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PHYS127AL Lecture 18

David Stuart, UC Santa Barbara
Reducing noise; precision measurements
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Noise

The term “noise” generically means anything that 1s not your signal.

“I can’t hear you over the background noise.”

XE ROX Xerox Corporation

Webster, New York 14580
Product Identifier YWC-1 Assembled in USA
Volts 100-120/200-240 Vac CE c us With Foreign and
Amp 6/4 A LISTED Domestic Parts
Hertz 60/50 Hz ey

This device complies with Part 15 of the FCC rules.Operation is subject to the following two
conditions:(1) This device may not cause harmful interference, and (2) this device must accept
any interference received, including interference that may cause undesired operation.
This Class (A)digital apparatus complies with Canadian ICES-003.

Cet appareil numérique de la classe "A" est conforme a Ia norme NMB-003 du Canada.
SEE INSTALLATION INSTRUCTIONS BEFORE CONNECTING TO SUPPLY
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Noise

The term “noise” generically means anything that 1s not your signal.
“I can’t hear you over the background noise.”
Examples:
The primary star light in our original example of an exoplanet sunset.
Other radio stations leaking into our sidebands.

Uncontrolled transmitters, eg microwave ovens overlap WiF1 spectrum.
CMB
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Noise

The term “noise” generically means anything that 1s not your signal.
“I can’t hear you over the background noise.”
Examples:
The primary star light in our original example of an exoplanet sunset.
Other radio stations leaking into our sidebands.

Uncontrolled transmitters, eg microwave ovens overlap WiF1 spectrum.
CMB

B \_55.. -
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Noise

The term

“I can

Examples:

Rincon Peak Ablaze photo by Mike Eliason / Santa
Barbara County Fire Department courtesy of Noozhawk
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Noise

The term “noise” generically means anything that 1s not your signal.
“I can’t hear you over the background noise.”
Examples:
The primary star light in our original exampl
Other radio stations leaking into our sideban"Nw
Uncontrolled transmitters, eg microwave ove
CMB

Pickup: RF and line-noise

) r\lj i1 la"' i “J""f'
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Noise e———

The term “noise” generically means anyth

“I can’t hear you over the background
Examples:
The primary star light in our original ex:
Other radio stations leaking into our sid¢
Uncontrolled transmitters, €g microwa v QU e R e i s = SRS R

FEm 16.6U CH2= 18.8U Time 2.8680us 00 .0000s

Pickup: RF and line-noise

RIGOL T°D J R VN v ] 44E@ml)

Capacitive pickup

[LH 1 bz el CHZ= 1.88l Time 188.8ns O 16.00ns

DavidStuart@UCSB.edu Phys127AL Lec18: Reducing noise; precision measurements 7



mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

Noise

The term “noise” generically means anything that 1s not your signal.

“I can’t hear you over the background noise.”

1A: 48.0ms A: 120mV
{@: -2.00ms @: 4.04V

Examples:
The primary star light in our original example of
Other radio stations leaking into our sidebands. |
Uncontrolled transmitters, eg microwave ovens e .
CMB B e

@10.20%

Pickup: RF and line-noise
Capacitive pickup
Power supply bounce

Power supply sag
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DavidStuart@UCSB.edu Phys127AL Lec18: Reducing noise; precision measurements 9


mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

T hermal Noise

There are also thermal noise effects.

Johnson noise 1s thermal fluctuations that generate RMS current.
That becomes a voltage across a resistor.

Spectral density is
’U% = 4]6]3 TR

So RMS noise 1n a frequency range 1s

va = \/v2 /AT = /T TRAT

At room temperature, this 1s a few puV per 10kHz per k(2.

Using a 10 MQ input resistor adds a significant, O(10 mV), noise source,
so 1t 1s best to avoid very large resistors.
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IShot Noise

At very low currents, the motion of individual electrons matters.

Similarly with low light levels.

Counting N individual events in a time At has fluctuations of \/N :

The fractional uncertainty, \/N /N, reduces at higher currents, but it can
dominate for small N.

[ . I I T . T ! |

Best to avoid small I, e.g.,
1=10% of I 1s less noisy if
I is larger.

| A L 1 | L L 4

60 80 100

DavidStuart@UCSB.edu
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Unwanted oscillations

Often, noise problems are self induced, e.g., unwanted oscillations.

RIGOL 70 H 2000ns '[00%s D T £@ 151y

700 pts™

v (@ 2.63561kHz )

x
=
Fu
N
=)
=
I=
=

1
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IUnwanted oscillations

Often, noise problems are self induced, e.g., unwanted oscillations.

“L: . . . . ;Z LTI CTE L] e = 2482 "™
Positive feedback through parasitic capacitance can cause this. = T
18 | LHE L TN Vg = 5
Ce . . 16 f—H Qb
Minimize parasitic capacitance 8 el N
.g 12 1 +—44+ 44 il 4 4
Roll off high-frequency gain R ik
2|
1400k iM i0M 100M 1G 100G
f - Frequency - Hz
[l
l I
O +
_ | o)
O

DavidStuart@UCSB.edu Phys127AL Lec18: Reducing noise; precision measurements 13



mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

IUnwanted oscillations

Often, noise problems are self induced, e.g., unwanted oscillations.

Parasitic inductance and capacitance can cause resonant oscillation.
Parasitic inductance from thin wires

Capacitance from cables.

DavidStuart@UCSB.edu Phys127AL Lec18: Reducing noise; precision measurements 14



mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

Parasitics

There are always stray (aka parasitic) contributions to capacitance,
inductance, and resistance.

A simple non-inverting amp isn’t so simple.

A wire 1s really an LRC.

DavidStuart@UCSB.edu Phys127AL Lec18: Reducing noise; precision measurements 15
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Parasitics

There are always stray (aka parasitic) contributions to capacitance,
inductance, and resistance.

A simple non-inverting amp isn’t so simple.
/Capacitance between every conductor
[l

A wire 1s really an LRC.
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Parasitics

There are always stray (aka parasitic) contributions to capacitance,
inductance, and resistance.

A simple non-inverting amp isn’t so simple.
/Capacitance between every conductor
[l

A wire 1s really an LRC.
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Parasitics

You’d like to keep the values for these parasitic contributions small.

Small capacitance means only impact is at very high frequency where the
op-amp 1is already designed to roll-off the gain.

Small inductance and capacitance puts resonance at high w = 1/4/LC
where gain 1s low.

Small capacitive coupling minimizes differentiator pickup: Vou =-RC dVin/dt

DavidStuart@UCSB.edu
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Parasitics

You’d like to keep the values for these parasitic contributions small.

Small capacitance means only impact 1s at very high frequency where the
op-amp i1s already designed to roll-off the gain.

Small inductance and capacitance puts resonance at high w = 1/4/LC
where gain 1s low.

Small capacitive coupling minimizes differentiator pickup: Vou =-RC dVin/dt

You’d like for them to at least be stable so the circuit doesn’t go from
working to fatally oscillating when you breath on it.

LA PT
- = nu
T
--\j
(O o
N NN

LA
L L

LB
="

30.-I

-------
......

............
- - - - - e
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Transmission lines

At high frequencies, you have to think about wires as a transmission line.

Signals travel at some speed, as E and B vary.

O O

VIn VOut
O/ W0 /WO W W~ T~

— Vout

Vm; i

A voltage pulse travels at a speed set by the L and C per length, 1.e., the
characteristic impedance of the transmission line. This 1s like an index of
refraction. Reflections will occur at changes in impedance.

DavidStuart@UCSB.edu Phys127AL Lec18: Reducing noise; precision measurements 20
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Transmission lines

At high frequencies, you have to think about wires as a transmission line.

Signals travel at some speed, as E and B vary.

O O
VIn VOut
O/ T /00000000
p— R  Vou

VIn

A voltage pulse travels at a speed set by the L and C per length, 1.e., the
characteristic impedance of the transmission line. This 1s like an index of
refraction. Reflections will occur at changes in impedance.

If you put a resistor at the end of the line (termination resistor) it will cause
reflections unless R = X.

DavidStuart@UCSB.edu
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Transmission lines

If you put a resistor at the end of the line (termination resistor) it will cause

reflections unless R = X.

O— T /T B0 T T~
VIn — R VOut

If you had an open or short at the oscilloscope end of the cable, the
pulse would reflect there too, and ring back and forth until it dies
down. (Note reflected pulse is slightly smaller.)

Need impedance match to avoid reflections.

Impedance mis-match reflects signal. (Common physics jargon.)
DavidStuart@UCSB.edu Phys127AL Lec18: Reducing noise; precision measurements 22
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Transmission lines

RIGOL 70 1 2000 '35 corcovoommmonsy/ D @msmmine 1 5@ 150v SIS | WIS
v

1IvAnvZiavn

R VOut

Max = 2.40 ¥

If you had an open or short at the oscilloscope end of the cable, the
pulse would reflect there too, and ring back and forth until it dies
down. (Note reflected pulse is slightly smaller.)

Need impedance match to avoid reflections.

Impedance mis-match reflects signal. (Common physics jargon.)
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Cable impedance

Need impedance match to avoid reflections.

Most Coaxial cables are 50Q2. Some 75Q.

Fast oscilloscopes have 50Q input impedance option.
= /EQ\\\

DavidStuart@UCSB.edu
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IUnwanted oscillations

Often, noise problems are self induced, e.g., unwanted oscillations.

Parasitic inductance and capacitance can cause resonant oscillation.

Parasitic inductance from thin wires

Capacitance from cables.
~ 30 pF/foot

DavidStuart@UCSB.edu Phys127AL Lec18: Reducing noise; precision measurements 25
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IUnwanted oscillations

Often, noise problems are self induced, e.g., unwanted oscillations.

Parasitic inductance and capacitance can cause resonant oscillation.

Parasitic inductance from thin wires

Capacitance from cables.
~ 30 pF/foot

Suppress resonance with small R.
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IUnwanted oscillations

Often, noise problems are self induced, e.g., unwanted oscillations.

Also have parasitic inductance and capacitance at inputs.

Your breadboard wires are long and would cause problems at high frequency

For > 1 GHz, need differential scope probes.
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Cable impedance

An example logic crate from an experiment. (Similar to breadboard, but fast.)
Cables have labels with the “length” in ns. All inputs have Xi»=50Q.

‘
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Cable impedance

Twisted pair ribbon cable typically has ~ 100Q characteristic impedance.
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Cable impedance

What 1s the characteristic impedance of these wire connections?

TN P R/ & S
!lﬂﬂlllh."

,ddlll .

Fasauaa

"o » > L E
- = 8 ed men
d 2

" L A

U

EEREE

EEEER

EEREE

Because of this uncontrolled impedance and parasitics, breadboards are not good
for stable, high speed circuits.
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IPCBS

Printed circuit boards (PCBs) allow robust, stable connections, with controlled
impedance for all connections.

1N4148
- “""' T

1N4148
LN,

F e

LED DIMMER ™

|

Note the 555 timer.

Instead of wires there are metal traces within the board.
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IPCBS

Printed circuit boards (PCBs) allow robust, stable connections, with controlled
impedance for all connections.

Hﬂvl Rigm {,‘“.
r - oY
el LED

-] Z"'*. Power 7% ~' reen
- :l 4 ' B

L re SItER | aattery - Copyr i gt

’ 1 . . @ : © 31 - 2092

. Sevid Conh

“ 2
) ova LERIR

"”h

U < @LWQ @”L

The LM393 IC is a comparator.
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IPCBS

Printed circuit boards (PCBs) allow robust, stable connections, with controlled
impedance for all connections.

Stable, soldered connections.
Higher density: trace width and spacing can be as small as 0.004”

Traces can have defined impedance and optimized parasitic effects.
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IPCBS

PCBs are copper-clad fiberglass (FR4).

An etch resist is patterned on and the unwanted copper 1s etched away.

Holes drilled (typically >0.2 mm) and copper plated through them for “vias”.

A “solder mask™ 1s deposited, except in regions that should be exposed.

FR-4

Copper

: Prepreg

Copper

0.125” 10 Layer

Three 2113 Sheets

0.014" Core

Three 2113 Sheets

0.014" Core

125" Three 2113 Sheets

0.014" Core

Three 2113 Sheets

0.014" Core

Three 2113 Sheets

BGA Pads
Top Side

STACKED uVias
to PWR Plane "~ THRU-Via L1-L16
Used to tie plane

layers together.

BGA Pads

Bottom Side BURIED-Via L4-113

Ties internal trace
and plane layers
together.

10zCu
All Layers

uVias To Signal

DavidStuart@UCSB.edu
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PCBs

A “solder mask” is deposited, except in regions that should be exposed.

Finish surface to protect copper and ease soldering.

[

' )
. = »
U
"o

-
"
-
-
5
-»
.

"o

Electroless Nickel Hot Air Solder Organic Solder =~ Immersion Tin Immersion Silver
Immersion Gold  Leveling Preservative

Best, expensive  Cheap, coarse
https://youtu.be/ljOoGyCso8s
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IPCBS

PCBs are copper-clad fiberglass (FR4).

Cut them into whatever shape is required by mechanics.
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IPCBs

Whole fabrication process is automated, with standard file formats.
PCBs can be ordered quite cheaply online, <$1/square-inch

For example, see https://jlcpcb.com/ and YouTube videos linked there.
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IPCBS

Whole fabrication process is automated, with standard file formats.

PCBs can be ordered quite cheaply online, <$1/square-inch

For example, see https://jlcpcb.com/ and YouTube videos linked there.
Assembly can also be automated.

Solder applied with a squeegee and a laser cut stencil.

Components robotically placed on surface with a “Pick-and-place” machine.

Solder melted (“reflowed’) in an oven.
https://www.youtube.com/watch?v=ylk6VMBLrvM

For example, see
https://www.youtube.com/watch?v=Bep AMIrJwXI
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IFlexible PCBs

Can also make flexible PCBs (called “flex”).
It 1s a copper on kapton (polyimide) sandwich instead of copper on FR4.

Iy

HULIE

Rigid-flex combines FR4 and flex to
merge cable connections into a
mechanically complicated circuit.

g
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IFleXible PCBs

Can also make flexible PCBs (called “flex”).
It 1s a copper on kapton (polyimide) sandwich instead of copper on FR4.

Can finely control impedance on flex cables. (Wide trace for power.)
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PCB layout

There are many PCB layout software packages:
KiCAD, AutoDesk Eagle, EasyEDA, Fritzing

GO EasyEDA - Std - B3~ O~ Q- @ Qunr % B oo Pl < DS B
o Start Non-inverting Am.. Amplifier Board F...
|
Project
Supply Flag Wiring Tools Drawi...
3= (‘_ﬁLD v%_c LENBDETSYD @S
- J vee ssv ' o A
Deson N Ground(  VCC ‘ TE XN o S
Resistor . ' > 1
M » Non-inverting amp 20
We | > 0O

Libraries VW

R_0201_USR_0201_EL - - ? : 4 =
Qi B B B4 (=0 =h [er
GND 1 J U [ 1

R_3386P_USR_3386P_E| B Rt
- _UR_ | : 5
Capacitor N SMAKE13G o2 L3S H: LL}—
@ ™ oz oo <
Parts }_ ﬂ] < ! .3
ano[>
C_0201_USC_0201_EL PASAA
= ey ,
JLCPCB ._n(_. L — o — g 4 _l ) g2
. al, >
an_SMD_A an_SMD_A s q/ 4
Inductor ]
vvvvv = =

L_0402_US L_0402_EU

Power Supply
e S

CR1220-2 DCO005-T20
Racycle
Bin Connector

Amplifier S... +

Upload “Gerber” files, BOM, Pick-and-place file, and they mail you assembled
boards. Cost 1s a few dollars (depending on parts). Shipping extra.
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PCB layout

There are many PCB layout software packages:
KlCAD AutoDesk Eagle EasyEDA Frltzmg
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PCB layout

This should be a circuit you recognize.

SWITCH
3.3V R1
INPU 2 R1
RF1 — =1 JINPUT I_g
KH-SMA-K513-G /= T
2 I\
L GND GNDI3— GNDL
SNo4 11GND  GND[4 he
z 3
LN
GND[_ ND
OPA356AIDBVR |1
B ¥
[C7 T3 Zdd 4 ™ " Ra
SN 8|/3 sl
1uF lnFINO:a 1 B > ® ks —
1
~ SN
P9
INOPR GND|
Drawi... [ EE 8
- 300 z R5 RF2
—GND ® AMA KH-SMA-K51
Amplifier S... + i 33K 2 GND GND—3—
1 ~ND ~ND 4
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PCB layout

The precise layout can optimize for low noise.

Layers and Objects

—-— Short traces lower L.

PCB Tools

Ground plane
provides Faraday
cage.

But, back side ground
removed from input
traces to reduce C.

C3 and C4 very
close. C3 closest.

Power trace is fat.

Ground return path.
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Low noise measurements

Those methods all help reduce noise, but there will always be some left.
There are various techniques to measure small signals in the presence of noise.

Too many to discuss in detail, but it is worth surveying them. They mostly rely on a
single 1dea: use a unique feature of the signal. For example:

Frequency; use high, low, and band pass filtering to remove noise and keep signal.

Frealll=168.8kHz +Dutal)=77.6%

BEBEE 16.8U  CH2= 16.6U  Time
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Low noise measurements

Those methods all help reduce noise, but there will always be some left.
There are various techniques to measure small signals in the presence of noise.

Too many to discuss in detail, but it is worth surveying them. They mostly rely on a
single 1dea: use a unique feature of the signal. For example:

Frequency; use high, low, and band pass filtering to remove noise and keep signal.

Pulse shape; fit for the pulse shape so noise gets fitted away.

Frealll=168.8kHz +Dutal)=77.6%

BEBEE 16.8U  CH2= 16.6U  Time
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Low noise measurements

Those methods all help reduce noise, but there will always be some left.

There are various techniques to measure small signals in the presence of noise.

Too many to discuss in detail, but it is worth surveying them. They mostly rely on a
single 1dea: use a unique feature of the signal. For example:

Frequency; use high, low, and band pass filtering to remove noise and keep signal.

Pulse shape; fit for the pulse shape so noise gets fitted away.
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Low noise measurements

Those methods all help reduce noise, but there will always be some left.

There are various techniques to measure small signals in the presence of noise.

Too many to discuss in detail, but it is worth surveying them. They mostly rely on a
single 1dea: use a unique feature of the signal. For example:

Voltage (mV)

LN]
T

o

1

-
T

Frequency; use high, low, and band pass filtering to remove noise and keep signal.
Pulse shape; fit for the pulse shape so noise gets fitted away.

Timing; 1f you know when your signal comes you reduce noise effect, and can fit for
slow variations in a pre-sample.

Area = 70.3 mV-nS

------

1 1
0 100 200 300 400

Time (ns)
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Low noise measurements

Those methods all help reduce noise, but there will always be some left.

There are various techniques to measure small signals in the presence of noise.

Too many to discuss in detail, but it is worth surveying them. They mostly rely on a
single 1dea: use a unique feature of the signal. For example:
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Frequency; use high, low, and band pass filtering to remove noise and keep signal.

Pulse shape; fit for the pulse shape so noise gets fitted away.

Timing; 1f you know when your signal comes you reduce noise effect, and can fit for

slow variations in a pre-sample.

Repeating & averaging: multiple measurements average away noise; measure pickup

Area = 70.3 mV-nS
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Low noise measurements

Those methods all help reduce noise, but there will always be some left.

There are various techniques to measure small signals in the presence of noise.

Too many to discuss in detail, but it is worth surveying them. They mostly rely on a
single 1dea: use a unique feature of the signal. For example:
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Frequency; use high, low, and band pass filtering to remove noise and keep signal.

Pulse shape; fit for the pulse shape so noise gets fitted away.

Timing; 1f you know when your signal comes you reduce noise effect, and can fit for

slow variations in a pre-sample.

Repeating & averaging: multiple measurements average away noise; measure pickup

Helps to digitize the Waveforms 1€ save scope traces and analyze “offline”.

Area = 70.3 mV-nS
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Low noise measurements: Lock-1n amplifier

Putting together the frequency, timing, and repeating is very powerful.

That is the idea of a Lock-In Amplifier.

E.g., suppose you wanted to measure the brightness of a dim LED on a bright day.

The sun is a noise source that you can’t reduce. But it is random.

Repeatedly pulse the LED at a known frequency & phase (time) to average away noise.
But, need to filter out only that specific frequency.

This 1s modulate-demodulate, a 1a AM radio.
A
Asin(oy)sin(,t + ¢) = — [cos[(@; — wy)t — @] — cos[(w; + )t + ]

Tune the pulsing and measurement frequency to be equal: ; = w,

so the cosine in the first term vanishes, and the second term can be removed with a low-pass
filter. Then

A
A sin(wt)sin(w,t + ¢p) = Py coS ¢

Adjust the phase to zero, and you get a measurement of the constant amplitude.
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Low noise measurements: Lock-1n amplifier

Putting together the frequency, timing, and repeating 1s very powerful.
That 1s the idea of a Lock-In Amplifier.
You can do this with a DC source by “chopping it”.

Chop atf Control Arm

Z>;

A Detector

Experimental Arm

Chop atf inner

Signals atf andf jnner

Source Chopper Wheel
#1
Lock-In coolJo ¢
Amplifiers
oC1¢o o -
Chopper Controller 000 Nl o 0
f inner
f

Normalized Signal Out
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Low noise measurements: Lock-1n amplifier

“We can easily make a modulator if the signals are square waves.
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Low noise measurements: Lock-1n amplifier

“We can easily make a modulator if the signals are square waves.

Noise is random, signal is alternating.
So invert the low parts and average.

That keeps signal (amplitude) but
cancels noise.
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Low noise measurements: Lock-1n amplifier

“We can easily make a modulator if the signals are square waves.

Noise is random, signal is alternating.
So invert the low parts and average.
That keeps signal (amplitude) but
cancels noise.
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o

100k 100K
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Low noise measurements: Lock-1n amplifier

“We can easily make a modulator if the signals are square waves.

INn1

Noise is random, signal is alternating.
So invert the low parts and average.
That keeps signal (amplitude) but
cancels noise.
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100K

Out+n
=
® o
Out- ¢
P
In2 o——

DavidStuart@UCSB.edu

Phys127AL Lec18: Reducing noise; precision measurements 26


mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

Low noise measurements: Lock-1n amplifier

“We can easily make a modulator if the signals are square waves.

Noise is random, signal is alternating.
So invert the low parts and average.
That keeps signal (amplitude) but
cancels noise.
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P 100k | NJOOK |
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_l_ OUt- L ‘ —
> —
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Low noise measurements: Lock-1n amplifier

“We can easily make a modulator if the signals are square waves.

Noise is random, signal is alternating.
So invert the low parts and average.
That keeps signal (amplitude) but
cancels noise.

INnT
o— + Out+n
P 100k | NJOOK |
B O
_l_ OUt- L ‘ —
> —
In2 o——

This can precisely measure any DC value, or any AC signal’s V(t) if the modulator is
much higher frequency than the signal’s frequency.
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