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Abstract (uﬂﬁ'mia)
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Tassmsitaonuuuuazaaaissiifiannuian olue 1 0 — 400 MHz lagld
INAA direct-digital synthesis m‘l_lﬂ&lmzl field-programmable gate array I@Uwamu‘ﬂvl,@
wm"l,ﬂﬂs‘,ﬂﬂmLﬂumu%mmaﬂmamsmmﬁmmmnLLa‘,nmmﬂummnmanmw
NAINYRLURARUAZFDLBIAIINEN uaﬂﬁnﬂuimamsaazlmvl,@miwmsaamazyrgﬁm
sumuﬁﬁmmLL&iuﬂﬂgdLLazﬂszqﬂ@Tﬁwvlﬂi'@@hmﬁmad Boltzmann 98981130
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In this project, we design and build radio-frequency wave synthesizers based on
direct-digital synthesis controlled by field-programmable gate arrays. The result is a
complete ready-to-use system now being applied for the optical clock project at the
National Institute of Metrology, Thailand and Mahidol University. We also build a low-
noise amplifier to measure resistor Johnson noise to determine the Boltzmann'’s
constant. The equipment is also suitable for be used in advanced undergraduate

physics laboratory course.

Keywords : Boltzmann constant, radio-frequency synthesizer, low noise measurement,

field-programmable gate array
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duwsnifiunmseenuuuuazanuaiessuiinaudinglugiu 0 — 400 MHz Tagléiveda direct-
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1.1 nsuUn

Tunsinuilassadaweseznen dnilvaudrdedisvhaenmsinmndmussrnatundnuveeyney
Meuasawes muUnAud uanawesaziiauafignimuafounasiiiauas SsUszneusie opti-
cal resonator kaz gain medium ﬁa&ﬂmméﬁ%ﬁm Sufivsausansofiasideuruivesuas
iawesldsonsasugumnl viieliAdsuyinamesnsrualifinfidesihud ludisunasiidnues
Wet ImﬂﬂaLLﬁaﬂanuawaﬂﬁumaqLaLsuai‘%Lﬂf?iaulﬂmmqmmﬁﬁﬂigmm

AX~0.3 nm/ K (1.1)

WH N15USTUANNEIIAAU YISO ANND VBT haeLalwas Me 3T 38 19na1uIunINNANLD V99LaLwDS
AzLanes lunsnnassidndamay 1513 JuARUASUANND VBILALLALDS MU NATPUAY BN
Uszuned 1-2 ms

WAAnIAensld acousto optical modulator (AOM) Fudundnfldaiiinumtuediu
pauwwan WA Tddnly Teefinauladiidie AOM azianudvintu

f=1To+ fi (1.2)

Tnedl f, Wumnudvesuasroudiozsiiuds AOM uar f.p Wuanuivesuasndanniisnu AOM
Tnevhluuda f,; ageglugn 20 MHz fis 400 MHz

Tunsveaessnuilandezmen 1:1ayld AOM vaneflunsmuaueudvesuasliiinudfi,
#9313 g AOM sld i5nazdosdiuvasiidanauing (radio frequency) wilsia (aghaulu
U 1.1) Tumsvnaeandls 151enaadedliunasinfinnduingdsdusauisnedu Seviiliduyulums
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§ ROHDE&SCHWARZ __SMB 100A - SIGNAL GENERATOR - | 100Kz . 40 GHz

R e ]
[£0.000 000 000 O[ct: =| [ T3.00[ee
- i)

13.00dBm RF

=1

JUN 1.1 sheguvasiniadyyiaingndeuldiuluviemaass deisangs
(Uszanau 300,000 um) (sUanusEn Rohde & Schwarz)

uwidsiifineduingiinanuazannsodeldiy Suszaviamild anmnsnuiunnuildedanden
updnzdisIAING wazdaualng

AeddyeseBaflsfonsfemsasuaudsemiuds Uniudiundeiiilneui i deld
T asfifladdunsldnuiidenia frequency-shift key (FSK) Zevsnefensiiisilusunsuaud
789 generator vous1liansanud senawuliidy £, ua f, dewdsdynaluds generator
ga31 (ldn1sidouser GPIB, LAN vieinduiiesdyaa TTL fisnu) 61 generator f
agvhnsaduanudan f, Wi f, wieldd £, ndundu f, Faffetudulumuiisndeans ud
Tnevhly msaduanuilulnun FSK duagldnannnndt 1-2 ms dedniulvdmiunsmeasdnu
Wandozmnou

fetesriameaniives generator Misndeldlunaa idsdlunAniinvadrnsimiiinanuaidl
muwmﬁﬂuazﬁﬂizﬁm'ﬁmwﬁLﬁeruwim’%aﬁﬂ’jﬂﬁﬁmaaﬁuﬁammm Duituwedasamsived

1.2  %ann1599nkuUl93sNISNINIUY

514 integrated circuit (IC) fiudnlag Analog Device #a AD9915 Faidu IC fianunsn
asrsauiinglédaud 0 - 500 MHz Tasflaunsadfuanuasdenvesenuilddesesu nHz us
nsmuey IC shildu farwdudeu isdwiedld 1C Sndmdlslumanuau uasndusananssearing
1 AD9915 fumsuiiamesveust IC fiiide feld programmable gate array 751811150
TWsunsulivihulaaulasila
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JUM 1.2 wiudeas DDS fvimhalvidwlindyaining suiaseazSend

I @V 1 v o A ! v o . ¢
\Uu generator Aldiazgnigeiiides insizdmihnves DDS chip Lues
AD9915 tududguvisemsdygyaisiendanin 1.5 GHz (Ingsaiu
13 Fufilliausaiaglinudingeonunlaensale) T LED fiviusuuu
nangqaeiiu LWule 3l debug lumeuiwaunlusunsy Tuneuldauass

Twiantazwanslmiudan1ugn15vinauYedeas DDS Tulsaysu 39asyinla
mmmsauaaLﬁulﬁasmimL%ﬁ'jﬁmiﬁﬂmwuamﬁﬁy DDS Tuumaza9asndeu
agfluusdaydeves PCI slot va¢ motherboard Wudwihaudegvseli Tu

299smaiuy Tnves LED Wudiden LLIGIILﬁWU’j’]MaEJﬂlW%LL@Nﬁ’;yVT’]ﬂﬂu‘léfaﬂ’]:’]
lpgiamzlunsveasaiedildndeynouifeud smeuausseuasitinnmeaay
duldfndn dwihlvinanmaaesiiaufianaiaintu aglisngidududuae
Iananuvassudale Ineundsnagldln +8V way +5V dmsuisas DDS
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UM 1.3 n1sveaesdysyiaueanain DDS ¢e oscilloscope dann31ie

soeld 50 Q Tun1s terminate dygraunauiiazinmie oscilloscope 3t

51237 input impedance w8e oscilloscope Huazilu high impedance
(Frvaneauiun1sns9n995 M) wid g iaing lngunnsgiu e

914 termination 91 50 Q (w38 75 Q dmiudygra video) nsily
terminate dgyerauenariilidygisazvioundudevinliasas DDS duiia
Anudsmela



1.2 “anNN1598NBUUNIITNISNINY 5

LF

— — FREQ
\ RIGOL 0 (Lo Level ' | !
Frequency

Flamess ‘

LEVEL/ §

1.500 000 000 00 G- -

Level

000 e

RF

SWEEP
|

MOD

JUT 1.4 wiasiwdindyaad 1.5 GHz sl dudyaradndadmsu
DDS #n channel

eandusvenasuaznisvhaudesiuiu awnsosiuldan oudfud 1]

dmsulasinisided Wunmsasessuuiidannudivgd neldvswenslutsemelng uazads
saflouantuinasine ieflagldmilulasinsuniiniozneusiolluowen

mMsvageuNIsiulnmuiing dunminsild PCT slot ldlunesiiamefiionuazmnlunis
WisuaziUAey channel wiuisasiuiamnuiing

dednyAouvdsdudningilfidusensdsi 1.5 GHz fifluandluguil 1.4 Ssanudlugy
GHz 1 Tudagtuiinisldnuegisunivans litasludygrannlnsdwindoud vioidya
wifi dwuiatesiiedyaalusy fisuden 1.5 GHz dudumnehilifuanuiggaiiundertiin
dyanuveusaglila

Tuewaniinsasuumasiudemudfisiendufsneds wannsaafewuusiddlaonse

Tu software
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1.3 Jnyviiwy

590.03 10.003/ Auto #

Agilent
Acquisition
Normal
250kSa/s

Channels
1.00:1

50.03Hz

107m¥

Trigger Menu
Trigger Type 4 Sowee 0 Slope
Edge Line ¥

i‘d‘VI 1.5 ﬂmmmmmm ground loop fnan oscﬂloscope 15198LUI
ﬂaummmmwﬂaaaaaﬂmmmwwu wnuiiazfundudeios ndudivied
aautiumely
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590.0% 10.0

Agilent

Channel

oc

:  Measurements
Freq(1)

Pk-Pk(1)

Sprache, Langue, 0 HARMRES d F
Getting About D mgm- | .
Started Oscilloscope | English

UM 1.6 Wisuenunasdnelnves oscilloscope oanunlagly transformer
Wad giurautuduadusaiilasatrantunisasidu

o

Ui 1.7 dygausuniuvesmnudingfialduy oscilloscope agdaunna

€aN

Feyeyrusunauiudl noise agfl 50 Hz uduanudvesinluieaaes vivld

$RaNyAgINI W1Refinan ground loop Tuvieswnaes
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OUTPUT OUTPUT

g‘dﬁ 1.8 wiouasfizounan aliexpress auanudslaiusdensiowassin
findtethunldfugunsaifithinanUssmeansgensn dvliusadulaih 120
V uilvniifindoutassilil option #iliusesuludh 220 V de Feviilvinih
#in ground loop a1nasveasantndiu (IWluemaass) vilidye e
sumuisnan line power sumely

=2

4 justdownle | oo ciock mabidol + [ masert =1
Type tort to search in Project

The pythor .
thecreator: |

pote 1111

JUN 1.9 Wsunsuildaiuauainudvesnduing saelusunsy Python
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r——SSS TS
- " - -X 2004A 70 MHz MEBA Y
bf: Agilent Technologies InfiniiVision ggsitfl)storuge Oscilloscope 2GSa/s @

1 50 2 200W 3 : 580.0% 50.00%/ Auto

7:31 2016-03-16

b A N
Center freq  40.000 MHz

 RBW 3,000 4z 3,000 kHz M1 ms

o '

JUN 1.11 dygauanudinginann spectrum analyzer agiituindgyaial
fpnuazenflola

meausindeduanfuiinsiner mlandndasiulaeduing (FesielufaziEendt 1993
DDS) lddsgunaznuin 2asvinulad ansnsadeusieiussuunsuiiunesinegniieanuuy (Tudw
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84 software 1 IssnsilunuiiasuSunestuvedddnneuiamesann Python 2.7 Wiy 3.5 us
wiudslifausidusarenaarlinannniuly Fadulasinsiiegsiliounan)

pgalsha ﬂﬁuﬂawuﬁiwqﬁwﬁmaaﬁmﬂﬁfu NaUNdYQYITUNMIUADUT DY aéwqﬁuamiugﬂmlﬂ
Fauandliiiiufle adumudingiidald (Rndes) Weuiuanussdndveaunasiidalnihvesas
Maesdu (Adenazdih) avwiuihiledusumudidumug smuhimudusssfueuvesli g
(Uszanas 50 Hz) Satein Fyanasuniuiiezinen ground loop lukemnaes

dmiidunnfiae nsfisseans USB 2.0 anwiuisasveasdniuneuiunedii 2995y
Aevfmesvousazus eround wessruuddEiy Msiteuseiilumeiivild ground vesszuy
e (esuagiaieamaans) Wy loop lng) FwsrliAndyanasunuldiemn

sRdluRafiawili ground loop dwmely

Tuneuusnidndgasuniuiiinan stability vesundssialiiheens uwidlomass
Wasuwnassuialiiii ﬁwudwé’mmmumuﬁ*ﬁaagj

anvheisldaedligunsaifidn ground vessasiihiueesiiawes uide USB isolator
nanlne OLIMEX (a1u13081u datasheet eian

http://www.farnell.com/datasheets/1848390.pdf?_ga=2.240070211.1502224237.
1555060890-1484995229.1554792329)

Tny guUnsalTu il ag desudoya USB siuns milen dhvmalaiil unud as so doyarmalaidh
JERLES mﬂﬁt’fqﬂﬂsaiﬁqﬁﬁﬂﬁﬁzymmsumuﬁ?umalﬂmm?;u

1.4 wanlaaneuie

Trermudnsasiuinaduingdmsunisnaesidndosmeuiiu Wawld wasndoufiesdudiunis
Y04lATINTUIRNBEARNsB LY

yaneimg Tasamsuiniozson Tutlgtu anthlassnsifed Wunuiseangudanuiduan
Fuiland swialasen1s ThEP-61-PHY-MU3 saust figuisu 2561 §1 wouniew 2564 Tnssauile
nsanduansinet (as.Jevdiand wanes) Tunisandunulasanmside é’m%mwaﬁ%ﬁmﬁu%q
tu mafinauazinesine Srsasiinfeulinuiemaantazetnetion 1 gn fHunismeaeundy

1.5 lasen1siuauinn

flassnnsitazildenldnan Python 2 1u Python 3


http://www.farnell.com/datasheets/1848390.pdf?_ga=2.240070211.1502224237.1555060890-1484995229.1554792329)
http://www.farnell.com/datasheets/1848390.pdf?_ga=2.240070211.1502224237.1555060890-1484995229.1554792329)
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N159A noise AzLPYAFLNBNITNIAT

Boltzmann’s constant

2.1  NSULU

MFunuNiANNaunIY R 1y a1 inanusedngasen 91 voltage noise (Fqaynend
sunmulugduuuresnnusedng) ity

V2 =4k TRAS (2.1)

Taodl T \uguvgiivesindumu (fvheilu kelvin) k5 10y Boltzmann’s constant way
Af #o bandwidth ve4 noise s daensin

awgiiviosnm Af (Sefimiedu Hz) Wil osannsfigadinm voltage noise tu 11
agfiarsands oscillation mode vosrdumimvEnlniiisnTnld Tneflusay mode dulsiTuderiy
(independent) feifu USuaswes noise ‘17]ILi’]’?ﬂiéfﬁ]SMWﬂﬁ%aﬁaﬂﬁuaﬂﬁUjﬂ B AR AN
Hz 84 Hz

snevzasdedn udvihlunaniisnda voltage noise ¢ae voltmeter udaU3una noise 7ilé
linaneifuetiud s1zins1infemuifigaignidululs wamadde Tussuulagioy axdl stray
capacitance ¢ (auyAiilAiiy C) 1513l roll-off fiAnan RC filter wotlasiulallvidayga
ﬁﬁmmﬁqmﬁ?uﬁm finite yilnansauiuud?laidy infinity

othalsiialunistne noise du fislddu avlildnann (ethannfliiiu MHz) iiesn
Uni noise mintlasiianusedndivos inifosiunasvenedyaaniiefiisilrdyanatulng

A )

=l

wselanenavinmegunsalluvioamnasdla (aen9wu oscilloscope w38 digital voltmeter)

11
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PINENENTVRATIARNMTIA dmSudduMIunliAl R sineeiu wdddeseiiien kg

2.2 ANNISDBNKUUINITNITNINY

rasvneiis g suusetunalannainisasves Geller[d] utillosnissduatutu HWaunsal
vaihlidnuanluud 53sfesinmsmeunsaldilumiinmauny Tnsemy JFET fudifsldives
BF445 Fasildasudu 2N5457 defivihauldfnesiu

JFET iy nsn@awesildauulnilunsidadnnisivavesdidnaseu ¥ilail stray ca-
pacitance fifunn Wiz dmiuIaRsTeewuUTsIdesns & capacitance s zyiliALE
39929958 Huiluniy 15139081019 stray capacitance sﬂadQﬂﬂiiﬁﬁi%LﬁUﬁ’JUﬁﬁﬂ%@ﬁ’Nﬁ]i
Sidnmseindtus 3equdsenaazld operational amplifier (op-amp) ununld usd1 op-
amp 717 spec Tndifsstu JFET shildu mldadneen wazvilisasiinmududeunnnifiuai
$udu Tedadulaiiedld JFET aufuld eghdlsisl JFET #fldlunsasaaiy [4] Sufieds BF445B
ISannanlunds vlisdeduladivsm JFET fdununu

Tumeuiioonuuuinnssfldnereium BF445B wmeaeunisldau fnuiusmuls 91nn1s
nageunldnuinsyiauvensasmuagulansiuinladn

150 pF

1kQ 1 pF output
300  BNC

JUN 2.1 29959enedyaild

Tnefsasilitunanddifiulugud 2.1 wasdiud asestudiduwensey 3 dwdedude 1.)
JFET wej 2N5457 §eiideife input capacitance tuilios 2.) op amp #Iusn 3.) op amp
fafiaes asaLnty fisnvenegeanegiuszana 2500 wiiiauduszana 1 kHz Tasfisiin
gain profile lﬁmmgﬂ‘ﬁ' 2.2
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102 103 104 10°
Frequency (Hz)

5U# 2.2 Gain profile 713n31nM 314 function generator Tddwyayas sine
WnlUlu input ves amplifier

W51ia gain profile § Aol 14 function generator AnsIU AwAuag amplitude 7
wiueu ldwWnlulu input 9092933 amplifier udAsgqUsuaANuRlUGoq Tusenineiusunad
<@ | | 1 1 aM va o <@ Vo
1517997 output voltage wiaze1 Teyanlaniumaanniulanagy
gain profile #3nduegedslunismen kg Weswn frequency bandwidth w3sflis15enin
A f Tugnsiudeuldiduy

[T GWP?
Af= /0 1+ @rfrORY (2:2)

Favuneanuingidesin gain profile vie fladdu G(f) lunsduin uazdmdunnaen R
wlfiu desiunmduiintailminads

fn [ stray capacitance ¥9955UURsVEERNST Tufuerlsthaty 2399 UAIN19Z 00N
ozlsitlal contribute fueh stray capacitance Hunazdendd (Frmeuifennes1si contribute
U stray capacitance ﬁﬁgdﬁ?u)

M50eNUULITATYlY stray capacitance Hutes 51eenlden Teaqunsizdnaiil
roll-off duiilosnan ﬁ?mﬁmﬁmmﬁqqq (vilAsasveasn 457" ﬁuLaq)

Taeluuda 1519zan stray capacitance fegn1s silivunves integrated circuit (ks

Son13U) aeusudnas egnldasululd package wuu SMD (surface mounted device)
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dwsulunsesiilasamsidell mlidndudenily stray capacitance Wwdnsuduly inszgaving
\513wadlaLiia stray capacitance e demonstrate liiufiswaves roll off lueas amplifier
anme

2.3 N1585192999

29957859 wldlusunsy Eagle Tuniseanuuuuduisasiin waniivarsnesduiisuiuusaiosun
 NilazveazUlefvodsiianulunisasneasmedtaneg

= v A

o FantlaNisfvafiansanAe 2995uuuil 151 (vIetnBeunaldtey) afringUasudd

v oA

AuMU input V999asU0eY euLsnsArfuAeldf vty (AwedraldifunmenisBenia

a a

Unased) Wudmiiudiumiu uwiismui dnseuszseudeaallvuviliaesinluna

v
[

dudu (1 weu aevinluuszuna 5 )

o Tunefiuusn feanuilesnazan stray capacitance l51agld op amp vy SMD
UsnngindlelfnuluFes op amp At (wiaglives uwifviliuasudiuin) neddu
aavhetaewdsuidy DIP unu vilivdsuiendt 51liléiadn wwu SMD fu DIP sils
stray capacitance Tudeulinauelny us stray capacitance Tunsdlild DIP
ogluguiisuld (Uszana 10 pF) s1dsdmauladnaglduvy DIP iemwavannlunis
goutige JUT 2.3 iﬁugumeumawmas‘%’uqmﬁw
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UM 2.3 lassasnenieluvednas

o Aufiddyodnitann esniasvegvessiuiisnsuesiidouttegs Suluogdaiarld
Tunadeslavefivnainifiefiazan pick-up vesdyarsumuiiinanaewen aeuiivhnsiaf
msvagluviesiifouqsme mneedudssamsamienhliinnsduasiiouvesdosesinag
FlhAndyanmsumuiinty

Y

e N1598 MFuMULsazA1tl wldsuunlddunasaniisnse BNC vilvazaindeanisilaeuy
Adakanslugun 2.4 uazguin 2.5
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Ui 2 N159A noise amﬁaﬂguﬁan'ﬁmﬁh Boltzmann’s constant

UM 2.4 naesiamunuiild BNC connector vinlviazainauglunisideu
A1 yibiaseslisaaiunsungeshwweziull
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unil 2 M5 noise azdsagaNan1MA1 Boltzmann’s constant

UM 2.6 frvgamyinludnyamile

a a

e g9 NN Mdunu duussgedlundesezaiiienane wnillauAnfivgld thermistor
Wldunu wdrin A1 noise Wgudvaamall Faaibiiaainnsaine absolute tempera-
ture scale logae (Hdayailesiuudy uddslinfoudmiumsinui amndiavanunsafiiam

Teszanunaned 2562)

@0 o o o o

o wumneINldL AgnunundninlilaUaalvd FusinduinGeuildauindedaaivdivn

ASmdInltauasS a7

2.4  HWan1sNaaag

wansneaesiils (lidezvies wisduinGeuduaunudeys) Aldnafideudad sua 2.7 sdelu

uanslliudeA1 noise dusuAIAUAIUMIUAIGTY AgiuIununzldudunse nauGEuazlag
= N v X oS Y v 2 d& a a o v

noun R faneer sulilunauain roll-off inanluludnedu Fefiiludsfinszazvinliisauisa

fit Toyauazmen C sanulisny C a1 Amilaeg? Uszana 40 pF (Afazidenansaglaly
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n.1 FPGA d1%5uf2? motherboard

library IEEE;

use IEEE.std _logic 1164.all;

use IEEE.std logic arith.all;
use IEEE.std logic misc.all;

use IEEE.std logic unsigned.all;
use work. FRONTPANEL.all;
library UNISIM;

use UNISIM.VComponents.all;

entity photon is
port (

—————— Opal Kelly Stuff -———————
hi in :in  STD LOGIC_VECTOR(7 downto 0);
hi out :out STD LOGIC VECTOR(1 downto 0);
hi inout :inout STD LOGIC VECTOR(15 downto 0);
hi muxsel : out STD_ LOGIC;
hi aa  :inout STD LOGIC;

21
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i2c_sda :out STD LOGIC;
i2¢_scl :out STD_ LOGIC;
——————— clock in from Cypress. Normally configured at 100 MHz

clkl :in  STD LOGIC;

——————— PMT input from the level translator. Note that the PMT pulse
< width is roughly 5—7 ns ———

pmt_input : in STD LOGIC;

——————— Logic In/Out ——————

logic_out: buffer STD LOGIC VECTOR (31 downto 0);

logic_in: in STD LOGIC_VECTOR (3 downto 0);

dds_logic_data_out : out STD LOGIC_VECTOR (15 downto 0);
dds_logic fifo rd clk: in STD LOGIC;

dds_logic fifo rd en:in STD LOGIC;

dds_logic_fifo empty: out STD LOGIC;

dds_logic _ram reset: out STD LOGIC;

dds logic_step to next wvalue: out STD LOGIC;
dds_logic reset dds_chip: out STD LOGIC;

dds_logic_address : out STD LOGIC VECTOR (3 downto 0)

——dds_logic : inout STD LOGIC VECTOR(31 downto 0)
);

end photon;

architecture arch of photon is
———— clocking pll component ————
component clk_pll 100 in 200 out port (
—— Clock in ports

CLK IN1 cin std logic;
—— Clock out ports

CLK OUT1 :out std logic;

CLK OUT2 :out std_logic;

CLK OUT3 cout  std logic);
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end component;

———— fifo for dds ————

component dds_fifo PORT (
rst : IN STD LOGIC;
wr_clk : IN STD LOGIC;
rd_clk : IN STD LOGIC;
din : IN STD LOGIC_VECTOR(15 DOWNTO 0);
wr_en : IN STD LOGIC;
rd en : IN STD LOGIC;
dout : OUT STD LOGIC_ VECTOR(15 DOWNTO 0);
full : OUT STD _LOGIC;
empty : OUT STD LOGIC;
wr_data_count: OUT STD LOGIC_ VECTOR(10 downto 0));

end component;

————— FIFO for photon data ——————

————— The time stamp of the photon is recorded into the fifo and ready to be
< read from the PC —————————————

————— Due to the limitation in RAM size on—board, the number of photon
< tagged can be only 2715 = 32768 ———

component fifo photon PORT (
rst : IN STD LOGIC;
wr_clk : IN STD LOGIC;
rd clk : IN STD LOGIC;
din : IN STD LOGIC_VECTOR(31 DOWNTO 0);
wr_en : IN STD LOGIC;
rd _en : IN STD LOGIC;
dout : OUT STD _LOGIC_VECTOR(15 DOWNTO 0);
full : OUT STD LOGIC;
empty : OUT STD LOGIC;
rd data count : OUT STD LOGIC_ VECTOR(15 DOWNTO 0));

end component;




24 unawan n 1da VHDL dmsuleashiniiadyyiain

e

————— The pulse data is first written into fifo (below). Then the fifo will transfer
< the data to ram. ———

component pulser ram PORT (
clka : IN STD LOGIC;
wea : IN STD LOGIC_ VECTOR(0 DOWNTO 0);
addra : IN STD LOGIC_VECTOR(9 DOWNTO 0);
dina : IN STD LOGIC_VECTOR(63 DOWNTO 0);
clkb : IN STD_LOGIC;
addrb : IN STD_LOGIC_VECTOR(9 DOWNTO 0);
doutb : OUT STD LOGIC VECTOR(63 DOWNTO 0));

end component;
—————— fifo to from pc to ram to store pulse ———

component pulse fifo PORT (
rst : IN STD LOGIC;
wr_clk : IN STD LOGIC;
rd_clk : IN STD LOGIC;
din : IN STD LOGIC_ VECTOR(15 DOWNTO 0);
wr_en : IN STD LOGIC;
rd en : IN STD LOGIC;
dout : OUT STD LOGIC_VECTOR(63 DOWNTO 0);
full : OUT STD LOGIC;
empty : OUT STD LOGIC;
rd _data_count : OUT STD LOGIC_VECTOR(7 DOWNTO 0));

end component;

component normal pmt_fifo PORT (
rst : IN STD LOGIC;
wr_clk : IN STD LOGIC;
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rd_clk : IN STD LOGIC;

din : IN STD LOGIC_ VECTOR(31 DOWNTO 0);

wr_en : IN STD LOGIC;

rd en : IN STD LOGIC;

dout : OUT STD LOGIC_ VECTOR(15 DOWNTO 0);

full : OUT STD _LOGIC;

empty : OUT STD LOGIC;

rd data_count : OUT STD LOGIC_VECTOR(10 DOWNTO 0));

end component;

component readout count fifo PORT (
rst  : IN STD LOGIC;
wr_clk : IN STD LOGIC;
rd_clk : IN STD LOGIC;
din : IN STD LOGIC_VECTOR(31 DOWNTO 0);
wr_en : IN STD LOGIC;
rd en : IN STD LOGIC;
dout : OUT STD LOGIC_ VECTOR(15 DOWNTO 0);
full : OUT STD LOGIC;
empty : OUT STD LOGIC;
rd data_count : OUT STD LOGIC_VECTOR(10 DOWNTO 0));

end component;

—— Target interface bus:

signal ti_clk : STD LOGIC;

signal okl : STD_LOGIC_VECTOR(30 downto 0);
signal ok2 : STD LOGIC_VECTOR(16 downto 0);
signal ok2s : STD LOGIC_ VECTOR(17%7—1 downto 0);

—— Endpoint connections:
—————— configuration register ——————
signal ep0Owire : STD _LOGIC_VECTOR(15 downto 0)
< :="0000000000000000";

—————— normal pmt measure period ———————
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signal epOlwire : STD LOGIC_VECTOR(15 downto 0);

—————— Manual overwrite of the output logic ——————
—————— Because there are 4 possible states for each channel of the logic out (
< there are

—————— always on, always off, follow pulse, follow pulse with inverted), we need

< 2 bits of
—————— information to store.
signal ep02wire : STD_LOGIC_VECTOR(15 downto 0);
signal epO3wire : STD_LOGIC_VECTOR(15 downto 0);
—————— DDS channel] -—————"—————————————
signal epO4wire : STD LOGIC_VECTOR(15 downto 0);
—————— Number of loops wanted in the infinite loop

oy
signal epObwire : STD LOGIC_VECTOR(15 downto 0);
—————— number of us delay in the line triggering

oy
signal epO6wire : STD LOGIC VECTOR(15 downto 0)

< :="0000000000000000";

—————— output data to PC ——————

signal ep21lwire : STD _LOGIC_VECTOR(15 downto 0)
< :="0000000000000000;

signal ep22wire : STD _LOGIC_VECTOR(15 downto 0)
< :="00000000000000007;

—————— Trigger in —————

signal ep40wire : STD_LOGIC_VECTOR(15 downto 0);

————— These are for pipe logic ————

signal pipe_in_write :STD LOGIC;

signal pipe in ready :STD LOGIC;

signal pipe_in_data :STD LOGIC_VECTOR(15 downto 0);

signal pipe in_ write dds :STD LOGIC;
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signal pipe_in_ready dds :STD_ LOGIC;
signal pipe_in data dds :STD_ LOGIC VECTOR(15 downto 0);

signal time resolved pipe out read :STD LOGIC;
signal time resolved pipe out wvalid : STD LOGIC;
signal time resolved pipe out data :STD LOGIC_ VECTOR(15 downto 0);

signal normal pmt pipe out read :STD LOGIC;
signal normal pmt pipe out valid : STD LOGIC;
signal normal pmt pipe out data :STD_ LOGIC_ VECTOR(15 downto 0);

signal bs_in, bs_out :STD_ LOGIC;
signal bs_in dds, bs_out _dds :STD_LOGIC;

——— CLOCKs —————

——— clk 100 MHz from PLL.

signal clk 100 : STD LOGIC;

——— clk 200 MHz from PLL to sample the input PMT signal. Any slower clock
< will miss the pulse ———

signal clk 200 : STD LOGIC;

——— clk 20 MHz from PLL. Not used for anything right now ————

signal clk 20 : STD_ LOGIC;

——— slow clock at 1 MHz self—generated ———

signal clk 1 : STD _LOGIC;

———— fifo photon signal ————

signal fifo photon rst :STD _LOGIC;

signal fifo photon wr clk : STD _LOGIC;

signal fifo photon din : STD LOGIC_VECTOR(31 downto 0);
signal fifo photon wr en :STD LOGIC;

signal fifo photon full : STD_LOGIC;

signal fifo photon empty : STD LOGIC;
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signal fifo photon rd data count: STD LOGIC VECTOR(15 downto 0);
signal photon time tag : STD LOGIC VECTOR(31 downto 0);

———— fifo pulser signal ————

signal fifo pulser rst : 3TD_ LOGIC;

signal fifo pulser rd clk : STD LOGIC;

signal fifo pulser rd en : STD_ LOGIC;

signal fifo pulser dout : STD_LOGIC_ VECTOR(63 downto 0);
signal fifo pulser full : STD _LOGIC;

signal fifo pulser empty : STD_ LOGIC;

signal fifo pulser rd data count: STD LOGIC VECTOR(7 downto 0);
———— dds pulser signal ———
signal fifo dds_rst : STD LOGIC;

signal fifo dds rd clk: STD LOGIC;
signal fifo dds rd clk temp: STD LOGIC;

signal fifo dds rd en : STD_LOGIC;

signal fifo dds dout : STD LOGIC_VECTOR(15 downto 0);

signal fifo dds full : STD LOGIC;

signal fifo dds empty : STD LOGIC;

signal fifo dds wr_ data_count : STD _LOGIC _vector(10 downto 0);

signal dds ram reset :STD LOGIC;

————— main signal route —————

signal master counter hi bit: STD LOGIC_VECTOR (29 downto 0); ————
< this one is the counter for the pulser

signal master counter low bit: STD LOGIC VECTOR (1 downto 0); ———
< this one is the sub counter for the photon data. The combined is 32 bit

————— These two are the time variable of the evolution of the pulses.

————— Due to the limitation of the integer size in VHDL, the number has to

————— be divided into two separated numbers.

signal master counter hi int: integer range 0 to 1073741824 := 0;

signal master counter low int: integer range 0 to 3 := 0;
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————— logic signa] --—-—--—-——-——-————-—-—H—"—7"—H—7"#—/——"-"——————————

————— This is the channels for the pulse sequence

signal master logic :STD_LOGIC _VECTOR (31 downto 0);
————— pmt signal

('% ____________________________________________
signal pmt_synced :STb_LOGIC;, ———————————

signal pulser ram clka : STD _LOGIC;

signal pulser ram wea : STD LOGIC_VECTOR(0
<~ DOWNTO 0);

signal pulser ram addra : STD LOGIC_VECTOR(9
<~ DOWNTO 0);

signal pulser ram dina : STD LOGIC_VECTOR(63
<~ DOWNTO 0);

signal pulser ram clkb :3TD_ LOGIC;

signal pulser ram_addrb : STD _LOGIC_VECTOR(9
<~ DOWNTO 0);

signal pulser ram doutb : STD _LOGIC_VECTOR(63

<» DOWNTO 0);

—————— This is the total number of sequence completed in the infinite loop mode
< of the pulser

signal seq count_bit : STD_LOGIC_ VECTOR(15
< downto 0);

————— various flag ————

signal pulser counter reset : STD LOGIC; ————"0" = reset. '1
—~ ' =run
signal pulser ram reset :STD LOGIC; ————"1" = reset

< pulser ram. '0' = normal operating state
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signal pulser infinite loop : STD LOGIC; ————"1" = infinite
< loop. '0" = single shot
signal pulser start bit : STD_ LOGIC; ————"1"' = run
< sequence. '0' = pause sequence
signal pulser sequence done :STD LOGIC; ————'"1" =
< sequence is done. '0' = seq is not yet done. In infinite mode it will always be '0'
signal pulser flag register : STD _LOGIC_VECTOR (15 downto
< 0);———— this vector is to combine all above for convenience.

—— FIFO —

signal normal pmt rd data count: STD LOGIC VECTOR (10 DOWNTO 0);
signal normal pmt full: STD LOGIC;

signal normal pmt fifo reset: STD LOGIC;

signal normal pmt fifo data: STD LOGIC_VECTOR (31 DOWNTO 0);
signal normal pmt empty: STD LOGIC;

signal normal pmt_ wr_ clk: STD LOGIC:='0";

signal normal pmt wr en: STD LOGIC:='0";

signal normal pmt_ block aval: STD LOGIC:= '0';

—— auto mode parameter ——

signal normal pmt count period : INTEGER RANGE 0 TO 65535:=1000;
< ——— normal pmt period in ms ———

signal normal pmt auto count clk : STD LOGIC:='0";

signal normal pmt count trigger : STD LOGIC := '0';

—— PMT data —

signal pmt count: INTEGER RANGE 0 TO 2147483647:=0;
signal pmt_ count reset: STD LOGIC;

signal pmt sampled: STD LOGIC;

——FIFO——

signal readout count rd data count: STD LOGIC VECTOR (10 DOWNTO
< 0);

signal readout pmt full: STD LOGIC;
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signal readout count fifo reset: STD LOGIC;

signal readout count fifo data: STD LOGIC VECTOR (31 DOWNTO 0);

signal readout pmt empty: STD LOGIC;

signal readout count wr_clk: STD LOGIC:='0";

signal readout count wr en: STD LOGIC:='0"';

signal readout count pipe out read: STD LOGIC := '0';

signal readout count pipe out valid: STD LOGIC;

signal readout count pipe out_ data: STD LOGIC_ VECTOR (15 DOWNTO
= 0);

——DATA——

signal pmt readout count: INTEGER RANGE 0 TO 2147483647:=0;

signal readout should count : STD LOGIC := '0';

————— line triggering —————

signal line triggering enabled: STD LOGIC := '0'; ———— 1 means trigger
< with line
signal line triggering pulse: STD LOGIC := '0'; ————— line triggering pulse

< from some input
signal line triggering conditioned: STD LOGIC:= '0'; ————— conditioning of
< the 60 hz input

———————————————————— aux logic for —_

begin

————————— DbDS fifo -——————————————
fifod: dds_ fifo port map(

rst=>fifo dds_rst,

wr_clk=>ti_clk,

rd clk=>fifo dds rd clk,
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din=>> pipe in data_dds,
Wwr_en—=> pipe in_write dds,
rd en=> fifo dds rd en,
dout=> fifo dds_dout,
full=> fifo dds_full,
empty=> fifo dds empty,

wr__data_count=>fifo dds wr_ data count);

pipe_in ready dds <= 'l'; ———— enable pipe in. The only pipe in used in this design
< is writing of the pulse into this fifo.

fifo dds_rst <= ep40wire(7); ———————— this fifo never gets reset because if there's
< anything in the fifo, it will get written into the ram right away

led(5) <= not fifo_dds_empty;

led(4 downto 0) <= not logic_out(4 downto 0);

——led(7 downto 4) <= not ep04wire(3 downto 0);

——led(3 downto 2) <= ep00wire(7 downto 6);

——led(1) <= not line triggering pulse;

——led(0) <= not logic in(0);

——led <= not master logic(7 downto 0);

led(7 downto 6) <= not epO4wire(1 downto 0);

process(clk 20, fifo _dds rd clk temp)
begin
if (rising _edge(clk 20)) then
if (fifo_dds rd clk temp = '1') then
fifo dds rd clk <= '1";
else
fifo dds rd clk <= '0";
end if;

end if;
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end process;

dds_logic data_out <= not fifo dds_dout;

fifo dds rd clk temp <= not dds logic fifo rd clk;

fifo dds rd en <= not dds_logic_fifo rd en;

dds_logic fifo empty <= not fifo dds_ empty;

dds_logic_ram_reset <= not (master logic(19) or epdOwire(4)); ——————————— dds

dds_logic_step to next value <= not (master logic(18) or ep40wire(5));
dds_logic reset dds chip <= not (ep40wire(6));

dds_logic _address <= not (ep04wire(3 downto 0)); ——————————————— set dds

< channel

—— process (clk 200)

— begin

—— IF rising edge(clk 200) THEN
— pmt_ synced <= pmt input;
— END IF:

—— END PROCESS;

——————————— general pll. This generated 200 MHz and 20 MHz from 100 MHz

pll: clk_pll 100 in_ 200 out port map(

—— Clock in ports
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CLK IN1 => clkl,

—— Clock out ports
CLK OUT1 => clk_ 200,
CLK OUT2 => clk_ 100,
CLK_ OUT3 => clk_20);

fifo2: pulse_fifo port map(
rst=>fifo pulser_ rst,
wr_clk=>ti_clk,
rd clk=>fifo pulser rd clk,
din=> pipe_in_data,
wr_en=> pipe in write,
rd _en=> fifo pulser rd en,
dout=>> fifo pulser dout,
full=> fifo pulser full,
empty=> fifo pulser empty,

rd data_count=>fifo pulser rd data count);

pipe_in ready <= '1'; ———— enable pipe in. The only pipe in used in this design is
< writing of the pulse into this fifo.
fifo pulser rst <='0'; ——————— this fifo never gets reseted because if there's

< anything in the fifo, it will get written into the ram right away

—————————— RAM WRITER PROCESS———————————

—————————— write from fifo to block ram to store pulser
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raml: pulser ram port map (

clka => pulser ram clka,
wea => pulser ram wea,
addra => pulser ram addra,
dina => pulser ram dina,
clkb => pulser ram _clkb,
addrb => pulser ram addrb,
doutb => pulser ram _doutb);

process (clk 100,pulser ram reset)
variable write ram address: integer range 0 to 1023:=0;
variable ram _process count: integer range 0 to 8:=0;

begin

————— This doesn't really reset the ram but only put the address to zero so
< that the next writing
————— from the fifo to the ram will start from the first address. Since each
< pulse will end with all zeros anyway
————— it's ok to have old information in the ram. The execution will never
< get past the end line.
if (pulser ram reset = '1') then
write_ram address := 0;
ram_ process_count := 0;
elsif rising edge(clk 100) then
case ram_ process__count is
————————— first two prepare and check whether there is
< anything in the fifo. This can be done by looking at the pin
————————— fifo pulser empty.
when 0 => fifo_pulser rd clk <="1";
fifo pulser rd en <= '0';
pulser ram wea <="07
ram_process count := 1;

when 1 => fifo pulser rd clk <='0";
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if (fifo_pulser empty = '1') then ———— '1"
< is empty. Go back to case 0
ram_ process__count:=0;
else
ram_process count := 2; ———— if
< there's anything in the fifo, go to the next case
end if;
———————— there's sth in the fifo ————————
when 2 => fifo pulser rd en <= '1';
ram__process count:=3;
when 3 => fifo pulser rd clk <='1'"; -—————————————
< read from fifo --————————————
pulser ram wea <="17;
pulser ram clka <= '0"';
ram_process count:=4;
when 4 => fifo_pulser rd clk <= '0";

ram_process_count:=5;

—————————— prepare data and address that are about to be

when 5 => pulser ram addra <=
< CONV_STD LOGIC VECTOR(write ram address,10);
pulser ram dina <= fifo pulser dout;

ram_process_count:=6;

when 6 => pulser ram clka <= '1'; —————————— write to
— ram
ram_process_count:=7;
when 7 => write_ram address:=write _ram _address+1;
& increase address by one

ram_ process_count:=8;

————— check again if the fifo is empty or not. Basically this

————— keep writing to ram until fifo is empty.
when 8 => if (fifo pulser empty = '1') then

ram_ process_count:=0;
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else

ram_process_count:=2;

end if;
end case;
end if;

end process;

process (clk 20)
variable count: integer range 0 to 21 :=0;
begin
if (rising_edge(clk_20)) then
count := count + 1;
if (count <= 10) then
ck 1 <="'1";
elsif (count <= 20) then
clk 1 <="'0";
elsif (count=21) then
count :=0;
end if;
end if;

end process;

process (clk 20, logic in(0))
variable duration count: integer range 0 to 15:=0;
variable delay count: integer range 0 to 15:=0;
begin
if (logic_in(0) = '0"') then
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duration count := 0;
delay count := 0;
line triggering conditioned <= '0';
elsif (rising edge(clk 20)) then
if (delay count < 7) then
delay count := delay count + 1;
elsif (delay count >= 7) then
if (duration count < 7) then
duration count := duration count + 1;
line triggering conditioned <= '1"';
elsif (duration count >= 7) then
line triggering conditioned <= '0"';
end if;
end if;
end if;

end process;

process (clk 1, line triggering conditioned)
variable duration count: integer range 0 to 65535:=0;
variable delay count: integer range 0 to 65535:=0;
begin
if (line_triggering conditioned = '1') then
duration count := 0;
delay count := 0;
line triggering pulse <= '0';
elsif (rising edge(clk 1)) then
if (delay count < CONV_INTEGER(UNSIGNED (epO6wire(15
< downto 0)))) then
delay count := delay count + 1;
elsif (delay count >= CONV INTEGER(UNSIGNED (epO6wire(15
< downto 0)))) then
if (duration count < 15) then
duration count := duration count + 1;

line triggering pulse <= '1';
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elsif (duration count >= 15) then
line triggering pulse <= '0';
end if;
end if;
end if;

end process;

————— There is a main counter that go through each step in the RAM data. —————
————— The array of data of 64 bit has two portion. Time stamp and logic. —————
————— The convention is to specify which state of the logic at each time stamp
————— The first time stamp doesn't do anything. And the pulse will stop until
————— the end line is reached. The endline is specified from timestamp = 0. ———

————— The logic in the endline also doesn't do anything

process (clk 100, pulser counter reset)
variable seq_count: INTEGER range 0 to 65535;——— count number of seq
< run
variable countl: INTEGER range 0 to 3:=0;
variable time count: INTEGER:=0;
variable time stamp: INTEGER:=0;
variable ram read address: integer range 0 to 1023:=0;
variable ram process count: INTEGER range 0 to 10:=0;
variable ram _data_out_1: STD LOGIC_ VECTOR (63 downto 0);
variable ram _data_out 2: STD LOGIC_ VECTOR (63 downto 0);
begin
IF (pulser counter reset = '1') then
ram_ process_count:=0;
ram_read address:=0);
count1:=0;
time count:=0;
time stamp:=0;
master logic <= "00000000000000000000000000000000;
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pulser sequence done <= '0';}———————————————— "seq done
< flag” is deasserted
seq_count:=0;
ELSIF (rising edge(clk 100)) THEN
IF (pulser start bit = '1') THEN —————— This means the "run”
< flaged is set such that the pulse runs.
CASE ram_process count IS

————————————— read initial configuration

when 0 => ram read address:=0;

——————————— wait for line triggering

IF ((epOOwire(3) = '1' and

< line triggering pulse = '1') or (ep00Owire(3) = '0')) then
ram _process count :—

— ram _process_count + 1;

END IF;

WHEN 1 => pulser ram clkb <= '1';

ram_process_count :=

< ram_process_count + 1;

WHEN 2 => master logic <= pulser ram _doutb (31 downto

< 0);

ram_ read address:=1;

pulser ram clkb <= '0"';

ram_process count := ram _process count
< + 1

WHEN 3 => pulser ram clkb <= '1"';
ram_process_count :=
< ram_process count + 1;
WHEN 4 => ram_data out 2:=pulser ram doutb;
time stamp := CONV_INTEGER(
< UNSIGNED (ram_data_out_2(61 downto 32)));
ram_read address := 2;
ram_ process_count :=

< ram_ process_count + 1;
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———— read process —————
WHEN 5 => IF (time count+1 = time stamp) THEN
& ——— approaching the time stamp
IF (countl = 0) THEN
pulser ram clkb <= '0"';
countl :=1;
ELSIF (countl = 1) THEN
pulser ram clkb <= "1"';
<4 - ram data is read
countl :=2;
ELSIF (countl = 2) THEN
pulser ram clkb <= '0"';
ram_data out 1 :=
< ram_data_out 2;
ram_data out 2 :=
< pulser ram doutb; -——————————— latch output from ram to ram data out
countl:=3;
ELSIF (countl = 3) THEN
count1:=0;
time count := time_ count+-1;
ram_read address :=
< ram_read address+1;
time stamp := CONV_INTEGER
< (UNSIGNED (ram_data_out_2(61 downto 32)));
IF (time stamp = 0) THEN

& ——— if the end line (specified by timestamp = 0) is reached.
IF (
< pulser infinite loop = '1') then ———— if it's in the infinite looped mode then

< jump back to the beginning
< ram_ process_count:=0;
— ram_read address:=0;

count1:=0;

time count:=0;
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time stamp:=0;

master logic <=
ram_data out 1(31 downto 0);

seq_count:=
seq_count+1;———————— increase number of sequence count ————————

if (
CONV _INTEGER(UNSIGNED (ep05wire(15 downto 0))) /= 0) then

if (

seq_count = CONV_INTEGER(UNSIGNED (ep0O5wire(15 downto 0)))) then

master logic <= "00000000000000000000000000000000";

ram_process_count := 6;
end if;
end if;

else

master logic <=
”000000000000000000000000000000007

ram_process count := ram_process count+1;
end if;
ELSE
master logic <=
ram_data_out_1(31 downto 0);
END IF;

——————————— if the time stamp is
not yet reached, keeps counting ——————
IF (countl = 0) THEN

countl :=1;
ELSIF (countl = 1) THEN
countl :=2;

ELSIF (countl = 2) THEN
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countl:=3;
ELSIF (countl = 3) THEN
count1:=0;
time count := time_ count+-1;
END IF;
END IF;
——————— this is limbo, you can't escape from here. To get out
< you need to reset the pulser. ————
WHEN 6 => pulser sequence done <= '1";
WHEN OTHERS => NULL;

END CASE;

END IF;

—————— link the read address to the ram address in the process

pulser ram addrb<=conv_std logic vector(ram read address,10);

—————— get timestamp data ready. This is to be used to tag photon
< in the time resolved photon process ————

photon_time tag(31 downto 2) <= CONV_STD LOGIC VECTOR
< (time_count,30);

photon_time tag(1l downto 0) <= CONV_STD LOGIC VECTOR(
< countl,2);

seq_count_bit <= CONV_STD LOGIC VECTOR(seq count,16);
END IF;

end process;

process (clk 200, pmt_sampled)
begin
IF rising edge(clk 200) then
IF (pmt_sampled = '"1') then
pmt_synced <= '1';
fifo photon wr clk <= '1';
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else
pmt_synced <= '0';
fifo photon din <= photon time tag;
fifo photon wr clk <= '0';
end if;
end if;

end process;

process (clk 200, pmt_input)
begin
IF rising edge(clk 200) then
pmt sampled <= pmt input;—— and clk 100;
END if;

end process;

<
—————————————————————— logic_out table
Cy
<
————— 0 —————— 866DP
————— 1 —————— crystallization
————— 2 ————— DbluePI
————— 3 -—————— 110DP
————— 4 —————— axial
————— 5 —————— camera
————— 6
————— 7 —————— pump
————— 8
————— 9
————— 16 ————— pmt counter trigger for differential mode (DiffCountTrigger)
————— 17 ————— time resolved photon counting enable (TimeResolvedCount)
————— 18 ————— dds step to next value

_____ 19 ————— reset dds
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————— 20 —————readout_should count
————— 21 ————— advance dds 729
————— 22 ————— reset dds 729

N
—————— This part: if ep02 = '0' and ep 03 = '0', then follow the logic
__________________ if ep02 = '0' and ep 03 = '1', then invert the logic
__________________ ifep02 = '1' and ep 03 = '0"', then always '0'
__________________ ifep02 = '1' and ep 03 = '1', then always '1'

LOGIC _OUT(0) <= master_logic(0) WHEN (ep02wire(0)="'0"' AND

< ep03wire(0)="'0") ELSE
NOT master logic(0) WHEN (ep02wire(0)="'0"
<> AND ep03wire(0)="'1') ELSE

o WHEN (ep02wire(0)
< ='1' AND ep03wire(0)="'0") ELSE
1 1 ' ;
LOGIC OUT(1) <= master logic(1) WHEN (ep02wire(1)="0"' AND

< ep03wire(1)="'0") ELSE
NOT master logic(1) WHEN (ep02wire(1)="'0"
< AND epO3wire(1)="'1") ELSE

0! WHEN (ep02wire(1)
< ='1" AND ep03wire(1)="'0") ELSE
1 1 ] ;
LOGIC_OUT(2) <= master_logic(2) WHEN (ep02wire(2)="'0"' AND

< ep03wire(2)="'0") ELSE
NOT master logic(2) WHEN (ep02wire(2)="'0"
< AND ep03wire(2)="'1") ELSE

0! WHEN (ep02wire(2)
< ='1' AND ep03wire(2)='0") ELSE
FRr
LOGIC OUT(3) <= master logic(3) WHEN (ep02wire(3)="'0"' AND

— ep03wire(3)="'0") ELSE
NOT master logic(3) WHEN (ep02wire(3)="'0"
< AND epO3wire(3)="'1") ELSE
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|O|
< ='1'" AND ep03wire(3)='0") ELSE
lll;

WHEN (ep02wire(3)

LOGIC OUT(4) <= master logic(4) WHEN (ep02wire(4)="'0"' AND

< ep03wire(4)="'0") ELSE

NOT master logic(4)
< AND epO3wire(4)="'1") ELSE

o
< ='1" AND ep03wire(4)='0") ELSE

FRF

WHEN (ep02wire(4)="0"

WHEN (ep02wire(4)

LOGIC_OUT(5) <= master_logic(5) WHEN (ep02wire(5)="'0' AND

< ep03wire(5)="'0") ELSE

NOT master logic(5)
< AND epO3wire(5)="'1") ELSE

o
< ='1' AND ep03wire(5)='0") ELSE

FRF

WHEN (ep02wire(5)="0"

WHEN (ep02wire(5)

LOGIC OUT(6) <= master logic(6) WHEN (ep02wire(6)="'0"' AND

< ep03wire(6)="'0") ELSE

NOT master logic(6)
< AND ep0O3wire(6)="'1") ELSE

o
< ='1'" AND ep03wire(6)="'0"') ELSE

EEF

WHEN (ep02wire(6)="0"

WHEN (ep02wire(6)

LOGIC OUT(7) <= master_logic(7) WHEN (ep02wire(7)='0' AND

< ep03wire(7)="'0") ELSE

NOT master _logic(7)
< AND ep03wire(7)="'1") ELSE

o
— ='1'" AND ep03wire(7)='0") ELSE

EEF

WHEN (ep02wire(7)="0"

WHEN (ep02wire(7)

LOGIC OUT(8) <= master logic(8) WHEN (ep02wire(8)="'0"' AND

— ep03wire(8)="'0") ELSE
NOT master logic(8)
< AND epO3wire(8)="'1") ELSE

WHEN (ep02wire(8)="0"
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0! WHEN (ep02wire(8)
< ='1'" AND ep03wire(8)="'0") ELSE
FRF
LOGIC OUT(9) <= master logic(9) WHEN (ep02wire(9)="'0"' AND

< ep03wire(9)="'0") ELSE
NOT master logic(9) WHEN (ep02wire(9)="'0"
< AND ep03wire(9)="'1") ELSE

o WHEN (ep02wire(9)
< ='1" AND ep03wire(9)="'0") ELSE
1 1 ] ;
LOGIC_OUT(10) <= master logic(10) WHEN (ep02wire(10)="'0"

< AND ep03wire(10)='0") ELSE
NOT master logic(10) WHEN (ep02wire(10)="'0"
— AND ep03wire(10)="'1"') ELSE

0" WHEN (ep02wire(10)
< ='1' AND ep03wire(10)='0") ELSE
1 1 ' ;
LOGIC OUT(11) <= master logic(11) WHEN (ep02wire(11)="0"

< AND ep03wire(11)='0") ELSE
NOT master logic(11) WHEN (ep02wire(11)="'0"
< AND ep03wire(11)="'1") ELSE

0! WHEN (ep02wire(11)
< ='1'" AND ep03wire(11)='0") ELSE
FRF
s
N
————— If more channels are needed, just copy above
oy -

LOGIC OUT(31 downto 16) <= master logic(31 downto 16);

——————————— 729 DDS BNC connections ———————————
LOGIC OUT(12
LOGIC_OUT(13

<= master_logic(18);
<= master_logic(19);
<: ! O 1 ;

— ~— — ~—

(
LOGIC_OUT(14
(

LOGIC_OUT(15) <= '0';
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———— This is the data that indicates the number of photon tagged stored in the fifo

————— It will be twice the number of photon tagged because each photon tag requires
< 32 bit
————— but the fifo output is 16 bit wide

ep22wire <= fifo _photon rd data_count;

——————————— Get flag from epwire ————————————————
——————————— ep00wire(0) is the normal pmt or differential pmt mode ———————
pulser counter reset <= ep40wire(0);

pulser ram reset <= ep40wire(1);

pulser infinite loop <= ep00wire(1);

pulser start bit <= ep00wire(2);

line triggering enabled <= ep00wire(3);

pulser flag register(0) <= pulser sequence done;

process (ti_clk)
begin
if rising _edge(ti_clk) then
if (ep00wire(7 downto 5) = "000”) Then
ep2lwire <= pulser flag register;
elsif (ep0Owire(7 downto 5) = "001”) then
ep2lwire <= seq_count_ bit;
elsif (ep00wire(7 downto 5) = "010”) then
ep2lwire(10 downto 0) <= normal pmt rd data count;
elsif (ep0Owire(7 downto 5) = ”100”) then
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ep2lwire(10 downto 0) <= readout count rd data_count;
else
ep2lwire <= "00000000000000007;
end if;
end if;

end process;

——————————— this fifo is for buffering the photon tagging data, when it's not
< enough the plan is to write to sdram————

—————————— The logic(27) is to indicate which in the pulse sequece for the photon
< to get tagged. This is to —————

—————————— have better control when there is time where no time resolved photon

< counting is needed ——————

fifo photon wr en <= master logic(17);
——————————————————— to have the writing clocked tied to the pmt

——fifo _photon wr clk <= pmt_synced;

normal pmt pipe out valid <= '1';

time resolved pipe out valid <= '1';

fifol: fifo_photon port map (
rst=>fifo photon rst,
wr_clk=>fifo photon wr clk,
rd clk=>ti_clk,
din=> fifo photon din,
wr_en=> fifo photon wr en,
rd _en=> time resolved pipe out read,
——— the fifo is configured in a standard way that data is present one cycle
< after rd_en is asserted
——— this is coincide with the way pipe out read is also asserted
dout=>> time resolved pipe out data,
full=> fifo photon_full,
empty=> fifo photon empty,
rd data count=>fifo photon rd data count);
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fifo photon rst <= ep40wire(3);

i2c_sda <= "'Z';
i2¢_scl <= "'7Z";

hi muxsel <= '0';

N
———————————————————————————— NORMAL PMT
oy
N
————————— mode selection -———————————
————————— This is to select whether it's a normal mode or differential mode
oy

normal pmt count trigger <= normal pmt auto_ count clk WHEN ep00wire(0) =
< 0' ELSE master logic(16);

normal _pmt count period <= CONV _INTEGER(UNSIGNED (epOlwire (15
<~ DOWNTO 0)));

process (clk 100,normal pmt fifo reset)
variable count: integer range 0 to 2147483647:=0;
begin
IF (normal pmt fifo reset = '1') THEN
count:=0;
ELSIF (rising edge(clk 100)) THEN
count:=count-+1;
IF (count — 1) THEN
normal pmt auto count clk <= '0';
ELSIF (count = normal pmt_count period*50000) THEN
normal pmt auto count clk <= '1';
ELSIF (count > normal pmt count period*100000) THEN
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count:=0;
END IF;
END IF;
END PROCESS;

————————— trigger to reset FIFO —————

normal pmt fifo reset<=ep40wire(2);

normal pmt block aval <= '0' WHEN normal pmt rd data count =
< ”00000000000” ELSE '1"';

—— FIFO for normal PMT: write in is 32 bit, read out 16 bit ——

fifo3: normal pmt _fifo port map (rst => normal pmt_fifo reset,

wr_clk =>
< clk_100,

rd clk =>
< ti_clk,

din =>

< normal pmt fifo data,
Wr_en =>

< normal pmt wr en,

rd en =>
< normal pmt pipe out read,

dout =>
< normal pmt pipe out data,

full =>
< normal pmt_full,

empty —>

< normal pmt_ empty,

— rd_data_count=>normal pmt rd data_ count

—————— generate timing sequece ———————

—————— write to fifo at the beginning of the count trigger ————
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process (clk 100, normal pmt count trigger) ————
< count_trigger active high————
variable count: integer range 0 to 6:=6;
variable wr_en var: STD LOGIC:='0";
variable fifo data_var:STD LOGIC_VECTOR(31 DOWNTO 0)
— :="000000000000000000000000000000007;
variable pmt _count reset var: STD LOGIC:='0";
begin
if (normal pmt count trigger = '0') then
count:=0;
elsif (rising edge(clk 100)) then
case count IS
WHEN 0 =>
——define data——
wr_en_var:=— '0O';
fifo data var (30 DOWNTO 0) :=
< CONV_STD LOGIC VECTOR(pmt count,31);
fifo data var (31) := '0'" WHEN ep00wire(0) = '0"
< ELSE

<  WHEN (master logic(0) = '"1' AND ep0Owire(0) = '1') ELSE

pmt_count reset var:—='0"';
count:=count+1;
WHEN 1 =>
——enable write
wr_en_ var:—'1";
count:=count-+1;
WHEN 2 =>
——disable write
wr_en_ var:='0"';
count:=count+1;
WHEN 3 =>
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——enable reset of pmt counting
pmt_ count reset var:='1";

count := count+1;

WHEN 4 =>
count := count-+1;
WHEN 5 =>

—— disable reset of pmt counting
pmt_count reset var:='0";
count := count-+1;
WHEN 6 =>

NULL;

end case;

normal pmt wr_ en<=wr_en_var;

normal pmt fifo data<=fifo data_var;

pmt_ count reset<—pmt count reset var;

end if;

end process;

—— count pmt by incresaing the value of pmt count every time pmt synced edge
— is detected
process (pmt__count reset, pmt__synced)
begin
if (pmt_count_reset = '1') then
pmt_count<=0;
elsif (rising edge(pmt_synced)) then
pmt count<=pmt count+1;
end if;

end process;

—— READOUT COUNTING:
readout_should count <= master logic(20);
readout _count_fifo reset <= ep40wire(4);

readout count pipe out valid <= '1';

—————————————————— readout _count FIFO

fifoh: readout count fifo port map (rst => readout count fifo reset,
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wr_clk => clk 100,
rd clk =>ti_clk,
din => readout count fifo data,
wr_en => readout count wr_en,
rd _en =>

< readout count pipe out read,
dout =>

< readout count pipe out data,
full =>readout pmt_full,
empty =>readout pmt empty,
rd_data_count=>

< readout count rd data count

—— count readout counts by incresaing the value of pmt readout count every time
< pmt_synced edge is detected
process (readout should count, pmt_synced)
begin
if (readout should count = '0"') then
pmt readout count<=0;
elsif (rising edge(pmt synced)) then
pmt readout count <= pmt readout count + 1;
end if;

end process;

—— when readout should count is low, the counting is done and the result is
< written to the FIFO
process(clk 100, readout_should _count)
variable count: integer range 0 to 2:=2;
variable wr_en var: STD LOGIC:='0";
variable fifo data_var:STD LOGIC_ VECTOR(31 DOWNTO 0)
< :="00000000000000000000000000000000™;
variable pmt readout count var: INTEGER RANGE 0 TO 2147483647:=0;
begin
if (readout should count = '1') then
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pmt readout count var := pmt readout count;
wr_en_var := '0';
count := 0;
elsif (rising edge(clk 100)) then
case count IS
WHEN 0 =>
——define data——
wr_en_ var := '0';
fifo data_var (31 DOWNTO 0) :=
< CONV_STD LOGIC VECTOR(pmt readout count var,32);
pmt_readout count var := 0; ——avoids a latch of not
< always defining pmt_readout count var——
count:=count-+1;
WHEN 1 =>
——enable write——
wr_en_ var:=— '1';
count:=count+1;
WHEN 2 =>
——disable write——
wr_en_var := '0';
end case;
readout count wr en<=wr_ en var;
readout count fifo data<=fifo data var;
end if;
end process;
—— END READOUT COUNTING.

—— Instantiate the okHost and connect endpoints.

okHI : okHost port map (hi in=>hi in, hi out=>hi_ out, hi inout=>hi inout, hi aa
< =>hi_aa, ti_clk=>ti_clk, okl=>0kl, ok2=>0k2);

okWO : okWireOR  generic map (N=>7) port map (ok2=>0k2, ok2s=>0k2s);

wi00 : okWireIn  port map (okl=>o0kl, ep addr=>x"00",
< ep_ dataout=>ep00wire);
wi0l : okWireIn  port map (okl=>okl, ep_ addr=>x"01",

< ep_ dataout=>ep0lwire);




56 unwuan n 1dn VHDL dwsuaeaslinuliadyayining

wi02 : okWireIn  port map (okl=>o0kl, ep addr=>x"02",
< ep_ dataout=>ep02wire);
wi03 : okWireIn  port map (okl=>okl, ep_addr=>x"03",
< ep_ dataout=>ep03wire);
wi04 : okWireIn  port map (okl=>o0kl, ep_addr=>x"04",
< ep_ dataout=>ep04wire);
wi05 : okWireIn  port map (okl=>o0kl, ep_addr=>x"05",
< ep_ dataout=>ep05wire);
wi06 : okWireIn  port map (okl=>o0kl, ep_addr=>x"06",
< ep_ dataout=>ep06wire);
ep40 : okTriggerIn port map (okl=>okl, ep_addr=>x"40",
< ep_clk=>clk 1, ep trigger=>epdOwire);
wo21 : okWireOut port map (okl=>okl, ok2=>0k2s( 1*17—1 downto 0%17 ), ep addr
< =>x"217 ep_datain=>ep2lwire);
wo22 : okWireOut port map (okl=>o0kl, ok2=>0k2s( 4%17—1 downto 3*17 ), ep addr
< =>x"22" ep datain=>ep22wire);
ep80 : okBTPipeln port map (okl=>o0kl, ok2=>0k2s( 2%17—1 downto 1*17 ), ep addr
o =>x"80",
ep_ write=>pipe in write, ep_blockstrobe=>bs_in, ep dataout
< =>pipe_in_data, ep ready=>pipe in_ready);
ep81 : okBTPipeln port map (okl=>o0kl, ok2=>0k2s( 6%17—1 downto 5*17 ), ep addr
< =>%x"81",
ep_write=>pipe in_ write dds, ep blockstrobe=>bs in dds,
< ep_dataout=>pipe in_data dds, ep ready=>pipe in ready dds);
————time resolved————
epAO0 : okBTPipeOut port map (okl=>o0kl, ok2=>0k2s( 3*%17—1 downto 2*17 ),
< ep_addr=>x"A0",
ep_read=>time resolved pipe out read, ep blockstrobe=>
< bs_out, ep_datain=>time resolved pipe out_ data, ep ready=>
< time resolved pipe out_valid);
————normal pmt ————
epAl : okBTPipeOut port map (okl=>okl, ok2=>>0k2s( 5*17—1 downto 4*17 ),
< ep_addr=>x"A1",
ep read=>normal pmt pipe out read, ep blockstrobe=>
< bs_out, ep datain=>normal pmt pipe out data, ep ready=>

< normal pmt_ pipe out valid);
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————readout pmt ————
epA2 : okBTPipeOut port map (okl=>okl, ok2=>0k2s( 7*17—1 downto 6*17 ),
< ep_addr=>x"A2",
ep read=>readout count pipe out read, ep blockstrobe=>
< bs_out, ep datain=>readout count pipe out data, ep ready=>

< readout_ count pipe out valid);

end arch;

n.2 FPGA dwsuna DDS

[basicstyle=]

library ieee;

use ieee.std_logic_1164.all;
--USE ieee.std_logic_arith.all;
use ieee.numeric_std.all;

USE work.all;

entity DDS_RIKEN is

port(
clk_dds : in std_logic; -- clock in from DDS divided clock
clk_in0O: in std_logic; --clock in from local oscillator of 25 MHz
-— LED driver ---

LED_CLK: OUT STD_LOGIC;
LED_SDI: QUT STD_LOGIC_VECTOR (O DOWNTO 0);
LED_LE: OUT STD_LOGIC;
LED_OE: 0OUT STD_LOGIC;

-- DDS comminucation port —-

dds_port: out std_logic_vector (31 downto 0);
dds_master_reset: out std_logic;

dds_osk: out std_logic;

dds_io_update: out std_logic;
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dds_drover: in std_1lo
dds_drhold: out std_1l
dds_drctl: out std_lo

-- function pins for
f_pin: out std_logic_
--profile select pins

ps: out std_logic_vec

-— pulser bus --

dds_bus_in: in std_LO
dds_bus_out: out std_
tx_enable: out std_LO

-- DAC control pin --

gic;
ogic;

gic;

dds --

vector (3 downto 0);

tor (2 downto 0);

GIC_vector(31 downto 0);
LOGIC_vector (7 downto 0);
GIC_vector(1l downto 0);

dac_out : out std_LOGIC_VECTOR (13 downto 0);

dac_wr_pin: out std_1

-——-address set pins-
add_in: in std_logic_
< board (4bit)
);

end DDS_RIKEN;

architecture behaviour of DDS_
-—-—- various constants
constant CRF2_modulus:

< "0000000010001001";
constant CRF2_profile:

< "0000000010000000";
constant CRF2_address:

ogic;
vector (3 downto 0) -- set address of the DDS
RIKEN is

std_LOGIC_vector(15 downto 0)

std_LOGIC_vector(15 downto 0)

std_LOGIC_vector(7 downto 0) := "00000111";
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constant CRF1_address: std_LOGIC_vector(7 downto 0) :="00000001";

constant CRF1_enable_amp_scale: std_LOGIC_vector(15 downto 0) :=
< "0000000100001000";

constant CRF1_disable_amp_scale: std_LOGIC_vector(15 downto 0) :=
< "0000000000001000";

signal led_value: STD_LOGIC_VECTOR (7 downto 0);
signal clk_system: STD_LOGIC;

--—— declare signal for use in parallel programming mode ——--

signal par_16_bit: STD_LOGIC_vector(0 downto 0); -- 'O' = 8 bit; '1
— ' = 16 bit

signal par_rd: STD_LOGIC_vector(0 downto 0); -- read pin

signal par_wr: STD_LOGIC_vector (O downto 0); -- write pin

signal par_add: STD_LOGIC_VECTOR(7 downto 0); -- parallel protocol
< address

signal par_data: STD_LOGIC_VECTOR(15 downto 0); -- parallel

< protocol data

signal dds_address: std_logic_vector(3 downto 0);

---- amplitude for gain variable amp ----

signal main_amplitude: std_logic_vector(13 downto 0);
signal main_frequency: std_LOGIC_vector(63 downto 0);
signal main_phase: std_LOGIC_vector (15 downto 0);
signal target_frequency: std_LOGIC_vector (63 downto 0);
signal target_amplitude: std_LOGIC_vector(13 downto 0);
signal target_phase: std_LOGIC_vector (15 downto 0);

-—— signal for bus talking to the pulser —-—--
signal bus_in_address: std_LOGIC_vector(3 downto 0);
signal bus_in_fifo_rd_clk: std_logic;

signal bus_in_fifo_rd_en: std_logic;

signal bus_in_fifo_empty: std_logic;

signal bus_in_ram_reset: std_logic;
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signal bus_in_step_to_next_value: std_logic;

signal bus_in_reset_dds_chip: std_logic;

signal reset_fpga: std_logic;

---— fifo reading from pulser

signal fifo_dds_dout : STD_LOGIC_VECTOR (15
< downto 0);

signal fifo_dds_empty : STD_LOGIC;

signal fifo_dds_rd_clk : STD_LOGIC;

signal fifo_dds_rd_en : STD_LOGIC;

-——- ram stuff

signal dds_ram_data_in : STD_LOGIC_VECTOR (15 DOWNTO 0);

signal dds_ram_rdaddress : STD_LOGIC_VECTOR (11
<> DOWNTO 0);

signal dds_ram_rdclock : STD_LOGIC;

signal dds_ram_wraddress : STD_LOGIC_VECTOR (14
<> DOWNTO 0);

signal dds_ram_wrclock : STD_LOGIC := '1';

signal dds_ram_wren : STD_LOGIC;

signal dds_ram_data_out : STD_LOGIC_VECTOR (127
< DOWNTO 0);

signal dds_ram_reset : STD_LOGIC;

signal dds_step_to_next_freq : STD_LOGIC;
signal dds_step_to_next_freq_sampled: STD_LOGIC;

signal clk_50: std_logic;

signal clk_slow: std_logic;

————— frequency and amplitude sweeping related signals --—-

signal ramp_enable : std_logic:='0";
signal amp_ramp_enable : std_logic:='0";
signal amp_ramp_rate : std_logic_vector(15 downto 0):= x

<+ "0000";
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————— comparerl
signal comparer_dataa std_LOGIC_vector (63 downto 0);
signal comparer_datab std_logic_vector (63 downto 0);
signal  comparer_aeb std_logic;
signal  comparer_agb std_logic;
signal  comparer_alb std_logic;
————— comparer?2
signal comparer_dataa2 std_LOGIC_vector (63 downto 0);
signal comparer_datab2 std_logic_vector (63 downto 0);
signal comparer_aeb2 std_logic;
signal  comparer_agb2 std_logic;
signal comparer_alb2 std_logic;
---- amp comparer
signal amp_comparer_dataal std_logic_vector (13 downto 0);
signal amp_comparer_databl std_logic_vector (13 downto 0);
signal amp_comparer_dataa2 std_logic_vector (13 downto 0);
signal amp_comparer_datab2 std_logic_vector (13 downto 0);
signal  amp_agbl std_logic

=

signal  amp_agb2 std_logic;
————— adder
signal adder_input std_LOGIC_vector (63

< downto 0);
signal adder_direction
signal adder_output
< downto 0);
signal adder_step_buffer
signal adder_step

—---- amp adder ---

std_logic;

std_logic_vector (63

std_logic_vector (63 downto 0);

std_logic_vector (63 downto 0);
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signal amp_adder_direction std_logic;
signal amp_adder_output : std_logic_vector (13 downto 0);
signal amp_adder_input std_logic_vector (13 downto 0);
signal ramping_flag std_logic;
signal  amp_ramping_flag std_logic;
begin
pll: dds_pll port map (inclkO=>clk_dds, c0=>clk_50, cl => clk_slow)
=
-—— assignment of dds bus in to various pins -—-
bus_in_address <= dds_bus_in(31 downto 28)
5

bus_in_fi

fo_empty

bus_in_ram_reset

bus_in_st

bus_in_re

ep_to_next_value

set_dds_chip

dds_bus_out (0)
dds_bus_out (1)

bus_in_fi

fo_rd_clk

< bus_in_address = dds_address else

bus_in_f£fi

< WHEN bus_in_address

tx_enable

< WHEN bus_in_address

fo_rd_en

dds_address

dds_address

reset_fpga

< bus_in_reset_dds_chip;

fifo_dds_dout

< downto 0);
fifo_dds_

empty

dds_ram_rdclock

<= dds_bus_in(27);
<= dds_bus_in(26);
<= dds_bus_in(25);
<= dds_bus_in(24);

<= bus_in_fifo_rd_en;
<= bus_in_fifo_rd_clk;
<= fifo_dds_rd_clk WHEN
lZl ;
<= fifo_dds_rd_en
else 'Z';
<= "qq"
else "00";
<=
<= dds_bus_in(15
<= bus_in_fifo_empty;
<= clk_dds;
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dds_ram_reset

dds_step_to_next_freq

dds_address

led_VALUE (2 downto 0)
led_VALUE (5 downto 3)
led_VALUE (6)

~ bus_in_fifo_empty;
led _value(7)

> amp_ramping_flag;

-—-— ground unused pins --—-
dds_osk
— '0';
dds_drhold
dds_drctl

f_pin

< —--- Parallel programming mode

<= bus_in_ram_reset

<= bus_in_step_to_next_value;

<= add_in;

<= dds_ram_rdaddress(2 downto 0);
<= bus_in_address(2 downto 0);

<=

<= ramping_flag or

<=
<= '0';
<= '0';
<= "0000";

————— assign various data to the dds bus -—-

dds_port (31 downto 16)
dds_port (15 downto 8)
dds_port (0 downto 0)
dds_port (1 downto 1)
dds_port (2 downto 2)
dds_port (7 downto 3)

<= par_data(15 downto 0);
<= par_add(7 downto 0);
<= par_16_bit;

<= par_rd;

<= par_ur;

<= "00000";

target_amplitude <= dds_ram_data_out(31 downto 18);

target_phase <= dds_ram_data_

main_phase <= target_phase;

out (15 downto 0);

target_frequency <= dds_ram_data_out (127 downto 64);
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-——- frequency step for ramping

adder_step_buffer (42 downto 27) <= dds_ram_data_out(63 downto 48);
adder_step_buffer (63 downto 43) <= "000000000000000000000";
adder_step_buffer (26 downto 0) <= "000000000000000000000000000";

ramp_enable <= 'O' WHEN dds_ram_data_out(63 downto 48) = x"0000"
ELSE '1';

————————— amplitude sweeper ----—--

-- main amplitude is 14 bit --

amp_ramp_rate <= dds_ram_data_out (47 downto 32);

—--amp_ramp_rate <= x"4000";

amp_ramp_enable <= '0' WHEN amp_ramp_rate = x"0000"
ELSE '1';

comparer_14bit_1: dds_14bit_compare port map (dataa=>
amp_comparer_dataal, datab=>amp_comparer_databl, agb=>amp_agbl);

adder_14bit: dds_14bit_adder port map (add_sub=>
amp_adder_direction, dataa=>amp_adder_input, result=>amp_adder_output

)

--- amplitude ramper always add 1 to the amplitude scaling. We
change the ramp rate by the chaning the timing ---
process (clk_50)

variable count: integer range 0 to
7:=0;

variable sub_count: integer range 0 to
65535:=0;

variable delay: integer range 0 to
65535:=0;

variable old_amp: std_logic_vector(13 downto
0) :="00000000000000" ;

variable main_amplitude_var: std_logic_vector(13 downto 0)
:="00000000000000" ;

variable amp_ramp_up: std_logic := '0O';
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begin
if rising_edge(clk_50) then
if amp_ramp_enable = 'O' then
main_amplitude <= target_amplitude;
count := O0;
sub_count := 0;
else
CASE count IS
--- update amplitude ---
WHEN 0 => old_amp :=

“ main_amplitude;

> feed into the comparer

< amp_comparer_dataal <= main_amplitude;

< amp_comparer_databl <= target_amplitude;

<~ count := count+1;

--— do comparison ---

WHEN 1 => if (amp_agbl='1")
< then
— amp_ramp_up := 'O';
— amp_adder_direction <= '0';
<~ else
— amp_ramp_up := 'l1';
— amp_adder_direction <= '1';

end

— if;

< count := count + 1;
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-—-—- update delay ---

delay:= to_integer(unsigned(amp_ramp_rate));

--- update adder input and delay

WHEN 2 => amp_adder_input <=
old_amp;
sub_count := sub_count + 1;
if
(sub_count = delay) then
sub_count := 0;
count := count + 1;
else
sub_count := sub_count + 1;
end
if;
count := count + 1;

amp_adder_output;

count := count + 1;

target_amplitude) then

main_amplitude_var

--- read from adder output
WHEN 3 => old_amp:=

-——— test for overflow

WHEN 4 => if (old_amp =

:= target_amplitude;
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— amp_ramping_flag <= '0';
— count := 6;
— else
< main_amplitude_var := old_amp;
— amp_ramping_flag <= '1';
< count := count + 1;
end
— if;
--—- update amplitude output ---
WHEN & => main_amplitude <=

< main_amplitude_var;

<~ count := 2;

WHEN 6

Il
\4

main_amplitude <=

< main_amplitude_var;

< count := count + 1;

WHEN 7

> if (main_amplitude

< = target_amplitude) then

— null;
— else
< count := 0;
end
— if;

end case;
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end if;
end if;

end process;

comparer_1: dds_compare port map (dataa=> comparer_dataa, datab=>

L

comparer_datab, aeb=>comparer_aeb, agb=>comparer_agb, alb=>
< comparer_alb);

comparer_2: dds_compare port map (dataa=> comparer_dataa2, datab=>

L

comparer_datab2, aeb=>comparer_aeb2, agb=>comparer_agb2, alb=>
< comparer_alb2);

adder: dds_add_subtract port map (add_sub => adder_direction, dataa
< => adder_input, datab=>adder_step ,result=> adder_output);

process (clk_50)
variable count: integer range O to 7:=0;
variable old_freq: std_logic_vector(63 downto 0):=x
< "0000000000000000" ;
variable main_frequency_var: std_logic_vector(63 downto 0)
— :=x"0000000000000000" ;
variable ramp_up: std_logic := '0';
begin
if rising_edge(clk_50) then
if ramp_enable = '0O' then ---- normal no-ramp
— operation
main_frequency <= target_frequency;
count := 0;
---led_value(2 downto 0) <= "000";

else —--—— ramp operation

CASE count IS
--—- update frequency
WHEN O => old_freq :=

> main_frequency;
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into comparer ---

comparer_dataa <= main_frequency;

comparer_datab <= target_frequency;

count + 1;

--—- do comparision

-—- feed

count

WHEN 1 => if (comparer_agb='1")

then

ramp_up := '0O';

led_value(3)<='0";

adder_direction <= '0O'; --- do subtraction

ramp_up := '1';

led_value(3)<='1";

adder_direction <= '1l'; --- do addition

count + 1;

led_value(1)<='0"';

<= adder_step_buffer;

--—— update adder input

else

adder_step

WHEN 2 => adder_input<=old_freq;
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count + 1;

comparer_dataa2<=adder_output;

comparer_datab2<=target_frequency;

count :=

--—- read from adder output

WHEN 3 => old_freq:=adder_output;

count

-——-— for over flow

WHEN 4 => if (ramp_up = 'O') then

if (comparer_agb2 = '1') then --- updated frequency is still

count + 1;
-—— test for ramp down case
larger than the target

main_frequency_var:=old_freq;

ramping_flag <= '1';

count :=

else

count + 1;

main_frequency_var:=target_frequency;

ramping_flag <=

count := 6;

end if;

test for ramp up case

IOI;

else ———

if (comparer_agb2 = '1') then --- updated frequency is
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< already larger than the targer frequency

s main_frequency_var:=target_frequency;
o ramping_flag <= '0';

s count :=6;

< else

< main_frequency_var:=old_freq;

o ramping_flag <= '1';

< count := count + 1;

<y end if;

end if;

--—- update frequency output

WHEN 5 => main_frequency<=

— main_frequency_var;

— 2;

count

---- update frequency then go to

— idle

WHEN 6 => main_frequency<=

“ main_frequency_var;

 count+i1;

--—- idle

count

WHEN 7 => if (main_frequency =

<> target_frequency) then

~ null;
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< --led_value(1l) <= '1';

(SN count := 0;
END CASE;
end if;
end if;
end process;
par_16_bit <= "1";
ps <= "000"; --- select profile O

par_rd <= "0";

raml: dds_ram port map (data=>dds_ram_data_in,

— rdaddress=>dds_ram_rdaddress,

< rdclock=>dds_ram_rdclock,

— wraddress=>dds_ram_wraddress,

— wrclock=>dds_ram_wrclock,

— wren=>dds_ram_wren,

< dds_ram_data_out);

--——- sample and condition the "step_to_next_value" signal

else

end if;

q=>

from the
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> pulser

process (dds_step_to_next_freq, clk_dds)
begin
if rising_edge(clk_dds) then
if (dds_step_to_next_freq = '1') then
dds_step_to_next_freq_sampled <= '1';
else
dds_step_to_next_freq_sampled <= '0';
end if;
end if;

end process;

-——dds_step_to_next_freq_sampled <= dds_step_to_next_freq;

process (dds_step_to_next_freq_sampled, dds_ram_reset)

variable dds_step_count: integer range O to 4095:=0;

begin
if (dds_ram_reset = '1') then
dds_step_count:=0;
elsif (rising_edge(dds_step_to_next_freq_sampled))
< then

dds_step_count := dds_step_count+l;
end if;
dds_ram_rdaddress<=std_LOGIC_vector(to_unsigned/(
< dds_step_count,12));

end process;

--—— read from pulser and write to RAM ---
process (clk_system,dds_ram_reset)
variable write_ram_address: integer range 0 to 32767:=0;
variable ram_process_count: integer range 0 to 9:=0;
begin
----- reset ram ----—-
----- This doesn't really reset the ram but only put the

<> address to zero so that the next writing
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----- from the fifo to the ram will start from the first
<> address. Since each pulse will end with all zeros anyway
————— it's ok to have old information in the ram. The

<> execution will never get past the end line.

if (dds_ram_reset = '1') then
write_ram_address := O;
ram_process_count := 0;

elsif rising_edge(clk_system) then
case ram_process_count is
————————— first two prepare and check

— whether there is anything in the fifo. This can be done by looking at

<~ the pin
————————— fifo_pulser empty.
when 0 => fifo_dds_rd_clk <='1"';
fifo_dds_rd_en <=
—~ '0';
dds_ram_wren <='0'
= ;
ram_process_count
— :=1;
when 1 => fifo_dds_rd_clk <='0"';
ram_process_count
o= 25
when 2 => if (bus_in_address = dds_address)
< then
if (
< fifo_dds_empty = '1l') then ---- '1' is empty. Go back to case 0
“ ram_process_count:=0;
else
< ram_process_count := 3; --2 ---—-— if there's anything in the fifo, go

“~ to the next case

end if;
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else

< ram_process_count:=0;

end if;

———————— there's sth in the fifo - ——————-
when 3 => fifo_dds_rd_en <= '1';

ram_process_count

— =4;
when 4 => fifo_dds_rd_clk <= '1';
& mmmmmm read from fifo ~—————————-
dds_ram_wren <='1"'
—
dds_ram_wrclock <=
1y
ram_process_count
— :=b;
when 5 => fifo_dds_rd_clk <= '0';
ram_process_count
— :=6;

< are about to be written to the ram--—----

when 6 => dds_ram_wraddress <=
< std_LOGIC_vector(to_unsigned(write_ram_address,15));
dds_ram_data_in <=
<~ fifo_dds_dout;

ram_process_count

< =T,
when 7 => dds_ram_wrclock <= '0';
B e write to ram
ram_process_count
— :=8;

when 8 => write_ram_address:=
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write_ram_address+l; ----—- increase address by one
ram_process_count

:=9;

----- check again if the fifo is empty or
not. Basically this whole process will

————— keep writing to ram until fifo is
empty.

when 9 => if (fifo_dds_empty = '1') then

ram_process_count:=0;

else

ram_process_count:=3;
end if;
end case;
end if;

end process;

---- write instruction to DDS ---

PROCESS (clk_50, reset_fpga)
variable main_count: integer range O to 18:=0;
variable sub_count: integer range 0 to 3:=0;

variable main_frequency_var: std_LOGIC_VECTOR (63 downto 0)

variable count_delay: integer range O to 65535:=0;
variable main_amplitude_var: std_logic_vector(13 downto 0);
variable main_phase_var: std_logic_vector(15 downto 0);
BEGIN

IF (reset_fpga = '1') then

main_count := O0;

count_delay :=0;

dds_master_reset <= '1';
ELSIF (clk_50'event and clk_50='0') then

CASE main_count IS

--—- initialization. DDS chip reset --——-

WHEN O => dds_io_update <= '0';
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dds_master_reset <='0';

main_count

main_count+1;

WHEN 1 => dds_io_update <= '0';

dds_master_reset <='1";

main_count

main_count+1;

WHEN 2 => dds_io_update <= '0';

dds_master_reset <='0';

main_count

main_count+1;

WHEN O

WHEN 1

WHEN 2

WHEN 3

—-—-- DAC calibration ---—-—-
WHEN 3 => CASE sub_count IS

=> par_wr <= "1";

sub_count:=sub_count+1;

=> par_add <=x"OF"; --- address for initial DAC calibration

par_data <=x"0105";

sub_count:=sub_count+1;

=> par_wr <= "O";

sub_count:=sub_count+1;

=> par_wr <= "1";

sub_count:=0;

main_count:=main_count+1;

END CASE;
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————— delay -- wait 1 ms for DAC
calibration to finish ----
WHEN 4 => if (count_delay = 50000) then
main_count
:= main_count+1;
count_delay
= 0;
else
count_delay :=
count_delay +1;
end if;

—-—- clear DAC calibration ---—-

WHEN 5 => CASE sub_count IS

WHEN O => par_wr <= "1";

sub_count:=sub_count+1;
WHEN 1 => par_add <=x"OF"; --- address for initial DAC calibration
par_data <=x"0005";
sub_count:=sub_count+1;
WHEN 2 => par_wr <= "O0";

sub_count:=sub_count+1;

WHEN 3 => par_wr <= "1";

sub_count:=0;




n.2 FPGA #dwsuai? DDS

79

(S

(S

(S

(G

WHEN O

WHEN 1

WHEN 2

WHEN 3

=> par_wr <= "1";

main_count:=main_count+1;

=> par_add <=CRF2_address;

par_data <=CRF2_modulus;

=> par_wr <= "0";

sub_count:=sub_count+1;

=> par_wr <= "1";

END CASE;
--—- set up modlus mode ----
WHEN 6 => CASE sub_count IS
sub_count:=sub_count+1;
sub_count:=sub_count+1;
sub_count:=0;
main_count:=main_count+1;

END CASE;

————— enable amplitude tuning ---

WHEN 7 => CASE sub_count IS
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WHEN O

WHEN 1

WHEN 2

WHEN 3

WHEN O

WHEN 1

=> par_wr <= "1";

sub_count:=sub_count+1;

=> par_add <=CRF1_address;

par_data <=CRF1_enable_amp_scale;

=> par_wr <= "O";

sub_count:=sub_count+1;

sub_count:=sub_count+1;

=> par_wr <= "1";

=> par_wr <= "1";

sub_count:=0;

main_count:=main_count+1;

END CASE;

--—= B -> 2732 - 1 ---- fixed ----

WHEN 8 => CASE sub_count IS

sub_count:=sub_count+1;

=> par_add <=x"15";

--par_data <=x"FFFF";

par_data <=x"0000";
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WHEN 2

WHEN 3

WHEN O

WHEN 1

WHEN 2

WHEN 3

sub_count:=sub_count+1;

=> par_wr <= "0O";

sub_count:=sub_count+1;

=> par_wr <= "1";

sub_count:=0;

main_count:=main_count+1;

WHEN 9 => CASE sub_count IS

=> par_wr <= "1";

sub_count:=sub_count+1;

=> par_add <=x"17";

--par_data <=x"FFFF";

par_data <=x"8000";

sub_count:=sub_count+1;

=> par_wr <= "0";

sub_count:=sub_count+1;

=> par_wr <= "1";

sub_count:=0;

END CASE;
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main_count:=main_count+1;

END CASE;

-------- program A modulus mode testing

-—— A --> 1
WHEN 10 => CASE sub_count IS

WHEN O => par_wr <= "1";

sub_count:=sub_count+1;
WHEN 1 => par_add <=x"19";---0x19
par_data <=main_frequency_var(16 downto 1);---
sub_count:=sub_count+1;
WHEN 2 => par_wr <= "0";

sub_count:=sub_count+1;

WHEN 3 => par_wr <= "1";

sub_count:=0;

main_count:=main_count+1;

WHEN 11 => CASE sub_count IS

WHEN 0 => par_wr <= "1";

sub_count:=sub_count+1;

END CASE;
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WHEN 1

WHEN 2

WHEN 3

WHEN O

WHEN 1

WHEN 2

=> par_add <=x"1B";---0x1B

par_data(15) <='0"';

par_data(14 downto 0) <=main_frequency_var(31 downto 17);---

sub_count:=sub_count+1;

=> par_wr <= "0";

sub_count:=sub_count+1;

=> par_wr <= "1";

sub_count:=0;

main_count:=main_count+1;
END CASE;

————— set frequency tuning word ----

WHEN 12 => CASE sub_count IS

=> par_wr <= "1";

sub_count:=sub_count+1;

=> par_add <=x"11";

par_data <=main_frequency_var (47 downto 32);---

sub_count:=sub_count+1;

=> par_wr <= "0";

sub_count:=sub_count+1;




84

unwuan n 1dn VHDL dwsuaeaslinuliadyayining

< WHEN 3 => par_wr <= "1";

“~ WHEN O => par_wr <= "1";

sub_count:=0;

main_count:=main_count+1;

WHEN 13 => CASE sub_count IS

sub_count:=sub_count+1;

< WHEN 1 => par_add <=x"13";

< par_data <=main_frequency_var(63 downto 48);---

< WHEN 2 => par_wr <= "0";

sub_count:=sub_count+1;

< sub_count:=sub_count+1;

< WHEN 3 => par_wr <= "1";

< WHEN O => par_wr <= "1";

sub_count:=0;

main_count:=main_count+1;

————— set phase --——-

WHEN 14 => CASE sub_count IS

END CASE;

END CASE;
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WHEN 1

WHEN 2

WHEN 3

WHEN O

WHEN 1

then

sub_count:=sub_count+1;

=> par_add <=x"31";

par_data <=main_phase_var;--—-

sub_count:=sub_count+1;

=> par_wr <= "O0";

sub_count:=sub_count+1;

=> par_wr <= "1";

sub_count:=0;

main_count:=main_count+1;

END CASE;

WHEN 15 => CASE sub_count IS

=> par_wr <= "1";

sub_count:=sub_count+1;

=> par_add <="00110011";

if (main_amplitude_var = "00000000000000")

par_data <= x"0000";
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WHEN 2 => par_wr

sub_count

WHEN 3 => par_wr

main_count+1;

main_count+1;

main_frequency_v

(main_phase_var

else

par_data <= x"OFFF";

end if;

sub_count:=sub_count+1;

<= "O";

:=sub_count+1;

= ",

ar =

sub_count:=0;

main_count:=main_count+1;

END CASE;

WHEN 16 => dds_io_update <='0';

main_count

WHEN 17 => dds_io_update <='1";

main_count

WHEN 18

> dds_io_update <='0"';
if (

main_frequency) then

= main_phase) then

if (main_amplitude_var = main_amplitude) then

else

null;

if
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— main_amplitude_var := main_amplitude;
< main_count:=15;
< end if;
— else
< main_amplitude_var:=main_amplitude;
— main_phase_var:=main_phase;
— main_count:=14;
end

— if;

else
> main_frequency_var:=main_frequency;
<> main_amplitude_var:=main_amplitude;
<> main_phase_var:=main_phase;
~ main_count:=10;

end if;

end case;
END IF;
END PROCESS;

---— write to DAC for amplitude tuning ----
PROCESS (clk_50)

VARIABLE main_count: INTEGER range O to 3:=0;
VARIABLE main_amplitude_var : STD_LOGIC_VECTOR (13 downto
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BEGIN
IF (clk_50'event and clk_50='0') then
CASE main_count IS
WHEN O => dac_out <= main_amplitude_var;
& === set DAC amplitude

dac_wr_pin <= '0';

main_count:=1;

WHEN 1 => dac_wr_pin <= '1'; ———=————————-
< write to dac for amplitude
main_count:=2;
WHEN 2 => dac_wr_pin <= '0'; -———————————-
“ write to dac for amplitude
main_count:=3;
WHEN 3 => if (main_amplitude_var =
<> main_amplitude) then
null;
else
< main_amplitude_var := main_amplitude;
main_count
— :=0;
end if;
END CASE;

END IF;
END PROCESS;

——————— generate slower clock -——---—-
process (clk_50)

variable count: integer range O to 21 :=0;
begin

if (rising_edge(clk_50)) then




n.2 FPGA #dwsuai? DDS

89

s

(G

(S

(S

(S

count := count + 1;

if (count <= 10) then
clk_system <= '1';

elsif (count <= 20) then
clk_system <= '0';

elsif (count=21) then
count :=0;

end if;

end if;

end process;

-—— Write LED data to the TI converter chip --

PROCESS
VARIABLE count_serial: INTEGER RANGE O to 19:=0;
BEGIN
WAIT UNTIL (clk_system'EVENT AND clk_system='1"');
CASE count_serial IS
WHEN O => LED_OE <= 'O'; LED_LE <= '0'; LED_CLK
0
WHEN 1 => LED_SDI <= LED_VALUE (7 DOWNTO 7);
LED_CLK <= '0';---- first----
WHEN 2 => LED_CLK <= '1';
WHEN 3 => LED_SDI <= LED_VALUE (6 DOWNTO 6);
LED_CLK <= '0';
WHEN 4 => LED _CLK <= '1';
WHEN 5 => LED_SDI <= LED_VALUE (5 DOWNTO 5);
LED_CLK <= '0';
WHEN 6 => LED_CLK <= '1';
WHEN 7 => LED_SDI <= LED_VALUE (4 DOWNTO 4);
LED_CLK <= '0';
WHEN 8 => LED_CLK <= '1';
WHEN 9 => LED_SDI <= LED_VALUE (3 DOWNTO 3);
LED_CLK <= '0';
WHEN 10 => LED_CLK <= '1';
WHEN 11 => LED_SDI <= LED_VALUE (2 DOWNTO 2);
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— LED_CLK <= '0';
WHEN 12 => LED _CLK <= '1';
WHEN 13 => LED_SDI <= LED_VALUE (1 DOWNTO 1);
< LED_CLK <= '0';
WHEN 14 => LED_CLK <= '1';
WHEN 15 => LED_SDI <= LED_VALUE (O DOWNTO 0);
<~ LED_CLK <= '0';---- last bit----
WHEN 16 => LED_CLK <= '1';
WHEN 17 => LED OE <= 'O';LED_LE <= '1';
WHEN 18 => LED OE <= 'O';LED_LE <= '0';
WHEN 19 => LED OE <= 'O';LED LE <= '0';
END CASE;
count_serial := count_serial +1;
IF (count_serial = 18) THEN
count_serial :=0;
END IF;
END PROCESS;

end behaviour;
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Abstract
We present a durable and inexpensive construction of a Johnson noise
experiment suitable for advanced undergraduate students. By measuring the
root-mean-square voltage noises for different resistors and taking into account
the input capacitance of the amplifier circuit, we demonstrate that the exper-
imental setup is capable of measuring the value of the Boltzmann’s constant to
be kg = (1.381 + 0.009) x 10-23 J K~'. The setup also allows us to deter-
mine the capacitance of an RG-58/U cable to be 80 + 3 pF m™'. We also
provide observations from two years of teaching this experiment, containing
common student pitfalls. Finally, we discuss possible adjustments of the
experiment according to a time constraint.

Keywords: thermal noise, Boltzmann’s constant, undergraduate physics

(Some figures may appear in colour only in the online journal)

1. Introduction

Johnson noise or thermal noise in a resistor is one of the earliest kinds of noise that students
encounter in their undergraduate course in physics [1-5]. The derivation of the noise is within
the scope of the first course in statistical mechanics. To be able to relate the amplitude of the
noise to a fundamental constant such as the Boltzmann’s constant is rather extraordinary [6].
It shows students that one can extract useful information from noise, which is usually
regarded as an unwanted signal from any measurements.

0143-0807,/18,/065102+10$33.00 © 2018 European Physical Society Printed in the UK 1
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Since the resistor thermal noise is quite small, we usually need an amplifier to be able to
measure the noise comfortably. A beautifully designed amplifier circuit by John Geller [7] achieves
this task by a high-input-impedance triple stage amplification (JFET-Op Amp-Op Amp) [8], and
the signal is large enough to be measurable by either a decent voltmeter or an oscilloscope.

In this work, we construct an experiment utilizing a high-input-impedance amplifier
circuit [7], and design the apparatus to withstand weekly abusing from undergraduate students
by means of separated resistor boxes and Bayonet NeillConcelman (BNC) connectors. The
construction allows us to conveniently insert an RG-58 /U cable to vary the input capacitance
of the circuit. By fitting the result using a model including an input capacitance, we are able to
directly see the effect of the input capacitance on the response of the amplifier circuit and
extract the value of the input capacitance. Changing the length of the input RG-58/U cable
allows us to measure the capacitance of the RG-58/U cable. We also provide observations
and suggestions from two years (2016-2017) of teaching this experiment in a 3rd-year
undergraduate course at the Physics Department, Faculty of Science, Mahidol University.

2. Theoretical considerations

A resistor placed in a thermal equilibrium at temperature 7 produces voltage noise across its
two terminals. This so-called Johnson (or Johnson-Nyquist) noise originates from random
motions of electrons in the resistor. The root-mean-square of this voltage noise is given by a
simple formula:

Vaws = 4kp TRAS, (1

where kg is the Boltzmann’s constant, R is the resistance of the resistor and Af is the noise
bandwidth given by

(GNP
A= f 1 + 2nfRC)> T+ emrer Y @

where C is the combined input capacitance of the amplifier and G(f) is the gain profile of the
circuit which depends on the frequency, f, of the noise. The derivation of this formula can be
found in many standard textbooks [9-11].

Our goal is to perform a measurement to determine the values of kg and C. The
experimental procedure involves first independently determining the gain profile of the cir-
cuit, G(f), using a known source of sinusoidal signal with varying frequency. Then, the root-
mean-square noise is measured for different values of resistors. The values of kg and C can be
extracted by fitting the data using equations (1) and (2).

3. Construction of the device

The amplifier circuit is based on the circuit by Geller [7] with the main JFET replaced by a
different part number, as shown in figure 1. The original JFET in Geller’s circuit, which is
BF244A, has become obsolete. We have found a suitable replacement to be 2N5457, which is
used in our circuit.

The circuit and a two-9V-battery power-supply are enclosed within a folded aluminum
box as shown in figure 2. The input and output of the circuit are connected to panel-mounted
grounded BNC connectors. (It is important that the BNC connectors are grounded.) The panel
of the box in shown in figure 3. The input BNC connector to the amplifier allows us to

2
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39 kQ
input VVYV
Bl'zl | |_ 1kQ 1pF  1kQ output

100 nF 1 WF |—/\/\/\/ - 30q  BNC

2N5457 J__ 1nF
10 MQ :lf:

|||—|

150 pF

Figure 1. The amplifier circuit used in the experiment.

was

Figure 2. Inside the amplifier box. The ground of the circuit must be grounded to
the box.

directly connect either a function generator (to measure the gain profile) or resistor boxes (to
measure the noise of resistors).

We chose regular metal-film resistors ranging from 50 €2 to 1 MS2 for the measurement. Each
aluminum resistor box (as shown in figure 4) contains two resistors to reduce the number of the
boxes needed. Although this results in a system that is not completely enclosed inside a metal cage
when measuring a single side of the resistor box, we did not find any influence on the mea-
surement. One can also short the unused side of the resistor box when performing a measurement.

To change the input capacitance, we can insert an RG-58/U cable between the resistor box
and the amplifier circuit. This allows us to fine tune the input capacitance of the amplifier circuit.

We found that BNC connectors can withstand multiple connections and disconnections
from our students. In our first attempt with the device, we used alligator clips for the input
resistors and the connections failed once every 2-3 weeks of repeated usage.

We note that the total cost of the construction of the experiment (not including the
oscilloscope and the function generator) is less than 1,500 bahts (~45 USD). All components
are standard components available in common electronics shops.
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Figure 3. Measurement of the resistor noise using an oscilloscope.

Figure 4. A set of resistor boxes with various resistors inside. It is important to cover
the range of the resistance from 50 €2 to 1 M.
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102 103 104 10°
Frequency (Hz)

Figure 5. The gain profile measured using a function generator and an oscilloscope.
The line is a cubic interpolation of the data points.

4. Data taking and analysis

4.1. Measurement of the gain profile

We measure the gain profile of the amplifier by connecting a function generator (Rigol
DG1022) to the input of the amplifier circuit. We measure both the input and the output
voltages using an oscilloscope (Agilent DSO-X 2004A) while changing the frequency of the
signal from 40 Hz to 200 kHz. The gain is calculated from G = V,,/Vi, and the result is
presented in figure 5 where we plot G* versus the frequency of the input signal, f. We obtain
the fit to the data points by employing the cubic interpolation function of the SciPy (Python)
package. We found that the peak occurs at around 2 kHz with a gain of approximately 2,700.
The uncertainty of the voltage measurement using an oscilloscope is about 0.1%.

4.2. Measurement of kg and the input capacitance

Once we have obtained G(f), we measure the root-mean-square voltage noise (Vrus) for all
the resistors. Vrums can be measured directly using an on-screen measurement function of the
oscilloscope. Alternatively, one can save traces from the oscilloscope and calculate Vgys
using a personal computer. We found that the uncertainty from the on-screen measurement
(which is approximately 0.1%, judging from the fluctuation of the number displayed) is good
enough for our experiment.

Each value for Viy\s is background subtracted using

2 _ Y2 2
VRMS - VRMS measured Vbackground’ (3)

where Viackground = 1.490 & 0.002 mV is measured with the input of the amplifier shorted.
We measure two sets of data. The first set is measured without any RG-58/U cable
between the resistor box and the amplifier circuit, as shown with the black circles () data set
in figure 6. The second set is measured with a 1-meter RG-58/U cable inserted between the
resistor boxes and the amplifier, as shown with the black crosses (x) data set in figure 6.
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Each set of data is fitted using equations (1) and (2). Since for each value of R, the frequency
bandwidth, Af, has to be reevaluated, a simple ready-to-use fitting routine is usually insufficient.
We use a package called 1mfit in Python to fit the data. The flexibility of the package allows us
to manually define the fit function and accommodate our needs. We provide a Python script used
in this manuscript at [12]. A detailed fitting procedure can be found in the appendix.

For the first set of data (no RG-58,/U cable), we obtain kg = (1.374 + 0.010) x 1072 JK ™'
and C =41.1 +0.6 pF. For the second set of data (I-m long RG-58/U cable), we obtain
kg = (1.387 + 0.015) x 10723 J K ' and C; = 121 + 3 pF. The temperature for both data sets
is measured to be T = 23.8 + 0.2 °C.

The increase in the input capacitance in the second data set when compared to the first is
due to the presence of the RG-58/U cable. We conclude that a 1-meter RG-58/U cable has a
capacitance of 80 + 3 pF. This is in agreement with the specification of 82 pF m~"' (see [13]).

The final value for the Boltzmann’s constant is obtained from a weighted average of the
values from the two data sets. We obtain kg = (1.381 & 0.009) x 1072 J K~ ! which agrees
with the CODATA value of 1.380 648 52(79) x 10> J K™ (see [14]).

5. Observations

We included this experiment as a part of the 3rd-year experimental physics course for the Physics

Department, Faculty of Science, Mahidol University from 2016 to 2017. A pair of students had

three hours to complete the experiment. Because of the time limit, we asked the students to disre-

gard data points for R > 10k and fit the data using a simple linear relation (see appendix). In this

case, the measurement of the input capacitance is not included in our teaching of this experiment.
We found a few common pitfalls that the students experienced:

» Without being told explicitly, the students did not realize that the graph in figure 6 should
be plotted in a log-log scale. In fact, only 1 out of 50 students chose appropriate axes to
display the data.

* The students spent too much time on the measurement of the gain profile due to lack of
planning. It is crucial for the students to understand a multiple-octave-spanning range of
the signal frequency.

* During the measurement of the gain, the input signal to the amplifier is usually set to be
too high. This results in the output being a square wave (due to clipping). Some students
failed to recognize the cause of this problem. For some function generators, the signal
cannot be adjusted to be small enough. A simple voltage divider can remedy this problem.

* Some students were not fluent with the oscilloscope and were not able to use the
oscilloscope to measure the voltage properly.

* Most of the students failed to realize that the amplifier is extremely sensitive. Any talking
during the measurement affects the fluctuation of the signal tremendously, especially at
small values of R where the noise amplitude under measurement is low.

6. Summary and outlook

We constructed a high-durability Johnson noise experiment that allows a measurement of the
Boltzmann’s constant with an accuracy of better than 1%. Because of the tunability of the input
capacitance, we can directly observe the effect of the input capacitance on the bandwidth of the
amplifier circuit. This allows us to measure the capacitance of an RG-58/U cable which agrees
with the specification.
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Because of the simplicity of the construction, this experiment is highly suitable as a part
of an experimental physics course for undergraduate students. The difficulty of the experi-
ment can be adjusted according to the time allocated for the experiment. Many important
skills such as low-noise measurement and non-trivial data analysis are required to obtain an
accurate measurement of the Boltzmann’s constant.
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Appendix A. Fitting procedure to determine the Boltzmann’s constant

Data shown in figure 5 allows us to determine the gain profile function G(f). This can be
done by fitting to a combined high-pass/low-pass filter response function according to the
circuit shown in figure 1. However, we found that using a cubic interpolation function (SciPy)
is simpler and works better. The script £2 = interpld(x,y, kind="'"cubic’) allows
us to construct a callable function £2 that can take any input frequency as an argument.

Next is to fit the VZRMS versus R data to determine kg with the input capacitance of the
amplifier taken into account. We have the full equation

Vs = 4kpTR fo ” %df “
It is convenient to define an effective resistance R. as

Ra=R [ %dﬁ )
So equation (4) becomes

Viams = 4k TR, (6)

as kg can be found by fitting a linear relationship between Viy;g and Reg.

The 1mfit package allows us to define an arbitrary fit function. We define a function that
takes Viays and R as input data, and the capacitance C and slope A = 4kgT as fitting para-
meters. Within this function, R is calculated numerically using

o [G(fHF
Refp ~ R;(—l - QA RCP Af], (7

where G(f) is the function £2 found earlier. For our analysis, we chose Af = 20 Hz. Since the
fitting routine will have to search for C and A that minimize the error between the model and the
data set, the sum in equation (7) is evaluated every time the fitting function is called and the value
of C has changed.

Appendix B. Tables for numerical data

Table B1 shows the measured output voltage as a function of signal frequency. The uncer-
tainty is determined by the fluctuation of the reading of the oscilloscope.

7
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Table B1. Measured gain of the amplifier for different signal frequencies. V;, is mea-
sured independently to be 1.690 + 0.005 mV.

fMHz)  Vou V) AVou V) G =Vou/Vin | fHD)  Vour V)  AVou (V) G = Vou/Vin
40 0.2659 0.0003 157.3 7k 4.172 0.001 2468
50 0.3902 0.0003 230.9 8k 4.060 0.001 2402
60 0.5251 0.0003 310.7 9k 3.945 0.001 2334
70 0.6731 0.0003 398.3 10k 3.825 0.001 2263
80 0.8210 0.0003 485.8 15k 3.226 0.001 1909
90 0.9685 0.0005 573.1 18k 2.895 0.001 1713
100 1.112 0.001 658.1 20k 2.693 0.001 1593
200 2.341 0.001 1386 25k 2252 0.001 1333
300 3.141 0.001 1859 31k 1.818 0.001 1076
400 3.616 0.001 2140 36k 1.536 0.001 908.9
500 3.909 0.001 2313 40k 1.349 0.001 798.2
600 4.097 0.001 2424 45k 1.153 0.001 682.5
700 4.222 0.001 2498 50k 0.990 0.001 585.8
800 4.309 0.001 2550 55k 0.8550 0.000 5 505.9
900 4.370 0.001 2586 60k 0.7420 0.000 5 439.1
1k 4.415 0.001 2612 70k 0.568 0 0.000 5 336.1
2k 4.537 0.001 2685 80k 0.443 8 0.000 5 262.6
3k 4.513 0.001 2670 90k 0.3550 0.000 5 210.1
4k 4.451 0.001 2634 100k 0.289 5 0.000 5 171.3
Sk 4.371 0.001 2586 140k 0.148 6 0.000 5 87.93
6k 4.277 0.001 2531 200k 0.0740 0.001 43.8

Table B2. Measured Vi\s for different resistor values.

R (Q) VRMS meassured (mV) VRMS meassured (mV) AVRMS (mV)
(no RG-58/U) (with 1m-RG-58,/U)

0 1.490 1.490 0.005
47 1.530 1.528 0.005
100 1.570 1.560 0.005
220 1.650 1.659 0.005
470 1.824 1.836 0.005
1k 2.14 2.13 0.01
2.2k 2.72 2.71 0.01
4.7k 3.63 3.61 0.02
10k 4.98 4.95 0.02
22k 7.06 6.83 0.03
47k 10.02 9.07 0.03
100k 13.70 11.30 0.05
220k 17.8 13.0 0.1
470k 21.1 13.8 0.1
M 229 14.1 0.1

Table B2 shows the root-mean-square voltage noise of the amplifier as a function of input
resistance. Similarly, the uncertainty is determined by the fluctuation of the reading of the
oscilloscope.
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Appendix C. Simplification of the data analysis

It is possible to disregard the effect of the input capacitance of the amplifier if the students
measure the noise up to R = 10k{2. We justify this procedure by fitting a simple linear
function to the data set with resistance larger than 10 k2. Because of the roll-off effect as seen
in figure 6, data points for R > 10k() decrease the slope and hence decrease the measured
value of kg. We show in table C1 the effect of data points for R > 10 k(2. We conclude that
the students can safely disregard R > 10k{2 and use a simple linear relationship between
Viaus and R to find a reasonable value of k.

1073
10—4 .
S 40-5 4
£ 10
S
1076 5
10—7 4
102 103 104 10° 106
R (Q)

Figure 6. A plot of V]%Ms versus the resistance, R. Black circles (¢) denote measurements
without an extra RG-58/U cable. Black crosses (x) denote measurements with a
1-meter-long RG-58/U cable between the resistor box and the input of the amplifier.
Each data set is shown with a curve fitted as discussed in the text.

Table C1. Measured kg for different numbers of data points for R > 10 k2.

kg from a linear fit (x1072* J K~')  Number of data points for R > 10 k{2 included

0.6087 6
0.9604 5
1.191 4
1.269 3
1.330 2
1.370 1
1.405 0
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