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Abstract – Boundary scan, also known as IEEE standard 1149.1, is described by the Test Technology Standards Committee of the IEEE Computer Society as “circuitry that may be built into an integrated circuit to assist in the test, maintenance, and support of assembled printed circuit boards” [1]. This standard has become widely used in today’s printed circuit boards (PCBs) to reduce testing time along with cost. In this paper the IEEE 1149.1 standard’s history, reasoning, and implementations will be discussed.
I. INTRODUCTION
In the mid 1980’s the Joint European Test Action Group (JETAG) was formed in Europe and began developing the Boundary Scan Standard. By 1986 JETAG included not only Europe but also North America and was thus renamed JTAG. After a series of proposals for a standardized form of boundary scan, the IEEE Society finally approved one of them in 1988. Due to the acceptance of the standard from JTAG, JTAG became the core of the group that founded the standard.


The initial approval of the standard came in February of 1990 followed by almost immediate supplements. As the standard claims, it defines test logic that can be included into the integrated circuit (IC) to provide easy testing of the interconnections along with the IC itself. The test logic consists of boundary-scan registers, Test Access Port (TAP), and other building blocks.
II. PURPOSE

It was in the 1970’s when in-circuit testing (ICT) became known by testing the backs of PCBs with a board of pins. These testing boards covered in pins became known as a bed-of-nails tester. The reason for the name is simply the design of the test board itself because it is truly what it sounds like, a bed of nails. One of the reasons for this type of ICT was used was because of the way PCBs were actually manufactured. At that time, PCB’s were manufactured using a through-hole method in which all the ICs were manufactured using dual in-line (DIP) packages as depicted below in 
Figure 1.


Figure 1. DIP.

Since this type of packaging allowed the pins to actually go through the PCBs a connection to every chip could be made through the back of the board. Due to this characteristic a bed-of-nails tester could apply and read signals from any connection in the circuit.

A lot has changed since the ICT method first began including, but no limited to, PCB manufacturing. One significant change that has made obsolete the bed-of-nails testers is surface-mount technology (SMT). SMT is the current method used for manufacturing PCB’s due to its low board real estate along with its added pins. A depiction of an SMT component is shown below in Figure 2.

[image: image1.png]



Figure 2. Ball Grid Array showing SMT
Due to these SMT components a new ICT method is being used known as boundary scan.


There are two major modes of operation that boundary scan provides: non-invasive and pin-permission. The non-invasive mode activities do not affect the normal behavior of the IC and it is the mode in which the standard requires the ICs to power-up. In this mode, the standard gives resources that are completely independent of the system logic of the chip. These resources are what allow the users to asynchronously communicate with the chip through serial communication. The pin-permission​ modes completely disrupt the normal behavior of the IC and are used for testing the system interconnects separately from the components. In addition, it also allows testing of the components separately from the interconnects.
III. BOUNDARY SCAN ARCHITECTURE
A. Configuration

Figure 3 shown below, which was taken from [2], depicts an IC which complies with the boundary scan standard. The boundary scan architecture added to the IC is made up of 3 functional blocks shown as the test access port (TAP), a TAP controller, and a set of registers.

[image: image2.emf]
Figure 3. Schematic of Boundary Scan Logic
B. Boundary Register

The registers connected serially around the periphery of the chip in the previous figure are known as boundary registers. A picture of these types of registers which can be used for an input or output connection is shown below in Figure 4.
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Figure 4. Boundary Scan Register Cell
Depending on the multiplexers, data can be loaded into the register through either the “parallel in” line or through the “shift in” line. The second flip-flop in the above figure which is controlled by the “Update-DR” line is provided to ensure that when signals are driven from the register through the “parallel out” line that the values are held while new data is shifted into the register using the first flip-flop controlled by the “Clock-DR” signal. 


The instruction register shown in Figure 3 is provided to enables various operation modes of the test hardware. This register is required by the standard and it permits specific commands to be shifted in to select a particular register and/or a certain test function. Three instruction modes are mandatory from the standard while some are optional or even user-defined. The instruction register has certain constraints such as it must be at least two bits long and the last two bits must capture a “01” value. The reason for the minimum two bit constraint is so that it allows the ability to supply unique codes for at least every one of the three required instructions. In addition the last bits “01” can be used during a scan of the instruction register to check the connectivity of the scan chain by forcing a bit toggle at each instruction. This allows for the checking of correct connectivity of the board along with pin-pointing any breaks in the scan chain.

The Device ID register shown in Figure 3 is used to provide identification of the particular device.


The last register discussed, the bypass register, is used for bypassing the boundary registers in the component. This is particularly useful when all of the boundary registers are chained together into one long shift registers and the length of the registers is chosen to be reduced by not including hardware on components that are not used during the current test.

C. Test Access Port (TAP)


The TAP is comprised of 5 pins, 4 mandatory and 1 optional, which are necessary for the boundary scan standard. These pins are defined as the test data in (TDI), test data out (TDO), test clock (TCK), test mode select (TMS), and test reset (TRST*) pins. The asterisk denotes an active-low signal. These pins can be used in conjunction with a simple protocol to communicate with the boundary scan logic on the IC. The standard requires that the TMS, TDI, and TRST* pins float to a logic 1 if they are unconnected in a PCB or multi-chip module (MCM) to help ensure fail-safe operation of the chip.


TDI: This input pin provides all of the serial input data and test instructions. Its value enters the test logic upon a rising clock edge from TCK. Since it is required to float to a logic 1 if unconnected it will probably have an internal pull-up resistor in it. A more in-depth reasoning for a pull-up resistor is to assist in detecting manufacturing defects in the scan chain interconnects. A consistent flow of logic 1’s through the output can help identify where a break in the scan chain interconnects has occurred. The length of the scan chain between this pin and the TDO pin will determine the amount of clock needed to serially shift data through the chain. 

TDO: This output pin is used to output the serial data from the test logic. This pin will change states upon the falling edge of TCK. This differs from the TDI pin to avoid race conditions when this pin is connected to the TDI pin of another scan chain. This pin is completely inactive except when scanning of data is needed to allow multiple scan chains to be multiplexed together to form parallel scan chains.

TCK: This input pin provides the test clock used in all of the test logic in the chip. According to the standard, all test logic should retain its current state when this pin is a logic low (0). In addition, it is also allowable to have the test logic retain its state when it is also held at a logic high (1). The reason for a dedicated input clock is to ensure that it can be used separately from the chip clocks operating at different speeds. It also allows the shifting of test data without changing any system logic state and it can be used to test the board interconnects including clock signals.

TMS: This input pin controls the operation modes of the chip. It is activated in the chip upon the rising edge of TCK. Similar to the TDI pin, it will probably have an internal pull-up resistor for non-connected inputs.

TRST*: This optional input pin provides an asynchronous reset for the boundary scan test logic.
D. TAP Controller


The TAP controller is a 16 state finite state machine (FSM). It controls the input and output of the data and instruction registers through the TDI and TDO pins. The state changes in the controller on the rising edge of TCK dependent on the value of TMS, on power-up, and also on a TRST* low signal. The actions of the test logic occur on the falling or rising edge of TCK after the rising edge which triggered the TAP controller initially. The standard requires that the controller follow the state diagram shown in Figure 5 taken from [2].

[image: image4.emf]
Figure 5. TAP Controller State Diagram
Select-DR Scan: This is a temporary state where all test data registers retain their current values.
Capture-DR: This state is used for a parallel load into the data registers chosen by the current instruction. If the register is not selected, then it retains its current value.
Shift-DR: In this state, the test data registers which are selected will shift once on the rising edge of TCK. TDO will be activated during this state to examine the output. Registers not selected will retain their current values.
Exit1-DR: This is also a temporary state where all test data registers retain their current values.
Pause-DR: This is a temporary state in which all test data registers also retain their current values. This state is intended to temporarily halt the shifting of test data into the data registers selected while TCK is running. This enables TCK to be a free-running clock. This state often is used to load additional test vectors from slow external memory.
Exit2-DR: This is also a temporary state where all test data registers retain their current values. 
Update-DR: This state is used to update the parallel output register of the selected test data register during the falling edge of TCK. The purpose for this is to all the output register to apply the contents of the test data registers to the test logic at one time rather than as it is being shifted. All registers not selected during this state will retain their current values.
Select-IR Scan: This is a temporary state where the instruction register retains its current value.
Capture-IR: In this state, a value is loaded into the instruction register. The value must end with a logic “01” as discussed earlier.
Shift-IR: In this state, the instruction register selected between TDI and TDO will shift once upon the rising edge of TCK. TDO is active during this state to examine the output.
Exit1-IR: This is also a temporary state where the instruction register retains its current value.
Pause-IR: This is a temporary state in which the instruction register also retains its current value. This state is intended to temporarily halt the shifting of test data into the instruction register selected while TCK is running. This enables TCK to be a free-running clock. This state often is used to load additional test vectors from slow external memory.
Exit2-IR: This is also a temporary state where the instruction register retains its current value. 
Update-IR: This state is used to update the parallel output register of the instruction register during the falling edge of TCK. The purpose for this is to all the output register to apply the contents of the test data registers to the test logic at one time rather than as it is being shifted.
IV. BOUNDARY SCAN TEST INSTRUCTIONS
The following is a list of various boundary scan TAP controller test instructions including brief descriptions of each.

SAMPLE/PRELOAD: This instruction enables the user to take a “snapshot” of the normal operation of a component and examine it. It allows data to be loaded onto the parallel outputs of the shift register before selecting another test instruction. During this instruction, the boundary scan registers are connected between TDI and TDO in the Shift-DR state. The state of all the system pins will be loaded into the boundary scan registers during the rising edge of TCK and the Capture-DR state. In addition, the TDO pin will be active upon the falling edge of TCK to examine output during the Update-DR state.
EXTEST: This instruction allows circuitry external to the components, typically interconnects, to be tested. The boundary scan registers at the outputs apply the test stimuli while those on the inputs capture the results. During this time, the states of all signals on the system input pins will be loaded into the boundary scan registers during the Capture-DR state. The current contents of the boundary scan registers will define the state of the system outputs during the Update-DR state.

INTEST: This is an instruction which is optional and allows the testing of the system logic while the component is on-board. First, test stimuli are shifted in serially and applied to the system logic. The results are captures into the boundary scan registers and are examined through more serial shifting.

RUNBIST: This optional instruction causes execution of a self-contained self-test such as built-in self-test (BIST). It can be used to test components without serial shifting which can be quite time consuming. The output pins states are determined by the logic under test.

CLAMP: This optional instruction guarding values which are fixed to be placed on signals that control the operation of logic not involved during the current test. The boundary scan registers outputs will define the state of the TAP controller upon the falling edge of TCK during the Update-IR state. During the Shift-DR state, the bypass register will be used between the TDI and TDO pins.

IDCODE: This instruction connects the Device ID register between the TDI and TDO pins during the Shift-DR state to read the device identification.

USERCODE: This instruction is used for user-programmable components, such as FPGAs and EEPROMs. It allows an external tester to do the user programming of a particular component.

HIGHZ: This optional instruction places all of the component output pins into a high-impedance state (Z). This helps prevent damage to logic on the chip this instruction is run on along with damage to other components when the boundary scan test instructions are used.
BYPASS: This instruction allows one to bypass the scan chain with a one-bit bypass register. This is very helpful when trying to test only one component in the serial scan chain. It works by making all of the other components to appear to have only 1-bit boundary scan registers.

V. BOUNDARY SCAN IMPLEMENTATION

The following example shown in Figure 6 depicts a test run on the interconnects. It shows the inputs along with the results of how boundary scan would be used to detect such errors.
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Figure 6. Interconnect Test Example
The figure shows two boundary scan devices, U1 and U2, connected through four wires. U1 has four outputs which drive the four inputs of U2. A short between the second and third wire and an open fourth wire are both detected by shifting data through the boundary scan registers. The outputs are then compared with the expected results, in this case the inputs, and are shown invalid by red markings in the above figure.
VI. CONLCUSION

Much work has been done since the inception of boundary scan to make it more usable and versatile, including the addition of the analog test bus standard along with the Boundary Scan Description Language (BSDL). For more information regarding these additions visit the IEEE web page and read about the standard. Below is also a link for actually simulating the use of boundary scan on a Xilinx XC9500 using a Java API.
http://www.jcp.org/aboutJava/communityprocess/contrib/xilinx/index.html
REFERENCES
[1]
IEEE Standards Board. IEEE Standard Test Access Port and Boundary-Scan Architecture, 2001. IEEE Standard 1149.1-2001

[2]
Bushnell, M. L., and Agrawal, V. D., Essentials of Electronic Testing, 2000. Kluwer Academic Publisher, Boston. pp. 549 - ?.

[3]  http://www.corelis.com/products/Bound ary-Scan_Tutorial.htm#WhatIs

