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A Sound Card measures ac periodically
and digitally

Edit Sample Directly

Sample Value |ERE

— |nterpret Az
i 8-bit range
* 1E-bit range
i 24-bit range
i Mormalized +/- 1.0 Ean.:ell

Sample Rate: Number of Measurements' per Time Unit Hochschule Ulm

16 Bit Resolution: 2'6 possible different Measurement Results &\
I
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Nyquist-Shannon Sampling Theorem
from 1948

More than two samples per period for
highest frequency

— Original signal can exactly be

Claude Elwood 1 reconstructed from the samples.

Shannon o o | ML
(* 1916, .J.l.'. |2001) ' "“ | \ ‘ HOChS&;[e Ulm
US-American Mathematician, &7

i D
Founder of Information Theory. )
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High Quality Sound Card in Theory ...

192 ksps Sample Rate
192 000 Measurements’ per Second
—'Wp'to 90 kHz processable.

24 Bit Resolution:

— Theoretical Dynamic Range
2°4:1=16-10° = 144 dB

e. g 60 nV Resolutlon for 1V full Scale

(ARE

ff

!

Abplpcatlons uaVLF Receptlon Hochschule Ulm

- RMS Voltmeter j‘((f
)y
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... and in Reality:

Direct DCF /77 Reception with Sound Card

@ pG8sAQ AudioMeter V3.5.7 _ ||:|| [

Stop Spectrum Settings Clipboard Exit
‘Measure Scope |Speo’rrum| Cua’rom| Seﬁing5|Abou’r |

Sound Card Signal
90 kHz Bandwidth

.‘\'..;'_"| vy . LR AN AT, il | -
RX signalis lost in'noise!" "

|
| \
I |

http://www.sdr-kits.net/DG8SAQ/AudioMeter3.zip
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Passive 77,5 kHz
ferrite antenna directly
connected to notebook
audio input
Hochschule Ulm
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Direct DCF /77 Reception with Sound Card

(2)

e

St{)p Spectrum S~Himas  Clinkaned

‘Measure | Scope Clarlflcatlon by SpeCtraI

0dB

analysis:

-20 dB

-30dB

-40 dB

PC noise DCF77

60 dB / \ P
70 dB / \ \1

-30 dB ¢

0dB
-1

-110dE

-120 dEB

1z 10kHz 20kHz 30kHz 40kHz bOkHz 60kHz 7O0kHz 80kHz  90kHz

Hochschule Ulm
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Direct DCF 77 Reception with Sound Card

©)

Noise can be removed by digital filtering:
Input Cut-on Frequency = 77490 Hz

| J 77490 Hz

Input Cut-off Frequency = 775610 Hz Press Return to update —

- 1 [77510 Hz

20 Hz
Band-
width

Hochschule Ulm
N
N
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Direct DCF 77 Reception with Sound Card

(4)

Much better Sound card from
professional music sector: E-MU 0204

DCFY7

1‘ -60 dB
90 kHz
Band- = e . L
width!! 50 a5 N
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RMS Voltmeter using a Sound Card

RMS voltage from average power:

11303 S~
1504 4(\ /_\I'l-.-l"l-.-l'l [ " ] ] |
100y
1#1 mV /
P

IR \
“los 200ps 4i}i}u\x BOOus  [800ps  |ims 1.2ms 1.4m\\ 16ms  [1.8ms
-Bomy

1 00mV / /
-1 B0 K// \//
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RMS-Voltage:

Error by finite Time Cut-off

192000 Samples/s i

8{3;'1"1001 , ) 32768 Samples ER 8) —

5 | { JEN Ay _:  ~ l
.gw-,,]» Q1 approxX. 1% error at 50 Hz ] CED- % Ct)
= 10" Y 5 @© E o
2R § i @ C>B g
> _2 n -9
g ! ~ S 5
Ak ~ 528
E ) o
% o0 W | <
7 }'.‘11-{9"" ”l i\ \\
f 5
\‘ i i y | m r Hochschule Ulm

IO'L | Ll |\ \ | ” ' ||i &(f
101 2 5 102 2 5 4 05 J))\
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Measuring the RMS Noise of OPA LM833

5 Non-inverting
-9V Battery | 1oeeer Amp| ifier
l ) Re \_ -
NEGEE | 5
j’@ N BEE to E-MUZ2@4
I
g : . I
Gain:
+9V Battery -
LT V =150Q /4,420
\ — 33’ 9 Hochschule Ulm/
Data Sheet LM833: Sl
)}

~,Low Input Noise Voltage: 4.5nV/VHz”
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Measuring the RMS Noise of OPA LM833

(2)

_lolx
'r:fleasurel Scope Spectrum |Seﬁing5|ﬁnbout | On Output
’ — —-S+N=21.4 iVefi—
4w 1oy IV _[-S=878nVef
@”z'y?"s | J20kHz JHz > 151 nVeftiHz"0.5-
Ban _wﬂl% \
' - o lnn N -
o0 kHz——On-put v Vo
| < 151—— /V =4,5—
JVHz L JHz y
T e N N T T T e =1L
]rﬂ:jE’.ll.T?.pu:Q.g..B |I FL_.JIDCID Hz F2 21‘3'[3(] Hz FIITerBaﬂdWIdTh EGDUD Hz] |_?DDrT‘| Stop Sampling

4 i
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What does this mean?

nVv
4p5_’-‘_, e. rua’t"5OIQ,:.. /1
TR At |

|‘\w',-|-]b'

YOV N2 |
2 (4,5 nvV j
U aY, HZ :%.1019 WJ

P:—:> S
R 500 Hz

* This Is a spectral power density!
» 1On a BPF outputwith e.9. 10 kHz
\ b@ﬂdWldth we willsee' 4-10°19 - 104 W Hochsngle Uim
= 4-10-'° W noise power. 55
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Amplifier with even lower Noise

(by Charles Wenzel)

+15 . 153,20
0, 6W \/IOHz =1, 9nV Sk =30,6=29,7dB
Ik i) ! | & i
oor | ) 820 pF
T ST S
2,29K369 330 Ohm
Input ®
47 uH
10Meg. —- ‘ .,mhm Gain=30dB
1000 pF
¢ o )
ufad 1 (f | + 750 Ohm out

http://www.wenzel.com/pdffiles1/pdfs/lowamp.pdf
HAM RADIO 2014

~ 680 Ohm

Hochschule Ulm
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Two Stage Wenzel Amplifier
30dB/60dB switchable Gain

Hochschule Ulm

&(p
Z»

16



Wenzel Amplifier with shorted Input:

Output Voltage
1i2m‘“~f Wmﬁ
izg“: 60 kHz Analysis Bandwidth
Y i ﬂ g I, ]

f—’ﬁ’wwvu LS (| T Y A TR AL IO
ool [ 11| PO 90 =" P WP e o]

Ao ” ” WY

-GO0PY

-3 00Uy

-1 Hochschule Ulm
Py S A

-1 4my Ian J))\
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Wenzel Amplifier with shorted Input:
age (2)

E-ML

J0204

with

sho

rted in

put

qz

10kHz 20 kHz

30 kHz

40 kHz

b0 kHz 60 kHz

f0kHz S0kHz

90 kHz

7

Hochschule Ulm
N
N
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Measuring Resistor Noise with Wenzel

Amplifier

1kQ)

RGSLSKZ(LS _ G+N=
enerate noise!
o © AT

nvV nvV
0Q:| 0,69+—— 50Q: 1L15+——
VHz VHz
4z 10 kHz 20 kHz a0 kHz 40 kHz RO kHz B0 kHz FOkHz a0 kHz 00 kHz
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Warm Objects radiate!

"Umvlerse
4K_ -269”°C@9

http //map gsfc nasa.gov/

Resistor in thermal equilibrium
~with thermal radiation field

/

T ‘ _— ﬁf(/_-‘,
http://de wikipedia.org/wiki/Glut '(L'ight Radiation) _~~\)  Hochschule ulm
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Resistors generate a thermal Noise Power

AP: il 1 U eﬁl"‘zilﬁ 0yl hf Quantum nature
m o R Bose-Einstein-
Af i Af R 4 Le — 1} Statistics

for f << kTT ~6THz at300K =
a N
U eff \/
Nyquust formula Jaf = V4KTR
iy e Wiy, I\l \ /Hoch:&;(l:a Ulm
=> White noise far into GHz range D>
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Thermal Resistor Noise:

Theory vs. Experiment

R / Ohm|Nyquist imeasured|corrected
"0l 0,001 0,69 0,00
sl 091" 1,15 0,92
75 1,11 1,31 1,11

1000{ 4,07 4,16 4,10

1 |Ip
(o

HAM RADIO 2014

measured values

all levels in nV /Hz S =

Ampllfler noise power must be subtracted from

\H\

corr

U

A nv
i \/U | (o 69ﬁj

NN
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Power Supplies do produce Noise, too!
Screened Test Chamber:




Noise Voltages of various Power Supplies

Vo .
0dE 78108 o — @NLSEPE H et
b0 dB =
o == i = __ 138 WVeftiHz"0.5
50dB M”M S = ' /8L08:
& A T m&%
50 d: = %w Ci=1uF
= e |Co=1uF
FBOAB | g, Oo=1u
70 dB B e . _
e T PR deB Gain —
XSD dB ettt |Co=100uF
s . NP ISP S ey
9V alkaline |battery Hochschule Ulm
110 dB (A
[
4z 10kHz 20kHz 80kHz A40kHz b0kHz 60kHz 70kHz 80kHz 90 kHz DN
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Noise Voltages of various Power Supplies

(2)
measured|corrected *
(NI’("ajI'i'ne_\Batfece'Fy 0,72 0,49
NiMHAccu | 0,71 0,15
LM 723 0,74 0,26
78L08 Co=1uF 880 880
78L08 Co=100uF 140 140
% ampllﬁer noise of O 69 nV/\/Hz " alllevels in nV /NHz
su'btracted power Wik | Hochschule Ulm

&(r
J))\
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Noise Voltages of various Power Supplies

P8 z: .
& | M7z unloads

Al =
.| 2
B @.’ L*“;i“::h N
Gt} I 6 iy ‘-\_\\\
' EEs Tl 9V alkaline batteny
o] S e .
183 14| loaded with 100 O
= ng-ﬁ Efﬁkh"‘“"““m:’hﬂum b “ﬁ%@wm{ﬁ”ﬂ”m .-*"‘I
© 19V glkaling battery | [Tl L ecrsauc
SEGIEE 5 (7
unloaded ~F 11Tl <%
10 Hz %OG Hz 1 kHz 10 kHz 4))\%’
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Loaded Batteries do create sporadic Voltage

Transients

632 UV eff
Gain; 60 dB

05 Bms 10ms 15ms 20ms 2hms 20rms
By M
mmv ‘
: ' i i | Hochschule Ulm
9V alkallne battery Ioaded Wlth 00 Q G

Z»
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Noise can be used to measure Transfer

Functions

0 dB

n=NA

i ' Hochschule Ulm
Source Analyzer A
N
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Measuring Transfer Functions:

Noise Excitation vs. Frequency Sweep

Pros [\Imse EXC|tat|on

)
’ll 1:! MATAY T s

Al frequenmes grpbed at the same time
« DUT settles to all frequency at the same time

Cons Noise Excitation:

* Less power per frequency
. nghly Ilnear DUT and S|gnal processmg required

! L LA X

\‘ u“'wlf‘t I AL A LA HH\ TR YA R Hochschule Ulm'
G
Z»
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|deal Noise Excitation

o nghest possible power per frequency for
given peak amplitude "

« Constant frequency spectrum

» Periodically for optimum DUT settling

Hochschule Ulm

&(r
J))\
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|deal ,Noise” Excitation:

Shift Register Sequences

Shift Reglster W|th Feedback, e.g.

’; l i LN AN

' lock o \
\, COC I I l

W'- \] )“Il o 3
Output Dr Dr D°r
Sequence D 1 D D

I

— AL
U <l

,r-LDzr@D (D3®D2€a1)r_0 W
| AR VAT Hochschule Ulm

Generator Polynomial «&
N
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Maximum Length Shift Register Sequences

= Pseudorandom Binary Sequences (PRBS)

* n Stage Shift Register
et ‘Generator Polynomial irreducible
""\‘E"""" \] |n|| ! \

* Periodicity = 2"-1 Clocks, i.e. maximum
» Contains 2"-1 Frequencies *
ol Sequence[ 6~correlated

\ N ' N I . N \ \ | : '
) .,\_ ANRA . Vi \ |\ \ ! Hochschule Ulm

*within Nyquist range G
N
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Example: 3 Stage Shift Register

__ dicity =

' 2°-11 Clock Cycles ), off |~ 40 mV
s !/1“—\\ ﬂ ’lf/vﬂ N N

slock 0 12 3 ¢ |
0s BOpS | mﬂuT 15dr5 zmus{ 2BO|ls | [30Dus  [3B0pF  [A0Cs | [450ps DC-free
AL UL UL U
0mV Clock Frequency = 48 kHz

Fundamental Frequency = 48 kHz/7 = 6,86 KHz .ocschuie uin
-B0m' g&(&

)N
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-20dB

Example: 3 Stage Shift Register (2)
SA only sees positive Frequencies!

-30 dB

-40 dB

-b0 dB

-60 dB

70 dB K
30 dB

-90 dB \'L

L |

= NN

L

e

|stﬁoﬁi@ﬁ ;To

-100 dB

||nes wﬁhln

t eque

3 Sp

ectral

ist limit

lyqui

OHz

10 kHz

20 kHz

30 kHz

I
40 kHZ ED kHZ BO0kHz  7O0kHz  80kHz

90 kHz

HAM RADIO 2014
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Example: 16 Stage Shift Register with
48 kHz Clock Frequency

ctral

m
Q.

OHz 10kHz 20kHz 3SU0kHz 40kHz 5BO0kHz 6O0kHz J70kHz 8SO0kHz 90kHz

HAM RADIO 2014

Hochschule Ulm
N
N
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Noise-VNA measures Transmission

PC with Sound Card

" | outPrBS reference channel

L R optional L R

[ [ S [ [y o Jﬂ

Hochschule Ulm
M
D>
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11 kHz Band Pass Filter:

Magnitude and Phase!

= DG8SAQ - Vector Network Analyzer Software - Audio VNA Mode — | ] |i|
File Measure Settings Tools Options Help
A 0dB

oaer  Measurement  / -é)
0 —> too fast S
B0 D_

[I[1,M j <Refd
& “‘ ' ' 50° C
| ; — | o
} _ ., B \ganad il Il | SR o
/ - . TS LO

| 1
I ‘l.‘ I
P ) i
i: % '
W | '- I
MC )
Start = 10.003 kHz Center =11 kHz Stop =11.995 kHz ochschule Ulm
S =1.995 kH
i | %
ontinuous

_ V521 dB V521 Phase _ '1'3))\%"

S21  nd i | [Pott  ~] ¥ Pot2ds IV Plot2 Phase SWeeping |
| Y 37




11 kHz Band Pass Filter

(2)

File Measure Settings Tools Options Help
. <Ref?
7 VNWAS3: y  Noise VNA: 0B | -
* 400 points « ~ 38000 points %
« 2 KHz span * 24 kHz span all
* takes 5's » takes<1s G
)
)
O
Cal
Start = 0 kHz Center =11.998 kHz Stop = 23.996 kHz ochschule Ulm
. Span = 23996 kHz — gsk-((ﬁ
v ontinuous 7 ~
57 v =_3“||F"|oﬂ vl Fiaggg Sweeping J)W
| HAM RADIO 2014 Y 38




4 kHz Quartz Crystal

3dB-bandwidth = 0,2 Hz Il

«Requires > 35 s, settllng time after

\frequency stepd iy ML Hochschule Ulm
&(r

I»
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10dB/
10dB/

Zal

=

4 kHz Quartz Crystal

(2)

Noise VNA: Roi
e takes 10 s

VNWAS:
e takes 30 min

Start =399 kHz Cenfer =4 kHz Stop =401 kHz
Span =20 Hz

Cortinuous

E

¥ Plot1 dB

|821 vl = ||F"Ioﬂ vl ¥ 521 dE Single Sweep

'Sequence Buffer 1 received.

4

HAM RADIO 2014

ochschule Ulm
N
N
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Measurement Time vs. Signal-to-Noise Ratio

Doubling of measurement time:
' 2-fold noise power N
'Ly 2-fold signal voltage
— 4-fold signal power S

Doubling of measurement time yields 3 dB
==S’|'gnal -to- nolse |mprovement

Yl ,| (L ‘\ |\ A Hochschule UIm‘
G
Z»
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Measurement Time Noise VNA vs. VNWA

Example: Sequence Length = 511

equal peak-to-peak input voltages U, for both cases
measurement time per frequency =T, , settling time = T

VNWA AT

Noise VNA M

— sine excitation

— P=U,%/2R

— 255 frequency points
~ 28 points

— T = 28-T,+28-T¢

Hl

— digital excitation

— P=U,%/R — 3 dB gain

— distributed to 255
spectral lines

— T=27Ty+1-Tg

3dB gain by digital excitation

' Dramatically reduced settling time Hochschule Ulm

HAM RADIO 2014

&(f
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Noise VNA can also measure Reflection

PC with Sound Card

Out PRBS In
L R L

DUT

HAM RADIO 2014

Hochschule Ulm
S
D>
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My Noise VNA for Reflection Measurements

HAM RADIO 2014 44



Reflection Measurement of a 100 nF

Capacitor with the Noise VNA

[.iDG8SAQ - Vector Network Analyzer Software - Audio
File Measure Settings Tools Options Help
1: 10.00kH=z -0.01dB -31.27° 0.85i 052 89.07/nF
1dB/ %
10% — o e B 0T ]
HaEro
Dl:\
1nFf
1
v
|
r lit<rets
- 89nF
iZal
Start=0047 kHz Center=10.018 kHz Stop = 19988 kHz ‘
_. Span =19941 Hz schule Ulm
) continuous | (U7
I¥'s11 dB I¥'S11 Smith 3 %
521 =] = ||P|oﬂ ~| ¥s11 prase s o Single Sweep |[“)
'Sequence Buffer 0 received. Y 45
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