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By eliminating redundancy and providing a reduced fault coverage, it is possible to test 
most combinational logic blocks with a limited set of input vectors. This does not solve the 
sequential problem, however. To test a given fault in a state machine, it is not sufficient to apply 
the correct input excitation; the engine must be brought to the desired state first. This requires 
that a sequence of inputs be applied. Propagating the circuit response to one of the output pins 
might require another sequence of patterns. In other words, testing for a single fault in an FSM 

requires a sequence of vectors. Once again, this might make the process prohibitively expensive. 
One way to address the problem ls to turn the sequential network into a combinational one 

by breaking the feedback loop in the course of the test. This is one of the key concepts behind 
the scan-test methodology described later. Another approach is to let the circuit test itself. Such 

a test does not require external vectors and can proceed at a higher speed. The concept of self
test will be discussed in more detail later. When considering the testability of designs, two prop
erties are of foremost importance: 

1. Controllability, which measures the ease of bringing a circuit node to a given condition 

using only the input pins. A node is easily controllable if it can be brought to any condition 
with only a single input vector. A node (or circuit) with low controllability needs a long 
sequence of vectors to be brought to a desired state. It should be clear that a high degree of 
conu·ollability is desirable in testable designs. 

2. Observability, which measures the ease of observing the value of a node at the output 
pins. A node with a high observability can be monitored directly on the output pins. A 
node with a low observability needs a number of cycles before its state appears on the out

puts. Given the complexity of a circuit and the limited number of output pins, a testable 
circuit should have a high observability. This is exactly the purpose of the test techniques 
discussed in the se<:tions that follow. 

Combinational circuits fall under the class of easily observable and controllable circuits, since 
any node can be controlled and observed in a single cycle. 

Design-for-test approaches for the sequential modules can be classified in three categories: 
ad hoc test, scan-based test, and self-test. 

H.3.2 Ad Hoc Testing 

As suggested by the title, ad hoc testing combines a collection of tricks and techniques that can 

be used to increase the observability and controllability of a design and that are generally 
applied in an application-dependent fashion. 

An example of such a technique is illustrated in Figure H-3a, which shows a simple pro

cessor with its data memory. Under normal configuration, the memory is only accessible 
through the processor. Writing and reading a data value into and out of a single memory position 
requires a number of clock cycles. The controllability and observability of the memory can be 
dramatically improved by adding multiplexers on the data and address busses (Figure H-3b). 
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Figure H-3 Improving testability by inserting multiplexers. 

During normal operation mode, these selectors direct the memory ports to the processor. During 

test, the data and address ports are connected directly to the VO pins, and testing the memory 
can proceed more efficiently. The example illustrates some important design-for-testability 

concepts. 

• It is often worthwhile to introduce extra hardware that has no functionality except improv

ing the testability. Designers are often willing to incur a small penalty in area and perfor
mance if it makes the design substantially more observable or controllable. 

• Design-for-testability often means that extra VO pins must be provided besides the normal 
functional VO pins. The test port in Figure H-3b is such an extra pin. To reduce the num
ber of extra pads that would be required, one can multiplex test signals and functional sig

nals on the same pads. For example, the 1/0 bus in Figure H-3b serves as a data bus during 
normal operation and provides and collects the test patterns during testing. 

An extensive collection of ad hoc test approaches has been devised. Examples include the 

partitioning of large state machines, addition of extra test points, provision of reset states, and 
introduction of test busses. While very effective, the applicability of most of these techniques 

depends upon the application and architecture at hand. Their insertion into a given design 
requires expert knowledge and is difficult to automate. Structured and automatable approaches 

are more desirable. 

H.3.3 Scan-Based Test 

One way to avoid the sequential-test problem is to tum all registers into externally loadable and 
readable elements. This turns the circuit-under-test into a combinational entity. To control a 
node, an appropriate vector is constructed, loaded into the registers and propagated through the 

logic. The result of the excitation propagates to the registers and is latched, after which the con-
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Figure H-3 improving testability by inserting multiplexers.

During normal operation mode, these selectors direct the memory ports to the processor. During
test, the data and address ports are connected directly to the I/O pins, and testing the memory
can proceed more efficiently. The example illustrates some important design-for-testability

* concepts.

* It is often worthwhile tc introduce extra Hardware that has no functionality except improv-

ing the testability, Designers are often willing to incur a small penalty in area and perfor-
mance if it makes the design substantially more observable or controllable.

* Design-for-testability often means that extra I/O pins must be provided besides the nermal
fanctional I/O pins. The test port in Figure H-3b is such an extra pin. To reduce the num-
ber of extra pads that would be required, one can multiplex test signals and functional sig-
nals on the same pads. For exampie, the I/O bus in Figure H-3b serves as a data bus during
normal operation and provides and collects the test patterns during testing.

An extensive collection of ad hoc test approaches has been devised. Examples include the
partitioning of large state machines, addition of extra test points, provision of reset states, and
introduction of test busses. While very effective, the applicability of most of these techniques
depends upon the application and architecture at hand. Their insertion into a given design
requires expert knowledge and is difficult to automate, Structured and automatable approaches
are more desirable.

H.3.3 Scan-Based Test

One way to avoid the sequential-test problem is te turn all registers into externally loadable and
readable elements. This turns the circuit-under-test into a combinational entity. To control a

node, an appropriate vector is constructed, loaded into the registers and propagated through the
logic, The result of the excitation propagates to the registers and is latched, after which the con-
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tents are transferred to the external world. Connecting aH the registers in a design to a test bus 
regrettably introduces an unacceptable amount of overhead. A more elegant approach is offered 
by the serlal-scan approach illustrated in Figure H-4. 

The registers have been modified to support two operation modes. In the normal mode, 
they act as N-bit-wide clocked registers. During the test mode, the registers are chained together 

as a single serial shift register. A test procedure now proceeds as follows. 

l. An excitation vector for logic module A (and/or B) is entered through pin Scanln and 
shifted into the registers under control of a test clock. 

2. The excitation is applied to the logic and propagates to the output of the logic module. The 
result is latched into the registers by issuing a single system-clock event. 

3. The result is shifted out of the circuit through pin ScanOut and compared with the 
expected data. A new excitation vector can be entered simultaneously. 

This approach incurs only a minimal overhead. The serial nature of the scan chain reduces the 

routing overhead. Traditional registers are easily modified to support the scan technique, as dem
onstrated in Figure H-5, which shows a 4-bit register extended with a scan chain. The only addi
tion is an extra multiplexer at the input. When Test is low, the circuit is in normal operation 
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Figure H-4 Serial-scan test.

tents are transferred to the external world. Connecting all the registers in a design to a test bus

regrettably introduces an unacceptable amount of overhead. A more elegant approach is offered
by the serjal-scan approachillustrated in Figure H-4.

The registers have been modified to support two operation modes. In the normal mode,

they act as A-bit-wide clocked registers. During the test mode, the registers are chained together
as a single serial shift register. A test procedure naw proceeds as follows.

1. An excitation vector for logic module A (and/or B) is entered through pin Scan/n and
shifted into the registers under control of a test clock.

2, The excitation is applied to the logic and propagates to the output of the logic module. The
result is latched into the registers by issuing a single system-clock event.

3. The result is shifted out of the circuit through pin ScanOur and compared with the
expected data. A new excitation vector can be entered simultaneously.

This approach incurs only a minimal overhead. The serial nature of the scan chain reduces the
routing overhead. Traditional registers are easily modified to support the scan technique, as dem-
onstrated in Figure H-5, which shows a 4-bit register extended with a scan chain. The only addi-

tion is an extra multiplexer at the input. When Tes? is low, the circuit is in normal operation
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Figure H-5 Register extenced with serial-scan chain.
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mode. Setting Test high selects the Sccmln input and connects the registers into the scan chain. 

The output of the register Out connects to the fan-out logic, but also doubles as the ScanOut pin 

that connects to the Sca11b1 of the neighboring register. The overhead in both area and perfor

mance is smal1 and can be limited to less than 5%. 

Problem H.1 Scan-Register Design 

Modify the static, two-phase master-slave register of Figure 7-IO to support serial scan. 

Figure H-6 depicts the timing sequence that would be employed for the circuit in 

Figure H-4 under the assumption of a two-phase clocking approach. For a scan chain N registers 

deep, the Test signal is raised, and N dock pulses arc issued, loading the registers. Test is low

ered, and a single clock sequence is issued, latching the results from the combinational logic into 

the registers under normal circuit-operation conditions. Fina11y, N extra pulses (with Test= I) 

transfer the obtained result to the output. Note again that the scan-out can overlap with the enter

ing of the next vector. 
:f\.1any variants of the serial-scan approach can be envisioned. A very popular one, which 

was actually the pioneering approach, was introduced by IBM and is cal1ed level-sensitive scan 
design (LSSD) [Eichelberger78]. The basic building block of the LSSD approach is the shift
register latch (SRL) shown in Figure H-7. lt consists of two latches LI and Ll, the latter being 
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Figure H-6 Timing diagram of test-sequence. N represents the number of registers 
in the test chain. 
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Figure H-7 Shift-register latch. 
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Figure H-8 Pipelined datapath using partial scan. Only the 
shaded registers are included in the chain. 
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present only for testing purposes. In normal circuit operation, signals D, Q (Q), and C serve as 

latch input, output, and clock. The test clocks A and B are low in this mode. In scan mode, Sf and 
SO serve as scan input and scan output. Clock C is low, and clocks A and B act as nonoverlap
ping, two-phase test clocks. 

The LSSD approach represents not only a test strategy, but also a complete clocking phi
losophy. By strictly adhering to the rules implied by this methodology, it is possible to automate 
to a large extent the test generation and the timing verification. This is why the use of LSSD was 

obligatory within !BM for a long time. The prime disadvantage of the approach is the complex
ity of the SRL latch. 

It is not always necessary to make all the registers in the design scannable. Consider the 
pipelined datapath of Figure H-8. The pipeline registers in this design are only present for per
formance reasons and do not strictly add to the state of the circuit. lt is, therefore, meaningful to 

make only the input and output registers scannable. During test generation. the adder and com
parator can be considered together as a single combinational block. The only difference is that 
during the test execution. two cycles of the clocks are needed to propagate the effects of an exci
tation vector to the output register. This approach is called partial scan and is often employed 
when performance is of prime interest. The disadvantage is that deciding which registers to 
make scannable is not always obvious and may require interaction with the designer. 

H.3.4 Boundary-Scan Design 

Until recently, the test problem was most compelling at the integrated circuit level. Testing cir
cuit boards was facilitated by the abundant availability of test points. The through-hole mounting 
approach made every pin of a package observable at the back side of the board. For test, it was 
sufficient to lower the board onto a set of test probes (called "bed-of-nails") and apply and 

observe the signals of interest. The picture changed with the introduction of advanced packaging 
techniques such as surface-mount or multichip modules (Chapter 2). Controllability and observ
ability are not as readily available anymore, because the number of probe points is dramatically 
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Figure H-8 Pipelined datapath using partial scan. Only the
shaded registers are included in the chain.

present only fortesting purposes. In normal circuit operation, signals D, O (QO), and C serve as
latch input, output, and clock. The test clocks A and B are low in this mode. In scan mode, S/ and

SQ serve as scan input and scan output. Clock C is low, and clocks A and # act as nonoverlap-
ping, two-phase test clocks.

The LSSD approach represents not only a test strategy, but also a complete clocking phi-
losophy. Bystricthy adhering to the rules nnplied by this methodology, it is possible to automate
to a large extent the test generation and the timing verification. This is why the use of LSSD was
obligatory within IBM for a long time. The prime disadvantage of the approach is the complex-
ity of the SRLlatch,

It is not always necessary to make all the registers in the design scannable. Consider the
pipelined datapath of Figure H-8. The pipeline registers in this design are only present for per-
formance reasons and do notstrictly add to the state of the circuit. It is, therefore, meaningful to
make only the input and output registers scannable. During test generation, the adder and com-
parator can be considered together as a single combinational block. The only difference is that
during the test execution, two cycles of the clocks are needed to propagate the effects of an exci-
iafion vector to the output register. This approach is called partial scan and is often employed
when performance is of prime interest, The disadvantage is that deciding which registers to
make scannable is not always obvious and may require interaction with the designer.

H.3.4 Boundary-Scan Design

Until recently, the test problem was most compeiling at the integrated circuit level. Testing cir-
cuit boards was facilitated by the abundantavailability of test points. The through-hole mounting
approach made every pin of a package observable at the back side of the board. For test, it was

sufficient to lower the board onto a set of test probes (called “bed-of-naiis”) and apply and
observe the signals of interest. The picture changed with the introduction of advanced packaging
techniques such as surface-mount or multichip modules (Chapter 2}. Controllability and observ-
ability are not as readily available anymore, because the number of probe points is dramatically
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