Example: MCD-Worksheet 2
MC i/p transformer noise Ampl with Calculations of
balanced usage LL9226-C(2) + OP37G turns ratio, W, and SN

Ampl & balanced step-up transformer: SN and gain calculations

<

G=—-=200 at 1kHz

o 0oP2
1st gain stage -«—m 2nd gain stage

Fig. 1 Warm Amp1 with measured transformer data of LL9226-C(2) & balanced OP37G

Subscripts : 20k = 20Hz ... 20kHz ol = output 1 1 =1 Hz eg B, or = simple numbering
¢ = correlated cld = cold i, 0 =i/p, o/p referred
e = dB with 20log(...) m = measured n = noise density in sqrt(1Hz)
N = rms noise voltage in Byy, s = simulated tot = total
uc = un-correlated wrm = warm ampl = warm Fig. 1
- 23 -1 - 18
T := 300.15K k:=1.38065-10 "V-As-K Bq = 1Hz TOL := 10
f = 10Hz,15Hz.. 100kHz h := 1kHz ~ Byq) = 19980Hz  V; 1oy = 0510 Sy Vo nom = 1V
RO:= 002,050 .. 400 Ri:= 99.8-10°Q
1. First gain stage: calculated noise of the warm input network at room temperature :
measured : Gqstm = 10.961 Rp := 5.6Q Rs := 258Q
set : Lp := 780mH <= chosen for a flat frequency response in B,
=> succ-apps of n to get Gy 1y in equ. (0) => n:= 11.064634
Zin .- BRI Zin = 817.203 Q)
n2
. Rs + Ri .
n
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2
Zout;(RO) := Rs + n"-(RO + Rp)

Zin

Gp(R0O) = ——M
P(RO) RO + Zintot

Ri
Rs + Ri

Gs:=

Gystm = GsGp(0Q)-n

Zout,,(0Q2) = 943.586

Gp(0Q) = 0.993

Gs = 0.997

Gyt m = 10.961000

=> Ls:= n2-Lp Ls = 95.492378 H
=> Gy(R0) := Gs-Gp(RO)-n G14(0Q) = 10.961 (0)
2
2
Rs:| ——M8M8 —| + Rif| ——8 —
Zout;o;(RO) + Ri Zout;(RO) + Ri
-9
eN 011 wrml0Q) = 556.399 x 107~V
Simulation result with RO =00 => e[ 14 \yrm.s = 556.414.10° V
eN.o11.wrm(R0O)
D (RO) := 20-log| ——
e.wrm —
[ ®N.o11.wrm.s De-me(OQ) =-0.000  [dB]
5 6 LL9226-C(2) 258
Fig. 2
Simulation schematic of
AC 0.007750 780m 95 5 99k8 the input network with
warm LL9226-C(2)
K1 Lp Ls 1 transformer
2. First gain stage: calculated noise of the input network at room temperature,
however, with a noiseless = cold (cld) transformer :

2 ..
=>  ®N.o1Lcld(RO) = [4-k-T-Bygy| RO-G15(RO) +R"(

Simulation result with RO =0Q =>

Zouty5;(RO) + Ri

;

9
e o11.clq(0Q) = 53.848 x 10

\Y

-9
eN 011 cld.s = 53-8508-10° "V
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Example: MCD-Worksheet 2
MC i/p transformer noise Ampl with Calculations of
balanced usage LL9226-C(2) + OP37G turns ratio, W, and SN

eN.oll.cId(RO)]

Decld(RO) := 20-log
€N.ol1l.cld.s

D c1g(00) = -0.000  [dB]

5.6 temp=-273. 15 LL9226-C(2) 258 temp=-273 15

o011 Fig. 3
Simulation schematic of
the input network with
780m 95 5 99k8 cold LL9226-C(2)
transformer
KiLpLs1

3. First gain stage: deltas between the warm and cold situation = Worsening effect W of the
cold transformer vs. the warm one :

AC 0.007750

RO
M] We ol00) = 20284 [dB] ®)

W, ,(RO) := 20-log
e.0
(EN.oll.wrm(RO)

W, (10Q) = -2.411 [dB]

€N.oll.cld.s
W, o= 20-I0g(— W, ¢ = —20.284 [0B]

eN.o11.wrm.s
We.S.lO = -2.411 [dB]

0Q2) - W, ¢ = ~0.000 [dB]

6.0(10Q) - W, 19=0.000  [dB]

21.0dB - Youviit) 3.0°
20.5dB— "
20.0dB—--¢ L ool Loobodal Fig. 4

oo R R AN E I S AR | 4 ro F (solid) & P
19.5dB Lo e R Lo 1'5.1 (dotted)
19.0dB—--+ P —1.0 responses of
18.5dB—--- ERLE L 0.5" Figs.2 &3
18.0dB—+— bmt 4 i - - ~0.0°

10KHz
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Example: MCD-Worksheet 2

MC i/p transformer noise Ampl with Calculations of
balanced usage LL9226-C(2) + OP37G turns ratio, W, and SN

4. First gain stage: graphs :

—5

1-10
110 °
e (RO) Fig. 5
S N.olLwrm RO-dependent warm
= (RO) (red) and cold (blk)
N.ol1.cld rms output noise
1-10 ' voltages, (1) & (2)
-8
1-10
0 5 10 15 20 25 30 35 40
RO
[ohm]
0
-2
—4
—6
— -8
5, We o(R0) ~10 Fig. 6
— I Trace of equ. (3):
_14 Worsening of the
_16 cold transformer
_;g vs. RO
0 5 10 15 20 25 30 35 40
RO
[ohm]
5. Second gain stage: gain and component data as of Fig. 1 :
R1:= 49.9-1039 R2:=R1 R4 .= 1-103Q R5:= R4
. ~ Gtot
Gyot == 200 Gopg = ——F— Gopq = 18.247
Glst(OQ)
R4 + R5 R4 + R5
Gong=1+—— RG:= —— RG = 115.965Q
RG Gopg — 1
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Calculations of
turns ratio, W, and SN

6. Ampl complete: calculation of the noise voltages :

Note: OP37 & OP27 have 100% correlated input referred current noise sources !
Voltage & current noise data taken from AD's datasheet

6.1 Relevant resistance data from the 1st gain stage :

ROgpc(RO) := RO-n°
2
RpSec = Rp-n

Z1(R0) := ROgo(RO) + Rpggc, + RS

6.2 Relevant noise data of the op-amps :

12

in.il

— 9 ] _
eni1=3210 'V  fio1=2THz = 0410 A
€n.i2 = en.i1 inip =
eni1(f) = enir-

enialf) = enia()

RO (002) = 0.000 0
Rpgec = 685.586 Q

Zy1(00) = 943,586 0

f i1 = 120Hz

f -1
ini1(f) =i +1
fc.il

In.i2(f) = Tn ja(F)

6.3 Relevant resistance data and corresponding noise after Delta-Y -transformation

of the balanced version of Fig. 2 :

2
R1
Ry(RO) = ————
Z41(RO) + 2-R1
Z,.1(RO)-R1
RX(RO) = — %

~ Zy1(RO) + 2.R1

ini = a2+ i o)

en.Rx(R0) = [4-k-T-B1-RX(R0)

ey Ry(RO) = J4-k~T-Bl~Ry(R0)

en Ry tot(F-RO) = J enry(RO)’ + in {(H>Ry(RO)

Ry(0Q) = 24.716 x 10°Q

Rx(00) = 467.374 x 10°0

i () = 598.665 x 10° A

en py(0Q) = 2783 x 107V

enry(00) = 20241 x 107 °V

-9
en.Ry.tot(haOQ) =25073x 10 "V

-9
e RG = 1.386 x 107 "V

-9
eqRa=4071x 10 "V
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Example: MCD-Worksheet 2
MC i/p transformer noise Ampl with Calculations of
balanced usage LL9226-C(2) + OP37G turns ratio, W, and SN

6.4 Noise voltage at the output of the warm Ampl :

6.4.1 Noise voltages between the output leads (= balanced output) :

R4 R4
Gx:=05+ E Gx =9.123 Gy = — Gy = 8.623

enopc(f-RO) = J2~(en_i1(f)2 + ey ry(RO) + in.il(f)Z-Rx(RO)Z)ze + e ng Gy (4)

-9
eno1clN,0Q) = 56.110 x 10~V

en.02.c(f,R0O) =e, 41 ¢(f.RO)

2 . 2 .2 -9
en.Ol.UC(f) = \/en.R4 + |n|1(f) -R4 en.Ol.UC(h) =4.093 x 10 Vv

en.02.uc(f) = en.o1.uc(f)

6.4.2 Ampl's input and output referred noise voltage densities and SNs :

2 2 -9
en.o.amp1(f-RO) = J4~en_ol_c(f,RO) +2-e 01 uc() en.0.amp1(h,0Q) = 112370 x 10" v

Plus correlated current noise of the op-amps taken into account :

2 _2 > —— :
€n.0.amp1(f,RO) = |8enj1(F)-Gx" + 8-e, gy (RO) ~Gx" + 4-ey g "Gy +2:€1Rg - (5)
+ip 1) (VB-RX(R0)-Gx + 2-R4)

9

en.o.ampl(h,OQ) =112.410x 10 ~V

€n.0.amp1(f-RO) - 12
eni.ampa(f:R0) = ————— en.iamp1(h,0Q) = 562.048 x 107~V

Grot
20000Hz
RO) = ! f,RO de (OQ) = 79.400 10_9V
eN.i.amp1(RO) = Bl (|en.i.amp1( ; )|> €N.i.ampl = 19.400 %
1 720Hz
20000Hz
RO) = [— f,R0)| )2 df (00) = 15.880 x 10~ °v
eN.0.amp1(RO) := Bl (|en.o.amp1( ’ )|) €N.o0.ampl = 19.060 x
1 J20Hz
eN.0.amp1(RO)
SN amp1(RO) := 20-Iog(v— SN amp1(00) = ~95.983 [dBV]
0.nom

Simulation result with RO =0Q => SN -95.987 [dBV]

o.ampls =

SN (0Q) - SN - 0.004 [dB]

0.ampl o.ampl.s

Burkhard Vogel, Lab 6-11 6 Ampl+LL9226-C(2)+OP37G-2001.mcd
Stuttgart, Germany
2021-02-01




Example:
MC i/p transformer noise Ampl with

balanced usage

LL9226-C(2) + OP37G

MCD-Worksheet 2
Calculations of
turns ratio, W, and SN

—8

1-10

n.i. ampa(F-400)

en.iamp1(f-10Q) | ;9

Fig. 7

[VIrtHz]

Ampl's RO-dependent

€n.i.amp1(f:0€2)

—10

input noise voltage
densities vs.

frequency for RO =
0Q), 1002, and 40Q

1-10

1.10°
f
[Hz]

10 100

1-10

al .(5
110 alaequ. (5)

7. Rough calculation: Ampl's input and output referred noise voltage densities and SNs

- cold version of LL9226-C(2) :

€, R = /4K T-B{-Rs

enRp = 4K T-B1 Rp
en.Rp.sec = 4K T-B1-Rpgec

-9
€, Rs = 2068 x 10~V

- 12
enRp = 304.674 x 107 7V

9

enRp.sec = 3371 x 10 "V

2 2 2 2 .2 2
en.o.cld(f,R0) = \/en.o.ampl(f’RO) - (en.Rs * €n.Rp.sec )'Gan *Gs-Gp(RO)

-1
en.i.cld(f>RO) = en o c1g(f-R0)-Gyo

L 20000Hz
_.J (|eno.cia(f-RO)| ) df

eN.o.cld(RO) =
B1
20Hz
. 20000Hz
2
eN.i.cld(RO) = | 2= (|en.icia(f-RO)| ) df
1 Y20Hz
SN; cid(RO) = 20-log Nidd
Vi.nom
SN, ¢1¢(RO) := 20-log _N.o.cld*™
Vo.nom

Simulation result with RO =0Q =>

SNo.cId(OQ) = SNg ¢lg.s = 0-005

(6)

-9
en.0.clg(h,00) = 86.750 x 107~V

— 12
eniclg(h,0Q) = 433.750 x 107~V

6
en o.clgl02) = 12250 x 107 °V

-9
en i.cld(0Q) = 61252 x 107 °V

SN; 1q(0Q) = ~78.237 [dB]

SN o1q(0Q) = —98.237 [dBV]

SNO.C|d.S = —98.242 [dBV]
[dB]
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8. Ampl's 2nd gain stage with input shorted to ground:
output referred noise voltage densities and SNs :

Rs:= 0Q Rp:= 0Q R1:= 0Q R2:= 0Q

2 .2 2 2 2 . 2 .2
en.0.2nd(f) = \/8en|1(f) -Gx +4'en.RG Gy + 2'en.R4 + 4|n|1(f) -R4

en0.2nd(h) = 86.270x 10° °V

_ en.0.2nd(f)
en.i.2nd(f) = G
tot

1 20000Hz )
€N.o.2nd = B_J (|en.o.2nd(f)|) df

1 7920Hz
. ®N.o.2nd
SNO.an := 20-log V— SNO.an = —98.284
0.nom
Simulation result with RO =0Q => SNo.an_s =
SNo.2nd = SNg.2nd.s = 0.007 [dB]
9. Current noise inmpact CNI :
CNI = SN ¢¢(02) = SN ong CNI = 0.047

10. Amp1 graphs : SN wrm(RO) = SN 3mp1(RO)

—90

—92
—94
S SNo.ampl(RO) _gg
Q —-100
= SNy 1g(RO)  -102
—_— -104
—-106
—-108
—-110
0 5 10 15 20 25 30 35 40
RO
[ohm]

eN.o2nd = 12184 x 107V

)

9

12

eniong(h) = 431351 x 10~V

6

[dBV]

[dBV]

[dB]

Fig. 8

Traces of the
RO-dependent SNs of
the warm Amp vs. the
cold one, derived
from equ. (4) & (6)

Worsening W of the output referred SN of the warm Amplversus the cold one :

W(RO) := SNg 61(RO) — SNg amn1(RO)

W, (100) = -1.300

[dB] (8)
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Example: MCD-Worksheet 2

MC i/p transformer noise Ampl with Calculations of
balanced usage LL9226-C(2) + OP37G turns ratio, W, and SN
0 — Fig. 9

_i Trace of the
- RO-dependent SN
6
—_ Wo(RO) -3 worsening W of the
S— -0 cold Amp vs. the
We o(RO) -12 warm one, equ. (8)
— " (red) plus trace of
_ig Fig. 6 trafo alone
-20 equ. (3) (blk)
0 5 10 15 20 25 30 35 40
RO
[ohm]

11. Input referred RIAA equalized & A-weighted SNs :

1.2 1 1 1
A(f) == 59 > 3 3 >
1 . [20:6Hz L, [107.7Hz L. [T8T9HZYT g f
f f f 12200Hz
2
. Jl + (27 1kH2-318.107 5 3
RikHz = > = Rqkpz = 101.030 x 10
Jl + (2«n~lkHz~3180~10_ 65) -Jl + (2~n«lkHz«75-10_ Gs)
2
Jl + (2n£.318-107 %) 1
R(f) := ‘RikHz R(1kHz) = 1.000
6 6
1+ (2~n«f~3180«10 s) N1+ (2‘n~f-75‘10 s)
| [20000Hz
2 2 2
B—f (|en.i.ampa(F-RO|)-(IA® (IR df ©
1 720Hz
SNyyrm.ariaa.i(RO) = 20-log "
l.nom
| [20000Hz
2 2 2
B—f (|enicia®-RO[)=(ADOD(IRE])" df
1 Y20Hz (10)
SNcId.ariaa.i(RO) := 20-log v
l.nom
Simulation result with RO = 0Q => SNy 2rias i o 1= —83.916 SNyyrm.ariaa j(02) = -83.914  [dB(A)]
Simulation result with RO =10Q => SN 1 oo i o i= ~82.075 SNyyrm.ariaa j(10Q) = —82.073  [dB(A)]
Simulation result with RO =40Q => SN, . i i o i= ~79.038 SNyyrm.ariaa j40Q) = ~79.036  [dB(A)]
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[%2]

Ncld.ariaa.i(RO)

[dB(A) ref. 0.5mVrms/1kHz]

3
SNyrm.ariaa.i(R0) -84

—78
—79
—80
—81
—82

-85
—86
—87
—88
-89
—90
—91
—92
—93

0 5 10 1520 2530 35 40

RO
[ohm]

Fig. 10

Trace of the
RO-dependent
input referred
SNs. (9) & (10)

12. Noise of the transformer with RO = 0Q and after special treatments :

f := 20Hz,25Hz .. 20kHz

=50
-55
20-log( e (f,0Q))+66
( n.o.ampl ) -60
20-Iog(en_o_ampl(f,OQ)-R(f))+66 -65
- 20-log(ep  ciq(f. 002) ) +66 70
o -75
= 20-Iog(en_o_c|d(f,OQ)~R(f))+66
-80
20- Iog(en_olampl(f , OQ)-R(f)-A(f))+66 —g5
20-log(en  ciq(f, 02)-R(f)-A(f) ) +66  —90
............ o
~100 ; 4 ]
10 100 1-10 1-10 1-10
f
[Hz]

Fig. 12 Curves of the transformer noise after special treatments

Worsening = Delta red minus green at 1 kHz:

W, (f,RO) := 20~Iog(

€n.0.amp1(f-RO)
en.o.cld(f-R0)

W,(h,00) = 2.251  [dB]
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