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Abstract

Digital clock pulse control elements - delay lines and pulse-
shaping elements - are used widely for clock generation
and clock tuning in synchronous digital logic. However,
they are intrinsically redundant circuits: without special
modifications, DC logic testing cannot completely verify
their static behavior (including the correct operation of the
decoders and selectors used for their programming and
control). This paper demonstrates low overhead circuit
modification techniques that can be applied io all classes of
programmable clock control elements, ensuring their com-
plete single stuck-at fault testability.

1. Introduction

In synchronous digital systems, a sizable percentage of cir-
cuits may be devoted to the clock system, so their testabil-
ity is a significant concern. Circuits used for clock system
design [Wag88] include buffers, delay lines and pulse-
shaping elements. Digital clock pulse control elements - the
delay lines and pulse shapers - adjust clock pulse edge posi-
uons and modify clock puisewidths. They are used fre-
quently in the clock generation portion of clock sysiems.

Fig. 1 shows a generic clock system design for a synchro-
nous digital system. A key design issue is control of clock
skew - differences in clock pulse edge arrival times
between desired and actual values. To make clock system
design flexible and to control clock skew, programmable
versions of the clock pulse control elements are ofien used
w implement a clock tuning strategy [Hun91] [Koe88]
[Mur91| {Dej89](Fis91|. Generally, clock pulses are dis-
tributed from the source OSCillator with attention paid to
only onc clock pulse reference edge - clock puise control
clements in clock generation then derive clock signals that
need high correlation from this single edge [Def 88].
Pulsewidths are adjusted late in the clock signal paths to
meet the requirements of the clocked sequential elements at
their destinations - flip-flops, latches, memories, etc.
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Figure 1. Generic Clock System Design
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Both programmable and non-programmable pulse-shaping
elements as well as programmable delay lines rely on
redundancy for correct functional operation. Standard logic
optimization (redundancy removal) techniques cannot be
applied to them to enhance their testability, since they pre-
serve only static (boolean) operation and not dynamic func-
tion. Since the correct operation of these elements depends
on their dynamic characteristics, special modifications must
be made to ensure their complete single stuck-at (DC) fault
testability without destroying their dynamic properties.
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Figure 2. Testable Clock Pulse Control Element
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Fig. 2 shows a generalized programmable clock pulse con-
trol element. Modifying it to make it 100% single stuck-at
fault testable will require the addition of test control inputs
and extra logic. The motivation for such complete DC test-
ability of a dynamic element is discussed in Section 2.

To begin, we describe programmable delay lines and pulse-
shaping elements.

1.1 Delay Lines

A digital delay line adds a known delay to an input pulse.
The fixed delay type delay line is shown schematically in
Figure 3. In clock system design, the digital delay line is
usually relied upon to accurately reposition (delay) the ref-
erence edge of the input pulse. Since logic devices have
asymmetric rising and falling delays, both the digital delay
line and any logic gates in the downstream clock distribu-
ton will distort the clock pulse. To compensate, the
pulsewidth is carefully adjusted later in local clock genera-
tion (see Fig. 1).
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Figure 3. Delay Lines

Fig. 3 also shows a programmable deiay line, where the
input signal may be delayed by D, 2D, 3D or 4D. The
SELect lines control the choice of delayed input through
the MUIltipleXer switch. Programmable digital delay lines
and system tuning strategies using such elements are

described in [Hun91] [Koe88] [Mur91] [Dej89] [FIS91] as
well as many other sources.

1.2 Pulse-Shaping Elements

Figure 4 shows the generic pulse-shaping elements. They
implement symmetric two variable Boolean functions,
where one input to the reconvergent gate is a delayed and
possibly inverted version of the other input. A symmetric
Boolean function F or G with two inputs X1, X2 has the
property F(X1, X2) = F(X2,X1). There are 2*/2 = 8 such
functions. Discarding the trivial F=1 and F=0 cases leaves
six functions. They are AND, NAND, OR, NOR, XOR and
EQU. We consider only the AND, OR and XOR cases. The
three inverted output functions, NAND, NOR and EQU
have identical modifications to achieve complete single
stuck-at fault testability as their AND, OR and XOR coun-
terparts.

In Fig. 4, if F=AND or OR, the upper circuit where the
Delay block is non-inverting (so the reconvergent block F
receives inputs of the same polarity) may operate to shrink
or stretch the input pulse - hence it is called a shrinker or
stretcher; the lower circuit has an inverting Delay block (so
the reconvergent block G receives inputs of opposite polar-
ity) and may act to chop the input pulse - a chopper
[Def85]. The interpretation of element operation depends
on the defined active polarity of the input pulse and is
always relative to a reference edge. In either case, if F or G
= XOR the circuit operates as an edge detector.
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Figure 4. Generic Clock Pulse-Shaping Elements

The corresponding timing waveforms in Figure 5 show the
effect of the pulse-shaping elements on positive active and
negative active input clock pulses. They operate on a single
(reference) edge of the input clock pulse, the other edge of
the pulse has no effect. The delay through block F or G and
rise time and fall time are all set to zero to simplify the tim-
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ing diagrams. In all cases, the pulsewidth W must exceed
the delay D for the elemenl 1o have the desired effect. Pro-
grammable versions of these control elements allow the
delay D of the Delay block 1o be selectable.
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Figure 5. Operation of Pulsc-Shaping Elements

The pulse-shaping operations depicled in Fig. S are suffi-
cient o determine all other operations differing only by
inversion. For example, to produce a positive pulse of
width D at the trailing-edge of a positive input pulse, the
G=0R operation need only be inverted, i.e., G=NOR will
produce the correct trailing-edge clock chopper.

2. Conversion to 100% Single Stuck-At
Fault Testable Circuits

2.1 DC Test of Clock Pulse Control Elements

Clock pulsc-shaping clements require reconvergence 10
operate dynamically, and programmability for all clock
pulse control clements requires multiplexing, which itself
requires reconvergence. Therefore, ensuring such elements
are 100% single stuck-at fault-free requires modifications
carefully designed not to destroy reconvergence.

Without modifications, clock pulse control circuits have
obvious undetectlable faults. For instance, in a static test of
a programmablc delay line or non-inverted reconvergence
pulse-shaping clement, any value placed at the circuit’s
pulse input will appcar (or appear inverted) al the circuit
output. This behavior occurs regardless of whether decod-
ing circuits select the wrong delay block or blocks. And in
an inverted reconvergence pulse-shaping element, the final
(stauc) circuit output stabilizes at a fixed one or zero level
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regardless of the input. Thus, clock not shaped (not
chopped, not shrunk or not stretched) faults, when delayed
reconvergent lines are stuck at non-controlling values at the
input of the reconvergent gate, are undetectable in a static
test without special circuit modifications.

A fundamental approach to logic testing is the use of DC
tests to verify the correct static operation of a network. Of
course, DC testing cannot verify the dynamic operation of
clock pulse control elements (e.g., the pulse has been
delayed 3 nanoseconds or chopped to 1.5 nanoseconds) -
such testing requires an additional AC or delay testing com-
ponent. Dynamic network operation may be verified
through observation of clock network primary outputs, or
indirectly through the timed observation of storage element
contents under control of such clocks.

A clock pulse control element is typically embedded in a
larger clock generation network. Therefore, in a DC test,
the control of the clock pulse input and the observation of
the delayed and shaped clock pulse output must be consid-
ered in addition to modifications for 100% single stuck-at
fault testability of the clock pulse control elements them-
selves. All modifications must be carefully constructed to
have minimal impact on clock skew in the clock system. If
no other means is available, the pulse input may be con-
trolled by adding a 2-input AND gate before the element,
one input the dynamic clock and the other a controllable
level signal (a clock input stuck-at fault must then be con-
sidered separately). At the output side, primary output
observation or two-image sequential test at one of the clock
destinations will suffice.

The following conversion techniques require modifying the
clock pulse control elements by adding test inputs and
logic. The additional test inputs are level signals, so they
may be either primary inputs, or, more efficiently, easily
controlled (scannable) latch or flip-flop outputs. The ele-
ments are transformed to irredundant networks. Since all
logical redundancies are removed they become fully single
stuck-at fault testable. Then DC (static) testing can cover
(control to both one and zero and sensitize the effect to the
observable output) all internal circuit lines and circuit I/O.

Note. Many logically equivalent irredundant representa-
tions of the clock control elements are possible (e.g., a
NOR-NOR implementation is equivalent to the OR-AND
implementation shown in Figure 4). In addition, variations
on the basic building blocks of the introduction section may
use inverted outputs or inputs. The choice of the most effi-
cient implementation is dictated by the technology and cir-
cuit library, and may be found through repeated application
of DeMorgan’s Laws.



2.2 Testable Programmable Digital Delay Line

The programmable digital delay line is used to allow a
seleclable choice of delays. Only one specific path is cho-
sen. Since all paths propagate the same input signal, failure
10 select the correct path or the selection of multiple paths
simultaneously cannot be detected in a conventional DC
(static) test.

One method to make such an element testable requires the
addition of two circuit inputs, both providing level signals.
In practice, the (Test) Mode circuit input would come from
a primary input and the Parity circuit input from a con-
trolled (scannable) latch or flip-flop.

The method uses “bad parity” to add controllability at the
selector. The Hamming distance between the bit patterns of
any Lwo valid (sensitizing a single path from input to out-
put) input selections is made two or more. Then any single
failure in one of the selection bits is a distance one change -
no other path will be selected and testability will be main-
lained. Since parity is a distance two code, it is the simplest
choice. To assure proper function in normal operational
mode, the effect of the parity bit is suppressed by degating
the derived parity signals based upon a control input.
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Figure 6. Testable Programmable Digital Delay Line

Figure 6 shows an example of a programmable digital
delay line with four possible delay selections. The circuit
uses a 4-10-1 selector with an external parity input, Parity,
attached. The Mode control input is set to logic 0 in func-
tional mode. This forces the parity inputs to the 4-input
OR-selecior gates to the non-controlling value (logic 0).
Thus, the parity logic does not affect the functional opera-
tion.

For tesung, it is assumed that the Mode signal is switched
to logic 1, and the parity value, Parity, can be switched as

needed for test generation. The true and complement
phases of the parity signal are connected to the OR gates in
the selector as needed for odd or even parity. This tech-
nique is extensible to any number of selections.

An alternative implementation assuring complete testabil-
ity trades area to save one circuit test input. Instead, Parity
is calculated by adding a parity tree to the test logic. Thus,
this implementation requires only an additional Mode
mput.

2.3 Testable Programmable Pulse-Shaping
Elements

The programmable clock shrinker, stretcher and chopper
are used for pulse-shaping. They produce an output pulse
derived from the leading or trailing edge of an input pulse
with a well-controlled pulsewidth. Fig. 7 shows a generic
unoptimized design for such elements, where the presence
or absence of the inverter depends on the dynamic opera-
tion required.

When these programmable elements function correctly, the
output pulse is expected to be glitch-free and the output
pulsewidth to be greater than the minimum required for
proper sequential element behavior. A necessary but not
sufficient condition to guarantee such pulse properties is
that the input pulsewidth must exceed the sum of all delays
in the selectable delay chain.

FA Clock
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Figure 7. Generic Programmable Pulse-Shaping Element

Fig. 8 shows an alternative optimized implementation for
the generic pulse-shaping elements. This implementation
forms the basis for our testability modifications.

The n-1 OR gates in series with the clock input are also
fixed delay elements. Assume that each has a delay D and
all other circuit delays are neglected. Then the final recon-

Paper 41.2
905



vergent AND gate received Lthe undelayed clock input and
may also receive versions delayed by D, 2D, ..., (n-1)*D.
An edge of the undelayed pulse determines an edge of the
circuit output pulse; and an edge of the most delayed
ungated clock pulse (all further delayed clock inputs are
non-controlling at the reconvergent gate based on the pro-
gramming) determines the complementary edge position of
the output pulse. The controlling input edges depend on the
pulse shaping function and can be easily found. In all cases,
the input pulsewidth W must exceed (n-1)+D.

SELect

X2

DECODER

X

Clock
In =

Clock
Out

Figure 8. Minimized Programmable Pulse-Shaping Element

Fig. 9 shows the basic modifications used 10 make the
pulse-shaping elements testable. They rely upon minimiz-
ing the decoding network used to generate selection sig-
nals. For instance, an eight selection network would
normally be realized with a complete decoder (i.e., three
inputs fully decoded to eight one-hot select signals).
Instead, we recognize the redundancy in this subcircuit
when coupled to the reconvergent gate F or G. To solve the
testability problem, we minimize the decoding network to
eliminate reconvergence through its terms. A separate min-
imized decoder of comparable size (requiring three inde-
pendent test only inputs) is then added to fully control path
selecuon.

Note. Minimization of the original decoding network to
reduce logic gate requirements may be performed indepen-
dent of any testability related modifications, i.e., the Test_-
Sel inputs and their internal circuil propagation may be
dropped in each of the following examples and pulse-shap-
ing function (but not testability) is still preserved.
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Figure 9. Testable Programmable Pulse-Shaping Element
2.3.1 Testable Programmable Shrinker

A fully testable programmable shrinker is shown in Figure
10. The three serial OR gates represent the delay elements
of the selectable delay chain, each with delay D. In func-
tional operation, test selection inputs Test_Sel0 and Test_-
Sell are set to zero, and a positive active input pulse will be
shrunk by 0, D, 2D, or 3D, based on decoding the selection
inputs Sel0 and Sel1 to 11, 10, 01 and 00 respectively.

In test operation, the added decoder with inputs Test_SelQ
and Test_Sell will be controlled by the test generator to
specifically sensitize the path where the fault is being prop-
agated and degate all other paths in conjunction with the
Sel0 and Sell based original decoder. The added decoder
must also be minimized and can be derived from the analy-
sis done to minimize the original decoder (see Section
2.3.2).

Note. As shown in Figure S, a negative active input pulse
will be stretched in this circuit by 0, D, 2D, and 3D respec-
tively based on the selection inputs.
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Figure 10. Testable Programmable Shrinker
2.3.2 Extension to Larger Decoders

Building minimized decoders for the shrinker, siretcher and
chopper is quite simple. No Selection inputs are ever
required in both complemented and uncomplemented form.
To construct the decoder, consider the following eight
selection example, where Xi=1 means i delay elements in
the delay chain are selected (an “x” eniry means don’t care)
as shown in Figs. 8. A second decoder is added 10 provide
the Yi (fault sensitization path) select signals derived from
the added Test_Select inputs as shown in Fig. 9.

Both decoders can be developed from the same informa-
tion: boolean AND in the Xi equations is replaced by bool-
ean OR in the minimized Yi equations.

Example

select Decoder Signal

01 2|X0 X1 X2 X3 X4 X5 X6
1 11]1 X X X X X X
1 10| 0 1 X X X X X
10110 0 1 X X X X
1000 0 0 1 X X X
01110 0 0 0 1 X X
010] 0 0 0 0 0 1 X
001]0 0 0 0 0 0 1
0 00| 0 0 0 0 0 0 0

X0 = sel0esellesel2; YO = test_selO+test_sell+test_sel2
X1 = selQesell; Y1 = test_selO+test_sell
X2 = selQesel2; Y2 = test_selO+test_sel2

X3 = sel(; Y3 = test_sel0
X4 = sellesel2; Y4 = test_sell+test_sel2
X5 =sell; YS = test_sell
X6 = sel2; Y6 = test_sel2

Notice that such decoders are very simple compared with
complete decoders [McC86]. These decoding elements
actually perform the inverse function of highest priority
encoding. They are also convenient because complemented
selection bits (both Sel and Test_Sel) are never required
and the functional operation can always be satisfied by set-
ting all Test_Sel bits to zero. Their complexity is predict-
able by the combinatorics of NC;, where N is the number of
selections and i is the number of decoded inputs (ranging
from 1 to N). For instance, for a 6 variable decoder (up to
64 selections), one requires:

1 decode of all 6 inputs

6 decodes of 5 inputs

15 decodes of 4 inputs

20 decodes of 3 inputs

15 decodes of 2 inputs

6 “decodes” of 1 input (trivial - direct connection)

where each Xi decode can be satisfied by an AND gate and
each Yi decode with an OR gate, both with the appropriate
number of uncomplemented inputs (or their boolean equiv-
alent).

2.3.3 Testable Programmable Stretcher

We next examine a fully testable programmable streicher,
shown in Fig. 11. The circuit is a simple modification of the
shrinker. Examining Fig. 5, it can be seen that inverting a
positive active input clock to an F=AND reconvergent
block circuit and then reinverting the final output has the
same effect as stretching a positive active pulse in an F=OR
reconvergent block element (since (A’B’)’ = A+B). Test-
ability modifications required of this element are identical
1o the shrinker example.

Sel0
Sell

Clock_In :>_{\§o_<
Test_Sel0 [
Test_Sell — 'y

Figure 11. Testable Programmable Stretcher

As in Fig. 10, the three serial OR gates represent the delay
elements of the selectable delay chain, each with fixed
delay D. In functional operation, test selection inputs Test_-
SelQ and Test_Sell are set to zero, and a positive active
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nput pulse will be stretched by 0, D, 2D, or 3D, based on
decoding the selection inputs Sel0 and Sell o 11, 10, 01
and 00 respectively.

In test operation, the added decoder with inputs Test_SelQ
and Test_Sell will be controlled by the test generator to
specifically sensitize the path where the fault is being prop-
agated and degate all other paths in conjunction with the
Sel0 and Sell based original decoder.

Note. As shown in Figure 5, a positive active input pulse
will be shrunk in this circuit by 0, D, 2D, and 3D based on
the selection inputs.

2.3.4 Testable Programmable Chopper

As an inverted reconvergence example, a fully testable pro-
grammable chopper is shown in Fig. 12. The implementa-
uon shown is identical 10 the testable programmable
shrinker of Figure 10 with the exception that the delayed
(upper) leg of the reconvergent gate G is inverted. And the
same functional and test operations apply.

Sel) Cod 7,
Sell ::j_m p
Clock_tn Cog{ & [T : Clock
Out
Test_Sellc= ' 4
Test_Sell == 1

Figure 12. Testable Programmable Chopper
2.3.5 Testable Edge Detector

As a more lrivial example, we last examine the testable
edge detector shown in Fig. 13. In general, such an element
would not need programmability so it will not be provided
here (although the techniques used for the previous testable
programmable elements could be used if programmability
were a concern). The relative overhead in gates and inputs
in this small circuit is large. The circuit is constructed such
that all four possible two bit patterns can appear at the XOR
gate. If the XOR circuit is implemented such that only three
patterns are required for test, one of the test inputs and the
AND gate it feeds can be eliminated.
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Figure 13. Testable Edge Detector

3. Implementation Cost

The methods described can be used to modify all of the
clock pulse control element types, making them fully
stuck-at fault testable. All methods using in series delay
elements assume that they are precision delay elements that
introduce negligible skew. The circuit overhead depends on
the programmability of the element; the more selections
required, the lower the relative testability overhead.

For the programmable delay lines, the overhead is one to
two circuit inputs (one usually a primary input that may
already exist) plus an extra parity value input at each select
gate. For the pulse-shaping elements, the overhead is an
added (minimized) decoder plus N-1 two-input select gates
to support N selections. ILog,NI additional static test inputs
are also required; these may be sourced by latches, flip-
flops or 1/O.

The addition of gates or fanin in the dynamic signal path
does add some tolerance (clock skew) to the element opera-
tion, affecting critical edge placement. For the programma-
ble delay line, an additional fanin is added to each select
gate. For the programmable pulse-shaping elements, the
skew of one two-input circuit is added (a dummy two input
element may be added on the single ungated line into the
reconvergent gate F or G to equalize skew across all selec-
tions) on each path from the clock pulse input to controlled
pulse output.

4. Conclusions

Digital clock pulse control elements - delay lines and pulse-
shaping elements - are used widely for clock generation
and clock tuning in synchronous digital logic. However,
they are intrinsically redundant circuits: without special
modifications, DC logic testing cannot completely verify
their static behavior (including the correct operation of the
decoders and selectors used for their programming and
control). This paper demonstrates low overhead circuit
modification techniques that can be applied to all classes of
programmable clock control elements, ensuring their com-
plete single stuck-at fault testability.
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