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Abstract

Many VLSI circuits are designed to be self-testing using one or more built-in-test techniques
such as (1) set-scan registers and stored test patterns; (2) exhaustive tests produced by linear
feedback shift registers and response compression using signature analysis; and (3) pseudo
random tests and signature analysis. When applying these techniques to a circuit a test
schedule is required which specifies how the test process is to be carried out in terms of the
control signals issued to the circuit being tested and its associated built-in-test hardware. This
paper deals with the design of the controller which issues these control signals. The controller
is assumed to be implemented as part of a chip, though not necessarily on the chip being
tested.

Two controller designs are presented — one a microprogram architecture, the other a hard-
wired circuit. Both designs are quite simple, though the latter one appears to require less
circuitry.



1 INTRODUCTION

This paper deals with the design of controllers for built-in-test (BIT) circuitry used in VLSI
circuits. Before the design of these controllers is presented we will briefly review the types
of BIT structures to be controlled and derive the requirements for the control circuitry. We
will focus on three common test design methodologies (T'DMs) [4], namely a scan-set design
using precomputed test vectors, a random test vector approach, and an exhaustive testing
approach for combinational logic. The latter two methods use linear feedback shift registers
to generate test vectors as well as to calculate fault signatures. A good survey of self-testing
techniques appears in [1], and some aspects of an on-chip monitor for partially controlling the
test process appear in [2].

2 BACKGROUND

There are four related basic concepts associated with a test methodology, namely (1) test
schemas, (2) test plans, (3) test schedules, and (4) I-paths. These concepts are discussed in
some detail in 3, 4] and are briefly reviewed here for the sake of completeness. A test schema
specifies how a test methodology is to execute. It can be represented in various forms, such as
a state diagram, control graph or program. The main aspects specified by a test schema are:
(1) the generation of test vectors, (2) the transfer of test vectors to the part of the circuit to
be tested, referred to as the kernel, (3) the propagation of test data through the kernel, (4) the
transfer of response data from the output of the kernel to a response evaluator or observation
circuit, and (5) the processing of the response data.

When a test methodology is employed in an actual circuit many minor transformations
may occur to the test schema. For example, the number of random vectors to generate is
a function of the circuit to be tested. Also, there may be many ways to transfer data from
the test vector generator to the kernel, and from the kernel to the response evaluator. These
transfer paths are called identity-paths, or I-paths, since the data being transferred does not
get transformed. Other forms of transfer paths are also possible. The result of this mapping
or embedding of a test methodology into an actual circuit produces what we refer to as a test
plan for the circuit. A test plan specifies how the test methodology is to be executed in the
given circuit. In some cases, the processing of test vectors can be pipelined through a circuit,
thus reducing total test time. A test plan which has been optimized to reduce test time is
called a test schedule. From a test schedule, a control sequence for the BIT structure can
be easily derived. From this control sequence, the controller for the BIT circuitry can be
synthesized. Note that test schemas, test plans and test schedules are all very similar and
can be represented in similar ways. Test schemas indicate potential parallelism, while test
strategies indicate all actual concurrent operations.
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3 TEST METHODOLOGIES

3.1 Set-Scan with Stored Vectors TDM

The first test methodology to be discussed is set-scan using stored test vectors. There are
numerous variations of this TDM, known by such names as LSSD and scan-path. We will
restrict our attention to where the kernel is a combinational circuit.

One form of the structure of a set-scan T'DM is shown in Figure 1(a). Here X1 and X2
are controllable inputs; Y'1 and Y2 are observable outputs; the kernel C'1 is a combinational
circuit; R1 is a clocked register having the following modes of operation: reset (R), parallel
latch (L), and shift right (SR). In the normal mode, R1 operates as a latch register, and C1
and R1 together form a classical sequential circuit. In the test mode, R1 is placed in the shift
register mode so that test data can be shifted into R1, and response data shifted out of RI.
Assume the test set for C'1 consists of K stored test vectors. Then one form of a test schema
for this methodology is shown in Figure 2.

Briefly, the test schema operates as follows. There are three parts, namely a head and tail
which are executed only once, and a body which is executed (K — 1) times. The first step in
the head is to shift a test vector into R1. This requires n shift operations, hence one internal
requirement for the controller is to count off the n shift operations. The interface between the
BIT structure and the controller contains the shift control line SR(R1) which is activated
during this time. The actual test data is input from line X2, and this is denoted by I : X2.
The second step in the head specifies that the parallel input data, which is still part of the first
test vector, is to be read from input lines X2. The rest of the test schema is self explanatory.

Some comments on this test schema are required. First, several operations can be done
in parallel, e.g., steps 1 and 2, as well as 3 and 4 in the head. Also, if we ignore the first
output vector from R1, and the last input vector put into R1, then a test schema with just a
body and no head or tail can be derived. Finally, an interface protocol between the external
environment and the controller may be required so that the input and output operations at
X1, X2,Y1, Y2 are synchronized.

Figure 3 indicates a control graph version of the test schema for the set-scan TDM. Nodes
denoted by an f, such as node 1, are fork operators and essentially are used to initiate two
potentially parallel operations. Node A is a state which occurs for n consecutive clock times.
Node B is a state which occurs for just one clock time. While in a state, certain operations
occur, e.g., when in state A register R1 is shifted right. These operations are indicated below
the states. Nodes denoted by a j, such as node 2, represent a join operator and indicate that
processing cannot continue until both states A and B have executed. The execution of the
control graph remains in the initial state J until a pulse occurs on the START line.

If the controller need not deal with the I/O operations, then the control graph of Figure
3 can be simplified, as shown in Figure 4(a). Finally, ignoring the head and tail, or buffering
the corresponding test set with a pseudo first output vector and last input vector, we get the
still simpler control graph shown in Figure 4(b).

Note that there are several different set-scan structures, each requiring a slightly different
test schema.
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Controller Requirements

External
Function Environment Interface Internal
HEAD
E ?zag;l:)f};ig ﬁ:st vector I: X2 SR(R1) D6 1 Timas
2. Input X1 I¥ X1 —_— ———
3. Output YI 0: Y1 —_ —_—
4, Latch Rl —— L(R1)
BODY
Repeat body (K-1) times Do K-1 times
1. Scan-in next test vector I: X2
and scan-out contents of 0: Y2 SR(R1) Do n times
R1
2. Input X1 It X1
3. Qutput Y1 0: Y1 e —
4. Latch Rl L(R1)
TAIL
1. Scan-out last test vector 0: Y2 SR(R1) Do n-1 times

from R1

Figure 2: Test schema for set-scan TDM.
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Figure 4: Simplified control graphs for the set-scan TDM structure.
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Figure 5: Control graphs for independent I/O set-scan TDM structures.

Figure 1(b) indicates a different configuration for a set-scan structure. Here there may be
several combinational circuits to test, and the scan-in and scan-out registers may form one
long shift register chain. The simplest form for testing is to test all blocks of logic at the same
time by scanning in a test for C1,C2, -, latching the results into R2, R4..., and scanning out
the results while scanning in the next test vector. Assume that it is desired to test each block
individually. Then we require p shifts, where p = maz(n,m). Note that if R2 is in the middle
of a shift register chain, then either we must shift the data completely out of the chain for
each test vector, or else insure that no register latches results which will destroy the results of
a test result. Hence individual latch controls may be required on the registers, which would
probably be the normal way of designing a circuit.

The test schemas described earlier are adequate for this configuration, with appropriate
choices made for the value of K and n.

In Figure 1(c) we indicate a third configuration for a set-scan TDM. Here the input and
output registers can be controlled separately. Note that R1 has no serial output, and E2 has
no serial input.

Assume n > m and set k = n —m. Then both R1 and R2 can be shifted m times, followed
by R1 shifted an additional k times. The control graph for this test schema is shown in Figure
5(a). Note that this test schema requires 3 counters, one for m,k and K.

Figure 1(d) indicates a more general form for a set-scan TDM structure, where now an I-
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Figure 6: A portion of a circuit having kernel C1.

paths exist between the kernel and the set-scan registers. A control-graph for the test schema
is shown in Figure 5(b). The state C - - may correspond to a sequence of states. For simplicity,
in Figure 6(a) and 6(b) we have indicated that R1 and R2 be simultaneously shifted m times,
but this need not be the case.

Embedding a TDM

Often an actual design may require a non trivial I-path in order to implement a TDM.
Consider the embedding of the T DM structure shown in Figure 1(d) into the circuit structure
shown in Figure 6. The test plan of Figure 7 shows the flow of data for one test vector. Because
test vectors can be overlapped to some extent, some pipeline action can be achieved. One test
schedule is shown in Figure 8 for the case n = 5 and m = 3. Note that the third shift of R5
is not necessary. Here we have pipelined the tests to a maximum degree. We see that for the
body of the test, 3 test vectors can be processed in parallel, indicated by a cycle. In our case,
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Figure 7: Test plan for set-scan TDM imbedded in circuit of Figure 6.

the cycle is of length 5. In general, the length of a cycle is the maximum of m and n. The
control graph corresponding to Figure 8 is shown in Figure 9(a). A simple language form of
this control graph is shown in Figure 9(b), where we have ignored the wait state . In this
procedural language, operators separated by a comma are executed in parallel. The end of a
clock period is represented by a period.

Referring again to Figure 6, assume we set n = 30 and m = 20. Then k = (n — m) = 20.
Also, the pipe is 4 registers deep, hence for this case we have a test schedule as shown in
Figure 10.

In summary, the general form for a test schedule for the set-scan T DM appears to be a
sequence of control states and three loops, two for the shifting of the scan-in and scan-out
registers, and one for K.

In addition, if several independent set-scan test structures exist, then different test sched-
ules may also have to be implemented, each for possibly different values of n,m and K. Also,
the main effect imposed by I-paths is to add more steps to the test plan.

3.2 Pseudo Random BIT TDM

The pseudo random BIT T DM employs a linear feedback shift register (LFSR) for random
pattern generation (RPG), and another LFSR for signature analysis (SA). There are four

10
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Figure 8: Test schedule.

11




(a)

For each of K test vectors
SR(R5),L(R2), SR(R1).

SR(R5),L(R3), SR(R1).

L(R4), SR(R1).
L(RS5), SR(R1),

SR(R5),SR(R1).
end for

(b)

Figure 9: Test schedules.
(a) Graph form
(b) Program form
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Figure 10: Test schedules for n = 30,m = 20.
(a) One cycle of test schedule

(b) Control graph
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R(R1),R(R2),R(R4).
For each of K test vectors
RPG(R1), SR(R2), L(R3)
For each of m bits of R3
SR(R3), SA(R4)

end for.

end for.
. (a)

Figure 11: Pseudo random BIT TDMs.
() S/1,8/0
(b) P/L, S8/0
() S/LP/O
(d) P/LP/O

basic structures used, depending on whether or not the inputs and outputs from the LFSRs
are processed in series or in parallel. These structures and their corresponding test schemas
are shown in Figure 11. Figure 11(a) illustrates the T DM for a serial input (S/ 1), serial output
(S/0) BIT structure. The kernel S can be either a combinational or sequential circuit. The
first step in the test schemas initialize or reset the registers specified. The results of the last
test vector applied to the kernel are not processed by the test schemas shown. It is seen that
for the two serial output TDMs, two “for” loops in the test schemas exist, while for the other
two test schemas, only one “for” loop exists.

These TDMs can be easily applied to complex circuits where non trivial I-paths exist.
The result leads to test schedules similar to the test schemas shown in Figure 11, i.e. with one
or two “for” loops, and possibly a few more steps used in transferring data from one register
to another.

14
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Figure 11: Continued
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3.3 Exhaustive BIT TDMS

The structures and test schemas for the exhaustive BIT TDMs are similar to those for the
pseudo random BIT T DMs, and hence will not be discussed here in any length. The two main
differences in these two techniques is that for exhaustive testing, (1) the kernel is assumed
to be combinational logic, and (2) each output line of the kernel is implemented by a cone
of logic, and this cone is tested exhaustively - hence the random pattern generator must be
designed so that all 2¥ — 1 patterns are applied to each cone having k inputs. The all zero
pattern is usually not included in this test.

4 CONTROL UNIT DESIGN

In the previous section we have discussed and illustrated the type of circuits which need be
controlled. In general, the control graph consists of a sequence of states with one, two, and in
some cases three “for” loops. The outer loop deals with K— the number of test vectors to be
applied to the kernel; the inner loops are for the shifting of data into or out of registers. In
this section we will discuss microprogrammed and hardwired control units.

Figure 12 indicates a general interface configuration for a controller and a BIT structure
to be controlled. Here, for example, L(s) refers to the #** load control line. PI refers to the
data input ports, and PO to data output ports.

The main functions of the controller are the following.

1. To communicate with the external environment.

2. To select the desired test schedule to execute.

3. To execute a test schedule, including sequencing through loops when required.
4. To issue control signals to the structure to be tested.

In case the controller must be synchronized with other circuits, such as other chips or
ATE in order to transmit and receive data, four “handshaking” lines are provided, namely
the inputs and outputs shown next. An ETM bus interface can also be used.

Inputs

DRE - used to indicate that “data was received at the
environment”
DAE - used to indicate that “data is ready to be read

(available) from the test environment”
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