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Figure 11-81 Variabie threshold comtrol scheme
implemented with a leakage current monitor [Kurodage],

a digital module, is shown in Figure 11-61 {Kuroda%6 and Kuroda(i]. It consists of a leakage
control monitor and a substrate bias charge pump, added to the digital block of interest.

The leakage current monitor is crucial for implementing this scheme. Transistors M, and
M, are biased to operate in the subthreshold region. When an NMOS transistor is in the sub-
threshold, its current is given by

Iy = I/Wy W10 °° (11.30)

where § is the subthreshold slope. The output of the bias generator V), equals
V, = §-log(W.,/W)) {11.31)
From the total transistor width of all transistors in the block that is to be monitored,

Warock the total current scaling factor can be found:

v,

JTI.CM _ WLCM 10 5_ WLC’M W?_

= = - {11.32)
Iprock Warock Warock W,
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11.7 Power and Speed Trade-Offs in Datapath Structures* 617

To minimize the power penalty of the monitoring, the leakage monitor should be made as
small as possible. However, if it is too small, the overall leakage monitoring response gets
slower and the substrate biasing does not track variations closely. The optimal value can be set
very low, with the monitor transistor being as small as 0.001% of the total transistor width on
the chip.

A conventional charge pump siphons current in and out of the substrate. The control cir-
cuit monitors the leakage current. If it is above the preset value—corresponding to the mode of
operation, set externally by the user or the operaling system—the charge pump increases the
negative back bias by pumping current out of the substrate. The charge pump shuts off when the
leakage current reaches the target value. Junction leakages and impact ionization in the circuit
will eventally raise the substrate bias voltage again, which activates the feedback loop new.
Since it does not have to provide large supply curents on a continuous basis, this scheme is sim-
pler to implement than dynamic voltage scaling.

Unfortunately, the effectiveness of adaptive body biasing is decreasing with further tech-
nology scaling. This is due to inherently lower body-effect factors and increased junction leak-
age attributable to band-to-band wnneling.

11.7.3 Reducing the Power in Standby (or Sleep) Mode

The idle mode represents an extreme comer of the dynamic power-management space. As no
active switching occurs, all power dissipation is due to leakage——assuming that appropriate
clock and input gating is in place. One option to reduce the leakage during standby is the DTS
technique presented in the previcus section. A simpler power-down scheme utilizes large sleep
transistors to switch off the power supply rails when the cirenit is in the sleep mode. This
straightforward approach significantly reduces the leakage current, but increases the design
complexity. It can be implemented by using a power switch on the supply rail only, or, even bei-
ter, on both supply and greund rails, as shown Figure 11-62,

In normal operation mode, the SLEEP signal is high, and the sleep transistors must present
as small a resistance as possible. The finite resistance of these transistors results in noise on sup-
ply rails, atiributable to changes in supply current drawn by the logic. The sizing and the selec-
tion of the thresholds of the sleep transistors is subject to a trade-off process. To minimize
fluctuations in the supply voltage, the sleep transistors should have a very low on-resistance, and
therefore be very wide. However, increasing their size brings with it a major layout penalty.
When transistors with a higher threshold are available, a better leakage suppression can be
achieved. However, high-threshoid devices must be even larger to yield the same resistance as
low-threshold devices. The principles of leakage reduction are a direct extension of principles
introduced in Section 6.4.2. Adding the sleep transistor effectively increases the transistor stack
height, resulting in leakage reductions of the order of tens (for low threshold switches) to a thou-
sand (for high threshold switches) times.

As opposed to simple clock gating, switching off the power supplies erases the state of the
registers inside the block. In some applications, this is acceptable, such as when a completely
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Figure 11-62 Sleep transistors used (&} only on the supply rail, {&) on both
supply and ground.

new task is executed after the block wakes up again. However, additional effort is required when
the state needs to be preserved. One option is to connect all the registers to the nongated supply
rails, Vp, and Vg, as discussed in Chapter 7 and shown in Figure 7-18. An aliernative Is to use
the operating system to save the state of all registers to a nonvolatile memory.

11.8 Perspective: Design as a Trade-off

The analysis of the adder and multiplier circuits makes it clear again that digital ciccuit design is
a trade-off between area, speed, and power requirements. This is demonstrated in Figure 11-63,
which plots the normalized area and speed for some of the adders discussed earlier as a function
of the number of bits.” The overall project goals and constrainis determine which factor is dominant.

The dic area has a strong impact on the cost of an integrated circuit. A larger chip size
means that fewer parts fit on a single wafer as discussed in Chapter 1. Reducing the area can
help the viability of a product. Ultimate performance is what makes the newest MICTOPrOGESSOr
sell, and the lowest possible power consumption is a great marketing argument for a cellular
phone. Understanding the market of a product is therefore essential when deciding on how o
play the wade-off game. One should be aware that all design constraints—speed, power, and
area—contribute to the feasibility or market success of a design.

In this context, it is worth summarizing some of the important design concepts that have
been introduced in the course of this chapter:

*Be gware that these resulis are for a particelar implementation in a partieular technology. Extrapolation to other tech-
nologies should be done with care.
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Figure 11-63 Area and propagation delay of various adder structures as a function
of the number of bits A Based on resulis from [Vermassang8s].

1. The most important rule is to select the right struczure before starting an elaborate circuit
optimization. Going for the optimal performance of a complex structure by rigorously
optimizing transistor sizes and topologies probably will not give you the best resuit. Opti-
rnizations at higher levels of abstraction, such as the logic or architectural level, can often
generate more dramatic results. Simple first-order calculations can help give a global pic-
ture on the pros and cons of a proposed structure.

2. Determine the crifical timing path through the circuit, and focus most of your optimization
efforts on that part of the circuit. In addition to hand analysis, computer-aided design tools
are available to help determine the critical paths and size the transistors appropriately. Be
aware that some noneritical paths can be downsized to reduce power consumption.

3. Circuit size 18 not only determined by the number and size of transistors, but also by other
factors such as wiring and the number of vias and contacts. These factors are becoming
even more important with shrinking dimensions or when extreme performance is a goal.

4. Although an obscure optimization can sometimes help to get a better result, be wary if this

results in an irregular and convoluted topology. Regularity and modularity are a designer’s
best friend.

3. Power and speed can be traded off through 2 choice of circuit sizing, supply voltages, and
transistor thresholds.

11.9 Summary

In this chapter, we have studied the implementation of arithmetic datapath operators from z per-
formance, area, and power perspective. Special attention was devoted to the development of
Jirst-order performance models that allow for a fast analysis and comparison of various lfogic
structures before diving into the tedious transistor-level optimizations.
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620 Chapter 11 » Designing Arithmetic Building Blocks

+ A datapath is best implemented in a bir-sliced fashion. A single layout slice is used repeti-
tively for every bit in the data word. This regutar approach eases the design effort and
results in fast and dense layouts.

s A ripple-carry adder has a performance that is linearly proportional to the nomber of bits.
Circuit optimizations concentrate on reducing the delay of the carry path. A number of cir-
cuit topologies were examined, showing how careful optimization of the circuil topology
and the transistor sizes helps to reduce the capacitance on the carry bit.

« Other adder siructures use logic optimizations to increase the performance. The perfor-
mance of carry-bypass, carry-select and carry-lookahead adders depends on the number
of bits in square root and logarithmic fashion, respectively. This increase in performance
comes at a cost In area, however.

+ A multiplier is nothing more than a coliection of cascaded adders. Its criticat path is far
more complex, and performance optimizations proceed along vastly different routes. The
carry—save technique relies on a logic manipulation to turn the adder array into a regular
structure with a well-defined critical timing path that can easily be optimized. Booth
recoding and partial product accurnulation in a tree reduces the complexity and delay of
iarger multipiiers.

= The performance and area of 2 programmable shifter are dominated by the wiring, The
exploitation of regularity can help to minimize the impact of the interconnect wires. This
is exemplified in the barrel and the logarithmic shifter structures.

* Power consumption can be reduced substantially by the proper choice of circuit, logical, or
architectural structure. This might come at the expense of area, but area might not be that
critical in the age of submicron devices.

+ A wide range of design-time and run-time techniques are at the disposition of a designer 1o
minimize the power consumption. At desiga time, power and delay can be traded off
through the choice of supply veltages and thresholds in addition to transistor sizing and
logic optimization. The use of paralielism and pipelining can help to reduce the suppiy
voltage, while maintaining the same throughput. The effective capacitance can be reduced
by avoiding waste, as introduced by excessive multiplexing, for example.

» Some applications operate under variable throughput or latency conditions. Using vari-
able supplies and transistor thresholds can lower the active or leakage power in such sys-
tems. Minimization of the standby energy consumption is essential for portable battery-
operated devices.

11.10 To Probe Further

The lterature on arithmetic and computer elements is vast. Important sources for newer develop-
ments are the Proceedings of the IEEE Symnposiunt on Computer Arithmetic, the IEEE Transac-
tions on Computers and the [EEE Jownal of Solid-State Circuits (for integrated circuit
implementation). An excellent collection of the most significant papers in the area cas be found
in some IEBE Press reprint volumes [Swartzlander90}. A number of other references, such as
[Omondi®4l, [Korend8), and [Oklobdzijalil, are provided for further reading.
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Exercises

For the latest problem sets, design challenges and design projects related to arithmetic modules, login o
kitp:/bwreeees.berheley.edu/IcBook.
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DESIGN METHODOLOGY INSERT

Validation and Test
of Manufactured Circuits

Manufacturing fest
Design for testability

Test pattern generation

H.1 Introduction

While designers tend to spend nuomerous hours on the analysis, optimization, and layout of their
circuits, one issue is often overlooked: When a component returns from the manufacturing plant,
how does one know if it actually works? Does it meet the functionality and performance specifi-
cations? The customer expects a delivered component to perform as described in the specifica-
tion sheets. Once a part is shipped or deploved in a system, it is expensive to discover that it does
not work. The later a fault is detected, the higher the cost of correction. For instance, replacing a
component in a sold television set means replacement of a complete board as well as the cost of
labor, Shipping a nenworking or partially functional device should be avoided if at all possible.

A correct design does not guarantee that the manufactured component will be operational.
A number of manufacturing defects can occur during fabrication, either due to faults in the base
material {for instance, impurities in the silicon crystal), or as a result of variations in the process,
such as misalignment, Other faults might be introduced during the stress tests that are perfermed
after the manufacturing. These tesis expose a part to cycies of temperature and mechanical stress
to ensure its operation over a wide range of working conditions. Typical faults inciude short cir-
cuits between wires or layers and broken intercosnections. This translates into network nodes
that are either shorted to each cther or to the supply rails, or that may be foating.

721
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Making sure a delivered part is operating correctly under all possible input conditions is
not as simple as it would seem at a first glance. When analyzing the circuit behavior during the
design phase, the designer has unlimited access to all the nodes in the network. He is free to
apply input patterns and observe the resulting response af any node he desires. This is not the
case once the part is manufactured. The only access one has to the circuit is through the input-
gutput pins. A complex component such as a microprocessor is composed of tens o hundreds of
millions of transistors and containg an uncountable number of possible states. I is a very lengthy
process—if it is possible at all—to bring such a component into a particular state and to observe
the resulting circuit response through the Hmited bandwidth offered by the input-output pads.
Hardware testing equipment tends to be very expensive and every second a part spends in the
tester adds 1o 115 price.

It is therefore advisable to consider the testing early in the design process. Some small
modifications in a circuit can help make it sasier to validate the absence of faults. This approach
to design has been dubbed design for testability (DFT). While often despised by circuit design-
ers who prefer Lo concenirate on the exciting aspects of design, such as transistor optimization,
DFT is an integral and important part of the design process and should be considered as early as
possible in the design flow. “If you don’t test it, it won't work! (Guaranteed)’ [Weste83]. ADFT
_ strategy contains two components:

1. Provide the necessary circaftry so that the test procedure can be swift and comprehensive.

2. Provide the necessary fest patterns {excitation vectors) to be employed during the test pro-
cedure. For reasons of cost, it is desirable that the test sequence be as short as possible
while covering the majority of possible faults.

In the subsequent sections, we briefly cover some of the most important issues in each of these
domains. Before doing so, a short description of a typical test procedure helps to put things in
perspective.

H.2 Test Procedure

Manufacturing tests fall into a number of categories depending upon the intended goal:

» The diagnostic test is used during the debugging of a chip or board and tries to accom-
plish the following: Given a failing part, identify and locate the offending fault.

« The functional test (also called go/io go test) determines whether or not a manufactured
component is functional. This problem is simpler than the diagnostic test since the only
answer expected is yes or no. As this test must be executed on every manufactured die and
has a direct impact on the cost, it should be as simpie and swift as possible.

* The parametric test checks on a number of nondiscrete parameters, such as noise mar-
ging, propagation deiays, and maximum clock frequencies, under a variety of working
conditions, such as temperature and supply voltage. This requires a different set-up from
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the functional tests that only deal with O and [ signals. Parametric tests generally are sub-
divided into static {dc) and dynamic {ac) tests.

A typical manufacturing test proceeds as follows. The predefined test patterns are Joaded
into the tester that provides excitations to the device under test (DUT) and collecis the corre-
sponding responses. The test paiterns are defined I a rest program that describes the waveforms
t¢ be applied, voliage levels, clock frequency, and expected response, A probe card, or DUT
board, is needed to connect the outputs and inputs of the tester to the corresponding pins on the
dig or package.

A new part is automatically fed into the tester. The tester execules the test program,
applies the sequence of input patterns to the DUT, and compares the obtained response with
the expected one, If differences are observed, the part is marked as fauity (e.g., with an ink
spot), and the probes are automatically moved to the next die on the wafer, During the scrib-
ing process that divides the wafer into the individual dies, spotted parts will be automatically
discarded. For a packaged part, the tested component is removed from the test board and
placed in a good or faulty bin, depending upon the outcome of the test. The whole procedure
takes in the range of a few seconds per parf, making # possibie for a single tester to handle
thousands of parts in an hour.

Figure H-1 shows a picture of a high-end tester for logic circuits. Automatic testers are
very expensive pieces of equipment. The increasing performance requirements, imposed by the
high-speed ICs of today, have aggravated the situation, causing the cost of the test equipment to
skyroclet. Reducing the time that a die spends on the tester is the most effective way to reduce
the test eost. Unfortunately, with the increasing complexity of ICs, an opposite trend can be
ohserved. Design approaches to reduce the test burden are thus very desirable.

H.3 Design for Testability

H.3.1 Issues in Design for Testability

As mentioned, a high-speed tester that can adequately handle state-of-the-art components comes
at an astronomicai cost. Reducing the test time for a single component can heip increase the

Figure H-1 Automalic tester {Courtesy Shiumberger).
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Figure H-2 Combinational and sequential devices under test.

throughput of the tester, and has an important impact on the testing cost. By considering testing
from the early phases of the design process, it is possible to simplify the whole validation pro-
cess. In this section, we describe some approaches that achieve that goal. Before detailing these
techniques, we should first understand some of the intricacies of the test problem.

Consider the combinational circuit block of Figure H-2a. The correctness of the circuit
can be validated by exhaustively applying all possible input patierns and observing the
responses. For an N-input circuit, this requires the application of 2% patterns. For N = 20, more
than | million patterns are needed. If the application and observation of a single pattern takes
1 usec, the total test of the module requires 1 sec. The situation gets more dramatic when con-
sidering the sequential module of Figure H-2b. The output of the circuit depends not only upon
the inputs applied, but also upon the value of the state. To exhaustively test this finite state
machine (FSM) requires the application of 2*** input patterns, where M is the number of state
registers [Williams83, Weste93]. For a state machine of moderate size {e.g., M = 103, this
means that 1 billion patterns must be evaluated, which takes }6 minutes on our 1 psec/pattern
testing equipment, Modeling a modern microprocessor as a state machine translates into an
equivalent model with over 50 state registers. Exhaustive testing of such an engine would
require over a billion years!

Obviously, an altersative approach is required. A more feasible testing approach is based
on the following premises.

o An exhaustive enumeration of all possible input patterns contains a substantial amount of
redundancy; that is, a single fault in the circuit is covered by a number of input patterns.
Detection of that fauit requires only one of those patterns, while the other patterns are
superfinous.

« A substantial reduction in the number of patterns can be obtained by relaxing the condi-
tion that all faults must be detected. For instance, detecting the last single percentage of
possible faults might require an exorbitant number of extra patterns, and the cost of detect-
ing them might be larger than the eventual replacement cost. Typical test procedures only
attempt a 95-99% fault coverage.
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By eliminating redundancy and providing a reduced fault coverage, it is possible to test
most combinational legic blocks with z limited set of input vectors. This does not selve the
sequential problem, however. To test a given faclt in a state machine, it is not sufficient to apply
the correct input excitation; the engine must he brought to the desired state first. This requires
that a sequence of inputs be applied. Propagating the circuit response {o one of the output pins
might reguire 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 is 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
1 test does not require external vectors and can proceed at a higher speed. The concept of self
fest 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 oniy 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
controllability is desirable in testable designs.

. Observahility, which measuzes the case of observing the value of a node at the output
pins. A node with a high observability can be monitored directly on the owput pins. A
nede with a low observability needs a pumber 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 sections 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 seguential modeles can be classified in three categories:
ad hoe test, scan-based test, and seif-est,

H.3.2 Ad Hoc Testing

As suggested by the title, ad hoc testing combines a coliection of tricks and technigues 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 Figore H-3a, which shows a simple pro-
cessor with ies data memory. Under normal configuration, the memory is only accessible
through the processor. Writing and reading a data value into and out of z single memory position
requires & number of clock cycles. The controflability and observability of the memory can be
dramatically improved by adding multiplexers on the daia and address busses (Figure H-3b).
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(a) Design with low testability (b)) Adding a selector improves testability
Figure H-3 Improving testability by inserting muliipiexers.

During nermal 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 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 I/0 pins must be provided besides the normal
functional /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 example, the I/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

QOne way to avoid the sequential-test problem is to turn all registers into externally loadable and
readable elements. This turns the circuit-under-test into a cornbinational 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-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 serial-scan approach illustrated 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 now proceeds as foliows.

I. 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 cuiput of the logic module. The
resull is latched into the regisiers by issuing a single system-clock event.

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

This approach incurs only & minimal overhead. The serial nature of the scan chain reduces the
routing overhead. Traditional registers are easily modified 10 support the scan technique, as dem-
onstrated in Figure H-3, which shows a 4-bit register extended with a scan chain. The only addi-
tion is an extra multiplexer at the input. When Zest is low, the circuit is in normal operation

Iy Iny Iy fng
Test
L 1 b— Test
Seanin ScanQut
L s
Latch Lach
o Q Q &
Quty Cut, Outs Gty
Figure H-5 Register exiended with serial-scan chain.
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mode. Setting Tes? high selects the Scann input and connects the registers into the scan chain.
The output of the register Our connects to the fan-out logic, but also doubles as the ScarnOut pin
that connects 1o the Scanln of the neighboring register. The overhead in both area and perfor-
mance is small and can be limited to less than 5%.

Problem H.I Scan-Register Design

Modily the static, two-phase master-siave register of Figure 7-10 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 clock pulses are issued, loading the registers. Test is low-
ered, and a single clock sequence is issued, fatching the results from the combinational logic into
the registers under normal circuit-operation conditions. Finally, ¥V extra pulses (with Tess = 1)
transfer the obtained resuit to the sutput. Note again that the scan-oul can overlap with the enter-
ing of the next vector.

Many 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 called 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. It consists of two latches L} and L2, the latter being

Test

P I S |
S

2 U ) S DO
Nceyeles I cycle A cyeles
scan-in evaluaiion scan-out

Figure H-6 Timing diagram of test-sequence. Nrepresents the number of registers
in the test chain.

D 0
[ G—
PR _
—— — SO
L2
B — — S0

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 cireuit operation, signals D, & {Q), and C serve as
fatch input, outpat, and clock, The test clocks A and B are low in this mode. In scan mode, §7 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 1SS 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 10 automate
to a large exient the test generation and the timing verification. This is why the use of LSSD was
cbligatory within IBM for a long time. The prime disadvantage of the approach is the complex-
ity of the SRL latch,

1t 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. It is, therefore, meaningfui to
make only the input and output registers scannable. During test generation, the adder and com-
parator ¢an 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 emploved
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
technigues 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-9 The boundary-scan approach to board testing.

reduced. This problem can be addressed by extending the scan-based test approach to the com-
ponent and board levels.

The resulting approach is called boundary scan and has been standardized to ensure com-
patibility between different vendors ([IEEE11491}. In essence, it connects the input-output pins
of the components on a board into a serial scan chain, as shown in Figure H-9. During normal
operation, the boundary-scan pads act as normal input-output devices. In test mode, vectors ¢an
be scanned in and out of the pads, providing controllability and observability at the boundary of
the components (hence, the name). The test operation proceeds along similar lines as described
in the previous paragraph. Various control modes atlow for testing the individual components as
well as the board interconnect. The overhead incurred includes slightly more complex input-out-
put pads and an extra on-chip test controller (an FSM with 16 states}. Boundary scan is now pro-
vided in most commodity components.

H.3.5 Built-in Self-Test (BIST)

An altemnative and attractive approach to testability is having the circuit itself generate the test
patterns instead of requiring the application of external patierns [Wang86]. Even more appealing
is a technique where the circuit itself decides if the obtained results are correct. Depending upon
the nature of the circuit, this might require the addition of extra circuitry for the generation and
analysis of the patterns. Some of this hardware might already be available as part of the normal
operation, and the size overhead of the self-test can be small.

The general format of =z builtin self-test design is illustrated in Figare H-10
{[Kornegay92]). It contains a means for supplying test patterns to the device under test and a
means of comparing the device’s response 1o a known correct seguence.

There are many ways (0 generate stimuli. Most widely used are the exfiqustive and the ran-
dom approaches. In the exhaustive approach, the test length is 2%, where N is the number of
inputs to the circuit, The exhaustive nature of the test means that all detectable faults will be
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Figure H-1@¢ General format of buii-in self-test structure.

detected, given the space of the available input signals. An N-bit counter is a good example of an
exhaustive pattern generator. For circuits with large values of &, the time 10 cycle through the
complete input space might be prohibitive. An alternative approach is 1o use randoem testing that
implies the application of a randomly chosen sub-set of 2V possible input patterns. This subset
should be selected so that a reasonable fault coverage is obtained. An example of a pseudoran-
dom pattern generator is the lrear-feedback shift register (or LFSR}, which is shown in
Figure H-11. h consists of a serial connection of 1-bit registers. Some of the outputs are XOR’d
and fed back to the input of the shift register. An N-bit LESR eycles through 2¥ — } states before
repeating the sequence, which produces a seemingly random pattern. Initialization of the regis-
ters to a given seed value (different from 0 for our example circuit) determines what will be
generated, subsequentiy.

The response analyzer could be implemented as a comparison between the generated
response and the expected response stored in an on-chip memaory, but this approach represents
wo much area overhead to be practical. A cheaper technique is to compress the responses before
comparing them. Storing the compressed response of the correct circuit requires only & minimal
amount of memory, especially when the compression ratio is high. The response analyzer then

=
e

Lo T e L ™ ]
L B sl R e B o]

Figure H-11 Three-bit linear-feedback shifi register
and its generated seguence.
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Figure H-12 Single bit-stream signature analysis.

consists of circuitry that dynamically compresses the output of the cireuit under test and a com-
parator. The compressed output is often called the signature of the circuit, and the overall
approach is dubbed signature analysis.

An example of a signature analyzer that compresses a single bit stream is shown
Figure H-12. Inspection reveals that this circuit simply counts the number of ¢ > 1 and 1 - 0
transitions in the input stream. This compression does not guarantee that the recetved sequence
is the corzect one: that is, there are many different sequences with the same number of transi-
fions. Since the chances of this happening are slim, it may be a risk worth taking if kept within
bounds.

Another technique is illustrated in Figure H-13a. It represents a modification of the linear-
feedback shift register and has the advantage that the same hardware can be used for both pattern
generation and signature analysis. Each incoming data word is successively XOR'd with the
contents of the LFSR. At the end of the test sequence, the LFSR contains the signature, or syn-
drome, of the data sequence, which can be compared with the syndrome of the correct circuit.
The circuit not only implements a random-pattern generator and signature analyzer, but also can
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{a} A 3-bit BILBO register
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1 1 | Normal T :_ -
H Scan A Lo -
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10 P_attem generation of Logic Logic
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Figure H-13 Built-in logic block cbservation, or BILBO.
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Figure H-14 Memory self-{est.

be used as a normal register and scan register, depending on the values of the control signals By
and B, (Figure H-13b). This test approuach, which combines all the different technigues, is
known as built-in fogic block observation, or BILBO [Koeneman79). Figure H-13¢ illustrates the
typical use of BILBO. Using the scan option, the seed is shifted into the BILBO register A while
BILBOG register B is initialized. Next, registers A and B are operated in the random patiern-gen-
eration and signature-analysis maodes, respectively. At the end of the test sequence, the signature
is read from B using the scan mode.

Finally, it is worth mentioning that self-test is extremely beneficial when testing regular
structures such as memories. It is not easy to ensure that a memory, which is a seguential circuit,
is fauit free. The task is complicated by the fact that the data value read from or written into a
cell can be influenced by the values stored in the neighboring cells because of cross coupling and
other parasitic effects. Memory tests, therefore, include the reading and writing of a number of
different patterns into and from the memory using alternating addressing sequences. Typical pat-
ierns can be all zeros or ones, or checkerboards of zeros and ones. Addressing schemes can
include the writing of the complete memory, foliowed by a complete read-out or various alter-
nating read-write sequences. With a minimai overhead compared with the size of 2 memory, this
test approach can be built into the integrated circuit itself, as illustrated in Figure H-14. This
approach significantly improves the testing time and minimizes the external control, Applying
self-test is bound to become more important with the increasing complexity of integrated com-
ponents and the growing popularity of embedded memories.

The advent of the systems-on-a-chip era does not make the test job any easier. A single IC may contain
micro- and signal processors, multiple embedded memories, ASIC modules, FPGAs and on-chip busses
and networks. Each of these modules has its own preferred way of being tesied, and combining these into a
coherent sirategy is quite a challenge. Built-in self-test is really the only way out. A structored test-method-
ology for systems-on-a-chip, based on BIST is shown is Figere H-15, Each of the modules composing the
sysiem connects to the on-chip neiwaork through a “wrapper.” This is a customized interface between the
block and the network, supporting functions such as synchronization and commusnication. This wrapper can
be exiended to include a test support module. For instance, for an ASIC module that includes a scan chain,
the test support module provides the interface 1o the scan chain and a buffer for the west patierns. This buffer
can be directly written and read through the system bus, Similaly, o memory module can be equipped with
a pallern generator and signature analysis. All of this would stil] not suffice if there were no general test
orchestrator. Fortunately, most of these SOCs include a programmable processar which can be used at start-
up time ¢ direct the test and the verification of the other modules. Test patierns and signatures can be stored
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Figure H-15  System-on-a-chip test methodoiogy.

in the main memory of the processor, and supplied to the module under test at test time. This approach has
the advantage that it uses the resources that are already available o1 the die. Furthermore, the BIST self-test
approach allows for Lhe tests 1o be performed under actual clock speeds, decreasing the test time. The
requirements for the external tesier are minimized, reducing the tester cost. The development of a struc-
wred approach to self-test, as pictured in Figure H-13, is a topic of active research {KrsticO1] ;-3

H.4 Test-Pattern Generation

In the preceding sections, we have discussed how to modify a design so that test patterns can be
effectively applied. What we have ignored so far is the complex task of determining what pat-
terns should be applied so that a good fault coverage is obtained. This process was extremely
problematic in the past, when the test engineer—a different person than the designer—had to
construct the test vectors after the design was completed. This invariably required a substantial
amount of wasteful reverse engineering that could have been avoided if testing had been consid-
erad early in the design flow. An increased sensitivity to design for testability and the emergence
of automatic test-pattern generation (ATPG) has substantially changed this picture,

Iir this section, we delve somewhat deeper into the ATPG issue and present technigues to
evaluate the quality of a test sequence. Before doing se, we must analyze the fault concept in
more detatl.

H.4.1 Fauli Models

Manufacturing faults can be of a wide variety and manifest themselves as short circuits between
signals, shert circuits to the supply rails, and floating nodes. In order to evaluate the effective-
ness of a test approach and the concept of a good or bad circuit, we must relate these faults to the
circuit model, or, in other words, derive a faids model. The most popular approach is called the
stuck-at model. Most testing tools consider only the short circuits to the supplies. These are
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Figure H~16 Resistive-load gale, annotated with a number of
stuck-at-open {B} and stuck-at-short {c, v} faults.

calied the stuck-at-zero (sal) and stuck-ai-one (sal) fanlts for short circuits to GND and V),
respectively.

It can be argued that the sa0-sal model does not cover the complete range of faults that
can occur in a state-of-the-art integrated circuit, and that sruck-ar-apen and stuck-ai-short faulis
should also be introduced. However, adding these faults complicates the test pattern generation
process. Moreover, a large number of these faults are covered by the saf-sal model. To illustrate
this observation, consider the resistive-load MOS gate of Figure H-16. All shorts to the supplies
are modeled by the introduction of sal} and sal fauits at nodes A, B, C, Z, and X. The figure has
been annotated with some stuck-at-open (B) and stuck-at-short faults (o, ¥). It can be observed
that these faults are already covered by the 520 and sal fauits on the various nodes. For example,
fault o is covered by A, f is covered by A, or B, g, while vis equivalent to Z,,;.

Even so, shorts and open-circuit faults can cause some interesting artifacts to occur in
CMOS circuits that are not covered by the sal-sal mode! and are worth mentioning. Consider
the two-input NAND gate of Figure H-17, where a stuck-at-open faclt ¢ has occurved. The truth
table of the faulty circuit is shown in the figure as well. For the combination (A = 1, B = 0}, the
cutput node is floating and retains its previous value, while the correct value should be a 1.
Depending upon the previous excitation vector, this fault may or may not be detected. In fact, the
cirenit behaves as a sequential network. To detect this fault, two vectors must be applied in
sequence. The first one forces the output to § (or A = | and B = 1}, while the second applies the
A =1, B=0 paitern. Also stuck-at-short faults are troublesome in CMOS circuits since they can
cause dc currents to flow between the supply rails for certain input values, which produces unde-
fined output voltages.

Even though the sal-sal fault model is not perfect, its ease of use and relatively large cov-
erage of the fault space have made it the de facto standard model. It is often supplemented with
other techniques, such as functional test, /DDQ tesi—which measures the change in quiescent
cuirent of a CMQS circuit due to short circuits—and delay test, No single test model is com-
pletely foolproot, and a combination of several testing methods is often required [BhavsarQ1].
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Figure H-17 Two-input complementary CMOS NAND gate and its
truth table in the presence of a stuck-at-open faull.

H.4.2 Automatic Test-Pattern Generation (ATPG)

The task of the automatic test-pattern generation (ATPG) process is to determine a minimum set
of excitation vectors that cover a sufficient portion of the fault set as defined by the adopted fault
model. One possible approach is to start from a random set of test paiterns. Fault simulation then
determines how many of the potential faults are detected. With the obtained results as guidance,
extra vectors can be added or removed iteratively. An alternative and potentially more attractive
approach relies on the knowledge of the functionality of a Boolean network to derive a suitable
test vector for a given fault. To illustrate the concept, consider the example of Figure H-18. The
goal is to determine the input excitation that exposes an sa0 fault occurring at node U at the out-
put of the network Z. The first requirement of such an excitation is that it should force the fault
10 oceur {controflability, again). In this case, we look for a pattern that would set U to 1 under
normal circumstances. The only option here is A = 1 and B = 1. Next, the faulty signal has to
propagate to output node Z, so that it can be observed. This phase is called path sensitizing. For
any change in node U to propagate, it is necessary for node X to be setto 1 and node Eto (. The
{unique) test vector for Uy, can now be assembled: A=B8=C=D=1 E=0.

B %f v ;
o
D — X |

E 1

Figure H-18  Simple logic network, with sa0 fault at node U
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This example is extremely simple, and the derivation of & minimum test-vector set for
more complex circuits s substantially more complex. A number of excellent approaches to
address this problem have been developed. Landmark efforts in this domain are the D [Roth66]
and PODEM algorithms [Goel81], which underlie many cwirent ATPG tools. It suffices to say
that ATPG is currently in the mainstream of design automation, and powerful tools are available
from many veadors.

H.£.3 Fault Simulation

A fault simulator measures the quality of a test program. It determines the fault coverage, which
15 defined as the total number of faults detected by the test sequence divided by two times the
number of nodes in the network—each node can give rige to an sa0 and sal fault. Naturally, the
obtained coverage number is only as good as the fault model employed. In an sa0-sal model,
some of the bridge and short faulis are not covered and will not appear in the coverage statistics.

The most commen approach to fault simulation is the parallel fault-simulation technique,
in which the correct circuit is simulated concurrently with a number of faulty ones, each of
which has a single fault injected. The results are compared, and a fanlt is labeled as detected for
a given test vector set if the outputs diverge. This description is overly simplistic, and most sim-
ulators employ a number of techniques, such as selecting the faults with a higher chance of
detection first, to expedite the simulation process. Hardware fault- simulation accelerators, based
on paralle} processing and providing a substantial speedup over pure software-based simulators,
are available as well [Agrawal88, pp. 159-240}.

H.5 To Probe Furfther

For an in-depth treatment of the Design-for-Testability topic, please refer to [Agrawal88] and
[Abramovic91]. A great overview of the testing challenges and solutions for high-performance
microprocessors can be found in [Bhavsar(1],
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