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Do this!

Signal Integrity and Power Integrity Engineering is really done every day here at
SNL on a wide variety of PWA products

The tools and expertise to help you put these into your product are available

Engineer your product, then produce the product you engineered! , —_— —_— QN NISR




Motivation through

Brent Meyer, 2622
844-1880

btmeyer@sandia.gov

real SNL examples

About myself

First PWA design circa 1983
o Light table, two mylar sheets, red and blue tape

Hired into SN1L. 1985
> PWA designs for flight computers

° Electrical design usually solid, physical design about 50/50

Moved to the MDL. in 1990
> ASIC designs for a broad range of products

Back to PWA design in 2007
° Brought rigorous design approach from 17 years in the MDL
° Took this same class the first few months

> Began engineering the entire product
o Physical design as well as electrical design
° Delivered perhaps 60 PWAs over the years
o Electrical design usually solid, physical design almost 100%

o Physical implementation still provides opportunities for humility




Signal Integrity
Examples

2.5 MHz, 1.8 V, transmit data clock

* Top picture was implemented without paying
attention to length or terminations

/GBE1_TXCLK

*  Bottom picture was with a source termination

(@D s00mv e J[100ns 5 5.00GS/s H @& . 204 V"

. . s s et [ value Mean Min Max Std Dev | \W*Y0.000000s 10k 10k points
Both interfaces WOrl\ed delng initial @ Rise Time  643.2ps  676.3p 622.9p 709.4p 18.47p v _
. . @D rall Time 608.7ps 617.4p 569.3p 656.3p 16.32p 3 Dec 2016|
functlonal evaluatlon | @D Frequency 2.500MHz 2.500M 2.499M 2.501M 211.4 ) 104:04:01 )

*  But the top design was headed for trouble at |  d—
some point }

* Had to go looking with a scope to find the
design oversight!!!

|,w’4—4w100ns |"5,oocsgs H o - 900mv"
i value Mean Min Max Std Dev ‘ W~+v0.000000s J{10K points J|
o Frequency 2.500MHz 79.03M 2.499M 1.667G 253.0M )

15 Jun 2017
06:10:01




Signal Integrity
Examples
DDR3L Chip Select signal

* Both designs were engineered with a 40 ohm
source termination on a 40 ohm trace

* The top design was constrained with a 50
ohm trace contrary to specification

(___ ® somve 0 )f2.00ms I"s.oocs_/s ‘ I ) f340mv’~‘,. —  lTrigd
(— value  Mean  Min _ Max  Std Dev |\?¥0.000000s )10k points || O o T T T
. 1 1 @D Frequency Hz A Clipping positive - =60 A g
* The bottom design was with a 40 ohm trace s e ererzeis | O  -ldsons O -100.omy

[23:10:07 J A5.040ns A1.560V
% —_——— dv/dt —309.5MV/s |

as specified
* Both interfaces worked during initial

functional evaluation
* 'The top design was headed for trouble...

* Had to go looking with a scope to find the
constraint error!!!

‘||2.00ns ] 5.00GS/s H [1 3 GSOn;uv‘
| value Mean Min Max std Dey | \W*¥0.000000s J{10k points
@D Frequency 99.92MHz 104.9M  99.63M 384.6M 37.19M

(@ so00mv @

19 May 2016
03:20:24



Signal Integrity
Examples

A quick point about doing signal integrity
verification with an o-scope

* Both traces are the same 32 MHz, 1.8 V clock
signal

HS,OOGS/S H

~ Value Mean  Min __ Max  stdDev s J 10k points

* The top trace is with a 1 GHz passive probe

* The bottom trace is with a 2.5 GHz active
probe

* Make sure you are using the correct
equipment — signal integrity is about the edge
rates and you must see the edges!

5.00GS/s

e [ e800.0000ns | [Tok potnts ||




Signal Integrity
Design Tools

Can just use Excel (or even paper & pencil)

Define basic parameters and guidelines for the
product

Determine edge rates for the various electrical
groups

Calculate the trace lengths at which networks
need SI Engineering

Using these guidelines, create schematic or
routing requirements

Design terminations for nets that are known
to be “long”

Define max routing length for unterminated
nets

2B 28 BRUIERARNE S

E5EEER8 Y8

FR408HR Material

Vplinins) = Clsay
Relative velosity (unitless) = VpiC = squ(Er) =
Smil=

Fundamental Calculations
Fastest measured edge rate, DIP3 (ns) =
Common simulated edge rate, MATT (ns) =

0.48 From the DOR3 clock
0.75 From Hyperlyri simulations of the MATT design

th in) = Vp* min ed 2.95 Idealy, caloul . Practicaly,
gth i) = Vp min edk 451 Idealy : i . Practically,
e (in)= 16" TEL = 0.43 11410 U6 of the TEL is a rule of thumb b
toute (in)= ¥4 TEL= 115 ¥d 10 6 of the TEL is arule
Source Termination Parameters
Maslength of source terminated routefin) = 114" Tperiod
(st et down sed back bfore mxt tsacition)
12 MHz (USB Clock] 801
Longerthanboard size
25MHz [ENET Clock) 6144
32 MHz (PS Clock 4800 *° “f“”hzwp‘&"“'"‘"
52MHz (eMMC) 2354 o
108 MHz (QSP) .22
165 MHz (D) 331 [ 1
400 MHz (ODR) 384

Load Termination Parameters
Ma length of load terminated route (in) = 12 * Tperiod
i b

at
reszomsble i pracice)
ould be used on bi-direct signals

Cross Talk Parameters
Capacitively coupled (laer to layer)

Inductively coupled (side-by-side)
Malength of parallel run (in) = 12 TEL =

Height above plane < 4milin our stack

For this design, noload terminations were use

d.

Canbe violated using judgement & simulation

2.30 Rule of thumb

Smil space "6% coupling Uset
7milspace “3.5% coupling
10mil space “18% coupling




Signal Integrity
Design Tools

Hyperlynx SI from MGC is available through the
ECAD group

* Pre-layout exploration
*  Model drivers, loads, termination options

*  Develop model based requirements

Layer Stackup. Design: Untitled.ffs, Designer: Meyer, Brent T.

Number of layers: 13
Total thickness = 37.28 mils

8

S File Setup Edit View Models

s

Simulate S| Simulate Pl Export Window Help
) E a8 B8 &
m~ 3 0% 2% 9 v & T WY

Comment (for Clipboard and printer)

[+ o]

SN74LVC1T45_DCK

Net003

u33

SN74LVC1T45_DCK
A

Net002

49.7 ohms

1.297 ns

5000 in SN74LVC1T45_DCK
Stacwp 8 =

Net002 Net002

SN74LVC1T45_DCK

Net001

U4s

Edit Transmission Line

Coupling regions
= SideBySideCouplingRegion
TOP Signal Layer
VCC Plane
- InnerSignall Signal Layer

TL2
InnerSignal2 Signal Layer
GND Plane
DATTAM Cinnal | e

Transmission-Line Type Edt Couping Regions

NN | Layer Name Type Usage Thickness | Technology | Ex Metal | 7]
mils, oz 1
of
\L \L‘ ‘! 1 Dielectric | Solder Mask | 0.5 3.3
ez eAa 2 | Top Metal Signal 0.5 <Auto> | Copper | 3
‘ ‘ 3 Dielectric | Substrate 10 Prepreg 3.61
ZzzzZZZZZZZZ) 4 | vee Metal Plane 1 <Auto> | Copper | 7
‘ ‘ 5 Dielectric | Substrate 3.69 Prepreg 3.61
bz A 6 InnerSignall | Metal Signal 0. <Auto> | Copper | 4
37.28 mils | | 7 Dielectric | Substrate | 3.5 Core 377
zZa A 8 InnerSignal2 | Metal Signal 0.5 <Auto> | Copper | 4.5 49.7
[ ] s | o Dielectric | Substrate 3.69 Prepreg 3.61 i I
zzzzZzzZz77727722 10 | GND Metal Plane 1 <Autos> | Copper | 7 50.5
\ | 11 Dielectric | Substrate 10 Prepreg 3.61
z w4 12 | BOTTOM Metal Signal 0.5 <Auto> | Copper | 20 51.3
5 L ra o] Dielectric | Solder Mask | 0.5 3.8 |

Vertical: 500 mV{div offset: 0.0mY
Horizontal: 1 nsidiy delay:

Track Waveform

X

Field Solver Move to Coupling Region

Coupling region

Name: | SideBySideCouplingRegion

Edit Stackup... Length: | 8.000] in

Trarismission fine [

postors| 000 mis  Trace width 450 mis 00t
— Time
Layer | 3, Signal, InnerSignall ™
Trace-to-trace separation
8.00 Right: | 10.00| mils
— Cursars
Trace-to-plane separation
4.00 4.00
Impedance (see Field Solver tab, View button) - et
ut

Teansstission Line Impedance  Note: s Entre O Region Waveform: | Latest: V [LU4.4 (at pin]]
T 437 ohms  diage e

L2 437 ohms  diage 4@ﬁg ~M= 'IVI.i]EJ I
[Differentiall 96.7 ohms  best: ¥
< > Peak-to-Peak Voltage: 25.29m  Max peak: 16.62 my/

Min peak: -8.67 m

Reference conductor —

Operation
Standard O Eye Diagram Start Simulation
Simulator
Stimulus =
© Global

O PerNet/Pin

planes

Time Resolution

@aueO 10 ps

SPICE Options...

(® Edge (® Rising edge
O 0scilater | O Faling edge
IC modeling

O Slowweak O Typical
Show

[] Overview pane  Probes:

Readout text Located
[Loadedresuts | Always atthe pin

[[] Previous results

) Fast-Strong

MLatestresuits | Pins A
i -0 LatestWavefor

® Voltage S

O Cunent b 3. W

Zoom

5 B

Thiesholds for. L |t 4
AIICPins v
Vettical Horizontal
Position Delay
00|[2mv [ 0000 %ns
Scale Scale
W, W,
[ 500]Zmv/div [ nsraiv

(ot BOV]

Save/Load...
Copy to Clip

Erase

Print...

Close

Help



Signal Integrity
Design Tools

Hyperlynx SI Post-layout Verification

™
/

* Export actual layout data from MGC s N\
Expedition or other tools |

[UG.P5 (:’ i ]
* Import into Hyperlynx BeE sl
3000.0f (;‘;) oo -
*  Setup / verify stack-up information i m | . . . sampmmes
* Select nets for analysis - ~~

* Select conditions for analysis

1<F 1 0QR—0<

*  Run simulation

0 25,000 30..0
Time (ns)

Date: Thursday May 11, 2017 Time: 14:36:25
Net name: SD_0_CMD
Show Latest Waveform = YES, Show Previous Waveform = YES



Signal Integrity
Implementation
Checks

Impedance test traces allow verification prior to
committing expensive BOM to assembly

®

On-board traces designed into open routing
area on product

Six routing layers with 50 ohm and 40 ohm
traces on each

Use a TDR to check the impedance

[
[®]
(@]
[®]
[
40

* & & & o
1
NS

|
L ]

[®] [®] [¢] [¢] [¢] [¢]

* & & o




Signal Integrity
Implementation
Checks

Layer Job Number Serial Min Z Max Z Result

Vendor dCSIgﬂed COHpOﬁS USCd to ¥ L450 1212517 1.00 03 51.23 54.16 Pass
K . . ¢ L550 1212517 1.00 03 49.89 53.16 Pass

Y L4 FLEX 50 1212517 1.00 03 51.64 54.86 Pass

report/ certify trace impedance is correct Aot s A e g e
¢ L450 12125 49.39 52.31 Pass

¥ 1550 2517 1.00 ot 50.70 54.64 Pass

’ 50 1212517 1.00 01 49.47 52.40 Pass

TDR prOft from VeﬁdOf lOOkS ﬁﬁe ¥ L5 FLEX 50 1212517 1.00 o1 45.04 53.33 Pass
¥ L4 50 1212517 1.00 04 49.80 53.29 Pass

¢ L1550 1212517 1.00 04 50.09 52.74 Pass

o L4 FLEX 50 1212517 1.00 04 47.36 50.94 Pass

43.02 48.00 Pass

SNL designed coupons added to the panel P e T o o
just to be sure...

TDR report from SNL coupon looks bad

*  Notice their coupon is rigid only whereas the
SNL coupon is rigid flex...

*  The vendor compensated the entire product
based on their rigid data




[ —ry o ———
FABRICATOR SOLDERMASK SODERMASK SOLDER MASK 400
1 -~ | AR AR AR AR Al ISOLA FOIL FOIL FOIL 0.60 130
i ] 1SOLA FRABHR PREPREG 2116 530 520 366
o | I1SOLA FRA0BHR PREPREG 3313 408 400 361
° 2 060 060
P I t t » E { ISOLA FRA408HR CORE 3313 (3) % (3)28 377
Owe r n eg r I y § ] ISOLA FRA0BHR PREPREG 1086 357 350 350
4 E 1 060 060
| 1soLa FRA0BHR CORE 313 350 350 37
5 - 060 060 2
Exa m P I e S 2 [u ] 1SOLA FR408HR PREPREG 2116 530 520 366
g O | I1SOLA FRA0BHR PREPREG 2116 530 520 366
¥ O -
3 1 | On
- . : d 0oV b= !
Original 10 layer design -
8
*  Used plane pairs for both supplies ; E
[
*  But very small board (~2” x 47) n e EE
*  High current drivers placed ‘far’ from
regulators
Design would upset the FPGA
¢  Current probe showed where the high current [
events occurred
. . 1 e YN
*  This was able to be correlated with the upsets ) i
3 ﬁ
e o N [ SOLA RA0UGHR .
Added additional plane pairs for both supplies 2 Lo | w0
. > | 1soua FRA0BHR CORE 3113 3% 350 377
° NOW 14 lﬂVerS I | ISOLA FR408HR PREPREG 1086 357 384 350
’ . ) j " { | so1a FRA0BHR CORE 313 §§§ g?ﬁ 3
° A_ISO relocated the hlgh current d]flVCfS aﬂd ? ; ] ISOLA FR40BHR PREPREG 2116 530 475 366
increased the decouphng 8 i ‘ == — —— 523 3;5) - 4
. B | 150t FRA0BHR CORE 313 3% 3% 37
° NeW deSign never faﬂed ag'rliﬂ . i : 1SOLA FRA0BHR PREPREG 1086 g; 3; 350
i | ISOLA FR408HR CORE 3313 350 3’50 377
1 J | 060 0560
I ] ISOLA FRA0BHR PREPREG 1086 357 344 350
12 I 1 0560 060
\ | 1soLa FRA0BHR CORE 313 350 350 37
13 0560 0560 5
I | 1SOLA FRA0BHR PREPREG 2116 530 475 366
14 v W W W W W W oA FoIL FOIL FOIL 060 060

? FABRICATOR  SOLDER MASK SODERMASK ~ SOLDER MASK 4.00

Copper Thickness = 8.400 | Dielectric Thickness =53.760 | Solder Mask Thickness = 1.400 | Stack Up Thickness = 62.160 |
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Power Integrity ’””
Examples

1.8V supply implemented with engineered er
integrity

* Switchingon a 1 Amp load.
Only 10mV on the 1.8V plane @ non @ mmn I [,

*  Switching off a 1 Amp load. 4

ek Stop

Only 10mV on the 1.8V plane e ]

* Zooming in to see the spike:
o Looks to be ~40mV \
*  Could perhaps add some decoupling with . | — SR T

000000 10k points

response ln the 100 — 500 ns raﬁge. .o . i it (14 Mar 2018

1 “‘“‘QQ"E*WWWW
il

(@ 10.0omvh i ] J(1.00ms 1.00GS/s ‘ @ x 20.bniv"
- |lm>>0.000000s |10k points

(13 Mar 2018
12:34:02




Power Integrity
Design Tools

Free Excel tool from Altera (now Intel) called
PDNtool

*  Pre-layout design tool

* Define the stack-up

* Define the capacitor mounting dimensions
* Define the capacitor parasitic values

* Define the supply characteristics desired

* Select the decoupling capacitor networks
required to meet the impedance target

PDN Design Tool v1.1

LTS Date: 222017 Time: 8:3247AM  Expot  Pnnt

VRM Type:

BGAVia:
Planes Cap:

1E+4 1E+5




Power Integrity
Design Tools

Hypetlynx PI from MGC is available through the
ECAD group

*  Post-layout design tool
*  Model the supply sources
Model the capacitor parasitic values

Importt the physical design
Stack-up

Capacitor mounting

Verify supply impedance

uuuuuuu

;;;;;;




Power Integrity
Design Tools

Hyperlynx PI can perform many other post-
layout design checks

Capacitor mounting errors
C64 was on the wrong side of the board
should have been placed with C74

several capacitors shared vias

C=10uF, ESL=Auto,
ESR=25mOhms

C=10uF, ESL=Auto,
ESR=25mOhms

C=10uF, ESL=Auto,
ESR=25mOhms

C=10uF, ESL=Auto,
ESR=25mOhms

Total Mounting
Inductance, nH

055
0.42
034

Estimated ESL, nH Actual

" Mounting shared with other capacitors
Mounting shared with other capacitors
Mounting shared with other capacitors

Mounting Quality | Total Mounting

marginal
marginal
marginal
marginal

good

Inductance, nH




JALTIERAW PDN Design Tool v1.1

EIEI=r Ml Date: 592019 Time: 55206AM  ExportData = Print BOM

A few notes about
capacitors be—T——

—ruy ¢

-

8

Understand the effect of different dielectric sosor | . " | T

1E+3 1E+4 1E+5 1E+6 1E+7 1E+8 1E+9

materials S __ /NOERVA. PDN Design Tool v1.1

) ) ) = e S o
1 transient: 0 % 0.0047 4 0402
. USlﬁg X7R - Standafd decouphng d651gﬁ :_"’; i s : e I ETICrll Date: 1/3/2018  Time: 10:53:28 AM | ExportData = Print BOM
. . . . Z target: 00857 Q 0:047 1 0402 100 - ’
*  Significant supply chain issues o — e !
VRM Typs:  0.0010 10.0000 0.47 1 0503 10 !
Spreading: 00005 0.0150 1 1 0503
- ~ o, g '
* Tried using COG ' : i
g 0 +—A
*  No supply chain issues Boa
. 0.007 v
*  But sharp response required 3x the number Farget | |
Of caps 0'00011E+3 1E+4 1E+5 1E+6 1E+7 1E+8 1E+9
Frequency (Hz)
¢ Itworked well in reality — and procurement Sestsemay : e G ot
. Imax: 15  Amps 0.0022 16 1402
was a breeze - but the cost was very high e 5% : BT s
F!amlt; 150  MHz 022 805
Z target: 00667 Q 6 .047 1206
0.1 1206
R(Q) L(nH) C(uF) 8 022 1206
VRM Type: 00010 10.0000 9 047 1 0603
Spreading: 00000 0.0000 0 1 1 0603
BGA Via: 0.0000 00000 22 1 0805
Plane Cap: 00026 00233 47 1 0805
10 1 Bulk
0 100 1 Bulk
-




A few notes about

capacitors

Understand the effect of Vbias derating for all
Class II MIL.CC

* The top capacitor is on the BOM, but is not
available

* The bottom capacitor is in stock at the
distributor

* (Can we make this substitution?

C0603C105K4RACTU

(C0603C105K4RAC7867)

Reguest Samples for this part &

1.3M+ Total Inventory Available

Specsheet SMD Comm X7R Datasheet | R STEP = |Ma KSIM = GRoHS

Capacitance Capacitance Tolerance Voltage DC

1uF 10% 16 VDC

Temperature Coefficient RoHS Termination

XTR Yes Tin

0060301 05K3 RACTU 946 Total Inventory Available
(C0603C105K3RAC7867)

Request Samples for this part @

Specsheet SMD Comm X7R Datasheet = RCISTEP = |8 KSIM = &RoHS

Capacitance Capacitance Tolerance
TuF 10%
Temperature Coefficient RoHS

XTR Yes

Voltage DC
25VDC
Termination
Tin

VIEW ALT

+ ADD PA

Temperature Range
-55/+125C

VIEW ALTE

% ADD SEA

+ ADD PA

Temperature Range
-55/+125C

Chip Size

0603




A few notes about
capacitors

Vbias derating is not included in the part |
definition 10
*  Only available from the vendor data sheets or _

web-tools

*  Top (red) trace is the 16 V part | /

* Bottom (grey) trace is the 25 V part
* At 5V, the capacitance is -36%!

aaueyaedes
; 8 N
A\

(%) aBueyy
=

*  Clearly not a good substitute

| voltage = 160 00 mVDGC
C0803C105K3RAC(Cap Delta) =-75.13 m%
Ml COE02C105K4RAC(Cap Delta) = -6.32 m3%

EBLLE
0.0 25 5.0 7.5 10.0 1258 150 17.5 200 22.5 250

Voltage (VDC)




Power Integrity

Implementation
Checks

Use a Spectrum Analyzer to verify the supply B
impedance after fabrication and assembly .

1000

Vertical (Value) Axis Minor Gridlines h

* Can find gross implementation errors
(incorrect caps) before you spend days

debugging a flakey board

0,100

Impedance
|
[
|
|

000 1

0.001
1.00E+05 1.00E+08 1.00E+07 1.00E+03 1.00E+08

Frequency



Power Integrity
Implementation

Checks
Include stacking stripes /

*  On product itself

-
=

e
L
&3

1
3

T

s

*  On SNL designed coupon

* Verifies panels are in the correct order

*  Gives qualitative verification of copper weight

¢ Could even be measured if necessary




IPC 6012 Report

Power Integrity
Implementation - e
Checks

Actual manufacturing errors have been found

2 DiecriConscior i Y S —

1 oz planes
»

| == ;’@.~ . . T o
LA 1/2 oz signals
o b - -
T PR P
’ - ——— e

®
%

LT LT

¢ IPC analysis report confirmed correct
construction

* But stacking stripes uncovered an errot!

*  One of the cores used by a power plane pair
was 2 oz instead of 1 oz

*  Of the PWBs delivered, some were incorrect,
some were correct

*  The construction analysis was performed on a

good panel...

* Root cause analysis was that an off shift
operator was filling in for the kitting operator
who was out sick

2 L]

OVERALL THICKNESS: 0.0697
SPECIFIED THICKNESS: .0720+/-.0070

I\\I

Date: 10/29/16




Do this!

The engineering rigor Mr. Ritchey 1s teaching really does matter
SNL has what you need to implement this rigor on every product

Engineer your product, then produce the product you engineered!




