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Abstract— Due to the increasing complexity of circuit boards, testing loaded boards is becoming prohibitively expensive 
and more difficult to perform. Board complexity has resulted from the rapid development of surface-mount technology and 
from the use of multi-layered boards. Finer pin spacing, high pin counts, and the use of double-sided mounted boards have 
also contributed to the increased cost and difficulty of traditional testing.In this paper Circuitry that may be built into 
Integrated circuits to assist in the test, maintenance and support of assembled printed circuit boards is defined.  A test access 
port and boundary scan architecture for digital IC’s and for digital portions of mixed analog/digital IC’s is also defined. This 
test logic provides standardized approaches to test the inter-connections between IC’s once they have been assembled onto a 
printed circuit board or other substrate, testing the IC itself or pin reduction strategy. 
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I. INTRODUCTION 
 
Digital logic testing is nearly as old as the digital 
system, because it was quickly realized that volume 
production of digital boards and systems could not be 
economical without some type of formalized testing. 
Furthermore, this testing should be accomplished 
with relatively unskilled labor to free designers for 
new projects. This led to the birth, in the 1960s, of the 
Automatic Test Equipment (ATE) industry [1]. 
Since the mid-1970s, the structural testing of loaded 
printed circuit boards (PCBs) has relied very heavily 
on the use of the so-called in-circuit “bed-of-nails” 
technique as shown in Fig. 1. This method of testing 
makes use of a fixture containing a bed-of-nails to 
access individual devices on the board through test 
landing sites or pads laid into the copper interconnect, 
or other convenient contact points[2].  
Testing then proceeds in two phases: power-off tests 
followed by power-on tests. 
Power-off tests check the integrity of the physical 
contact between a nail and the onboard access point.  
Power-on tests apply stimulus to a chosen device on a 
board, with an accompanying measurement of the 
response from that device. 
Fundamentally, the in-circuit bed-of-nails technique 
relies on physical access to all devices on a board.  
The preferred method of solution to this problem is 
based on the concept of a serial shift register around 
the boundary of the device — hence, the name 
“boundary scan”. 

 
Fig.1: In-circuit testing versus Functional Testing. 

 

 
II.OVERVIEW 
 
The circuitry defined by this standard allows test 
instructions and associated test data to be fed into a 
component and, subsequently, allows the results of 
execution of such instructions to be read out. 
The sequence of operations would be controlled by a 
bus master, which could be an automatic test 
equipment (ATE). Control is achieved through 
signals applied to the Test Mode Select (TMS) and 
Test Clock (TCK) inputs of the various components 
connected to the bus master [5]. 
The first steps would be, in general, to load serially 
into the component the instruction binary code for the 
particular operation to be performed. Once the 
instruction has been loaded, the selected test circuitry 
is configured to respond. Note that the movement of 
test data has no effect on the instruction present in the 
test circuitry. 
After execution of the test instruction the results of 
the test can be examined by shifting data out of the 
component to or through the bus master. 

 
III. PRINCIPLE OF BOUNDARY SCAN 
ARCHITECTURE 
 
The boundary scan operates in two major modes:  
Non-Invasive mode and Pin permission mode. 
Non-Invasive mode: The Standard specifies a set of 
resources guaranteed to be independent of the rest of 
the logic (called the System Logic) within an IC. 
Pin-Permission: The Standard specifies instruction 
modes of operation that canusurp control of the 
input/output (I/O) pins of the IC, effectively 
disconnecting the ICs System Logic from the outside 
world [3]. 
Each primary input signal and primary output signal 
is supplemented with a multi-purpose memory 
element called a boundary-scan cell. Cells on a 
device’s primary inputs are referred to as “input 
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cells”; “Input” and “output” is relative to the core 
logic of the device as shown in Fig. 2. 
The collection of boundary-scan cells is configured 
into a parallel-in, parallel-out shift register. A parallel 
load operation, called a “capture” operation, causes 
signal values on device input pins to be loaded into 
input cells and signal values passing from the core 
logic to device output pins to be loaded into output 
cells. A parallel unload operation — called an 
“update” operation — causes signal values already 
present in the output scan cells to be passed out 
through the device output pins. 
Data can also be shifted around the shift register in 
serial mode, starting from a dedicated device input 
pin called “Test Data In” (TDI) and terminating at a 
dedicated device output pin called “Test Data Out” 
(TDO).The test clock, TCK, is fed in via yet another 
dedicated device input pin and the mode of operation 
is controlled by a dedicated “Test Mode Select” 
(TMS) serial control signal [3]. 

 

 
Fig. 2: Principle of Boundary scan architecture. 

 
1. Basic Architecture: 

The basic boundary scan architecture is as 
shown in the Fig. 3. The elements in the architecture 
are as follows: 

 A set of four dedicated test pins — Test 
Data In (TDI), Test Mode Select (TMS), 
Test Clock (TCK), Test Data Out (TDO) — 
and one optional test pin Test Reset 
(TRST*). 

 A finite-state machine TAP controller with 
inputs TCK, TMS, and TRST*. 

 An n-bit (n ≥ 2) Instruction Register (IR), 
holding the current instruction. 

 A 1-bit bypass register (Bypass). 
 An optional 32-bit Identification Register 

(Ident). 
At any time, only one register can be connected 

from TDI to TDO. 

 
Fig. 3: Basic Boundary Scan Architecture. 

 
a) The Tap Controller: 
The TAP controller is a finite state machine with a 
state diagram containing sixteen (16) states as shown 
in the fig.4. 
The actions taken in each state are as follows: 
 
Test-Logic-Reset: 
In this controller state, the test logic is disabled so 
that normal operation of the IC’s system circuitry can 
proceed unhindered. 

 
Run-Test/Idle: 
In this state, activity in selected test logic occurs only 
when certain instructions are present. 
 
Select-DR-Scan , Select-IR-Scan: 
These are the starting states respectively for accessing 
one of the data registers (the boundary-scan or bypass 
register in the minimal configuration) or the 
instruction register. 

 
Capture-DR , Capture-IR: 
These capture the current value of one of the data 
registers or the instruction register respectively into 
the scan cells. In instruction register we capture the 
status information, rather than the actual instruction 
with Capture-IR. 

 

 
Fig. 4: State transition diagram of the Tap Controller. 
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Shift-DR, Shift-IR: 
Shift a bit in from TDI (on the rising edge of TCK) 
and out onto TDO (on the falling edge of TCK) from 
the currently selected data or instruction register 
respectively. 
 
Exit1-DR, Exit1-IR: 
These are the exit states for the corresponding shift 
state. From here the state machine can either enter a 
pause state or enter the update state. 

 
Pause-DR , Pause-IR: 
Pause in shifting data into the data or instruction 
register. This allows for example test equipment 
supplying TDO to reload buffers etc. 

 
Exit2-DR , Exit2-IR: 
These are the exit states for the corresponding pause 
state. From here the state machine can either resume 
shifting or enter the update state. 

 
Update-DR , Update-IR: 
The value shifted into the scan cells during the 
previous states is driven into the chip (from inputs) or 
onto the interconnect (for outputs). 
So we have a simple state machine, which allows 
either data registers or the instruction register to go 
through its capture-shift-update cycle, with an option 
to pause during the shifting[3]. 
 
b)  Instruction Register: 
The Instruction Register defines the mode in which 
Boundary-Scan data registers will operate. An 
Instruction Register (IR) has a shift section that can 
be connected to TDI and TDO, and a hold section, 
holding the current instruction. 
There may be some decoding logic between the two 
sections depending on the width of the register and 
the number of different instructions. 
Each Instruction Register cell comprises a shift 
register flip-flop and a parallel output latch. The shift 
registers hold new instruction bits moving through 
the Instruction Register. The latches hold the current 
instruction in place while any shifting is done. 
An example of a single Instruction Register cell is as 
shown in Fig.5 [5]. 
 

 
Fig. 5: Sample Instruction Register. 

 
c) Data Registers: 
All Boundary-Scan instructions set operational modes 
that place a selected data register between TDI and 
TDO. This register is referred to as the target register. 

The function of this register is dictated by the 
instruction currently loaded (active) in the Instruction 
Register. 
 
The Bypass Register:  
Fig.6shows a typical design for a Bypass register. It is 
a 1-bit register, selected by the Bypass instruction and 
it provides a basic shift function. There is no parallel 
output, but there is a defined effect with the Capture-
DR control — the register captures a hard-wired 
value of 0. 

 
Fig. 6: Bypass register 

 
The Identification Register: 
The optional Identification (Ident) register is a 32-bit 
register with capture and shift modes of operation 
(Fig. 7). 

The captured 32 bits identify the device. 

 
Fig. 7: Identification Register. 

 
Boundary-Scan Register: 
Boundary-scan cells are placed on the device signal 
input ports, output ports, and on the control lines of 
bidirectional (I/O) ports and tri-state (0, 1, Z) ports. 
The universal design for a boundary-scan cell is as 
shown in Fig.8. This design is capable of operations, 
capture, shift, and update, and it can serve as either an 
input or an output cell on a device signal pin. This 
design has separate flip-flops for shift and hold 
functions. Data can be shifted through the boundary-
scan shift path without interfering with the value in 
the hold section. 
 

 
Fig. 8: Universal design of boundary scan. 
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These components (members of the shift and parallel 
hold ranks) are important to the functionality of the 
data register cells during test functions. 
 
IV. TESTING USING JTAG BOUNDARY SCAN 
 
Boundary-Scan ICs are designed to link together into 
chains. A simple chain on a printed circuit board is 
shown in Fig. 9. Simple chains are a collection of 
Boundary Scan ICs with common TCK and TMS, 
and with their shift paths linked together by 
connecting a TDO pin of one IC to the TDI pin of the 
following IC [3]. 
The tap state machine as in fig. 4 can be optimized by 
reducing the number of states. The standard specifies 
the number of states to be 16, whereas it can be 
reduced to 14 states as in fig.10. 

 

 
Fig.9:  Chain of Boundary-Scan IC’s. 

 
Tap state machine optimization: 
The instruction register is of a fixed length and the 
instruction required to access any data register or to 
perform any fixed operation is of fixed number of 
bits. Therefore, the instruction bits does not exceed 
the amount of memory allocated to enter the 
instruction, hence the state Pause-IR can be removed, 
and also Exit2-IR can be removed. 
Thus, making the number of states 14 without 
affecting the normal operation of the tap controller.  
 

 
Fig.10: Optimized tap state machine. 

IV. Advantages and Disadvantages 
Advantages: 

1. Cheaper products 
 Boundary scan lower capital 

investments for test equipment. 
2. Time-to-market is shorter 

 Shorter development times because 
boundary scan implies DFT, encourages 
concurrent engineering and speeds up 
prototype debugging. 

3. Improved product quality and reliability 
 
Disadvantages: 

1. Boundary-scan has some area, speed, and 
testing overhead. 

2. Additional pins are required for testing 
purposes. 

 
V. APPLICATIONS 

 
1. Design Verification/Debug 

Provides control and observation of 
system under test without need for physical 
access. 

 Ease of set-up for test. 
2. Manufacturing Test 

Provides test and diagnostic capabilities of 
in-circuit test without need/expense of 
physical access. 

 Improved fault coverage/diagnostic 
without large capital expense. 

3. System Configuration Maintenance 
Provides low-level test access within 
configured systems  

 
VI. RESULTS 
 
The Tap-state machine for the standard IEEE form is 
as shown in the Fig.11. It contains 16 states, with the 
help of which various operations can be performed. 
 

Fig. 11: Waveform of Tap state machine. 
 
The tap state machine to access a 3 bit data register 
using the instruction register is as in Fig. 12. As 
shown below when the instruction is 4’b0011, it 
accesses a 4 bit data register and loads the value into 
the data register, in update-DR state the loaded value 
is stored in the data register. 
Similarly, other data registers can be accessed using 
various other possible instructions. And these data 
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registers can be used to check the interconnectivity of 
the chips. 
 

 
Fig. 12: Waveform to access 3-bit Data register using the 

instructions. 
 
The optimized tap state machine can be obtained by 
removing the states Pause-IR and Exit2-IR as the 
instruction register contents cannot exceed the 
memory limit given. 
 
CONCLUSION 

 
Widespread adoption of IEEE 1149.1 Standard for 
boundary-scan architecture reflects an industry-wide 
need to simplify the complex problem of testing 
boards and systems for a range of manufacturing 
defects and performing other design debug tasks. This 
standard provides a unique opportunity to simplify 
the design debug and test processes by enabling a 

simple and standard means of automatically creating 
and applying tests at the device, board, and system 
levels. Also reducing the states reduces the overhead. 
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