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ABSTRACT 

Digital Signal Processors are made with a large area of the die dedicated to 

memory. A significant portion of testing cost for the processors is used to test and repair 

memory. A new and efficient testing method has been developed to substantially reduce 

this test cost. In this paper the efficient built-in self-test method is compared to the more 

established direct test method by quality and overall test cost. A discussion of basic 

embedded memory systems and the failure types that can occur in them is included. 

Some of the more common memory testing pattems and test methods are explained. 

How the built-in self-test is to be developed is explained, along with a test plan to 

compare the built-in self-test with the direct test method. The results developed in this 

paper show that the built-in self-test has the same quality of the direct test method and is 

only a fraction of the testing cost. 
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CHAPTERI 

INTRODUCTION 

One of the largest losses of yield in digital signal processors (DSP) producfion is 

caused by memory failtires. The high yield loss results fi-om the memory being on the 

technological forefi"ont of the ever decreasing transistor size, and because a majority of 

the die area is devoted to memory. The memory cells not only are becoming smaller, the 

size of the embedded memory is also becoming larger. This provides more occasions for 

memory failures. A large percentage of production and testing costs is used to test and 

repair memory. These costs will only increase as embedded memory size expands unless 

new and less expensive methods are developed to test and repair memory. 

Embedded memory systems have many different components that are in addition 

to the miUions of individual memory cells. There are many different types of failures that 

can happen in such a complex system, and memory tests must be developed that will find 

as many of these failures as possible in the shortest amount of time and at the cheapest 

cost. 

Many methods have been developed to reduce memory yield loss as well as 

testing cost. One such method is Repairable Memory which was developed to help 

reduce yield loss resulting fi-om memory failures. As larger memory blocks are being 

developed, the yield loss continues toward unacceptable percentages. Adding repairable 

memory is expensive, but it more than makes up for the cost with increased yields. New 

test pattems also have been developed that increase test coverage and decrease test time 



fi-om ti-aditional pattems. These new pattems decrease the time of the test which fiarther 

reduces the cost of testing large embedded memory. A new method currently being 

perfected is that of having the die test its own memory instead of expensive extemal 

testers. Extemal testers must write information to the memory across an input/output 

port, read the information back out, and compare the read information with the written 

information. This new method, the built-in self-test, wiU do all of these steps on chip so 

the extemal tester will not need to have all of that fiinctionality; therefore, a cheaper less 

complex tester may be used. This method will reduce expensive equipment costs, and 

wdll possibly decrease test time even further. 

Purposeof Thesis 

The purpose of this thesis is to utilize built-in self-test (BIST) memory testing 

techniques in order to reduce the memory testing costs during prelaser tests and 

determine the memory fault coverage of the new test method compared to the previous 

method. Since BIST is using the DSP to test itself, a simpler, less expensive tester may 

be used. This tester can be ten to twenty times cheaper than those needed for the 

traditional Direct Memory Test. Part of the BIST is already developed and being used in 

later tests, but it is not utilized in prelaser memory tests. This BIST does not cover all of 

the memory blocks on the die needing to be tested. The critical aspect of utilizing this 

memory testing technique is to develop a new BIST which combines with the existíng 

BIST to cover all, and more, of the memory blocks tested by the original method. 



Outline of Thesis 

Chapter II provides an explanatíon of how memory typically found on DSPs are 

built and combined to form a complete memory system. It also gives reasons why 

memory needs to be tested, as well as how it is tested, repaired and analyzed. Chapter III 

describes how the current and proposed test methods to test the memory. It also 

describes the development of the new BIST program that will test the memory blocks left 

out by the original BIST. The test plan to compare the BIST test method with the Direct 

Memory Test (DMT) method is explained in Chapter IV. Chapter V presents a 

discussion of the results fi-om that test, and Chapter VI concludes the analysis of the test 

and gives fiiture considerations on the topic. 



CHAPTER II 

MEMORY 

Embedded memory is an integral part of integrated circuit production. Memory is 

not restiicted to memory chips only, but is becoming more prevalent in microprocessor 

and digital signal processor designs. Memory is becoming the largest part of most 

processors today, encompassing millions of bits of memory. Most digital signal 

processors (DSP) have a majority of their die area dedicated to statíc random access 

memory (SRAM). Since SRAM bit cells are comprised of six transistors, processors can 

have tens to hundreds of miUions of tí-ansistors dedicated to memory. With that many 

transistors, it is inevitable that many processor dies wiU have failing memory. These 

failures must be identífied. A test must be created to find theses failures so that the 

failing parts can be repaired or discarded. 

SRAM Memory Architecture 

In order to better understand what types of memory faults occur in a SRAM 

block, one must see the complexity of the memory architecture. SRAM cells in DSP 

designs are made using complementary metal oxide semiconductor (CMOS) technology. 

Both n-type and p-type transistors are used in creatíng the memory cell. Although the 

manufacturing process takes extra processing steps to make the two different types of 

transistors, CMOS uses less power than the design made fi-om enhancement and 

depletion mode n-type transistors [1]. Figure 2.1 shows a CMOS SRAM cell. 

Transistors Ql and Q3 form an inverter and are cross-coupled with transistors Q2 and Q4 
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to form a latch. The latch can be accessed for reading and writing through transistors Q5 

and Q6. The cells are combined together in a grid as shown in Figure 2.2 and are 

addressed using a two-dimensional addressing scheme. The wordline tums on a certain 

row in the memory block by tuming on transistors Q5 and Q6 for the cells in the row. 

The complementary bitlines are selected for the specific cell inside that row 

[1]. 
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Figure 2.2 SRAM Cell Grid 

SRAM Read and Write 

When a particular row is selected by tuming on the wordline, the bitlines are used 

to read and write to a cell. Data can be written to the cell by driving the bitlines with 

complementary values. The bitlines are driven with more force than the value stored in 

the cell in order that the original value can be overwritten. In the case of reading, the 

wordline allows this value to pass into the bitlines where it is picked up by a sense 

amplifier. Figure 2.3 shows a type of read and write circuitry. 



Write_ 
Enable 

r r Í ~ Q J LocQl R/W Bus 

Sense Amplifier 

Hi-Z if RE=1 or BT=BT=1 

Data Latch 

Output 
Enable 

Figure 2.3 SRAM ReadAVrite Circuitry [7] 

Functíonal SRAM Chip Model 

Much more goes into the design of a SRAM memory block than just the 

individual SRAM cells. Figure 2.4 shows the ftinctional model for a SRAM system 

including the data path shown as bold arrows and control lines shown as regular arrows. 

In order to understand Figure 2.4 in detail, one must be aware of the difference between 

the extemal and intemal organization of the memory cell array. "A 1 Mbit chip may 

logically (as seen fi-om the outside) be organized as 1 M addresses of words which are 

one bit wide. Physically (inside the chip), the memory cells (each of which contains one 

bit of data) are organized as a matrix or a number of matrices" [1]. An example would be 

if the words were organized in a matrix of 100 k * 10 bits (100 k of rows and ten 

columns). During a read and write operation, a 10 bit row is written and read intemally, 

while only one bit is visible to the outside world [1]. 



Block A is the address latch of the model. It takes the address and sends the 

higher order bits to the row decoder, B, and the lower order bits to the column decoder, 

C. The row decoder selects a row in memory while the column decoder selects the 

required columns. The number of columns selected is the same number of bits in the size 

of the data width for the chip. When a read operation is selected, the contents of the 

memory cells are amplified by the sense amplifiers in block F and stored into the data 

register in block G. The data can then be read out of the block. In the case of a write 

operation, the data ft-om the data in-lines are loaded into the data register, G, and written 

into the memory array through the write driver, E [1]. 
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Figure 2.4 Functional Model of a SRAM System [7] 



Memory Failure Types 

Many different types of failures can occur in a memory system. For the purposes 

of tiiis thesis, the memory failures will be divided into three different groups: single bit 

faults, data line failures, and addressing failures. Each of these groups is a failure in a 

particular area of the memory system. Single bit type faults are caused by errors in the 

six-transistor SRAM cell. Data Une type failures are errors in the wires connecting the 

cells, and in the write and read circuitíy. Addressing failures are errors inside the address 

latch, row, and column decoders. Each area has many different failures that can occur. 

Single-Bit Faults 

Single bit faults can be caused by several different problems with the memory 

cell. A stuck at fault (SAF) causes a bit to always be either a logical 1 or 0. No matter 

what value is written into the memory cell, it will always read the same value. A SAF 

fault can be caused by any number of shorts or opens in the individual bit. Transitíon 

faults (TF) are caused by the SRAM cell switching from one value to the other but not in 

the opposite direction. For example, it can switch from a logical 1 to a logical 0, but not 

from a 0 back to a 1. Transition faults carmot be treated and tested as a stuck at fault 

because another fault, such as a coupling fault, could reset the value of a logical 1 in the 

previous example [1]. An example of a TF is an open circuit in the transistor coimected 

to the bitline. The bitline would float and fail to read a 1 from the cell because the 

precharge path is missing. Reading a 0 from the cell stiU may be possible because of the 

large n-channel transistors that can drain the charge on the bitline during a normal write 

cycle [7]. A third type of single bit fault is a data retention fault (DRF). For example, a 



SRAM cell is a static memory. As long as it has power, it should keep the value written 

to it. If the memory cell slowly shifts from one state to another, it will eventually lose its 

original value [7]. The last common type of single bit fault is a stuck open fault (SOF) 

wherein no value can be read or written to that cell; it is as though it does not even exist 

[7]. 

Data Line Failures 

The second major memory fault type is caused by dataline errors involving 

wordline errors in the x axis direction or bitline errors in the y axis direction. A 2-

coupling fault (CF) causes a fault between two single bit cells. A CF fault is caused 

when a write fransition to one cell changes the contents of another cell [ 1 ]. The 2-

coupling fault can be broken into two subcategories: the inversion coupling fault (CFin) 

and the idempotent coupling fault (CFid). The CFin is defined as when a 0 to 1 (up) or 1 

to 0 (down) transition occurs in one cell, the coupling cell, inverting the contents of the 

second cell, the coupled cell [1]. A CFin fault has two possible combinations: a 

fransition up causing an inversion or a transition down causing an inversion. The CFid is 

defined by an up or down transition in the coupling cell setting the value of the coupled 

cell to either a 0 or a 1 [1]. This fault has four possible combinations: an up transitíon 

causing a 0 or a 1, or a down transition causing a 0 or a 1. A second class of coupling 

faults is caused by the logic level of the cells rather than the transition write operatíon. A 

coupling fault of this type is called the state coupling fault (SCF). The SCF is defined as 

a coupled cell being forced to a certain value, x, only when the coupling cell is in a given 

state, y [1]. An example is if the coupling cell was a 1, then the coupled cell would be 
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forced from a 0 to a 1. If the coupling cell was a 0 then it would not affect the value of 

the coupled cell. 

Should the wordline or bitline have an open somewhere in the line, the rest of that 

row or column cannot be read or have a value written to it (Figure 2.1). Row failures are 

generally caused by the wordline having an open in it. Column failures can be caused by 

an open in the bitíine, a sense amp failure, or a write buffer failure. If a memory block 

has massive wordline or bitline failures, the entire memory block can fail. The wordline 

or bitline having a short or bridge with another line, also may cause memory faults. This 

fault brings up an additíonal coupling fault type, the bridging fault (BF). The BF is in the 

same class of coupling faults as the SCF because it is caused by the logic level of the 

cells rather than a writíng fransitíon. The BF is a bidirectíonal fault in that the logic level 

of either cell or line can affect the other cell. A fault of this type can occur when two or 

more bitlines or wordlines are bridged together. A 1 is written to a cell selected by an x-y 

coordinate designated by the wordline and bitline. If two wordlines are bridged, then two 

X coordinates are connected in the block, and the value of one of the cells is given to the 

other cell on the same column but on a different row. The reverse can happen if two 

bitlines are bridged, causing an or bridging fault (OBF). A value of 1 in either cell wiU 

cause the value of both cells to be a 1. The other type of BF is the and bridging fault 

(ABF). The value of both cells will be a 0 unless both connected cells or lines have a 

valueof 1[1]. 
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Addressing Failures 

Addressing failures occur because of address decoding errors. An address sent by 

the CPU to the memory block needs to be decoded into the memory location's x-y 

coordinate. The memory block has a column and row decoder to convert this address. If 

one of those units is not functioning correctly, addressing faults can occur. Addressing 

failures are split into four different types. The first takes place when a cell cannot be 

accessed by any address. The second results when a certain address cannot access any 

memory cell. A third, when multiple cells are accessed by one address, and the last is 

when a cell is accessed by multiple addresses. 
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A failure from any of the three different memory fault groups can make the 

memory block virtually useless. All of the different types are caused by different 

failures in a certain part of the memory system. Table 2.1 gives an overview of the faults, 

and how tiie faults affect the memory system. Since any one of these failures can cause a 

memory system to not ftinction properiy, a test must be made to find these types of 

memory faults. 

Table 2.1 Memory Fault Types 

Reduced Functíonal Fault 
SAF 
TF 
DRF 
SOF (bit, column, row) 
CFin 

CFid 

SCF 

OBF 

ABF 

AF 

Fault Symptoms 
Cell stuck on a certain value 
Cell can be set to 0 but not 1 (or vice versa) 
Cell slowly changes state 
An open; Cell unable to be read or written 
A coupling cell transition up causes an inversion in 
the coupled cell (or vice versa) 
A coupling cell fransition up causes the coupled cell 
to either a 0 or 1 (or vice versa) 
A coupled cell is forced to a certain value, x, only if 
the coupling cell is in a given state y 
A short; two cells take value of 0 unless both cell's 
state is 1. 
A short; two cells take value of 1 unless both cell's 
state is 0 
Failure in address decoder or lines causing invalid 
addressing 

Memory Testíng 

There are so many failures that can happen to a memory system, that even the 

smallest amount of memory wiU likely have a failure. A failure inside memory causes 

problems with programs mn in the die. A failure inside program memory wiU cause 

instmctíons to be cormpt and the program either wiU fail or not mn correctíy. A failure 
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within data memory can cause incorrect results when the data is stored in that locatíon. 

Eitíier failure is unacceptable; therefore, a die containing memory failure should be found 

and removed from good dies. The high probability of a failure, along with the severity 

of the failure, means the dies must be tested for memory failures. 

Memory Repair 

Dies with a large amount of memory will have the highest chance of memory 

failure, and in order to keep yield from being low, they should be repaired. Repairing the 

failures directly would be either too costly or impossible depending on the failure type. 

Replacing the bad memory with good memory is much more efficient. Each large 

memory block can be made with redundancy, in the form of exfra rows and/or columns. 

The redundancy allows for the possibility of replacing bad memory cells. 

The memory is tested in a step called prelaser. If a memory block has a failure in 

one column, then the exfra columns in the block can be rerouted. Originally, the 

reroutíng was done by using a laser. The flises to the bad memory cells were cut with the 

laser and the addressing is redirected to the redundant memory cells. This is why the 

memory testíng stage is called prelaser. Electronic ftases are now used, and the rerouting 

is done by blowing the electronic ftases to replace the bad memory with redundant 

memory. Figure 2.6 shows a column and row with bad memory being replaced by the 

redundant column and row. The memory block is then retested to be sure that the 

replacing memory is good. The redundant memory takes up more space on the die area, 

which costs extra money, but the improvement in yield more then makes up for that 

limited cost. 
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Yield Analysis 

Another reason for testíng memory is to record informatíon about found failures 

in order tiiat the information can be used to try to find the cause and reduce the failure 

rate. If a large amount of failures are caused by transistors not switching fast enough, 

changing the manufacturing process to provide faster transistors wiU help reduce the 

failure rate for that specific failure type. A method for recording the memory failure 

informatíon is called Enhanced Statístical Defect Analysis (ESDA). ESDA electrically 

maps memory bit characteristics automatically [8]. It provides the physical failure 

locatíons on the memory blocks in much the same way as if you were looking at the 

memory block with a microscope. The physical location is usually different than the 

failing address the processor sees due to the memory address decoding set up. The data 

that ESDA records can also be used to tell what type of failure occurred, such as a bit, 

/, column or block failure. The data can be stored based on what test was mn so all 
row. 
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kinds of combinatíons of tests can be reviewed. An example would be that of mnning 

different memory voltage tests in order to determine at what voltage certain types of 

errors appear. Recording the memory failure information is very important to performing 

yield analysis. The analysis can find causes for some types of failures and fíx them, 

improving tiie yield drastícally. This makes yield analysis the key to profitability and 

reliability. 

Testing Pattems 

Using an effective testing pattem is essential in testing memory. Memory testíng 

pattems are groups of bits or words sent into memory in a certain order and direction 

through a memory block to find memory failures. These pattems take on many different 

forms, but they need to be able to find all the common types of failures. If higher fault 

coverage is desired, the pattems also wiU have to find uncommon failure types. There 

are problems associated with finding the best pattems to use. A pattem may be really 

good at finding a certain type of failure, but it may not work as well at finding the other 

types. If that is the case, other pattems will have to be added to achieve the desired fault 

coverage. 

Another problem is pattem complexity. Pattem complexity becomes critícally 

important as the size of the memory under test becomes larger. A pattem mn at 100 MHz 

that has complexity Na ,̂ where Na is the number of addresses in memory, will take three 

hours for one megabyte of memory, but thirty-three days for 16 megabytes. On the other 

hand, a pattem with complexity 10*Na will only take 0.1 second for one megabyte, and 

1.6 seconds for 16 megabytes. Table 2.2 shows the time it takes to test a certain memory 
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size for different complexitíes. For dies that have a large amount of memory, a pattem 

needs to have a large fault coverage but a low complexity in order to prevent the test time 

and cost from being unreasonable. 

Table 2.2 Test Time at lOOMHz, Complexity versus Memory Size [9] 

Size 
IM 
16M 
64M 
256M 
IG 
4G 
16G 

Na 
O.Ols 
0.16s 
0.64s 
2.62s 
10.5s 
42s 
2.8m 

10 Na 
O.ls 
1.6s 
6.4s 
26s 
1.8m 
7m 
28m 

NalogNa 
0.2s 
3.9s 
I7s 
I.23m 
5.3m 
22.4m 
1.6h 

Na''^ 

l l s 
l lm 
I.5h 
12h 
4d 
32d 
255d 

Na^ 
3h 
33d 
1.43y 
23y 
366y 
57c 
915c 

Traditional Test Pattems 

There are many traditional memory testing pattems. They are well known and 

easy to implement. The zero-one test is a very simple one to implement. In this test, a 0 

is written in all memory cells and then read back. Next, a 1 is written in all cells and then 

read back. This test has very littie test coverage. It will find most sttick at faults, but not 

all of the fransitíon, coupling or address faults. The zero-one test also has a long test 

length of 4*2^ operatíons. N stands for the number of address bits, so ^3=2"^ is a 

common notatíon for the number of addresses in memory. If n is the total number of bits 

in the memory, or (B) * 2^ where B is the number of bits in a word, then the zero-one test 

wiUbeanO(n)test[l]. 

The checkerboard test is another simple test. It divides the memory block into 

two groups much like a checkerboard. A 1 is written into group 1, while a 0 is written in 

17 



group 2. The cells are read, and then the groups are written with the inverse value and 

read again. The checkerboard test has about the same test strength as the zero-one test 

and takes the same test length 0^4*2^^ operations, or 0(n) [1]. 

The walking 1/0 test is not as simple as the other two, but it has a high fault 

coverage. It can detect and locate all address faults, stuck at faults, transition faults, and 

coupling faults. The walking I/O writes a background of 0 into all memory cells and 

writes a 1 into one cell. Next, it reads all the memory cells with 0 first, and reads the cell 

witii I last. It then replaces tíie 1 with a 0, and writes a 1 into the next position. This 

walking of the 1 continues all the way down the memory block. Once that is completed, 

a background of 1 is used and 0 is walked. This test has great coverage, even finding 

slow sense amplifier recovery faults, but it has an enormous test time. The test time is 

2*(2^ + 2*n + n^), which is an O(n^) test [1]. Even though the test coverage is ideal for a 

memory test, the test time is totally unacceptable for large memory blocks. These three 

pattems shown in Table 2.3 are just a few of the many early pattems used to test memory. 

They are either simple with littíe test coverage or totally inefficient with excellent test 

coverage. 

Table 2.3 Traditional Memory Algorithms [1] 

Algorithm 
Zero-One 
Checkerboard 
Walking 1/0 

Num. of oper. 
4*n 
4*n 
^^(^'^ + 2n + n^) 

Fault Coverage 
SAFs 
SAFs 
AFs, SAFs, TFs, CFs 
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Advanced Memory Tests 

With processor memory blocks growing exponentially in size, new efficient test 

pattems with larger test coverage are needed. A simple family of tests have been 

developed that detect stuck at faults, fransition faults, and coupling faults. Some even find 

address faults. These tests are called march tests because the test 'marches' through 

memory [1]. 

The marching 1/0 algorithm is a test of length 14*n that detects all address faults, 

stuck at faults, fransition faults, and some coupling faults. The test writes a 0 through all 

memory, either top to bottom or bottom to top. It then reads a 0, writes a 1, and reads the 

1, going from bottom to top. Next, it reads a 1, writes a 0, and reads the 0, going from 

top to bottom. The test repeats the same procedure inverting the O's and 1 's. The test is 

redundant because the inverted test is not needed for the fault coverage. The MATS++ 

algorithm does not have the exfra inversion and first read, but is otherwise identical to the 

marching 1/0. It has the same test coverage, is irredundant, and only has a test length of 

6*n[l]. 

There are many more types of march tests. They differ by the order and direction 

of the read and writes, and the complexity of the pattem. The more complex the march 

test, the more fault types it finds. The simple March X has the same test length of the 

MATS++, but can catch unlinked inversion coupling faults in addition to the faults that 

j^ATS++ can catch [1]. The March C- test goes a step ftirther and will catch CFids. It 

works well at catching the unlinked memory faults. A problem occurs when two faults 
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are linked togetiier like a TF linked to a CFin. In this example, a TF wiU cause a cell not 

to be changed from a 1 to a 0, but the CFin wiU cause that cell to change to the expected 

value of 0 before the fault is caught [1]. Neither fault wiU be caught with the March C-. 

Adding exfra read operations to the existing march tests wiU find the TF linked to CFin. 

March Y is tiie March X test with the additional read operations, and March 13N is the 

March C- test with the additional read operations. The March A test wiU find all of the 

faults tiiat March C- will find, as well as linked CFids. While the more complex March 

B, of test lengtii I7*n, has the test coverage of the March A, it also includes the 

additional read operations to find the TFs linked with CFids [1]. Table 2.4 contains a 

listing of several march tests, tiie number of operations needed to mn the algorithm, and 

the fault coverage. Each of these march tests have excellent coverage, and all are an 0(n) 

test. They also have reasonable test times when compared to the walking 1 's O(n^) test. 

Table 2.4 Advanced Memory Algorithms [1] [7] 

Algorithm 
Marching 1/0 
MATS++ 
MarchX 
March C-
MarchY 

March 13N 

March A 

March B 

Num. of oper. 
14 *n 
6*n 
6*n 
10*n 
8*n 

I3*n 

15*n 

17*n 

Fault Coverage 
AFs, SAFs, TFs 
AFs, SAFs, TFs 
AFs, SAFs, TFs, CFins 
AFs, SAFs, TFs, CFins, CFids 
AFs, SAFs, CFins, TFs linked 
with CFins 
AFs, SAFs, TFs, CFins, 
CFids, TFs linked with CFins 
AFs, SAFs, TFs, CFins, linked 
CFids 
AFs, SAFs, CFins, linked 
CFids, TFs linked with CFids 
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Testing Techniques 

The actual method of accessing the memory to mn the pattem is just as important 

to tiie fault coverage and testing cost as finding the right pattem. The traditional way is 

to have an extemal tester connect to the processor memory by an input/output (I/O) port. 

This testing method is called Direct Memory Test (DMT). The DMT method is defined 

as "any access method that allows address and data reads and writes to the memory via 

pins on the device" [4]. The tester wiU write the pattems to the memory through the 

input port, and then read it back through the output port. The other method, and the one 

that is becoming more prevalent with larger on chip memory, is built-in self-test (BIST). 

The BIST tests the memory directiy from the chip and does not have to rely on an I/O 

port except for the start command and the results export. 

Direct Memory Test 

DMT is the method of using an extemal tester to have access to the intemal 

memory of the processor and perform the test over I/O pins. The tester is responsible for 

writing the testing pattem into memory, and reading back the information stored. The 

tester will then make the comparison of what was read from the memory cell to what 

value should have been there. The advantage of using this method is that the testing 

pattems can easily be changed by the user who should have a good idea of how the tester 

works. DMT has several disadvantages though. AU memory has to have a connection 

through an I/O pin in order to be tested. Since DMT tests through I/O pins, it is limited 

by how much speed the I/O connection to memory has been set up to handle. Bypassing 
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tíie phased locked loops that multiply the CPU core clock and any multiplexing of the 

signals wiU also reduce the maximum speed of this test [5]. The speed is usually well 

below tiie maximum operating speed of the memory. Testing memory at slower speeds 

wiU not give good test coverage for speed related memory failures. The speed of 

fransition from one state to another may work fine for slow speeds, but it will not handle 

tiie fiill speed that would be in a user condition. Even if the I/O speed is increased to 

match the same speed as memory, it is nearly impossible to keep the extemal testers' 

testing speed at the same speed as top of the line processors. Requiring top of the line 

testers to have increased speed also results in increased tester cost. This wiU give the 

undesirable result of a higher test cost per minute The main disadvantage of the slower 

speed of DMT testing is the increased time of testing large amounts of embedded 

memory, which also increases the testing cost 

BIST 

BIST is the method of using the die to test its own memory. This method is 

becoming more prominent with the increase of embedded memory. It has several 

advantages. The driving advantage for this method is the reduction of testing cost. BIST 

is handled on the chip, and therefore can be mn at the maximum speed of the processor. 

No expensive fast testers are needed. The only extemal tester needed is a simple and 

relatively inexpensive digital tester that can send a start signal and read in the test results. 

Since the memory is tested at faster speeds, the test can better find speed issues with the 

memory. Another advantage of BIST is that it can test embedded memory not accessible 

by an I/O port. These advantages of BIST make it desirable over DMT for large 
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embedded memory blocks. There are two different forms of BIST, MemBIST and 

CPUBIST, both of which have their own advantages and disadvantages. 

MemBIST stands for memory built-in self-test. This method is implemented by 

designing hardware directly into the die to test the memory. The hardware stores the 

testing pattem to be used on the chip and contains comparators to compare the read-in 

value with what it wrote to the memory. There are two disadvantages to using 

MemBIST. The first being the amount of die area space on the processor used by the 

hardware. This costs money directly by increasing the die size of the processor, or 

indirectly by allowing fewer features or memory onto the processor. The second 

disadvantage is that the test pattem is permanently built into the processor [5]. If another 

pattem is chosen to be added to the memory test, the expense of changing and verifying a 

new design would be too costly to add it to the MemBIST. MemBIST does have good 

time saving advantages. Not only can MemBIST test memory at the maximum chip 

speed, it also can be set up to test memory blocks in parallel [5]. Each added MemBIST 

confroller can independentíy test a memory block. Several controllers may dramatically 

reduce the test time needed to test the memory. 

CPUBIST stands for central processor unit built-in self-test. The processor is 

used to test its own memory. No extra hardware is needed to use this method. The 

processor itself has the ability to read, write and compare values. A program that tests 

the memory is loaded into the processor from the tester and is started. Unlike MemBIST, 

the test pattem can be adjusted in CPUBIST by changing the program. This method also 

has the advantage of testing the memory under user conditions. Not only can it test at the 
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maximum CPU speed, it wiU trace the complete address and data paths from the memory 

to the processor. No extra connections from the memory blocks to I/O are necessary. 

CPUBIST wiU be able to test every memory block addressable by the core. Except in the 

case of multiple CPU's on a die, a disadvantage for CPUBIST is that it can only test the 

memory serially [5]. Another disadvantage is that the program and test results need to be 

stored on a good memory block. That memory block wiU either have to be tested by 

another testing method before mnning CPUBIST, or the CPUBIST program wiU need to 

have a checksum for the program and a ftinction to find a good memory block to store the 

testresuhs [6]. 

Each method of BIST testing has its own advantages and disadvantages, but with 

a combination of both, or even just one, provides a distinct advantage over DMT. Table 

2.5 gives a summary of the differences between the three. It makes sense to use BIST 

over DMT in terms of test time and cost because of the larger embedded memory blocks 

in new processor designs. 

Table 2.5 Comparison of Test Methods [5] 

Test Time 

Extra Silicon Required 
Flexible Test Pattems 
Test Under End Use Conditions 
Execute at Maximum DSP Speed 
Efficient Use of Tester Capabilities 
Experience in Development and Use 
Minimum Voltage Level Limited by 

DMT 

SIow 

No 
Yes 
Yes 
No 
No 

High 
Memory 

MemBIST 
Fastest 

(Parallel) 
Yes 
No 
No 
Yes 
Yes 

High 
ControUer 

CPU BIST 

Fast 

No 
Yes 
Yes 
Yes 
Yes 
Low 
CPU 
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CHAPTER III 

DMT TO BIST TESTING 

A multicore DSP that has an unusually large amount of embedded memory is 

being tested using direct memory test (DMT). The DMT tests over a communications 

port at about 10 MHz. That speed is several times lower then the actual speed of the 

device. The DMT tests all of the large memory blocks, but disregards the smaller blocks 

and inaccessible blocks to tiie communications port. The DMT takes a long time for this 

device, and the test cost is very high with this tester. AIso, the tester being used to 

perform this test is being phased out of use by the company. Another test method must 

be developed to test this device with the goals of reducing coast and test time. 

DSP Background 

The DSP being tested is a large six core or CPU device. The DSP has over 22 

megabits of embedded memory. The majority of the memory is single access random 

access memory (SARAM) that is split into local memory for each core, and shared 

memory to all cores. MemBIST controUers are built into this device to test the SARAM 

memory blocks. Each core has a smaller amount of local double access random access 

memory (DARAM). DARAM, shown in Figure 3.1, has an added port connected to the 

memory cells to allow a read and write operation in the same clock cycle. This DSP also 

contains many smaller memory blocks including instraction cache (Icache) tag and data 

blocks. These blocks are not connected to the communication pins for the DMT, but are 

addressable by the cores. 
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Figure 3.1 DARAM Memory Cell [7] 

Proposed Setup 

One way to reduce cost is to increase the speed at which the memory test is ran. 

The test pattem being used is a march pattem, which has an 0(n) test time. There are no 

other current pattems available that are faster with the same fault coverage. The speed of 

the test pattem cannot be significantly increased, and neither can the communications 

port of this DSP. The only way to speed up the test would be to have the DSP test itself 

using a BIST. Using a BIST wiU help reduce the test cost by its ability to use a cheaper 

tester. The tester used for the BIST test would only need to be a digital tester, and would 

not require all the extra and unutilized ftinctionality of the one being phased out. 

Developing a BIST test for this processor would therefore reduce the time of the memory 

test and enable the use of a cheaper tester which will reduce the cost per second of the 

test. 
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UtiUzation of MemBIST 

This DSP has many features and ftinctionalities built into it. Of particular interest 

is that it has a MemBIST built into it to test the SARAM memory blocks. The SARAM 

blocks make up a majority of the embedded memory, both inside the individual cores and 

the shared memory. Utilizing this setup wiU give parallel testing of most of the memory 

in the DSP. This ftmctionality has been there all along, but has not been used in prelaser 

memory repair. MemBIST, like the DMT, uses a march pattem to test. The MemBIST 

has been utilized in the later functional and final tests. A few of the later fiinctional tests 

have been matched up with the DMT results to show that the MemBIST is finding the 

same faults. Actually utilizing MemBIST for this device wiU take care of testing most of 

the memory. The MemBIST method test finishes faster than the DMT method, and it 

wiU only need a simple digital tester to ran. 

Develop CPUBIST 

MemBIST wiU not cover all of the embedded memory on the DSP. AII of the 

DARAM blocks and smaller memory blocks will not be covered. Putting in MemBIST 

controllers for the smaller memory blocks wiU be a large proportion of testing space per 

memory size, and it will cost too much to change the design of the chip. AII of these 

memory blocks are accessible by the CPU; therefore, an easy solution wiU be to develop 

a CPUBIST test. The CPUBIST will have access to all of the smaller memory blocks 

tested by the DMT, as well as a couple of memory blocks that the DMT did not have 

access to. The CPUBIST should work great to fínish the memory test, but must be 

developed "from scratch." The test not only has to do the acttial memory testing, but also 
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tiie RAM repair and ESDA recording [6]. It also needs to test the CPU cores before it 

begins the memory test because a nonfiinctional core wiU not be able to test its own 

memory. This wiU need to be designed and developed "from scratch" for this chip 

because this DSP family has not had a CPUBIST test developed for it at this time. 

Tester Selection 

A tester needs to be found to replace the current tester being phased out. Since 

BIST is being used instead of DMT, the tester does not need to be very sophisticated. It 

will need to be able to perform basic test fiinctionality. It also needs the ability to load a 

pattem into the CPU, and puU the results out of memory. AU of these ftinctions can be 

performed by a digital tester, which the company has available. The very low cost 

logical tester (VLCT) is able to handle the BIST, and is only a fraction of the test cost per 

second of tiie original tester. The slowest part of the CPUBIST test is the uploading of 

the ESDA data after the test is completed. This would be extremely slow if it was 

scanned out, but the VLCT offers another option. It has a capture ram on board that is 

able to capture the data at speeds up to 40 MHz [6]. Utilizing this feature on the tester 

should help decrease the amount of time spent on uploading the data. 

CPUBIST Test Development 

A CPUBIST test needs to be developed to test the memory blocks that the 

MemBIST test does not cover. There are three different memory types that are to be 

tested by this test. They are the DARAM, Icache data memory, and Icache tag. Each one 

has different word length and addressing schemes, so the test will need to be customized 
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to handle each different type of memory. As previously stated, this test wiU need to be 

built from the ground up. A test pattem wiU need to be chosen and written. The memory 

block groups are repairable so a ram repair algorithm must be made. ESDA also needs to 

be set up for storing the memory test information and for later yield analysis. A CPU can 

test only one memory block at a time. This DSP has six cores, and the memory blocks 

that need to be tested with this test are all local memory blocks to the cores. Utilizing all 

six of the cores at once will reduce the memory testing time by a factor of six. 

Test Pattem 

The test pattem chosen for this device is the March 13N. It will do a fiU of the 

first data pattem down. It wiU then read the first pattem, write the second pattem, and 

read the second pattem down. Then it reads the second pattem, writes the first pattem, 

and reads the first pattem down. It then repeats the last two groups, but goes up instead 

of down. This pattem wiU catch transition, coupling, stuck at, stuck open, and address 

faults [7]. Table 2.2 compares it to other march tests. It does this pattem on five 

different data sets in hex: 5555, AAAA; FFFF, 0000; 3333, CCCC; OOFF, FFOO; and 

OFOF, FOFO. These different data sets wiU perform a noise and speed test on the data 

lines. This wiU help insure that the data lines sequence multiple requests correctiy, the 

sense amps provide adequate drive and meets read timings, and it identifies high resist 

paths in the interconnect [7]. Two of the memory block types are built to read two words 

at once. They are split into two pages, one for even words and one for odd words. This 

test pattem only has fiiU fault coverage when writing to adjacent words in succession. 
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The test for tiiose two memory block types wiU need to test the odd words together and 

tíien the even words together in order for the adjacent writing to occur. 

RAM Repair 

The tiiree memory types all have the ability for ram repair. Once a memory fault 

has been found, the test program will need to determine the ram repair solution to replace 

that bad memory group. The test pattem will find a failing word, and that word will be 

processed by the ram repair fiinction to discover which bit or bits failed. It then will take 

the failing bit(s) and the address of the failing word and determine the repair solution, if 

there is one. It then stores the repair solution to send to the tester once the test is 

completed. After the repair solution is found, the test wiU retum to where it left off in 

testing the memory. AU three memory blocks have slightly different methods for finding 

a repair solution, so this fiinction will need to be customized. Each memory has a limit to 

the number of memory groups that can be replaced. Once that limit is reached, the test 

program wiU stop trying to figure out repair information for new failures found and label 

the block as not repairable. 

ESDA 

The ram repair code wiU give the information to repair the bad memory or label it 

not repairable, but will not have enough detail to help in yield analysis. ESDA needs to 

be put into the CPUBIST test to provide the detailed information about memory failures 

critical for memory yield analysis. The design of the ESDA recording can be split into 

two major fiinctions. The fírst wiU need to take the failing word and address reported by 
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tíie test pattem and decode tíie location in memory. The second will need to compress 

tiiis information to save fransmission time when sending the information from the 

processor to the tester. 

ESDA Decoding 

The ESDA information contains the actual physical location of the memory 

failure. The CPUBIST test will fínd an error based on the address that the CPU sees. 

This is usually different then tíie actual physical location on the memory block. The 

ESDA function will need to take the failing bits of the failing word and the address of the 

failing word to fínd the physical x-y coordinates of the failing bits. The memory blocks 

are set up so tiiat each of the 16 bits of the word are part of a memory column group. The 

size of this memory column group determines how many words are on a row. For 

example (see Figure 3.2), consider four words are on a memory page row. A memory 

column group will consist of four columns. If the memory word is 4 bits long, then there 

wiU be four column groups per row. Bit three of all the words wiU be on one column 

group. Each colunrn wiU be coimected to a multiplexer. Giving a word value of zero 

into the bit multiplexers wiU select the fírst word in that row by selecting the fírst 

memory cell position for each bit multiplexer. The word value of three will select the 

fourth word in the row by selecting the fourth memory cell position for each bit 

multiplexer. With this example, a word with four failing bits will not map out to 

consecutive failing bits in the physical location. However, four words on the same row 

with the same failing bit position wiU map out consecutively in the physical location. In 

that case blowing an electronic fiise would replace that bad column group with the extra 
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redundant column group. The address decoder inside the DSP figures out which row and 

word in tiie row to select from the address the core gives it, so the core does not know 

tiiis information. The ESDA fiinction of the CPUBIST wiU need to come up with this 

information to be able to find the physical location and store it. 
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Figure 3.2 Column Group 

The address to physical location decoding is different for the three different 

memory types being tested. The ESDA decoding needs to be slightly different for each 

type. ESDA records the exact location of the fail. The address and bit failure in the word 

is translated to the physical row, the memory column group, and the column inside the 

group. Since the three memory types have different architectures, this makes solving the 

solution for each one unique. The DARAM memory blocks are built like the example 

above except in a larger scale. The memory columns are 16 bits wide and there are 

thirty-two of them on a row. Since the DARAM can access two words at once, one for 
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each page, tiie address space works out to thirty-two words of 16 bits. The Icache blocks 

are slightly more complicated. The Icache data blocks have memory columns that are 8 

bits wide and there are thirty-two of them on a row. The Icache data block address space 

works out to sixteen words of 16 bits. Eight words are on each page. The Icache tag 

blocks have memory columns that are 8 bits wide and there are twenty-two of them on a 

row. This works out to an address space of sixteen words of 11 bits each. Eleven words 

are on each page. This is an unusual word size for most memory blocks, but not unusual 

for cache tag blocks. AII three memory blocks have different address space word sizes 

and row lengths, and they franslate to different column group lengths as shown in Table 

3.1. Each one will need to have its own algorithm for decoding. 

Table 3.1 Memory Logícal to Physical Mapping 

Memory Type 

DARAM 
ICache Tag 
ICache Data 

Logical Address 
#Address/Row 
32 
16 
16 

#Bits/Address 
16 
11 
16 

Physical Address 
#Address/Row 
32 
22 
32 

#Bits/Address 
16 
8 
8 

This DSP has a very large memory size. Utilizing the six CPU cores on the 

device wiU help speed up the testing time; however storing and uploading the ESDA 

image over a relatively slow serial connection wiU be an issue. The ESDA image of the 

memory tested takes up the same amount of memory that is being tested. For this device 

that wiU not be a problem because the MemBIST test can be run prior to the CPUBIST 

test. The MemBIST tests all the SARAM memory blocks. There is more memory space 

in the SARAM memory blocks then all of the DARAM, Icache data and tag memory 

blocks combined. The ESDA image wiU need to be stored on good memory because 
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faulty memory can corrupt the data. The MemBIST test will confirm that the SARAM 

memory blocks are good or repaired before the CPUBIST test is run. Clean SARAM 

memory blocks also make it easy to do a core ftinctional test. Having the CPUBIST 

program test and find clean a SARAM memory block that has already been tested and 

repaired by MemBIST, wiU prove if the core is fianctional enough to run the CPUBIST 

program. AIso, running the MemBIST test first will make sure there is plenty of good 

memory to store the ESDA results onto, although that still does not fix the problem of a 

long fransfer time. 

ESDA Compression 

Compressing the ESDA image is a viable solution to the long transfer time 

problem of using a relatively slow serial cormection. Using the VLCT capture ram to 

upload the ESDA image of memory at 40 MHz is relatively slow compared to the speed 

that the CPUBIST test can run. The test time is valuable, and running a procedure that 

has a guaranteed amount of test time is wastefiil if it can be reduced. Considering that 

most dies have miniscule amounts of memory errors compared to the amount of memory 

on board, sending out an ESDA image the size of the memory on the die is pointless. 

Compressing the ESDA image data down to only report the errors would significantiy 

reduce the amount of transfer time between the tester and the die. 

Compressing the ESDA data is essential in order to decrease transfer time. Since 

there is usually more good memory on a chip then faulty memory, reporting only 

memory faults should compress the ESDA data. Using that method wiU require 20 bits, 

or two 16-bit words, for the address, and a 16-bit word for every word that failed. That 
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will be fine for dies with sparse memory failures, but for a die with all memory blocks 

failing, it will require over twice tiie memory and amount of fransfer time to use that 

metiiod, as the address words for each failure wiU take up the most amount of space. 

Reducing the amount of time an address is given could compress the image even fiarther. 

One way to reduce the amount of address words is to increase the size of the data 

being recorded. For example, reporting an entire row that has 32 words wiU reduce the 

amoimt of address words needed to only one per row instead of two per word. This 

method wiU greatly reduce tiie size of memory space needed for die with large amounts 

of memory failures. It will have its best case with all row failures. The worst case for 

this wiU be for dies that have just one bit failure per row, or a M\ column fail. The row 

address and all 32 words on that row will be reported when only one bit is bad. This is a 

large confrast between the three words being reported in the previous method of giving 

the address in two words and then the word with an error. With a fiill column fail, every 

row will be reported on that memory block. This will take up as much reporting as a fixU 

block failure. Recording the entire row will be better than word recording for large 

amounts of block or row failures, but will be very inefficient for single bit or column 

failures. 

A more efficient way to compress the ESDA image wiU be to take the best of both 

methods. The smaller frequency of giving addresses of the row reporting method 

combined with reporting only words with failures on the word reporting method, wiU 

compress the data even further. It will also reduce the frequency of reaching the worst 

case scenario. This sort of method has already been designed by Nathan Wright [2]. 
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This method gives the addresses by rows. If there is a memory failure on a row, then that 

row is recorded. It includes one 16 bit word for the row address. It only reports the word 

or words that have a memory failure in it instead of giving every word in the row. It does 

this by including an extra two words after the row address word. There are 32 words in a 

row, and the 32 bits of those words are used to represent which words have memory 

failures in them. Those two words are called the sub group identification bits. Each bit 

represents a memory group column. If a bit equals 1, then that memory group column 

has at least one failing bit in it. It is read from most significant bit (MSB) to least 

significant bit (LSB). The two words split the pages of the memory blocks up exactiy. 

Page 0 is in the left word, page 1 is in the right word. For the memory blocks that can 

access two words at once, odd addresses are in the left word and even addresses are in the 

right word. The groups of words after the sub group identification bits, or subgroup ID, 

are the subgroup bits. They are essentially the bits that make up the memory group 

colunm in the row. There is a set of subgroup bits for every high bit in the subgroup ID. 

The subgroups are written in the same order they appear in the subgroup ID. If a bit 

equals 1, tiien that bit inside the memory column is a failing memory bit. It is read from 

MSB to LSB. 

This method also includes some exfra words of information to help out the 

program that has to uncompress the data after it is received by the tester. It includes a 

header word for a memory block. A second word is given for which CPU core it is from. 

A third word is given to state if the memory block is in program or data space block, and 

a fourth word tells which compression method is used. After this header line, the rows 
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witii failures are reported. A row header word is given that indicates a new row is being 

reported, and then the row failure information is given as specified in the previous 

paragraph. At the end of all the recorded information are two ending words that tell the 

imcompressing program that the end of the data has been reached. 

Using this compression method wiU give an average compression ratio of 

approximately 32:1 [2]. This compression method was developed for memory such as 

the DARAM; however, the Icache memory blocks have a slightly different structixre. 

Optimizing the compression for the other two memory blocks would keep the 

compression ratio high, but would cause another decompression program to be written 

and tested. Since the Icache memory blocks make up a small portion of the total memory 

tested by CPUBIST, the best case would be to use the existing compression method. The 

compression algorithm wiU have to be changed slightly to fit the different architecture 

into this format. Icache tag has its own special case as it only has eleven memory column 

groups per page, instead of sixteen. To keep the pattem of one page per word, it uses the 

least significant eleven bits of each word, leaving the most significant five bits alone. 

Both Icache memory types only have eight bits per memory group instead of sixteen, like 

DARAM. To keep the compression format consistent, the Icache memory compression 

only uses the least significant eight bits of the word. That means the upper eight bits are 

not being used. Having unused bits in the compression will give a worse compression 

ratio for the Icache memory blocks, but the ratio should stiU be about half the ratio of the 

DARAM. 
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Once the ESDA has been combined and tested with the testing algorithm and ram 

repair, it will be time to connect the full memory test algorithm with the tester. The tester 

is responsible for checking connections to the die, sending the testing program to the die, 

and then pulling the results from the die. When the tester program is ready, it will be 

time to compare the new BIST test program with the older DMT test program. 
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CHAPTER IV 

TESTER COMPARISON PLAN 

The comparison must determine if the BIST has better or worse fault coverage 

tiien tiie DMT test. The CPUBIST test had to be debugged and proven that it worked on 

its ovm. If the new test had not worked, then it would have had to be reconfigured. After 

tiie CPUBIST test was working and combined with MemBIST, it was then compared 

witii tiie DMT test to determine the effectiveness of the BIST test. If the BIST test had 

slightly lower fault coverage, then the money lost by finding the fault later could be less 

than the ever increasing cost of the more expensive DMT test. If the test worked slightly 

better then the DMT test, the BIST test would be good at reducing test cost and 

increasing test coverage. This test had to be done quickly, as the pressure to move to 

another tester was increasing. The test was split into two parts: how the two test 

methods compared at finding memory failures, and how they compared on the cost for 

each test per die. 

Memory Failure Comparison 

This tester comparison plan was developed in order to determine how well the 

new BIST memory test method could find memory failures compared to the established 

DMT memory test method. The comparison did this by using both test methods to test 

the same die. The test only compared one lot due to time restraints, but the lot had 

enough dies in it to still be thorough. Using a fiiU lot, and having an error of+/-1 %, the 

worst possible confidence level of the result falling within the error was 88.5%. The 
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worst possible confidence level was found assuming half the units matched. That worst 

possible confidence error was suffícient for this comparison. 

The metiiod chosen was a correlation test on a fiiU lot of the dies, 3600 units. The 

lot was split into two parts in order to prevent either tester from having an unequal 

advantage. One half of the lot was tested on the expensive DMT memory test, and the 

otiier half of tiie lot was tested on tiie new BIST memory test. After that test, the lot 

halves were switched to the otiier test method and re-tested. This gave a direct 

correlation because each test method tested each die once. The results were then 

compared and correlated to see how each test method tested the memory. In the prelaser 

test setup, the dies were still on the wafer. The only way to connect to them was to use a 

probe card with probes which connected to the bond pads on the die. These tiny, needle-

like probes can tear the surface contact of the bond pad on each connection. This leaves 

tiie possibility that the next cormection to tiie die wiU not be as good as the previous 

cormection. The coimection may still be good enough to pass the opens test, but it may 

still cause unexpected effects to the test. Splitting the lot into two, and letting each test 

method have a first coimection to part of the lot removed that bias. 

The prelaser memory test comparison between the two methods was run with the 

DMT tester ruiming at its usual setup and the BIST test done at conservative values, since 

this was a new test setup. The DMT test method was run in its usual setup to avoid 

adding unforeseen problems with changing the test setup. The testing speed for the DMT 

was 10 MHz, and the memory was tested over different voltage ranges. The minimum 

RAM voltage was set at just above the minimum voltage threshold for the memory 
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blocks. The BIST test method was set to conservative values for its first fiiU test. The 

testing speed of the BIST was 20 MHz in order to make sure that any errors experienced 

were not caused by speed issues with non-memory areas of the die. The RAM voltage 

ranges of the BIST were set to similar values from the DMT test except for the minimum 

voltage. The minimum voltage tiiresholds for the memory blocks were lower than the 

threshold for the CPU. The minimum voltage therefore had to be set at the voltage 

needed for the BIST to function properly. The ESDA compression data coUection for 

the CPUBIST was originally planned for this comparison. The capture ram routine and 

decompression program was not developed in time for the comparison, and the CPUBIST 

ESDA data was a low priority compared to getting off the DMT tester, so the comparison 

test went ahead without it. This test comparison compared the full test setup including 

the test method and tester, so it was within the scope of the comparison that the voltage 

and test speeds were different for each test method. 

Correlation 

Both methods tested the same dies, but as expected had different results. The 

similarity of the test pattems caught most of the same failures, but some of the failures 

were borderline. Small differences in the testing environment could cause marginal 

memory cells to either be good or bad. A slight decrease in voltage could cause more 

memory failures to appear, or a memory cell operating on its voltage threshold would 

randomly pass or fail. The testing of a lot twice by the same test method may have had 

slightly different results. A row may have had four bad cells on one test, and then five 

bad cells on the next test. Since an exact match with this size sample was unlikely, 

41 



anotiier way to compare the two methods was to compare the similarity of the two sets of 

results. That was done through the correlation method. "Correlation is a statistical 

technique which can show whether and how strongly pairs of variables are related [10]". 

A correlation can therefore be used to measure the similarity between one test method 

and another. In the test comparison, two pairs of variable sets were the results from the 

two test methods. The results were the conclusion reached by the test program, such as if 

the die was repairable or non-repairable. The two pairs of tests were correlated based on 

how well the two tests came up with the same conclusion. If the two results had a high 

correlation, then they were likely to have fotmd the same memory faults. 

Cost Comparison 

Another important correlation of the two test methods was the cost per die of the test. 

The main goal of utilizing the BIST test method was to reduce the cost of the memory 

test by using a cheaper tester. This was accomplished by using the BIST method on the 

VLCT tester, and comparing it to the DMT test on the more expensive tester. Adding the 

BIST test did not add any extra hardware costs because the MemBIST hardware was 

already on the die and had not been utilized in prelaser. The first part of this correlation 

was finding the cost of the operation of the tester per hour. The second part of this 

correlation was finding the average amount of test time needed to test each die. A large 

sample was needed to make this average amount known, because a die with few memory 

errors would have a different test time than a die with a large amount of memory errors. 

Additíonally, a die that cannot pass basic connection tests must be removed from the test 

before memory tests have even begun. The average memory test cost per die was 
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determined by taking the operation cost of using the tester per hour, and finding the 

average time of the memory test per die. The average time was figured from several lots 

for this comparison. The cost comparison was just as important as the memory fault 

comparison since a low cost method was desired. 
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CHAPTER V 

TESTUVG RESULTS 

The CPUBIST test was verified and added to the MemBIST to make the BIST 

test. The results were collected from the BIST test mn on the VLCT and the DMT mn on 

the expensive tester. The die results were analyzed for the correlation between the two 

test methods, and a few were examined in detail for more information on the differences. 

The testing cost was tiien calculated for both test methods. 

CPUBIST Test Verification 

The CPUBIST test method was developed, and it passed program testing. The 

assembly code was simulated by computer simulation. The test pattem correctly caught 

all simulated memory failures. The RAM repair code created a correct repair chain, and 

the ESDA handled and compressed the failures correctly. The CPUBIST test was then 

tested using actual DSPs. DSPs with known failures in memory were selected. DSPs 

were selected in order to have at least one memory fault for every memory block tj^e and 

core. That test verified that the program could catch failing memory using every type of 

memory block test routine. The test was mn and the results scarmed out. For each DSP, 

a correct ram repair chain was given, and the ESDA compressed data matched the known 

memory failures for that die. From these results the CPUBIST test method was 

considered fiilly fiinctional, and ready to be compared with the DMT test. 
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Test Method Conclusion Matching 

The purpose of the correlation test was to compare the BIST test to the DMT test. 

The comparison was based on what type of result the test gave for each die. The three 

possible results were: good, repairable, or non-repairable. The BIST program tested each 

CPU core before the CPUBIST test was mn. This core test found many dies that failed 

this test, but tiie DMT did not find these failures simply because it did not test for them. 

The dies tiiat failed tiie CPU core test were discounted from the comparison. The opens 

and shorts failures from each test method were also discounted because those die could 

not make a memory test comparison. The results from the split lot showed that 

approximately 95% of the dies came up with the same conclusion on both tests. With 

tiie large sample size, tiiere was a 99.7% confidence level that the results from this 

comparison were within +/- 1 % of all lots. The results of the test are shown in Table 5.1. 

A closer look at the uncorrelated results showed that the DMT test came up with a worse 

conclusion 3.5% of the time, and BIST came up with a worse conclusion 1.5% of the 

time (see Figure 5.1). The DMT conclusions being worse more often point towards a 

better test; however, a more detailed look at the data is needed to determine what the 

differences are between the results from the two test methods. 

Table 5.1 Test Bin Match Results 

Test 
Old to New 
New to Old 

Correlated 
1427 
1196 

Uncorrelated 
90 
53 

%)Match 
94 
96 
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Uncorrelated Differences 

Cm BIST 

Test Method 

D Non-repair/Repair 

• Non-repair/Good 

0 Repair/Good 

Figure 5.1 Uncorrelated Differences 

Results MemBIST versus DMT 

The 95%) match on the conclusions reached by the tests were good, but a more 

detailed look at some of the results was needed to understand the differences between the 

two tests. The first test on the BIST test flow was the MemBIST. The MemBIST ESDA 

data was not decoded correctly for the comparison test, so a direct comparison with the 

DMT ESDA data was not possible. The efforts to recover the raw ESDA data failed. 

However, the DMT ESDA data was decoded to compare with the BIST data logs that had 

address information of the MemBIST fails. 

A few dies were selected and checked at the memory cell level in order to 

compare MemBIST with the DMT test. A discounted die was usually caused by a core 

test failure; however, since MemBIST was done prior to the CPUBIST, the MemBIST 

results were compared. The data log of the BIST showed the exact same failure as the 
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DMT test in SARAM. Even though this die was not used in the conclusion matching, 

MemBIST and DMT reported the same failure locations. Two of the matched dies that 

were checked matched failure locations perfectly between the two tests. On one 

unmatched die a mismatch was caused by the DMT finding a single cell memory fault 

SARAM, and MemBIST not catching it. The DMT test only found this failure at the 

lowest voltage test, Vboxlo, and not at the higher voltage levels. The DMT low voltage 

test was at a slightly lower voltage then the BIST low voltage test. The DMT low voltage 

test was probably right below the threshold where the memory cell stopped working, 

which was why tiie BIST test did not catch it. Another unmatched die had no memory 

failures to compare in SARAM, while the next unmatched die matched the SARAM 

memory failures. Table 5.2 shows the dies compared. The first column in Table 5.2 

provides tiie conclusion matching result. The next two columns give the failures reported 

by the tests in SARAM, and the third column shows how many of those failures matched 

exactly. The MemBIST results were very close to the DMT results, and checking more 

dies then those listed in Table 5.2 showed similar results. The main difference between 

the two was that the DMT caught a few marginal bit failures because of the lower voltage 

test. 

Table 5.2 Die Result Comparison 

Discounted 
Match 
Match 
Uimiatched 
Unmatched 
Unmatched 

SARAM 
DMT 
1 
2 
3 
0 
1 
2 

MemBIST 
1 
2 
3 
0 
0 
2 

Matched 
1 
2 
3 
-

0 
2 

DARAM, ICache 
DMT 
-

0 
I 
0 
0 
1 

CPUBIST 
-

0 
2 
1 
0 
0 

Matched 
-

1 
0 
-

0 
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Results CPUBIST versus DMT 

A detailed look at the CPUBIST and DMT results were also needed. The 

CPUBIST should have had a bigger discrepancy with DMT than MemBIST because it 

was testing ICache memory that tiie DMT was not testing. The ESDA data from the 

CPUBIST for tiie comparison test was not pulled at this time. Since the CPUBIST tested 

a small amount of memory and there was the urgency to switch away from the older 

tester, the capture ram and ESDA decoding were not fially developed in time for this test. 

The ESDA compression was tested and was stiU on each tested die; it simply was not 

pulled for the comparison. The CPUBIST RAM repair information gave the column 

group in a memory block where the memory failure was occurring. This information was 

used with DMT ESDA to compare down to the column group level. 

The dies chosen to compare the MemBIST to DMT were also used to compare the 

CPUBIST to DMT. The discounted die failed the core test, and was not tested by 

CPUBIST. One die that matched had the same exact failure locations for both tests. The 

second die that matched had the test conclusion of DARAM non-repairable. The 

DARAM failures were the same on both tests, but CPUBIST caught an extra failure in 

ICache. This showed that even though the DMT and BIST test came up with the same 

conclusion of non-repairable, the BIST test still came up with an extra memory failure. 

BIST found another ICache failure on an unmatched die. BIST concluded it was ICache 

repairable, and DMT labeled it good. The next unmatched die had no DARAM or 

ICache memory failures in it. On another unmatched die, DMT found an entire bit 
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multiplexer wide column failure. See Figure 3.2 for a bit multiplexer example. The 

BIST test missed this failure. This failure could have been caused by a borderline 

multiplexer or write and read circuitry. The low minimum RAM voltage at the DMT test 

could have gone below the voltage where it started to fail. See Table 5.2 for the resuks 

from tiiese dies. The CPUBIST and DMT tests were off by just a few differences. The 

CPUBIST had better fault coverage because the ICache memory was being tested, but the 

DMT found an extra failure not caught by the CPUBIST, possibly because of a lower 

RAM voltage. 

Multiprobe Results 

The detailed look at the dies comparing specific memory failures showed two 

main distinctions between the two test methods. The DMT method found more memory 

failures because of the lower Vboxlo test voltage, and the BIST found failures in Icache 

because of the increased test coverage. One way to verify that the tests were actually 

catching these failures was to look at the memory test results of the next test in the test 

flow, multiprobe. Multiprobe was the test after the memory was repaired at prelaser. 

Multiprobe, a fiill fimctional test of the die, was performed before the dies were cut out 

of the wafer and packaged. The multiprobe test was performed at the same low voltage 

of the DMT method, and it also tested the ICache memory the BIST method tests. If one 

test method was allowing more memory errors through than the other method, the 

multiprobe would find more memory errors for the worse test method. Figure 5.2 shows 

the memory failures in the multiprobe test. The memory fallout was about the same for 

the half lot that was repaired by the BIST program and the DMT program. The 
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multiprobe results showed the DMT method allowed more DARAM and ICache failures 

through to the next test, and the BIST method allowed more Vboxlo failures through to 

the next test. Even though each method was better at finding a certain failure than the 

other method, overall the multiprobe results showed that both methods have about the 

same effectiveness at catching memory failures. 

MultiProbe Results 
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Figure 5.2 Multiprobe Resuhs 

The two test methods were about equal in memory test quality. The DMT method 

had a lower Vboxlo voltage test and caught more low voltage failures, but the BIST 

method had a larger coverage and was able to catch and repair ICache failures. The 

correlation test showed that DMT came up with a worse conclusion more often than the 

BIST method. That could be explained by the fact that a DARAM failure and ICache 

failure were likely to happen on the same die. Both test methods came to the same 

50 



conclusion of repairable or non-repairable even though the BIST method found more 

failures in ICache. The multiprobe test was much more thorough at memory testing than 

eitiier prelaser test, and was a good indicator of how much memory failures the prelaser 

test missed. Although tiie multiprobe results showed the differences of the two test 

metiiods, tiiey also showed that the test methods were about equal in test quality. 

Test Cost Results 

The second comparison of the two test methods was the test cost per die. The 

BIST test on the VLCT was mn at a slow speed during the comparison so the test time 

per wafer was about tíie same as the DMT test on the expensive tester. The test cost per 

die was significantiy different. The test cost included the cost of the tester, floor space, 

utilization of the tester, persoimel to mn the tester, and maintenance cost to keep the 

tester mnning. The DMT tester was higher in almost every one of those categories and 

was 29.375 times higher then the test cost of the VLCT. The older tester was in the 

process of being decommissioned, and the test cost was gradually increasing as fewer 

groups were utilizing it. The actual cost of the DMT tester was many more times that of 

the VLCT, and maintenance was also higher. Using another tester for the DMT test 

would have been only 10 times higher than the cost of the VLCT, but that stiU would be 

significantly higher. Table 5.3 shows the test time and cost per die as normalized values. 

Table5.3TestCost/Die 

Test 

DMT 
BIST 

Time 
(Normalized) 
1 
1 

Cost per Time 
(Normalized) 
29.375 
1 

Cost per Die 

29.375 
1 
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The results of the correlation test showed the quality of the two test methods were 

about the same quality. The advantage of the BIST appeared in the overall cost reduction 

of the prelaser test. Savings resulted in 1/29* the cost of the DMT method. The savings 

should ripple down to the multiprobe test because the BIST method took bad cores out of 

the test flow prior to multiprobe. These bad cores were tested by the multiprobe because 

the DMT method did not find them. 
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CHAPTER VI 

ANALYSIS OF UTILIZING BIST TESTING 

The goal of this project was to develop and utilize BIST testing to reduce the cost 

of testing and repairing memory. The BIST test was to test more memory and use a 

cheaper tester than the DMT test. MemBIST that was already being used in other testing 

stages was to be utilized for SARAM memory. A fiiU CPUBIST test was to be 

developed and include memory test, ram repair and ESDA compression. The BIST test 

was to be compared to the DMT test on effectiveness and cost. 

The BIST tests met all but one of these requirements. The MemBIST is now 

being utilized, and the CPUBIST was developed. The CPUBIST was shown to work on 

the memory test and ram repair. The ESDA compression was completed on chip, but the 

tester program was not pulling the information off the chip because of the low priority of 

this task. The cost of the memory test was dramatically reduced by a factor of 29 with 

the use of the cheaper digital tester, the VLCT. The BIST test results had a high 

correlation with the DMT results, with the differences between the two methods 

canceling each other out in the multiprobe results. The ability of the DMT to find 

slightiy more memory errors was expected as it could test at a lower voltage range than 

the BIST test. The repairable ICache memory blocks were tested and repaired with the 

BIST method which slightiy decreased unexpected failures later on in multiprobe. 

Missing the lower voltage memory failures was not a problem past multiprobe since 

multiprobe took out those failing dies. Switching to the BIST method also had the added 
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side etYect of reducing multiprobe test cost because some failing core dies were being 

removed in prelaser. This project was successfiil at reducing prelaser testing costs while 

keeping memory test quality about the same as the original DMT method. 

Future Considerations 

There are several things that could be done to this project to improve the certainty 

and quality of tiie BIST program. The certainty of the BIST program being at least as 

good as tíie DMT program would be proved by doing an analysis on the ESDA. The 

ESDA captiire needs to be added to the testing program to finish the CPUBIST. With 

this information, a comparison of how well each test finds a certain fail type can be done. 

The failures can be broken up into categories like bit, column, row and block fails. This 

wiU give insight in determining whether or not a certain test would be able to better find 

different types of failures. 

Another thing that could be done to this project would be to try and find a way to 

lower the voltage of the BIST test in order to find more of the Vboxlo memory failures. 

The lowest voltage level is ultimately limited by the minimum voltage needed to run the 

MemBIST controllers and the CPU correctly. The lowest voltage level could be 

optimized to the lowest level that the BIST test method still fimctions properly. 

The quality of the BIST program could be improved by increasing the speed of 

the test. The BIST will be mnning slower than maximum until the program can prove 

over time that it is indeed stable and not flaky. Once the BIST has made this proof, 

increasing the memory test speed will reduce testing time and fínd a few memory speed 

failures. This wiU increase the memory coverage and reduce testing costs. 
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