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Power Electronics Designs are Used Everywhere
But today we will focus on the DC-DC Converter Digital Power Management application
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Brief Definitions....

= Digital Power Management

= The control of various DC-DC converter voltages to %
vy

ensure appropriate and prompt delivery of current

(power) over one or more DC power/voltage rails to
various CPU, memory, or other devices in a 33vde 1.8vde 1.SVde 11vde
motherboard or embedded computing system.

= Power Integrity

= The analysis to determine whether expected voltage
and current requirements are met from regulated DC
output to the power consuming device.

= Voltage/Power Rail Sequence Testing

= The control of the ramp times and sequence of the
various DC power/voltage rails in a motherboard or
embedded computing system.
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Digital Power Management — The Basics
High Level Overview

Bulk power is supplied to To provide high efficiency, A Power Management IC
an embedded computing each DC-DC converter power (PMIC) turns the phases
system through a high supply is actually several (AEERATE on and off as load power
voltage (e.g., 12Vdc) DC-DC converters in parallel. requirements change, and
bus/supply. time interleaves the PWM
12Vdc 12Vdc Gate Gate Gate Gate outputs into one output.

Regulated DC Output
(e.g., 1.1V, 1.5V, etc.)

33vdc i.8wdc 1.5vdc ‘L.ivdc

— o e e
e

An embedded computing
system requires one or 1.1Vdc

The CPU issues
more different “rails” (e.g.,

3.3 1.8 1.5, 1.1vdc) to In this example, there are four The PMIC and CPU are both located serial datda ]
p.ro,\/ide,vo.lt:;tgé and parallel DC-DC converters on a motherboard of some type. The ;?\Ar?éna” S t:)t €
current to the CPU and (called “phases” or “channels”) motherboard may be part of a Iarggr Soas (o
other on-board devices that each supply 25% of the stand-alone embedded system, or it ensure proper
' total output current to the could be used in a server, laptop, curren'F supply to
1.1Vdc rail. tablet, mobile phone, gaming system, all devices

consumer device, etc.
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Digital Power Management and Power Integrity — The Basics

= The half-bridge output v ¥ Jiﬁ

current is commonly —
called the “inductor _ } / Hp jjﬁ
current” because it .- W s
flows through the output T = i*

o
iInductor (filter). =
= ]
= |tincreases (ramps up)
When PWM Slgnals are INDUCTOR _—~— ---E-- --I---- -_":r_ | EQUIVALENT DC
“ON” and ramps down CURRENT i Ton  \Torr; Ton [Torr; LOADCURRENT

when PWM signals are
HOFFH

= Additional load
capacitance will filter
this further

151

|
171
Ly
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Digital Power Management and Power Integrity — The Basics

= |deally, each PMIC phase under

steady-state load condition is
balanced Ideal PMIC 4 Phase Qutputs and Summed Total

= Same amplitude (voltage PWM)

= Phase relationship to other
phases of (1/f,)/N

= f. is the power semiconductor "
device switching frequency X::X;;X::x;:x::%/

= N is the number of phases
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Digital Power Management and Power Integrity — The Basics

= If there are amplitude errors PHIC & Phese Outputs and Summed Tore
between the different phases,
output ripple will result

u If there are amp“tUde and phase PMIC 4 Phase Outputs and Summed Total with
. Amplitude and Timing (Phase) Errors
errors between the different
phases, more complicated M M~ M~V

distortion patterns will be

Introduced WM%‘;
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Typical Digital Power Management and Power Integrity Tests

For One PMIC (One DC Power/Voltage Rail)

= PMIC Transient DC Rail Response

= Addition or release (subtraction) of load
= Dynamic test
= Long capture time is very useful

= Correlate activity to other signals
= Serial data commands
» Clocks / Strobes
= Enable lines

= Measure DC Raill voltage ripple
= Measure DC Rall voltage ringing

= Measure settling time to DC Rall
voltage stability — ensure it is within
tolerance at all times

4-phase
PMIC

Gate
Driver

Gate
Driver

Gate
Driver

Gate
Driver

DC Rall

/

Regulated DC Output
(e.g., 1.1V, 1.5V, etc.)
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PMIC Transient Rall Response Testing

Acquiring and Viewing the Transient Response of a Single DC Raill

Load i n Cre ased B File 3 Vertical 4 Timebase [ Trigger & Display # Cursors B Math | Analysis X Utilities @ Support Normal Flashba.. Unte
M DC =1003mV
from ~O tO 2OA Mean DC = 999.67mV ean m

DC Rail voltage Is
monitored DC Rail

= Ripple

Voltage

= e.g. +/-20mVp-p B
Overshoot
Droop DC Rail
NOiSG Current
Settling time | No-load (near 0A)
etc.

[(C5 DCIM DO B D1 Timebase -2 ps Trigger C& DC

7.0 mVidiv 4.00 Addiv 100 psidiv |Stop 1065V
25MS 25GS/s |[Edge Positive

7 mV/d IV g al n S ettl n g TELE:‘-Y{::EOL?:RUY — 1002812016 11:50:16 AM
with 1Vdc offset

AV TELEDYNE LECROY
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PMIC Transient Rall Response Testing, cont’d

Measuring the Transient Response of a Single DC Rail

ZT

Measurement
Parameters with Gates
can be used to measure
I\/dc AL before and after
oad.

5 999.67 mV before
5 1003.00 mV after

Zooms and
measurement
parameters can be used
to understand high-
frequency behaviors
= Z1=V,, atstep
(967.70 mV)

Z5 = V,,ax before
step (1012.21 mV)

Z7 = Vyax after step
(1016.38 mV)

P3:(P1-P2)
-3327mv

v

P1:mean{Chs) P2:mean(Cs)

999 671 mv 1.002997 W

w w
TELEDYNE LECROY
Everywhereyoulook

& File

§ Vertical  +=* Timebase

--Mean-DC.=-999.67mV.

DC Rail Current

Fy
Measure P1:mean(C5) P2:mean(C5s) F3:(F1-F2)
value 999671 mV 1.002997 v -3.327TmV
status A =4 A
L | DCiv 6] DO B D1 Zoom({C5) Zoom{C5)
7.0 mVidiv 4.00 Addiv 7.0 m\fidiv 7.0 m\iidiv
-993.00 mV -10.7500 A 50.0 ns/div 1.00 ps/div

TELEDYNE LECROY

I Trigger [ Display & Cursors

Mean DC = 1003mV !

El Measure B Math |=* Analysis ¥ Utiliies @ Support

. 6—- 12-bit

Zoom(C5)

7.0 mVidiv
10.0 psidiv

Resolution

P10:max(£5) PF11:min(Z1)
1.01221% 967 70 mv
v v

P&:ampl(C8)
20.436A

]

P10:max(Z5)
101221V

FP7-base(C8) P&top(C8)
142 mA 20578A

3 ]

4

PGampl(Ca)
20436A
'

FT7 base(C8) Pa1top(C8)
142 mA 205784
' v

P11:min(Z1)
96770 mV

Timebase

P12:max(Z7)
101638V
v

P12:max(Z7)
1.01638 V

-2 us Trigger C35 DC

4100 ps/div |Stop
25MS  25GS/s |Edge Positive

10/28/2016 12:06:21 PM
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PMIC Transient Rail Response Testing, cont’d
Multiple PMICs and Multiple DC Rails

= Same Tests as Single Rail Case

= Objective is to Understand i
Impacts of Load Changes on All

Rails at One Time THEL- |
I{I_ﬁ DC Rail 2
.---uuw

i Clocks / Strobes
_I{}“ Enables

Ij“f Serial Data, etc.
Bl

Y iQE—DC Rail 3

ﬂfk
I{];@- DC Rail 4
-

e

4-phase
PMIC
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PMIC Transient Rall Response Testing, cont’d
Understanding the Transient Response of a Load Release on Multiple Rails

- -
- M O n Ito red I n p ut Bl File ¥ Verical +* Timebase [ Trigger & Display Cursors ] Measure @ Math | Analysis X Utilities @ Support S OSingle pagnba.. s

Voltage Rail Acg. Voltage Rail Zooms Per-cycle Waveforms Tab4

SIgnals Included g
900mV rail
= Simple DC Rails

. 700mV

- 12V Load current
= 1.5V

= Multi-phase DC
Rail (1.0V)

= 12V supply Rall

= Load Current
(2 O to O‘ ‘) DM DM oo (G0 DM Tl 6 | DM DM DO B D1
20.0 mVidiv 20.0 mvidiv 20.0 mVidiv 20.0 mVidiv 7.0 mvidiv 2.00 Vidiv 5.00 Vidiv 4.00 Aldiv

-853.00mV -692.00mV | -1.524000V |  -1.262000V |  -1.012000V -6.6000V 8250V -10.7500 A
= PWM Clock

l“‘ TELEDYNE LECROY

1.0V multi-phase rail

PWM Clock Frequency
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PMIC Transient Rall Response Testing, cont’d
Digital Power Management (DigPwrMgmt) Application Package Provides More Information

B File ¥ Verical 4+ Timebase [P Trigger [ Display # Cursors  El Measure & Math | Analysis X Utilittes @ Support T ODual Gesture U,'Q%C'

Woltage Rail Acg. Voltage Rail Zooms Per-cycle Waveforms ELES Voltage Rail Acqg. Violtage Rail Zooms Per-cycle Waveforms {eb-h— Q-Scape
Tabbed

: Mean DC rail values calculated once per X
900mV rail PWM clock cycle and plotted over time, Display
time-carrelated to original acquisitions,
700mV rail . - AR b Y
1.5V rail S gt e gl i
Mean(700mV) Jll Mean(1.2v)

500 p\Vidiv 500 p\Vidiv 500 p\Vidiv 500 pvidiv
500 psidiv 500 psidiv 500 psidiv 500 psldiv

L-oad-current

|

Mean.DC values.of 1.0V rail H 5.00 Addiv 5.00 mVidiv

Acquired more clearly shows settling time

500 psidiv 500 psidiv Calculated

Waveforms 1.0V multi-phase rail ~ and rail droop. K Waveforms

F

Load release on-12V-supply-can

be clearly-observed-as-an 80mV
PWM Clock F_reque_ncy : voltage increase with an improved
(used to determine period over which voltage tolerange (sdev): 20.0 mVidiv 10.0 mVidiv
calculations can be made) e e 500 psidiv

—

& o o1 0@ o @ o o1 o1 (&0 6 b1 Mean(1.5V) Wean(1.2v)J Mean(rail Mean(12...
20 mv 20 mv 20 mv 20 mv T.0mv 200V 00V 400 A 500 pv 500 pv 500 v 500 pv H00A 50mv 20 mv 10.0 m\Viidiv
-853.. -692_ . 152V 126 101 -6.60V -8.25V =108 A 500 us 500 ps 500 ps 500 us 500 us 500 us 500 us 500 psidiv

é Numerics RMS Sdev Mean P+ PkPk Freq

900mVv 899.460 mv 6.006 mV: B99.440mV 92521 mV 3466 mV: 506.208 kHz

700mv 700.046 mv 4133mVv. 700.033mV. 72130mV 26.42 mVv: 506.208 kHz

Mean Value 1.5V 1.498524 V 5.926mV. 1498513V 151884 V 31.94mV: 506.208 kHz

i 1.2v 1.199758 V 4018mV:.  1.199752 V 121609V 23.34mV: 506.208 kHz
Numerlcs Table Vrail 1.000988V 3.653mV. 1.000982V 1.03544 V 21.74mV: 506.208 kHz Timebase 0.00 ms Trigger 3 DC
Irail 10.3751A 19.3 mA 103748 A 20.006A 2.016A 506.208 kHz 500 ps/div |Stop 1065V
12Vin 11.9889 V 54 8 mV 11.9888 V 12876V 1636V 506.208 kHz 125MS 25GS/s |Edge Negative

TELEDYNE LECROY 1002812016 1:48:06 PM
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PMIC Transient Rall Response Testing, cont’d

Zooms provide capability to understand details of system response

B File ¥ Verical 4+ Timebase [P Trigger [ Display # Cursors El Measure & Math |* Analysis X Utilittes @ Support T ODual Gesture U,'Q%C'

Tab4 RELES

Voltage Rail Acqg. Voltage Rail Zooms Per-cycle Waveforms Voltage Rail Acqg. Voltage Rail Zooms Per-cycle Waveforms

o
Mean(700mV) Bl Mean(1.2V})
500 p\vidiv 500 pvidiv

500 p\vidiv

500 psidiv 500 psidiv 500 psidiv 500 psldiv
T i
L-oad-current
ﬁLL
) 5.00 Aldi 5.00 mVidi
50x Zooms Ml T TN 500 psidiv 500 ps/div 50x Zooms
. 1 "Il"l‘q‘l‘“ Hn 11] y
of Acquired PSRy of Calc'd

Waveforms = Waveforms

These waveforms have one calculated
value for one per-cycle calculation period.

PWM Claock Frequency.

(used-to determine period|over-which 20.0 mVidiv 10.0 mVifdiv

calculations can be made) i e 500 psidiv
(21 72 |73 Za 7o Iz ETEm—T ) z: Jo Mean(1.5V) Mean(1z...
20| 20.. 1 20.. | 20| 7mVv 20V 5.00 Vidiv| 40A | 50V 200 PV W0pV | 2000V | 200V 200A 50 mV 5.0 mV 20 mv
10ps | 10ps |[10ps [10ps [10ps [10us 10.0 psidiv | 10us | 10 us 100 us 100 us 100 us 10.0 us 10.0us 10.0 us 10.0 us 100 us

é Numerics RMS Sdev Mean P+ PkPk Freq

900mV 899180mvV.  6.008mvV 899160mV  92473ImV  3422mV 506167 kHz _ .
Mean Value 700mV 699.799mV:  4.132mV 699.787mV  72066mV  2630mV 506.167 kHz These alternating color-coded highlights
_ 15V 1498367V, 5930mV. 1498355V 151788V, 23142mV. 506.167 kHz indicate the identified periods we are
Numerics Table 1.2V 1109830V 4026mv. 1199823V 121567V 2262mV 506167 kHz King th I culati duri
Vrail 1008725V  3714mV. 1008718V 103544V 2097 mV 506167 kHz making the per-cycle calculations during. Timebase 0.00ms Trigger 2 DC
Irail 138174 A 801mA  138168A  10.050A 2016A 506167 kHz 500 psfdiv |Stop 1065V
12Vin 118911V 735mV 119900V 12876V 1604V 506167 kHz 125MS 25GS/s |Edge Negative

TELEDYNE LECROY 10/28/2016 3:30:18 PM
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PMIC Transient Rail Response Testing, cont’d
For Multiple Phases in One PMIC

= PMIC Load/Current Sharing/Tracking J*”" Phase 1
= Measure voltage/current on each Gate
individual phase output Bzt
= Difficult to do — PMIC normally does not Phase 2
make output accessible for measuring e H /
current orver | 11 T
.y = . . 4'phase = Regulated DC Output
= Pete Pupalaikis will be presenting on PMIC (o8, 12V 150, et
this topic at the end of this session e
river J j=__
= Phase 3
Gate J
- gv\Phase4

"\‘ TELEDYNE LECROY
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Teledyne LeCroy High Definition Oscilloscopes (HDO)

For acquisition and analysis of DC power/voltage rails and currents

= HDO8108
= 8ch, 12-bit, 1 GHz
= MSO option
= Up to 250 Mpts/Ch

= Power Management, Power N,
Sequence, Power Integrity ( A

= HDO9404
= 4ch, 10-bit, 4 GHz
= MSO model
= Power Integrity

"\‘ TELEDYNE LECROY
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Voltage/Power Rail Sequence Testing

Ken Johnson
February 1, 2017
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What Is Sequence Testing?

= For the computing system to
“boot-up” correctly, the DC ralils

must turn ON In a specific order V V W V
with specific “wait times”

between each turn ON.
= For example,

= First 3.3Vdc goes high 4’ ¢ *
= Then, 200-500ms later, 1.8Vdc

goes high 3.3vdec L.ewdc 1.5wdc 1.1vdc
= Then 200-500ms later, 1.5Vdc

goes high

= Lastly, 500ms-800ms later,
1.1Vdc goes high

"\‘ TELEDYNE LECROY
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What are Sequencing Tests?

= Acquire as many DC ralil signals as 5

1.8V

possible e
= More is better — great 8ch application D o e A .
= Acquire other signals,e.g.: PacPONEREN LY L .
= Clocks All 1.8-V Supplies : : /i i i
- PMIC enable i i ! : : 1.8V/1.5\/1.35V
= Strobes o —*J — v
= Serial data command signals to PMIC Ossvewies L L /1
= Measure timing between signals wocorevoowes 1L 1 A
= Usually with cursors ——— | —
= Serial TDME options could be useful to A
some customers cowse . [AAARMAAAANL
= Long capture times with high SR are
commaon = The image above is a start-up sequencing requirement
. (timing details are omitted) for a Tl embedded ARM
= 250 Mpts of memory is very useful microprocessor (http://www.ti.com.cn/product/cn/AM3358-
) Capt_ure a lot O-f time at high sample . Elzigﬁlaesrneaer:fdi%flgriif rifillAvoltages (5 different) and
rate in many different start-up_ multiple 1.8Vdc rails — this is very common
scenarios, and zoom for details . Important reason why 8ch is very, very useful

"‘ TELEDYNE LECROY
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Power/Voltage Rail Sequence Testing on Power Down

50 Mpt capture at 250 MS/s (200 ms) — using timing parameters to measure delta times

ﬁ File 1 Vertical  #* Timebase r Trigger [l Display # Cursors El Measure & Math |~ Analysis N Ulilities @ Support LT Flashba... U,'Q%C'

(=]

900myV rail \

\

Fy

\/ Scope trigger set to first rail known to go low.

1.5V rail

Fy

1.0V multi-phase rail

C5

Unregulated 1,0V rail

Measurements of
Delay Time from Ch3
Going Low to Other

Load.current \ Rails Going Low
3

Measure P1.ddelay(C3,... | P2:ddelay(C3,... | P3:ddelay(C3,... P4.ddelay(C3, .. P5:ddelay(C3,. .. P6ddelay(C3, .. | P7.ddelay(C3,. .. P3:ddelay(C3. ... | P9:ddelay(C3,. .. P10--- P11--- P12---
value 0.00ns 18.6668654ms 550283862ms| 76.8241822ms 754085732 ms 957834982ms| 116.204114ms 116204114 ms, 116.164426 ms
status v v v v v vy v ] v
[C1 ] DC1 oy 1235 oy 1 i (5 | DT ey 1o w100 L T Thase -1240ms Trigger C3 DC

150 m\yidiv 150 m\Vidiv 250 m\/idiv 200 m\idiv 200 m\idiv 200 m\idiv 150 m\/div 4.00 Ardiv 20.0 msidiv (Stop 790 mV

-476.00 mV -404. 00 mV -785.00 mV -605.00 mV -555.00 mV/ -530.00 MV -506.00 mV -10.9500 A S50MS 250 MSks |Edge  Positive
TELEDYNE LECROY

AW TELEDYNE LECROY
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Power/Voltage Rail Sequence Testing — Using Serial Data Toolsets

Trigger on a Serial Data Message, Decode It, and Make Automated Timing Measurements

[l File 3 Vertical @ +* Timebase | I Trigger & Display = # Cursors | E Measure B Math | |+ Analysis X Utilities @ Support LTI 4 Gesture US%O

900mV-rail 1.0V.multi-phase. rail
Unregulated 1.0V rail
L5Virai

faiiNdd=Yaks

384 ms -334 ms -284 ms -234 ms 184 ms 134 ms -84 ms -34 ms L 46ms B6 ms
Pecodedserial- datamessage-that
Transfer at Address =0xB0{W) /inifinfnr‘l seguencing activities

DATA.Q

o o e “

DATAT LI

A250 s A200 ps A150 ps A100 ps A100 s A150 ps A200 s

> Message to Analog
Measure P1:delav(C8) P2:delav(C5)  P3:delav(C2?) P4:delaviC1)  P5:delaviC7)  P6:delav(C6) P7-delav(C4)  P8:delay(C3) P9:ddelay(C3.. P11:MsgToAn. =

value -119.05641 ms -119.01366 ms -100.21749 ms -80.148975 ms -38.114996 ms -20.301626 ms -20.456549 ms  -80.36869 us -118.97604 ms 379.560298 ps
status v v v v v v v v v v
Time ~Addr Len.... Address ~R/W Len.....Data - Status - -
261 1356 4 7 ) W1 0x00 Time from serial data message to
262 -1354... 4 7 0x61 R 1 001 power up calculated using
264 27 4 7 s T autpmated parameter and decoded
265 1326... 4 7 0x63 R 1 0x01 serial data.
[EOE[0T] 29 zoom(DidE (NN | vase i>a isg inyge
200mV  200mV  250mV  200mV  200mV  200mV 200 mV 4.00 A 250 250 Msis|  + 50.0 ms/div Stop 790 mV
495 -355... -885... -665.... 555, -660.._. 615._. A1A 125 MS 125k8), | 125 MS 250 MS/s Edge Positive
TELEDYNE LECRODY 112612017 1:30:11 PM
‘~ Everywhereyoulook™ February 1, 2017 2



Serial Data Toolsets — Measurements and Graphing

= Timing Measurements  [Eeoans

Digital to Analog Timing

= Message to Analog S
= Analog to Message e VTR | s
= Message to Message NS

View Serial Encoded Data

as Analog Waveform Message to Analog Analog to Message Bus Load
= Message to Value e :
= “Serial DAC” LR S SN A1 e e
1111
! TEU [ T Il IO _H_HJ_H_UL_
- AUtO matlc Message to Value Message to Message Delta Messages Message Bitrate

= Run corner cases, "
gather statistics ‘ ‘

_ _ __ i i 1
= Display histograms

'.I ﬂ 'IE:I 'III IEI
- Correlate Cause-eﬁeCt This will overwrite existing setup.
t| m | ng relat|0nSh | pS to (use Undo to revert wizard action)
other events "

Time at Message Mumber of Messages

"\‘ TELEDYNE LECROY February 1, 2017
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“Serial Data DAC” Graphing of Digitally Decoded Data

ZT

Message to Value [ File = T Vertical  » Timebase

parameter

View serial data
change over time

Examples
= PMbus voltage

= |2C or SPI
temperature

CAN wheel
speed (ABS)
12S audio

TELEDYNE LECROY
Everywhereyoulook

[ Trigger & Display & C B Math  |»* Analysis X Utilities

Normal

Undo
4 Draghc . |

182V

Serial

Data messages

149V

116V

(1(

0s or 1000s)

830mv

-160mVv b b

500 mV
7omy itk ||||III|E '

-490mVv

-820mV

13035 11315 -959 ms 787 ms -615ms

P1:CN2ValiDecode1] P2:CMN2Val(Decode)

Measure
value -26.87500 © -368.0 Hz
status v
[F2 track(P2)lc1 | '

200 Hz/div 330 mVidiv)|

172 ms/div 235 msl/div|}

TELEDYNE LECROY

Message to Value
parameter

imebase 0.00 s
500 ms/div Stop 300V
10 M3 2MS/s Edge Meg

February 1, 2017 23



SPMI (System Power Management Interface) Decoder

ZT

SPMI
= MIPI standard
More than 20+

other complete
solutions

= 12C (PMbus)
UART-RS232
SPI
USB2
HSIC
etc.

TELEDYNE LECROY
Everywhereyoulook

& File

HITime

421.9 us Master priority Arbitration (8)

1 Vertical

1.004V

-4 ril
4214 ps

1004V ][ |

++ Timebase

I Trigger

& Display

752mV |8

Ve Addr=0xE

-4 nER
492323 ps

~Msg

424 5 us Master priority Arbitration (8)
424 9 us Extended Reaister Read Long

126 mV/div
192 ns/div

126 mV/div|]

1.06 psidiv:

# Cursors

El Measure

[=RVE

42564 us

Extended Regist

l=* Analysis

T Write Lo

N Utilities

Bit Number Mismatch

42776 us

q

© Support

429 88 us

gister Address =0x40

15 III' 20

R

egister Addresg

26

ata = 0x62

422707 us

+S5C ~Slave

42 ns  0x8

- Cmd ~BC ~ Register

0x3d 6

07|

423.092 us

~Data

b 0x69

423 476 us

Oxab 0x0e Oxdc 0x9a Oxfd Oxc3

423861 ps 424 245 us

- Nbits~ Status ~
8

8
87 Bit Number Mi... 4

| HD [ Tbase
10 Bits

0.00 psfTrigger (81 L8|
1.00 ps/div Stop 0.0 mV
200kS 20 GS/s Edge Positive

February 1, 2017 24



Acquiring DC Power/Voltage Rails
and Current Signals
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Acquiring DC Power/Voltage Rails

There are three primary methods

= 50Q Coaxial Cable Terminated at Oscilloscope Input with DC 1MQ Coupling
= 1x attenuation (low noise), but...

= Requires high native offset capability in the oscilloscope equal to the DC rall
voltage

= This Is rare at high sensitivities (e.g., 5 mV/div), though Teledyne LeCroy HDOs
provide this capability

Or Requires use of a DC block

= DC blocks do not have response to DC — they always block some low frequencies
There will be reflections due to impedance mismatch
1MQ bandwidth <1 GHz

= Use of Specialized DC Power/Voltage Rail Probe
= |deal solution — low attenuation, high bandwidth, low circuit loading
= Most expensive solution

"\‘ TELEDYNE LECROY
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Acquiring DC Power/Voltage Rails

Teledyne LeCroy HDOs have large offset capability built-in to the oscilloscope input

= HDO native offset capability is very
large
= +/-1.6V (ImV to 4.95mV/div)
= +/-4.0V (5mV to 9.9mV/div) 1.8Vdc_ signal at 1 V/div
= +/-8.0V (10mV to 19.8mV/div) ilinta g 1
= +/-10.0V (20mV to 1V/div)

= This is the most of any oscilloscope on
the market

= This makes it more practical to use a
home-made coaxial cable probing

solution | il
= |F the limitations of this approach are 1.8Vdc signal at 5mV/div

acceptable with 1.8V offset

"“ TELEDYNE LECROY
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Acquiring DC Power/Voltage Rails
Using an HDO Oscilloscope and the RP4030 Power/Voltage Rail Probe

= The RP4030 Ralil Probe is the ideal solution:

= 4 GHz of Bandwidth
= 4 GHz MCX Solder-in
= 3 GHz U.FL Coax Cable with PCB Mount
= 350 MHz Browser tip

= 50 KkQ Input Impedance
= Very low circuit loading on the DC ralil

= 1.2x Attenuation
= Keeps scope+probe noise performance very low |
= ~165 pVrms with HDO4096 at 1 GHz and 1 mV/idiv. =

= +/-30V Offset (+/-0.5% Accuracy) 4
= Center a DC signal and use high-sensitivity gain \\J;
setting (e.g., 2-20 mV/div)
= +/-800 mV Dynamic/Differential Range
= Can also be re-purposed for power rail sequence
testing

= Use an SMAto BNC adapter and attach directly to
BNC input with 1 MQ coupling
"\ TELEDYNE LECROY
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RP4030 Power/Voltage Rail Probe
Wide Variety of Tips and Leads for DUT Connection

MCX Solder-in Lead

ProBus- (can be soldered-in and left in circuit)

compatible
amplifier

\
|

I\
/' N
y \5

MCX PCB Mounts

(good for larger circuit boards — attach and leave
in place for quick and easy connection to cable)

. «— MCX to SMA Adapter

/MCX to U.FL Lead
(attaches to compact UFL

PCB Mounts).

| moon
i

SMA to MCX —> |
short cable |

g~ r

.. . <— U.FL PCB Mounts

(compact size for dense, mobile or
handheld systems)

"\‘ TELEDYNE LECROY
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RP4030 U.FL Solution for Compact PCBs

= Hirose U.FL ultra-miniature PCB
mounts can be designed in to
make probing easy
= 3mm X 3mm

= Functionally equivalent to PX
and UMCC connectors

= 3 GHz
= | Ow cost

= Removal is simple with a widely
available special-purpose
extraction tool

"‘ TELEDYNE LECROY February 1, 2017
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RP4030 Solder-in Lead

= Solder-in Lead Provides
Optimum Performance

(o 'y APEBD
= 4 GHz %EGD

%D N0 | ¥ZE6D
= Reasonable cost TR oL, 1. 1680
= Multiple Leads Can be Soldered- | ' BOE6D

_ . - _ 1 #6269
In and Left in Place 2D s ' 98280

"‘ TELEDYNE LECROY
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RP4030 Optional Browser

SMA to SMA
Cable

(for connecting to the
RP4030 ProBus

compatible amplifier) / Browser Tip with

0Q Resistor

(for low attenuation, good

noise performance)
SMA to BNC | \
Adapter \m i | I

(for connecting directly to a

scope BNC input if used as S 4500 and 950Q)
a PP066 Transmission

Line Probe) Resistors

(for use as 10x or 20x
PP066 equivalent)

AN TELEDYNE LECROY
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RP4030 Equivalent Circuit Diagram

The RP4030 probe is shaded in gray, and the cable and oscilloscope are not shaded

3.6 nH 0.1pF
PR E 0|
. Rs, 50 Q)
MCX Termination Rp 50kQ | = Oscilloscope
Provides Flexibility 0.18 Termination
. ) pF RS}_
for DUT Connection 1

\ Auto Zero Auto Zero of Probe Can be
MCX to SMA Cable  gp/n Grounding SWDone While Connected to DUT
3 [ ) } Input BMA
.’\ O.iLIuF Qutput
{1 VWA
= / 50 Q
§ 50 kQ % % Oscilloscope

S~

=]

High Bandwidth 1 High DC Input Impedance Termination
SMA Connector _ (Low DUT Loading) with Low
High Frequency Input L
MM Impedance i
High precision, high — W > SOl
dynamic range offset DAC WWA -
(16-bit, 30V) 1t
= —
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Other Teledyne LeCroy Voltage and Current Probes

= Differential Amplifiers (DA1855A)
and Probes (AP033) with 10x
Gain
= |deal for shunt/series resistor
measurements

= Upto 100 dB CMRR

= High Sensitivity Current Probes
= 50 or 100 MHz

= Low-cost 1 GHz Active FET
Probe

= Great for general probing or
power sequence testing

"\‘ TELEDYNE LECROY
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Common-mode Rejection Ratio (CMRR) Performance Difference
Top is a conventional diff probe, bottom in a CMRR optimized probe with 10x gain

File Verical Timebase Trigger Display Cursors Measure Math Analysis Utilities Support

47

2A

# ' ':”:" o wfpv“-?w’? B

= 0A

4 'ﬁt\
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he DT
N2A \\\-‘.\w-,}.\-q\\\\‘\‘n’ﬁ*'

= 0A

2 [N)Ndlj 2.00 Addiv|

10.0 psidiv

__ssdOysidiv
TELEDYNE LECROY

A .
\‘.\‘ﬁ"\%\\‘ﬁ.\.‘ N \

%_ o 1@ TAGEer * orocessing: |11 B gesture =

Setup

Standard ZD1500 differential probe

! A it

T — w"’?ﬁ?wyﬁwﬁfﬂ'@ Ty "“"&-"‘nfﬁﬁ?'WW}

L ——

&

DA1855A differential amplifier with
DXC100A matched probes
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Power supply current to mobile phone camera measured using a 0.01
Ohm sense resistor. The waveforms are rescaled so that 10mV =1A. The
signal was measured simultaneously with two differential probe systems.

The Teledyne LeCroy DA1855A {orange) provides superior noise
performance, CMRR and offset accuracy to a standard differential probe.

&

Timebase  0.00 s
2.00ps/div Stop 0omv
1.60 MS 80.0GS/s Edge Positive

4/25/2016 12-01-17 PM
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Power Integrity Measurement Examples
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What is Power Integrity?

From Wikipedia (with reference to Eric Bogatin)

= Power integrity or Pl is an analysis to check whether the desired voltage
and current are met from source to destination. Today, power integrity plays
a major role in the success and failure of new electronic products. There are
several coupled aspects of PI: on the chip, in the chip package, on the circuit
board, and in the system. Three main issues must be resolved to ensure
power integrity at the printed circuit board level:1
= Keep the voltage ripple at the chips pads lower than the specification (e.g. less
than +/-50 mV variation around 1V)
= Control ground bounce (also called synchronous switching noise, simultaneous
switching noise, or simultaneous switching output (SSN or SS0))

= Control electromagnetic interference (EMI) and maintain electromagnetic
compatibility (EMC): the power distribution network (PDN) is generally the largest
set of conductors on the circuit board and therefore the largest (unwanted) antenna
for emission and reception of noise.

1. Bogatin, Eric (13 July 2009). Signal and Power Integrity - Simplified. Pearson Education. ISBN 978-0-13-703503-8.
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Power Integrity
Measurement Example 1

Jitter on a 10 MHz clock circuit Is traced back to a
2.9 MHz Point-of-load (POL) DC-DC converter
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Overview of DUT

Power Delivery System for a Wireless Router

Point-of-Load
(POL) DC-DC
converter

Power delivery
network

Switched-mode
AC-DC power

supply
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2.9 MHz POL DC-DC Converter Spectral Measurements

The oscilloscope Spectrum Analyzer capabillity is used to frequency peaks of the POL

[ l = =y = Trigger
File  Vertical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities  Help ?ﬂ' @ 1@ Segtgp Zoom US%"“

. = = [ : 1 Trigger
Vertical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities Help ?ﬂ' @ 1@ Segtgp Spectrum US%O

Ty 2 95643 MHz -45 4 dBm Long Acquisition
8.86929 MHz 523dBm_ 250 MS/s

5.91287 MHz -54.1 dBmy

538 kHz -56.2 dBm

32.06 kHz -57.4dBm

11.82576 MHz 57 5 dBm

9.99998 MHz -61.4dBm

47 71 kHz -66.7 dBm

2000011 MHz -68.0 dBm’

~29.99987 MHz -69.8 dBm_

1
2 8.86929 MHz -52.3 dBm
3 5.91287 MHz -54.1dBm
4 5.38 kHz -56.2 dBm
5 32.06 kHz -57.4 dBm
6 11.82576 MHz -57.5dBm
T 9.99998 MHz -61.4 dBm
8 4771 kHz -66.7 dBm
9 20.00011 MHz -68.0 dBm
0 29.99987 MHz -69.8 dBm

Spectrum

Analyzer
Table

e "% Short Acquisition @ 20 GS/s *

200k5 . 200654 ; b s
2060 i
S0k 250 MG

= 0D = & Un e L RS =k

10 Peak Markers
' Correspond to Table

Spectrum Analyzer Peaks / Markers

— Frequency & Span Resolution Bandwidth Mode Scale Spectrogram Time Domain
nable

20.0 mVidiv i
-3.31500V Start Freq. Auto Normal | Average || Max 2 A e phascHO/ps
Center ek Ly Hold dBm . Show Source 200 psidiv Stop 0mv
Span 0.0kHz ’ ' kS 250 MS/s| Edge  Positive
Input1-Input2 . Persistence On Reference Level i i . 211312015 9:13:29 AM
| Start Stop Freq. lesolution B 400000 dBm >
nout? smE 50.0000 MHz nrERz '

. | Show Zoom
] Window Scale Monochrome .

VonHann 20.0 dB
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POL Ripple Contributes to Clock Jitter

JitterKit can be used to quantify jitter on 10 MHz clock and trace it back to the POL

Trigger
Setup

File Verical Timehase Trigger Display Cursors Measure Math Analysis Utilities Help ?ﬂ & 1@ =

10 MHz clock acquisition (500 ps long)

€ 500 midiv

125 nsidiv TIE Jitter Overlay of | = : -
229,908 k# Histogram of TIE
10 MH.Z .C.|0Ck measurements
aceguisition

yA
A
‘\995@’

10.0 paidiv
50.0 psidiv

[ 1 2 ¥
Jitter Kit Period@level Freg@level Cycle to Cycle TIE@level Duty@level Rise@level Fall@level ) 8 86929 MHz 52 31dBm S t
mean 99.99989ns 10.00001 MHz 0fs 0fs |58535677%  277.801ps  296.160ps = : peC rum
sdev 1336ps 1336 KHz 22 15 ps 8430ps | 6547 m% 6.192 ps 8.310 ps 3 5.91287 MHz -54.1dBm Analvsi
pkpk 69.04ps  6.9030 kHz 125.66 ps 53.01 ps 59.37 m% 55.51 ps 67.90 ps 4 5.38 kHz -56.2 dBm nalysis
max dev+ 3846 ps 3.0585 kHz 62.86 ps 26.38 ps 3015 m% 2966 ps 3450 ps 5 32 06 kHz 57 4 dBm
max dev- 3058ps  38445kHz  6280ps | 2664ps | 2922m%  2585ps  -3340ps = S BOET 6 Nkl 5B Table from
max dev 38.46 ps 38445 kHz 62.86 ps 26.64 ps 3015 m% 2966 ps 34 50 ps — : m
num 464.907e+3  464.907e+3  464.814e+3 || 465.000e+3 || 464.907e+3  465.000e+3  465.093e+3 7 9.99998 MHz -61.4dBm 29 M HZ POL
status B L v Rl o ——— v v v 3 47 71 kHz -66.7 dBm
C3 D50 WJitHist ~ Timebase 0 s

{  200mvidiv 500 mv/div & 500 mvidiv 100 #/div 10.0 psidiv |€®  2.00 psidiv 9 20.00011 MHz 68.0 dBm 50.0 ps/div| Stop omv

-4.97100 V 0 mV offset 12.5 ns/div 10.0 ps/div 50.0 psidiv 500 kHz/div 10 20,9908 7 MHZz -60.8dBmM [500MS 10 GS/s| \Width  Positive

229 908 It 230.000 kit
i 21312015 8:58:14 AM
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Power Integrity
Measurement Example 2

Understanding the impact of the power delivery
network (PDN) impedance on clock jitter coupling
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Background - The Importance of Impedance

Control Loop
Inductance

—AMA—M

=
v 3

Package Lead
Inductance

QAR )

33

=
]

=

Load
1t
A+ _+ L+ - T
Bulk Caps Decoupling Capacitance Package
Caps of Planes
"P TELEDYNE LECROY
Everywhereyoulook

—

Impedance

of PDN

ZppN

Vee Vehip
IMax

Load

Vcc 7 VChip
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An LDO DC-DC Converter Supplies Power to 10 and 125 MHz Clocks

. i . 1 ? 0 lil o
: ! : L] C402
o _ . y

sCa0) 125MHz le=" !
'L oscaon ; lm:ﬁ
!H u-sr' r

-H EMABLES
G TP403 TE401
-

_0 [wic404

S o cpeate CLOCKS

¢ 1 04am0 3

|| J4
*ﬂauq-u;' ‘
IHEI ||:||"|'n|t,"r

408 C '

G407 CH+0S

PLANES & CAPS
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Impedance — Measurement Example

Impedance
of PDN

Power Rail Voltage Power Rall Voltage
Measured at V. Measured at V- p

= = = rigger . . . ;
File  Vertical Timebase Trigger Display Cursors Measure Math  Analysis  Utiliies  Help r b & J o 00 e File  Vertical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities Help

I _ DCS0]
Do Timebase 0.0 nslf Trigger 20.0 mVidiy 500 mVidiv
20.0 mvidiy 500 mVidiv 20.0 ns/d 332600 V 0 mV offset 4.00KS 20 GSls| Edge
331500V 0 mV offset 400kS  20GSis||[Edge  Positive 2/13/2015 9:55:43 AM

9 2/13/2015 9:55:25 AM
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10 MHz Clock Causing Ripple on Input Voltage Rail (V¢)

.@. 1@. -. Tsﬁ;_ﬁ;r Spectrum u:_g)o

File  Verical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities Help

eguen Amplitude
1 10.0000 MHz -36.9 dB
gl . 00u2 MHz 40 .6 aBm
3 40.0001 MHz -40.8 dBm|
4 100.0002 MHz -411dBm
5 190.0002 MHz -41.4 dBm
i 2.9556 MHz -41.7 dBm
7
8
9
0

120.0002 MHz -42.1dBm
170.0002 MHz -42 6 dBm
60.0001 MHz -42.6dBm

1 300.0003 MHzZ -42.9dBm

Spectrum Analysis
Table of V¢

(=

Spectrum Analysis of V¢

Timebase 0.0 ysifiTrigger

20.0 mvidiv 20.0 dBidi 20.0 ps/div | Auto 0mv
-4.96200 V 100 MHz/di 1.00MS 5.0GS/s/ [Edge  Positive|
Spectrum Analyzer Peaks [ Markers Close

Table View Action

Automatic and continuous
identification of Peaks Set Center Freq. to

Peaks Max. Peaks Show Table Peak # -
| — 10 1 pply
Markers Sort By Show Freq.
Amplitude B

o 211312015 9:00:58 AM
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10 MHz Clock Induced Ripple on V. Impacts 125 MHz Clock

Ripple adds 1ps of jitter on the output of thel25 MHz clock

File  Verical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities Help s&j’

Trigger Und
Setup Zoom | oy

T

This is a TIE jitter analysis of the 125 MHz clock
(the original acquisition is not shown)

Histogram of TIE

3 .

measurements 4@ 0@ 3 A 0
- :

W

TIE Jitter Spectrum of 125
MHz Clock

Fy ———
Jitter Kit Period@level Freg@level Cycleto Cycle TIE@level Duty@level Rise@level Fall@level
mean 8.000033ns 124 9996 MHz 1fs -2751s 51.60755% 250609 ps 294 009 ps
sdev 7603 ps 118.8 kHz 13.64 ps 6.214 ps 99 50 m% 7625ps 8441 ps
pkpk 58.704 ps 917 .42 kHz 103684 ps 52.424 ps 800.08 m% 58.01 ps 64.26 ps
max dev+ 28684 ps 47072 kHz 53532 ps 25.089 ps 386.41m% 3144 ps 3311ps
max dev- -30.021 ps -446 69 kHz -50.152 ps -27.335ps -413.67 m% -26.57 ps -3115 ps
max dey 30.021 ps 47072 kHz 53532 ps 27.335ps 41367 m% 3144 ps 3311 ps
num 24 998e+3 24 998e+3 24 996e+3 25000e+3 24 998e+3 25.000e+3 24 999e+3
status v v P EE——a— v v v
(JitHist Timebase -50.0 ps
ﬂ 1.00 psidiv 200 #!dtij 10.0 ps/div | Stop omv
A00 kHz/div 10.0 ps/di 200MS 20 GS/s Edge  Positive
_25.000
0 21312015 10:42:00 AM

AV TELEDYNE LECROY
'~ Everywhereyoulook February 1, 2017 47



Measuring Impedance of the PDN
The plot indicates the impact of the ESR and ESL on the circuit

= Power/Voltage Rail behaviors during load
changes correlate to PDN impedance
=  Equivalent series resistance (ESR) and

inductance (ESL) for half-bridge output
capacitor (Cq,)

=  Voltage transients at load changes are
primarily caused by ESL or impedance of

Omicron Bode 100
40 MHz Network

the output cap at very high frequencies.
Analyzer put cap at very nigh freque
=  Slew rates impacted by the reactive power
of the capacitor (Q.)
10 ] Figure 1. An idealized load-transient plot
Bulk capacitance Decoupling
3500uk Bulk capacitance r36uk o load
\\ / ESR 2mQ output Wj/ \ b
Currents S
Y 102 T ‘// BW / Bulk capacitance 0 i 5
— o / ESL 700pH - ‘\ ESR & ESL Cout
\ Decoupling V(tz.g
T
— ~ - AT ESL 140pH Coupled
hi T _‘M i =
== - Cou Vunder
103 DCR = 2m¢.) ESR&ESL
103 104 108 108 107

fiHz

e TR1: Mag(Gain) e e TR1(Memory): Mag(Gain) Image source http://www.powerelectronictips.com/ceramic-or-

electrolytic-output-capacitors-in-dcdc-converters-why-not-both/
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A Decoupling Capacitor Can Be Used to Lower Impedance
TIE jitter is reduced by more than 1ps,,. in this example

10° == ====== ====-
—
E 10° SessESs S ——t==== e
M = TW T ———5301-20Nwlo  S301-2 ON w/
10 — e w decoupling C decoupling C
o 10° 10 E—
f/H . .
s S5301-3 ON © [Mag(Gain))| Jitter Kit T|E|ff;_L:!|E'-_"."I%!| TIE.:,;}IE-:-.-'?I
e 5501-2 ON - |Mag(Gain) FEan 0 fs ) 0 fs
e 5501-2 ON 5402 - |Mag(Gain)| soey 7.070 ps G55

kb
max dev+
may dey-
max dew
MU
status

(]
TR L]

E _|I
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1
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I R |
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Power Integrity
Measurement Example 3

High clock jitter and malfunction can be seen to be
caused by POL DC-DC converter voltage droop.
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DC-DC Converter Transient Load Response

POL Output Voltage

multi-phase operation
A

single-phase

e

single-phase operation
A

POL Voltage

POL Current

Measure P1:nse(C2) P2:-fall(C2) P3:base(C2) P4:top(C2) P5:min(FT) P&:max(F7)
value 10.723 ns 8.246 ns 108.6 mV 509.0 mV -84 MVis 49 MV/is

mean 10.72257 ns 8.24594 ns 108.615 mV 509.003 mV -64.06 MVis 4866 M\is
min 10.723 ns 8.246 ns 108.6 mV 509.0 mV -64 MV/s 49 MV/s
max 10.723 ns 8.246 ns 108.6 mV 509.0 mV -64 MV/s 49 MV/s
sdev — — — — — —
num 1 1 1 1 1 1
status v v v ' ' v

i T8l ase -10.51ps

50 m\/idiv, 200 m\/div 50.0 MV/s 500 ns/div Stop 520 mV

91.6 mV -800.0 mV 500 ns/div 100 kS 20 GSis|[Edge Positive
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Transient Load Response Jitter Analysis

The POL output voltage droop to the clock causes large clock jitter
G

Trigger
Setup Zoom |y

File  Verical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities Help %

f 200ps TIE Jitter
per.vertical 200 peldiv € s00mwvian

5‘“ F "
division o iy — 1&?@@; / S — _

..m?;“v}i ‘ _..::.N\ﬁz' ,.:-1?'1"")_'_? \\ﬂgﬁﬂ\ﬁl

 Jitter Kit i TIE@level =°

i

L 464 s
= ! Ml B ; e ;
. Sdev - 1097 ps  — Jitter is quantified with
Jitter Kit Period@level Freg@level Cycleto Cycle TIE@level Duty@level Rise@level Fall@level ‘: EFIH 1 r.l L bbE‘ ns Time Interval Error
mean 8.000031ns 1249996 MHz Ofs -464 s 5157887 % 233172ps 273398 ps -
sdev 7.058 ps 110.3 kHz 12.36 ps 108.7 ps 92 50 m% 8.968 ps 9518 ps max dey+ ~ measurement. Peak to
pkpk 5720 ps 894.1 kHz 97.74 ps 1.05665 ns 745.19m% 7475 ps 83.46 ps Elg 1 El-lr |.'5 peak jitter is 1ns
max dev+ 26.92 ps 4749 kHz 49 47 ps 59127 ps 35587 m% 36.90 ps 46.01 ps max :IE"-"' - - . .
max dev- 3028ps 4192 kHz 4898ps  -46537ps  -389.32 m% 37.85 ps 37.45 ps -465 37 ps Wh'_Ch is 1/8 of a
max dev 30.28 ps 4749 kHz 4947 ps 59127 ps 38932m% 37 85ps 46.01 ps max :.1E"|" . perIOd
num 62 498e+3 62.498e+3 62.497e+3 62 499e+3 62 498e+3 62 499e+3 62.500e+3 5":' | E'-lr L‘E
status v v v v v v v FILATI
62 4599¢-+3 Timebase 0 ps
50.0mvidiv €® 500 mvidiv 200 psidiv €9 58 ps/div latus 50.0 psfdiv Stop 32865V
33400\ 1.00 nsidiv 50.0 psidiv 2.00 MHz |.-"- 500M5 10 GS/s| [Edge Positive
62.499 ki
o 21312015 9:36:17 AM
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Transient Load Response — Power Switched on to a Second Clock
Load of second clock causes POL voltage droop and impacts 10 MHz clock functioning

File  Vertical Timebase Trigger Display Cursors Measure Math  Analysis  Ulilities Help % @ 1@ e e

Setup £oom |

10 MHz Clock Voltage vs. time

'|
|

|

/l
Zoom of above trace
h\hh&\\hh\\&\\

LYY
iy KA
\\.ﬁh\. -nhhhh.‘pqn.\\ﬁ’\\ L LT )LL)
&

,,ci!n'fih'rfp-li'ﬂiwiiﬂilv
Asd

| pet
PV I L A v

Fy
500 mV/di 500 mv/di

50.0 ps/div Stop 4355V
500 ns/di 500 ns/di

500 mVidiv 500 m\/di

-5.000 V ofst _ 0mV offset

IC3] DCSU\]
500MS  10GS/s |Edge  Positive
o

2113/2015 10:07:21 AM
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Summary
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Teledyne LeCroy Equipment for Digital Power Management
and Power Integrity Analysis and Testing

Digital Power Management
Analysis Software
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Comprehensive Probe Offering Measure/Graghtgnd Eye Diagram
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Questions?

Please visit us at Booth 733
In the Exhibition Hall
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