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Abstract

This paper discusses the viability of a BIST
implementation for the sinusoidal histogram technique
classically used for ADC testing. An original approach
based on (i) approximations to estimate the ADC
parameters, (ii) decomposition of the global test in a
code-after-code test procedure and (iii) piece-wise
approximation to compute the ideal histogram is developed.
These three features allow a significant reduction of the
required operative resources as well as the required
memory resources dedicated to the storage of both
experimental and reference data.

1. Introduction

With the advances on anaog-digita 1Cs, faster and
more complex test equipment is required to meet ever more
severe test specifications. An attractive aternative to
simplify the test equipment is to move some or al the tester
functions onto the chip itself. The use of Built-In Self-Test
(BIST) for high volume production of mixed signa ICs is
desirable to reduce the cost per chip during production
testing by the manufacturers.

Many of the proposed BIST techniques for mixed
signal 1Cs address devices that include both a ADC and a
DAC [1-4], or use DSP capabilities to compute the
characteristic parameters of converters [5-7]. It is clear that
the viahility of these techniques depends on the presence in
the original circuit of both ADC and DAC, or the presence
of aDSP.

Focusing now on mixed signa ICs including solely an
ADC, only alimited number of BIST techniques have been
proposed. An original approach is detailed in [8], which
relies on a reconfiguration in test mode that creates
oscillation in the circuit. Measurements on these oscillations
then guarantee some tests. A BIST structure is proposed in
[9] that permits to evaluate the converter linearity. Only the
LSB is used for the determination of the linearity, the global
functionality of the converter being tested with the
comparison between the remaining bits and a counter
clocked by the LSB.

A very classical ADC test technique used to determine
the ADC characteristic parameters is the histogram method
[10-11] It involves the application of an analog signal to the

ADC input and the record of the number of time each code
appears on the ADC outputs. These recorded samples are
then used with theoretical samples in a complex
computation to determine the ADC parameters, namely
offset, gain, differential and integral non-linearity.

The histogram technique is widely used for the external
testing. Howver, a histogram-based BIST technique with
complete on-chip determination of the ADC parameters is
generally not considered as a viable solution because of the
huge amount of required additional circuitry. The authors
have already proposed a BIST scheme for implementing the
histogram technique in case of a triangle-wave input test
signal [12,13]. The proposed scheme takes advantage of the
intrinsic properties of thisinput signal to reduce the circuitry
of the ADC output analyzer. This paper investigates the
viability of ahistogram-based BIST approach in case of a
sine-wave input test signal. Note that only the possibilities
of on-chip output data processing are explored in this
research, existing solutions for on-chip test signal generation
being detailed in [14].

2. Histogram-based BIST of ADCs

2.1. Histogram test technique

The histogram (or code density) method is one of the
most popular techniques in the industrial context for ADC
testing. Given an analog input signal, the histogram shows
how many times each different digital code word appears on
the ADC outputs. The analog input signal can be any wave
whose amplitude distribution is known. Figure 1 illustrates
the histogram obtained with an ideal ADC using a sine wave

asinput signal.
Input sine wave Histogram
7\

/ N\ =

gt/ A E

E \\ 3
< \ VAR | |
N/ |{|[TTTTTPIS—— || ||
I

Time Codei

Fig.1: Sinusoidal histogram for an ideal ADC

Of course, ADC errors modify the output code count and so
impact the histogram shape. As a result, comparing the
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measured histogram to the ideal one and performing some
calculation permits to evaluate the following ADC
parameters. offset, gain, DNL and INL. Details on
computations performed to extract these parameters from
the histogram data are given in the next section.

2.2. General BIST scheme

From a general point of view, a complete BIST scheme
for ADCs requires the definition of an analog sine-wave
generator and a digital output response analyzer. Solutions
can be found in the literature for on-chip generation of a
sine-wave signal [14]. Consequently, we focus here on the
problem of defining the digital analyzer able to implement
the histogram test technique.
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Fig.2: General BIST scheme

The straightforward implementation of the histogram
test technique requires a number of hardware resources, both
in terms of memory and operative resources. Indeed, the
determination of the ADC parameters is based on a
comparison between the experimental and reference
histograms together with subsequent calculations. It is
therefore necessary to store both the experimental and
reference histograms, implying two memories of 2" words
for an n-bit converter. Then, complex computations have to
be performed on these data to extract the parameters,
implying the use of a DSP or a microprocessor. Finally, the
complete process is managed by a control unit. Figure?2
summarizes these different on-chip resources. It is clear that,
unless memory and DSP capabilities are already available
on-chip, such a direct implementation of the histogram test
technique is not viable because of the huge amount of
additional circuitry.

3. BIST hardwareresource minimization

3.1. Operative unit

In order to integrate the histogram test technique with a
reasonable silicon area, the first point we consider concerns
the calculations required to evaluate the ADC parameters.
We want to investigate how it is possible to approximate the
original complex expressions by simpler ones, which
contain only elementary operations. We detail in the
following the new expressions we derive for the ADC
characteristic parameters.

Offset calculation - The offset is usually determined using
the counts for the two extreme codes Hew(1) and Hexe(2n) of the
experimental histogram. The origina expression of the
offset as defined in [11] in given by the following equation:

THEP (1) miHew (2n)
Cos —COoS
v _ Afullscale NT Nt
ofet = THeD (1) mHew (2n)
Cos +C0S
Nt Nt

where Anuiscate 1S t0 the full scale amplitude of the ADC and Nr

isthe total number of samples.

Manipulating this equation, we can re-express the offset as:

ann(Hexp(1)+Hexp(2n)) anT[(Hexp(1)_Hexp(2n))
N7 2Nt

A first observation concerns the sum of the counts for
the two extreme codes Hexe(1)+Hew(2"), We can consider that
this sum is ailmost a constant value even in case of an offset
error. Indeed, a positive offset error causes a decrease of
Hew(1) and an increase of Hex(2"), and conversely. These two
variations nearly compensate each other when adding the
counts for the two extreme codes. For illustration, we build
the histogram for an 8-bit converter using 8191 samples
with an input sineewave of 262LSB peak-to-peak
amplitude. We observe that an offset error as high as 1 LSB
causes only a 0.7% variation of the sum Hexe(1)-+Hexe(2n),
Consequently, our first approximation is to replace this
experimental sum by a constant value derived from the
reference histogram Hew(1)+Hew(2") = 2Href(1), where H*(1) is a
known-value for a given number of bits n and number of
samples Nr.

A second observation is that the difference between the
counts for the two extreme codes Hex(1)-Hex(2n) is very small
relative to the total number of samples Nr. Hence, using the
common first-order approximation tan(a) = a for small values
of a, weobtain:

Atull scale

Voftset ==
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Finally, an estimate of the offset can be expressed by:
Voriset =K C(HE (27) ~Hew (1))

where - "uisae o TH® (1) s 3 constant value that can

4Nt Nt
be pre-determined for a given converter under test. We
obtain a simple expression in which the offset is
proportional to the difference between the counts of the two
extreme codes.

Gain calculation - A common technique to derive the gain
is to estimate the amplitude of the input sinusoid as seen
through the "eyes" of the ADC under test; the gain is then
the ratio between this amplitude and the actual value of the
input amplltude Ainput sine [11]
Afullscale
2
inputsine 08 TIHEXP (21)
2 Nt
where Aniscae @nd  Ainputsine  COrrespond to peak-to-peak
amplitudes.

- Voffset
Gain=
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This expression implies calculating a cosine function,
which is not trivial to realize on-chip. In addition, it depends
on the offset value, implying any error on the offset
determination will affect the gain determination. We
propose an aternative approach to estimate the gain. Our
solution stems from the following observation. The
histogram obtained with a sine wave as input presents a
relatively flat section in the center part. This flat section
actually corresponds to the ADC outputs for the amost
linear part of the input sinusoid. Hence, we can make an
analogy with the histogram obtained using a ramp as input
signal. In this case, all ADC output codes have the same
probability and all bins are equal; the ADC gain is therefore
simply given by the ratio between the reference and
experimental counts for any of these codes [13]:

B Href (I)
" He (j)

In case of a sine wave as input signal, this relation
remains valid as long as the code under consideration is in
the linear part of the sinusoid, i.e. i close to 272, So it is
possible to obtain an estimate of the ADC gain simply using
the experimental count Hew(i) for a given code i in the linear
section of the sinusoid and the corresponding reference
value Hrf(i). However for real measurements, the count may
vary from a code to another due to regularity defects in the
sample distribution. It is consequently reasonable to average
the measure on several codes. Considering N codes around
the center code 272, we obtain the following expression for
the ADC gain:

Gain

Of course, the greater the number of codes N considered, the
more accurate the gain computation, provided that all N
codes remain in the "flat" section of the histogram. For
illustration, we build the histogram for an 8-bit converter
using 8191 samples with an input sine-wave of 262 LSB
peak-to-peak amplitude. We observe that all bins for codes
between 92 and 163 present a constant value of 20 to within
one sample. It is then possible to average the gan
measurement on up to 70 codes.

DNL and INL calculation - The differential non-linearity
of a given code i is defined as the relative difference
between the experimental count Hex(j) and the corresponding
reference one Href(i) [11]:
_Hex"(i)—Hmf(i)_Hexf’(i)_1
- Href (I) - Href (I)

The integral non-linearity of a given code i is then
expressed as the cumulative sum of the DNL of al
preceding codes[11]:

DNL(i)

INL(i) = ZDNL(j)
£

Both these expressions involve only simple operations.
There is consequently no need of modifying these
expressions to integrate the cal culation.

Operative resource minimization - New expressions have
been proposed to determine the ADC characteristic
parameters using only simple operators. Let us evaluate
more precisely the hardware operative resources required to
implement the different calculations. Analyzing the different
expressions, it appears that:

« the offset calculation demands a subtracter (omitting the

multiplication by a constant),
* the gain calculation demands an adder and a divider,
e the DNL and INL calculation demands an adder, a
subtracter and a divider.

An evident minimization of the operative resources consists
in replacing the concurrent calculation of all parameters by a
phase-after-phase approach in which each parameter is
determined sequentially. Indeed in this case, the subtracter
required for the offset calculation can be reused in the DNL
and INL calculation phase. In the same way, the adder and
divider required for the gain calculation can be reused in the
DNL and INL calculation phase. So finaly, decomposing
the global ADC test in a 3-phase procedure and using the
simplified parameter expressions, the operative unit only
consists of an adder, a subtracter and adivider.

1.2. Experimental histogram memory

Our objective is now to study how it is possible to
minimize the memory required for storing the experimental
histogram. The fundamental idea is based on the use of a
time decomposition technique. Indeed, the previous section
has established that it seems judicious to decompose the
global test into different phases, each phase dedicated to the
calculation of one ADC parameter. This time decomposition
alows to reuse the hardware operative resources in the
different test phases. The same approach can be adopted
inside each test phase in order to minimize the hardware
memory resources. The ideais to sequentially store only the
code counts needed to compute the ADC parameter for a
given test phase. More precisely, we suggest to decompose
each test phase in severa steps, each individual step
requiring only the storage of one code count. In other words,
we propose to store and concurrently process the histogram
code after code.

Offset determination - The pseudo-algorithm given below
details the offset calculation procedure. Two input patterns
are necessary to collect the samples for the two extreme
codes. During pattern application, register R1 (respectively
R2) is incremented each time the output code is 1
(respectively 2). By the end of the two patterns, Hew(1) is
stored in register R1 and Hexe(2") in register R2. Conseguently,
subtracting these registers gives the difference between the
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counts for the two extreme codes. The offset value is then

proportional to R1, with | __™Auiseae o H™ (1) .
INT Nt

R1=0,R2=0

forns=1 to Ny
if code=1 then R1=R1+1
if code=2" then R2=R2+1
ns=ns+1

R1=R2-R1

Voffset = K . Rl

Gain determination - The pseudo-algorithm given below
details the gain calculation procedure. The gain is computed
using the counts for the N center codes. However,
computation is done sequentially one code after the other.
For agiven codei, a complete input pattern is used to collect
the samples; N patterns are then necessary to carry out the
calculation. So for a given code i, the register R1 is
incremented each time the output code isi. By the end of the
pattern, Hexe(i) is stored in register R1. We assume that the
corresponding reference value Hef(i) is available at this time
in a dedicated register R¥. We can then divide this register
with R1 and store the result in R1.

Finaly, for i varying from Z”T-NH to 2"+N we progressively

2

compute in register R2 the cumulative sum of Href(i)/Hexe(i)
(coming from register R1). ). The gain value is therefore
available in register R2 by the end of the N input patterns.

R2=0
fori=(2n-N)/2+1 to (2n+N)/2
R1=0

forns=1 to Ny
if code=i then
ns=ns+1
R1=R*®/R1
R2=R1+R2
i=i+l
R2=R2/N
Gain = R2

R1=R1+1

DNL and INL determination - The pseudo-algorithm
given below details the non-linearity calculation procedure.
Both DNL and INL have to be evaluated for each of the 2
codes. Computation is performed code after code, using a
complete input pattern for each code. So for a given code i,
Hexe(i) is accumulated in register R1 during the corresponding
pattern. Dividing R1 by the reference value H-ef(i) and
subtracting 1 gives the DNL value. The INL value is then
obtained by progressively accumulating all the DNL values
in register R2.
R2=0
fori=1 to 2"
R1=0
forns=1 to Ny
if code=i then
Ns=ns+1
R1=R1/R™
R1=R1-1
DNL() = R1
R2=R1+R2
INL(i) = R2
i=i+l

R1=R1+1

Memory resource minimization - Concerning memory
resources, it clearly appears on the pseudo-agorithms
presented above that besides a dedicated register (R for the
storage of reference data, only 2 registers (R1 and R2)
working with experimental data are sufficient to implement
each ADC parameter calculation. Note that the same 2
registers can be used in the different phases because of the
global test decomposition procedure. So it finally comes out
that using the time decomposition concept, the experimental
histogram memory unit only consists of 2 registers.

In addition, it is to remark that because of the sequential
calculation procedure, the adder and the subtracter are never
used at the same time. It is consequently possible to go
further in the minimization process of the operative unit
replacing these two operators by a single adder/subtracter.

1.3. Reference histogram memory

The last point to investigate now concerns the
minimization of the reference histogram memory unit.
Indeed, the direct storage of a histogram for a n-bit
converter necessitates 2" memory words, which is an
unacceptable solution in terms of silicon area. A first
evident minimization consists in storing only half the data
due to the symmetrical property of the reference histogram.
However, amemory of 2"/2 words still represents atoo large
silicon area. Hence, we propose an alternative approach that
consists in computing on-chip the reference histogram, only
one code hin being computed at a time. This approach is of
course only valid with the code-after-code test procedure
presented in the previous section.

The main difficulty stands in the computation of the
reference histogram, which is given by the equation:

e N O O2i-20 0 Anullscale O 012i-2" =2 Anliscale (D)
H®! (i) =—sin sin M
T 2n Ainputsine [J 2n Ainputsine [T

The on-chip computation of such a complex function is
obvioudly not compatible with the constraint of a small area
overhead. We actually propose to approximate this function
by a simpler one. A classical approach consists in
determining a polynomial which best fits the set of data
points given by the reference histogram. The on-chip
computation of the polynomial then provides an estimate of
the reference histogram. However, implementing this
classical approach necessitates to add a multiplier in the
BIST circuitry to perform the polynomial computation.
Since our first concern is the minimization of the hardware
BIST resources, we choose a dightly different approach.
The ideais to realize the approximation with a function that
can be computed with the operative resources already
available on-chip, instead of using a polynomial. This is
then a pragmatic approach. So, taking into account that the
operative unit comprises an adder/subtracter and a divider,
we propose to estimate the reference histogram with a curve
described by:

Hest (i)=%
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where a and B are coefficients to be determined to ensure
the "best fitting" between the reference (H) and estimated
(Hest) curves. Obvioudly, it is not possible using such a
function to obtain a good fitting on the complete domain, i.e.
for i varying from 1 to 2n. But as aready mentioned, only
half the histogram can be considered due to the symmetrical
property. Even in this case, the precision on the estimated
histogram appears non acceptable. Conseguently, we
suggest to perform a piece-wise approximation defining
several domains in half the histogram (see figure 3). For
each domain, we can determine the a, and B, coefficients of
the best fitting curve. The number of domains to consider
directly depends on the desired precision for the estimated
histogram.

We actually develop a software routine in Matlab that
permits to define the different domains and the associated
coefficients, for a given maximum error between the
reference and estimated curves. As an example, we consider
the histogram obtained for an 8-bit converter using 8191
samples and an input sine-wave of 262 LSB peak-to-peak
amplitude. We specify a maximum error between the
original and estimated curves of 0.05%, and the routine
finds out that 6 domains are sufficient to fulfil this

requirement.
aia; O3 1 0, s : Ug
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Fig.3: Piece-wise approximation
of the reference histogram

Concerning hardware resources, we have seen that al
the required operators are already available in the operative
unit. It is therefore just necessary to consider memory
resources. The implementation of our solution only
necessitates 2 registers per domain for the storage of the a
and B, coefficients, plus an additiona register Re that
contains the result of the computation according to the
different steps of the test procedure. For illustration, the
reference histogram memory then contains 13 registers in
case of an 8-bit converter.

4. Evaluation and discussion

To make the histogram method acceptable in the
context of BIST, we have proposed different simplifications
permitting to minimize as much as possible the additional
circuitry. We finaly obtain a structure composed of an
adder/subtracter and a divider for the operative unit,

2 registers for the experimental histogram memory and
2k+1 registers for the reference histogram memory, k being
the number of domains for the piece-wise approximation.
This structure has to be compared to the original one, which
comprises a DSP for the operative unit, 2" memory words
for the experimental histogram memory and 2" memory
words for the reference histogram memory. It is clear that
we have a drastic reduction of the required hardware
resources, then making viable a BIST solution.

In order to validate the structure, we now have to
evaluate its performances. We want to compare our
implementation of the histogram technique, which
comprises a number of simplifications and approximations,
to the original implementation with exact formulae. For this
purpose, we develop an evaluation program in Matlab that
permits to (i) simulate a converter (with or without errors),
(i) build the associated histogram and (iii) extract the ADC
parameters using either our approach or the original one.
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Fig.4: ADC parameter measurement results

As an example in this paper, we consider an 8-hit
converter, an input sine wave of 262 LSB peak-to-peak
amplitude and Nt=8191 samples to build up the histogram.
We aso specify a maximum error of 0.05% for the
piece-wise approximation of the reference histogram and we
choose to compute the gain using the 50 center codes. Then,
we run the program on 16 different cases of converter error.
Results are summarized in figure 4, which compares for
each type of errors (offset, gain, DNL and INL) the
measurements obtained using our approach or the original
one. For all the smulated cases, we observe a very good
agreement between measurements. In fact, it appears that
except for the case #1, we obtain a difference between the
measurements of less than 0.05 LSB. All these differences
are reported in figure 5. Note that the case #1 corresponds to
a relatively large offset error (around 2 LSB), which
explains the imprecision of our measurement. Indeed, the
approximation that replaces the sum of the code counts for
the two extreme codes by a constant introduces an error all
the more important as the offset islarge.
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Fig.5: Error on ADC parameter measurements

5. Conclusions

The histogram test method for ADC is usually invoked
in the context of externa testing because of the large
amount of hardware resources required for its
implementation; two large RAMs and DSP capabilities. In
order to reduce as much as possible this additional circuitry,
this paper analyzes in detail the histogram technique and
proposes several simplifications.

The first one concerns the calculation of the ADC
parameters, which usually requires complex operations. It
has been demonstrated that good estimates of offset, gain,
DNL and INL can been obtained using operations as simple
as addition, subtraction and division. As a result, only one
adder/subtracter and one divider are necessary if the global
test procedure is decomposed in several phases, each phase
dedicated to the evaluation of a given ADC parameter.
Indeed, the same operative resources can then be used in the
successive different phases.

The second simplification concerns the storage of the
experimental histogram. It has been shown that using the
time decomposition concept, it is possible to sequentially
store only the code counts needed to compute the ADC
parameter for a given phase. A code-after-code procedure
has been developed that employs only 2 registers for the
storage of experimental data.

Finally the last simplification addresses the storage of
the reference histogram. An original approach based on a
piece-wise approximation has been proposed to reduce the
amount of required memory. The idea is to perform the
computation of the reference histogram using the operators
already available on-chip, only one code being computed at
a time. It has been shown that the implementation of this
solution necessitates 2 registers per domain  of
approximation for the storage of the coefficients
determining the best fitting curve, plus an additional register
that contains the result of computation according to the
different steps of the test procedure.

To summarize, this work shows that it is possible to
drastically reduce the amount of additional on-chip circuitry
required to implement the histogram test technique.
Experiments conducted on various examples of faulty
converters have validated the approach since comparable
results are obtained using either our BIST structure or the
original histogram technique. However, the reduction of the
additional circuitry is obtained to the prejudice of the testing
time. Indeed, the sequential decomposition of the test
procedure implies that a high number of input test patterns
are required to complete the test. Further investigations will
concentrate on this issue.
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