Characterizing PDN Pollution, Part 2
Real-time Spectral Analysis of Power Rails
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Agenda

= Reminder: what is power integrity?
=  Why spectral analysis?
= What specific power integrity problems benefit from this approach?
= Time-domain vs frequency-domain analysis
= Time-domain figures of merit
= Basics of the Fourier transform
= Relationships between time-domain and frequency-domain characteristics
= FFT settings and their effects
= |Interpreting the spectrum’s vertical scale
= Examples
= Simple sine-wave generator
= Tracking down PDN noise
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What is Power Integrity (and why do we care?)

Power Integrity concerns

maintaining tne quality Of power Receiver reference voltage level shifts ~ 5% rail
from generation to consumption.

High power integrity means noise Hiter on core logie getes Torerel

levels that are within tolerance. Jiter on data fines ~ ol
Jitter on re-timers, clock distribution, generator ~1-5% rail
circuits

Power Integ I’Ity iS typ|Ca”y analyzed Voltage on ADC voltage reference < 1% rail

at:

u The PDN (Power DiStribution Voltage on analog signal circuits < 1% rail

Network)
™ On_die (Wlthln deViceS that \c/|?::|?se noise at carrier freq on rf reciever < 1% rail

consume power)
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Why spectral analysis?
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Typical embedded system block diagram

“Y

Most modern
embedded
systems share
a similar
conceptual
layout to our
example

We will use this
“typical” system
to illustrate
concepts
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Embedded System
High-speed MCU

The Power Distribution Network

“Y

The board-level Power Distribution
Network (PDN) consists of:

Regulation modules (VRMSs)
between the bulk supply and
components that consume

power

Board interconnects (traces,
planes) distributing power from

VRMs to devices
Capacitors
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The 12 types of PDN noise

“Y

=  Self aggression noise
=  From VRM on VRM
= From Vccon Vce
= From Vdd on Vdd
= From signals on signals
= “Pollution” of the board/pkg interconnects
=  From VRM
=  From I/O
= From core
=  From signals
= Mutual aggressors: cross talk coupling from the

PDN
= ToVRM
= Tol/O
= To core

= To signals
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(DR, LPODR)

(DR, LPODR)

Digital Device

Power Conversion Device

Mixed sgnal Device

SeralData Phy

Embedded System
High-speed MCU

126itA0C
126itA0C

el

The 12 types of PDN noise

“Y

= “Pollution” of the board/pkg interconnects
=  From VRM
=  Froml/O
= From core
= From signals
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(DDR, LPODR)

(DR, LPODR)

Digital Device

Power Conversion Device

Mixed sgnal Device

SeralData phy

Embedded System
High-speed MCU
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Board/Interconnect Pollution

* From VRM

= From /O

* From core

= From signals

Embedded System
High-speed MCU
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Time-domain vs frequency-domain analysis
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Signals in the time domain

= Figures of merit take a complex
behavior and extract a few terms
that characterize it.

=  What are the figures of merit that
describe a signal?
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Signals in the Time Domain and Their Figures of Merit

= Example:
= Frequency
= Amplitude
= Peak to peak
= Average
= Offset
= Peak = Max
= RMS
= Standard deviation
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General Signals

1 finish
A =— | V(t)dt
verage Ts€£n (td
1 finish
RMS =, |— [ V*(t)dt

start

finish

[ (Ve)=(v(t) at

start

Standard deviation=c = \/?

Special case of a sine wave

RMS = \/Averagez + %Amplitude2

o=, f% x Amplitude® = 0.707 x Amplitude
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Figures of merit: visual/cursor measurements
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= Onasimple

signal, some
vertical figures
of merit can be
easily
assessed
visually:

=  Amplitude

=  PkPk

= Offset

= Others require
more analysis:
= Average
= RMS

= Standard
deviation

Everywhereyoulook

Figures of merit: visual/cursor measurements

“Y

= Onasimple

signal, some
horizontal
figures of merit
can be easily
assessed
visually:

= Frequency

= Period

= Others require
more analysis:

= Phase
relationships

= Relative
amplitudes
of frequency
components
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Figures of merit: Analytical measurements in the time domain

“Y

= When the
signal is
simple,
analysis of
basic figures
of merit is
fairly trivial in
the time
domain

A TELEDYNE LECROY
Everywhereyoulook™

Figures of merit: Analytical measurements in the time domain

“Y

= But what
happens
when the
signal
becomes
more
complicated?
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How do we go from the time domain to the frequency domain®?

= The Fourier Integral:

F(f)= Tf(t)e‘jznﬁdt

—00

= The discrete Fourier transform:
= ONLY applies to periodic waveforms with period T,
= Each frequency componentis n x 1/T,

TD TO TO
a, =T1J'V(t)dt a, =T2jvu)cos[i”ntj dt b, =TZJV(t)sin[2T“ntj dt  Amplitude, = /a§+b§

00 00 0 00 0

= Fast Fourier Transform (FFT): same as DFT, but limited to 2" points

".‘ TELEDYNE LECROY 17
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FFT bins represent harmonics of 1/T,

= 1st harmonic
frequency:
fo=1/T,

= Signal
energy at 10
MHz goes
into the 10
MHz “bin”
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FFT bins represent harmonics of 1/T,

N

2" harmonic
frequency:
f, = 1/T,

Signal
energy at 20
MHz goes
into the 20
MHz bin
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FFT bins represent harmonics of 1/T,

“Y
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4t harmonic
frequency:
fy=1/T,

Signal
energy at 40
MHz goes
into the 40
MHz bin

Everywhereyoulook™
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FFT bins represent harmonics of 1/T,

“Y
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8t harmonic
frequency:
f,=1/T,

Signal
energy at 80
MHz goes
into the 80
MHz bin

Everywhereyoulook

Translating from time domain to frequency domain

“Y

Time domain characteristic Frequency domain characteristic

T,: Timebase or FFT window (in seconds) Frequency resolution (in Hz)

FFT bin size (in Hz)
Lowest (non-DC) frequency point (in Hz

Fs: Sample rate, S/sec Highest frequency value: f.., = 2 Sample rate

Bandwidth of the scope’s amplifier

(Nyquist frequency of sample rate)

Frequency where response is — 3 dB down from
pass band value
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Translating from time domain to frequency domain

Time domain characteristic
T,: Timebase or FFT window (in seconds)

Frequency domain characteristic

Frequency resolution (in Hz)
FFT bin size (in Hz)
Lowest (non-DC) frequency point (in Hz

Fs: Sample rate, S/sec

Bandwidth of the scope’s amplifier

" A TELEDYNE LECROY
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Highest frequency value: f ., = 2 Sample rate
(Nyquist frequency of sample rate)

Frequency where response is — 3 dB down from
pass band value

Effect of timebase on FFT

= 10 ns/div =100
ns timebase (T,)

= 1/100ns means
frequency
resolution of 10
MHZz (depending on
algorithm used)
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[Timebase_—0.003
10.0 ns/div
1kS 10-G5is

5 - ,_ﬂ\,\‘vﬁl.r\rvv‘nf\r-f‘*.-ilrk
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Effect of timebase on FFT

“Y

= 100 ns/div =1 us
timebase (T,)

= 1/1us means
frequency
resolution of 1
MHZz (depending on
algorithm used)

100 ns/div
10 kS i0°GSIs
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Translating from time domain to frequency domain

“Y

Time domain characteristic Frequency domain characteristic

T,: Timebase or FFT window (in seconds) Frequency resolution (in Hz)
FFT bin size (in Hz)
Lowest (non-DC) frequency point (in Hz

Fs: Sample rate, S/sec Highest frequency value: f.., = 2 Sample rate
(Nyquist frequency of sample rate)

Frequency where response is — 3 dB down from
pass band value

Bandwidth of the scope’s amplifier
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Effect of sample rate on FFT

“Y

= Nyquist
dictates the
upper limit of
the FFT is
Fq/2

= Here, we are
Samp“ng at = Timebase 0 ns|
10 GS/s, so 11 108 ria/div
the FFT’s 10kS (_ 10GS/s
upper ' .
frequency
limit is 5 GHz
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Translating from time domain to frequency domain

“Y

Time domain characteristic Frequency domain characteristic

T,: Timebase or FFT window (in seconds) Frequency resolution (in Hz)
FFT bin size (in Hz)
Lowest (non-DC) frequency point (in Hz

Fs: Sample rate, S/sec Highest frequency value: f.., = 2 Sample rate
(Nyquist frequency of sample rate)

Frequency where response is — 3 dB down from
pass band value

Bandwidth of the scope’s amplifier
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Effect of oscilloscope bandwidth on FFT

= The
oscilloscope
bandwidth is
defined as the
point where its
response has
reduced by 3
dB relative to
DC

= Here, we have
applied a 1
GHz bandwidth
limit, and the
roll-off beyond
this point is
clear
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What to do with the extra data points?

= An FFT uses 2" points -
this means we need to
take the number of points
in the scope acquisition
and truncate/expand to a
power of 2

= Without a compelling
reason otherwise, use
truncate about the center
of the acquisition window
(not the trigger point)

" A TELEDYNE LECROY
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Periodicity in FFT acquisitions
A sine wave periodic within the acquisition A sine wave not periodic within the Multiplying by a window function makes the
window acquisition window signal continuous at the ends
An integer number of periods gives an ideal A non-integer number of periods causes Applying a window minimizes the spectral
FFT: spectral leakage in the FFT leakage effect
5 s =
E g ] ‘ ‘ ‘ ‘ ‘ g I
1 st [Tt tteeesees
Frequency Frequency Frequency

"“ TELEDYNE LECROY
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Which windowing function to use?

No window ) ) Hanning window

i Hamming window Blackman Harrs window
s ! No window
|
o 3 é
&
os \\/ §
e " R ’" » w Blackman-Harris window

250

002 004 006 008 010 0= 018 0% 01 02 02 02 0% 028 0
Nomalized Frequency (-1 radians/sample)

Everywhereyoulook™
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Practical effect of different window types

“Y

EET Units

El :
u c g |
al 4 I
Transform 2097152 pis J ! ‘
!
|

 to 1048577 bins i Rl o “ : b I“l‘-. ‘ | J
ﬂp‘[ |\‘ W" p‘ «M’Fr “J' W\Wﬁ )Hfu}w[\ﬂlw W‘ﬂ ) ;'|Jll'\|“.ﬁdl‘w‘w“. M‘!‘U'VP'l"'|”|'“““‘||ﬂ|[‘#‘rﬁf.'I‘ {h‘w\r\l{ﬂ‘

= Af=119Hz
DC - 125.000 MHZ
4 ENBW =1.500
20 kHz 40 kHz

80kHz 100 kHz
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The Vertical Scale

“Y

=  FFT default units are dBm: a power with 1 m\Watt as the base.
= Power is what the voltage would generate in a 50 Ohm resistor

2 2

Ve |V
Power[Watts] = % Power[mWatts] = %[] %1000

rms ms

Power[dBm] =10 xlog( V2, [V]x20) =10 xlog(20)+10 x log(V2,,[V])

Power[dBm] = 13dBm +20 xlog(V,,,, [V])

= |tis the power in each frequency bin
= How do we interpret the voltage amplitude?
Power[dBm] = 13dBm +20 x10g(V,,s [V])  Vims[V]= %Vampmude [V]

Power[dBm] =13dBm + -3 + 20 x log(V,

amplitude

[V]) =10dBm + 20 x I0g(Vampiee [V])

A TELEDYNE LECROY
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Vertical scale example: sine wave with 1V peak amplitude

=V,

ampl

= P=10dBm H
= Power (dBm) =

=1V

1 8*!’091 O( ampl)

=  This simplification

!
the signal is

‘ ‘.
one From \H " i” ‘ | H i

Here the bin
size is 500
kHz, and the

.
works only when

input
frequency is
100 MHz

"“ TELEDYNE LECROY
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Vertical scale example: sine wave with 1V peak amplitude

= Change the
input signal’s

IR Wil \ (i H |\ \I\n u
il |
across several ! ’

bins, and the
(

relationship
becomes more
complex

= Here the input
frequency is
99.7 MHz, not
an integer
multiple of 500
kHz — so its
power is spread
between 2 bins

"“ TELEDYNE LECROY
Everywhereyoulook
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Vertical scale: three special cases

= Aflat, white noise spectrum V¢

Power[dBm] =13dBm +20 x log(V,,, [V])

rms

= A DC component: Vo =V,

rms

Power[dBm] = 13dBm + 20 x |og(v [V]) =13dBm +20 xlog(Vpe[V])

= A sine wave component:

1
Vrms [V] = E Vamplitude [V]

Power[dBm] =13dBm + 20 x log(V,y,, [V]) = 13dBm + 20 x 10g(V,mpiee [ V]) -

rms

20
—1log(2
5 109(2)
Power[dBm] =10dBm + 20 x 10g(V,piue [ V])

".‘ TELEDYNE LECROY
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Other Vertical Scales on the Spectrum Analyzer Option

dBV: reference level is 1 V

2

dBV =10 x Iog[1\</2 J — 20 xlog(V[Volts])

1V=0dBV

dBmV: reference level is 1 mV

2

dBmV =10 xlog V—2
TmV

1V =60 dBmV

j =20 xlog(V[mVolts])

Note: when using a voltage (not power)
scale, ALWAYS use the factor of 20

"‘ TELEDYNE LECROY
Everywhereyoulook™
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Special Case: The DC Value as 0t harmonic

The RMS value of a DC component is the DC component

Power[dBm] = 13dBm + 20 x 10g (V,ereqe[V])

A signal with a 1 V average value will have 13 dBm f = 0 amplitude

13 dBm DC
componentin FFT

94 dBm

-1146Bm

-Tms ) 1ms 3ms 5ms bz 20 kHz 40kHz 60 kHz 80 kHz
P2:pkpk(C1) :PEmean(C1) i P4rms(C1) P5:sdev(C1)
718V 1.0092V 1.3821 944.3mV
27095V © 100804V : 137962V  940.86mV
seamy, E 46.8mV 46.8mv

2838V £ A\ 16104V 971.6 mv

22 157 6 mvV & 7919 mv 60.54 mv'
2.786457e+6 5.593e+3 5.593e+3 5.593e+3 5593e+3
a v < 7 7

" A TELEDYNE LECROY
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100 kHz

Reducing noise: FFT noise floor vs number of bins

= Infrequency
domain: Total

power = Pbin x | - .
Nbins . i Noise floor approx. -95 dBm

= Toreduce

00 < 4 e R0 IRAIANRY L ™ WY
L -“

increase
number of bins

= For lowest
noise floor, use ‘ 2 000 ponnts 1 000 bII’IS

the largest
feasible
number of
samples

Noise floor approx. -65 dBm

|.{|I|u.‘.£\|\.‘ Ul J\JMH||u|”|n||u.‘HM.JEM" |‘\}.mhi|‘.n|

[TELEDYNE LECTOY
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Reducing noise: scope bandwidth

= Reducing
scope
bandwidth:

= Will r_educe Baseline noise = 922 UVpys [F o Baseline noise = 565 UV pyys
baseline

noise in the K= i ‘ i —
time e (ClISCHZbanawan "C3: 4 GHz bardwidth*
domain | ' — '

= Will not
reduce the
spectral
power
density of
the noise
floor

" A TELEDYNE LECROY
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Reducing noise

= Reduce noise floor with lower RMS noise
source
= If digitizing noise, use greater bit
resolution (12 bit oscilloscope)
= |f digitizing noise, use higher sensitivity
scale, and offset
= Use lower noise amplifier

= Recommended general process:
= Use highest sample rate at highest
frequency range
= Adjust acquisition time to increase
number of samples and reduce noise
floor

= For fixed spectral noise density, more
bins 2 smaller dBm noise level

AV TELEDYNE LECROY
' Everywhereyoulook™ 42
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Spectral Analysis Package
Automate and Simplify FFT Calculation and Display

. Select time base,
sec/div

. Select start, stop
frequency

Ll Sample rate
automatically selected
as highest available

Ll Can adjust number of
points by time base

Ll Vertical scale can be
set to dBmV

Ll Everything is automatic

Ll Markers identify peaks

1 Input R
(o Dff Probe)| | MUt -nput2

"‘TELEDVNE LECROY
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Example 1
Low-cost sine wave generator

Everywhereyoulook™
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Example: a Sine Wave Generator

= What do we expect to see?

= Sample rate compared to repeat
frequency

= Total number of samples
= Acquisition window
= Frequency range

= Signal within voltage window-
not saturating

|

AV TELEDYNE LECROY
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Measured Response

L] Note 1st harmonic =
52 dBmV
= =04V
amplitude sine
wave

= Butlarge 2nd
harmonic: 6 dBm
= =2mV
amplitude

= Large higher order

amplitudes
= Even1MHzis
approx. 0.8 mV [ ] } [Fcbase 0, igoer t=aual

200 psidiv Auto. 14 mV
2Ms 1GS/s Edge Positive

=  The output signal is
heavily distorted

=  How do we find
the root cause?

"‘ TELEDYNE LECROY
Everywhereyoulook™
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Step 1: Examine entire frequency span and background

No DUT connected T v DUT connected

a G p O

o
O ] - gl
A 25 1._5.0“(’ I e

= Measure spectrum with input = Measure signal
gnd to get system background = All the noise is < 1 GHz

= Base line noise floor ~ - 30
dBmV ~ 0.03 mV amplitude

AV TELEDYNE LECROY
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Step 2: Change span to view frequency band of interest

Frequency Amplitude

H 51kHz 53212 dBmV.

* Peaks are multiples 004 ks £ 939 comy
16.002 MHz 2.8686 dBmV

Of 16 MHZ CIOCk L T

63997 MHz -2 626 dBmV
159.991 MHz  -5.400 dBmV|
127.997 MHz -5.569 dBmV|

95.987 MHz -6.593 dBmV|

° ShOWS up even 223,986 MHz _-7.271 dBmV
when amplitude is
zero

1 GHz span

Frequency Amplitude
50 kHz 52.294 dBmV
31997 v 6.1268 dBmV|

* 6dBmV ~2mV
amplitude noise

" A TELEDYNE LECROY
Everywhereyoulook™
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Step 3: Look at voltage rails on the board

[ File ¥ Vertical + Timebase | Trigger Display | # Cursors | [] Measure @ Math y X Utilties | @ Support Processing: [ Il P Gesture |'53°

The input 9 V rail
* Lots of 16 MHz
harmonics

Frequency Amplitude
MHz 5.

The 5V linear rail ¢ cal | # Timebase P Trgger |EDisplay & Cursors @ Math | 1= Analysis | % Utilies @ Support
ency Amplitude
» Alsolots of 16 —>] Mz 15.291 0By
MHz harmonics

421 dBm\V|

458 dBmV/

"‘ TELEDYNE LECROY
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Step 4: Look for the source of interference

= “There are two kinds of
designers: those who are
designing antennas on purpose
and those who are not doing it
on purpose”

T

M \“ “” “ \: I

= Examples of pick up antennas
= Near field probe

i

Looking for radiated noise from the microcontroller

"‘ TELEDYNE LECROY
Everywhereyoulook™
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RF pickup

=

“Y

= We live in a very bright RF backaround

Frequencies and regulations

» |ITU-R holds auctions for new frequencies, manages frequency bands

- 2 TV-DVBT Spettro 0-2500 MHz — IRA Medicina (2005)
AATTES ol
aF M -2 04t

10484

GSM

worldwide (WRC, World Radio Conferences)

1L

TSM - Examples Europe USA Japan
1reless
| s Cellular phones | G5M 880-915,925- | AMPS, TDMA, PDC, FOMA 810-888,
1 i 960, 1710-1785, CDMA, GSM 824- 893-958
N b l | 1805-1880 849, 869-894 PDC 1429-1453,
: | UMTS 1920-1980, TDMA, CDMA, GSM, | 1477-1501
N | 2110-2170 UMTS 1850-1910, FOMA 1920-1980,
s 1 ELJ 0 1930-1990 2110-2170
1 [RATL
T Cordless CT1+ 885-887,930- | PACS 1850-1910, PHS 1895-1918
9 1930-1990 JCT 245-380
phones CT2 864-868 PACS-UB 1910-1930
DECT 1880-1900
Wireless LANs |802.11b/g2412- 802.11b/g2412- 802.11b2412-2484
W i e e 2472 2462 802.11g2412-2472
= ¥ Other RF 27,128, 418,433, | 315,915 426, 868
868
systems

B TELEDYNE LECROY
Everywhereyoulool
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Range of Sources for RF Pick Up

“Y

Some everyday uses of the radio frequency spectrum

&7

Radio Remote TV  Cell p.'h'ones GPS Medical
control 3 § H H

Wi-Fi, Bluetooth, microwaves, Weather
H H pagers, satellite and cordless :
i phones, walkie-talkies H
|l m_mm @& T TW .

Public safety,

alarms,
toll tags

LI

. e IR e e ‘ -
\!\'hlte'spaces are reserve:d for III[lary,- federlal gov‘eqnmenl anld iqdyslry use. ‘ ]

| | 1
] 500 MHz l 1GHz 2 GHz 3GHz  4GHz

700 MHz Portion that goes to auction

50 GHz 300 GHz

Sources: New America Foundation, FCC

B TELEDYNE LECROY
Everywhereyouloo

The Boston Globe
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Source of this problem:
Emissions coming from under the microcontroller

Peaks requency Amplitude T
32.00 MHz 2.7168 dBmV
16.00 MHz 321 mdBmV|
63.99 MHz 4.321 dBmV
95.99 MHz -9.157 dBmV|

127.99 MHz -12.29 dBmV/
47.99 MHz -12.82 dBmV
12.79 MHz  -17.02 dBmV!

9.61 MHz -17.90 dBmV|
159.99 MHz -18.10 dBmV
191.98 MHz_ -18.28 dBmV

Likely root-cause is radiation
from clock generation traces

AW TELEDYNE LECROY
Everywhereyoulook™ 53
Board/Interconnect Pollution
= From VRM
= From |/O e
= From core e B3
From signal = =
B From SI1I0NAIS 1 Tedicidieens e —————————————
gnais w—I_ e e Rl I—
Ls=a
s =iy £
o]
(M«” . e — E—————
AVZW. TELEDYNE LECROY
' Everywhereyoulook™ 54
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Example 2
Oscillator board with a noisy power rail

"~‘ TELEDYNE LECROY
Everywhereyoulook

Example: Oscillator board

= WavePro 804HD oscilloscope
= 8GHz
= 12 bits

= RP4030 voltage rail probe
= 4 GHz bandwidth

= 30V offset range to match rail
voltage

= Very low attenuation for
extremely low noise

"“ 'EEI,EDVNE LECROY

verywhereyoulook”
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Example: Oscillator board

Board has a
~3.3v power rail
that’s very noisy

Some
components on
the rail are
sensitive to high-
frequency noise

What is the root
cause of the
highest-
frequency noise
components?

4| Pi:mean(C1) P2:sdev(C1)

Vi

3.22003 V 29.44 mV
v

v

".‘ TELEDYNE LECROY
Everywhereyoulook

Possible noise sources

= The board
also has two
clock
sources:
= 10 MHz
= 125 MHz

A P3freqc2) P4-freq(C3)
£ 10.00121 MHz 124.99 MHz

— v v

".‘ TELEDYNE LECROY
Everywhereyoulook
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Use the Spectrum Analyzer option

“Y

= Allows
visualization in
the frequency
domain

= Easily set:
= Span
= Center
= Resolution
bandwidth

(FFT bin
size)

Inputtnpue?

=  Automatic
markers

c1

[TELEDYNE LECTOY

A TELEDYNE LECROY
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Power rail (time domain)

Compare the rail spectrum with the 10 MHz clock

“Y

= Use the dual
spectrum
analyzer
feature

= Most of the
10 MHz
clock’s
spectral
energy exists
below ~200
MHz

[ZIIE]  Frquency  Amplitude
"
3

0 didi v

[TELEDYNE LECH:

A TELEDYNE LECROY
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wre @ Maih iz Analysis

Power rail (frequency domain)

Support

Power rail (time domain)

10 MHz clock (time domain)
T A T

30
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Compare the rail spectrum with the 125 MHz clock

= Use the dual b i sl 1A T VT
SpeCtrum z Power rail (time domain)

Wb

feature
| |

= The 125 MHz ' NN g TV iy |
clock has very i
hlgh-frequency - 125 MHz clock (time domain
spectral 5 pa O
components SlaTedd s
that match with
the “problem
frequencies”
seen on the
power rail
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Some more short examples
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Everywhereyoulook™

"~‘ TELEDYNE LECROY

9 V wall Wart

= 1Aload

Another SMPS

"‘ TELEDYNE LECROY
Everywhereyoulook™

All the noise < 200 MHz

All the low freq noise is line freq noise
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9V wall wart, < 1 MHz range

= Lots of 100 kHz harmonics

= Peak amplitude ~ 20 dBmV =
10 mV amplitude, out of 9 V,
0.1%

= After 1 Aload, all the excess
noise is at low freq- 60 Hz
multiples
= Peak of 30 dBmV, 30 mV out
of 9 V.
= So what: weakness in this
design is poor DC rectification
of 60 Hz- need more
capacitor filtering on DC input ‘ N T T by 1 Mg
side pows 11| w3 e ] P11 | NP RLP TR e

WL, 5
' AL 2, oW g Wi B, g‘%\,\z
PR LT L LT Y 45

".‘ TELEDYNE LECROY

Everywhereyoulook 65

USB source

= 0.5Aload

= All the noise < 200
MHz
= Near 24 MHz
= ~-3dBmV which is
0.7 mV amplitude
= Looks like 6 MHz 1st
harmonic with 4th, 5t
and 6" harmonics
showing up

AV TELEDYNE LECROY
' Everywhereyoulook™ 66
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Note: switching frequency sometimes changes with supply load

= 5vSMPS

= ~ 50 kHz switching
frequency

=  Amplitude ~ 1 mV

> P A A A .
T T ¥ WY W v

" A TELEDYNE LECROY
Everywhereyoulook™

1.8 V Vdd Rail

= no load

= Lots of switching noise at
650 kHz

= All noise < 200 MHz

Frequency Amplitude
2836 kHz -15.87 dBmV

303.0 kHz
605.7 kHz
656.4 kHz
850.7 kHz
909.0 kHz
1.3128 MHz
1.9692 MHz
26256 MHz
3.2820 MHz
3.9384 MHz
45948 MHz

-12.76 dBmV|
-11.01 dBmV
11.763 dBmV
-22.96 dBmV|
-20.99 dBmV/
2.5269 dBmV/
5.1735 dBmV
-5.087 dBmV/
-4.351 dBmV!

210 mdBmV

750 mdBmV

" A TELEDYNE LECROY
Everywhereyoulook™
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9 V Battery

= Noise floor is about — 40 dBmV = 10 uV amplitude noise, out of 9V DC
= Some peaks at 875 kHz, 1.325 GHz, probably rf pick up

"“ TELEDYNE LECROY
Everywhereyoulook™
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