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Sources & Background

+ JTAG Boundary Scan is from
IEEE Standard 1149.1

¢ Most of slides here are based on the document
“Boundary Scan Tutorial” by Ben Bennetts, for
ASSET InterTech Inc.,

ww.asset-intertech.com/pdfs/boundaryscan_tutorial.pdf
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Problem with multi-layer PCB
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Motivation of Boundary Scan

dBasic motivation was miniaturization of device packaging,
leading to ...

dsurface mount packaging styles, leading to ...
ddouble sided boards, leading to ...
dmulti-layer boards, leading to ...

a reduction of physical access test lands for traditional
bed-of-nail in-circuit testers

: 3

dProblem: how to test for manufacturing defects in the
future?

dSolution: add boundary-scan registers to the devices
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Principle of Boundary Scan
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Any Digital Chip

> > P P P
S BN B
% 7 . PI Each boundary-scan cell can:
‘ ‘ O Capture data on its parallel input PI
S| __’ L5 SO O Update data onto its parallel output PO
' 0 Serially scan data from SO to its neighbour’s Si
* O Behave transparently: Pl passes to PO

O Note: all digital logic is contained inside the
boundary-scan register

Test Data In (TDI)

Test Clock (TCK)

Test Mode Select (TMS)

Test Data Out (TDO)

N
.,
“
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The Boundary Scan Path

Any Digital Chip

L
HHH H 1>

PYKC 3-Mar-08 E3.05 Digital System Design Topic 9 Slide 8




Basic Boundary Scan Cell

Scan Out = 0, Functional mode
(S0) Mode = 1, Test mode
A (for BC_1)
Data In * 0
(P1) Capture Update 1 D?EO?M
Scan Cell Hold Cell
D Q =D Q

> Clk > cik
B | — Cly
Scan In ShiftDR ClockDR UpdateDR
(sh
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Defect Coverage: Bed-of-nails

Driver Sensor Driver
(Sensor) (Driver) (Sensor)

Defects covered: nail - plated-through-hole - interconnect
- solder - leg - bond wire - device - bond wire - leg - solder

- interconnect - plated through hole - nail
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Defect Coverage: Extest

Dri Sensor

<
]
=

Virtual
nails

f=——————
e m————

In this mode (EXternal TEST), defects covered:
driver (TX) scan cell - driver amp - bond wire - leg - solder -
interconnect
- solder - leg - bond wire - driver amp - sensor (RX) scan cell

Defect Coverage: Intest

Driver Sensor Driver Sensor

| P ——
RS ——
----I
o+
T ——

4 Tty =

In this mode (INternal TEST), defects covered:
driver scan cell - device - sensor scan cell
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1149.1 Chip Architecture

Boundary-Scan Register

TDI TDO
Identification Register
1 Instruction Register
TMS *

TAP 41
TCK (Caontroller]
o

TRST” (optional)
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Mandatory Instructions and Reset Modes

Boundary-Scan Register

TDI

Identification Register

Instruction Register

™S

TCK

4

S

TAP 4T
Controllen

TRST" (optional)

Instruction | Target (Active) | Code
Register
Extest Boundary Scan | Formerly All-Os
Bypass Bypass All-1s
Sample Boundary Scan | Undefined
Preload Boundary Scan | Undefined
0O

IR=2
Reset:

TMS =1,5xTCK
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Target Register Modes

EBoundary-Scan Register

TDI TDO

Identification Register

Instruction Register

™S +

TAP 4T
TCK Controller
E—l i

TRST" (optional)
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Open-Circuit TDI, TMS and TRST*?

Boundary-Scan Register

1
TDI m

Bypass register
1

L

Identification Register

[t

Instruction Register

™S
TCK

4

TAP 41
Controller

—g=

TRST" (optional)

a An open-circuit TDI, TMS or
TRST* must go to logic-1.
Why?

Q TDI: Bypass instruction is
loaded: safe instruction

o & TMS: TAP controller placed
into Test_Logic Reset state
after 5 TCKs, max: safe state

U TRST* not asserted. Rest of
1149.1 logic still usable
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Instruction Register

H

—p

IR Control

DR select and control signals routed to selected target register

N I A

Decode Logic

Hold register
(Holds current instru

o e =

Scan Register To
(Scan-in new instruction/scan-out capture bits TDO

Higher order bits:
current instruction, status bits, informal ident,
results of a power-up self test, ....

Standard Instructions
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Instruction Selected Data Register
Mandatory:
Extest Boundary scan (formerly all-Os code)
Bypass Bypass (initialised state, all-1s code)
Sample Boundary scan (device in functional mode)
Preload Boundary scan (device in functional mode)
Optional
Intest Boundary scan
Idcode Identification (initialised state if present)
Usercode Identification (for PLDs)
Runbist Result register
Clamp Bypass (output pins in safe state)
HighZ Bypass (output pins in high-Z state)

NB. All unused instruction codes must default to Bypass
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Extest Instructions

Boundary-Scan Register

TDI

Any Digital Chip

Internal Register

Bypass register

Identification Register

Instruction Register

™S

TCK

*

—

TAP g
Controller|

U Boundary-scan register
selected

U Used to apply patterns to
the interconnect
™o structures on the board

W Boundary-scan cells
have permission to write
to their outputs (device
in test mode)

TRST" (optional)

Bypass Instruction
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Boundary-Scan Register

1
TDI ﬁ

U Bypass regqister selected

U Used to allow quick
passage through this
device to another device

Internal Register
Any Digital Chip

Bypass register

™0  connected in the chain

Identification Register

[

Instruction Register

TMS
TCK

+

TAP |
Controller| T

H1

TRST* (optional)
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Sample and Preload Instruction

Boundary-Scan Register

U Boundary scan register
selected

W Used to Preload known
values in the boundary
scan cells.

Internal Register

Any Digital Chip

Intest Instruction

Boundary-Scan Register

W Boundary scan register
selected

W Used to apply patterns to
the device itself

Internal Register

Any Digital Chip

Bypass register

TDI TDO TDI TDO
QAIso used to Sample HBoundary scan cells
Identification Register (Ca ptu re) mission-mode Identification Register have permission to write
1 Instruction Register Signals into the 1 Instruction Register tO their OUtpUtS (deVice
3y ; boundary-scan cells ) : in test mode)
™S : . . . TMS é
TAP ) W Device in functional TAP T
Controllen] Controller]
Tex = mode, not test mode TCK .
TRST" (optional) TRST* (optional)
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Idcode Instruction Usercode Instruction
Boundary-Scan Register @ E— i ©
oundary-Scan Register
d ggti'sot';? Islglggtgg:a#on QOptional Identification
. ' register selected, if
?gaii?gietlaclascttae?jypass available, else Bypass
g register selected
TOI o (QUsed to capture internal - ™o QUse to capture an
?r?];lblﬁltllfgi?lillfg‘ag%?t code alternative 32-bit
—— , identification code for
Instruction Register H - - i .
5 ; number, version , nstruction Reglster dual personality devices
™S e : number) and then shift s t e.g. PLDs
TCK CO’““’”er—T out throth DO ek Comsuer_T
H1
H 1
TRST" (optional) TRST* (optional)
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RunBIST Instruction

Boundary-Scan Register

U Control registers for
initiating internal BIST
(Memory or Logic)

U Pass/fail register

BIST Registers
Any Digital Chip

Bypass register

Clamp Instruction

Boundary-Scan Register ©

Internal Register

Any Digital Chip

U Known values are pre-
loaded into boundary scan
cells using Preload
instruction

H=H—~

Bypass register

™! ™o targeted as final selected oI : mo W Clamp drives these values to
ist the output pins but leaves
Identification Register regls er Identification Register Bypass register as the
1 Instruction Register 1 Instruction Register Se' ECted regiSter
T™S + ™S T:P
TAP
TeK Controller# ToK Contro\ler#
m=s —
TRST* (optional) TRST" (optional)
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HighZ Instruction Test Access Port (TAP)
Boundary-Scan Register Boundary-Scan Register Test Data In Serial data in
(TDI) Sampled on rising edge
Default = 1
W Control-to-Z values are Test Data O Serial d
_ i ih_ est Data Out erial data out
pre loaded |nto_ hlgh Z A (TDO) Sampled on falling edge
] control c_eIIs using the Default = Z (only active
Ay Digital Chip Preload instruction during a shift operation)
QA HighZ drives these values { Test Mode Select Input Control
o Bypass register 5o t %h th t t t I o ﬁ : Byp?irleglster b0 (TMS) Sampled on rising edge
(o} e ree-state controls i Default = 1
Identification Register cau_sm.g them 1.:0 g0 to \dentification Register Test Clock Dedicated clock
their high-Z drive state but
1 Instruction Register |eaves BypaSS reg iSteI‘ as Instruction Register (TCK) Any frequency
™S L the selected register ™S Test Reset Optional async reset
TAP T g TAP (TRST*) Active low
ToK Controller, TCK Controller Default =1
— =
TRST" (optional) TRST* (optional)
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TAP Controller

TAP Controller State Diagram

™S ClockDR > o o 5%
TCK —»] ShiftDR
TRST* — UpdateDR
16-state FSM Reset”
TAP Controller Select
(Moore machine)
ClockIR
ShiftIR
UpdatelR
Enable
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Bypass Register Identification Register
JOne-bit shift register, selected by the - . .
Bypass nstruction y |dentification Register ©

:

QL Captures a hard-wired 0

UNote: in the Test-Logic/Reset state, the
Bypass register is the default register if no
Identification Register present

0 —>
D Q = ToTDO
From TDI  ——pf

ShiftDR |—> Clk

ClockDR
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L32-bit shift register

U Selected by Idcode and Usercode
instruction

WNo parallel output
U Captures a hard-wired 32-bit word

U Main function: identify device owner
and part number

U Note: Idcode is power-up instruction if
|dentification Register is present, else
Bypass

Q
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Boundary Scan Register

H

UShift register with boundary-scan cells
on:
= device input pins
= device output pins
= control of three-state outputs
= control of bidirectional cells

USelected by the Extest, Intest, Preload
and Sample instructions
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Boundary Scan Cell OZ

On all device signal 10, control of three-state:
dual-mode input signal or additional scan cell
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Boundary Scan Cell 10

~

7

~—

-

— e

On control of bidirectional 10:
dual-mode input signal
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Application at Board Level

1. BS infrastructure di4 0
integrity test Erred

HLH

I
a.a.a.:
T
|_, TS =TS
2. Interconnect test SESTET TTT
e T
| ey S = 5 |
3. Non-BS device test,

including RAM test
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Board Defects

QMissing component, wrong component, mis-oriented
component, broken track, shorted tracks, pin-to-solder open
circuit, pin-to-pin solder shorts

ONumber of 2-net short circuit faults between k interconnects =
k(k-1)/2

QEquivalent fault models for shorts: bridging of type wired-AND
and wired-OR

QOpen circuits are modelled down-stream as stuck-at-1 or
stuck-at-0 faults
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Example of faults

Wired-OR Short

Chip 1 / Chip 2
N Net 1 > b
v W Net2 4 L

j Net 3 4
+

Met 4
> 7

s-a-0 Open
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Generating Open and Short Test

Wired-OR Short

Chip 1 ‘[ Chip 2
Scan-in MNet 1 Scan-out
stimulus 1011 n response 0111
Net 2 n
Net 3 n
MNet 4
— 4 0]
Parallel s-a-0 Open  parallel
update capiure
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How many tests are needed?

Chip 1 Chip 2

Net 1

MNet 2

Net 3

Met 4

Determine a set of tests to detect all:

+ open circuits, modelled as any net s-a-1 and s-a-0, and
+ short circuits, modelled as all 2-net shorts of type wired-
AND and wired-OR i.e. {1,2}, {1,3}, {1,4}, {2,3}, {2.4},

{3.4}
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Building the tests

Chip 1 Chip 2 -~
s-a-1. s-a-0
Net 1 Each code has at
o 0 1 leastone 1,o0ne 0 )
Net 2 ~
0 1 0 - 2 forbidden codes:
Met 3 all-1s, all-os
o 1 1 ~
N
1.0 0 = 2-net shorts
Each code 1s unique
A

Determine a set of tests to detect all:
* open circuits, modelled as any net s-a-1 and s-a-0, and
* short circuits, modelled as all 2-net shorts of type
wired-AND and wired-OR
i.e. {1,2}, {1,3}, {1,4}, {2,3}, {2,4}, {3.4}
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Number of Tests

Number of tests
= Number of bits in the code

= ceil log,(k + 2), k = number of interconnects
~ 13 for k = 8000 interconnects

It's so simple,
it's beautifulll
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Testing non-Boundary Scan cluster

YYYVY

dOn modern boards, most non-boundary-scan devices are
simple pass-thru devices e.g. line drivers

WAConsequently, tests for presence, orientation and bonding
are easlly generated and easily applied via the embracing
boundary-scan devices
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Combining BS and Nails

£

L
L —
L
0

O Use ICT nails to access uncontrollable/unobservable cluster-internal
nets
O Select the real-nail locations on non-BS nets according to access to:
» strategic disables for guarding or preventing bus conflicts.
» buried nets in non-embraced clusters
= other key control signals e.g. O_Enab, Bidir or 3-state control signals
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RAM Array Testing via Boundary Scan

RAM

RAM

RAM

RAM

RAM

RAM

RAM

RAM

RAM

Core Lagle

RAM

RAM *

RAM

RAM
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Tool Flow for Boundary Scan Tests

©

i Non-BS Device

Create and verify hierarchical database Characteristic
(device, module, board, system) Data; 1, O, OZ, IO

|

BSOL Files
Board Netlist

L.

Transprey, Constrain

( Assemble Test Program:

Cluster Tests Fault Coverage
Binary Integrity: Power-On Scan_DR, IR, BS Reg Report
Macro Language Interconnect: Enhanced Binary Count Final Tests

Cluster: Simulation Patterns, Manual
RAM Array: Slow-Speed, At-Speed
Diagnostics: BIST, Scan-Thru-TAP, Intest

Verify/Apply to Board
Detect: Go/No Go
L Locate:Miscompare Data, Net, Pin

Results: Display
and Debug Tools
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Hardware Requirement

PC: Windows 2000, XP or NT

Internal controller card
or PCMCIA card
Interface pod

(TAP interface + P10O)

Board-Under-Test
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Where are we today?

Safety-Critical ast Internal Acce BScan TAP |
Chip Design r Design Verifi for Emulation Test

H Chip-Level IP

Market (SOC)

IEEE 5001 GEPDIS
Approved 2000

Any SOC Team
In-System BScan Access for IEEE 1532 ISC
Configuration (ISC), (Re)-Programming Approved 2000
(EEE 1149.1 BScanl__o| Prot. Bd Debug [ Any Elect Board | [ Board Designers
JTAG, 1990/83/01 | | Vol. Production | DesignManCo | =| Board Test Eng.
EEE 1149.4 Analog Systems
Approved 1999 Integrators
GEPDIS: Global Embedded Processor
Debug Interface System

IEEE P1500 ECT
Final Ballot, 20027

BScan Structures
for Core Access

mmable Log
Device Industry

Texas Instruments,
National Semi,
Lattice, Firecron

S0C: System-On-Chip
JTAG: Joint Test Access Group

T T
ECT. Embedded Core Test Field Service
E3.05 Digital System Design
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Spread of Design-for-Test (DFT)

Chip

—

5001-00 Emulation
(eJTAG)

Board

Boundary-Scan

System/Field Service

Technology ]
+

1149.1-90/93/94/01
Interconnect Test

P1500-02(?)
Embedded Core Test

Chip DFT Re-use
(Int. Scan, BIST, Ippq)

1149.4-99
Mixed-Signal Bus

1532-00
In-System Configuration

Texas Inst, Nat Semi
Back-Plane Bus J
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