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ABSTRACT: This tutorial text explains basic principles to the design of easily testable circuits. Besides the traditional methods some more systematic approaches to the controllability and observability improvement were developed. They are based on the set/scan techniques of memory elements and on boundary scan chain principles. Boundary scan as a well-known and supported technique is now standardized and available as an add-on to the VHDL software package.


1 - INTRODUCTION. 


The problem of diagnosis of a digital system is as old as the first digital computer. As integrated circuits grow larger and more complex, testing of electronic devices at both the chip and board level is more and more difficult and is becoming a larger part of device cost. According to the Moore law the ratio No. of pins / No. of test points of integrated circuits decrease steadily. Because of this fact the accessibility to test points decreases as well. The testability is measured by controllability and observability of test points. 


Our experience shows that the exhaustive diagnosis is not possible for a digital system being designed without some rather strict design rules - rules of design for testability. These rules grew from the practice of diagnosis and were formulated into three groups of methods: 1) traditional / ad-hoc, 2) systematic structural, 3) standardized.


The traditional intuitive approaches led to the following design rules: 


�SYMBOL 183 \f "Symbol" \s 10 \h�	test point insertion allowing for driving and observation of the selected points - one test 2-input multiplexer for driving and one test output are added


�SYMBOL 183 \f "Symbol" \s 10 \h�	the reset circuit to each memory element


�SYMBOL 183 \f "Symbol" \s 10 \h�	a gate multiplexer at the output of a clock generator and of each monostable flip-flop


�SYMBOL 183 \f "Symbol" \s 10 \h�	parcellation of large circuits - both in length (counters, shift registers) and width (broad ALU's etc) with the help of multiplexers


�SYMBOL 183 \f "Symbol" \s 10 \h�	avoid redundant circuits


�SYMBOL 183 \f "Symbol" \s 10 \h�	cutting of global feedbacks in sequential circuits (local feedbacks in flip-flops remain unchanged) - with the help of a gate under program control or better with the help of some multiplexers


2- SCAN-SET METHODS


Scan-set solve the problem of test access to the memory elements. Memory elements in a  Huffman model of a sequential circuit can be made accessible in serial or parallel both as test inputs and test outputs. According to these alternatives basic test strategies are as follows:





�SYMBOL 183 \f "Symbol" \s 10 \h�	PIPO - parallel inputs parallel outputs, fig. 1


�SYMBOL 183 \f "Symbol" \s 10 \h�	PISO - parallel inputs serial output, fig. 2


�SYMBOL 183 \f "Symbol" \s 10 \h�	SIPO - serial input parallel outputs, fig. 3


�SYMBOL 183 \f "Symbol" \s 10 \h�	SISO - serial input serial output, fig. 4
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Fig.1. PIPO - parallel inputs parallel outputs              Fig. 2. PISO - parallel inputs serial output
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Fig.3. SIPO - serial input parallel outputs                  Fig. 4. SISO - serial input serial output





Serial input or serial output into/out of memory elements requires the memory elements being able to function as a shift register. The set/scan principles introduced here for memory elements apply for all test points in the system. To capture the logic value in a combinational circuit some latches must be added of course. The states of these latches are scanned the same way as  the states of memory elements.


Except SIPO each method has its diagnostic application:


�SYMBOL 183 \f "Symbol" \s 10 \h�	PIPO - Random Access Scan - RAS, CrossCheck approach


�SYMBOL 183 \f "Symbol" \s 10 \h�	PISO - Shadow Registers, logout in mainframe computers


�SYMBOL 183 \f "Symbol" \s 10 \h�	SIPO - Circuit Initialization, loading and reading the contents of configuration registers


�SYMBOL 183 \f "Symbol" \s 10 \h�	SISO - Boundary Scan or flip-flop scan in a sequential circuit, serial access scan SAS


Random Access Scan RAS is the most expensive way to design for testability, see fig. 5. The access to each test point (flip-flop) is direct (not serial). Input and output diagnostic data paths SDIN and SDOUT can be wider than 1 bit (8b, 16b, etc.). RAS was used e.g. within IBM mainframe computers SYSTEM/360-370.
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Fig. 5. Random Access Scan 


 The principle of RAS was used by the company CrossCheck Technology to implement on-chip circuitry to enable the access to the internal nodes of an ASIC [PIER90]. They implemented the well-known principle of In-Circuit Testing ICT with bed-of nails in an electronic way, see fig. 6.
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Fig. 6. CrossCheck ICT  


At each point of the design grid one sense transistor is implemented, the other logic comprises of comparators, data register, address logic and a switch to multiplex the sense data to the data bus of the ASIC chip. The increase of a capacity load is about 0.2%. The typical area impact for the device containing CrossCheck is expected to be in the 15 - 20% range. Stuck-at fault coverage approaches 100%.
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Fig. 7. Serial access scan�
  Fig. 8. Shadow register �
�
The serial access scan SAS (see fig 7) is much cheaper than RAS but it has a serious disadvantage: scan-in and scan-out operations are very time consuming. Nevertheless this principle became the most popular one thanks to the Boundary-Scan Standard.


The principle of shadow registers was used several times [LEEF83]. The main goal is to make a snapshot of the system register states without disturbing the operation of the system. The copy of a functional register is kept in the shadow register see fig. 8. This copy can be shifted out serially during normal computing operation as a logout information. This approach was used in IBM mainframes to collect the records about intermittent errors.


We will not discuss all the milestones of the history of scan design, they are given in fig. 9.
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Fig. 9. History of scan design


3 - SCAN CIRCUIT IMPLEMENTATIONS


There are several forms of scan design [CLUS84]. Shift-register scan is the most popular one. This approach requires that all the flip-flops and latches in a circuit design are connected to form one or more shift register paths when a special test mode is selected. A detailed circuit diagram is in the fig. 10. 


Memory flip-flops are chained to a shift register with the help of added multiplexers. The signal Test enable switches normal mode to a diagnostic one. Test pattern is shifted in from the input Serial input, the output test pattern is shifted out through the Serial output. This basic arrangement does not allow to make a logout without loss of the function states of flip-flops.
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Fig. 10. Shift-register-based scan design
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 There are several alternative forms of scan design based on the use of shift registers. Of these, the level-sensitive scan design LSSD technique is the most widely used. This technique is based on the use of latch-based shift register stages comprising a pair of latches (a master and a slave) controlled by   independent non-overlapping clocks see fig.11.�
�
Fig. 11. An LSSD shift register latch�
�
�
Standard data input D is sampled by the clock signal CKA, test data input TI is sampled by test clock TCK. A copy of the state Q of a master latch is sampled by clock signal CKB. We can see some similarity with the shadow register principle. The serial scan chain is made by tying output signals TO to inputs TI of all the LSSD latches. There are some other modifications of this arrangement allowing for sampling the state of a slave latch to the master latch.


In random-access scan, individual latches or flip-flops are built into a RAM-like structure that allows their state to be individually written (controlled) and read (observed). The devices used are level-operated latches implemented as shown in fig.12. The scan data input or the chip is broadcast to all latches as SDI inputs. The scan data output of each latch (SDO) feeds onto a wire-OR bus and then to the chip's scan data output. 
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For normal circuit operation, the scan clock SCLK is held low. Data at the system data input D is loaded into the latch when the system clock CLKn is high. At least two system clock signals are required (CLK1 and CLK2) and all system clock most be non-overlapping.�
�
Fig. 12. RAS latch�
�
�
Latches controlled by one system clock (e.g. CLOCK1) can only feed latches that are controlled by different clocks (CLOCK2).


In test operation, the system clock signals are held low. A target latch is selected by feeding an address into the circuit. The address is decoded to set the selected input (SEL) of the target latch high, while the SEL inputs for all other latches are set low. This enables the target latch to drive onto the scan data out bus. New test data is written to the target latch from the chip's scan data input by setting SCLK high while SEL is high.


The scan design techniques discussed so far involve the provision of test access to every latch and flip-flop in a chip design. As a result, a circuit is produced for which automated test generation is guaranteed - regardless of the detail of the design.


The partial scan technique involves the selection of a number of flip-flops or latches to be included in a shift register path through the design. Alternatively, shift-register-based testability improvement cells of the form shown in fig.13 can be introduced into the combinational circuitry to provide access during testing.


�VLOŽIT MSDraw   \* VČETNĚFORMÁTU���


Fig.13. Testability improvement cell


Boundary-scan is a technique that can be used both in the design of large, complex IC's, multi-chip modules, and loaded boards. To implement boundary-scan, a scan shift register stage is placed adjacent to every input and output of an IC building block (macro) or chip - that is, at the boundaries of the circuit. However, the technique is equally useful within a chip design. Inclusion of boundary-scan in an IC is shown in the fig. 14. 


Specialized test circuits, called boundary-scan cells, are connected into a shift register path around the periphery of the IC. This is called the boundary-scan path. An example design for a boundary-scan cell is shown in fig. 15. This cell is typical of the cell designs permitted by the IEEE standard. Data can flow directly through the boundary-scan cell (from Data-In to Data-Out) when normal operation of the component is required.
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Fig. 14. Boundary-scan principle


During testing, the cells at output pins can be used to drive signal values onto the external network (e.g. the board interconnect), while those at input pins can capture the signals received.


�VLOŽIT MSDraw   \* VČETNĚFORMÁTU���


Fig. 15. A boundary-scan cell


Test patterns are shifted into the boundary-scan cells at chip output pins and driven onto the external connections. The results of the test arrive at the input pins of an adjacent chip and are loaded into their boundary-scan cells. They are then shifted out for examination. By careful selection of test patterns, the interconnections between boundary-scan-testable ICs can be tested for stuck-at, short circuit, open circuit, and other fault types.


For VLSI ICs, the problems of complexity, speed, and access become particularly severe. Built-in self-test (BIST) techniques offer a good solution to these problems. The basic idea of BIST is to use reconfigurable multi-functional registers. Boundary-scan shift registers are a good basis for this solution. Multi-functional registers are denoted as Built-In Logic Block Observers BILBO with 4 modes of operation: 1) Linear-Feedback Shift Register LFSR working as a pseudorandom pattern generator or as a parallel input signature analyzer, 2) shift register, 3) parallel-load register, 4) reset of the register contents. The details about this technique can be found elsewhere [MAUN92].


4 - BOUNDARY-SCAN STANDARD


The aim of ANSI/IEEE Std 1149.1 (IEEE, 1990) - The Standard Test Access Port and Boundary-Scan Architecture - is to provide the basis of solutions to the testability problems. Besides the system logic every IC chip consists of  the test logic. Test logic defined by ANSI/IEEE Std 1149.1 includes three key circuit blocks:


�SYMBOL 183 \f "Symbol" \s 12 \h�	The Test-Access Port (TAP) controller - this responds to control sequences supplied through the test access port and generates the clocks and control signals required for correct operation of the other circuit blocks


�SYMBOL 183 \f "Symbol" \s 12 \h�	The instruction register - this shift register based circuit is serially loaded with the instruction that selects a test to be performed.


�SYMBOL 183 \f "Symbol" \s 12 \h�	The test data register - this is a bank of shift register based circuits. The stimuli or conditioning values required by a test are serially loaded into the test data register selected by the current instruction. Following execution of the test, results in test data registers can be shifted out for examination.


TAP consists of four or, optionally, five signals used to control the operation of tests and to allow serial loading and unloading of instructions and test data. These are:


�SYMBOL 183 \f "Symbol" \s 12 \h�	The test clock input (TCK). This is independent of the system clock(s) for the chip so that test operations can be synchronized between the various chips on a PCB


�SYMBOL 183 \f "Symbol" \s 12 \h�	The test mode select input (TMS). The operation of the test logic is controlled by the sequence of 1s and 0s applied at this input. The sequence on TMS directs the TAP controller in its generation of the clock and control signals required by the other test logic blocks.


�SYMBOL 183 \f "Symbol" \s 12 \h�	The test data input (TDI). Data applied at this serial input is fed either into the instruction register or into a test data register, depending on the sequence previously applied at TMS.


�SYMBOL 183 \f "Symbol" \s 12 \h�	The test data output (TDO). This serial output from the test logic is fed either from the instruction register or from a test data register depending on the sequence previously applied at TMS. During shifting, data applied at TDI will appear at TDO after a number of cycles of TCK determined by the length of the register included in the serial path. When data is not being shifted through the chip, TDO is set to an inactive drive state (e.g. high impedance).


�SYMBOL 183 \f "Symbol" \s 12 \h�	The optional test reset input (TRST*). The test logic is designed so that it can be reset synchronously under control of TCK and TMS. TRST* provides a supplementary reset mechanism The test logic is reset when a 0 is applied at TRST*.


Fig. 16 shows a general form of a chip which supports IEEE Std 1149.1
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Fig. 16. IEEE 1149.1 chip architecture.


The BS cells are of the type given in fig. 15. The IEEE standard defines 2 mandatory instructions: SAMPLE/PRELOAD, EXTEST, and some optional instructions as INTEST and RUNBIST.


SAMPLE/PRELOAD instruction allows a snapshot of the normal operation of the component to be taken and examined. The taking of this snapshot is arranged so as to have no effect on the system operation that it monitors.


EXTEST instruction is intended to give a non-contact method of testing the board interconnect. When EXTEST is the current instruction, the boundary-scan register is the one and only register that is to be connected between TDI and TDO for data scanning purposes.


INTEST instruction is defined by the standard to allow testing of on-chip system logic after a component is assembled on a board.


RUNBIST instruction causes execution of a self-contained self-test of the component.


The number of bits in an instruction and the number of instructions is not limited.


The IEEE Std. 1149 is under next development. The next revisions will cover analog signal testing, module test and maintenance bus etc. Various software tools were developed to support automation in Boundary-Scan testing [MEDH94, BLEE93]. The Boundary-Scan Description Language (BSDL) is formally presented as Supplement B to the Std 1149.1. 
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