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Abstract

With the development of semiconductor integrated circuits, electronic musical instruments
are becoming increasingly digitalized. Analog circuits that conventionally used discrete com-
ponents can now express a wide variety of tones using DSP (Digital Signal Processor) signal
processing integrated circuits. Further advances in CPUs (Central Processing Units) have led
to the development of many devices that use software emulators. This is thought to be due to
the fact that digitization has made devices cheaper and more portable. However, even in these
modern times, analog circuits are still the mainstream of electronic instrument circuits, and
vacuum tubes are still used in guitar amplifiers. This is because the nonlinear characteristics of
the discrete devices used determine the timbre (which is said to be affected by the magnitude
of odd and even-order harmonic distortion and their mixing ratio). Once created using such
electronic instruments, the tones of the music group are burned into the minds of not only the
performers but also the music fans. As a result, it is not easy to replace such performances
with emulation instruments based on digital operations. Therefore, the study of cognitive
abilities in psychoacoustics and the development of emulators with high reproducibility are
state of the art technological challenges.

Against this background, this study quantitatively clarifies the characteristics of odd and
even-order harmonic distortion in a typical analog electronic musical instrument, a tube gui-
tar amplifier and an effector pedal, from the viewpoints of device physics and nonlinearity of
electronic circuits, and attempts to model the transfer characteristics that contribute to digiti-
zation. This paper aims at modeling transfer characteristics that contribute to digitalization.

First, it is necessary to identify a standard vacuum tube device for vacuum tube guitar am-
plifiers, which are generally said to have large variations in characteristics. In this study, we
propose a new high-precision physical model for vacuum tubes that can reproduce the charac-
teristics of the plate voltage V),-cathode current I family curve for the grid voltage V, > 3V,
which has not been adequately modeled in the past, for the entire family curve range. A new
high-precision physical model that can reproduce the characteristics of all family curves in the
I, region is proposed. The new high-precision physical model that can reproduce the char-
acteristics for the entire family curve region was proposed. Furthermore, we have developed
a system that fully automates the parameter extraction process, which was previously per-
formed manually, using a new characterization algorithm. As a result, the extraction time of
all parameters for individual vacuum tube devices was significantly reduced and the number of

samples for statistical analysis could be increased. As a result, statistical tests and correlation



properties were used to identify manufacturing process sources of variation. The variance of
the main parameters led to the identification of the standard device and the minimum and
maximum devices. These devices were mounted on the front stage amplifiers of the most
popular guitar amplifiers on the market, and experiments were conducted to see how the vari-
ation in device characteristics manifested itself as significant differences in distortion transfer
characteristics. In particular, by using intermodulation distortion of two notes (consonance
and dissonance), the characteristics of even and odd-order musical signals were analyzed and
successfully expressed as an approximate polynomial model for the first time.

Next, research was conducted on pedal effectors. Pedal effectors characterized by strong
distortion sounds include devices such as fuzz and distortion. These pedal effectors, whose
main component is essentially odd harmonic distortion due to waveform amplitude clipping,
are known to change their timbre even more when the power supply voltage is reduced. There-
fore, we reverse-engineered the internal circuit topology of an operational amplifier integrated
circuit. As a result, we first clarified that the origin of the supply voltage dependence of
the transfer characteristics of the non-inverting operational amplifier circuits used in basic
distortion devices is their vertical asymmetry, i.e., the change of even-order harmonic distor-
tion components. In this study, a new distortion pedal effector was designed and fabricated
by incorporating a stable control mechanism for the phenomenon. One feature not found in
conventional commercial devices (odd harmonic distortion adjustment only) is the ability to
independently control even harmonic distortion components. The operational stability against
temperature, which is generally a concern for electronic equipment, has also been experimen-
tally confirmed. As mentioned at the beginning of this paper, even-order harmonics are an
important element in characterizing sound in psychoacoustics, and a pedal effector that can
control the ratio of odd-order harmonic components has been long awaited by psychoacoustic
researchers. In this study, experiments and analyses were conducted using this device similar
to those for a vacuum tube amplifier, and its transfer characteristics were represented as an
approximate polynomial model. The results of the modeling of transfer characteristics based
on the device physics and circuit characteristics are expected to accelerate psychoacoustic

experiments on quantitative changes in distortion spectral harmonic components.



5

1.1 HEE=
1.1.1 BFEBOTDXILE

BREEIT IR E D RELSEH L TE L, ZRUITHBDS - BAEICLYEST, 74
THETOEENREBICT TR, ZUIMEFO/NMNULIZ X O BEIEAREN CE T 722
BRRDERTH 5, BFEBIBVTH, FIZF—FR— D X5 BARRUDORETIIFABDOIH
POTIZNMEBEATNS, LPLRDYS, BEREZDHOPITNTT I RZINVEFEBICE S
HoTWVEDI TRV, FX—T Y THHICBVTY, WERBIEEPrLDAEET » TOH
FIIRZEW, ZhUd, FX—SEKOEWIREINE Yy 727 v Faf Mt XD ERUEZITEDD,
FERBZROY -V - F—=TA0eT7 Y TR ETORERBITRTH, EHFORMEHR
D5 AMULIEREEZONTWVWEH 5 TH 5, Hunter[l] KT Blencowe[2] IZZNZNEED
HT, "L R FR-DORHOCORBIIT Y IHXENTH 2" Lok uTzydatiL ¥
R—T VLAY —DEANDZ 2L TVWE, TOXIRFX—F7 T ITHLT, EXD%Z
BID 37 v Z O IERIER O R ERE Z 7 2 Z VIR RER E T AN IR 20D
POFED, Macak & [3], Cohen & [4], Yeh & [5] iIZX > THFEINTZ%, LA L, Fallal6]
WX o THIERPDTPICRLZHEEICANEZ THOL2ELSEL T TED, £
REEHZERICTIaL— T2 I ERBEH TRV, FRXR-ARET ¥ IREBBO T Y %
MEDHEAR TN L LT, =MEZEEIFEREOET VA2 KD 5 Z £ 23, Dempwolf & [7],
Marhsall[8], Rydel[9], MU Koren[10] IZ & o TZhZHIER SN, EfEELZ BIEL 2 D%
EOJERIE, Raghavan & [11] 12 & o TRE S 17z RF(Radio Frequency) XV —7 ¥ A &
LTV 3 MOS(Metal-Oxide-Semiconductor) 2 WMELEVEEROIERIEFRIEICER LET
VY ATEWEEZ NS, BERDS, WMELBIZT 4 — PNy Z2HVRNI 0o, HIERT
DIERFEREZ D D DA, WIREEOMREREEZ AL T 200TH 2, bbALA, ¥X—T 7T
J, RENCBWTEFRT 2 X522 DIFIERERZFE Lwe LTED, HAEERTIC X 2 1nER
PR, MESRMEICIMZ TEMIC X 2FRIRIEZ B Z 2 KE5 AT X 2##H11d, Santagata
5 [12], Yeh & [13], Macak & [14], Dempwolf & [15] IZ &k o TEAITOA TV S,

[AFkiZ OPA(Operational Amplifier) ZEAERIM L T2 F X —RENVL 7 = 7 X TEKEI
KA REEENRY 7 b7 27 TRET 2TV XAVIAF LT 2 7 ZPEE I TN S, BED
FA—=TFT 4 F AT LEZBWT, OPA ZEHFT2HMZE, 74— FAy ZEEEZEHLTY =7 %



WIEREEG2 22 12d, 2078, Hi-Fi(High Fidelity) A —7 1 &> X7 21281F % OPA ®©
BIREEE, Jung[16] ORREMEEKICH SN 2 X 5I1EE, +/ — 15V 2 W EBWEEIERI N
%, LHL, OPA ZEBRRZNR Fuzz REVERT 2858, 20RENEFX—-—DEy 77y
DODOHEIBEEARIELZLICHD, SO EREREM 2570, EFRELIX IV iZE
cfaIn g, EEMOFEGIEOWTEED RV IED 2, BALEDENT 2 LEFX
VA POETEEILASNT VS, ZOFEHEIX, Ghazal[17] % Collins[18] DFEETHRN LT
52X WCELEAR—TEEHINCHEHT2Z o000k b, BHETD YouTube 72 ¥ OBES A +
[19] TEEEIC KR > T3, TRhDE, FX—RIXNVLILT7 27 R L THRETHERT S X517
FuZHEOEMEHEREZ I BRI L D ZHATENBID HEhTETW 3,

CDEIBFR—RENLIT 27 RETIRZIMET 27D DEERFRIZ, LT 57 Fnr
Boay 70T VI THDL, BE, VMEETLVOMIKICE D, —E8o0 2855 O TR L
PEBEINTWS, /2, BARRELDZ Y v By 77X A F— Rk 2IEFEEOIE, Wik
MRBEBCHEM T 2 2B TE S Z 2% Yeh & [20, 21) DVRL TV, —H, 72774 7T 4 R
DFPRNVEEZ, V77T 4 TREENRD 2729, FERZWEIMETETVWARY, 7T —F
& Dempwolf & [22] BERLTW2 X 51T, FHEOEH ZEHES I 2 L — b3 5/ H #E
ETAEHVS I TH S, FILTIX, Fettweis 2R LB T Y XL 7 4 VX EH [23] &5
WK LZ7ruasEgray 7 ADHiikD Werner 5 [24] 5 W& [25] 8Kk o TREATWVWS, &
B, AEE T — AR —REVOREFEE e v 7 OKEEET Y ¥ 2712d Werner & [26] 13K
LTV, 7272 L, OPA BEEIZIFRIE B E 2R R VBN R E T L L TEEIATV S,

TFar A BV TY, V=T 73X eHWEOL D OERIEFEKRTD %,
Esqueda & [27] OV = —7 7 x L X[EFED 2 7iE, NPN & BJT(Bipolar Junction Transistor)
£ PNP B BJT THEEH, IHLREBRESHFMEKICI>TTIXUETLEIENTES, T
oo “RE7Far” £70UE, NINRIERE (37005 TEREMRE 2D ) REZBEEE K
ETDILREoTHHAINTWE I L ICHETIMEDDH S, —FH, B LEREDY 714
4 LD =912, Parker & [28], KX Wright & [29] 137 4 — 75 ==Y JWCE DL T T v 7
Ry 7AW 7 T —F2RHRBLTW5E, INOORMOFER, 7Y2ULeED 5 TR A
BRY—AD—DEZLNTWEAY, EHR 7 Fu /B0 — R 2 &iREOEEER
Y, ZOMEMMEEEICOWTREERHLELD 5,



1.12 BEFEBICBITZIEZTER N ZDESE

1121 20FILFz—>

¥Fr—7 v 7EE e 7y 7 120E LK% Fig.1.1 IZ7R” 7, Pre Amplifier iIZBWT, ¥
R—=77TOHNZE, TT ANy 7 7H¥AEL LTHIEH T2 0IR=MEZREICL D HEEINS, £D
HITH U TR Z IS % 72912 Pre Volume % o Titd 72 A SRR %2 FIRT 3 2 Bt H O g
BDdH2d, $iWTEEENY — R 740 712X5 v 7 7%z, BREH»SDAR L% Tone
Control [AIfEDEE R Z T3, Tone Control # T, KK, ik, SRR LR <0 LT
Ty Trr—ayERMENCHETE S, LT, Master Volume ICX > TIEENT v T4 — 1
Y &5, Pre Amp &2 6 OHNESEETEIERICA SN, EAFMNHOESD 2 57
BtXNnb, 7EEINRESE, RV-BrMIh2EBEZEICLDHEREINS, ZLT, Ty>a
TUARIC I D RIKETH A —H b7 2ABHWT, AV - %ZH#E L TW%, Presence &
Main Amp D H F15 5 A S1\ Negative Feedback [Hi % W2 Z 8 T 7T 4 INA R T 4
NRERER L TWS, ZHUTX o T, Presence Hi T, @EEOEHEZHEIEL, X h#@wHoido
XD LEMENRY Y REEDH T2 TE S, —fRiC Hi-Fi ® 7 > 7Tl Pre Amp 80D
&7C Tone Control 2175 DV FERTH 5, LHL, ¥X—7 7 (ARFFETIZ Marshall JCM800
2203(30] 23 %) Tl, ZAUThIZ, Main Amp HIZEWT HEEHD Tone Control 23AHE
EROTVWBEIEHFRHATH %,

Pre Amp Main Amp

............................................................

Single to
efferential

D S
eaker
Conversion P

{

Input Pre Volume Output

Buffer Buffer
Guitar Distortion| Tone N Master
Pickup Circuit Control Volume

Trans
former

Presence

M11l: ¥R=T7VTDSTINF =T IR T T T L
Fig.1.1: Signal chain block diagram of a guitar amplifier



REHOFTDH 1970 FRITEAIC KR s Ten—F Ry 7 L IEN 2B DEETIE, FX—0FE
B XD E 20X R—Ev 7y xR -7 7OMICERT 2 XX ABHFES Nz,
Z ORI YRFRHINZ 7 VIR X EHA VS Z e TEMBEIAAREL D R—X T D&
WHDTH S [31], Z2D7, 1123 HITH L BRIRT 202 DR A ITH 2 EB%Z RO TH
HOPHEAT, Figl2 3F R —RENVZ T2 7 RDT T FNF 22— TRy VRTH 5, BT
2 = R T DICEEARCANA Y =X Y RIS THNA Y E—ZF R eFAU2ZR
M ETRITFNUIZ SRV, HIEROETTA Y —X Y RAIMEL HEXRETH S, LHrL, =L F
FRX—DEy 77y 7OHNA Y =&Y RiEEW (@H 500kQ M k), EoT, Fx—RZLT
727 RDANEICEEA Y =K ADNY 7 7 ERENRETH %, A 400mV, , REDOX
R—=DEw 77 THOLDEENP Ny 7 7R T 4 V0%, P Y IRXEED S0
BART VT RA A= FREDRTEHOTUEBSREZMAM AN Y 7 7 o BEDOF £ -7
TIEEPESND, 22T, HINy 771354 Y 2Fi82 22T 7 27 P AV—D5E
TROBEY Y 77y T oM NIRIEL FIREOIRIEICR 2 X5 ICHBET2Z e TE S,

Effector
R
! |
1 Input Output .
! Buffer Buffer 1
1
1
Guitar : Distortion ! Guitar
Pickup 1 Circuit . Amplifier
1
1

Through Line

1.2 74 A N=2a YT 727 XD T FINVFz—rT70y 7
Fig.1.2: Signal chain block diagram of a distortion effector



1122 EEEXZ—TVTOERMEOEL

FR=7 VFIERTANA ADEEEORRDP Ok 4 2 X = ot xh, 1959 FHD
“Fender Deluxe”, 1965 8D “Vox AC30 Top Boost”, “Mesa/Boogie Triple Rectifier”, 72 ¥
BHIHORKRNLHMLTH 5, ZDH% 1970 FERICAD BIT ¥ X -7 FIT WM Ao s
k512D, Hamm & [32] 12 & » THZE L BIT ¥ OEAOENHHER SN, BIT 2HH L
TeX 2 =7 ¥ I TRAGERERRDOAHEHS N, —HEEEX X —7 ¥ T TIMEBREHE D &
ZeWRENT, Fiz, 3, 5 ROFBREHP L 2, 4, 6 ROBEREF I EBIZE > TEET
HY, BTRXREIDEOEFIEAIBFORBOVTy VEEZEMZ T2 LTS, THDOFX—7
YTRFALFR-CHBELLESGE, S0k BRZFI VY FITRDZIrs, HEHEICL 2 TIIH
LFICTEFEX—LU LT Y TOENIHBIC I D RE BT EL G AT, O LIFERARES
HLTWEA—Fr vy ZDOHBIZBWT, IFATHEHINY > IHEZEE 2 5E, L /- Marshall
JCM800 >V —XTHH, ZORIDETADEXFR =TV TDT T 77 F ARV EX =Rt hko
L RBEETHD, TOXSXHEAZRHEOT 2 ERAEE L LT, Hunter[33] 3F¥F & —7
TEILFFR— - LAY —D “The Instrument” & L THdDEELEM L EDT TV,

RO X SIB L, BX X =TV 7TDTY ZMEDHEE - 72 1996 FIIERHID T XL « £
TV T FR— 7T ThH? “AxSys 2127 PFEEX4, 1998 F£12V ) — 2 X7z “Line6
POD” Zva—54 Y TARXRIADEFRL > TW0W5B, Z®D “Line6 POD” 121% Marshall ¥ & —
7Y TDII 2L — X RO o TWb, FHIX 441Hz, 400mV,, OF A ViK% A1 L)
B L CEDRFEEBE L, ZOMRE Fig 1.3 1R T & 5 WBHERERFIHTES TF
R =7 v T OIERER TR CHEINA TWARWI b ol TDI L bAMGEEED 5K
EhZoplTekolz

N
o

.1St .3rd Gain:
—.-20 ¢ th e 0
S ° o 5 . 7th e 10
8 -30 . . 20
‘T 30
S .40 40
= . 50
g-Sof ° 60
< 60! nd th e
02 l4 .6 © 80
70 : . %0
- 100

0 1000 2000 3000
Freaquency[HZ]

[ 1.3: Line6 POD & H 771 EBEL
Fig.1.3: Line6 POD Output Freaquency



1123 FRA—RAINI TV ZOERFEDEL

FR—7 VI TCRELENEHINE T, 1960 FEREEDLHHBECHI T, BIT Z2HHL
X R—RENVIE T 27 AP INT, BRYIOEIFEIE, 1965 F12 “Tone Bender MKI”, 1966
I “Fuzz Face”, 1966 f£IZJARE 7 — A X — “Rangemaster” 72 ¥, Fuzz [l L L TR XL
7zo Fuzz [AIE&IX, 2BV I v X—2EOEAET7 > FITBUTH S0, H2BITOZI v Xh1b
EH&RZENLTE IBIT DANNRN—-RGEHFITE I 2 L WO s TW0Wd, TD7 4 —F
Ny ZEEX, BREBICKET R EL I v Z\PICHIE NS, 274 =KX 22k, H
THERTAZIENFR R B BR &I & & A, R VAR5,

BT —AZ—TIE BIT DAN ) — FOANL 7 2% ERCTERFELL — L OHFELIRICY
7 hEH, EMFROENEEEED T, “Zonk Machine II” OB T, Fr~=7 4
BJT#>Vay BJT KEEHMZITWS, ZA5DOHMIERKAHEMZ D, FORMEIZEE
DIE SO X IHIERT, FHC BIT OFEIZa L 7 XE RN I v & - 2L 7 XEBEOHIRTRIAT
XN THEINS, 72, ZNSDOMEETIXERELEMEWMERICH 5720, BERXAX—TD
T2 =y IHIFFEITNRNTD 2, Fuzz REABE T — A X —RIEIHRZzERSNSH, FHL 10
FERMICRAID OPA V) —X, pA702, 709, 723, 741 AP XA, 1974 121 OPA Zffi- 72 &%
HIDEARKIL “M104, Distortion +~ 2HFICHIE 2, ZDEARRENMZ, JEKEE OPA,
WA TN =T AZA A= NIZLD 7Y vy B 7EE, Eii-a> 7% (RC) @ —27 4 L&
THRIN T W2, ZO%, 1980 FERICiZ, OPA ® 7 4 — Ky Z[EFKICT ) a Y HOMH| X
A —REFHAL, OPA ZHWIRAIDT 4 A b — a3 AL “M104, Distortion +7 & [A LT
EAEMFROH T EREONE XS LA —N"—F 747 - RX )L “Tube Screamer, TSS08” 734
FINio ZOBBITH VT, OPA D7 4 — KNy 212 3EDHMHIZ A A — K (il 2 ol
s ) ay X4 4 — R L EO@ENHES Y a >y X4 4 — F) OIEFHRHAGHEDHID
X = HREIN, “Super Overdrive SD-17 @I Nz, ZOEKD T A T 71, BEMEE
2EL MO NEIEER S Z T, IEROFBGH LB L TREL BERLLIE 25D TH-
72 (34 ¥Varesriw=y AOBEERLEDE (Sild 0.7V LE, Gel 0.3V LIT) 225, 11
UEDIV Ay RAF=RETr V=Y MEEXHRZ 5, DFD, YVaryXA44A—F 2+ &
N LEAF—F 1, “AR=UAXAF—R2MHl + >V aryXALA+—F 1HEOHAED
FCIENHEELNIEZ N TES, LRIIE, F—N—F 74 TEEAE—FO—FL LT
BikEIND, L7edoT, “BRENL” LWVWIFE, “A—N=FF747 - KL WIS
WELTEZ %,

1.1.2.4 (BEE¥ - FEBEEREICN T 3RHEED

BHELEODH T, MAKEARS DM ELERBNCRHETE 2E80MAdED AT
%o%kmﬁﬁtﬁﬁ%@@hiﬁﬁ%k%%éhfméoMe%BHMEﬁE%E@E%%O
34 ZOBERIIH LT, %88l “Music of the Night” % Fig.1.4 25| F 2 ZBEBIC L > TEF X
¥, P EDORE 7 2 + 217> TWb, Fig.1.4-(a),(b),(c) ZHFEKTH 2720, TR
DFAET S, MLT, Fig.1.2-(d) IZMEBET D 2 - DEER SR FET 5,
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output
output

-1 -05 0 05 1
input input

(a) A (b) B

05

5 5

o o

5 5 0

o o
-05

e Lk
-1 -05 0 05 1 -1 -05 0 05 1
input input
(e) C (d) D

1.4: FEBRICHH LR O, S 30cB 0T, ERIEAMIERE, s —RERE
KT, AV ARBTA WP LEDPNTH D, XL BId 2 BEDOEBIEILEINTD D,
AN C e D7 —V il 687 b D, (Copyright(C)2003 AES [35] Figure 1.)
Fig.1.4: Example of stimuli used in the experiment. In each panel, the solid line represents
the input /output transfer function, and the dotted line represents the linear function. Panel
A (top) is derived from the Taylor series. Panel B is derived from the second modification.
Panels C and D are derived from the Fourier series.(Copyright(C)2003 AES [35] Figure 1.)

1125 FE—YIURICBITZBRECTHE

FR-DOFEMEIHNLT, ZNZ2REATLEEIZHKTHD, T AV —, IF> U 7HHM, &
BT W o e FHPERIIEE T 2 EOMTM—NARRBGEIRD SN2 RN AEFTATED,
AES(Audio Engineering Society) 72 & TIIBAIHE M I N TV S, AH S [36] 1Z 8 DDEAEFR
EEERL, 24 N L THEHR (sound perception) 7 A Z2{ToTWb, ZOFEZXHICH DX,
HADS [37, 38, 39 \IMBBREFEIC L DA —N=—F T4 T+ RELDEFDENIONWT, HAR
HMEOTHNTFE2EB LR TR M EEMLTVE, FRXR—REXNVIT =T RDTA > ) TDH
BV EBBErFRELZZLIT Y RF - L TR 7 X s 2 EE8 L2 TOFIEE VT
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KL, ZORRIENFRZ Vv ¥y 7 “power” W o 2iBEEMHITZ2E LTS, LiL,
ARY MIVDIRD D OREHERRZE D DMEECR e FRREDE LI D D “power” BT 2L LTW
% [39], ZDEXSIT, MEEL FHEDEVIC X ZBERADMEIKINHKRI ATV S,

1.2 AHAZEOBER CFHRX DB

DILERNTRZERD S, AW HINZHMAINR 7 Fu S BTRRTHEIFX R —T VT RT
LAZBI2AEEXR—T7 T L7 27 X —REVIN LT, ZDOFBRERBEE & BB ER
B DR E N T N A4 2 OYIERIRE K O 2 O FE T RIERRHE O IERIEE O B 2 & EBANICHE &
PZL, TIZNMUIET 2 ZDRERMEOETV V72 L L5 T2HDTH D, EHIZZEDH
FIEEBDHACBT 2 BBREHHEE & SRR EREEOBREOMRIST LTS, KD ERMN
BN T2 Z DN TEREZTWVWS,

KREHIE 1 EHA S5 6 ETHRINATWD, URIC, 52 BUEOMELRT,

H2ETIE, T, SHEZEOIEROEFNVICOVWTARNS, KIZ, (EROEFNVEIIRL -
FREEETMICTOVWTIRNG, FIEARE T =MEREOERKEYHEE T VORI LED TET
W B H[40], AHFZETIERMART D o ZEEEBICHN L THREF AR T X — X ZE A LA
EREIEA XY, REEEBO 7 4 v 74 Y 7EERALEX® 2 Z e 2 HIET,

H3ETIE, ZHELZEOEEEYHEEF LD X —XOMHTELZERZEL TV [71], T
TNAA AR ZNZHBER LT 7 Fa 7B FERRORHEX, 204 7 ZEERSES X ESRIEIC
of U CHRHEICEIL L 2 SIS 2 R ARED B 5, 2 DEIRZEIZ X — B OKREHEHEDE N,
B LU OREFRICER T 2, FHICAREMNEBREREZNELZONTY FHREVEED
NZEZEEXR—7 VBT, ZONTY XM T 216800 ETH 5, Z DIEIE
¥ LT, RHFETIEESINT Y M 085E 70t ZIHAE L2 T AL ZAYFEF AT X — X EER
AV FEERET 2, SILIZOMBRICHEIE, PHEITITR-o TV B 87 X — Xl LT
7R 7 L 3 ) A a2 FERLELAIL I, HEHEITIcRBEREAR K152,

B ABETIE, FEHRTOWE CHOREYL L TA—H I X2 EDEWICOWT, 5o =fEZE
& CKE% 12AX7, BN ECC83S, iR 100) ZHMatfFIEICE D 752 % ) v 7%
L, ZORMDEWHF X —7 > SRR O BEERIC Y D & 5 1CEN 2 2 E BRI T %
15 [69], X 51T, [A—X—A CHERDRL 2 2 FHEO = MEZEE (ECCS3S HIER 100, 5751
BEIESE 70) DET AT X=X OB, SBEANT Y FORKEHTE L, ZhZhLORERT A
A AERRET 20 TNHDRET AL R HOVRAKICE X —7 ¥ T ORTBIHEES IR L, 734
ZRHED AN T Y FRE D XS ICEBREREICH T2 EREERERMNICKRD 2, FHTZDEE, H
H, TS0 - F I X AHAELRHELZANS Z L TERES L LTHEERB L UOTFERD 202
o ESH L, ZHEHAOEMEF L LTRT L 2RAS [72]

BHETIE, FX—RENVILT =27 20 LTS EED 2, SRNEE R 3 2 #1BINL “F
4 A b= a " THOMEEHV S, £ 2T, EL TV EBREETSH % OPA(Operational
Amplifier) £FEFEDO b RO =DV N=R LI =7 ) U IEITV, HRNRT 4 A b= a v
S THW B 3 JEKEE OPA [MIFAERHE O BIFE TR OREZIH S 20T 5, 2 DFEHRIC
Hox, RIS (FHXERBEERLDAR) 1TV YE LT, BEXERAEERD %
M2 ay b =33 2N TEIREBERET S [0, Z L TAEREHVEZEEY » 7L
B2 FERE TR 1TR, ZOMMERERZHAOEMETF L LTRT, RREICZIS LTHELGN
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TBERED AR b T AR OEEN AR PSS & TRl S %,
%6 HWTIE, AMROBREZIEX X —7 > TR 7 LMEEHRMERRICB T 2 NE T N1 ZIERTE
Rtk ot & BILEREE LTE 0 5,
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H
i

ZHBEEEREDOTNAIRIETILO

m
[l

ABETIEEEDFET 2MEEL LMERREERIN TV ZMEEEDYHE T LY X 5 ICHES
¥, KHZIEEZ VU y FEREIINT 2 V,-I, 77 IV —A—7 2 BT 2 5REYMHE TV EER
T3, FTMBELREOEARNRERET D, 7V vy FELELMIERIKEFELL L — FEED
NS &> TR SN RN T L — e h Y — FEOZHMEREE T L TREINL %
R, MWT, FEEDET A2MAETHERINTOYHET LT, [EZY vy RAL 7 RATOD
ZVy RERBEINLS DD, #Y—RNERDOEZ VY v EAAL 7 REEPERTE RV &2 EH
NCERT 2, ZTOERIEDNTRH#LR V, IS LT V,-I, Rtk HH T2 Z e B8 TE 38774
EAEEYIHE TV RIRET b,
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2.1 WERO="EMEZEEETIL

SMEZE ORI, —2oDHY — RBEMICH LT, ZooMEMEET 2 - HDOXA 4 — K
(CHE) L ERTIEZSADPERCD S, ZOHATL— M EMZ, HIERCIHRELLBLEET
PRIV — b7V y RfiECHZ L, 7V y KBl LIXA A - T35, *
OWEE% Fig.2.1 1IR3,

TL—VERL 7V y RNERI, OMTH3HY — FER [ FEHERHRERE LT (2.1)
XTEZHNS 41, V, 3TV —+ERETH S, EHEOEETIE Y v FIcEEFEZ 2 THH
T52eh56 (21) RFADTV v AL 7 REHEZERE LTV

Plate
Virtual Plate
Y V VA
:EE Grid
Cathode

B 2.1: RAETL — T+ OBE&
Fig.2.1: The concept of a virtual plate

L) =6 (V4 ) (21)

ZZTGREAY—F2oBHEINIAETFOEICI > TERINEI - T VY ATH 5, puldE
MRREEIC X > TERS NI MWIRETH H, RERIZMEIXERR =MEZEE 300B 2D 3.9 205,
MﬂMmMmeﬂm@%Z@@ﬂ%%%@¢mgﬁﬁxﬁl%x7*.%GK@%SMm%)
100 ¥ CTIRAS ZMLT 2, =WEICBWTH ZOEE-BINE 7 LVOEARNZBERIE, Mg
BEMGIRERETATHD, 7V FEERLALFE L — M2 RKEL TV, %@%ﬁ7v—
DB Veg 1& (2.2) RTHEZ BN S [40),

t@:&+% (2.2)
7
BlZix, 12AX7 % Hi-Fi 7 ¥ 7BV TAH Y — FEMOHEIERER THW 55, L — MEE
V, =300V I LTI Yy REBEV, = —1.5VIHEICEERZRET 5, & 2 CHMZ FHEMR
EIREULIRESL— bEEERDZ L V,, = —1.5V+300V/100 = 1.5V 2 W5 Z i} 5, a8
B o 13EHOX A A — FOZEMEMFREREFT L 3/2 TH 5,
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L L, FEEo=MEZEOEMMEEIIMARET, 7V y FIIBEKOV A ¥ THD, Fig.2.1
WA TEFROZLTBERINTR U & 5 B CHEM R B 2 ES, £D0=RILDO%MH
BADMITEMBEN A K o TRESLT SN, HIER 1 ITBADHIA[EEICN L T—EET
3RV, ZOBEBEKENEEZE B LEIERD 7T — 2132 —HO=MEZEE 7 — & > — M
NTWEEITTHD, ZOEFTLRIIINETED - 7=,

¥77Vy FEEV, =0V &, #Y— FEHIBHEWZLZEETECERINE A F
AZADKRT VT 2 HEEANINCIEDfEE 2D, 7Y v RiCAp > TEFHRND, Z DR,
V, =0V IZBWTZ Yy FERMSEFEEL 7L — bEREAHINS S Y — RERIZENT 2,
DHFEFIZOWVWTH, HERETARIFELED» o7, 22T, EELOMAETIZIZI S VoM
REEBRLIZMEREDOEHBEETY v 7 2ToTE ik,

22 ERE=REEETTI

KF5 [40] 1& 2.1 BT 7- Mg O 22 EFHIRERE T NOMEZIED Y v FAL 7 2%
THKRL, 7V FERZEAL 7 7 3V —h—=T%2LF (2.3)~(2.10) Ko =MmEE 71X TX
Lo ZOETARDOE 52 2FHIE, AEFRHEBRICE T 2 VEE O E T &5 Maxwell
DA VHB R EETMULL, &5 ICEMBEEOEIMCN LT, BFIRD Z OYEERHEED
& 2 B A I PR AR AU AR I 2L T B YRR E R T e A TE L XS5k otz ZHUCK
D, Fig2.2-(b) ITRF &I, 7V vy FERN L — FERIIN L TRBICHD § 2 Z(LHHEET
.

Lo LA S, Fig2.2-(a) KBWTZ Yy RS 7RV, >3V OHEEKTIEYI 2L —Ya Vil
HEMEID2PBEDFELSBKoTLES> TS, ZHEEBEDD Y — FERD 7L — BRI
Sal—YyaryihbirwiznprEIHNS,

AY—RER

I(V,,V,) = G, KVP = V"°> In {1+ exp (Ep)}} (2.3)
ps

Gsm
Gy, =G4+ - In {1+ exp(kpg(Vy — V4o))} (2.4)

P9
By k| £+ Vs (2.5)

bkt (V= V)
s = Copt (2.6)
JV)y RER

Ig(vpv Vg ) = h(Vb)Igbase(Vg) (2 7)



1 gbase (Vg)

B
1
=Gy Eln{l + eXP(Cg(Vg - VgO))} (2.9)
g
1
0= T (2.10)
—I(/Ieasured .
- - -Simulated

——Measured
- - -Simulated
<
é _______________________
_CD ——————————————————
—— ... ... 2718y
———————————————————————— v
LT oo OV
200 250 30Q

2.2: =M 5751#10 D7 7 IV —A—T7OFEJEE SFEE -MENSEET UL ES I 2L —

a VR, (a)Vp-Is, (b)V,-I,
Fig.2.2: Measured family curve of 5751 #10 triode tube and simulation results with high-

precision triode tube model, V,-I, (a), V-1, (b)
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23 HRESKRE=BEZEETIICELS V, I FHELEEo
Z19vT1 2 JBEDEL

EOFL— b EELZVy FEEHLT, AV —F K267 L — b AP BTREZ Y v
RiZE 5 B FRA Fig2.l IKHEEMITREATWS, 2L T, ZRAZFhD -7 ¥ ZfEiZ
(211) R RTEHE 1 HO—EME 2V v NEETENT2H 2HETH %, Fig2l L AbET
EWMCHAT 2, 270y FEEDOHIMIE>TZ Y v FiZA2 S BEFREEML, &V —
M- L — MR O EEERNE (BFEE) IHEMMCEYT 2, ThbE -7 VR
G 1327V v FEERKFET 233 TH 2, 72, 07V v FEEIIHT 2 BAENIIIEE
MBI THY, TOEEVEGIET 2827 X -2 ¢ #EBALTR (2.11) KE2ELL
BRRBEAY—FERN—ET7VIXETI

GSO
Gsoexp (CV,) +1

T G0 (1 1 explkng (Vy — Vo)) (2.11)

kpg
CDETNVREHNTRD K V,-I, 77 IV —H—T % Fig.2.3 1TRF, EBICHLTT 1 v
T4 Y ITRENA LI e bh B,

G, =

7’ P -
Measured| .
- - -Simulated

-’

| [mA]

X 2.3: =HiE 5751410 O V-1, 7 7 IV —H— 7 OEHNE L ARBEREE =MEZEEE 71 X

332l —a ViR
Fig.2.3: Measured V-1, family curve for 5751 #10 triode tube and simulation results using

improved high-precision triode vacuum tube model
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MEETFAHTHOOLNTNE NI X —XEYFNRTIA—RET 4 v T 4 Y ITNRTA—RITHHE
LTZENZEN Tab.2.1, Tab.2.212F &b, 728, Table IZKFL L TWVWRWVWART X=X TH 52
MEMHIRE RO E R TELIEK o X 3/2=15, ZLTHY — FERICEDL MM D —7
T49TAYITEHHLTONE T X=&, =7 Y 2ADF kyy, 7'V v REIR I, OFEEE 5T
HT 270D f BIUETL— MEREZIEFLT 27200 V,,, IFGHRAIEFICESZH 600D —E
fEx L7z,

2.1 PHASIRX—2Y X}
Tab.2.1: Physical parameter list

Current Parameters Name
Gso Is Perveance for Plate
Cathode Current Gsm Is Perveance for Grid
I Amplification Factor
Gy 14 Perveance
Grid Current Cy I, Gradient Factor
V0 Vy Offset

K22 T4 9T AYITRTRA=RY X}
Tab.2.2: Fitting parameter list

Current  Parameters Name

Vao V, Offset
Cathode 5y Vp Offset Power Factor
Current Eob Vp Offset Tuning Factor

¢ Is Perveance Tuning Factor

Grid B 14 Space Charge Limited Index

C I, Plate Gradient Factor

Current

hio Normalized I, Max

,%E

SMEZEEICE VT, FALEHZRZ )y REFECNT 2 V-l 77 IV —h—7%FHET 5 13
DT X =R 2ol EREYHEET NV EZRE L, COETMIEDEIEE I 21— 2
MEDFAEDK E H o 2 HBINCEWIED 2 v RAL 7 R (TrbbH Y — REROK D K
XVWIHE) TOYIal—aryT7av T4 YIRENPALELLE, ZOZ8iZkD, RETHEXRS
ETNNRTRA=XOBEEHH 7 LTV XL DICREDE E D 85 X — XEDRELHIFT E 5,

[l
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H
i

BEETILINSGA—ZD

i
@ﬁ
i
1]
=

L
LL

gl#
[l

ARETIE, “MEZEEDOEX —HORMIERL - TED, BHEED 2 W IXE MR RE S
3587 X=X OHEMKFEO I A T TH D, Z4UC & 2 I RED EDFRIERHT
Holztz®, HB2EWZBWTHHLEZEHBEET LD X —XOHFHHHEEITS> 71T X LD
ER E SREHILE 21T 5, —ERED T XA =20 EENE L, BETRIKET 2 EZLN
BN FXRFZHOPITT 5,

REMAENTICIER O v —REZEY 774 ¥ — 085 (5751) 2 L7z, FEANT Y FOEHNE
MBS EIR Y ¥ TV (— AN I8 L L E b T\ [42])28 TN R HE L7z, #Ral gt
T2 120121%, PERFMEETIT> TW I X —ZMBORERZED 2 =I5 HE LI ¥ 3
BN B 0T FAEETE, NI X—XDOFRIIMEEE O I T 2%, FIHBMEIZINT
Wi ol HEINT T XA =RITIFIMEEBECIDINTYIFREENT W, 22T, 7
NRIZW > TEEBINMT 270D H O RFHERE 7 LTV 62 ERZL, 7 X=X
TARTCaAYEa2—&7a 7S LK DEBTEML, ZAUTED, EEFICK 27y FI3HERR
SN, T4 v T4 Y IRBEERNFEERECI D ERMNCTHES 2 Z L AREL o 7o, T 2
RTR=2F 2 EICKAIE NS, 1 DHIEZ OFRHERID & AR W TEENICKRD 25 D
T, Thok “PPEARIX—R" LIERZ2IZT 5, 2 DHEBERREIL 7 VTV ZLI12& T,
FMERICBI 23 2ab—ya YHEFEIEZES T2 22X DHHINE T X —XBETH
D, 2ZTE “TavT7 4V INF7 A=K7 LRI 2IZT 5,

REFLLTRDO XS5 IR I N TV, 3.1 Hi TR O UEEHEIR Y U = 7 72 220 2 far il IR
B, 520k CEBEBICOVWTRN, BHEBEEITWHATI AR T4 v T4V
NRIR—=ZOMREF L BRND, 32 HTIXEBHEEY — 7 Y A2 @# 3T 5, 3.3 HiClxAH) <
FR—=ZMH S —r Y AR L%, TS =7 Y RIS T, TNETADRT X=X LT
HEHATRERIBICE T AR EER T 2 2 7 v 7 e 1R & O 72 i GE R % FEc RN 5, &
BRIHETE LD L SBROFEL AN D,
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3.1 EFTILNGA—ZHMBDT-DDHET 7 DIRE
3.1.1 ASFHRHBREDFET S 7ICEITRYEBINTA—%

ZTC, BEHEMMCED S ENRT X=X OMEKEED I OBED S, TANAL ADKETH S
#vU?@Eﬁthﬁ/—$#5@ﬂ E FtiEfEE RS ) v FER (2.9), (2.10) Koy
RIRA—RIEAT %, ZORNFIEMECBVTTL— EEV, =0V & LZOEEE S Y — k-
7Yy RICk2MEL LIGE, Vv FE7 /- R LTEIfES /KA 4 — REIEERL T
BYH, V, OB (+ 71y NEE Vo) (A TIEIBEEE T2 Maxwell 757 120E 5 FLEEREEE L

T (3.1) KX, SHIHEKRT 2 e 2ZMERGIRERERD (3.2) X ks,
R E

B8
Iypase(Vy) = G, Clg{expwg(vg Vo)) (3.1)

ZERERHIRERBL

Igbase(vg) = Gg(Vg - VgO)ﬁ (3~2)

Fig.3.1-(a) 12 V, = OV CHIEE L2V v FEE-Z) v REH (V,-I,) FER RS, $ein (a)
BY =7, (b) 2 HHCH D,

2

100.
1.5}
< < 101}
E 1 £,
(@) (@]
"~ 05} T 107
0 10’3
1 05 0 05 1 1 05 0 05 1
V [V V [V
J] J]
() (b)
B 3.1: =#E 5751410 O V-1, FitEORERR (a) V=7-V =7, (b) Xf#-V =7 (Copy-

right(C)2023 IEEJ [71] Fig.5)
Fig.3.1: Measured Vj-I, characteristics of a triode 5751410, (a)linear-linear, (b)log-
linear(Copyright(C)2023 IEEJ [71] Fig.5)

Fig.3.1-(b) 2260 » % £ 512 V, = OV IZBWT T TIWHBEHET D 2 YLEEHEED & 3/2 FHI
WZHE S 22 B RHIR B ERIERE LIAD TWE 2 e b h b, foT, XA A —F VY =7HkEr
LTOMME, 7ty ME -03V~—05VHETHD, ZanhY — Fh ol EhBE T
FERT VTR VEEEEZON, ZOMEEWHATRA—X Vo b T 5, £/, HROEE C, &
(210) R&ED DY — 2O DOMHBET ORI FILF —OWEE L TYHEART X—X L EFRIN 5,
—77, Fig.3.1 (a) OHIFROFEE (V, > 0) TH 2 2= EMGIRERBEBIZET LK (3.2) XTH
SN, ZOMEENLYEARIRX—RTHEZERN—ET VR Gy HRZE S,
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312 AY—REROFET S TICHITRIMBNSA—RETo vy T VTINT
X—4&

EMiXA A —RETATHEHY — RERET NV (2.3) X~ (2.6) UcBWT 3.1.1 i & [FkRICZE
IR EREBICBIT 2 7L — NERKST, BEUOZ YV vy RERBRTZNZHND - T VR
%ﬁGw,SmK@WW®E%%MCﬁ%ﬁﬂ?miéud%@ﬂ7x—&f%6oL#Lt#
5, FNARBIfEICE T 2IERIIERFICEN T 2, 2OERE LT, 7'V vy REMIIMAER, 5
FIFEIR, FREETRIRD A Y — F 2T X 5 ITHERIE 2 R 2 DR MIZEGER I SR T &1
TEBYH, FTERTEMTE 2 L — MEM-h Y — REBICH LT, 7'V vy FEM-H Y — KBl
FOERHI—RR TRV ERHIToNE, TOMRIV v FEEL & I8l 2 ME & L THE
FEREIED & B AEEIC A % & BRI ZEMER O L & HITEHMICELT % [41), #-T, %
DEBEROZNNIMD 7 4 v T 4 Y TNRT A=K Voo, 7, by ZHAGDERD SERINTKD
52222 %, ¥, TOBEBEBAOEGNLZE(IET L — PEROMOA (3.3) ITRT +F >~
RAVEITRYAR G DEWVNEIHNA VY E—Z VA r, ICE > TEDHMEICHER T2 N TE S,

1
dIy = gndVy + —dV, (3.3)

313 AV—FRERCIT Dy FEROEHMERHIRERBIHICHITIHFET ST
BN A—2

I EMHRERORETH 2% / — NELEL 7V v REERNT 280k zhzh, #
V—FREBEREZV Yy FERIHLTaddWE B & LTHDIEH AT X—XTEELTWVWS, £
72 2 BB ICBWTER S AR R ThHhIEZ OWEEFEEZ S OERAEROME LT 3/2
FHNZIEVFERE 3/2 72 5,

T — MNERITSD Y — REM, L — NEESIZIEETEREEZ SN EZDT, ZOEAINHT
WED, ald3/2tk3, L2L, ZVy FERICHLTE, 7V vy REED OV IGEWHEIEF
ﬁk%K%ﬂ%iF 312 HI TR XSV y NEEXEL KRBTV v FEM- Y — REM
DB, BARE D7 DZERBER DO L & SIEMICENT 2, 1E-T, BIFHERIIC
bEDDBT 4T 4 YITNRTRA=RIZHEINS,
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3.2 A AFLERAES—TVR

Fig.3.2 ICHIES AT 2070y ZM%ERT, AHE TIENREZE 2 734 2 % RIRHCHIE 3
3 WARETH B, EiiEHE (PAG, Kikusui 300-2.5) T/ L — FNEEZHIE L, TREEERE
28 (FG, Keysight 34465A) T2V v REREZGIHT 2, 7L —b¥, Uy Riczhzh~u
F X —& (MM, Keysight 33500B) 2k L 2 0B I, I, # Zh2hHET 2, %72, b —X—
ANO BRI, EEPEERICGEOT 2720 BEZEEREHAD AC b7 > 22Kl 6.3V %W
oo b7 Y A=RINIIRIRLE(LETR (ASA-10I) ZEHAL TV 5,

Plate/ /\\
[Grid - - |
MM1| [MM2 MM4| (MM3
Cathode
PAG1 || FG1 ||(Kathode) FG2 | [PAG2
Heater
@ @ @ @ __L

¥ 3.2: WS 27 LD 71y 2 (Copyright (C)2023 IEEJ [71] Fig.6)
Fig.3.2: Block diagram of measurement system (Copyright(C)2023 IEEJ [71] Fig.6)

%72, HIEEEHEIZ MATLAB Instrument Control Toolbox 2 L, HEEMHHS —7 > 2
ZREE L7z, Fig.3.312, MATLAB IZ X2 HBHIEY — 7 Y ADHHEZ 7B —F v — b ZRT,
BN, REEZREFET 27 74020 —F5%, 2O E2D7 7 A AERIE mat 7 7 £ LVER
Thbh, EEEMEARTHRET S22 T, BONRTXA—ZMHETERL =TS Z LA AR
b, K2 600 WORFbRENH 5, ZhiE, EEEDN -ERXRDI2ETORMZERLLDD
T, WEROREDEWMC L ZEEEZDVRLTE2DTHL, T, WEFRKEEHRET S, 22
T, 2V vy REIEY, FL— FEEIXOWT, ZAZHOHEIEHFH & HE RO S %E 21T
5. Fz, WESMHIERFRET 2 e BAEETH D, WELEWEENZL LG5S, Birb
FETORME IS MIGATRETH 2, TNLOEME, TOHHEL TBWHEHOBMBICE T Z L
T, &M EHERITS CeAlfEL o TWwWb, ZL T, ZOfELZE— FLTHW mat
7 7 AMRIEL, —EOWE (¥ 24 W) 2348 b 2 ¥ 4 v X —2 v MEHTHKRTH A4 YRR E
N2y —4r v 2TH3,
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/ Load a mat file /
|
|Pause for 600 sec |
|

| Setting measurement conditions |

/ Input the device to be measured /

| Measurement by function per condition |

/ Save measurement results of the device /

|
/ Save a mat file /

I

| End-of-measurement notification |

End

3.3: MATLAB I X 2 HEIEIHI> —7 > 2D 78 —F v — b (Copyright(C)2023 IEEJ [71]

Fig.7)
Fig.3.3: Flowchart of automatic measurement sequence by MATLAB (Copyright(C)2023 IEEJ

[71] Fig.7)
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3.3 NoA—2B88HHI—7>X

Fig.3.4 1%, NI X2 —r Y 2AOBEKTH 2, ZD 87 A=K %R 2 FNAFFEEK
TANARET Y Y ZERBIC, ZUDIPEARI X =&, RIZT 4 v T 4 Y ITNRIRA-XDIETH
% [43],

Tab.2.1 IZ/RTWHART X =&, AFICL 247y VEE, MocksEHE OS— 7Y
2) BRD B HBEIC L > THI LT [T4], %72, Tab, 22 1CRF 7 4 v 74 ¥ 285 A— R
MSE(Mean Squared Error) Z HHW T 2 2 L— a YMEE EREZ HRRFEIC I DEST S 2
& CHI L7z [73]0

Grid Current model
(C  Start )
|

Extraction of physical parameters
(VgO’ Cg’ Gg)
!
Extraction of fitting parameters

(ﬂ’ Ci th)
C End )
— Cathode Current model

C St?rt D

Extraction of physical parameters
(GSO’ Glsm ) [.l)

Extraction of fitting parameters

U%O
(End)

3.4: T A —2HH Y — 4 Y 2D 70 —F v — b (Copyright(C)2023 IEEJ [71] Fig.8)
Fig.3.4: Flowcharts of parameter extraction sequences (Copyright(C)2023 IEEJ [71] Fig.8)
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331 FRRESEEICHETS Vs G,y O, D

BOICBETORT VY vy VERTYHAT X =& Vg DM AR OWTIAN S, EREFETD
BUITRTOEFTAAL RZBVWTF v V) 7 OEHEEZ ETLVRICED B T L IZEMEX 1 =X 4
DEATH 5, MHINZBETRT Vv Vi, 3.1L1HHTHRRZES1CV,=0VeLTY
L — MNEWD S OFENEHTE S 7Y v Kb Y — RO ZREEEIC X > TRD 2,

HHICH W3 28 TN ROWUNT Y v REREE DT, V-1, 7k (V, = 0V) OFERH —T%
Fig.3.5 1IR3, 7V v REEV, = —1V~+1V 1B THIEEREIR A & 22 0 F 1 il R A DR A0
BRLTVWS, A7ty FBEVT AL I ZOBBHEEBAOEND AWM, TROBEEIKAE
(o TWVWBE3CHZ2, LAL, ZORMIZIDT T 75 5IFMEETERN,

I [mA]

-1 -0.5 0 0.5 1
2%

3.5: 28 T NA 2DV, = 0V IZBF 5 V,-I, Fitk (Copyright(C)2023 IEEJ [71] Fig.9)
Fig.3.5: V-1, characteristic at V},, = 0V for 28 devices (Copyright(C)2023 IEEJ [71] Fig.9)

Vyo, Gy HHOHNE Fig.3.6 (a) 2L T TITRT,

1. #ALD DT I, DRHNEE 2/3 T 5, UL 3.1.2 BiTHlAT X 5 1THE LB
ARWZ Yy FEEOZHERFIRERERICBNTIE, &Y — FEE-Z ) v FEERE O
BEROMOAL 7 AZUSH L T—HTH D, ZOFER 3/2 REDMEAHTE 2 [41],

2. 2/3FLAM I % V, TOXBH L, ZOMEDOZELD S EHER Y exp OB S % K
3,

3. EAREIRD I, % HINARY LT, Bh_fike WTHHERZ1T5,

4 BohkbEfe 127 =0 0%kiE Vo 5 5.

5. 135N EROMBE = 2B S EROZMERHIRERERTO R~ 7Y R G, T 3,
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X 10°

15
——Measured :
— — Linear regression s
° VgO i
10+
(42
N_U)
5 L
O 1
-1 -0.5 0 0.5 1
V [V
V]
(a)
—Measure;d _ ’
- = Linear r;egrensio;n
6|
exp:pEig ;
)
c\\l_m i
2 9
1 Cg
_10 L
’ Vtran
_12 y4 1 H :/ 1 1
-1 -0.5 0 0.5 1
V [V
V]

(b)
3.6: 2RI AR (a) ¥ WIEEERAIR (b) 1B % V,-12/° OAHERIC X 285 X — &
HHFIEOBEEK (Copyright(C)2023 IEEJ [71] Fig.9)
Fig.3.6: Conceptual diagram of parameter-extraction method by extrapolated line of V-1, 3 /3 in

a space charge limited current region (a) and an initial velocity region (b) (Copyright(C)2023
IEEJ [71] Fig.10(Copyright(C)2023 IEEJ [71] Fig.9))
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Fig. 3.7 3 BB R ERD 27:DIC Fig3.5 hoH Y TAH#12 0 I, 2 2/3F L, V, DZ{LE 0.02V
T L7277 ThHB, TDTI 7D 0B RRERD 7V v NEE Vipan BKRE
B, DXL THEONLBEBSL V= 7RO 2 5% V,-17 et U CRIBER Lo
L-BERERT, ZOEMOMEEHS Fig.3.6-(a) IWRT LI Gy KRFE S, Fig.3.8 IKEH L
28 TNA ANDFHFERE R T,

0.05
_TE 004'
T~ 003
3 >
= T 002t
0Oy
2% o oo1f
T

-0.01}

Vtran\
-0.02 : : :
-1 -05 0 05 1

V V]

3.7 TN RH#12 D VI DK HHE (Copyright(C)2023 IEEJ [71] Fig.11)
Fig.3.7: Secondary differential characteristic of ‘/;;—192/3 for the device #12 (Copyright(C)2023
IEEJ [71] Fig.11)

3.8: 28 FAA RD V,-12/% i ¥ ERERORE (Copyright(C)2023 IEEJ [71] Fig.12)
Fig.3.8: Measured V-1, 92/ % curves and linear regression lines for 28 devices (Copyright(C)2023
TEEJ [71] Fig.12)
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W T C, offitiEfE % Fig.3.6-(b) ZZM L TURITRL, EHIL 28 7814 ZAAOHEARGR
% Fig.3.9 lTRT,
1. Vg-I, #i#io I, 2 2/3 L, HMEICEHT 5 (Fig.3.9-(a))s

2. V, k& 0.1V @ 5 HBEIFNC XD /7 4 X5 2 KT % (Fig.3.9-(b)).
3. I./° ORUMEE exp SERGEBOBIAA L L, HE 22X HHEERIC X D EE C, 2k

% (Fig.3.9-(c))o

~a .05 0 05 1
Vv vv]

(2) (b)

-10f

Measured
—Linear regression

-12 :
-1 -0.5 0 0.5 1

VoVl

()

3.9: T4 RHL5 D Cy WHATE, ()28 734 2D Logly’® 123513 2 $E R RGRIR 0 E
F—%, (b)(a) D 5 HBEBITINC X 2FH(L, (c)Logl2/® @ 28 ¥4 2D exp FEIHOFI UL
(Copyright(C)2023 IEEJ [71] Fig.13)

Fig.3.9: C, extraction process for the device #15 (a)Measured data of exponential region for 28
devices in LogIg2 /3, (b)Smoothing by 5-point moving average in (a), (c)Linear approximation

of the exponential region for 28 devices in Log[§/3(C0pyright(C)2023 IEEJ [71] Fig.13)
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3.3.2 ZTREFEEIREEICE T BEER 4, N—ET VX G, DiH

HANREMEZ A I — FEF I 2.1 HITBANZ K5 CE 7L — FEE V., ZHVT, (2.1)
ARIFHM R “MEREICR 22 EZ NS, ZOFEZIHICHEDWT, ERTNA ZAH#T REEISE
UHLZOFERD Fig.3.10 77 IV —=H =T V,-[, LT, HExaZOHEEME =70 ZHWV
TV 17 #RDZ B DH Fig3.11 D7 7 IV —H—7ThH 2, M THBKENZ L2k h
FBBETFORT Yy EEL V, =0V 25 V,=—-05VIZBWTV, =0.05V BHIZFHIL 7
L— NERD— 72, ZEEERHIRERD ) = 7T, I ZEE—DERICE->-TWEZETH
%, Fig.3.11 DILAKFHAKNIRENS X512V, = —0.5V MUK, —1.0V, —1.5V, —2.0V t A&
JEDER L 72 2120t o T A Y — FERIZIRD LR EFEIBANOBBHEHIRO ADBHIS N TNE, 2D
FERICESTEZY vy FEEZ V, =0 BXTV, = —0.5V OFEHHEIHN LT, 4 DHIERICN
LU CHE Ol 7L — NEE Ve, RS ER2OEEIFEEE 2 e Iic kD, EYIRHEER 4 &
ZeE B A HIRBIREIRICB I 28— 7 Y R Gy ZRFHICRD 2 Z B TE 5, Figd 12 872D
ERBICTHD, 2T Vo1& 3.3.1 HiTRAREFIECHE - T V,-1/° Btk &R 7z Vo VT
W3,

V =4V 35V
12}
g 3V

I [mA]

3.10: TANARHT D V-1, 7 7 IV A —T7WZBT 2EMX A 4 — FRE (Copyright(C)2023
IEEJ [71] Fig.14-(a))

Fig.3.10: Equivalent diode characteristics in V-1, family curves for the device #7 (Copy-
right(C)2023 IEEJ [71] Fig.14-(a))
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3.11: FALRHT D Vog- 12 7 7 IV I — 712 B %A 44 & — REHE (Copyright (C)2023
IEEJ [71] Fig.14-(b)

Fig.3.11: Equivalent diode characteristics in Veq—Ig/ 3 family curves for the device #7 (Copy-
right(C)2023 IEEJ [71] Fig.14-(b))

-3
0 x10
o Vg=-0.5,0
. VgO
30T = = Linear regression

™
N a20f

10t

3.12: (V, = OV,V, = —0.5V) KB 2 Vo-I? ¥ 74 24T OBHERD & kD7 Vo
(Copyright(C)2023 IEEJ [71] Fig.15)

Fig.3.12: Veq—I;/3 at (V; =0V,V, = —0.5V) and V) calculated from linear regression for the
device #7 (Copyright(C)2023 IEEJ [71] Fig.15)
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333 AV—FRERICHEITBZITVY RERRDTDN—-ET VR G, D

Ui FEESMV, =0V or % (32) Lz@EHL, #V— FEHR (2.3) RO — 7YX G, 3%
1% Ggo1 EEFRELTRD (34) e b,

Gs = GSO]. + Gsm(‘/g - VgO) (34)

Fh, KMV, > O0VOLE, #Y—E-FL— bEETRERD 3 (2.3) RICBWT, Vi X%l
“HEYLTOAY - FEROA 7Ly VEETHD, V, > 0V ICBLWTEIEHTE 2D T 0V
Y5 %, FRRIC kyp & V) VN WRFORHIERBTH 2 - DMHTE 5, ZOMEE (2.3) i (3.5)
Ko LS IcHifbEn s,

; (3.5)

Fffi 7L — FEE (3.3) Re =7 >R (3.4) XEHAVT (3.5) XEFEZET L, DITOD (3.6)
RNek 3,

LV, V,) :GS(VPJFWQ)

Q=

Is(vpv Vg ) = {G801 + Gsm(‘/g - VgO)}aVveq (36)

TZT (3.6) ROFEAH Vo T 2R 2L, ZoMHE r 327V v VEEV, OB
(3.7) XKCTERTEZ %,

r (Vg) = GSOI + Gsm(Vg - VgO) (37)

Trbb, TU—FEESTTICRKEVY, >0V OHEID (3.6) XA Y — F-FL— MHER
D Vg IFHICBVT, ZOMEE ri%, 3.7) R-TZ VY v REEL L HICHEMT 2, Zokk
FRBEAT AL 249 2Hlr LT Fig3.13 RT. S2TEAY — RER V- [> ©7 7 39—
H—=TeHoTWB I TERPDBETH 2, HoT, £V vy FEFEINT 2 —7DMHE DX
V, = 0V Tid’k<, 2REhD V, LTV, >V, DfiL %5>TWws, Z2LT, V, =V, ik
TORWLILS EDE Ay &R, L —MER, 7V vy FERE I E IR EIRER &
ZoTW3, ZOMRZNZITERTRIN, ZOMEZOHEMNEDL G, TH D Fig.3.14 1R
TEOIRETIRADZ Yy REBEV, ICBI2 r DD LRDZ LB TE 5,
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3.13: TNARH#Y D Vo 1T 2% Y — NERDOEHNE 123 (Copyright(C)2023 IEEJ [71]
Fig.16)

Fig.3.13: Measured value of cathode current Lf/ ® as a function of Veq for the device #9
(Copyright(C)2023 IEEJ [71] Fig.16)

%107

____r.G

| ——Linear regression

3.14: 28 TNA R D V IS 2 HE ORI R (Copyright(C)2023 IEEJ [71] Fig.17)
Fig.3.14: Linear regression of increasing slope for 28 devices on V, (Copyright(C)2023 IEEJ
[71] Fig.17)
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334 AYV—RERBBEIBNTX—2 V.o, ky» Y D

AV — RERS MERHELLEM L — FEFICHLT21HTRLEZZY v RERD X
A= RN FERICRAES 7y VEEDSERTE 2, (2.3) RcH 2 &5 EBEBRO L — &
L TEDA 7ty NEEE Vo LERT 2. EHITV, =V T (2.3) RODED 0 245
BRI ky EIEEy VD, 22T Vo BYHIRERERE O, o 2 oD%
A—RFHWEYNCT 4 v T4 I FTBIeRDOENZ, lEoT, TREDNRTRX—RIZV,0 bEAD
THEICZEEEN RN X S5BE 7 V) X icbll@atie Wy 4 v 74 Y7 L THIH X
N5,

MERDINRGA—RICE B DY —FERI, DS Ial—arveEloT>3I)—h—7 (1
RTFNA ZH410) % Fig.3.15 IR T, X HIHY — REBEROERDH L — bERELRZ V, <0

20 Vi e et
9 .72 23\~ - |—Measured|,
g o0 L7257 |- - -Simulated
15 /”//, /// /// 2V .° ,,’ ,// .
P P 1 A e
< A i
£ 10 g P /,»’Qﬁ%& Pl
0 D1\ VA
i Phe /z’-l\/’z
z ~ /’ P ,,’-1.5,\[
5 ’a’ ’, ’,”’¢’ ’/"ZV
=7 o oo 1B
a” ’:,f’:,”:—”,"zv
0 — ' = 5V
0 50 100 150 200 250 300
v IV]

X 3.15: TN A#10 DAY — REROWPEME > 2 21— 3 Ul (Copyright(C)2023 IEE]
[71] Fig.18)

Fig.3.15: Measured and simulated cathode current for the device #10 (Copyright(C)2023
TEEJ [71] Fig.18)

W LT, WLREREED & BRI OERE 2, MRt (3.3) X2 HWT g, K1, DV, IZ
527733V —h—T7THERT 5, Figd 16 I b7 22V X7 XV R g, Fig3.17 13714
YRV A1, THDH, TUENEAEIE, I al—y a3 VHEIBERTOREN S, 72, L
HlE7L — FEEEZRLTWVWS, WINDT7 7 IV = —7ZBVWTDH, ETLRICEETI2
L—>a v h =730 BREBOREE EEMNICECHELTWS, YIaL—yavExhk
5% Vy=0VAHEIZBWT, FL— FMEEREFE LA EHREIER STV S,
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o 50V 200V
5l e 100V e 250V

V [V

V]
316: TAAA#I0 D P F YV RAVR IRV A g, DREME I 2L —> a YEO LK
(Copyright(C)2023 IEEJ [71] Fig.19)

Fig.3.16: Comparison of measured and simulated values of transconductance g, for the device
#10 (Copyright(C)2023 IEEJ [71] Fig.19)

300

250

200}

a
o

V V]

317 TAALZRH#I0 O N4 Y =XV R r, DEJMEE > I 2L — a YED L (Copy-
right(C)2023 IEEJ [71] Fig.20)

Fig.3.17: Comparison of Measured and Simulated Output Impedance r, for the device #10
(Copyright(C)2023 IEEJ [71] Fig.20)
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335 JUy FERODEREFFIRE RIS £ Qb

70 v FERE 312H TR X 517/ — REME LTOZ Y v REENEL K5 L ZEHE
TR B OIS 3/2 HHZET b, ZOMHEEZTA—X L LTS, £ I T Vy-I, HifkD
I, #1/BRULEME L % V, T2RMH L, ZOMEEV, =1V 5V, = -1V ifflh - THE
T3, OB BBV Y v REIE (V, > 0.5V) IS8 LT MR ETHIUE V,-10/° ofx1k
—ETH B0 LD RMAEOEEIIEO L 5o T, BEAELEAHTD 5 o YRR L
2o TR U 5, ZDZ e ZHHLTUNI 8 OBERFIEZ RS,

L V-1, ¥R I, % 1/ %3 %, HRROWMEL LT B1E3/2 25X %,

2. 1/BRULIME L % V, ToXMH L, Zofl% V, =1V 25 V, = —1V 212 > THIE
T3,

3. AFRICEYE L= B S ORI 2 2 e R S, 2RI EAHIRERER Y LT, HEmE
BRIV, Z0 51T 2 BERERE ThZhRD 2,

4 VT BRBOEH, 1. 25 3. ORT v TREEDIEL, ZERERMHIREREIRDZ) 5
HNEIFEO LD B RBRT 5,

Fig.3.18-(a) IZH ¥ ZILFNA Z#12 12 LT, B ZHIHAE 3/2 & L TR EIROFER %
Y, ZEMEMHIREREROEE D V, I LT LTV, HRRZHT 8 571.28 £ Lt
ARt E N, Fig.3.18-(b) IT/RT L 5 ITHEEMED 0 L2 D FIFEMRBEE D0 72> TW\Wa,

08 - 08
= \ ——Measured B ——Measured
,g o6l \ - - -Linear regression g 0.6k - - -Linear regression |
o) (]
£ o 04 =" o 04
3 28
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B @ Transition 2 _° point
§ N of (% R
E  02f----"" -t E 02t .
3 \ 2 .
04 . — 04 . : ‘
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V VI Vvl

5 3.18: T4 Z#12 D V- I}/’ o E S KEL BB BIBER, (a)8
(Copyright(C)2023 IEEJ [71] Fig.21)

Fig.3.18: Linear regression of increasing slope for Vg—I;/ P for the device #12, (a)p
(b)B = 1.28 (Copyright(C)2023 IEEJ [71] Fig.21)
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336 JUy FERWERKC, ERILT 7% hy RUBBNBRI 702 f D
i fn

ZVy RER I, &V, =0VIBOWTERATHD, ZOEM Ijpese &7V v FEFIINLT,
(2.9), (2.10) Xt 2, ZOERIT L — PEEDEMIN LT Fig.2.3 1IR3 X 5 1IT&HI
BAP3T 2, ZOBBEIEV, =0V TZ Yy 26077 ABRICE EFELN TS Y — FHE
OREFORNLB LD EVT L — FEEDOBNT 7 ZEBFHNC AR L TV b TH 2, ZORED
&V, ORI LT BRE D D A2 RS 2THD exp H— 7 TRL, HilEerRRDEH
LTHO—RBEMTRL TS, TZTexp h—TWEHORLEV, icxtd 221X (2.2) RicBW
% 71 — RIS R A & 2% ] B il FR B R A IS ) 2 o CRERE S 2388 A% exp #— 7T
RINTVWBZeinT %,

EHIEV,>0VOLE [ E—EERD, V=4V, V, =50V DL &, (2.9), (2.10) X% hyp
WKOWTEHEEZET L (3.8), (3.9) ez, (3.9) MFHEETHE I TORVWARGRE C &
ATWR0, UIEE LT C =-15 257,

Ig(‘/P = 507V9 =4 )
fr-[gbase(v;] = 4)

hio = (3-8)

frzf{—v‘i+1}+{<1—f>exp(—?>}+1 (3.9)

(3.8) R DM L7z hyg ZHOVWTY I 2L —> a3 Y e EHORN_FEEIRD /NI KD HE
BEGER C v LTRDEZ, MLz C Oz HWTHE (3.9) XEEA L hyy 2k, F/hF
MEPS C 2RDZ, —HOMBPZREDIRT Z 22X D hyp, C IR %, Fig.3.191C& I, D
FAH =T T4 v T4 VIMEERVEYI 2L =Y a v h—TRLET 5,

——Measured
- - -Simulated

I [mA]

X 3.19: TANARAH#I12 D C = 58 D7V y NEROEHEL > I 21— 3 VfE (Copy-
right (C)2023 IEEJ [71] Fig.22)
Fig.3.19: Measured and simulated grid current of C' = —5.8 for the device #12 (Copy-
right (C)2023 IEEJ [71] Fig.22)
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SHEZEE O EREEYHEE T ICNT S 13 HD T X —XDHEMH S 2T L BHEREL 2, #
FRITH LTI ab—Ya MELEEZZRENFEINT 27 LTV X LE2ERL, RFIRX—X
it Zarva—&270 77 22K THETITY K52 L. BiTEx ) 7 THLIRAE T DN
HEHEBOIIICHED, ZZTROONLAEFORT Vv UMEZHWT, E7AAD 5 —
V7, BiE S ANKME NPT X —RERDT2, BIZRICT 4 v T 4 0T8T X —
AL BB, FERIfEr Y 2L —Y a VEO ZHEEERR/MET 2 Z 2 T X — X {HIX
s b X7z,
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E4E

SMEZEEETILINGA—HICLBIE
PRI IE DT REMNT & EmERIE

m
[l

RETE, HEET AN ZETIL (12AXT7) DT X =R EICHESNT, FEDE SO X204
L, 20602 OMANLERZ R L, 8RS — 7206 O TIZERNERERHH L VR
BRBEAX—=HEDENE, ETNARNIRXA=REZFESTI FARXY VI T 5, SHICEDEVHF
=7 v FIHAA TN Y ORE BRI E Y RIZTOPMAEEIT5, 3 ETHHLE
ZETNA ZETI (5T51) DRI XA —=Z )5, ZMEREDOHEXH = X LIZHEIT AT X=X
OMHBMDHERR I Nz 22000, METRICKET 2 EZONI AT Y FRFEEICHL IS
L7ze BBRICRT X — X W ZMEZEE (5751) ORET AL 2% 1L AT OREUH L [75)],
HIEEX X —RIRT Y TIHHAL, Y7L b= 2 V=VOREBIESEZATIL, £hzho
EEREDOIRIBMAFIE 2 ST L, BREX X R 7 ¥ TORERREIRE T 5, FrcIER
TR R LTI L 2 EEAE D 2R b LY — 27 OBBURT B & CFBRB S DZELD
FEHECER LT ARE - 21T - 72,

4.1.1 #iClE, —MWNRY = 794 POIRFEF v 10 b AFARER, FX—7 ¥ THO=ME
AX=H 54D 60 TANAZADLMH LI TIXA =R EFe D5, 4.1.28TIE, (T RX—XDNHEE
MRS Z FEc i U, MHEIRERICE S W TR EE O ERRERZ 73 %, 7, #E a0
BEMDOBRDP S, NTRX—RET AL XAOHEE L OBRICOVWT ST 5, 4.1.3 8T, 2
2D X —HEOFELIEE, BRED SRDTZ T X=X DRHERZ MUHS 2 a9 4 VHE1bL
ErHRD, XHIZZOBEUEIIN U THFEEZHWTI 222 v 735, 414 T, 1§
BRI FARY) TORERICHE ST, B I AXDRENRELEERXR—7 2V TIHAAA
T, ZOEREEZEINCED T 2, 4.2.1, 422 Ti1F, H3HZTHEINEZRTIA—XDY
fii e AHBIREfRIC & D BEEHENT 21TV, BRSO NS Y FIZOWTEE T 5, 4.24 HiLIFE T,
A D ANRIEETL T 2 HDEER T 2 0mEREEZRL, BEE T 7 ¥ 7O E
152 72DV ZHEBORBOZ S e ikam L%, ZOEEREBET L ERD 5, Boh0
FARZEBE VT, Y2 —rayeiTy, BERCMHELRHEOFMEZITS, 5T, AE
o,
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41 FBFILINTG A—RICEL D XA —HIKIFEDREWN
411 X—HEXRTFNAADINS AX—HE

WEL I Y TNTHNA ZOBIZ 2 TAAL 2% 6 KT D, X—7 5 DG 60 74 ATH
Bo A—HIMLLTHED, FEEIKATHZ, ETARD ARSI X—ZDOEKREZR 4.1 EREIZ
Yo BEA=HD 12 T4 RZOWTORAE, TR, 4 FARXET 2 RmALH), BLUZ
%% (CV:Coefficient of Variation) ® ¢—+t > MlA, ZHZNZNRITREINT WS, ZHE)fR
Bz, FEREZPIETEH > ETH 2, TNENDT 7 4L b E L TWS 8T X — X DOERH

E12AU7, 12AX7, 12AT7 72 ¥ O =HE ORRICKE L, WHEBIKICKET 5 [44],

£ 4.1 12AX7 ZMEETANRI A=Y R+ (BZEERX—J— 5tk A-E)
Tab.4.1: 12AXY7 triode model parameter list for 5 tube manufacturers A-E

Manufacturer A
Parameters Parameter Name Ave Max(+) Min(—) Cv
hio Normalized I, Max 1.2 16% 26% 12%
Vo Vpoffset —0.44 20% 37% 18%
Vpm  Plate Voltage for Normalization deafault(320)
s f I, Division Factor deafault(0.02)
7 C Plate Factor for grid current —13 37% 18% 26%
Gy Perveance Coefficient 0.00063 14% 18% 12%
Cy Base I, Coefficient deafault(7.14)
B Base I, Power Factor 1.30 12% 9% 5%
Gso Base of Perveance of Cathode  0.00149 14% 13% 9%
Gem, Perveance Coefficient 0.00003 0% 0% 0%
kpg Perveance Transition Factor deafault(1.2)
Kps I, Transition Factor 650 31% 38% 20%
I, U Amplification Factor 106 24% ™% 9%
Vao V) offset deafault(—5)
a Space Charge Power Factor deafault(7.14)
kyb Plate Voltage k-Factor deafault(700)
v Plate Voltage Power Factor 3.8 5% 10% 4%
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B

Ave  Max(+) Min(—) CV Ave Max(+) Min(—) CVv
hio 3.6 21% 39% 17% 2.5 42% 43% 29%
V0 —0.43 18% 18% 11%  —0.40 13% 24% 13%
Vom default(320)
f default(0.02)
C -9 35% 118%  54% —-13 53% 175% 65%
G, 0.00022 48% 82% 39%  0.00022 52% 63% 35%
Cy default(7.14)
I} 1.63 35% 10% 13% 1.98 41% 24% 18%
Gso  0.00130 23% 35% 20%  0.00104 30% 52% 22%
Gsm  0.00003 20% 33% 18%  0.00003 32% 50% 20%
Epg default(—5)
kps 638 41% 22% 22% 588 62% 57% 31%
7 101 4% 2% 1% 104 4% 4% 2%
Vao default(—5)
o default(1.5)
kyb default(700)
~ 3.2 % 15% 7% 3.6 5% 6% 4%
D
Ave Max(+) Min(—) CV Ave Max(+) Min(—) Cv
hio 3.3 130% 34% 43% 6.7 22% 26% 13%
Vgo —0.47 14% 29% 13%  —0.45 11% 11% 8%
Vom default(320)
f default(0.02)
C —10 61% 48% 36% -3 0% 0% 0%
Gy 0.00032 24% 29% 18%  0.00037 25% 13% 11%
Cy default(7.14)
I} 1.59 9% 9% 6% 1.35 9% 11% 6%
Gso  0.00128 10% 10% 6%  0.00118 15% 11% 9%
Gsm  0.00003 10% 10% 5%  0.00003 13% 10% 10%
kpg default(-5)
kps 496 31% 19% 15% 754 19% 47% 20%
o 105 4% 4% 2% 104 4% 3% 2%
Vao default(—5)
o' default(1.5)
kb default(700)
7 3.8 6% 0% 5% 3.7 6% 8% 4%
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412 INTA—=RED/INZ'Y* B4

1 ROBEZEEIHBHI N 2 AL ZDFE~ v F ¥ 23 EBE TR HEL 2 5, RIFFETH
MALEFR—7 Y T TRAE—IREHD DD X4 > 7 ¥ FEHOOETHA-ZBE T 12AXT
BHWLNTWDS, FORDIIHGTE~yF U I7REE, b RavE 7222 gm HIEEE
o TREMAELZEHBIRGEINTWS, L, AEOHND S, #HL-EEEE
BOZVWILFFX—MEL— 2@ CTAFL, RiZvy F U 7MRiEZ L TOWRWY Y T LT
H3,

REW T X =2 DN T — &%, Figdl OFOITRICE L HTWVS, MORL? S, ML
#HiP B X CIHUED ST D & 5 R R o s,

1. AfBXUO EAIE, $RTORI X =XZERBOTEUCB O THID X —H L IR L T#R
ETH 5 (Fig.d1-(a))e

2. WIRR 113102 TH Y, AICHIUER D2 DD, TRTDA—HTIELD X II/HIWV
(Fig.4.1-(b))s

3. 7V vy FERC2DZ -7 YR G, 13 AP KEW (Figd.1-(c))s

4. EHE, WO X=X THHEINE L, ROBBEL TV,
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Gy(x104)

.

4.1: 12AX7 T X —X{ESH (BB X —H— A-E ), (a) ZE{RE CV, (b) HEIER u,
(c) ZVy FEMDAN—ET YRR Gy, (d) 7Y — FERORN=ZAR=L 7 ¥ 2HE Gy

c b E
(c)

(Copyright(C)2020 IEEJ [69] Fig.6)

Fig.4.1: 12AX7 parameter value dispersion for tube manufactures company A-E, (a)Coefficient

of variation CV, (b)Amplification factor u, (c)Perveance coefficient of grid current G4, (d)Base
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u (Amplification Factor)

920

80

Gy(x109)
® © N » & »

(-]

(d)

perveance coefficient of cathode current G (Copyright(C)2020 IEEJ [69] Fig.6)
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RIZ, R=HBITELZ 7 XA =R D2 TOMAEDLEDHBEREZFHANT, 3L AL OHBE%
BUIIEFITNIWETH D, I X—2MoOBRER N E»r 572, LEL, WIhDX—AIZE
WThH, Uy FERAS—ET YR G, &Y= RERAS—ET VR Gy & ORNHAEREDHER
BHRONT, Figd.2 DEMRTRT &5 ITRHIC B #ICB L Tid 0.9487 2 W0 5 IEH ICEWENTE S
Nize ZOXNIZIX, FCF 2 —TWCH2 #11 & #12 D 2074 234 UEE L TIEFIT/hE W

4} 10
e Parameter
- = r=0.847 °
3t r=0.949 »
& z /.
[ 2 J
. [ )
I sire
#12e
0 1 1 1 1 1 1
0.6 0.8 1 1.2 14 1.6 1.8
Gw X 10-3

X 4.2: BB 2 G, & Gy D=L 7 Y AME T X — 2 OB (RAUINANEEZ &4,
FRIFAIEZFR <) (Copyright(C)2020 IEEJ [69] Fig.7)

Fig.4.2: Correlation of perveance related parameter between G, and G4o for B manufacturer.
Dotted line includes outliers, while dashed line removes outliers (Copyright(C)2020 IEEJ [69]
Fig.7)

HTEENTVS, INLDIIUEZFRI L 725813, BERTR T X 512 0.847 DFEIFRDHHBIFREL
BEoN2, ZHE, RN—ET Y RRT X —RDEDRARNFEREAAUED 2L S FRETH
228 ERLTVS, R—ETYRANRTIX—RDHIEH Y — Fh b Sh=BE T OREICH
%32, $hbL, Uy FER, 7L— FPEROVTNOERMES U L2RABETFRIKET 2,
Fig.4.3 ® V-1, HIFRTY > 7L #11 BX U #12 ZERMEIVTHLO T L — FEEICH L THIK
WERIRZ, V-1, R OREEANIIMOY > TN e RESERR > TWD, ZORERMEE (2.8)
RDNRTRA—R CTRINDD, #11 B #12 T —20 LT, HHOFTNA 2 #1 55 #10
X —6205 —8 DRENCHIET 5,

%7, Figdd1TRT L5, -3VDIZV Yy FAXALTRXTOTL— FEFEDOEKE LTDOS L —
FERICOWTHEREOFIANTIRETH 5, #11 & #12 ORI T A ICH D, N -1
7Y AERLTWS,
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IS DRERBRICOVT, BEEEQHE TR OFm T %, 3, BB TFHHEICHE I (—
BT VARG R —=RDEFNZOWT 2 HHOYMENERZEEE TS, —DIE 747X =Xk
WD ZER, IR EHE LY — NEEZOHDICEL I ERTH %5, HiHIIDONT,
12AXTWE 7 4 R M e Ay — REMBDHEINIMBETH L, 747X Fe—XIH—M
RTHh Z2OMRZERIIE L, FLYEIBEIIEEICHEMTHD A Y — FEBMER =y 71D
AREESENZ D5, MBMREIEY Y T T AL AR EREVIRVWEEZOND, —/7
BEWCELT, 27 ATy ((HHEE 4.54eV) ZHH L7 Y — NEBICIZAE AR 2T
JeDiz, HHBEBD X DIRWEEEY) BaO #E ((EHRE 1.44eV) Da—T7 4 ¥ 73N TED, B
EMEE 7o TW3 [45], & 2 THHEBEKE IZABETHELEHHZEMICRE SN R EL 25
IANF DI THb, ZDXIRHEFEaA—T 1+ 770t ATIE, MEOME L & HICHELRE
BB % 2 OIFZEACHIE N CERBEOEHEAREL 2D, ML EEDORERL D 52 EZ 5
N3,

[ad
(4,

<
E, Vg =15V
=
o 2
5
o
=
@ 15
1 27N
‘l
0.5 \ s -
\ Dot N #11
~ -7 #12
0 o
0 50 100 150 200
Plate Voltage [V]

B 4.3: BX—=A—8JBII270 v FERO L — MEEKEE (7Y Y FAXA4 7R 15V, 7
NA R #11 & #121385 X — & C DIE) (Copyright(C)2020 IEEJ [69] Fig.8)
Fig.4.3: Measured grid current as a function of plate voltage for grid bias of plus 1.5V for B

manufacturer products. Device #11 and #12 are outliers on parameter C' (Copyright(C)2020
IEEJ [69] Fig.8)
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VT, PIRIRI e Bt &, ARSI TASEE & BARME B % e 2 M7 TR ORI
DWTHEET S, ZhoDEER R IREMNRRIE T X — ZI3EIEER 1 TH %, Figd.l-(b) i
RTEIICTARTDORX—HZBVWTUISD MWD TN N L5, BRI TR & B
Bz ko 2. TROZEREEVWEEZ 6N, BEMEERZD 2H 1 DXL EX—H
BBV TH/INEL 102 fHEIEH 2, 22T, SUEEZ S D A HOBIEER 1o L THBIRIRIC
HENRTRA—RZOFEEREE LD, 2 00MIUEZ S ATHET 239 X—XIZRA LN -7z,
UL, EBICHHA LT AL 2 12 Do fBER RNk o ARl H 5, kb
T2 A2 HiTIEF AL ZEEHR L 28 AL ZZAWTEREIT> TV 5, MIEE 113 V-1,
H—TREDZY v REEBERLOEEZRET 27290, 57X —XMEICBIT 2 HEE D TH
W, L7edioT, AMOBEIER v OANEIZEBRTHOMTEZIZHZTEDOEE 5220 LT
BRI OZEHINCRE L b D e HEHIL T3

Db & b BB oEE TROLENEICOWT, %mmmﬁwmﬁéuiLI&é%kﬁbfmr
PNTENDS, BALY-= v 7 L ORI LB AR E R G ED D B L B Z b b,

-
N

Vg=-3V

Plate Current [mA]

e
o

e
'S

#1
#12

e
[

150 200 250 300
Plate Voltage [V]
X 4.4: BHEFEDOZ Y w FAL 72 -3V ICBIT 2 7L — MNEROWEME (F N4 R #11 & #12
1387 X —%& C OHf4UHE) (Copyright(C)2020 IEEJ [69] Fig.9)
Fig.4.4: Measured plate current as a function of plate voltage for grid bias of minus 3V for B

manufacturer products. Device #11 and #12 are outliers on parameter C' (Copyright(C)2020
IEEJ [69] Fig.9)
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413 X—HEDEMUIERENR

A12HITRLEEIIE, TN RADFHEZZDIESOEREIZD T —HIT Lo THIDICE
5, BEX—HIHTERTA—ZOREME L TENZFNDFEEE Tab 42 ICFE D 3,

£ 4.2: 12AX7 ZMEETNANRIA—KXY R+ (AZEERX—J— 5tk A-E)
Tab.4.2: 12AXY7 triode model parameter list for 5 tube manufacturers A-E

A B C D E
hio 025 1.04 0.71 096 194
Voo 1.00 097 093 1.07 1.03
C 1.33 096 1.34 1.06 0.31
Gy 1.79 0.62 0.63 092 1.04
B 0.83 1.04 126 1.02 0.86
Gso 118 1.04 083 1.01 0.94
Gsm 119 1.02 084 1.00 0.96
kps 1.04 1.02 094 079 1.21
7 1.02 097 1.00 1.01 1.00
0 1.05 0.88 1.00 1.04 1.02

A=A OBELEX, X —HBORHEE KT X — RO EEEE AW ZE 10 D2 X7
FATRLTWS, XTRXA=RXEZEH»OMEBENDED RoNBVI s, EX=HDNRF
AX=REZDFD (4.1), (4.2) RZ2ffio TEHLT 2, ThOL, RTRX=—XDNFYFOLELEIT
FREFNEL - TWERD, ZREADRT X—XDOVHHEICHT 2E(LE %, FHEE 1 LT
Bk s 5,

1

- —S"p, 41
10 2 (4.1
1 5

P=-)>Y P, 4.2
5; (4.2)

ZOHEHIE, Fig.2.2 & Fig.2.3 TR T LD 87 X=X i34 DIFE RFHEE R T LT, 2
NZNDEEHND 2720 TH %, Thbb (23) R (24) ROVWThrIEE LTEMETEL2 S
ZDTHIL, ZORTEEDE VAT X —XIIH L TEAZMNEGL, HELUEEZRDZ L HTE
%, LHL, ANMEERENKE  EREELE BT 2 K058 TlE, TRNTOREICHLTHLCHE
U2 TS 2 BN D B,

ZZT, nEA=TDTNAREE, mEA—DBFEETH2, ZDLIIT, X—HBOIEH L
FGRA=RTH 3 Propm|m (m=AB,C,D,E) &, (43) XATHZ BN, Tab.4.2 DEFNZ 10 KT
OFRHERZ PLERL TV 3,

]
=
N/

Pnorm‘m =
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COESE, ERILLAMICE 385 X —& 10 KIERT FUSHLT, XEDZFRARY >
VB 2 A VMRS T 50 2% 4 VEBEE S X — X OIEED AAUE 2 21T T
& BB ZEL Lo,

Wlz1E A MY B HOBOBIERY F L)% 4 SHEME S 13 (44) RTHZ BN, 2T
T X —RZRLTED, nlZ3NoX—XOBEHRTH 5,

Z?:l A;iB;
Vi ATV B
TRTORA—ABD Y4 VELESR TabA3 ICE LD 2, ZOEMUENS X 51T (4.5) RTE
SNDEETFIGEZHNT Y FRA XD T 5, BEFIFHELIE, 20007 5 2AXDETOERDHEAE
DRI OWTHELERRD, ZOFFIIE Sw 27 7 RZBOENEEIET 2 FIETH %,

S =cos () = (4.4)

npSp + NgSy

np + ng

Sy = (4.5)

£ 4.3: 2HOMAEDLBICBI B2 ET NI X—XENZ M LD a4 VHELE
Tab.4.3: Cosine similarity of the model parameter value vector for combinations of two man-

ufacturers.

A B C D E
1

0.90 1

0.92 0.98 1

0.94 099 0.98 1

0.81 093 086 092 1

=0 Qw»

TIT, S, RS, 37 7 A& p, q TRZNDELE, ny, ng ZZNENT FTARITEEND
BFEBTH %, Figdb FHEEETHWTEOALLENED T Y Fur 740 TH5, £3, 0.99
EVOEVELEIR XS TB, D237 7Rx&2ENh b, ftl T, RDZ F ARXDEFEFIZ 0.98 23%
LTHY, ERELTIL—FT1DA, Z1—F2DB, C, D, VA—73DERKETSZ¢L
TE, WX — I 2 3ODIN—FICELDHDZIEMNTE 3,

——————— - 0.89

-0.92

-0.98
-0.99

ABDCE

4.5 HZEEX—H 54 A-E D7 ¥ Fr 27 Z 4 (Copyright(C)2020 IEEJ [69] Fig.10)
Fig.4.5: Dendrogram for 5 tube manufacturers A-E (Copyright(C)2020 IEEJ [69] Fig.10)
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414 wHIERT > 7EIKICK 2 EFFEDLEE

HETHEONZE T FRAXRORENIZ A=A 31 A, B, E ORRNREZRELHZR L7V 7
TDOEFERRIET . FHLIZT AL R, 2020 AH#3, A#4, B#5, B#6, EH#7, E#8
ThHb, £/, D=2, BHIrONIUEL 225 T N4 X #11, #12 2R L7, Fig4d.71c
ENZNDT AL ZOEEZ Y v AL 7 2T 2 V-1, iR E R,

Fig.4.8 I A ttEHZEE % Fig.4.6 \OR$ 7V 7 ¥ FEEICHEE L 7= SHEBEIC BT 2 B 2R
o ANMBEE LTALANY I —E v 77y AL TAI R 20— FTEM L BN E
W 400mVy, , Z AWz, K [2] IS kAU, NanNy I—E v 77y TOFHINE 50mV s~
100mV,, EEONTWVEH, web THEKT % & 800mV,_, DEbMESINTWVWDS 47, ¥4 ¥
DREZIF T — MERE ATV 2 ATZEE IMQ(A) OE\FUEIC X > THRES NS, ZODA]
ZWyigrE 7V ARV 2a—4L VRL L, / 7OHED (0~100) TET., ANEEDORE ZITKF
TEH, AOBEEFTIE “ZV -7, 00580 BEETE “27vF”7, 77V FHEE “T 1 &
b= ay” 2RI 2 EEEBICK 5,

R10
i
! c7

R6

el

Vib

C6
High
Input

VR1 Output

PREAMP
VOLUME

R9

I GND

4.6: FEBNMER L -EZE 7Y 7 >~ 7 DRI (Copyright(C)2022 IEEJ [72] Fig.1)
Fig.4.6: Vacuum tube preamplifier circuit diagram used for experiment (Copyright(C)2022
IEEJ [72] Fig.1)
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Manufacturer A

Plate Current /, [mA]
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N

Manufacturer B

Fd
w o

Plate Current I, [mA]
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~

Manufacturer E

s
© o

Plaht,e Current I, [mA]

100 120 140 160 180 200 220 240 260 280 300 320
Plate Voltage V, [V]

(c)

4712 FNAL ZADT Yy RAAL 7R =2V & =3V D V-, I —7 (BHRIAFIR), (a)A *,
(b)B #t, (c)E #t (Copyright(C)2020 IEEJ [69] Fig.11)

Fig.4.7: V,-1I,, curves of grid bias minus 2V and minus 3V for 12 devices. Dashed line indicates
a load line of manufacture A(a), B(b) and E(c) (Copyright(C)2020 IEEJ [69] Fig.11)
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%5

4.8: MY (L) 91k H, (FE) 7V vy FoAh, (TE) ZEBHOH, (a) 7V ARY 2 —
2 =20, (b)80, (c)100 (Copyright(C)2020 IEEJ [69] Fig.12)

Fig.4.8: Waveforms of 1st stage output signal (Top), 2nd stage input signal on the grid
(Middle) and 2nd stage output signal (Bottom), Preamp volume of 20(a), 80(b) and 100(c)
(Copyright(C)2020 IEEJ [69] Fig.12)
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W H Via O DK D R SV 6 3R 8 7= i B8 E o B EUk 7 % Fig.4.9 12
R “RFEDIEEZ —40dB EicH D, THHEZE QAR LR IEREREICE S L, whw
ZEBERSGTH S, B-EBDOAEZKTILAL L, A Z4dB BEOENRELD S,

) 0 "Pre Volume 20 oA
S . oB
E: a0 X X|B_out
s ) 4 AE
B 2nd
L8
2 5 3rd
I A | 4th | 5th
3 |8
E -60
X
-70
°
°
8 A
-80
0 0.5 1 1.5 2 25
Frequency [kHz]

4 4.9: 440Hz OIELIK (400mV,.,) Z AN L7z & 2 OFIBE D/ O FEi8E (Copyright(C)2020
IEEJ [69] Fig.13)

Fig.4.9: Distortion strength for the 1st stage output. The input signal is 440Hz sinusoidal
wave of 400mV,,_, (Copyright(C)2020 IEEJ [69] Fig.13)

IREDDBERDERTE, —50dB % REl->TED, HEIRMTH 20, 74 ABDE L
IR E VW, ZBHOHNER D AT M VENTD» 5RO I-EREERED ) 7> T 54
Y OMAFEE Figd 91 RT, ZZTEBHIREENTOVAHIUED T ANA ABFIAATVWS, T
DONIUED 74 ZDEFAEEIT VTS /RDH/NE L, ZHUET L — MVERPMEDO T AL 2K DA
BN EIZED, NS Z Y vy BV TDOEEVINEL BB IICEBEEZLONS, FDEZ
1-2dBRRETH 2, £/, BTAL RABWOELNNLDE WS 1-2dBRRETH D, iDL X
FEED LR,

CORERDIRT ZEEANTXA—RICEDBENNI T FRARY Y T L2V TADA —=HIZH > T
b, FMAEEDOBENIX—HHDETH 2 LFARHIC, HAUEDY > I A TEREREOZ BN &
EZbND, Tz, TUVRY 2= 100 1380 LAY ERKEEDZITZ Lo TV, Th
B2V vy YK BB ESEAL, RO BRI O ENE E D ERENRT Hh
72l EBeEZOND, XA—=NEFS- L BHENZDIE, BEEOZ V) v Y 7Pl ROLTH
RWVEBTH S, 2%, 7VRV2—2HEDE “Z2V)—=2"7 L s “UF70F7 LA
REL, ¥X=—Yv 277 v 7250 HIMEENHENT/NIWEE LRI 55,
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4.10: ZBEHHEOEME, (a) U RY 2—24 =20, (b)80, (c)100 (Copyright(C)2020 IEEJ]
[69] Fig.14)

Fig.4.10: Distortion strength for the 2nd stage output, Preamp volume of 20(a), 80(b) and
100(c) (Copyright(C)2020 IEEJ [69] Fig.14)
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42 BIETIREONTYXERDHTE & EmERY

AREITIF/NE = MEZEE (5751) ZFH L TEE TR0 N Y FBROHEE & EZR o€ 7
W iRET 5, ML/ =MEZ2E 3 5751 (EER A 2 0 7{E 70) TH 5, B L imFHEkd
[T 12AX7, BN4 ECC83 (g A 2 v 7 100) &>V —XDWBTH 5, ZOHEEELAR
W CF L2238 HE, ¥X—7 Y FTHHBMNC “2 =" BY o v Fe LTETDOH % KEH
TV RDT7YTITBVT, FVIFLD 12AXT IZEZTHEHEINR L 27 —ThHE05ThHb
[6]c —AEXANCIIERIZENST D Z Y v RANL 7 2T 28BS e s, Z OFEFUIIEE
Ry M EFRRICRDEREEZ BN 5,

Miﬁﬁ%@ﬁ@5%Mﬂ*ﬂwﬁﬁ0#V7ﬂ14$%ﬁmkoFQ4HKHA$X2%28?
NAZAD Vg=0, =2, =3V D V-1, FitE 2R, Vy DR L2 10E-T, BRIV XFOES
uﬁ&bfm<oupfﬂ&®7A4x®%ﬁfm%ﬁ$?5 V, =0V TOSL— b@m1#
B, IXEHFRD T AL ZH#6, TRDTNA ZAH#1L, /PO TANA ZA#19 WCHEHEHT %, V, =0V T
WEA Y — F-7L— MEIOZEMERIC X 2EESMICHE D NZEFEZME L LTOIETH 2, o
T, ZONZYXORKEIE, HBT 28—V 7 Y REICHETZHY — Fro0BMETHHE, &
V— R-7L— FMEOBKRHIAE—, dLAEZONAREZLNS, LrL, HHIRNEZZ L
WE 7V w RAL 7 RBERFEL TS (RAFAACH LTV, ERELSEET2) &, ZOEHIDOT
NA 2L TEDIEFICANE DO PIE I > TNWE I Th D, THIHEIERD 2 WIE=ME L
LTDOR—ET Y REDNTY XOHENIDRE /I ZEKL TV,

Rz, B—DMENICH 2 2 DDT AL A D~ v F > 7% Fig.d11 A L7z Ef Lo
BIEO L 2 LT Figd. 12 TR T, V, = 0V TREGAD T4 ZOBFRMEICHBEME I IZIZEN
(m%%ﬁ&m&nﬁivgz—z—&-4V®£m b b B R KT T 2 ERRE O

I [mA]

RLZ100kQ A

0 50 100 150 20 250 300
Vv V]
p
X 4.11: =fE2E 5751 O 28 TNA ZAD VI, 7 7 IV —Hh — 7 OHIEM & Bfi#R (Copy-
right(C)2023 IEEJ [71] Fig.1)
Fig.4.11: Measured V),-I,, family curve for 28 device of triode vacuum tubes 5751 and load-
line(Copyright(C)2023 IEEJ [71] Fig.1)
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(d)

X 4.12: Fig.4.11 O ZMHEZEE 5751 O T NA ART R v F v 7% A BEOS - VEEV, =
0V(a), =2V, =3V, AV IZBWVT, 7L — FERZHE L72HER (Copyright(C)2023 IEE] [71]
Fig.2)

Fig.4.12: Pair device matching of triode vacuum tube 5751 measured by plate currents at
4 kinds of gate voltage V, = 0V, =2V, =3V and —3V on a lord line shown in Fig.4.11
(Copyright(C)2023 IEEJ [71] Fig.2)

BIma U CHBREBIZ 2 heh, 0.41965, 0.49941, 0.51741 XML TW3 (I, DREFEE X 6
OB F 2Hio TW\a o, HERBIZ 6 TELTWS), DI tix, EMOBIRD 5\
VTN BRI LKA S 2 EARTREE DI BIR L T A RTREMES B Z B b,

SETHH LA 1385 X=2D55, 74 v T4 Y TOHFBICHCONT: v, kyp ZBRE 11
DT RA—REZNZND L A N T % Fig.d.13, Figd. 14 1TRF, BERIEIZZAX -2 = Z2DN
REHOWTIRE L [46)s RETIE, ZD 11 T XA —XDANFYFIIHL T, EiEafRicib 2
YRR R B 2 T B 5T b,
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Fig.4.13: Distribution of physical parameters of cathode current Ggo(a), Gsm(b), u(c) and
grid current G4(d), Cy(e), Vyo(f) (Copyright(C)2023 IEEJ [71] Fig.23)
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IEEJ [71] Fig.24)

Fig.4.14: Distribution of fitting parameters of Vyo(a), ((b), B(c), C(d) and hi(e) (Copy-
right(C)2023 IEEJ [71] Fig.24)
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421 YPEENT A—2 D73 EERIEDIRE

BANZ, BT A =R DEMEICONVTREZITS, BEEMEDO M TH 5 1 EAaLETH
7= IV 7MEER, BEKEZS% ¥ UTIEREZRHE L, 72, Fet@hy 7o =
7% MATLAB, kstest[42] # i\, 2O &G o0z p HER 4.4 18T, Tabdd 25, (
DAHNDARTG X =228 WT p> 0.0 THDH, BEERDMH»OIRELTVS & WS IRERE % 3
HT2Z2l3TERY, L2L, ZHUILE “EHAFTIERRVZIZVZIRY 20w ZepiHs
PRI WS e THD3, HlZIE, higlTOWTEZ S L, pfHlIZ0.096 THD, THNEK
T2 2 LIRS E LW E WS BEITE DR Z 2HEREZERT DT, hyp & 9.6% DR
TIERAAPOIREL TVWER WS I THD, ZOZ2EZLL, pEIVNI VAT X=X %
EHAHEEZZ2DFHELVE VR 5,

F4.4: RFTRX—& pfEY X}

Tab.4.4: Parameters p-value list

Parameters p-value

G0 0.125
Gam 0.774
[ 0.509
G, 0.892
Cy 0.089
Vo 0.994
Vao 0.479
¢ 0.014
B8 0.102
C 0.909
huo 0.096

KIZ, p>05DRIRAXA=—RIZOVWTEZD, ERDMPEI0ESHIREMNT DR
BHERTMERD S, TZT, p > 0.5 ZRLENT X — XD AT BEE (ECDF:
Empirical Cumulative Distribution Function) & ##4EF #2567 i B % (SNCDF: Standard
Normal Cumulative Distribution Function) % g U7X % Fig.4.15 ("3, #itll F(x) 1352
R IAE, Ml 2 1358587 X — XMEZAFHERAIC L D B L L 7= E2 KT,
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4.15: PRI A =R T 4 v T 4 75 X —XD#EERN CDF L ZHEIEH CDF(> 0.5 D p
HD Gsm(a), u(b), Gg(c), Vyo(d), C(e)) (Copyright(C)2023 IEEJ [71] Fig.25)

Fig.4.15: Comparison between Empirical CDF and Standard Normal CDF of physical param-
eters and fitting parameters with p-value of > 0.5 of Gy, (a), pu(b), Gy(c), Vyo(d) and C(e)
(Copyright(C)2023 IEEJ [71] Fig.25)
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422 BEENSYXOERHTE

B p EDHRDKEVRT X — ZIHEEFIRORE TR T > > v L Vyo(Fig.4.15-(d)) TH D,
Z0MHIZ 0.994 TH 3, ZDOXIZHWT ECDF ¥ SNCDF 3JE#I1C X B o TE D IFFHER
EHEFHAT E W o T B EERMONT Y X ERM LD EZ NS, —H, TOURE
I TS LD BN S exp FEDMEE O, O p fEIZ 0.089 /N  IRIER % FTHIT X RVE
TWEH2, LoL, Co3 A Y= Fhr o0 EBFORIANT —2REIFL LIc T RA—XTHo
T, TZOLRA M T LEEMRIELANTY IBRDR VI s, b—X—EROLEFII NI VWEE
Z6N3, Figd. 16 1 ZERLENMEREH VT, 6.3V 2UMHLEED L —X —ICHM L+
FENLE UIRRECTHIE L IBPED N7 Y F 2R T, 778U 0.0419 TH D, Loz ER
FTw3

5 1 . , .
8 —Empirical CDF =
% 4t 0.8 |l=_-Standard Normal CDF+H |
O3 .06}
o =
o 2] Y04t
Q
E1f 0.2}
P

0 0

19.8 20 202 204 ) B 1 2
R[Q] X

(a) (b)

M 4.16: 13 14 2D b — X —3E$iD 5 (a) £ CDF(b) (Copyright(C)2023 IEEJ [71] Fig.26)
Fig.4.16: Heater resistance distribution(a) and CDF(b) for 13 units (Copyright(C)2023 IEEJ
[71] Fig.26)

BY A ZWCBRT 2270 v RERORA—ET7 Y ART A=K G, KT Gy, D pEIZENZHN
0.892, 0.774 ¥ K& L FRRICIEHE AT H 2 ATREMEIZE V. ZDHED B Z DN T Y X IIEFER
MCHFT 2 2 EZTHRY,

Fig.4.15-(b) IR HIER 1 13 p B3 0.5 & TR 2 v, Z4Ud ECDF 23H5ff38 T SNCDF
POEITNTVDEZHFKTH S5, 7 EA FEBORBIIHTE Y, BEEHRS IS
WiTx2, {toT, 7V vy REM-H Y — FEMEERE R E 2550 T 2 TG E OB HT
WhEEZONS, 7z, MVHEEZZY v FERD V, IKFHCBWT, ZORMRI=EREZ
RI T4 9T 4V TRFX—=& C D pfEH 0.909 & LI E S BEMRHEEOREESFE L T
WD EZ LN,
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423 NSA—2DEREY

JETHH LRI A—ZOMEEEZ 2L — 27— LDk —bhvy AIZED Figd 17 1R T,
WD DMAGDOED S BHBGRED 0.8 L EDHERISED H S, 412 HITERWEER
7o T HBBRD 7N 2R &8 % Z e TRIHES A, HEBERZWVHASDEIES Y —
RBEIRDS—E TV ANT A=K Gy EDBBRD 48D H B, — /T, i LIEBAETFRT >~
S X Voo ld Gy & 0.66 DHBITEZ FO0Z MBS DT X — & v OHBITEIZIZIEE N, £z,
TAvTAYTNRGRA=ZEDEITHENHBERR) D 5, ZNAHITONWTE T T X —& )
LEET B,

0.73 0.85 O. | ! 0.83 0.85 0.60 Eekss) 0.69
1.00 0.60 O. L b 0.88 0.77 0.32 Ee¥} 0.58
0.60 1.00 O. ! b 0.82 0.76 0.66 Eekyd 0.67
063 0.77 1. b 0.66 0.68 0.74 Eekss) 0.58
0.16 0.06 . 0.20 0.27
0.11 0.36 0.66 1.00 10:10 0.16
0.88 0.82 0.66 10.20 '0.10° 1.00 0.90
0.77 0.76 0.68 027 016 090 1.00

0.32 066 0.74 [0.16 0.59 0.39

0 o5 ol

B 4.17: i L7287 X — &2 —OMHEAME Lt — b~ v 7 (Copyright(C)2023 IEEJ [71] Fig.27)
Fig.4.17: Correlation matrix heatmap of extracted parameters (Copyright(C)2023 IEEJ [71]
Fig.27)

4231 BEFRTUIvILV ICBEFRY Z1EE

BELRT T vl Vgo DKREERD A o TW5, £72, V, =0V & L7 MEEHE
7/ —REE (Vv FE )n<AMVT@%ﬁ%ﬁﬁmﬁm®A—t7/xc L DT 0.66
OMBMDH 5, LoL, FL—bEEV, B3hhbD V., >0V koM ERHRERD < —
L7 VR, Gy, Gem & OMHBEFRENX 0.42, 0.11 KL, o7 X—X DS Roh
B0y TOITERBERT A=K Vg BHMLE L, BETHRHELE LToh Y — R EMmRAEL
TROVIERZEMED, ZOnEe LTBllShzeEZX oI5, 72, G, L OMHEX, 77V v K
*@#Wﬁﬁf®\ﬁﬁ%mﬁ¥®%%%5xfm57“%#Tvéméo
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4232 BRI 1 (ICEGT S4EE

4.2.3.1 i G, OFfamh &, HEEE p » OMEBRE0.77, Fig.d.18-(b) L HHEHNCE W & b, &
YV — REM-ZY v FEMEROMELZIITWAEREEZ NS, BIER X, #Y—FE
27y FEME XDESEXE2 e THMEE2 2N TE S, ZOBRIETL— FERKS
D=L T VR Gy & DHEBHRE0.85, Fig.d.18-(a) IZHRNTWV 3,

Z OBRME Figd 11 TEREIL 7274 20 7L — M EIROIEN AL 72V, ZAMNICED
RELTBL, ZOEVPANED S Z e Z@HHL TW5, TbE, HIERLPKEWT AL 2D [,
AR 72 228, RIS S—E 7 Y ADRENI 8ISk > T I, DHEMEIKEL R, &b
EEDH EDD X512 2 2EMTI TS,

4233 WNTL— FEBEREICERT 3/V5 X—2DOEE

F 7%y NEE Voo & 3.3.3 HiTlRZ X 5 1TM/NF L — NEE (10V BE) TRRYHEN &2 Ek
BRO, Y32l —Ya VMEY OMEENR/MNIED EDITT 4 v T 4 ¥ THERDP HFE LRER,
R oNMHIE -2V 225 —3VITOBLTWS, 2D Vo IHLT, WHAIX—ZDAA—L 7
/XGwJ%m,%%$u#%h%hﬂS30880822mhﬁ%%ﬁ%TLt;8@@%%m

ZZThH, WIER u ONMHICEBRLTH Y — REW-7'V v FEMEEEICER T %, DK
W2 B HMEIER 1 BSFRET I D B EL R o TWBEE, 7V v RERIIH Y — FE @MuLome
%, TORER, M/NTL— MEEZRFIHT 28047y FEEDERLSRoTWVEEEZOLNHE
WZhoTWb, Gy, Gem DRETH %,

THIV, >0 kBVWTH Y — RERIMNT L — M BEOHIRITRBITHENT 251, 3.3.6
HiTHlARZz L5127 ) v RERPIAMIC exp h—7 TP T2 Z e e Ffich b, Z2oMHEE52
BIRER T X — & C LIIER 1 ¥ OHBIRED Fig.d.18-(c) IR T & 512 0.658 ¥ ELEHNICE W
ZriE, 7Yy REME S Y — REMHE L OROBEEERRB LTV 5,

4234 BWEDI Uy REREICHITZI Uy RERINF—RICEHRT 5188

T4 9T AYTNRTRX—=&(, hy, B D plEIZ 4.2.1 HITRUE XS ITERMEICH T 2 IR
BERHITERVD, WIFRLEWZ 2258 EICEDL I BERELEBRL TV IEEZ LRV, L
PURH S, ZOMHBEMBENED, ho-C = —0.66, hjg-f = —0.94, (- = 0.8 LEVDIFETFTILRE
DHDICHNET 2RMETH 206 EZBNS, ThDb, 74 v 74 Y 7ORRE LTZDORMRK
EHRERNTVWEZ 220, BET LI X LOZYUIRE S N7z L IR T X 2,
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4 4.18: FEYF AT X —XEOMEB ((a) “Ge & 17, (b) “Gy & u”, (¢) “Crpu”)
Fig.4.18: Correlation between key physical parameters of “Gyo and p” (a), “G4 and p” (b)
and “C and p” (c) (Copyright(C)2023 IEEJ [71] Fig.28)
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424 EEERUEOZEXETILORE

AKEITIX, ¥&Z—7 > 7 Marshall JCM800 2203 @ 7V 7 > FEIEE % W TEEBRZ1T - 7=,
Fig.4.19 122 ORI 2R3 [30], EZEO b — X F12id AC &EF 100V60Hz 526 b ¥ A1
X DEEMCHEEL 7 6.3V 252 TW53, ZAUT MM 65 BB B 225 IR I % O B (E 41k
FAEETH 2, 7L — MNEEIIEEFRBRKED S 300V 5% 505, AN High, & Low
Input PHE IR TWVWS, FX—05D0HNEBETEL NG LT, HWSIT232I2koTW3
M, BEEHEFL T LR FI2BWTIE, High Input Wi F2HW2 Z e —RINTH S, ZD
ERANY 772 LTHHBAET 2B HD Via THIRXI N EBEZEHD Vib K AT S ENE
L%, ZOFERIZ VRI PREAMP VOLUME iZ&k»TCay tr—ndhd, AEBTIE, +51C
BARBHR DR 5N D 50% ICHRE Lz, —MEZE Via, VIb ZRICEIA> T2 =D 7N
A A TH b, EEFEEFEAER (Keysight 35500B) % FWT, High Input i FICIEKIKEE ASIT 5,
ANES o AR Tl Hi-Fi(High Fidelity) 4 — 7 4 A8 CTRAEL 72 5TV 3 1kHz, 2
B OLEEMHEZTEERET 572912 369.994 Hz(F#4) T 554.365Hz(C#5) # A1 L7z A
H L EERIEIX 250 mV, , 225 1.5V, , T 250mV, , X XADIREE AN LTz, HAEZHE
DHAEE, 2 BOGHDPAO EXARCRZ LS RCHEL, TLEFFEX—Ev 77 v 7ORK
1% 400mV,, BRELED, T—RX—%FALTCFR—7 T2 ANT B2 EELT 1.5V,
FTZANLTWS,

HIERA > MiX Input Y7, FIREOEIEHI1THS Via DL — MEE Pla, —EHOH ]
TH 3 Output @ 3 »FiERlIET 3, FY&LI>rZRa—7 (Agilent DDSSO X2024A) % Fw
T 500000 RA ¥ s DTS ZNVEEERIE L7z, HTEEO FFT 13 MATLAB R2022a % HW 7z,

R10
‘ELE::}ETMV
c7

R4 R6

Vib

Cé6
High
Input

VR1 Output

PREAMP
VOLUME

R9

& ® GND

4.19: EBCHEHAL-BERE TV 7 >~ FOREEK (Copyright(C)2022 IEEJ [72] Fig.1)
Fig.4.19: Vacuum tube preamplifier circuit diagram used for experiment (Copyright(C)2022
IEEJ [72] Fig.1)

Via, V1b RT3 SMEZEEIZ, 74 > ORA 3 JI5751(un = 70) & JJECC83S(1 = 100)
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BV, 14 RKDENZRDFANAL 205, REF AL 2% 1 KT 0RO LEBRICH W [75]

FRETHEXRZY A Y2 AL 2OHEBH Y ZEBHDO M NEIEZ LT D Fig.d.20 I2/RT,
HIBH TI& 5751, ECC83S M /7 D 7N A A THHPIRIIIZIZY A VKD £ F TERIFMERTE RV,
“EHTIX 5751, ECC83S i 784 2T, 750mV,,, 2B LB 27V v FxhT0d, &
7z, FEB () DTHRPRMNAZHITWBZ I ens, V7 7Yy FIZADIETFHHERTE 3,
IO DEEREE LTHIBRE E ZBEHDOANERIIHNT 2 HEEZUTO Fig.d.21 1IR3,
Fig.4.19 ® R5,C3 TR I NZNA RZAT 4 LR —I12X->T, AMEE L _ERHOHNIESITAL
MHENRET 2720, ANESLHNESOHGEEZFHEL, MHOMELZITo%k, TEET 2 HIZ
C“ERHCEBHIBEOHENIBANEINTWS 720, PIBEHOEI REP —BHICEEIN TS KT
H5,

Fig.4.21-(a), (b) 226 W HIE, IZLAYERTH HEATRNZ DD S, Figd.21-(c), (d)
o B HEE, AJHRIE 750mV, , BLET, HE 20V A TR D A= F 27U v I05E
LTW3, £, ANRIE 1V, , M ETHI~A 7220V BURc L TR A ICER» 40 7
NV THRREL, 2K LTSFEI—TEHOTWE b b

S0 50

——250mVpp ——250mVpp
~——500mVpp. ——500mVpp
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<
( 3
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4.20: 5751 & ECCS83S O#IEH & —BHOD MY ((a)5751 #1EH, (b)ECCS3S #IEH,
(c)5751 —EtH, (d)ECC83S —ExH) (Copyright(C)2022 IEEJ [72] Fig.2)

Fig.4.20: Output waveforms of the first and second stages of 5751 and ECC83S. 5751 First
stage(a), ECC83S First stage(b), 5751 Second stage(c), ECC83S Second stage(d) (Copy-
right(C)2022 IEEJ [72] Fig.2)
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4.21: 5751 ¥ ECCS83S OB H & —BHD AN EFEIIH T 2 HNEE (()5751 F1BH,
(b)ECCS83S #1BxH, (c)5751 —EH, (d)ECC83S —EkH) (Copyright(C)2022 IEEJ [72] Fig.3)
Fig.4.21: Output voltage versus input voltage of the first and second stages of 5751 and
ECCB83S. 5751 First stage(a), ECC83S First stage(b), 5751 Second stage(c), ECC83S Second

stage(d) (Copyright(C)2022 IEEJ [72] Fig.3)
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4241 mEBROZEIEM

Yu & [48] & RF 7 > 7@ IM3(3rd order intermodulation distortion) ® & 572 X €V ZRD
B B IFRARER R 2 RIS 21213, A7 FRBENR Il e bR TWS, LA L, [AEME
SNTARERRUE Y 2 I D ZTHABI R TS 5 Z L SATRETH %, (4.6) idBle LT3 X
DEHRXERLTDDTH %,

Vour = K1 (Vin) + Ka(Vin)” + K3 (Vin)* (4.6)
(A7) g, FAREEED 0, OHEREOBEITSZ 5N E,
Vin = Acoswnt (4.7)
(4.7) % (4.6) RICRAT 3L, (4.8) RAMEHNS,

Vour = KoA?/2 + {(K1A) + (3K3A3/4) } coswit
+ (K2A2/2) cos 2w1t + (K3A3/4) cos 3wit (4.8)

ZIHERDEEERD 572512, (4.9) RTRT 2 DDOARIEE wl, w2 DHAAEDEER (4.6) 12
RALERLT 2,

Vin = Acoswit + Bcoswat (4.9)

IR LT, 3RETOIMD OEHZLITNTRT, (4.10a)~(4.10k) IR X 51,
IFEIZ DL VWEEASTEET 2,

Vout = Vo + Vi1 coswit + Vg coswst
+ Va1c082wit + Vag coswat
+ Va3 {cos (w1 + wa) t + cos (w2 — wy) t}
+ V31co83wit + Viocos3wst
+ V33 {cos (2w; + wa) t + cos (2w — ws) t}

+ V34 {cos (2wz + w1) t + cos (2wy — wy) t} (4.10a)
Vo =K, (A% +B?) /2 (4.10b)

Vi1 = (KiA) + (3K3AB%/2) + (3K3A%/4) (4.10c)
Vis = (KiB) + (3K3A%B/2) + (3K3B?/4) (4.10d)
Vo1 = KyA?/2 (4.10e)

Voo = KoB?/2 (4.10f)

Va3 = KoAB (4.10g)
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Vi = K3A3/4 (4.10h)

Vi = K3B3/4 (4.10i)
Vis = 3K3A%B/4 (4.10)
V34 = 3K3AB? /4 (4.10k)

4242 ZIEVALETILOREERE

s OfmEREICH L TEERELIC X2 2T ARERD B 1CH 2D, ZEHAOXBDOZ
YHEEZ D, ZHNLELUIREPHEZ 21 F R EE 20, TOMRITEMT 2729,
AIC(Akaike’s Information Criterion) %\ 2% Z & TEHBEINTEME TV OREZ #ER Z & 37]
RETH 5 [49], AICIF (4.11) Rtk o TREN DB, TIT, LITERAHE N TOMNBILE, M X
ZHALPOTIE KT T X — RO TH %, ZIHNAMLZ W THEE L 78 & EHIE L DiRE
L, ZORMSEM LB % Fig.d.22 1R T, BN X 2HEEE, B 4 XH
AORI) AR THBGBEORNMEME 725780, MBOUE L1F (4.12) RIS X o TUREN D, ymi
FEIME, v, 3ZHEREFAZHWTS I 2L —2a v 2{ToRHETH S, nl3F—2KTH 3
728, ZHEEH YTV ZRA Y MD 500,000 725, (4.13) RIFFEETDH %,

AIC = —2In L +2M (4.11)

n _ (y'mi_ysi)2
L=Y log {eXp ( 2 )] (4.12)

o= 25 (s — s (4.13)
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4.22: MAEZME 1.5V, Z AN LTzt ZDFRESN E ERDMEM ((a)8 = 1.5 & (b)S =
1.28) (Copyright(C)2022 IEEJ [72] Fig.5)
Fig.4.22: Error distribution and normal distribution approximation for IMD 1.5V ,_, input of
B =1.5(a) and g = 1.28(b) (Copyright(C)2022 IEEJ [72] Fig.5)
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4243 HEFE
HEBTOXEONZHENLLD 7 1+ v 74 Y 7R Y, BT L B AIC OB Z R, dE
BOREL2D 1.5V, @ 1kHz DY A Yz AN L TORABE L EE, —BED 1 X756
IXRFTOZEFGAMD 7 4 v 7 4 ¥ IFERELTD Fig.4.23 1TRT, WIREHDZ 4 v 714 ¥ 7%
1 2GERLE 9 ZGEBLTIFE A EEWER WD, ZEREIERED LB 21conTEHo ) v Fan
TWARHFICT7 4 v b T B eDBOHI 5,

50r 50r

* measured * measured
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(b)ECCS3S #IEEH, (c)5751 —BtH, (d)ECC83S B H) (Copyright(C)2022 IEEJ [72] Fig.6)
Fig.4.23: Polynomial approximation results by order at sine wave 1kHz, 1.5V _,. 5751 First
stage(a), ECC83S First stage(b), 5751 Second stage(c), ECC83S Second stage(d) (Copy-
right(C)2022 IEEJ [72] Fig.6)
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WIEH ¥ —BtHOXREGR AIC OEBAER % Fig.d.24 \ORT, AIC 3R b/NIWVEPBWEFIL
ThH2H, YIBRAOEMILALRWEES, 5751 T 4 X, ECC83S T 3 XKAHEYITH %1%
Rrkolz, ZEHIZ 5751, ECC83S DT NA 2L HIZ 9 XA |mDRBOVIERE oz, 2
IFEETNOEMES ZRL TV D,
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4.24: 154K 1kHz, 1.5V, , Z AN LS EO0IEH (a) £ —BH (b) O XEHI AIC D&M
% (Copyright(C)2022 IEEJ [72] Fig.7)

Fig.4.24: Transition results of AIC by order for first (a) and second stage (b) at sine wave
1kHz, 1.5V, (Copyright(C)2022 IEEJ [72] Fig.7)

73



4244 —ESHEZRAZE

2 NV TORXREANZEIGELD 7 4 v 7 4 Y 7FERE, XEUT X % AIC o xRS, HA
ZHHED 9 KM 1kHz £ TOMITELLRD Tab.4.5 1R T, mOERPKEL LS 1.5V, , D
2 b= ALt 2OEREE WIEEH, —BEHD 1 X056 9 XREFTOZHAAMD 7 4 v 7 4
¥ IRERELIR D Fig.d.25 W RT, 72721, Fig.d.25-(c), (d) &0 DIENA < AEIZHEMAFICH 5
7o, IRELZ T 5 72012 9 RDEMEAT o TH S NIAEDEZE D1 D> 6 KD 72 EFH 5316 DB
Fig.4.22 X0, 95% OEHEEXH» S/ANLFZHHEIZOWTIE ey P LTWRY, HEREHE
BERFAEL OBVIES ZICX VEIIEEZFRFOZ 2 TH S, Fig.d.25-(a), (b) 225 0V (12 HRD

KOIEZFF>TWAZ 2 bhd,

#4.5: 9 XEH, 1kHz $TD 2 b —HEZHEOHAE DY

Tab.4.5: Some of the combinations of two-tone frequencies, summarized in order from small

frequencies to 1kHz

Frequency[Hz]  Formula
1.3 3f1 —2f2
183.1 3fy — Afs
184.4 fo fu
185.6 2f1 — fa
186.9 5f1 — 3f
367.5 Afs — 51
368.7 2 — 2f
370.0 1
371.2 Af) — 2f
553.1 3fs — 3f1
554.4 fo
556.6 3f1— fo
556.9 6f1 —3f2
737.5 A4fo —4fn
738.7 2fe — f1
740.0 2f1
741.2 5f1— 2fs
923.1 3fs — 2f1
924.4 fi+fo
925.6 4f1 — fo
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Fig.4.25: Polynomial approximation results by order at sine wave 1kHz, 1.5V,_,. 5751 First
stage(a), ECC83S First stage(b), 5751 Second stage(c), ECC83S Second stage(d) (Copy-
right(C)2022 TEEJ [72] Fig.8)
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WIBH & B H OB AIC OB R % Fig.d.26 3R T, HIERHOENIZL A ERWGES,
5751 Tk 3k, ECC83S Tld 2 RNEIFN, HEEID DRBB DR R IR hoTze B
HiZ 5751, ECC83S DMiT A R HIZIXDPI/RDBVWETILTH S LR, HHFERITHART
KB EDBICONT AIC IZ X DFBICEAP L TW2, HEEr “SHEZEREL I EHD
ZIEAGELITIZ O RDBRVET L TH 25ER L Kol 9 RETHFABRDPTH 2 “EHD AIC 13,
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4.26: 2 HEDIEK 1.5V, ANLEHEOHIEERE (a) & —EH (b) O XEH| AIC DEMBHGR
(Copyright(C)2022 IEEJ [72] Fig.7)
Fig.4.26: Transition results of AIC by order for first (a) and second stage (b) at IMD, 1.5V,
(Copyright(C)2022 IEEJ [72] Fig.9)
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1kHz, 750mV, ,, 1.5V, , ®H 4 Y% 5751, ECC83S O 74 I AN LIzt & D _EH
D FFT ofif e, 9 ROZHEFAPUC X > THEOLNTEEBEK TS I 2L —Y a Y 2{To MR
% Figd.27T R 3, EHEE I 21—y a YIiF—HLTED, FHT ECC83S @ 750mV,, , 1% 8
REFHRETHD TRVWEE TR LTWS, L2L, EOMAGDLEDHETD 10 K&
FEE—BLTB 5T, 9 ROZIEN M CREARER SFEIE 9 XETOEFKTH 5, ECCS83S,
1.5Vpp @ 11 KE@dikld —20dBV 22 TH D, ZAUIFBEHHANTH 2, LiehioT, ZHK
D TKED ENE Y, RIATRERESHINT 2 Z 2 2R LTV 5, HECRETE & FERE TR
DEEAVEHLPICT 27-0ICEIMEL I 2L —a DY — 2% Figd.28 ISR, &K
A e BECRE R O BRI E > RV s o T2, £z, 5751, ECC83S M7
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“5751, 1.5V, (c) “ECC83S, 750mV,.,”, (d) “ECC83S, 1.5V,.,” ) (Copyright(C)2022 IEEJ
[72] Fig.10)

Fig.4.27: Comparison of measured and simulated values when a single tone is input. “5751,
750mV,.,” (a), “6751, 1.5V,,” (b), “ECCS83S, 750mV,,,” (c¢) and “ECC83S, 1.5V,,”
(d) (Copyright(C)2022 IEEJ [72] Fig.10)
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X 4.28: HEZARZ PN T 2RIBOFEAMEE > I 2L —> a YHED - — > DS OB
% ((a) “5751, 750mV,.,”, (b) “5751, 1.5V,,”, (c) “ECC83S, 750mV,,”, (d) “ECC83S,
1.5V,,” ) (Copyright(C)2022 IEEJ [72] Fig.11)

Fig.4.28: Correlation of measured and simulated amplitude to single tone spectra in terms of
tonal strength. “5751, 750mV,,” (a), “5751, 1.5V,,” (b), “ECC83S, 750mV,. " (c) and
“ECC83S, 1.5V,,” (d) (Copyright(C)2022 IEEJ [72] Fig.11)
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369.994Hz, 554.365Hz, 750mV,,, 1.5V, , ® 2 b—>% 5751, ECC83S Dfi 734 ZIZA
N7 2D EHD FFT OfiRe, 9 ROZHEAALUT X o TR SN mERBTS I 21—
YarEIToMERE Figd.29 1O T, HETLFRICENfEL > 21— a VEIRL —K
LTW3%, HEREANK  FEREREOEEAVWEIRS ST 272512 5 KEFHKE TORAT
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4.29: HEARBEZ AN LIz EOFEREL > I 21— 2 MEDLHE ((a) “5751, 750mV,.,”,
(b) “5751, 1.5V,.,”, (c) “ECCS3S, 750mV,.,”, (d) “ECCS3S, 1.5V,,” )

Fig.4.29: Comparison of measured and simulated values when a IMD is input.  “5751,
750mV,.,” (a), “5751, 1.5V,,” (b), “ECCS3S, 750mV,,” (c)and “ECCS3S, 1.5V,.,”
(d) (Copyright(C)2022 IEEJ [72] Fig.12)
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Fig.4.30: Correlation of measured and simulated amplitude to IMD spectra in terms of tonal
strength.  “5751, 750mV,.,” (a), “5751, 1.5V,,” (b), “ECC83S, 750mV,,” (c) and
“ECC83S, 1.5V,,” (d) (Copyright(C)2022 IEEJ [72] Fig.13)
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Dave Hunter’s handbook[50] IZH#HEN TV 2D Z2E D 40 BULDOER, A—N—=FF
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/ — ROEIE (A11E%5 200mV,, ,, 441Hz) (Copyright(C)2020 AES [70] Fig.1)
Fig.5.1: Waveforms of a high-gain OPA output and a clipped node by antiparallel diodes in

an “overdrive” pedal. The input signal is 200mV,_,, 441Hz (Copyright(C)2020 AES [70]
Fig.1)
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208 En Yy VRS, (b) FA—T A 25 0MBKRY Y TN TANAL 2D ERTN)
(Copyright(C)2020 AES [70] Fig.2)

Fig.5.2: The total consumption current of OPAs as a function of the supply voltage measured
at room temperature. Groups A, B, and C indicate different product manufacturing lot

numbers (a). The ambient temperature dependence for a typical sample device from Group
A(b). (Copyright(C)2020 AES [70] Fig.2)

p12
J

OUTPUT
—o
M1

5.3: BJT OPA NJM4558 0 fifilig[a#g X (Copyright(C)2020 AES [70] Fig.3)

Fig.5.3: A simplified circuit schematic of the BJT OPA NJM4558[51] (Copyright(C)2020 AES
[70] Fig.3)
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OPA X Fig.5.3 Offilg{b L7z RIFRNRT £ 512, >V a ¥ BIT oMM cikitsh, 4o
DAT =Y THRENTVS,

1. ZFHEES Q1

2. TIVvRT7FRIYNY T 7 Q5

3. aEYTI v XEAFHEIER Q6

4. Fv a7 AB g
Q7,...,Q10 (EMRFHFIZFEZL)

FEITNEAEWNZL A 3 BHOERESOIENHETH 5, ZHUI—RINZHERD Y =7 7215
BLRLVTIRBERZ WD, BRNICEEZREZIEZ:0IC7 4 — KX 2540k FiFse, Hh
WIERFMED F AT 5, 3 BYH OMIERIIEZ NPN F 5> 924 Q6 2wV, REDAA 7 Z[0#

B E-HEE AR NPN F 7 092 & Q12 TEAFICKR S L5 &Kt EhTwb, NPN + 5
VYRR QT, Q8 ¥ R6 DX A A — FEMiERICED, v a7 AB HIEEE:D NPN k 5 >~
VARQIMPNP F 7 UIRAXQIOICTI v R+ R—=R « N 7 RAEEIN D, ZD®D, &
7 A VEGERDIEREE OPA TH 5 NPN F 5P 2% Q6 DHIES Vege 1%, THHOEHMER
BB EEREIC K 2Ny F— 2 DMK D IERIMCZ Y v FEh 5,

V4, V=1Zxt LT OPA DA 5 » FEFICBWT S, JEMMTIEEba s, oM,
ANPNP P59 2% Ql, Q214 7AZNPN F5 2% Qll OFERER L DI
W&o T, FHIREBRTO V+ i FADIELREB AT L V= IiFADZ ) v FEET7 4 — KAy
7 NN DI TR I N 205 TH B, Q2 DEALHNEE Vege 1&, 3 BHICHD S BIcT
IvRT74BUEDONPN bV PRAXQE TRy 77V 7 EN%, EHIC, BETHENLLD
2, REVOBIRELE Vee = 9V (£4.5V) &, Hi-Fi 7 7V 7 —> a Vi XN 3 30V(£15V)
WZHEARD I DR, Z DFER, BIEBEDAN Y Fb— 4128 LT OPA HAIRIED IERFRMED K =
{7, BERAX—TMEVEINENET 5,
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53 BEAX—JRKERARRHA I DT

B L 2 BRENVOEKERZ Fig.54 18RS, (a) IZ3DDRAT—IYDbR5ESUHF = — >
ZRL, (b) ICEFEMMOMBXZRT, FES5UHSF = — > OHFLL 22 0DI1E, OPAy tEHD
RAA =R, TRRCOB—=NZXT 4 N EZPOREEBEWMEETH S, OPA, DT A 27 4 VX —
D RCERIE, A—N=F I TSN EENREZENT 2 &5 WCikit2iTo7%. OPAy @
ABEARXR =T HITWV, Ny 757 THs5 OPA; £ OPA; OEFRELIF 12V ZHIIILTW5, 12V
37— &Y — M & o TRIEEIMESIRIE XN TWAEETH 5, ANA Y E—X 2 ZADZEITE B
BOZE 7D, OPA ZANA A V=RV ZAAINY 778 LTEMLTWS, 2, &
& 5H3 144th AES convention[53] THRELLBERXADPOHRBLIHRTDH %,

ERDEEE D S OBEMBERMA L LT, AIBEAZEDF 2 —= v FiR%Z [T 572912 DC/DC a v~
N—%& (NJM2392) OEEBHRBEELE Lz, ACTXTENLDERIA DV v L) 4 X
1%, BJT OIREEE» 5722 RC A=A T 4V RIZE>TI74NME) 7 EINREINS, 2
DS 1BEENNY 77 OPA; &)1y 77 OPA; OFERZEZMGE L, £/ 4 XM

ENBVESICEH L,

OPA, 0% 4 Y HEFEEIZ, DC/DC a > N—%& (NJM2392) iIZ & D Ve WiT & DA X R
%, HMNERFAZEES S VRy, Ry TE=X -2, ZOEEIFIN-IZT7 4 — Ny 7S5, H
JIEEIZ OV ANEZSH (PWM) 85 (100kHz) D7 2—7 4 k2 ZZ2 2 e ic Kk hflEhz, Z
DEREICE D, 10V 225 5V S TOERDEREE Ve ZAHENT 2 Z EDATRETH 5,

Fig.5.5 IZEBRENVDEETH %, Gain / 7 D1 FAIEHEFiA VR, (Fig.5.4-(a) ) Ol %
TV, OPA, D5 4 v 2B T2bDTH 5, A[Z DC ¥~ I D2 13RI 24185 VR4 (Fig.5.4-(b)
ZI) ZHIE L, OPAy DAX—TEIE Voo ZiET2HDTH 5, AEBRTIIAILES S VR,
ZHl#E s s b—raryrue—n/ 7 (D3) zXafEIZEEL, RC 74 VXD a—F—RkE%
100kHz IZRE L 720

Gain / 7' D1 £A][Z DC Y~ I D2 Ol 223 €T, IHEES2ER L7z, K, BE
EABR Y 2 BHAELFRERENIC 7 ¥ F x A B (LKFS:K-weighted relative to the full scale) % i
AL, N\HOEIC—EDHIENMEONE X511 “Level” / 7TA a7 4 X%f7-72, LKFS fililE
[54] 21T 5 /=12, USB ##t® RME Babyface Pro AD 22> X—& %4 LT, Orban Loudness
Meter V2.9.7PC Y7 b7 277 F Vo — a > [55] TERZLOMNEEEZE=X LT, Hh
WIEDH > 7V 2702, $TRXTOHEIZEB VT Agilent DSO-X2024A 7Y ZVRA L —PF >
n2a—7Z2HL7.
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(b)
5.4: PSR LAEBRRXAOEKE: (a) (FEMBEEE, (b) EHEEEEE (Copyright(C)2020
AES [70] Fig.4)
Fig.5.4: Schematics of the developed distortion pedal: the signal processing circuit (a) and

power supply management circuit (b) (Copyright(C)2020 AES [70] Fig.4)
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5.5: 4 DD ) ITHEWI N7 B I N2 ERKX L “Gain”, “Tone”, “Level”, 7 4 — K
N 7P mathrmV Ry ZHl#13 2 “Variable DC” 7 7 # a3, 202X, “Gain”
/7 7' D1 & “Variable DC” 7 7' D2 OfiaG b X bl 5 (Copyright(C)2020 AES [70]
Fig.5)

Fig.5.5: The newly fabricated distortion pedal has 4 knobs: “Gain” , “Tone” , “Level”
and a “Variable DC” knob that controls the feedback resistance VR4. The variation in
distortion is controlled by a combination of the “Gain” knob D1 and “Variable DC” knob
D2 (Copyright(C)2020 AES [70] Fig.5)
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5.4 BERXAZ—THERNBRYILOEXRFFYE
541 FERKREEIARZ bOJS L

BRENZ X o THRAT 2 EMEORBRBEHHAZBEST 201, FEF2—=v7DTL
X X & — QREAE AP (82Hz~1.175kHz) % h N—7F % 20Hz~2kHz D IEKiRT |2 FEITL
7zo Fig.5.6(a), (b), (c), (d), (e) ZEAZNEY<IDRF—L&EEE “Dl =0, D2 =0,
“D1 =0, D2=100", “D1 =50, D2 =507, “D1 =100, D2_0", “D1 = 100, D2 = 100" i
L, ¥4 V5 2ITWARZ v 07T LRER L2 DTH 5, K400 D RAERRD S O RHRE
BTk, =y PWROFREEDL D B2, ARZ buZ T L0ERIIEDLVWDDO L LTRbDNS
RETH 3 [56], ANEEORIEE 400mV,_, KEEL, ¥4 V@50 FREE I, FEY
< 2 DM LT LKFS filE%1T - 72,

D1 =0, D2 =0 D%HE, Fig.5.6-(a) TIE, &EK (3, 5X) OBz, X (2, 4 X)
DEFEHIBM E Nz, D1 =50, D2 =50 DHEICS FERROEHED R o (Fig.5.6-(c)). Z
DM S, 54> DI BRUOBEFRETLAR—7 D2 HKEL R ZI1I20NT, OPA DIEWFIEIZAE
{BRBZEeDIH 5, D2=0%2LTOPADF A >%D1l=100 ¥TLiF3 ¥ Fig.56-(d) D& >
BRGSO RI L, X5I12D2 =100 F CERBEEZRAX—TXE 3 L Fig.5.6-(e) D
KD WA PR EFBIBA L, 1REHERT 5,
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56: F4 A= ay ) TDORF—AEEER "Dl = 0, D2 = 07, "D1 = 0, D2 = 100", "D1
=50, D2 = 507, "D1 = 100, D2 = 0", & "D1 = 100, D2 = 100" % (a), (b), (c), (d), () &
LGB DIERBARGI AR Y s a7 F A (REFROFEREENE, =y SHMRICED AR s
7 L DOTEHIZEED L WATREMEA S % [56]) (Copyright(C)2020 AES [70] Fig.6)

Fig.5.6: The sine sweep spectrogram for distortion knob scale settings of “D1 =0, D2 = 0",
“D1 =0, D2 = 100" , “D1 =50, D2 = 50", “D1 =100, D2 = 0", and “D1 = 100, D2 =
100” in (a), (b), (c), (d), and (e), respectively. Outside the dashed black line in the shaded
region, information in the spectrogram should be treated as suspect due to the potential for

edge effects[56] (Copyright(C)2020 AES [70] Fig.6)
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542 IRIBEEARZ LOTSL

arHP— 1y F (A=440Hz) DIEFLHITH LT, 50mVyp, 225 800mV,., % TOHRIEER %
fToleo TV ININY I—DF =T >a—RFEEN—FEv XY ITHEL, RAELE
800mV ., WZHIE L 72,

Fig.5.7-(a), (b), (c), (d), (e)idZhZEh, T4 A —=>a v/ TORT—Li&iE%R “D1 =0,
D2 =07, “D1 = 0, D2 = 100", “D1 = 50, D2 = 50", “D1 = 100, D2-0", “D1 = 100,
D2 = 100" K LB EORIBEETEARZ bR I LERLEDDTH S, LKFS fiEE2&E
7D 400mV ., OIRIEZFEREL LT, 2EF®@MICHLZ, “D1 =0, D2=10", “D1 =0,
D2 = 1007, “D1 = 50 O&HRMTIE, BVWANIRBHRFEESBR SN S, THITNE RIS,
D1 =0, D2 =0 O Fig.5.7-(a) T, AJHRIEOEME & 12 2 REGFED, 3 REHAE L &b
WML, #9250mV, , M EDIRIET 4 KEFHELBH SN 35 TH 3.

Fig.5.7-(b) ® “D1 =0, D2 =100" ORAREER X —TDHE, 300mV,., L LEOIRIET 3 X
RIS U, KSR DSEINT 2, FEROMERAN Fig.5.7-(c) T RN, ZOHEIE DI
DEAM B0 ICHEZINTWS 0, OPA X4 > DZELH» s, HABHEML T\WE, ZZTl& D2
DFEAE S0 ICHELTED, BEAX—TYOEAEWVIE Fig5.7-(a) XD H/NX o TWB D,
OPA 0 1 BrHZEB O A SRS LT, WHD 3 BEHEAFOANY FL— a2 51 @b LT
32 ehbh b,

—7, Fig.5.7-(d), (e) \RT & 512, D1 =100 ® 2 2D — AT, 1Z& A CIRBHKFENED 72
WZ Db, ZORRIE, ANRIECED S THREIEREICE WSS (D1 = 100), OPA @ 4
BHY SBEHTERBLEL —UCEXBZNEA—R 27V THRET 22 2R LT, 7, B
R (2, 4R) DEFEHETBRX (3, 5 R) WHARTIEF L, “D1 =100, D2 = 100" O5GE,
TBECR O SR DB & 72 D FBER O EFE ORI IER 1255 < 7R B
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L DTEREEED LWATREMED B 5 [56]) (Copyright(C)2020 AES [70] Fig.7)

Fig.5.7: The amplitude sweep spectrogram for distortion knob scale settings of of “D1 = 0,
D2=0", “Dl1=0,D2=100", “D1=50,D2=50", “Dl =100, D2=0",and “D1
= 100, D2 = 100" in (a), (b), (c), (d), and (e), respectively. Outside the dashed black line

in the shaded region, information in the spectrogram should be treated as suspect due to the

potential for edge effects[56] (Copyright(C)2020 AES [70] Fig.7)
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5.5 HEEmERFH
5.5.1 1mEHREAIE

Fig.5.8-(a) 1%, B a ¥ — v F 440Hz DEY<IHBEDHE ‘D1 =0, D2=0" TD
EERHNETH 5, Figh5.8-(a) 3HVWE 27U S AMBE SN, L= OIRERM L TH & OEER
PORMHENRBENS, L RAT VS RMMESFBBITREFEL, AEE%E 297THz £ T RF 5 LiF
E72< 7Y, Fig.5.8-(b) IZRT X5 IitHEIMEEI NS, LidioT, Zofliffid, “D1 =0,
D2 =0" YWOREDEFMIINT 2 EERBERL TV EZIOND, MES AT LDER
BOEOFED, S, RERFEZHEIGEMTRST 22T, 4.2.4.1 Sichlth 72 BEH EIKICH
N, VT7NERA DIEPEGIZR D e EZ NS,

oo, oelo |||

| HEEN
ENNEENENEE
&H!HIIIIII

HEP . und

(b)
X 5.8 HEa ¥ — by F A=440Hz IR T2EY < IHED “D1 =0, D2 =0" OWHRE
EOIERHE: () LRIz 2TV P X, (b)29THz DV ¥ b — U F5 120 U THRAHIE,

R A HRIE 50mV /div, #EEEH 4RIE 200mV /div (Copyright(C)2020 AES [70] Fig.8)
Fig.5.8: Transfer characteristics of the default settings of distortion knob scales “D1 = 0, D2

= 0" for a one-tone concert pitch A = 440 Hz. Phase modulated hysteresis is observed in (a),
and the phase compensated for a one-tone signal of 297 Hz is shown in (b). The horizontal
and vertical axes are the input amplitude (50 mV/div) and output amplitude (200 mV/div),
respectively (Copyright(C)2020 AES [70] Fig.8)
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552 {EFIEDZIETAM

Fig.5.8-(a), (b) O IR/N_FIEE AV 9 ROZENXEZHEH Lz, ZOME, Fig5.912
MY & D1T, 440Hz Dk 27V ¥ ARy 297Hz ONiMH#ER I LT, “D1 =0, D2=0"
DREWNT T 2 ZIEAL LR E SN 5,

Fig.5.8-(a), (b) OWMMHICR/N_REZEHT 258, I ROZHXZERT 5, ZOHR,
‘D1 =0, D2=0" ORE KT 2 ZHEAELIFRD, Fig5.91RT X512, 440Hz Dk A7V
¥ ARHERFR e 297THz OAHERERTRICN LT s 5,

) + 440 Hz measured data, ., .t
k= 440 Hztransferuuﬁmlwiﬁ s
= D1=0, D2=0
o
€
<
2 o
©
; 4
5 4 '
o o ﬁ
5 e
O \mi}i H}\l\\\\“
-0.5

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Input Wave Amplitude [V]

(2)

+ 297 Hz measured dafa ptty
297 Hz transfer funghiop 7

D1=0, D2=0 ./

Output Wave Amplitude [V]

-0.5 : : : : :
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Input Wave Amplitude [V]

(b)

X5.9: &£/ 7 “D1 =0, D2=0" OHFBEOHEEa VY — by F A=440Hz(a) & JEEE % 297Hz
WP CTHAHE L 225G (b) D@kt iS5 llE 7 — &, i3 9 RZIHAERIT>
Ialb— b L%&A—7 (Copyright(C)2020 AES [70] Fig.9)

Fig.5.9: Transfer characteristics for a one-tone concert pitch A=440Hz (a) and for a phase-
compensated one-tone signal by decreasing the frequency to 297 Hz (b) in the case of distortion
knobs “D1 =0, D2 =0" . The + symbol indicates measurement data and the solid line is a
curve simulated by a 9th-order polynomial approximation (Copyright(C)2020 AES [70] Fig.9)
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5.5.2 HiTHR 65N/ 440Hz & 297Hz OZHEFGAUEZH W > I 2L —>a YiTk o TES
N7=2_27 b L%, Figb510 ITRTEB L7 ML T 2 (F: Wihd 440Hz OBH A
N, 2 DODOEERBIIZHEAELTRIHAL TWD), 22T, ¥Ial—YaryINiLARY
FViE, MATLAB N—Y 3 ¥ R2019a TROFIEIRTUETHE LN DTH %,

——Measured data |
* Simulation data

——Measured data |
* Simulation data
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5.10: 440Hz D AN EBIIHT 2 F 4 A b= a v REABHDRARZ M LOFEHANEY, 440Hz
DL ATV > AR (a) & 297Hz ORI (b) TR L7 STHRELUC X 2 227 L
DI al—a fE (Copyright(C)2020 AES [70] Fig.10)

Fig.5.10: Measured spectra of the distortion pedal output for an input signal of 440 Hz and
simulated spectra using a polynomial approximation optimized by a hysteresis curve of 440
Hz (a) and phase-compensated curve of 297Hz (b) (Copyright(C)2020 AES [70] Fig.10)

1. 50,000 5 (2 F) DASTMEE b=V A MY =2 2WESRMFICES KO T Y LMLz,

2. ZOREER MY — AR EBBUCATL, MILT 2 HNESEE,

3. HNEBEBICNLTFFT 21To7%2, 2Ok ERAERDREE 0.5Hz TH 5, T, A
D “just-noticeable frequency difference”, & D /NI WETH 5, Z DREEEIZT X
MES D+ — VAR f 53 500Hz AN D5 EICH) 1.3Hz O —EH %2+ b, 1kHz A ETIE
1+ 0.007fHz 15 L < 53 [57).
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Fig.5.11 12, —50dBV ¥ TOEFAEOREME > I 2L — 2 YEOMHBEZ /R T, BKRENZ
2z, MiAHME XN EZEREBIC Y 4 v T 4 Y 73Nz 29THz D ZIENUX, 440Hz DZIEA L D
b, WEXN-EFHEIREEZ X CHELTWS, ORI, FImERB OISR T %
RIBZFAPHEZEBICH L TRENWIEEZRLTWS, ZOBHRIE, XD 554 HiTidRs2 %5
2, oL TORETHBHEINS,

=10l © Odd Harmonics .
° = Even Harmonics N
5-20 y=X
E 5
S _20l
E 30
< -40
© 50+ o ° ©°
S
2601
D X
-8 _70 [ x X X
S g0l D1=0, D2=0
_g Hysteresis 440 Hz
1) -90 ' : : L !
-80 -60 -40 -20 0
Measured Distortion Amplitude [dBV]
(a)
I | © 0Odd Harmonics o
° ~107 « Even Harmonics :
S-200 v o
QS _anl
<E 30 o 9
c 401 o
.©
50" )
(@] x
2601 .
D X
3 -70 -
& _golh D1=0, D2=0
2 297 Hz
1] -90 : : : ‘ !
-80 -60 =40 -20 0

Measured Distortion Amplitude [dBV]
(b)

5.11: AN{E%5 440Hz DRAXZ FIVOEREE 440Hz DL X T Y S XA —7 (a) & 297THz O
NAHHE S — 7 (b) TREL L 72> 2 2L — 3 Y AT MLk O @ iREIRIERE OFHBIR R AL
ENE AR E, AN ERSEE 2 RS

Fig.5.11: Correlation of the harmonic amplitude strength between the measured spectra of
the input signal, 440Hz, and the simulated spectra optimized by a hysteresis curve of 440Hz
(a) and a phasecompensated curve of 297 Hz (b). The open-circle and opensquare symbols

indicate odd and even harmonics, respectively.(Copyright(C)2020 AES [70] Fig.11)

98



55.4 1SV REZ—TZELDOERYE

Fig.5.12 1%, “D1 =100, D2=0" & “D1 =100, D2 = 100" 2B\ T 5.5.3 Hi & FHE DR
PROENTWE I Z2RLTWVWDS, MEMEICHERT 2E58EE% Tabs.1 cFeH 3, D1 D
DFE A (Gain) B EICHBROESFHEEHIEL, RIE BEXEMXE 5, D2 OELER X —7HlH
J HMEECR O maRi 2 filEH S 5, Fig.5.12-(a), (b) & Fig.5.12-(¢), (d) D#EWZ KT 2 &, 1§
BRI & D D A BRI D S NAHERIENA R E W e b h 5

#5.1: D1 & D2 @/ 7 DfAEOEIC L 2 MHMEDO ANESEBE: “D1=100, D2=100" ®
5, TTOREBHRTDH % 440H2 3 e X7V Y AZ24E TR

Tab.5.1: Input signal frequency of the phase compensation for various knob value combinations
of D1 and D2. In the case of “D1=100, D2=100" , the original frequency of 440Hz yields no

hysteresis

D1/D2 0 50 100
0 297Hz 295Hz 276Hz
50 350Hz 340Hz 296Hz
100 550Hz 510Hz 440Hz

5.6 —EMHEXRRAEFME

WREMHT 256, HHEBO IMD AR TH %, AHTE, 12 H5FEFD 2 BEBICD
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5.12: 440Hz OB F a ¥ — by FOLEEREOHERAME L, EERX 7 —1H “D1 = 100,
D2=0" (a), “D1 =100, D2 = 100" (c) B ZNHMHEMERY /7 I 7L H—7DFEHIE, £/
T2 —)L “D1 =100, D2 =0" DHBED 440Hz D ANEED ZARZ b L ORIEME & MiAHHEZ
HAMH T I 21— a Y LEARS PLOGEREOERE DM (b), “D1 =100, D2 = 100"
(d) (Copyright(C)2020 AES [70] Fig.12)

Fig.5.12: Measured transfer characteristic for a one-tone concert pitch of 440Hz and a phase-
compensated polynomial curve in the case of distortion knob scales “D1 = 100, D2 = 0” (a) and
“D1 =100, D2 = 100" (c). Correlation of the harmonic strength between the measured spectra
of the input signal of 440 Hz and the spectra simulated by a phase-compensated polynomial
curve in the case of distortion knob scales “D1 = 100, D2 = 0” (b) and “D1 = 100, D2 = 100”
(d) (Copyright(C)2020 AES [70] Fig.12)
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5.6.1 ABMFICNTIHEHEZRAE

f1 = 369.99Hz(F#4) ¥ fo = 587.33Hz(D5) OIRIELL 1:1 O mFIE I, HEZH (IM) FE¥K
B fo — f1(587.33 — 369.99 = 217.34Hz) DEWATHFICEN 2720 IMD FIEITEIR L2, &5
12, FE7% IMD ¥— 27 OFEEE Fig.5.13 IR T £ 512 1IkHz L FOEICME L TED, 20
WIRTIX, RS EIE, ERmEL oL, BRI S O R Y, WL O OBEEREFELIE S
7 X — XD REAPEARFE T —EDEE Lo TW5 57,

—D1=0, D2=0 | —D1=100, D2=100 |
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(2) (b)

X 5.13: 440Hz D AFMEBIIHT 2 ERXNVDOMHNARY PV DFEREY, 440Hz D ATV >
ZHHR (a) & 297Hz OAHMHEMBR CREL L ZZHEPIT I 2 AR PLDOY I 2L —T a3
A (b) (Copyright(C)2020 AES [70] Fig.13)

Fig.5.13: Measured spectra of the distortion pedal output for an input signal of 440Hz and
simulated spectra using a polynomial approximation optimized by a hysteresis curve of 440Hz
(a) and phase-compensated curve of 297Hz (b) (Copyright(C)2020 AES [70] Fig.13)
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# 5.2: 1,000Hz £TD 2 EOFE P OMAEGOE
Tab.5.2: Some of the combinations of two-tone frequencies, summarized in order from small

frequencies to 1,000Hz

Frequency[Hz] = Formula
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87.97 5f1 — 3f1
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217.36 fo— 1
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305.33 Afy — 2
370.03 h

434.65 2fs — 21
457.92 6f1 — 3fo
499.34 Afs — 511
522.61 3f1 — fo
587.31 f;
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739.97 2f1

804.67 2fa — f1
869.37 Afy — 4fy
892.64 Ay — fo
957.34 fitfo
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v— 7D E Fa v b LR Fig.5.16 TH 5, D2 / 7 TEEROIEFEEOEL X
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L— a VHEIX, BEDGE LFEMICH —50dBV £ TR D —H L TWb I bbb,
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5.14: IMD OAaiERE: 2h2eh (a), (b), (c), (d), (e) T4 A b= a ¥y /) TRATy —ILEE,
“Dl=0,D2=0", “Dl =0, D2 = 100", “D1 =50, D2 = 50" , “D1 = 100, D2 = 0" ,
and “D1 = 100, D2 = 100" (Copyright(C)2020 AES [70] Fig.14)
Fig.5.14: Transfer characteristics of the IMD for distortion knob scale settings of “D1 = 0,
D2=0", “D1=0,D2=100", “D1 =50,D2=50", “D1 =100,D2=0",and “D1 =
100, D2 = 100" in (a), (b), (c), (d), and (e), respectively. The polynomial curve fit is drawn
in each graph (Copyright(C)2020 AES [70] Fig.14)
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5.15: AJIE®= f1 = 369.99Hz (F#4) & fo = 587.33Hz (D5) D7 4 A b= a Y REANLMS
DARZ PLOPELY I 2L —F: T4 A=Y ay /) TORT—LVFEEFZZhZN (a), (b),
(c), (d), (e) ITrF & 512”D1=0, D2=0", "D1=0, D2=50", ?D1=100, D2=0", "D1=100,
D2=100" ¥ LZHEDT 4 A b= a YRAVHNOEE Y I 21— a v

Fig.5.15: Measured and simulated spectra of the distortion pedal output for the input signal
f1=369.99Hz (F#4)and fo = 587.33Hz (D5), with distortion knob scale settings of “D1=0,
D2=0", “D1=0, D2=100" , “D1=>50, D2=50", “D1=100, D2=0" , and “D1=100, D2=100"
shown in (a), (b), (¢), (d), and (e), respectively (Copyright(C)2020 AES [70] Fig.15)
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5.16: ANME%S fi = 369.99Hz (F#4), fo = 587.33Hz (D5) ® IMD AXZ b MIZHE T ik
EOFAHEE > I 2L —2a VED P —r OIS OMEME: Zhzh (a), (b), (c), (d), (e) DE
) 72— VI “D1=0, D2=0", “D1=0, D2=100", “D1=50, D2=50", “D1=100, D2=0",
“D1=100, D2=100" (Copyright(C)2020 AES [70] Fig.16)

Fig.5.16: Correlation of the strength of tones between the measured and simulated amplitude
for the IMD spectra of the input signal f; = 369.99Hz (F#4) and f; = 587.33Hz (D5), with
distortion knob scale settings of “D1=0, D2=0" , “D1=0, D2=100" , “D1=50, D2=50" ,
“D1=100, D2=0" , and “D1=100, D2=100" shown in (a), (b), (c), (d), and (e), respectively
(Copyright(C)2020 AES [70] Fig.16)
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5.6.2 WHBMZFICHTIHEEZRAE

e o IMD EER TR L7256 & FEO BB ICHY 7 2RIEL2 1.1 0 2 208
f1 = 369.99Hz(F#4) & fo = 554.37THz(C#5) Z:#E L, IMD M€ 2 %ML 7. £/ 7% “D1 =0,
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YEDEWRARZ b Ial—Y arEZNEN Figh.17(a-e) IRT, F#4 ¥ C#5 O
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> Ial—yaYEoMHBEE vy 35, 2OZens, RMHEHEDOELE XD b IHEI/NX
{BoTWVWBZEDRDLNr 5,

FIGED FH#4 & CH#5 Ol W EEELEIZ 2.000:2.9967 TH b, HIERD 2:3 D & 5 LK
tEcid v, 2fs — fi(cubic difference tone), fo + f1, 3fe — fi DHBED FFT A7 b L%
Fig.5.19-(a) 2> 5 Fig.5.19-(f) IZ” 3. ADKIZ “D1 = 100, D2 = 0" (FECREFEIEM) &1
s, AfoORIE “D1 =100, D2 =07 (BEXEMRBIEM) FE ST 5, T THRALE
JE S RREIX 0.5Hz TH D, T4 Fastl 5 [57] 256 L T2 AN OB O I EBIRED 1Hz
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DIARXHDFELWETDH S, LdioT, 0.5Hz W5 3fEREZ VW2 Z & T, Filipoyic[60] 2342
RL TV EEBEOEFNEX & = X L2V ZRRETET ML I 2L —Y a vy 2HVWED
HYHEET LB, IMD A7 MLEBITT 2 Z L SA[REL 72 5,
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YE—2Z1E8f —10f1, fo+ fLl&10f1 —5fa, 2f1 4+ f21F 9fs — 10f1 ¥\ o Z2ERDERE S &
FNTVD I IERE LV, @il —2 ORI 1Hz ZATHNS IMD 4 Ry FOvE—2
FEHR TR L, DRREDHIRIC X D BHES 2 S — 27 DA H— b ELDES T THRAE
T 5, iz, 738Hz DY — 21X, Fig.5.19-(a) D 2fs — f1 & 4fy —4f) OEFAER D — DA —
N—F 9 AL > TERIhTW3,

B TORELELE > TH I -2 0FmSDamnZ L, Figb5.19-(a), (c) ® “D1 = 100,
D2 = 0" OFBESFHABIEMOLEIZR > ART bABE SR, Figb5.19-(b), (d), (f) ®
“D1 =100, D2 =100" OEEEMRBIEMOLGEFEARO 2 -V BRART PADELNS,
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Fig.5.17: Measured and simulated spectra of the distortion pedal output for the input signal
f1 = 369.99Hz (F#4) and fo = 554.37Hz (C#5), with distortion knob scale settings of “D1=0,
D2=0", “D1=0, D2=100" , “D1=>50, D2=50" , “D1=100, D2=0" , and “D1=100, D2=100"
shown in (a), (b), (c), (d) and (e), respectively (Copyright(C)2020 AES [70] Fig.17)
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5.18: AJMES f1 = 369.99Hz (F#4), fo = 554.37THz (C#b5) @ IMD ZXR2Z FUZBT 51k
EOFAHEE I 2L —2a VED =0 OMEM: Zhzh (a), (b), (c), (d), (e) DE
) 72— VI “D1=0, D2=0", “D1=0, D2=100", “D1=50, D2=50", “D1=100, D2=0",
“D1=100, D2=100" (Copyright(C)2020 AES [70] Fig.18)

Fig.5.18: Correlation of the strength of tones between the measured and simulated amplitude
for the IMD spectra of the input signal f; = 369.99Hz (F#4) and fo = 554.37THz (C#5), with
distortion knob scale settings of “D1=0, D2=0" , “D1=0, D2=100" , “D1=50, D2=50" ,
“D1=100, D2=0" , and “D1=100, D2=100" shown in (a), (b), (c), (d) and (e), respectively
(Copyright(C)2020 AES [70] Fig.18)
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