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Abstract

Embedded processors are now widely used in system-on-
chips. This paper presents an optimization technique for test-
ing a bus-structured system using an embedded processor. We
present a Systematic approach for test access mechanism thar
allows processor to access all cores with minimum overhead.
We show an ILP formulation to minimize the test schedule.
The method requires negligible overhead but provides grear
fexibility in terms of access mechanism and fiture reuse.

1 Introduction

System chips are increasingly designed by embedding large
pre-designed and pre-verified modules called cores. Examples
of cores are processors, DSPs, memories, and communication
modules of various kinds {1] [2]. Testing core-based systems
is a major challenge. The main reason is that the accessibility
of the cores and blocks is greatly reduced. Additionally, the
system designer might have a limited knowledge of the core
internals due to the protection of the intellectual property (IP).
Several factors such as fault coverage, test time, performance
and area overhead need to be considered to determine an ef-
fective test strategy when integrating cores in a system chip.

Embedded test integrates multiple disciplines: DFT fea-
tures, BIST pattern sources and sinks, precision and high-
speed timing for at-speed test, test support for many differ-
ent core types (logic, memory, processors, and analog), and
capabilities for diagnosis and debug. With embedded test, the
on-chip test data generation reduces the volume of external in-
teraction which can be customized per core type. Also, the on-
chip test and diagnostic data compression reduces ATE data
logging and ATE speed requirements [3).

The problem with external test pattern based strategies is
that they typically require large test data volume and need
complex dynamic test control protocols to get stimuius to
cores, receive responscs from cores and set up the necessary
control (o execute the test un a core. A promising strategy that
minimizes such requirements is BIST. All known benefits of
BIST come from the fact that BIST embeds test into the circuit
under test. It generates and evaluates the test patterns on-chip
[4]. This can be performed as a software-based test that pro-
vides test procedures (to generate deterministic and random
data) by a processor core for testing itself or other cores in the
system chip [5] [6].
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The cores are connected by on-chip interconnects. To con-
nects the cores, manufacturers often use bus-structured sys-
tcms (BSS) because they are easy to build and efficient to
implement. A major difficulty concems accessibility of em-
bedded cores from the /O terminals of the system [7]. The
proposed methodology describes the accessibility of cores by
an on-chip processor. There are three main approaches to de-
liver test patterns to an individual core and observing core re-
sponses. One approach uses extera test circuitry around the
core to isolate the core during test [8]. The second approach
uses a tranparency or bypass mode for embedded cores to re-
duce the problem to one of finding paths from the system in-
puts to the core inputs and from the core outputs to the system
outputs [9]. The third approach is based on test bus or a flexi-
ble TESTRAIL around the cores to transfer test data [10].

Given a set of cores and their individual test information to
be integrated into a system-chip, cur goal is to devise a test
access mechanism whereby a complete test of the system can
be accomplished quuickly and inexpensively using embedded
processor. In this work, we take the advantage of all access el-
ements {e.g. MUXes, controllable buffers, bypass routes, tris-
tate ports etc.), generally called bridges [7]. The proposed test
access mechanism is formulated as an ILP problem to mini-
mize the overall test time and also scheduling the test process.

Embedded processors can be utilized to run software rou-
tines for test pattern generation and response evaluation [5] [6}
[11]. One of the major problem is how processor access to all
of the cores under test. We propose a lest access mechnism for
accessing all of the cores in 2 BSS by processor. Also, an ILP
formulation has been implemented to ebtain a scheduling with
minimum time steps. We assume that each core in the system-
chip has a predesigned wrapper. It is utilized for accessing the
cores by processor via the buses.

In our approach, processor tests other embedded cores. A
direct downloading mechanism, e.g. direct memory access
(DMA), is used to store lest programs in program memory
(PM) before the test session begins. The testing process is ef-
fectively done at-speed or near at-speed since the entire lesting
process is done inside the system. Additionally, the test con-
troller is almost non-existent because the processor uses its
normal-mode controller (i.e. instruction decoder) to execute
the test program. More importantly, since the test mechanism
is specified in software the methed is very flexible.

The rest of this paper is organized as follows. Section 2 de-
scribes the software-based system chip testing. Using proces-
sor for SoC testing and Developing a test access mechanism

I-168



System chip

— 1 ™| Core2
|
Core m

Figure 1. System chip software-based testing.
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(TAM) are described in this section. TAM ILP formulation
is shown in Section 3. Experimental results are presented in
Section 4, Finally, concluding remarks are in Section 5.

2 Software-Based BSS Testing
2.1 Using Embedded Processor

We show a general view of testing a BSS using an em-
bedded processor. Figure 1 shows the general concept of a
software-based test for a BSS. As shown, there is a test pro-
gram (TP) for each embedded core. In this paper, we do not
talk about test program generation. Some researchers have
reported methodologies for test program generation [6] {11).
Each test program censists of four procedures: Pattern Gener-
ation Procedure (PGP), Test Delivery Procedure (TDP), Sig-
nature Generation Procedure (SGP) and Comparison Proce-
dure (CMP). For example, for testing Core; first T F; is loaded
into PM of the processor by a DMA and then processor exe-
cutes the loaded TP;.

After execution of T P; by processor, it will generate test
patterns (random or deterministic} and applies to C'ore; by ac-
cessing its input ports. Processor will also read test responses
and it needs to access output ports of Clore;. Test responses
will be compressed and then generated signatures are com-
pared with predefined fault-free signatures. Final results are
reported (o the primary outputs of system chip by processor.
As seen, TAM is one of the major challenges in system chip
test. Our test methodology needs a TAM based on processor
core. In the next section, we develop a systematic TAM that
processor is able to access embedded cores.

2.2 Test Access Architectural Model

We-call any controllable component that allows two points
to be connected in an SoC a bridge. Bridges are used to con-
nect the processor to all of the buses in the BSS. As men-
tioned, processor tests all cores in the system chip therefore,
1t must access all cores. Usually processor already has access
to some of the buses in normal mode. Qur formulation shows
how minimum additional bridges for test mode, should be cho-
sen to allow accessing all buses/cores. Processor also controls
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Figure 2. Symbolic representation of bridges {(a)
P; —)Bj,(b)Bj + P.

the bridges for transmitting and receiving patterns. Additional
bridges are only used in the test mode and thus they de not
affect the overall performance in the normal mode.

We first identify the cores environments which comprises
all the core input/output connections from/to buses. Figure 2
shows the connection of the bridges on the system chip. Figure
2.(a) shows a bridge that transfers data from F; to B;. Figure
2.(b) depicts a bridge that transfers data from B; to F;. The
related symbols are shown in the figure. Signal ¢ is bridge
control (e.g. enable} and will be controlled by processor. Fig-
ure 3 shows a general view of our test access mechanism in a
small BSS.

Processor is able to send data on the buses toward cores
and then receives the test results from the cores. In our ap-
proach the ILP formulation determines the number of bridges
needed for testing purpose. We assume that the processor has
the largest bit-width of data line. Therefore, it can send pat-
terns on the less and equal bit-width buses. This is not a true
restriction as by using extra hardware parallel-to-sertal and
serial-to-parallel bridges can be designed. Typical bridges of
this nature are shown in [7]. There are two phases in the test
process:

1. Apply phase: Processor sends data on the buses. The
data can be sent simultaneously on the several buses for
multiple cores. Several cores can use identical data on
one bus if they have a connection on that bus. Here, we
assume that all of the cores can be tested with BIST and
they need the random patterns. The formulation can be
modified if there are some cores that use deterministic
test patterns. In the random-based testing, fanout is a
constraint that shows how many buses are able to receive
patterns at the same time in apply phase.

2. Receive phase: In this phase, processor receives test re-
sults from the cores sequentially.

Figure 4 shows how data will be applied and read by the
processor for a small SoC. As shown in apply phase, Pig (cut-
put port of the processor) applies patterns on the buses (B,
B,, Bs, and By). As seen in apply phase, patterns can be
applied on P; and Py through bus B, simultaneously. Apply-
ing patterns on Py and Py are also performed from bus Bs.
In general, apply phase in random-based testing can be per-
formed in one time step without fanout consideration. But 1t
may be important and we consider the fanout constraint in the
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Figure 3. A small example of a system chip.
PlI0 —® B} —— ™ PI

P10 = Bl ™ pg§

Apply < P10 —* B2 —™ P4

phase | pjg ——m gy — pg

P10 — ™ B4 — ™ P5

P3 = B = P11l

. g ——® py — ™ pj|
Receive

phase p7 —® B3 —* p|]

P2 — ™ B3 — * p||

Figure 4. Apply and receive sessions.

ILP formulation of designed system. Another factor which
should be considered in the ILP formulation is using the same
bus in apply phase and receive phase. In this case, the bus
must be used in different time steps to avoid conflict.
Processor sequentially reads the test results from the cores
therefore, the number of time steps in receive phase depends
on the number of output ports on the cores. This increases the
number of time steps of the system chip {esting using proces-
sor but it results in at-speed or near at-speed testing and also it
reduces cost significantly. Our ILP formulation finds the min-
imum time steps needed for both apply and receive phases.

3 ILP Formulation

Some bridges are added for using only in test mode. The
other bridges are used in test and normal mode. Processor
has already some connections with some of the buses and the
formulation finds additional bridges needed. In the test mode,
processor controls all (normal and test mode) bridges.

In this section, we show how to optimize the access of the
cores and scheduling of the test process by an ILP formulation.
This formuiation finds two set of access paths for each core
which eventually form the TAM; one from processor output
to the core inputs to be used for delivering test patterns, and
one from the core outputs to the processor input to be used to
observe core response. The constraints in the ILP formulation

are:

1. The number of fanout that test designer is allowed to use
will be defined by the system designer.

2. Apply and receive phases can not use a bus in the same
time step. Also, processor should receive responses only
from one bus in each time step in Teceive phase,

3. Receiving test response should be performed after apply-
ing test patterns plus execution time for each core, i.e.
Treceive> Tapply+ds, which dy, is execution time for the
core k.

Assume that the cores (not processor) in system chip have
totally n input/output ports {P;, Ps, ... , P,) that need to be
controlled and observed. Also, assume that there are p buses
on the system chip (By, Ba, ... , Bp). The buses are the in-
terface between the processor and other cores. The number of
cores (not included processor) in system chip is . The max-
imum time step is X that test designer is allowed to put all of
the test tasks in apply and receive phases in the scheduling.
Suppose 4, 7, k and I show ports, buses and time step, respec-
tively. Theirrangesare 1 £ i <n. 1< j<p, 1 <k<m
and 1 <1 < A Also, g is the maximum number of authorized
fanout. x is the ILP variable:

~_} 1 if B is used at time step {.
=1 0 otherwise.

Minimize:
(i) Zi.z,-, v il )
i
Subject to:
@ Yau=1 v il @
il

This uniqueness shows that applying data from processor
to each input port and receiving data from each output port by
processor is performed in one of the time steps.

(?,'l) ZI.Z‘ﬂ - Zl.mﬂ - dk 2 0 (3)
i i

Where ¢, j={1, . . . .n} and k={1L,. . . ,m}. This con-
straint guarantees that receiving test response from each core
is performed dy, time steps after applying test pattern.

i

(@) S

m=l—dg+1

Trm <a (4)

Where r is input ports of the cores and » C 4. In Figure
3, i={P, P, .. ., B} and r={P, P., P5. Ps, B3}. This
inequality shows fanout constraint. It guarantees that at most
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Table 1. CPLEX results.

Running Example || NDVB40!
a #Bridges | Time Step || # Bridges | Time Step
1 4 6 5 15
2 4 4 5 11
3 4 4 5 10
>4 4 4 5 9

o fanouts are allowed in apply phase to apply patterns to a
input ports in parallel.

(@) Y <1 (5)

Where s; is cores input and output ports that use the same
bus B; as s; C 2and j={1,. .. ,p}. This constraint guarantees
that input and output ports (in apply and receive phases) that
usc the same bus, use the bus in different time steps. In Figure
3, P, and Py in apply phase and P; in receive phase use bus
B;. P, and Py which are input ports may use By in the same
time step, but they cannot use B; with P in the same time
step, therefore s;={{P1, FPs}, Ps}. Also, P and P; use bus
By in receive phase and then s3={P, P;}. These two ports
should be read in different time steps.

4 Experimental Results

The ILP formulatien is applied on two SoCs: 1) our run-
ning example shown in Figure 3 and 2) NDV8401. NDV8401
is a DVD-on-a-chip taken from [12]. The NDV8401 DVD
controller is cost effective integrated system for universal
DVD player/records. This devices includes eleven cores. For
runing example, we suppose that processor has already access
to By and By from Pyjg and B, from Py;. It shows that there
are three bridges in normal mode.

Table 1 shows the results of running CPLEX [13] on reu-
uning cxample and NDV3401. It shows that six time steps
are sufficient for all tasks in test process {apply and receive
phases) for running example when it is allowed to use only
one fanout in apply phase. As shown, by increasing the num-
ber of fanouts, required time steps are reduced for both SoCs.
It also reduces the number of required control lines. Table 1
also shows that the number of required test bridges is four for
running example and five or NDV8401.

The scheduling obtained from CPLEX for running exam-
ple for a=3 is shown in Figure 5. ILP formulation also finds
the location of required test bridges. Scheduling in Figure 5
shows that twe 16-bit bridges from B, and By to Py, one 8-
bit bridge from Py to By and one 12-bit bridge from Bj to
Py, should be added in test mode.

5 Conclusion

This paper presents testing a bus-structured sysiem using
an embedded processor. The main part of work is the ILP for-
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Figure 5. Scheduling of test process for running ex-
ample.

mulation for test access mechanism. It shows how processor
can access all of the cores in the system chip with minimum
time steps. It also finds the number and location of required
bridges for test purpose and time scheduling of processor tasks
in applying test patterns and receiving test responses.
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