numOutputds the numberof outputs.If any of themarenot dePned, they areinterpretedasan
empty matrix. Up to the numinputsamountof input vectorare usedfor the calculation,andthe
OoutOector_real has numOutputs amount of redligs.

The initial condition of the state variables can be initialized by the OinitialOvector_real.
Oaccura® is the requirementof the relative accuray of the calculation. The Rungekitta
adaptve integrationmethodis usedinternally, andif this accurag cannotbe achievedfor ary of

theinternalvariables thena warningmessag@rinted.If too mary messageareobsered,some
settings may need to be changed.

The integrationpartis doneusingeitherdoubleor quadrupleprecision.SetuseQuado falseor
true to choosewhich precisionis to be used Whentoo mary Oaccura®warningis printed,one
way is to use quad precision.
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A simple example of a pendulum is siva belawv.

2
d x dx 2 _
F+ 2aa + Wp(X stusp) =0
X
X = dX,Y:x,u:xSUSp
dt
Q<:A-X+B-u
dt
Y=C-X+D-u
0 1 0
A=| 5, |.B=| ,.C=[10D =I[0]
Bbw, ERa Wo

4.24 freq_shifter

All subPeld frequenciesare shifted by the sameamount. The magnitudeof this shift can be
several 100 MHz, it should not be time dependent.

4.25.fld_modulator

One cando the modulationusing this function and demodulateby multiplying a sine function
without usingthe sidebandapproximationBut, in orderto do that,thetime stepshouldbe atleast
10 timessmallerthanthe modulationbeld cycle, and usually this methodtakes several 10-100
times slower than the side-bandapproximation.It is recomendedhat one tries this method
occationallyto validatesomethingWhenyou setthe numberof sidebandgor the sideband_gen,
this is automatically done both in sideband_gen and pd_demod.

4.26.ADC

For a given discritization time period OsamplemeQ9 and an integration time % the output
between Ato (n+1Pis calculated as

n9
out(n9) = 01/0 Input(t)dt (20)
n9b%

When%is 0, the inpuit valueat time n9 is usedasthe outputvalue betweemt to (n+1)t. When
digital controllersare implementedthis module shouldbe usedtogetherwith the digital blter
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with the sameOsampleimeOThereis no restrictionof the sampleTme, exceptthatit shouldbe
larger than the simulation time step.

After this outputis multiplied by OginOthevalueis digitized usingvaluesbetween 2"mBits-1tq
2numBits-11 for signedint = true or between 0 {4'PB21 for signedint=dlse, i.e.,

ADC(n9) = floor(gain-out(n9) + 0.5) (21)

andthe value is boundedby the upperand lower limit of valuesavailable by an integer with
numBits bits.

analog input
out(n-1) T~ A
N 4 -~
N\ /

N /
simulation points ~ o S(n-1) /éut(n):S(n-l)%

\IIIIIIIIMMIIIIIII

(n;1)9 % n9 (n+1)9

Figure 11: Digitization inTime

4.27.DAC

First the input valueis digitized usingvaluesbetween-2"UMBits-1tq phumBits-11 fo signedint=
true or between 0 td"¥MB21 for signedint=&lse.Then the alue is multiplied by gin.

A noisemodelbasedon the bit Bipping is implemenedWhenthe digital valueis changedrom
the previou valueto the new value,somebits are RBipped. The modelassumeshat eachbit Rips
with anavaragetime of RipTime, dN/dt = exp(-t/ RBipTime ). Theanalogvalueis calculatedasthe
weighted &erage of intermediate digitaalues.

For a4 bit systemthe processo changed$rom -1 (1111)to 0(0000)goesasfollows. For eachbit,
aRip timeis calculatedandin thatorder the digital valueis changedIt canbe (1111)->(0111)-
>(0101)->(0100)->(0000). Then the analog value is calculated as (-1)xT(-
1)+7*T(7)+5*T(5)+4*T(4)+0*T(0), where T(l) is the fraction of period the digital value is I.
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Whenthe BipTime is negligibly small, only the lastone,0*T(0), dominatesbut with Pnite value
of QipTimeO, this can induce obsanle size of noise, especially when the sign bit changes.

$
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(a) step function input

(b) sinusoidal input
Figure 12: DAC bit flip noise

If numBits is 0 o3ipTime is O, the noise is not calculated.

4.28.DDC real, DDC \ect, DDC clmp

Eachdatasteamhasits time step.ADC changedrom analog(in e2e,the simulationtime stepis
usedto realizethe analogworld) to digital using speched time step.DAC reversesthe process.
These three primites change the time step from wivatecoming in to OoutplitieStepO.
Thesearedevelopedto connectsubsystemsvhich arefunctioningwith differenttime constants.
The simulationruns using the specbed simulationtime step,but the moduleis actually called

with the time interval of the incoming or outgoing data stream.So, if a certainsubsystenis

known to have low frequeng responsethe simualtioncanrun fasterif the time stepis setto be
large for data interacting with that subsystem.

WhenuseAntFilteris true, a simplelow passhlter is appliedto suppresshe anti-aliasingeffect.
When zero¥locity is true, initial time devative of the output is suppressed.

4.29.susp3Dmass

This modulesimulateshe motion of a single suspendednassbasedon the formulationgivenin
Ref.[5]. The naming of settings of this module foll® the one in Ref.[6] as much as possible.
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Figure 13: Single Suspended Mass

Thecoordinatesystemis debnedin Fig. 2. Theinputsarethe suspensiopoint (OsuspPt@cation
and the orientationand the force and torque acting on the mirror (OforceO)The outputis the
location and the orientationof the mass(OmassPosQ)he force and position are passedising
clamp data type.

The origine of the coordinatesystemsof the suspensiorpoint and the mirror position are
different.Theorigine of suspPis the blled squaredoxin Fig. 10, while thatof themasss atthe
Plled circle in the samebgure,whichis locatedat the centerof the cylinder on the coatedsurface.
The suspPt is located at (0, d_pendulum, -Thickness/2) in the mirror position coordinate.

This module does not include the wedge angle.

4.30.Vector operations

Thesemodulesare providedto manipulatevectors.Using theseoperatorspnecanbuild a vector
by combining scalars ofegtors or gtract components of aegtor
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4.31.AxisRotation

Figure 14: Euler angles

Theinputto thismoduleis a clampdata(vectors)representedsingonecoordinateaxis, X-Y-Z in
Fig. 11. This modulecalculatesthe componentf this clamp using anotheraxis, xO-yO-zthe
two coordinatesystemsare relatedby threeangles,phi (' ), theta(1) andpsi (<). First, the axis
systemis rotatedaroundthe z axisby ' , thenby 1 aroundthe new x axis,thenby < aroundthe
new z axis. Theinverseof atransformatiorspecbedby (' , 1, <) is atransformatiorspecbed by
(-<,;L:").

Thegroundmotionis bestrepresenteth the detectorcoordinatesystemx axisalongthex arm,y
axisalongthey armandthez axisnormalto theground.Thez directionof e2ecoordinatesystem

is the direction of the coatedside of the mirror, andthey axisis pointing upward. Samplesof
AxisRotation parameters are sWtoin Fig. 12.

Y arm A
f"\ ETMr (0, 1/2#, 0)

MC3 MC2

ITMr (#, 1/2#, 0)
(14#,12#,0) (-12#,112#,0) L

ITMt ETMt

/ ‘\ [' [- (1/12#,1/12#, 0) -\ (-1/2#,1/12#, 0)
e

T / C 7

MCl\ RM BS Xarm

(3/4#, 1/2 #, 0) (12# 1/2#,0) | (-3/4#, 1/2#, 0)

Figure 15: Detector to e2e coordinate transfmation
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4.32.Generic function modules,FUNC_ xxx.

4.32.1. What are FUNC_xxx modules ?

Theseprimitive modulescanbe usedto implementmathematicatalculationsby usingformulas
with a syntax similar to the C language.E.qg., by specifying the setting OEquations©Of a
FUNC_1x1 module to

out0 = sqrt(in0);
this module calculatesthe sqrt of the input value. Thesemodulesmale it easierto construct

mathematicatalculationswhich are very tediousto build using primitive mathmodules.Some
examples are gen in Section 4.25.5.

4.32.2. Basic syntax

The moduledebnition is consistedbf multiple equationggivenin the OEquations§ettingstring.
Each equation is of the form

vari abl e nane = expression using inputs, outputs (if defined), global and |ocal vari-
abl es;

An identiper, nameof a variable functionor macro,canbe consistedf ary numberof alphabets,
digits and underlines,except that the brst charactershould not be a digit. Identibers are case
sensitve. Global variable,discussedn Section5, canbe usedin the equationAll variablesand

functions are of type real.

Eachequationis terminatedby OOasis the syntaxof C language gxceptfor declarationlines

which start with @0. O#d®eO declaration can be used to assign a string to arraieike
#define in3 inVecO[ 3]

All occurrence of in3 in the rest of the code is replaced bga}3].

Thenamesf theinputsandoutputsarereferredto by the namesof the ports.If aportis avector
a pair of squarebracletsis usedto referenceanelementlike inVec0O[1]andoutVecO[2],andlike.
The inputs and outputs can be referencedby meaningful namesby using the following
declarations.

#inputs initial _position velocity

#out put s posi tion_now

position_now = initial _position + velocity*tine_now();

Comments can be inserted by surrounding tkiette / * and-/ .

4.32.3. Constants

In FUNC modules, the folleing constants are taed:
¥ TIME_STEP: simulation time step

4.32.4. Build-in functins and digital filter

Thefollowing operatoraresupportedThefunctionalityandthe precedencarethe sameasthose
debned in C.

¥ unary operators+, -, !
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binary operator+, /, + -, <=, > >= == 1= g&& ==

All the standard functions &eed in C and seral special functions areailable.

¥

K K K

¥

unary functions sgrt, sin, cos, tan, acos, asin, atan, log, |0gl0, exp, sinh, cosh,
tanh, fabs, ceil, floor

binary functions pow, atan2, frod, nmax, nin

special functionstermte( n, z ), jbessel ( n, z ), time_now)

optics functions tp_rayl ei gh_range(L, RL, R2), fp_dist2waist (L, RL, R2),

f p_guoyphase(L, Rl, R2), ext_rayl ei gh_range(z0, z, ni nd), ext_di st2wai st (z0, z, ni nd)

Red solid lines are for the resonant field in this FP cavity, while dashed bl ue |ines
are for the field coming in fromthe left mrror whose refractive index is nind. This
incomng field is to match with the FP resonant field after passing the left nirror.
The bl ue dashed lines in the FP shows the extrapl ation of the incomng field when there
is noleft mrror.

z is the distance between the left mrror to the waist position of the cavity resonant
field, while zOis that to the waist position of the out side field. For the configura-
tion (i.e., concave seen frominside), RL and R2 are positive, and z and zO are nega-
tive. fp_guoyphase is the total phase change of the field due to the Quoy phase
propagating fromone mrror to another.

R1 R2

>, ——

waist positions

nind
Figure 16: optics functions

random numberrndflat(), rndnorn({), poisson( nean ), white noise( anplitude )

Function @O can be used for a conditional calculation. ksakaguments :

val = if( condition, value_for_true, value_for_false)

Thisfunctionreturnsval ue_for _true if condition iStrueor non-zercandreturnsval ue_for_fal se if
condi tion is false or 0.

The digital Plter can be used in the module in the foflog way.

df (x, reset) = digital filter( gain, {zeros}, {poles}, {zeroPairs}, {polePairs},
time_step);

out = df(in, resetVal);

The brstline is the declaratiorthat Odf@epresents digital blter which is specbed by the same
parameterssthe digital_Plter primitive (seeSection4.17.).If the last parametertime_step,is
specbed, this is usedasthe digitization time step,otherwise,the simulationtime stepis used.
This parameters to be setwhenthis FUNC is usedbetweerADC andDAC modulesThesecond
dummyargumenty eset , is optional.lf novaluesareto beassignedor someof thezerosor poles
vector leave themempty eitherlike O {}, Oor 0,0 Therecanbemultiple digital Pitersdeclaredn
one FUNC module.Whenthere are several digital Plters usedwith the samespecbcationsof
gains, zeros and poles, one declaration is needed for each use.
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4.32.5. Local variables and local functions

Local variablescan be usedwithout ary specialdeclarationgxceptthat one canbe usedin the
calculation after ialue is assigned.

| anbda = 1. 064e- 6;

phi = 2*Pl *i nput /| anbda;
Two local variablesareusedhere(input is the namethe input and Pl is a global variablename).
The brst declarationis parsedonly once,andthereis no speedpenaltyusingthesedeclarations.
So it is a good idea to write the foNong kind of codes for the ease of readahility

gai nXXX = 100; /* this is the gain by xxx */

gai nYYY = 0.345; /* this is the gain by yyy */

total Gain = gai nXXX * gai nYYY * ...;

A local function, which is recognized only in this module, can lbmee in the follaving way:

funcNane( varl, var2, ..., varN) = expression using varl, var2, ... varNand all other
local and gl obal vari abl es;

The namesof function (funcName)anddummyvaribales(varl,var2, ..., varN) canbe ary legal
identiPer expressionsyhich have not beendebPnedfor ary otheruse.The functionmay have ary
numbderof agumentsandthoseargumentscanbe usedin the debnition body on theright hand
side.Any example will be

length(x,y) = sgrt( x*x + y*y );
Oncedebned,thelocal functioncanbe usedin thefollowing equationcodegust asthe sameway
as the hilt-in function.

4.32.6. Examples

4.32.6.1 Fiddle

/* the inputs and outputs are accessed using the follow ng names */

#i nputs speed offset anp freq noi seAnp reset

#outputs out linear rotation random

/* definition of digital filters */

/* there are no conpl ex poles or zeros, and they can be omtted conpletely */
velocity integrator(v,r) =digital filter( 1, {}, {0} );

angul e_integrator(v,r) = digital filter( 2*P, {}, {0} );

lowPass(v,r) = digital _filter( 2*PI, {}, {-2*PI} );

/* various notions */

/* first port, out, is the total nmotion, while 2nd to 4th port, are the individual noto-
tions */

linear = offset + velocity_integrator( speed, reset ); /* linear motion */
rotation = anp * sin( angule_integrator( freq, reset ) ); /* rotation */
random = | owPass( whi te_noi se( noi seAnp ), reset ); /* noise */

out = linear + rotation + random /* total notion */
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4.33.hardSwitch

This modulehastwo inputsof type unknovn, and one outputof type unknown. If the value of
switch is non-zerothenthe sourceto OONinput@ connectedo the sinks connectedrom the
Oout@®ort, andthe connectionto OOFFinput® disconnectedseebelow). If switchis zero,the
input to OOFFinputO is connected to the output sinks.

(a) connection view (b) connection when (c) connection when
switch is non-zeo switch is zeo

Figure 17: hardSwitch in action

Importantthing to know is thatthe unusednput connectionis disconnectedin Figurel7, (a)is
how the connectiornis setup,and(b) is how it behaeswhenswitchis non-zerol.e., thesourceto
the unnecessarinput port may not be executedif the outputof that sourceis not usedby other
modules.If a primitive OswitchQs used instead, both connectionsexist, both sourcesare
executed, and one of thale is used.

Thereareseveral casegrimitive OhardSwitchid useful.Oneis the casethatyou preparea seup
in which some of the connectionsare connectedor unconnectedcorrespondingto different
hardwareoperatiorstate Anoteris acasethatthe sources atime consumingnodule andwantto
disable if not needed.

Becausehe datatype of portsare not specbed, ary portscanbe connectedo inputsandfrom
outputof thismodule.But thetype of the selectednputandthe outputshouldmatch,andthetype
micmatch is detected as error

hardSwitchcanbeusedto sene asa poorman€junktion, whichwill beusefulunitl thejunktionis
supported in d.

4.34.bundle

BY ALL MEANS, USEALFI_BUNDLE, INSTEAD OFTHIS BUNDLE.

Whenmultiple relateddataare passedaroundbetweenmodulesto modulesit is cleanerif those
data are combinedto one, and, when necessaryone can extract necessarydata from that
combineddatastreamE.g.,abox representinghe coreopticscanhave multiple bPeldsgoing out.
If onewantsto have moregoing out, by addingpickoff or by addingsignalregycling mirror, the
box interface needsto be changedIf OlindleQdatais usedto interfaceto outside,it is only
necessary to mge the ne beld to the out goingundle data stream.

A bundlecanbethoughtof asan arrayof datawith a nametag for eachdata.Thereare several
kinds of primitves are praided to constructindles andxract data from bndles.
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A bundlecannothave datawith samename Whenmeiging bundlesanddata,a namecollisionis
testedand, an error messagas issuedwhen detected When extracting a data streamfrom a
bundleby specifyingthe nametag, if a datawith thatnamedoesnot exist in the input bundleor
theinput is not connectedo arny source the connectiongrom the outputwith the nametag are
disconnected, and arawing is issued.

A bundle can contain other bundles as its components.To clarify the discussion,a word
OprimitreGdatais usedto representlataotherthanthe bundledatastreamWhendatastreamis
extracted from a bundle, the stream can be specbed by hundlel.lindle2.dataNan@, or
O .bundleN.lundleM.dataNan®. ??? Put description here. ?2??

RO g
= =D-'-1TOBU RO
m BO 83 F1
— = “
I =D4ToB2 B1 DAFrBO
EEENE | - B2 FO ﬁ
FO 3 DAToB] R1
E cicic e — : =
R1

Figure 18: dataflow using hundle

In this example,D4ToBO is usedto createa bundleBO which containsonerealdata,whosename
is assignedike Oname009 OR0CD4ToB2 is usedto createa bundlewhich hasone beld data.
D4ToBlis usedto memgea beld andarealvalueto bundleB1, to createa bundleB2. melgeBsis
usedto merlgetwo bundlesB0O andB2 to createanew bundleB3. B3 has2 realdataandtwo belds
whosenamessayOROG)R1A)F0@ndOF1Gyreassigneavhenthey brstmemgeto abundle,i.e.,
D4ToB0, D4ToB1 and D4ToB2. D4FrB0is usedto extractdatafrom a bundle.In the example
above, the settingsto specifythe datafor eachoutputare: Oname00OOR0)Name0190F10,
Oname020 = OR10, Oname030=0F00.

4.34.1. mergeBundles

This primitive melgestwo bundlesinto one, like meigeBsin Figure 15. The nameconict is
tested to woid to create aundle containing te same names.

4.34.2. DNToBundle

There are a set of primitives named DNToBundle, where N is an integer number like
D4ToBundle.This is a primitive to mege datato a bundlewith 1 input for anincomingbundle
and N inputs of ankind (type unkna/n) of data other tharuimdle type.
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To createa new bundle,this modulecanbe usedwithout a sourceto theinput bundle. Thenames
of dataaredePnedusingsettings,Oname00Q,, OnameN-1dhe nameis testedagainstcausing
name coflict, and when detected, an error message is issued.

4.34.3. DNFromBundle

There are a set of primitives named DNFromBundle,where N is an integer numbey like
D4FromBundle.This is a primitive to extract datafrom a bundle. Thereare one input for an
incomingbundleandN outputsof ary kind of dataotherthanbundletype. The outputdatafor a
speckc port is debned by the namein the setting, Oname00Q,, OnameN-1Qhe type is also
checledif the sink of an outputis not of type unknavn, andif the type in the bundle doesnot
match with the outgoing data type, an error is issued.

If datawith the specbed namedoesnot exist in theincomingbundle,thelink from the outputof
with that name to all sinks are reweal after issuing aavning.

4.34.4. BundleToVec

Real datain the input bundle are addedor substitutedto the input vectotr or a new vectoris
created from an inputindle.

input vector VIO Vll \|/2 \|/3
¢ ¢ ¢ ¢ (1) first, input \ector copied

output\ector | yo [y1 |v2 | bO| 0 | bl
-« ? Tf (2) then lindle data copied
offset | i
Onb0AOADNL20
nameNN

Figure 19: Bundle®Vec

First, the input vcectoris copiedto the outputvector If no input vectoris specbed, an empty
vetor is createdasthe output. Then,if OnameNN@ not an emoty string, thenthe value of the
datumin the bundlewith thatnameis copiedto the NN+offseth elemeniof the outputvectot If
necessarythe output gctor is @panded byplling 0 in those elements which are not spedi.

In the abore example,a vectorwith 4 elementss createdandtheinput vectoris copied.name00
is Onb0@ndname0ds Onb2@ndall othersareempty Thevalueof offsetis 3. First, the valuefor
Onb0a@n the bundleis copiedto the 4th elementof the outputdataoverriding the input vector
thenthe valuefor Onb2@n the bundleis placedin the 6th componenbf the outputvector after
expanding the outputector size to 6.
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4.34.5. VecToBundle

Elementsn avectoris megedinto abundle.If thesettingof nameNNis notanemptystring,then
NN+offset@h elementin the vector is insertedto the input bundle with the name given in
nameNN. NN+dfset should be less than the size of the inpatar

4.34.6. ClampToBundle

Theinput clampdataare placedin the outputbundle.The 12 settingsnameNNsare usedasthe
namesof datain thebundle.If ary of the stringsareempty thoseelementsarenot copiedinto the
outputbundle.E.g.,in orderto build a bundlewith only positioninformation,thenkeeponly the
brst 3 names, and malkhe rest of the 9 settings to be empty strings.

4.34.7. How it works

After all links are establisheddatatypesare checled. This is initiated by OresoleOroutinesof
outputmodules During this processhundlesarebundlerelatedprimitivesmodulesareremoved,
and all links are replacedby links betweennormal (non bundle data) sources(inputs to
DNToBundle) to normal sinks (sinks from outputs dfiBromBundle).

4.35.psd_out

4.35.1. outline

This primitive modulecalculatesa singlesidedpower spectraldensity(psd)of thein comingreal
data.Basedonthefrequeny rangeandresolutiondePnedin the setting,anoptimaltime stepal (
%I = integral multiple of the simulationtime step9 ) anda durationof simulation( duration=
NFFT x%I, NFFT = paver of 2 ) for one FFT is calculated. (See hefor details).

whiten  savein memory psd dewhiten book keeping
%ol FET w/ Average
dat 2% Hann psds fil
ata —p» . - indow ™ — interpolatn—> ile
NFFT %l infreq |
9
%er
NFFT 9T

Figure 20: process of psd calculation

Theincomingdataare storedat every %I after applyinga bandpas$iter to reducethe aliasing
andleakfrom the outsideof the frequeng window of interestandto whitenthe data.After total
time of NFFT x %I haselapsedthe power spectradensityfor this cycle is calculatedusingHann
window to reduce the leaRhis is identical to matlab's psd function with the faflog setting,

psd(\al(NFFT data), NFFTLR4, hanning(NFFT), NFFT/2) * 2 % (22)
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After the brst psd is calculatedusing NFFT data, the following incoming data are usedto
calculatesuccessie pdf with NFFT/2dataoverlapping. Thenew psdcalculateds dewvhitenedand
writen to the outpulble.

The brstrow is alist of frequeng values,followerd by psds,i.e., dat(1,ifrq)is the frequeng of
ifrq®h column,anddat(n+1,ifrq) is a psdvalueat frequeng of dat(1,ifrq) basedon the nGh data
set.In orderto geta psdusingthe entiredataset,the meanof all psdneeddo be calculatedThe
variationof psdscanbe usedto obtainthe statisticalvariationof theresult.In matlab,Omeanénd
OstdO can be used to calculate these quantities.

4.35.2. time step% and duration of simulation NFFT

NFFT and%l are calculatedinternally to optimizethe memoryand CPU usage The frequeng
rangeis setby f_from andf_to, and power spectraldensitiesat N_freqsfrequeng points are
calculated.If logSpacingis true, frequeng points as placedevenly in log scale,and if false,
frequencies are placesenly in linear scale.

The leakageexpectedfor Hanningwindow is N3, N is calculatedas (f-fo)/%, wheref is the
frequeny of interest,fj is the sourceof signal, and % is the frequeng spacingof the FFT
calculation.

Chebyshe bandpassbPlter is applied to reduce the alias effect from both sides, and
Lowpass_Order is the order fomipasshlter and Highpass_Order is the one for high pass.
N_Tfft is theminimumnumberof oscillationof thelowestfrequeny componentwhile N_delTis
that of the highest frequepcomponent.

Theresultis storedin a Ple whosenameis the modulenamewith full pathprependedThe brst
row is thelist of frequeng, andthefollowing linesareaveragedpsdvalues.l.e., the brst psdline
is theresultusing1 FFT, secondine is the averageof 2 FFTsetc. maxCountelis the maximal
number of repeats.

This moduleusesdatawhenthe activate port valueis non-zerolf onewantsto calculatethe psd
of someoutputwhenthe systemis locked,thensettheinput Oative(Qto 0 until the systemis fully
locked,andthensetthe valueto 1 afterthat. Thenall dataduringthe lock acquisitionprocesss
discarded, and the psd of the in-lock state can be calculated.

real f from=0.1
f from (0.1),f to (10) real

logSpacing (true) boolean

N_fregs( 100 ), Lowpass_Ordel 6 ), Hghpass Ordef 6 ), N_TffT ( 1), N_delT ( 4),
maxCounter ( 100 ) intger
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5 MACROS AND SETTINGS BY EXPRESSION

5.1. Macro ddinition file : e2eDB.mcr

The End to End simulation code supportsmacros,and one can specify almostall dataentries
using thesemacrosin steadof typing numericalliterals, e.g., ArmLength/LIGHT _SPEED®Or
Osin(P1/3)0.

Themacrosaredebnedin thefollowing way. Whena simulationprogramstarts,jt readsn macro
debnition Ples namedG2eDB.mcOin the directoriesspeched in the E2E_ATH ervironment
variable.E.g.,whenE2E_RATH isO:myLibDir:e2eSysDiD thenthe programreadsin e2eDB.mcr
in @&2eSysDiD,n OnyLibDirGthenin thecurrentdirectoryQO jf thereis one.Whenamacrowith
thesamenameis debPnedin multiple Ples,theonein the ble loadedlastis used With this example
E2E_FATH, the debnition in the currentdirectory hasthe highestprecedencend the onein
e2eSysDihas the lwest.

The format of the macro specbcation ble is as follows. A macrois debned by a line of the
following format:

name = value [unit] OcommentO
value isanumbemwnhichwill besubstitutedvhenererthis macronameis usedin thesimulation.
name canbe composedf ary numberof alphabetr digits or O_Chut the brst charactecannot
beadigit. unit andcomment areoptionalstrings.SymbolsQO,QO0and(0 aremandatoryif
unit or comment is to be baed.
The debnition of value caninclude macrosalreadydebned, and can include mathematical
expressions discussed in Section 4R%ew examples will be in order

elcom=12.7 [n] Caverage of the two |engthsO

eldif =0.3 [Mf Odifference of the two | engthsO

elln =elcom+ eldif/2 [n] dnline |engthO

elOf = elcom- dleif/2 [n Coffline lengthO

Lineswhich startswith OsOaretreatedascommentinesanddiscardedvhenreading.In orderto
printout information abouta macro ble, like an announcemendf a new version,placea line
which startswith O<(eforethe messagdinesanda line which startswith O>@fterthe message
lines. Themessagéinescanbearything. E.g.,if you placealine with O<@tthetop of the Ple and
aline with O>Git the bottomof the ble, the entirecontentof the ble, exceptfor thetwo lines, are
printedto the consolewindow wherethe simulationprogramis started.Therecanbe any number
of messag@roupssurroundedy G0and-0O It will beagoodideato placethe following lines
at the top of each machbe to clarify what is loaded.
<

% dat abase defining H2K | FO paraneters
% Updat ed on Septenber 1 by Hro Yananot o
% change : TEMPERATURE i s now defi ned

>
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TEMPERATURE = 5/9*72 + 255.37 [K] (gl obal tenperature at 72FO

>
In additionto thesemacrosdebPnedin externalbles,thereis onesetof macrosdebnedinternally
giving the dénitions of \arious constants, &Pl or LIGHT_SPEED.
Whenyou wantto seethe currentmacrodebnition, debnedinternally and externally, in a given
directory typee2emacroAs of Sep. 1, 2000, the follang macros are d®med internally

AVOGADRO NUMBER = 6. 0221367e23 "avogadr o nunber "

BOLTZMANN_OONST = 1.38065812e-23 ["mt2 sA-2 kg KA-1"] "Bol t zman constant "

LI GHT_SPEED = 2. 99792458e8 [ m s”*-1] "speed of light"

GRAV_ACCEL = 9.80665 [ msn-2] "standard grav. accel. at sea |level”

Pl = 3.141592653589793
Short messages and macedues can be printed usi#grint direction.

#print OThis is a nessgeO

#print LI GHT_SPEED P
This line generates the follang output.

This is a message

QLI GHT_SPEEDO = 2. 99792e8

Pl O = 3. 14159
A macroble can include another madre by#includedirectve.An example is

#i ncl ude anot her Macr o. ncr
IF THEN ELSE conditionalcontrolsaresupportedusing#if, #elseif, #elseand#endif All string
afterthesedirections(exceptfor #endif) areevaluatedasboolean;.e., falseif numericallyO and
true otherwiseThe controls can be ried.

LH®2k = 1 %use name instead of nunbers

LHk = 2

LLOgk = 3

| FO = LH2k % choose an | FO

#f | FO == LH®k

CavLength = 2000

#el sei f | FO == LHO%k || |FO == LLOSk

CavLengt h = 4000

#el se Y%onet hi ng unknown

#print OThis IFOis not knownO | FO

#endi f

5.2. Runtime macro specfication as a option to the pogram, -db
and -param

You can dene etra macros when you run the simulation program.
model er -db nyDB. ntr - par am ner name=ntrval - par am Canot her =sonel* some20
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By therun-timeoption-db, you canforceto load a macrodebnition Ple. Thisis loadedall other
default Ples are loaded, so thekigtions in thisble override all others.

Thesecondption,-param,canbeusedto dePne onemacroto assigned valueto it. In theabove
example,a newv macronernane is deéPnedanda valuencrval is assignedo it. If a macroof the
given namealreadyexists, this debnition overridesit. If theright handsizeof theassignmenhas
ary operators, surround thelfetion by a pair of single quotes.

Thesetwo optioncscanappeamultiple times,andthe precedencés from right to left of those
options.

5.3. Combination of -param and -db

e2eDB.mcr
Rayl ei ghRange = 1000
z0 = 2000
dz =0
#i ncl ude post proc. ncr
postproc.mcr

z =20 + dz

modeler -param Odz=RayleighRange*0.010 -db postproc.mcr

5.4. Direct macro ddfinition for settings

A macrocanbe usedto debnereal value settingsand/ or inputswithout touchingthe primitive
itself. The cowention is

pathl.path2...pathN.instanceName.settingNama ue\or
pathl.path2...pathN.instanceName.inputPortNama uev

Pathnamesareoptional,but theinstanceName mandatoryThis macrocapabilityallows oneto
set and change settings of primés without modifying the bokkles.

A (box) B (box)

(primiti ve switch (primiti ve switch

Figure 21: Macro ddfintion for settings

For example,in Fig. 18,A andB areboxeswhich containoneinstanceof switchmodulenamed
SW. If a macro is dened as

SWbhool =1
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thenit is equvalentthatthe valueof bool input of SWin box A andbox B areexplicitly setto 1.
If the ddPnition is

A.SW.bool =1
then only the bool of SW in boX s set to be 1, and that in box B is ndeafed.

5.5. Local macro ddfinition

Thosemacrosdebnedin macrobles apply to all box Ples. Local macroscanbe debned which

apply only to thoseprimitivesandboxescontainedn a box wherethesemacroare dePned. For

example,amacronamedl EMPERATURE is debnedasaglobalvariable.If youwantto assigna

differenttempretaturdo a subsystemkeepthe subsystenin a box, say susSys.boxand debne

macroTEMPERATURE with the subsystentemperaturen the box susSys.boxLocal macros
can be dene in a box using BIGUI program.

Anotherexampleis a FabryPeroitcavity box. Thetwo propagtorsshouldusethe samdengthfor
thepropagtionlength.In orderto dothat,you debnea macroFPlengthin theboxandyou usethe
this name in the settings of theawropagtors.
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E2E_FATH = .:e2eSysDir
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e2eSysDir.e2eDB.mcr
TEMPERATURE 300

..e2eDB.mcr
ARM_LENG 2009.11

ARM_LENG 2000
ResSBFreq 29.5e6

-param del=0.1

Thelengthsof all 4 propagtorsshavn

by arrows are debPnedto be OLarmGa

macro name, and all temperature
dependent quantities are expressed
using  OTEMPERAUREOQO, another
macro name.

Main.box offlineETM.box

inlineProp.box inlineETM.box

2*PI/(LIGHT _SPEED/ResSBFreq)

Figure 22: maco ddfinition example

In Fig. 19, there are twve2eDB.mcibles.When you run modeler as
nmodel er -param del =0. 1

therearefour macronamesdebPned, TEMPERATURE,ARM_LENG, ResSBFre@nddel, whose
valuesare300,2009.1129.5e6and0.1respectiely. Thedebnition of ARM_LENG in thecurrent

directory averrides the denition in the e2eDB.mdple in e2eSysDir directory

In inlineETM.box, the macro TEMPERATURE is debned as 270. Any settings using
TEMPERATURE in inlineETM.boxuse270for the TEMPERATURE, while all othersuse300.

The arm length of the inline ey is 2009.11, while that of the &ihe cavity is 2009.21.

Thephasemodulationis specbedby k, thewave number This settingcanbe expressedisingthe
modulation frequencResSBFreq and preldeed constants Pl and LIGHT _SPEED.

RUN TIME OPTIONS OF THE SIMUALTION PR O-
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GRAM

6.1. -bin

The simulationprogramstoresthe outputin a binary ble, in steadof an ascii ble, which is the
default. In matlab, a binarple can be loaded by using e2ebinTrhe format is
[vals, titles] = e2ebin(Coinary file named;

The binary ble can be corverted to an ascii Ple with an associatecheaderble by using
e2ebinLoader (see Sec. 7.4.).

6.2. -d1, -d2, -d3, -d4

The simulation program prints auxiliary information. -d4 provides most comprehense
information while -d1 the least.

6.3. -db [dababasefile], -param name=\ale (see Section 6)

With -db, you canspecifyamacroble to beloadedafterall thedefaultmacrodabatasareloaded.
Onespeclc macrocanbe specbedby -paramoption.|f someoperatorsarein theright handsize
of the parametedebnition, surroundthedebnition by a pair of singlequotesTheformatfor these
parameters are

model er -db nyDB. ntr - param del =0. 1 - par am Qval =val 1*val 20

6.4. -help

Explains these runtime options.

6.5. -prof [output file name] [number of modules eported]

The time spendusedin eachmodule are analyzed.The output ble can be specbed wherethe
probling informationis stored.In the probler output,top 50 modulesarereportedIf a numberis
passed as a part of -prof option, you can change the number of modules reprted.

6.6. -seed seedd

The seedfor the randomnumbergeneratoicanbe specbed. If this is not specled, data/timeis
used to generate a seed.

6.7. -v, -V

Print version number
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6.8. -maxiter=number (for modeler_freq)

The maximal numberof iteration tried in modeler_fregto calculatethe transferfunction. The
defaultis 500.1f modeler_freqgeneratesnessagethat OcowmergencefailedOtry to give alarger
value, like 5000.

7/ E2E AUXILIARY PR OGRAMS

7.1. detmap

The pd_demodSection4.16.) modulesimulatingthe photo detectorand demodulationprocess
usesa datable to calculatethe responsef a detectorwith an arbitrary shape detmapgenerates
this datable for a wide rangeof detectorshapesThe detectorshapecanbe debnedinteractvely
in this program, and the nonuniformity of the detectorasi@fcan be spd=d as well.

7.2. e2emacp

Prints the current macro settings.

7.3. e2ecalc

e2e calculator

7.4. e2ebinLoader

Corverts the binary format outptte to an ascible. The format is
e2ebi nLoader [-d] [binaryFil eNane] [-hel p]

With -d option provided, this programprints auxiliary information during decoding.The ascii
datable created has e extension .asc, while the data heatler (see Sec. 8.5.) has .dhr
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8 FILE TYPES

8.1. Overview
A 4
emacs e2eDBmer  *.pa xin

- \} / .
? ' modeler/\é'

\ *bo \ \

1\ mode;/ freq \\/V detmap
<% (mirror2.prm)
*Em (mirror2) D.

*
.xbm * oc

e2emacro

matlab *.map

Figure 23: Files in the e2e simulation

Thereareseveral blesinvolved whenusingthe e2eframework. Figure23 shows the relationship
of variouskind of Ples.Lineswith arrav headsshow therelationshipAn arrov indicatesthatthe
Ple pointedat is createdor modiPed by the sourceof the line. E.g., box Ples are editted by
programalb. An arrow alsoindicatesthatthe programpointedat readsthe sourceof theline. So,
programalpb readsin box Ples to edit, and programmodelerreadsbox bles to Pnd what to
simulate.

8.2. .box ( edited by afi, input to simulation program)

Thebox s createdby alb andcontainsthe debnition of the setupto be simulated.The syntaxof
this Ple is ddoned in Section 10.

8.3. .par (edited by text editor, input to simulation program)

In aparameteble, valuescanbeassignedo input portsof the outmostbox or to data_inmodules
anywherecontainedn the simulationdebnition. You specifywhich .parble to usewhenyou run
the simulation program.

Thedifferencebetweemacroandparameteis thatvaluesof parametersanbechangeduringa
run, while macrovaluescannotbe. Whenyou run a time domainsimulation,you specify how
long the simulationshouldrun. After thatamountof datahave beensimulated you areprompted
if you wantto continue.lf you requesto keepsimulating,the programreadsthe .par bPle again
andkeeprunningfor anotheramountof time you specbed. If you modify the .parble beforeyou
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main.box

e iyl i L e e e e e e e 1
I mode cleaner mirror ,
pitch @ ». :
|

1 ETM I'TM [
| "™ == . . o am an Em Em . -1 - == == == = oE= o= == e -1 I
1| susp I I h o SUSP_ I I
| | re—=—=-=-=-= 1 | I | |

: | . i I

I I : pitch mirror : I | | pitch mirror : I I
' — . zz—
S | I L
[ a [ P —— 4| I
| ol UL U — ol |
e S s S S, of

Figure 24: .parfile settings

resumethe simulation,thatnew valueis usedin the secondpartof the simulation.E.g.,you can
change a gin value.
In a .parble, a line which starts with % is a comment line.
In Fig. 20, thereare5 boxes,main,the out mostone,ETM, ITM andsuspcontainedn ETM and
ITM. Thecircle namedpitchis aninput port nameof the mainbox, while two boxesnamedpitch
are data_in modules. In the .i¢, the follaving spedpcations are possible.

% next applies to all 3

pitch = le-6

% next applies to 2 data_ins

susp.pitch = le-6

% next applies to only the pitch in ETM

ETM susp. pitch = 1e-6

% next applies to only the pitch in IT™M

I TM susp. pitch = le-6
Whenyou specifyonly thename all input portsof themainbox andall data_inmoduleswith that
nameare assignedhis specbcation.If the speckcationof a data_innamecontainsbox names
containingthat module, this specbcation appliesto only thosedata_inswhich satisfy that box
hierarcly.
The is a tokn,#TIME, to automate the change of parameter settifigs syntax is

l'i nesO

#TIME t1 [N1]

l'inesl

#TIME t2 [N2]

l'i nes2

#TIVE tM [NV

Ii nesM
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wherelinesN arelegal lines of .par Ples, like pitch = 0, andtN is the time sincethe startof the
simulationrun.Whenasimulationjob runsfor aperiodof T with this .parble, thesimulationuses
debnitions by linesOfor the brst time periodtl, then usesdebnitions linesO and lines1 for the
following periodof (t2-t1), andsoon. If the optionalsecondinteger valueis specked, dataare
stored in the outputle every NiGh event.

A simple example will clarify the point.

pitch =0
lock =0
#TIME 0.5
lock =1
#TIME 1 10
picth = 1e-8

Whenyou run a job for 5 secondsthe simulationusespitch=0, lock=0 for the brst 0.5 seconds,
and dataare storedin the output Ple every certainnumberof eventswhich is specbed in the
modelerinquiry, OWrite onedatapointevery N stepsOlhenthe simualationsetslock=1andruns
for another0.5 secondsAfter runningtotal of 1 secondthe pitch valueis changedo 1le-8.Also,
from now on, eventsare storedin the ble every 10th event. This canbe easilyunderstoodvhen
you remembethe rule thatthe debnition given later hasa higherprecedencéhanthe onegiven
before.

Theruntime doesnot needto be longerthanthetime specbedfor thelast#TIME token.In the
above example,if yourunonly for 0.7 secondssimply the pitch valuewill remainO for theentire
run.

Second tokn,#MONITOR, allows yo to specify one output pofthe syntax is
#MONITOR portName

Thevalueof this outputportis displaiedin theterminalrunningthe simulation,togethemwith the
time updateAn example is the follwing.

Data monitored is "Detect@igitallSC.LSC.InputMatrix.Ptrx"
Running...
0.7020 1696.

The secondvalue,1696is the value of the outputport Ptrx. This way, you canwatch how that
outputis chaning.Only onevaluecanbe specbed, but you canincludemultiple #MONITOR, one
at each #TIME to&n, so you can monitor fiirent output at diérent period of simulation.

The portNamecan include wildcard, O*Og.g., SusITMx.*.z. The matchis found assumingit
specbes the last part of the full name,i.e., prependingO*Oto the namespecked. So, the full
name does not needto be specked. If there are multiple output ports which match to the
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specbcation,the brstoneis chosenThefull nameof thechoserportis printedasis shavn in the
this exkample.

8.4. .in (input to simulation program)

Whenyou runthesimulationprogram thekey strokescanbestoredin a ble sothatyou caneasily
run the programagain. The namecan be arnything, but .in is a popularextensionused.At ary
prompt, when you type

@fil ename
able nameddrlename@s createdandall promptsandyour key entriesarestoredin the ble, until
you type

Q@
or until the end of the run.

When you modify the bokles, and ant to rerun agjn, you run the program and type

@il enane
then, all the recordedkey strokes are replayed.You canusethis ble as an input streamto the
program, lile

cat filename - | nodel er

or
nodel er < fil enane
Theinput sequencéle is atext Ple andyou caneditit, e.g.,changethe simulationtime or time
step A line which starts with 0%0O is a comment line and you can addwmur o
If you add a line
@ROWPTCOFF

then,at thereplaytime, the promptsandreplieswill not be printedon the consolewindow until
the line
GPROWTON

8.5. .dat (output of simulation program)

Theoutputble. The brst columnis thetime or frequeny, andtherestcolumnsaredataspecked
by the output ports of the out most boxes or data_outmodules.The arrangement®f those
columns are gen in the associated .dhle (see Sec. 8.5.).

8.6. .dhr (input to and output of simulation program)

The dataheaderble containsthe titles of datain the associateddat Ple. E.g., lock.dathas4
columns of data series, time,vper, inDemod, outDemodrhen lock.dhr is lik the follaving.
time
power
i nDenod
out Denod
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When the simulation programruns and tries to createthe output data Ple, it looks for the
associateddhrpPle. If thereis one,thenthe orderof the columnsfollows the orderspecbedin the
.dhrpble. E.g., if there were lock.dimte whose content is

tine

out Derrod

i nDerod

power

then, the data column in lock.dat is arrangedfollowing this ordes i.e., secondcolumn is
outDemod and peer is placed in the 4th column.

Time andfrequeng shouldbe alwaysthe brst one.If thereis no .dhr Ple, the orderof dataare
decided follaving an internal rule.

8.7. .set (output of simulation program)

A settingble is createdwhena simulationprogramruns. It containsa list of all settingsof all
modulesusedin thatsimulation,alongwith otherdata,like the randomnumberseedandthefull
macro dénition.

8.8. .prm, .xbm (input to alfi)

This Ple containsall theinterfaceinformation,whatarethe namesandtypesof inputsandoutputs
etc, of a primitive with the samenane,i.e., LocAcq.prmis for a primitive moduleLocAcq. These
prmpblesareusedby alb. Al b readgheseblesandbndshow to displayeachprimitive (numberof

portsandname etc)..xbmis a bitmappble which containsanicon for a primitive representetly a

prmple.

9 FREQUENTLY ASKED QUESTIONS

9.1. How to use a beam-splitter?

Usea combinationof two Omirror2@o represent beam-splitterWe supply sucha ready-made
BS.boxPle which has four inputs and four outputs.

9.2. What is the order of data in the outputfile?

When an output ble namedxxx.datis created.anotherble namedxxx.dhr (xxx matcheso the
datable name notliterally xxx) is automaticallycreatedThis Ple containsnamesof the outputs,
onenameperline, in the orderthey are placedin the datable. E.g.,if the xxx.dhr containsthe
following lines, the brst columnin the xxx.datPle is time, secondcolumncomesfrom data_out
module named amp in box CR_00 in box FP

time

FP. box. CR_00. anp

FP. box. FF_0_I nDenod
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9.3. How can | ddfine the order of the output?

Whenthe programcreatesan outputble namedxxx.dat,it looksfor a bPle namedxxx.dhr. If there
is a Ple namedxxx.dhr, it usesthe orderin thatble to arrangethe orderof the datawhosenames
matchwith the namesin the given xxx.dhr Ple. E.qg., the contentof the existing xxx.dhr is as
follows.

tine

FP. box. CR_00. anp

FP. box. SB_00. anp

FP. box. FF_0_| nDenod

FP. box. FF_0_QuDenvod
And the names of your data are

time

FP. box. FF_0_QuDenvod

FP. box. FF_0_I nDenod

FP. box. SB_00. anmp

FP. box. CR_00. anmp

FP. box. SB_10. anp

FP. box. CR_10. anp
Then, the order of the columns in the daais

time

FP. box. CR_00. anp

FP. box. SB_00. anp

FP. box. FF_0_I nDenod

FP. box. FF_0_QuDenvod

FP. box. SB_10. anp

FP. box. CR_10. anp
The orderof the brst 5 dataare determinedby the original xxx.dhr, andthe restof the dataare
placedin the order they appearin box bles involved in the simulationrun, which is hard to
predict. Whena new databPle is createdthe original xxx.dhr Ple is updatedo ref3ectthe the new
order Onecanchangeonly the orderof datacomingfrom data_outj.e., you cannotchangethe
placement of time or frequeync

9.4. How can | save my key strokes when | run modeler or
modeler_freq, so that | donOt need teetype again ?

When you start running modeleror modeler_freqthere are three specialcommandsfor that
purpose.

@ (Plename : open Ble and start sang key strokes in thatle.
@) : stop recordringkstroles. If you reached the end, you damg@d to \erry.
@blename : play back thesk strokes stored in thble.

Once stored, you can use it also as the source of the pipe input to modeler / modeler_freq as
modeler <Plename
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9.5. How can | use this featue in my program?

Use functions implemented in e2ecli.cc and e2ecli.le Fp level functions are
doublee2ecli_getDb{ OpromptO, OhelpOadkf\al, min_\al, max_\al );
int e2ecli_getin{ OpromptO, OhelpOadkfal, min_\al, max_wal );
boole2ecli_getBoql OpromptO, OhelpO); nawdlefalue
boole2ecli_getBodl OpromptO, OhelpOadkf\al );

void e2ecli_getStf OpromptODhelpO&str ), str may have the default value on entry, on
return it has the nmevalue.

modval andinquir e are functions to let the user change relatddes together

When the usertypes O?Qnark, the OhelpQext is displayed,and when the user simply types
OreturnO&l, the dehult value is returned if a dedlt value is gven.

9.6. How can | implement a phase noise?

All frequenciesof sulbelds, the carrier and sidebandsare constantduring the simulation,and
they cannotbe RBuctuated.The frequeng noiseshouldbe implementedas a phasenoisein the
following way:

t t
"(t) = ' (dt =1 4-t+ :&' (t) (23)
0 0

Thebrsttermis theconstanfrequeny part,andthe secondartis the noise.Iln steadof changing
the frequeny, the phase of the sbbld is incremented by this amount.

10 DESCRIPTION FILE SYNTAX

10.1.0utline

The syntaxof the descriptionPle to be suppliedfor the simulationprogramis asfollows. Bold
facedstringsare keywords and shouldbe typed asit is. Italic stringsare primitive namesand
settingnameghereof.The nameof theinstance®f primitivescancontainalphabetspnumbersand
underscordine. OboxQs a kind of primitive, but it behaes differently from the rest of the
primitives.Becausef that,it is displayedasa keyword for the sale of clarity. Whenyou createa
box, it canbe savredwith a namefollowing therule for the namingof primitives. The box ble can
beincludedin otherbox bles.In thatcase the exisiting (included)box Ple beharesthe sameway
other primitives. In the following, nameOmodule® usedto represenOprimitvreOand OboxO
together

10.2.Syntax

Blank lines can be inserted.
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% all the rest after % is treated as comments.

Add_Macros
{

namel = vall

nameN = valN

Add_Submodules
{

primitiveluserDdenedPrimitvel

box userDé&nedBox1 {#include box1}

SettingsuserDénedPrimitveN

{
setting1= valueOfSettingl

#include blenamel

}

SettingsuserDénedBoxN

{
SettingsuserDénedPrimitvelnThisBox

{
setting1l= valueOfSettingl

}
SettingsuserDénedBoxInThisBox

{
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Add_Connections

{
this inPortl -> usedDé&neModulelinPortl
usedDé&neModuleNoutPortl -> usedDéneModuleMinPortl
usedDé&neModuleLoutPortl -> this outPortl
}
10.3.Example
input o, o | output
IfZbox
"outl O = O
DF2box DFprim
. test10.Df2hox
In _ u outl
DEINDF2. & out2
Add_Macros
{
gainVal = 2*PI
}

Add_Submodules

{
box DF2box { #include DF2.box }

digital_filter DFprim
}
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Settings DFprim
{
pole = -1
}
Settings DF2box

{
Settings DFiNDF2

{
gain = gainVal
}
}

Add_Connections

{
this input -> DF2box in

DF2box outl -> DFprim O
DFprim 0 -> this output
}

10.4.Explanation of the syntax

10.4.1. Add_Macros
Add_Macrossection surrounded by { and } dees macros &fctive in this box.

10.4.2. Add_Submodule

Add_Submodulesectionsurroundedy { and} dePnesmodules primitivesandboxs,included
in this descriptionor box ble, and assignnamesto eachof the includedmodules.E.qg., in the
exmple abore, onebox, whoseble nameis DF2.box,is includedandis namedas DF2box.Also
included in a digitalPlter primitive and is named as DFprim.

10.4.3.  Settings

Settingssectiondebnesvariuossettingsof primitivesandboxesincluded.In the exampleabove,
DFprim® pole is setto be -1. The settingis primitived in a box included can be debnedin a
similar way. In the example,gain of thedigital_Plter DFinDF2in DF2boxis setto be 1. You can
create a separatextddle and include it in the dmition of the setting.

10.4.4. Add_Connections

Add_ConnectionssectiondebPnesthe dataconnectionA dataconnectionis debPnedby a pair of
ports,an outputport of a moduleconnectedo aninput port of anothermodule.Two exceptions
areQhis inputGandQhis outputOThe currentbox is calledthis sothatrenamingdoesnot affect
the debnition of the connectionThey arethe input andoutputportsof the currentbox, andQhis
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inputOis connectedo an iput port of an included module and an output port of an included
module is connected tahix outputO.

Whenthe time domainsimulationgoes,the input dataare preparedorst, thenit is passedo the
input port of othermodulesandwhena modulehasall input dataset,thatmoduleis executedto
generate the output.

In the example,the input to this box is passedo the input of the box DF2box,and one of the
outputof DF2box,outl, is passedo a primitive DFprim, whoseinput port nameis O0Candthe
outputof this primitive, outputportnameO0Qs passedo the outputof this box, namedOoutputO.

10.5.alfi output

alb outputbles containextrainformationfor its use.Thoseinformationarestoredin a line which
startswith O%*OBecausehe simulationprogramneglectstext after%, all informationfor alb are
just for alb use.Theseinformationsarethe sizesof the window, the locationsof links on aline
linking two ports, etc. If you createa descriptionble, or box Ple, and later openit using alb,
primitives and boxes will be locatedat the top left orner of the window, and all links will be
arranged using a dailt (the vay the smart link option @uld generate) rule.
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