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FIGURE 2. Block diagram of 
MC68020 micromachine. 
bussed together to form the next microcode address, NMA, 
which is the 11 -bit address given to the microcode ROMs. 

Although there are logically two microcode ROMs-the 
microROM and the nanoROM--they reside in the same space 
addressed by NMA. The two ROMs have a total of 110 
outputs. The 36-bit wide microROM handles the sequencing 
of micro operations by initiating an entry PLA access or a 
branch. 

Micro operations take place in the EU and are controlled by 
the 74-bit wide nanoROM in conjunction with any residual 
control. Residual control involves attributes of instructions 
not directly related to instruction sequencing-such as oper- 
and size, condition code control, and execution regi@er 
allocation. In the 68000 family, this control is genera~~~~~ 
ecoding certain fields of instruction opcodes or ex~~~~s. 
Register IRD drives a set of PLAs to perform th~~~~~~g. 

In the MC68020, two major PLAs handle A~~~~~dition 
code and barrel shifter control, while sever~~~~~~r PLAs 
perform the remaining tasks. The AL~~~~~.~~~~~ter control 
PLAs are actually three-level NOR s~~~ith about 150 
outputs. The remaining PLAs g~~$@$approximately 50 
additional outputs. These output,&+-&ong with the nano 
bits from the control ROM~~~ the operation of the 
execution unit. tqr \\ +, ,;$$ 

Because the MC680$$ ex’gution unit comprises three 
separate partitions, it @$@ncurrently perform program- 
counter value gen~~~~, address computation, and data 
manipulation. IZ~&&@bn consists of user registers, tempo- 
rary registers f~~~~l~al memory support, and an arithmetic .;,a? 
unit. The .dqf +&ion of the machine includes additional 
st~ctur~~~~~~s a 32 x 32-bit barrel shifter and a logical ‘C>W ,\ unit. I , .\*,,~;s\\“. .> 

?{$$“, 
Al~~~~~~~ers are 32 bits wide and are accessed from the 32- 

bit ad&ess and data buses. Another bus, BC, shifts control 
section register values, constants, and test data into the 
execution unit where they can be read. 

Testing ROMs 

Previous schemes for testing 68000-family control struc- 
tures used a special test mode in which test vectors (instruc- 
tion opcodes) were fetched normally and the microcode was 
allowed to sequence. The address bus carried the nanoROM 
outputs off chip, and no execution unit activities were 

FIGURE 3. Block diagram of micn&&&#est mode, ,%\a .$& \ \$& 
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permitted to occur during this sequ&Q$ 
This scheme, however, has se~~~~~ p&!&ems. Because the 

nanoROM output buffers are na s@&$ to drive a bus, the tests 
cannot be run at maximum ~~~~~eed, requiring additional 
tests for speed paths. Fu~~~~, test results were difficult 
to observe. Only the n~~~~were visible, which required 
the PLAs, microl$H&arRl nanoROM to be tested as one 
large sequential,@$@i~e, creating a test sequence that was 
lengthy and,,p$ffcqt ‘“to write. This test sequence was also 
microcode ~~~~~nt and had to be rewritten if the microcode 
change$ 

“>; _ >a)* 
In d&&@ng the micromachine test features, we had two 

go~~~~~~d. First, we sought to relieve the test generation 
p~~~~. Second, in order to diminish the expense and 

.~~~~ulty of test grading, we wanted explicit fault coverage in 
tli%s circuitry. Although our previous methods lay between 

9 functional and structural testing, these goals clearly pointed to 
a fully structural approach for micromachine testing. 

Instead of permitting the entry PLAs to access the two 
ROMs, we use a test mode to force-feed the addresses to 
NMA. In this mode, the device is reconfigured as shown in 
Figure 3. Data pins O-10 are wired directly to the NMA bus, 
while data pins 11-14 select a 1:4 MUX of both the mi- 
croROM and nanoROM outputs. The BC bus carries the 
MUX outputs into the data section of the execution unit. From 
there, they move onto the address bus, into the address output 
register, and onto the output pads, where they can be 
observed. 

In this piped operation, 32 bits of ROM output are visible 
every two clock cycles. Four passes of tests read the 1,10 
outputs of the two ROMs. Because the inputs to the ROMs 
are not limited to the values generated by the entry PLAs, and 
because the number of ROM entries (2K) is small enough&e 
ROMs are exhaustively tested. 

Testing PI& 

The method of testing the PLAs can be viewed in three 
parts: controllability, observability, and test generation. Once 
again, our objectives were to simplify the test generation and 
to obtain an a @‘on’ fault coverage. 

The first step is to partition an individual PLA under test 
from the rest of the circuit. The PLAs are driven by opcodes, 
and we certainly do not want to run an entire instruction with 
each test vector. Furthermore, if we can select a PLA, feed it 
vectors without concern for the rest of the circuit’s response, 
and collect its output, then we can meet both of our 
objectives. 
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1 

Test microcode activates the test circuitry for this partition- 
ing (Figure 4). Furthermore, in order to inhibit normal in- 
struction sequencing, one of the functions of this microcode is 
to branch to itself. Two flavors of this microcode are available 
for Al and A2. In one, the microcode accepts a deterministic 
test set from the tester. Alternatively, the other is a built-in 
self test, which produces an exhaustive test set from an EU 
register that increments with each test. On the other hand, 
because the inputs to A5 and A6 are a combination of IRC and 
IRD bits, it was not practical to implement exhaustive testing 
for these PLAs. 

I Tester hut 

Execution Unit 

To access the test microcode, a return from exception 
(RTE) instruction must be executed. As the state of the 
machine is being reloaded, NMA is set to point to one of the 
test microcode sequences, and an EU register is set to select 
the PLA under test. In addition, in the BIST mode, the EU 
incrementing register is initialized. 

Observability is quite different for the entry and residual 
control PLAs. The former-with only 11 outputs--lent them- 
selves to data compression by signature analysis. Using the 
cyclic redundancy check (CRC) polynomial, a 16-bit signa- 
ture register compresses these outputs (Kuban and Bruce 
1983). This signature is read after each of the four PLAs is 
tested. 

select whether this 
number of random t 

On the other hand, residual control PLA testing does not 
use data compression. Normally, the outputs of the two major 
residual control PLAs pass through a ‘7:l MUX, which . . 

Recen$p ~~~~~as been some question as to the validity of 
the singl&$Fck-fault model in PLA testing. Most of the PLA 
test ,@ratu@ uses the more general cross-point defect (CPD) 

,; 
?a@vhich stems from the structure of the array. There are 

__ &PO &ssible defects at each of two types of cross points- 
reduces their number to about 75. In the test mode, another ~~~~~~~~~us absence or presence of a transistor in the input or 
4:l MUX further reduces the output width of all of the ~‘%iSrrtout arravs. Several researchers have proposed automatic 

‘test-pattemdgeneration algorithms for this- faGIt model (Smith 
1979; Bose and Abraham 1982). 

residual control PLAs to that of the bus. These ou 
brought off chip by the same path as used for tes 
ROMs. 

We test these PLAs in parallel, and obse~~~~~~~~~ulti- 
plexed outputs. Thus, for each test, we se ts of 
the major PLAs and 1 of 4 outputs of the dual 
control PLAs-a situation that presents ~~~~~~~~ant problem 
for test generation. ‘C i i, .* 

**-‘: \ “-, o .“ 
Initially, we develop a test set fo$ ea@?LA. After conca- 

tenating these sets, we sort ~e~,.~~~~~~groups, and subsume 
within groups, to minimize te& i&e. 

Motorola has develope~~~~~~~~~~ttern generator for PLA- 
like structures of an ~~~~~~~ber of levels, each of which 
can be any of the fq@@&n gate types. This test generator 
comprises two rn~~~~~~~onent~~e global algorithm and 
gate-h-1 tat ~~~~r. 

In this test.~$e@@&or, we model the logic array as levels of 
gates, wh.p %&$’ level consists of only one type of gate. 
Each g&&,:&s $ &puts, where n is the number of transistors on . <,,~:L* ~** *a,:+. 
that Ii~~~~ing at the first level and working to the last, we 
ge~~~~he n + 1 tests for each gate of a given level. As each 
test%! gknerated, we attempt to subsume it under a previous 
test tb reduce the total number of tests. 

Gate tests are generated by setting the input under test to 
the appropriate value, while all other inputs to this gate are set 
to the noncontrolling value. Provided this is not a level-one 
gate, then previously accumulated data permits easy back- 
ward propagation to the primary inputs. Following this, the 
test generator evaluates the gate output. 

Leaving all unspecified primary inputs as “don’t care,” we 
attempt to propagate the fault to a primary output. Because 
the array has only a few levels, the test will often propagate 

We have not found evidence that indicates a need for 
modeling added transistors. Because the stuck-fault model 
covers missing transisJors, we feel it is an adequate model. 
The ability to run deterministic and exhaustive tests on this 
part will provide a means for evaluating the stuck- fault model 
for future PLA testing. 

Testing the Cache 

The MC68020’s on-chip cache is a set-associative memory 
that stores instructions and extensions (Figure 5(a)). The 
function codes distinguish between program code and data 
and the latter is not cached. For cache entries, each memory 
location is represented as an element of one of 64 mutually 
disjoint sets. Bits 2-7 of the memory address determine set 
membership. 

The cache consists of two fields-tag and data. The tag 
holds the upper 24 bits of an address in its set, while the 32-bit 
data field contains the contents of this location and three 
following it. The lower bits of the program counter (PC) are 
decoded and point to a tag and to the corresponding data-field 
entry. If the upper 24 bits of the PC match the tag, the opcode 
is moved into IRB and subsequently executed. Otherwise, an 
external fetch is made. 

In order to simplify the hardware, the MC68020’s replace- 
ment scheme calls for the accessed entry to be written when a 
miss occurs. Specifically, when a miss occurs, the opcode 
fetched from external memory is placed in IRB and in the 
cache. This forms the basis of the cache test scheme. If an 
access misses, the cache is written; if it hits, the cache is read 
(Figure 5(b)). 



Upon entering cache-test mode-by means of an RTE 
instruction-a fetch is made. Input data is forced into a 
program-counter register to be used for the next cache access. 
If this access misses, the tag is written and the tester supplies 
another vector, which is written into the cache data field. This 
loop starts again with another vector from the tester. When 
the access hits, we read the data field. 

This sequence allows reading and writing cache arrays 
independently of any instruction execution. More important- 
ly, we can apply any pattern to the arrays, making RAM-type 
testing possible. A judicious choice of RAM patterns pro- 
vides full testing of each cache location. This includes testing 
the tag, data field, and comparators. 

Testing the EU 

The Execution Unit is inherently controllable and observ- 
able, but at the expense of the. overhead involved with 
instruction execution. Thus the problem is one of test 
generation. 

No logic or microcode was added to assist in testing the EU 
or the random logic of the control unit. However, the struc- 
tured testing of the residual control PLAs greatly simplifies 
EU testing. Functional testing of the EU and control sections 
normally requires testing each instruction under several dif- 
ferent conditions (such as addressing modes, operand size, 
and condition-code settings). This testing is minimized since 
the PLAs that determine these conditions have already been 
tested. 

Conclusions 

Partitioning the sequential mic 
saved time and money. Where possi 
test generation and simulated modules, 
chip. Our ROM and PLA test g 
functional definitions. The modul 
tests consisted of the array being tested 
MUXes or the signature register. .‘: ‘ZQt 

_ ~) “q~>+*.$ 
We developed the cache RAM pat&?n%$ with a full-chip 

simulation of only four cache acce~~~~~ chief concern in 
these simulations was to estab~~~~~~~~ timing. 

We used test generation pact to produce structured 
tests for the micromachin~~*$e$&test patterns took less than 
three man-months to g~,~~~~~ The bulk of that time was 
spent developing the~?~~~~~~ software. We estimate that 
generating functio~~~~~~~~ for the micromachine could re- 
quire as many ~.~~~~‘man-years to achieve similar fault 
coverage. Al@ en microcode changes do occur-as they 

tests will be easier to generate. 
be one of the most expensive activities in 
The tests generated algorithmically for 
ache RAM have a known fault coverage 

without ‘fault simulation. ROM is 100% tested, while PLAs 
are tested for all detectable faults, and the cache is tested with 
standard RAM patterns. 

Because the MC68020 is to be a high volume production 
device, overall die size needed to be minimized. Sharing test 
routing with existing routing kept chip area to minimum. The 
entire test logic-16-bit signature register, MUXes for the 
ROMs and PLAs, routing, and “test-only” logic-accounted 
for less than 3% of the total chip area. Furthermore, using 
general “test management” microcode, rather than actually 
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FIGURE 5. Instruction cache block diagram (a) 
and test flow chart (b). 

generating test cases or test conditions, minimized our ROM 
requirements. We use less than 2% of the total code, while 
maintaining needed flexibility. 

Test partitioning reduces the micromachine-a huge se- 
quential test problem-to a number of combinational blocks. 
Inputs to these combinational blocks typically can be stimu- 
lated from the data pads or from easily accessible registers. 
Outputs are generally redirected to a bus and then on to 
primary outputs. Test generation for these combinational 
blocks can be automated. 

This approach achieved the same goals as scan design over 
the problem areas of the chip. However, scan tends to 
increase die size far more than does our method (Williams and 
Parker 1983). The effect of increased die size on yield loss is 
well known (Murphy 1964). 




