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Abstract This paper presents a built-in-self-test (BIST)
�-� ADC prototype. The BIST circuity uses the pro-
posed modified controlled sine wave fitting (CSWF)
procedure to calculate the signal power and the total-
harmonic-distortion-and-noise power in time domain
separately. Compared with conventional Fast Fourier
Transform (FFT) analysis, neither complex CPU/DSP
nor bulky memory is required. The added BIST cir-
cuitry is purely digital and the hardware overhead is
as low as 11.9 K gates. A prototype comprising the
second-order design-for-digital-testability �-� modu-
lator chip and an FPGA board which implements the
digital functions is used to demonstrate the effective-
ness of the BIST design. Measurement results show
that the SNDR difference between conventional FFT
analysis and the proposed BIST design of the standard
−6 dBFS, 1 KHz tone test is only 0.3 dB. Further-
more, the tested dynamic range values by both methods
are the same. The proposed BIST implementation
achieves the advantages of compact hardware, high test
accuracy, and the flexibility of adjusting the stimuli
which are important features for BIST applications.
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1 Introduction

Testing high resolution ADCs such as �-� modulators
is very costly because of the requirements of high-end
mixed-signal automatic test equipment (ATE) and a
long test time. Besides, the test setup is very both-
ersome since the cost of an ultra-low noise testing
environment is substantial [5]. In addition, the testa-
bility becomes worse when the high resolution ADC
is embedded in a complex system-on-chip (SoC) de-
vice. To address these issues, build-in-self-test (BIST)
techniques are drawing more and more attention
[1–3, 7–9, 12, 16, 18, 20–25].

In [10], we proposed a design-for-digital-testability
(DfDT) structure for �-� modulators which simulta-
neously achieves a low analog circuit overhead, high
measurement accuracy, high fault observability, and
the capability to perform at-speed tests. The DfDT
structure allows the high-resolution �-� modulator to
be tested with digital stimuli. The large noise margins
of digital signals greatly alleviate the difficulty of setting
up a low-noise test environment. Since the digital tests
are like functional tests, a fully BIST �-� ADC can
be realized by adding a cost effective digital stimulus
generator (DSG) and an embedded output response
analyzer (ORA).

Conventional functional tests analyze the output re-
sponses in frequency domain [4, 5, 13, 16]. By deriving
the output spectra of the circuit under test (CUT),
various test data can be obtained. However, at least
a CPU or DSP as well as bulky memory are usually
necessary for the ORA to conduct the complex Fast
Fourier transform (FFT). Its applicability depends on
the availability of such resources.
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Instead of using frequency domain analysis, a con-
trolled sine wave fitting (CSWF) method that performs
the SNDR analysis in time domain has been proposed
[15]. The idea is that the signal and the total-harmonic-
distortion-and-noise (THD+N) powers can be calcu-
lated separately. In practice, the output response of an
ADC consists of the stimulus tone, the offset, and the
THD+N parts. If we can generate an error-free digital
reference signal which is identical to the stimulus tone
part of the output response, then the THD+N signal
can be obtained by subtracting the error-free digital
reference signal and the offset parts from the output
response in time domain. By calculating the power of
the residue THD+N signal and comparing it with the
designated threshold value, a pass or fail decision can
be made.

The CSWF BIST design in [15] is for testing gen-
eral ADCs. The stimulus generation is achieved by
controlling a digital pulse density modulated (PDM)
signal following a RC low-pass filter. To provide high
SNDR stimuli, the corner frequency of the RC low-pass
filter should be as low as possible. As a consequence,
the required values of the resistance and capacitance
may be too large to be realized on-chip. The scheme
also demands for some multiplication during estimat-
ing the amplitude of the stimulus tone at the output
response. A BIST function that needs multiplication
is not preferable since it usually results in a higher
hardware overhead.

Rolindez et al. proposed a BIST design based on the
CSWF method for the �-� ADC [21]. Similar to the
DfDT design in [10], their analog core also eliminates
the need of the bulky RC low-pass filter. Yet the hard-
ware overhead of the digital circuits could be improved.

This paper presents a BIST �-� ADC prototype
that uses the modified CSWF procedure for testing
the specified parameters of a �-� ADC including the
dynamic range, the SNDR, the offset, and the gain
error. It would be useful for the applications in which
other test parameters are not a concern such as testing
some consumer audio products.

The BIST design benefits from the single-bit in-
put/output (I/O) characteristics of the �-� modula-
tor under test (MUT) as well as the simple hardware
implementation of the CSWF ORA. In addition, we
adopted the area-efficient oscillator circuit in [14] for
generating the BIST stimuli. It is more flexible and
low cost. The remainder of this paper is organized as
follows. Section 2 describes the design of the ADC
under test (AUT). Sections 3 and 4 discuss the design of
the BIST system and detailed circuit implementation,
respectively. A prototype has been built in which the
DfDT second-order �-� modulator test chip in [10]

was used as the MUT. The decimation filter and the
rest of the BIST circuitry were realized by an FPGA.
Measurement results will be shown in Section 5. Finally,
Section 6 draws our conclusions.

2 Description of the �-� ADC Under Test

2.1 Modulator Under Test

Figure 1 shows the schematic of the DfDT MUT [10].
It’s a conventional second-order �-� modulator design
except for the DfDT structure indicated by the shaded
area. A test mode control signal T is used to select the
operation mode of the MUT. If T = 0 and DBSG =
1, the MUT operates as a normal second-order �-�
modulator does. In the normal mode, DMUT is the
PDM output of the analog input VASG. When T is set to
1, the MUT enters the test mode in which it accepts the
�-� modulated bit-stream, DBSG, as its test stimulus.
In fact, the DfDT structure is reconfigured as a digital-
to-charge converter which converts the digital stimulus
into a two-level analog stimulus in the test mode.

Let AS and fin respectively represent the amplitude
and the frequency of the desired sinusoidal stimulus
tone, fCLK be the sampling frequency of the MUT, and
XBIST(z) be the z-transform of the sinusoidal stimulus
tone whose amplitude is normalized to be 1. A digital
�-� modulator is first used to modulate the nominal
test stimulus, AS XBIST(z), for generating the required
DBSG. Without loss of generality, the digital �-� mod-
ulator can be characterized by its I/O relationship which
is expressed as

YBSG(z) = ST FSDM(z)AS XBIST(z)

+NT FSDM(z)ESDM(z). (1)

Above ST FSDM(z), NT FSDM(z), and ESDM(z) rep-
resent the signal transfer function (STF), the noise
transfer function (NTF), and the normalized quantiza-
tion noise of the digital �-� modulator, respectively.
For convenience, we define YBSG(z) ≡ 2DBSG(z) − 1
which is the normalized bit-stream output. The normal-
ized bit-stream, yBSG(n), has a value of either 1 or −1.

Similarly, the normalized I/O relationship of the test
mode enabled MUT can be shown to be [10]

YMUT(z) = ST FMUT(z)ST FSDM(z)AS XBIST(z)

+ST FMUT(z)NT FSDM(z)ESDM(z)

+NT FMUT(z)EMUT(z)

+T HDNMUT(z) + OSMUT , (2)
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Fig. 1 Schematic of the DfDT second-order �-� modulator [10]

where YMUT(z) ≡ 2DMUT(z) − 1 symbolizes the nor-
malized digital output of the MUT. The terms
ST FMUT(z) and NT FMUT(z) are the STF and NTF of
the MUT. EMUT(z), T HDNMUT(z), and OSMUT cor-
respond to the quantization noise, the THD+N signal,
and the offset generated by the MUT, respectively.

2.2 Decimation Filter

Note that the terms ST FMUT(z)NT FSDM(z)ESDM(z)

and NT FMUT(z)EMUT(z) in Eq. 2 are high-pass shaped
quantization noises. A complete �-� ADC needs a
decimation filter to remove the out-of-passband noise
and to down-sample its final output to the Nyquist rate.
A simple implementation of the decimation filter uses
a comb filter [6] whose transfer function is

HCOMB(z) =
(

2

OSR
1 − z−OSR/2

1 − z−1

)k+1

. (3)

OSR and k above stand for the over-sampling ratio
(OSR) and the order of the MUT. In our design, an
additional finite-impulse-response (FIR) compensation

filter is added to compensate the droop of the comb
filter’s frequency response around the passband edge
such that the transfer function of the decimation filter,
HDEC(z), has an amplitude response approximating to
1 within the passband.

Most of the out-of-passband noises in Eq. 2 will be
removed after YMUT(z) passing through the decimation
filter. As a result, the decimated output of the �-�
AUT, YDEC(z′), can be approximately expressed by

YDEC(z′) � ST FMUT(z′)HDEC(z′)AS XBIST(z′)

+ T HDNMUT(z′)HDEC(z′)+OSMUT . (4)

Here, we use the notation z′ ≡ e j2π f ·OSR/ fCLK to indicate
that the output of the decimation filter has been down-
sampled by a factor of OSR.

3 BIST Design

3.1 Block Diagram

Figure 2 shows the block diagram of the proposed BIST
�-� ADC. It consists of the AUT, the DSG, and the
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Fig. 2 Block diagram of the proposed �-� ADC prototype

ORA. The AUT is composed of the DfDT second-
order �-� modulator chip proposed in [10] and the
digital decimation filter.

The DSG comprises two bit-stream generators
(BSGs): the stimulus bit-stream generator (SBSG) for
generating the stimuli for the AUT, and the reference
bit-stream generator (RBSG) for generating the digi-
tal reference signals. The amplitudes of the generated
stimulus tones can be well controlled. In particular, we
use AmpS to represent the amplitude of the stimulus
tone generated by the SBSG, and AmpR for that of
the RBSG. The input a21 sets the frequency of the
generated stimulus tone. The rest of the block diagram
belongs to the ORA.

Equations 2 and 4 reveal an important feature of
the AUT: the single-bit output of the MUT contains
similar in-band information to the decimated output of

the AUT. In other words, the necessary BIST computa-
tions can be moved from the multi-bit side to the single-
bit side without significant impact on the BIST results.
Therefore, the phase compensator and the subtractor
for removing the stimulus tone part of the output re-
sponse are moved to the single-bit side to save the
hardware cost.

3.2 The Modfied Controlled Sine Wave Fitting BIST
Procedure

The BIST design operates based on the CSWF proce-
dure [15] but with some modification. There are three
BIST steps to complete a test. They are used to obtain
the offset, the amplitude response, and the THD+N
power, respectively. Figures 3, 4, and 5 show the

Fig. 3 First BIST step:
calculating the offset of the
MUT
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Fig. 4 Second BIST step: estimating the amplitude of the stimulus tone in the output response

operation in each BIST step. Every BIST step acquires
N decimated output samples for analysis where N is
selected to be a power of two to simplify the hardware
implementation. In addition, each BIST step conducts a
coherent analysis. That is, a21 is carefully designed such
that the N decimated output samples contain integer
cycles of the stimulus tone.

In the following, we use the symbols with a prime
to indicate they are the signals in the second BIST
step. y′

RES(m) is an example. While the symbols with
a double prime such as y′′

RES(m) and Y ′′
MUT(z) belong

to the third BIST step. The symbols without additional

prime notation indicate that they are generated within
the first BIST step.

3.2.1 Calculating the Offset

The offset estimator whose function is

YOS = 1

N

N∑
m=1

yDEC(m) (5)

accepts the decimated output of the AUT, yDEC(m),
for estimating the offset [15]. Due to the coherent
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characteristic of the analysis, the stimulus tone part in
Eq. 4 will be vanished no matter what value AmpS is
set to. To reduce the necessary parameters that need
to be stored for a given test, we set AmpS to be
AS|HDEC(z′

S)| which is the same value that will be used
in the BIST step 3. As a result, the output of the offset
estimator is

YOS = OSMUT + 1

N

N∑
m=1

thdnMUT(m) (6)

according to Eqs. 4 and 5. Since thdnMUT(m) approxi-
mates to a random process whose average is zero, YOS

gives a good estimation for OSMUT .

3.2.2 Calculating the Amplitude of the Stimulus Tone
at the Output Response

In the second BIST step, the SBSG generates the bit-
stream containing the sinusoidal tone as the stimulus.
The offset part of the decimated output of the AUT
is removed first. Then, the amplitude estimator accepts
the offset-free response y′

RES(m) and calculates the
amplitude.

Mattes et al. suggested that the function of the am-
plitude estimator can be [15]

YAmp = 1

ACNST

1

N

N∑
m=1

|y′
RES(m)|, (7)

where

ACNST = 1

N

N∑
m=1

| sin(2π fin OSR · m/ fCLK)| = 2

π
. (8)

However, Eq. 7 requires an undesirable multiplication
which needs more complex hardware to implement.
Hence, we modified the CSWF procedure and the
following simpler function is used for the amplitude
estimator:

YAmp = 1

N

N∑
m=1

|y′
RES(m)|. (9)

To avoid affecting the accuracy of the BIST result, the
amplitude of the generated stimulus tone in this step is
set to AS/ACNST instead of AS. This setup value can
be calculated in advance and stored in some embedded
memory.

According to Eqs. 4 and 9, the output of the ampli-
tude estimator is

YAmp = AS|ST FMUT(z′
S)||HDEC(z′

S)|, (10)

where |ST FMUT(z′
S)| and |HDEC(z′

S)| represent the am-
plitude responses of the MUT’s STF and the transfer

function of the decimation filter at the stimulus fre-
quency, respectively. An amplitude response decision
maker is followed to check if the estimated output
amplitude is within the specification.

3.2.3 Calculating the THD+N Power

The obtained YAmp in the second BIST step is used
to set the stimulus tone’s amplitude generated by the
RBSG in the third BIST step. Meanwhile, the SBSG
generates the stimulus tone whose amplitude is set to
AS|HDEC(z′

S)|. Because |HDEC(z′
S)| is a deterministic

value, the setup value can be computed in advance and
loaded. Thus, no multiplication is required. In practice,
we used the circuit simulations to derive the values so
that the effects of the finite resolution of the digital
signals can be taken into account.

According to Eq. 2, the test setup leads to

Y ′′
MUT(z) = ST FMUT(zS)z−1 AS|HDEC(z′

S)|XBIST(z)

+ ST FMUT(z)NT FSDM(z)ESDM1(z)

+ NT FMUT(z)EMUT(z)

+ T HDNMUT(z) + OSMUT . (11)

From Eqs. 1 and 10, we have

Y ′′
REF(z)

= z−1 AS|ST FMUT(z′
S)||HDEC(z′

S)|XBIST(z)HFC(z)

+ NT FSDM(z)ESDM2(z). (12)

The term HFC(z) represents the transfer function of
the phase compensator. Original CSWF procedure re-
quires several cycles to calibrate the phase shift [15].
Yet the phase calibration loop is saved in our imple-
mentation. The reason is that the phase shift is al-
most a constant for our �-� modulator core due to
its over-sampling nature. Since the phase response of
ST FMUT(z) approximates to z−2 for the MUT, we set

HFC(z) = z−2 (13)

such that the stimulus tone parts of Eqs. 11 and 12 are
approximately equal.

By subtracting Eq. 12 from Eq. 11, we have

Y ′′
T HDN(z) � NT FMUT(z)EMUT(z)

+ NT FSDM(z)

× (ST FMUT(z)ESDM1(z) − ESDM2(z))

+ T HDNMUT(z) + OSMUT . (14)

The shaped quantization noise related terms in Eq. 14,
NT F SDM(z)

(
ST FMUT(z) E SDM1(z) − E SDM2(z)

)
and

NT FMUT(z)EMUT(z), will be suppressed by the deci-
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mation filter. Therefore, the decimated output of
the AUT in the third BIST step approximates to

Y ′′
DEC(z′) � T HDNMUT(z′) + OSMUT . (15)

By removing the offset from Y ′′
DEC(z′), the power

estimator whose function is

PT HDN = 1

N

N∑
m=1

y′′
RES(m)2 (16)

will output the total THD+N power in the passband.
Pass/Fail decision is made by comparing PT HDN with
the predetermined threshold of the THD+N power.

For each test, only three 32-bit parameters including
a21, AS/ACNST , and AS|HDEC(z′

S)| have to be stored
or loaded.

4 Circuit Design

All the necessary BIST functions are digital. It means
that the BIST circuitry will benefit from the robust-
ness, scalability, and lower power features of advanced
CMOS technology.

4.1 Bit-stream Generator

As has been discussed in Section 3, the BIST design
requires two identical BSGs whose generated stim-
uli should be well controlled. We adopted the area-
efficient oscillator proposed by Lu et al. for the design
of the BSGs [14]. Figure 6 shows the schematic.

The BSG is a digital resonator embedded with a
single-bit digital �-� modulator. The single-bit char-
acteristic of the �-� modulator avoids the necessity of
any multiplier for implementation. In fact, this embed-
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ded digital �-� modulator plays the same role as that
we have mentioned in Section 2. Equation 1 actually
describes the I/O relationship of it.

To sustain stable oscillation, detailed analysis
showed that the STF of the digital �-� modulator
should be exactly equal to z−1 [14]. A second-order �-
� modulator having such an STF can be found in [14]
and was adopted in our design.

The frequency of the stimulus tone is determined by
the parameters a21 and a12 [14] with respect to

fin = fCLK
cos−1(1 − a12a21/2)

2π
, 0 < a12a21 < 2;

fin = fCLK

(
1

2
− cos−1(1 − a12a21/2)

2π

)
, 2 < a12a21 < 4.

(17)

We fixed the value of a12 at 2−6 to save the hardware
cost. Therefore, only the frequency parameter a21 has
to be stored or loaded per test. On the other hand,
the stimulus amplitude can be well controlled by the
initial value of Register 2 while keeping the initial
value of Register 1 at zero. That is, AmpS and AmpR
mentioned in Section 3 are the initial values of the
Register 2 in the corresponding BSGs.

4.2 Output Response Analyzer

The functions of the offset, amplitude, and power esti-
mators are listed in Eqs. 5, 9, and 16, respectively. Their
implementations are shown in Fig. 7. Thanks to these
simple functions, the circuits mainly comprise adders
and registers.

Although Eq. 16 requires the only multiplication, a
much simpler serial multiplier was used to implement
it since the input of the power estimator has been
downsampled by a factor of 128.

4.3 Hardware Overhead

We synthesized the digital design including the DSG,
the ORA, and the decimation filter with a 0.18 μm
standard cell library. Table 1 lists the synthesis results.

The total hardware overhead is less than 12 K gates.
It is much less than the similar BIST design proposed
by Rolindez et al. which is also based on the same
CSWF method [21]. They used a 2252-bit shift register
to store the binary stimulus. In one of their design
examples, a 563 by 19-bit memory and a 563 by 16-
bit memory were used to store the reference signal and
the output response for calculating the SNDR value. In
addition, their ORA is more complex than ours since
they adopted the original CSWF design in [15]. Put the
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ORA and the memory aside, the shift register along
is already larger than 13 K gates. Besides, our design
is more flexible and compact when multiple tests (with
the stimuli of various frequencies and amplitudes) are
required.

5 Experimental Results

To verify the BIST design, the DfDT second-order �-
� modulator chip proposed in [10] was used as the
MUT. All the digital circuits including the decimation
filter, the DSG, and the ORA were implemented with
an FPGA.

In the following measurements, the sampling clock
frequency of the MUT was set to 6.144 MHz and
the OSR was set to 128. It corresponds to an output
rate of 48KS/s. The minimum-four-term window was
applied to derive all spectra. The sample numbers taken
for each analysis of the y′′

MUT(n) and y′′
RES(m) were

218 and 2048, respectively. Meanwhile, the stimulus
frequency was set to 43/218 times the sampling clock
frequency which is around 1KHz, and the stimulus
amplitudes of the tests (AS) were set to −6 dBFS unless
otherwise noticed.

Table 1 Summary of the BIST circuitry

Block Gate counts

DSG 2.35 K × 2
ORAa 5.6 K
Controller and Serial I/O 1.6 K
Total BIST circuitry 11.9 K
Decimation Filter 15 K

aIncluding the offset, amplitude, and power estimators as well as
other auxiliary circuits

5.1 The −6 dBFS, 1KHz Tone Test

Figure 8 depicts the output spectra of the MUT’s output
bit-stream Y ′′

MUT(z) and the decimated residue signal
Y ′′

RES(z′) of the standard 1-KHz test for audio applica-
tions [17]. The original offset component of Y ′′

MUT(z)

is −55.7 dBFS. It has been successfully eliminated to
be less than −106 dBFS which is already on the noise
floor. On the other hand, the residue stimulus tone in
Y ′′

RES(z′) is less than −107.5 dBFS which also lies on
the noise floor. The spectra show that the in-band noise
floors of both signals are almost identical. It verifies that
the BIST functions work properly.

The proposed BIST implementation gave a peak
SNDR of 74.3 dB while the conventional FFT analysis
resulted in a 74.6 dB SNDR of the same test. A part
of the subtle difference is due to that the FFT analysis
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Fig. 8 Measured spectra of the raw output Y ′′
MUT (z) and the

decimated Y ′′
RES(z′) of the same test with the −6 dBFS stimulus
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does not count in the spectral bins of the stimulus tone
and the offset as shown by the cumulative THD+N
power plots in Fig. 8. This will degrade the BIST results
by −0.1 dB. The finite resolution of the digital circuits
which induces truncation errors may be another reason
for the SNDR difference. Yet, the subtle difference is
already within the measurement uncertainty.

5.2 Dynamic Range Tests

Figure 9 shows and compares the corresponding mea-
sured SNDR results using FFT and BIST methods of
the dynamic range tests. The stimulus amplitude was
swept from −60 to −4 dBFS. The BIST results are
very close to those of FFT analysis. The dynamic ranges
measured by both methods are the same 82.3 dB. The
SNDR differences between them have a maximum
value of 1.45 dB at −56 dBFS and a minimum value
of −5.7 dB at −4 dBFS. To understand the root causes
of the deviation, Figs. 10 and 11 depict their spectra as
well as the cumulative THD+N power of Y ′′

MUT(z) and
the cumulative power of Y ′′

RES(z′).
In the low frequency range (< 20 KHz) of Fig. 10,

the noise floors of Y ′′
MUT(z) and Y ′′

RES(z′) are almost
identical. The 1.45 dB SNDR difference comes from
the high frequency range in which the noise floor of
Y ′′

MUT(z) is somewhat higher than that in Fig. 8. It is
because the term NT FSDM(z)(ST FMUT(z)ESDM1(z) −
ESDM2(z)) in Eq. 14 is stimulus dependent. For this
particular test, the term ST FMUT(z)ESDM1(z) is cor-
related to the term ESDM2(z) more closely. Conse-
quently, more shaped quantization noise power is left
in the passband. Since Y ′′

RES(z′) is low-pass filtered
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Fig. 9 Measured SNDR results of the dynamic range tests
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Fig. 10 Spectra of the raw output Y ′′
MUT (z) and the decimated

Y ′′
RES(z′) of the same test with the −56 dBFS stimulus

while Y ′′
MUT(z) is not, Y ′′

RES(z′) has less in-band noise
power. It explains the random variation of the SNDR
differences measured by both methods.

On the other hand, the mechanism that leads to the
−5.67 dB SNDR difference with the −4 dBFS stimulus
is different. According to Fig. 11, the root cause is the
too high residue tone in Y ′′

RES(z′). Recall that the mod-
ified CSWF procedure requests the SBSG to generate
the stimulus whose amplitude is 3.92 dB higher than the
designated AS in the second BIST step. However, the
digital second-order �-� modulator in the SBSG will
be overloaded if the setup value of the stimulus am-
plitude is too high [19]. Take AS = −4 dBFS as an
example, the SBSG has to generate a −0.08 dBFS stim-
ulus which indeed saturates the digital �-� modulator.
Once the digital �-� modulator is overloaded, the

0 5 10 15 20
−125

−115

−105

−95

−85

−75

−65

−55

−45

−35

−25

−15

−5

N
or

m
al

iz
ed

 P
ow

er
 S

pe
ct

ra
l D

en
si

ty
 (

dB
F

S
/b

in
)

Spectrum of Y"
MUT

(z) 
Spectrum of Y"

RES
(z’)

0 5 10 15 20
−125

−115

−105

−95

−85

−75

−65

−55

−45

−35

−25

−15

−5

Frequency (KHz)

C
um

ul
at

iv
e 

T
H

D
+

N
 P

ow
er

 (
dB

F
S

)

Cumulative THD+N power of Y"
MUT

(z)
Cumulative power of Y"

RES
(z’)     

Fig. 11 Spectra of the raw output Y ′′
MUT (z) and the decimated
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generated stimulus can not be well controlled any more.
As a consequence, the BIST results are less accurate for
the stimulus amplitudes higher than −5 dBFS.

5.3 Test Bandwidth

Figure 12 shows the measured SNDRs by applying the
stimuli with different frequencies. The BIST results
and the corresponding FFT results are within 1.5 dB
when the stimulus frequency is not higher than 8 KHz.
If the stimulus frequency increases further, the SNDR
degradation becomes more significant for both meth-
ods. The major reason is that the in-band SNDR of the
bit-stream y′′

BSG(n) generated by the SBSG is getting
worse as shown by Fig. 12. Since the bit-stream is our
stimulus, the functional test nature of the BIST design
restricts the highest tested SNDR value of the AUT to
be less than that of the stimulus. As a result, even the
FFT results follow the decreasing trend of the SBSG’s
in-band SNDR. In practice, a poor in-band SNDR of
the stimulus implies the oscillation of the BSG is less
stable. That is, the amplitude of the generated stimulus
tone no longer can be well controlled. The deviation
between the setup value and generated value results
in incomplete cancellation of the stimulus tone in the
third BIST step. Consequently, the residue tone power
is getting higher as the stimulus frequency is increasing.
The residue tone power plot in Fig. 13 illustrates this
phenomenon.

Table 2 summarizes the performance of the pro-
posed BIST �-� ADC.
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Fig. 12 Measured SNDR vs. stimulus frequency by the BIST
circuitry and by FFT analysis
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Fig. 13 Measured SNDR vs. stimulus frequency of the BIST and
FFT analysis and the corresponding residue tone power

5.4 Comparison with the Original CSWF Design

It is worth to note that the original CSWF design
proposed by Mattes et al. is for testing general ADCs.
Consequently, no optimization was performed in their
work in order to cover wide applications. On the other
hand, we focused on the optimal BIST design for the
specified �-� AUT. That’s the main reason why our
BIST showed good performance both in testing cost
and accuracy. In the following, we discuss the major dif-
ferences between the original CSWF design and ours.

The CSWF method consists of the stimulus and ref-
erence generation and the output response analysis. For
generating the stimulus, Mattes et al. proposed feeding
a simple RC low-pass filter with a �-� modulated bit-
stream [15]. The bit-stream was generated by a digital
�-� modulator operating at an OSR of 958 to obtain
a theoretical SNDR as high as 147 dB. However, their
experimental results showed that the peak SNDR of
the analog test stimulus is less than 56 dB [15]. The
major issue is on the digital-to-analog interface where a

Table 2 Performance summary

Test items Analysis method
FFT BIST

OSR 128 128
Offset −55.7 dBFS −55.7 dBFS
Dynamic rangea 82.3 dB 82.3 dB
SNDR @ −6 dBFS 74.6 dB 74.3 dB
Peak SNDR 75.0 dB 74.3 dB
Test bandwidth 10 KHz 8 KHz

aDynamic range = SNDR @−60 dBFS (in dB) + 60 dB [17]
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discrete-time signal is converted into a continuous-time
one. Practical circuit impairments keep the SNDR of
the test stimulus far from the theoretical one.

For our AUT, the DfDT structure avoids the neces-
sity of converting a discrete-time signal to a continuous-
time signal but to a synchronized discrete-time analog
signal. As a result, our design is more robust than
that in [15]. In addition, we adopted the area-efficient
oscillator [14] for generating the digital stimuli to save
area, whereas Mattes et al. used a software �-� mod-
ulator which may require bulky CPU and memory in
embedded applications.

For the ORA part, we made efforts to reduce the
hardware cost without degrading the test accuracy.
The benefits are the results of that our BIST design
is for the particular �-� AUT. The �-� AUT has
an important characteristic: the in-band signals of the
bit-stream output and the decimated output are very
similar. Therefore, we can move the necessary BIST
computations from the multi-bit side to the single-
bit side to save more area without impact on the
testing accuracy. We also modified the CSWF proce-
dure such that no parallel multiplier is required in the
implementation.

The testing accuracy of the CSWF method mainly
relies on if the stimulus response and the offset can
be accurately removed in the final BIST step. In other
words, it depends on how accurate the offset, response
amplitude, and response phase are estimated and com-
pensated. For the offset and response amplitude parts,
our BIST design is similar to the original CSWF design,
and thus there is no significant difference. Calibrating
the phase may be the major difference. The original
CSWF design tried to adjust the phase of the reference
signal such that the amplitude of the residue signal is
minimized. If it treats the AUT as a black box, the
phase calibration loop in it may be able to adjust integer
output cycles only. Since the �-� modulator is an
oversampling type ADC, the output period is 128 times
the clock period in our case. As a result, the resulted
phase error will be around 2 clock cycles after the phase
calibration is done. Unfortunately, it has been shown
that a phase error as small as one clock cycle will make
the cancellation of the stimulus tones in the last BIST
step very poor and severely degrades the test accuracy
[15].

Even with the assumption that the phase calibration
loop can adjust the reference signal by integer fine clock
cycles, the results will be the same as ours. As shown
in Fig. 8, the residue tone of our test is already below
−106 dBFS. It indicates that there is no headroom for
improvement.

6 Conclusion

A cost effective BIST �-� ADC prototype based on
the proposed modified CSWF procedure is presented.
The BIST design can test the dynamic range, the
SNDR, the offset, and the gain error of the AUT. It
eliminates the need of any complex circuitry such as
CPU, DSP, and parallel multiplier and thus saves a lot
of hardware overhead. The measurement results of our
prototype show that the SNDR difference between the
proposed BIST and the conventional FFT analysis of
the standard 1KHz, −6 dBFS test is only −0.3 dB. In
addition, the measured dynamic range by our BIST de-
sign is the same as that from conventional FFT analysis.
The proposed BIST implementation achieves the ad-
vantages of compact hardware, high accuracy, and the
flexibility of adjusting the stimuli which are important
features for BIST applications. The BIST design can be
applied to the �-� ADC equipped with the decorre-
lating design-for-digital-testability (D3T) structure. For
such ADCs, the digital tests can have higher amplitude
stimuli and higher test accuracy [11].
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