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Testing high-speed, high-resolution data converters for dynamic specifications needs high performance tester, the cost
of which can be prohibitively high. In this research work, several test strategies were developed to reduce the

overall production testing cost. A static linearity testing methodology aimed at reducing the test time of
A/D converters was developed. It uses the architectural information of A/D converters, and measures
specific codes instead of all the codes. As the use of high-performance test equipment during production
testing incurs large cost, a test methodology was developed to test high-performance A/D converters using
low-performance, thereby, low-cost test equipment. This involved post processing of measurement data.
The effect of ground bounce on accuracy of specification measurement was analyzed, and a test strategy to
estimate the A/D converter specifications more accurately in presence of ground bounce noise was
developed. The proposed test strategies were simulated using behavioral modeling techniques in MATLAB
and were implemented on commercially available A/D converter devices. The hardware experiments
validated the proposed test strategies.
General Terms: Alternate Testing, dynamic tests, jitter
Additional Key Words and Phrases: INL, DNL, MSB, LSB, DUT

_______________________________________________________________________

1. Introduction
Testing mixed-signal circuits, such as data converters, requires digital testing capabilities such as
large pin count, edge accuracy and edge count, as well as analog testing capabilities such as low test system
noise floor, analog signal bussing, synchronization, etc. [1]. Traditional analog and digital testers fall short
of resources for testing the mixed-signal performance of data converters. Testers having mixed-signal
resources (mixed-signal testers) are expensive [2]. Thus, testing cost is the biggest challenge that the next
generation mixed-signal devices are facing [3]. This research focuses on reducing the overall cost for
testing A/D converters. This section describes the basic concepts of A/D converter testing, the research
work done in the past and the issues involved in testing of A/D converters.
1.1 Static Specification Testing
The specifications that are measured using a low-frequency test stimulus are called static
specifications. The static specifications are differential non-linearity (DNL), integral non-linearity (INL),
offset error, and gain error [4]. These specifications are a measure of an A/D converter’s non-linearity
when the input signal has low frequency (near DC). DNL is the deviation of a code width from the ideal
one least significant bit (LSB). Offset error is the deviation of the first transition from the ideal one-half
LSB value. Gain error is the deviation from the ideal full scale value after the A/D converter transfer
function is calibrated for offset error.
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Figure 1. Histogram testing.

The histogram method is a standard method to measure the INL and DNL of an A/D converter as
described in [5], [6]. The objective of the histogram test methodology is to measure the width of all the
codes and calculate the DNL and INL specifications from the code width measurements. In this method, a
low-frequency test stimulus is applied to the A/D converter and a histogram of the output digital codes is
obtained as shown in Figure 1. The histogram of the output codes shows the number of times each digital
code word appears at the A/D converter output (number of hits). Generally, the test stimulus is a low
frequency triangular ramp or a sinusoidal signal. Ideal output code histogram for a triangular ramp test
stimulus is a flat distribution with equal hits per code. Ideal output code histogram for a sinusoidal test
stimulus is a bathtub distribution. The deviation of the observed output code distribution from the ideal
distribution is a measure of the non-linearity in the device. DNL of the A/D converter-under-test can be
measured by counting the number of hits for each code and comparing them against the ideal number of
hits for that code.
1.2 Dynamic Specification Testing
Dynamic specifications are a measure of the high-frequency non-linear behavior of A/D
converters [7]-[9]. Dynamic specifications are signal-to-noise ratio (SNR), spurious-free dynamic range
(SFDR), total harmonic distortion (THD), second harmonic power and third harmonic power.
A high-frequency sinusoidal test stimulus is applied to the A/D converter to measure the dynamic
specifications. The A/D converter is clocked using a low-jitter clock and the frequency spectrum of output
of the A/D converter-under-test is used to measure various dynamic specifications.
The frequency of the sinusoidal test stimulus is close to the A/D converter’s maximum rated input
frequency. This is necessary to measure the worst-case non-linearity specifications. The test stimulus
frequency is chosen such that the coherent sampling condition, given in (1), is met. This is needed to
prevent power leakage into the adjacent frequency bins while constructing the frequency spectrum using a
finite-point Fast Fourier Transform (FFT).

Fin
Fsample

=

N window
N record

(1)

where Fin is the input signal frequency, Fsample is the sampling clock frequency, N window is an integer number
of cycles within the sampling window, N record is the number of data points in the sampling window, and
N record is a power of 2 to enable the use of a radix 2 FFT.
N window and N record are relatively prime. Alternatively, if incoherent sampling is performed, a
suitable windowing technique can be applied to the output signal to minimize the spectral leakage.
1.3 Previous Work
Data converter testing is a very well researched topic. Research work includes modeling
techniques, diagnosis, built-in-self-test techniques, statistical techniques etc. In this section, a brief account
of the past research work is given.
Techniques for modeling A/D converters were proposed in [10],[11]. The linear modeling of A/D
converters was proposed in [12]-[16]. It is based on the concept that, there is a correlation between the code
widths of an A/D converter. It models an A/D converter by a set of mutually independent and linear
vectors. The number of vectors that are used to model an A/D converter is lesser than the number of codes.
Thus, the static non-linearity testing of an A/D converter requires measurement of lesser number of
unknowns. It reduces the static non-linearity test time. Different diagnosis techniques are proposed in [17][19]. These techniques are architecture dependent and cannot be generalized across different architectures
of A/D converters.
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IEEE guidelines for testing A/D converters are given in [20],[21]. It is evident from these
guidelines that spectrally pure signals are needed for testing A/D converters. A method to generate
spectrally pure signals for testing A/D converters is proposed in [22]. The authors use imprecise signals for
testing A/D converters in [23],[24]. The use of wide bandwidth random noise (known as dither) to improve
the SFDR and the harmonic performance of data converters is proposed in [25]. Strategies to test the
performance of the A/D converters that are linearized with dither are proposed in [26],[27].
Built-in-self-test (BIST) is another approach that has been proposed for the static linearity testing
of A/D converters [28]-[33]. BIST approach reduces the use of expensive test instrumentation but it
requires integration of additional circuitry on the chip. Thus, silicon area overhead is a major issue in such
an approach. Next, on-chip generation of precise test stimuli is an issue for BIST schemes. A methodology
for generating precise, on-chip test stimuli is proposed in [34]. A technique for generating a precise source
using imprecise on-chip sources is presented in [35]. Curve-fitting test methodologies to facilitate BIST are
proposed in [36],[37]. Apart from these, many other test techniques have been proposed for A/D converter
testing [38]-[40]. Still, there are several issues in A/D converter testing. They are explained in the next
section.
1.4 Issues in A/D Converter Testing
Although considerable research work is done on A/D converter testing, there are several issues
that still exist. The test issues for A/D converters are explained in this section.
A/D converters are generally characterized by the resolution and the sampling speed. To cater to a
wide variety of applications, the resolution of the A/D converters ranges from 8 to 24 bits and the sampling
speed from 10 samples/second to 1 giga-samples/second (Gsps). Depending on the resolution and the
sampling speed, there exist different A/D converter architectures. Testing issues in the A/D converters also
depends on their resolution and the sampling speed. Based on the testing issues, A/D converters can be
broadly divided into three major classes.
Class 1 A/D converters are characterized by high resolution (12 bits or higher) and low sampling
speed (5 Msps or lower). They have a large number of codes that need to be measured during the static
specification testing, and their sampling speed is low. Because of these characteristics, the static linearity
test time is long, and it is a major issue for these A/D converters [41].
Class 2 A/D converters have medium resolution (10 – 14 bits) and medium sampling speed (5
Msps – 250 Msps). The SNR specification of these devices generally ranges from (60 dB – 75 dB). To
measure the SNR specification using the conventional testing methodology, a very low jitter clock is
needed. Measured SNR is given by (2).

SNR (dB) = 10 log(

A2
2
2
2
+ σ int
4 π 2 A 2 ω in
(σ clk
) + Q 2 + Vn 2

)

(2)

where σ clk is the root-mean-square (RMS) value of jitter present in the sampling clock, σ int is the RMS
value of the internal A/D converter jitter, Q is the RMS value of the quantization noise, Vn is the RMS
value of the test set-up noise, ωin is the input signal frequency in radian/sec, and A is the input signal
amplitude.
If it is assumed that the clock jitter is the only dominant source of noise present in the
measurement, which is generally true for Class 2 A/D converters, (2) can be rewritten as (3). This equation
establishes a limit on the measurement of SNR.

SNR (dB) = 20 log(

1
)
2 πAω in σ clk

(3)

For example, if the test stimulus is a sinusoidal signal at 200 MHz and the sampling clock has
RMS jitter equal to 2 ps, the maximum SNR that can be measured at the output, using (3), is equal to 52
dB. SNR for an n-bit ideal A/D converter is given by (4). Using (4), SNR of a 12-bit A/D converter (n=12)
is equal to 74 dB.

SNR ideal (dB) = 6.02 * n + 1.76
(4)
Thus, a sampling clock having an RMS jitter equal to 2 ps can not be used to measure the SNR
performance of a 12-bit A/D converter. Clocks having lower jitter specifications are available but are very
expensive to be used in production environment.
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Class 3 A/D converters are characterized by low resolution (less than 10-bit) and high sampling
speed (more than 200 Msps). To test these high-speed A/D converters for dynamic specifications, a highfrequency sinusoidal test stimulus is needed. Also, the digital capture frequency of the test instrumentation
needs to be as higher than the A/D converter-under-test to capture the digital output of the A/D converterunder-test. The testing issue for this class of A/D converters is generation and capture of high-frequency
signals. High-cost test platforms having high-bandwidth resources are needed to test such A/D converters.
Apart from above, ground bounce noise is a testing issue for all classes of A/D converters. The
presence of digital and analog signals on the same load board causes the noise resulting from the digital
switching to affect the analog signals. Digital drivers in a data converter, switch at the rate of the clock
frequency. The return currents in the non-ideal ground plane, generated by the switching of digital drivers,
cause the ground voltage to fluctuate. This is referred as ground bounce. The noise resulting from the
ground bounce is not a random noise. It depends on the number of digital drivers switching at a sampling
instant. It also depends on the process parameters [42]. The ground bounce noise affects the analog input
signal. Hence, there is a need to develop a test methodology to accurately estimate the data converter
specifications in the presence of ground bounce.

2. Linearity Testing of A/D Converters by Selective Code Measurement

The inherent noise in an A/D converter and the measurement noise cause noise in the code
transition edges. The histogram method averages out this edge noise by taking a large number of samples.
Once the code widths are measured, the DNL and INL are calculated by using (5) and (6).

0 < i < 2N − 1

DNL = M − 1
i
i
j= i

INL i = ∑ DNL j

(5)

0 < i < 2N −1

(6)

j=1

where Mi is the code width for code i, and N is the A/D converter resolution.
The number of samples that are required for the histogram testing depends on the resolution of the
A/D converter and the level of accuracy desired in the DNL measurement. As the resolution of the A/D
converter increases, the number of samples required to achieve the desired accuracy in the code width
measurement increases by a factor of two for each bit added to the converter’s resolution. This results in a
large test time for measuring all the code widths to calculate the INL and DNL specifications.
Although, large test time for the static linearity testing of A/D converters is an issue for all classes
of A/D converters, it is a major problem for Class 1 A/D converters. This is resulting from the low data
sampling rate and the high resolution of these devices. For example, the test time for INL and DNL
specification testing of a 12-bit successive approximation register (SAR) A/D converter using the
conventional histogram method can be as high as 40% of the total A/D converter test time. In this section, a
novel test methodology to measure the INL and DNL specifications of A/D converters is described. The
test methodology was verified on a SAR and a pipelined A/D converter.
2.1 Proposed Methodology
Architecture of an A/D converter depends on its resolution and sampling speed. In this work, A/D
converters are represented with a generic architecture as shown in Figure 2. The A/D converter shown in
the figure is divided into multiple stages. Each stage is a low-resolution, ‘flash-type’ A/D converter having
a resolution Ri (where, ‘i’ is the stage number). In general, there is additional inter-stage circuitry that is not
shown in the figure. An extreme case of this generic architecture is a flash A/D converter where the number
of stages is one and all the bits are contributed by that stage. The other extreme case is an N stage, N-bit
pipelined A/D converter where each stage contributes one bit to the output word.
Stage 1
I/P

R1 +

Stage 2
R2

Stage N
+

RN

R = R1 + R2 +…….RN
Figure 2. Generic A/D converter architecture.
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Total resolution of the A/D converter (number of bits) is the sum of the resolution of all its stages.
Each stage contributes a fixed number of bits, equal to its resolution, to the output. Further, it is assumed
that the first stage is the most significant stage (i.e. it contributes the most significant bits) and the last stage
is the least significant stage (i.e. it contributes the least significant bits).
2.1.1 The Concept of Selective Code Measurement
The proposed test methodology is based on the fact that code width variations result primarily
from manufacturing variations in the value of components from their nominal value in each stage of an A/D
converter. Since each stage computes only a subset of the total number of bits generated by the converter,
the non-idealities in the value of components of a stage impact specific codes. Further, the codes that are
affected by a particular stage can be divided into sets, such that, each set of codes is affected in a similar
way. Thus, if the DNL of one such set of codes is measured, the DNL of all the other sets of codes that are
affected by that particular stage can be determined. The performance of an A/D converter for all the output
codes can then be determined by measuring one such set of codes for every stage. Once the DNL of all the
codes is obtained using the proposed methodology, the transfer function of the A/D converter is obtained
by summing the respective code widths. The INL values for each code can be computed by comparing the
obtained transfer function from the ideal A/D converter transfer function.
To explain the identification of sets of codes that have similar DNL values, a 4-bit A/D converter
example is shown in Figure 3 . The A/D converter in this example consists of two stages, each contributing
2 bits to the output of the A/D converter. In this example, width of codes {0, 1, 2} corresponds to Set 1, {4,
5, 6} corresponds to Set 2, {8, 9, 10} corresponds to Set 3 and {12, 13, 14} corresponds to Set 4. For the
codes present in Set 1 the logic state of bits contributed by Stage 1 remains the same (‘00’). Similarly for
Set 2, 3 and 4 the logic state of bits contributed by Stage 1 remains the same (‘01’ , ‘10’ and ‘11’
respectively). It is observed that the code transitions within a set occur only resulting from the change of
logic state of bits in Stage 2. Hence, the DNL of the codes present in these four sets occur only resulting
from the non-ideal components present in Stage 2. Also, the non-ideality in the code widths (DNL) of all
the four sets is equal as it is caused by the same underlying electronics components (Stage 2). Thus, if the
DNL of one of the four set of codes is measured, the DNL of the other three set of codes can be directly
calculated from the measurements.
In this example, the code widths that need to be measured for the A/D converter static
characterization are {0, 1, 2, 3, 7, 11 and 15}. As the DNL of the codes present in Set 2, 3 and 4 is equal to
that of Set 1, only code widths of Set 1 are measured. The A/D converter transfer function can be
constructed by adding the measured code widths.
2.1.2 Reduction in Test Time
As illustrated in the previous section, to measure the non-ideal effect of the components in Stage
N, it is necessary to measure the width of 2RN output codes. The total number of code widths (or DNL) that
need to be measured for estimating the non-ideality of all the components in an A/D converter is given by
(7). This is significantly less than the number of code widths that need to be measured if the histogram
method is used to measure the INL and DNL of an A/D converter (8).

CW

sel

= 2

CW hist

R1

= 2

+ 2

R2

+ ... 2

R 1 + R 2 + ... R N

RN

(7)

(8)
where Ri is the resolution of i stage.
An algorithm for identifying the codes that need to be measured to capture the effect of non-ideal
components in all the stages of an A/D converter on its output code widths is described in the following
section.
2.1.3 Generation of Test Stimulus
For generating the test stimulus, the codes that need to be measured are identified first. Next, a
piecewise linear ramp is programmed such that its slope is low (slow ramp) when it crosses over the codes
whose widths are to be measured and its slope is high (fast ramp) when it crosses over all other codes. The
algorithm for identification of codes and generation of test stimulus is shown in Figure 4.
The non-linearity in the A/D transfer function may displace the codes from their ideal position. To
ensure that the slow ramp measures the desired code, the length (time duration) of the each slow section of
the ramp is at 7 least significant bits (LSBs). The desired slope for the fast ramp is infinite (the most
aggressive ramp that can be applied by the test system is used).
th
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Stage 1

Stage 2

Code: 0
Code: 1
Code: 2
Code: 3

0
0
0
0

0
0
0
0

0
0
1
1

0
1
0
1

Code: 4
Code: 5
Code: 6
Code: 7

0
0
0
0

1
1
1
1

0
0
1
1

0
1
0
1

Code: 8
Code: 9
Code: 10
Code: 11

1
1
1
1

0
0
0
0

0
0
1
1

0
1
0
1

Code: 12
Code: 13
Code: 14
Code: 15

1
1
1
1

1
1
1
1

0
0
1
1

0
1
0
1

Set 1

Set 2

Set 3

Set 4

Figure 3. 4-bit, 2-stage pipelined A/D converter.
2.1.4. Calibration
The proposed method is based on the concept that the DNL (or code width) of different set of
codes is equal because it is caused by non-idealities in the same components. Thus, the DNL of a few codes
is measured, and the DNL (or the code width) of rest of the codes is estimated from them. The transfer
function is then obtained by adding the code widths cumulatively. Resulting from the inherent noise in an
A/D converter, and the external noise in the measurement system, edge noise appears near code transitions.
This noise can be as high as 200m LSB, and it causes error in the measurement of the widths of the desired
codes. The error in measurement of these code widths is small (20-30milliLSB). But, when these code
widths are added to obtain the overall A/D converter transfer function, the error adds up cumulatively and
results in a deviation of the transfer function from the actual transfer function. To eliminate this inaccuracy
in measurement resulting from edge noise, calibration is necessary. In this process, the estimated transfer
function is calibrated such that the cumulative error is eliminated
The last slow ramp section of the test stimulus is used for calibration. This is shown in Figure 5.
The output of the A/D converter for this section determines the code position of the A/D converter at the
applied voltage. For this code position, the estimated transfer function gives the estimated voltage. The
difference between the applied voltage and the estimated voltage gives the voltage error at that code
position. The estimated transfer function is then corrected for the error by linearly scaling the observed
voltage error to give a calibrated transfer function (TFcal).
Let the last slow ramp section of the test stimulus have the following characteristics. Starting
voltage is Vi and the slope is M hits/code. Let the lowest output code of the converter corresponding to this
section be code ‘x’, and number of hits on this code be P.The actual transfer function (TFact) at code ‘x’ is
given by (9). TFest is the estimated transfer function. VE(x) is the voltage error in the estimated transfer
function at the code ‘x’ and is given by (10). The calibrated transfer function TFcal is given by (11), where
N is the resolution of the A/D converter.
P
TFact(x) = Vi − (1− ) ⋅ lsb
M

(9)

VE ( x ) = TFact ( x ) − TFest ( x )
TFcal(i) = TFest (i) +

i ⋅ VE(x)
x
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(10)

0 ≤ i ≤ 2N

(11)

Piecewise Linear Ramp Generation Algorithm
N = Number of stages of the converter.
Ri = Number of bits corresponding to Stage i.
H= Desired number of hits/code for selected codes
LSB = Value of a least significant bit.
Input: (N, Ri,H,LSB)
1 Choose the least significant stage.
2 While the chosen stage is not the most significant stage.
3
Search for the codes C such that for transition from C to C+1, only the bits that are contributed
by the chosen stage change logic state AND all the bits of the stages more significant than the
chosen stage have logic state ‘0’.
4
Add C to the list L.
5
Choose the next more significant stage.
6 End while.
7 Search for codes C such that for the transition from C to C+1, only the bits that are contributed by
the chosen stage change the logic state.
8 Add C to the list L.
9 Program a piecewise linear ramp from (L-3)*LSB to (L+4)*LSB for all the codes in the list L
having a slope adjusted to obtain the specified number of hits per code.
Output:(Piecewise linear ramp test stimulus).
Figure 4. Piecewise linear ramp generation algorithm.

Figure 5. An example of piecewise linear test stimulus.
2.2 Case Study I – Pipelined A/D Converter
In this case study, a two stage, 12-bit, 80 Msps, pipelined A/D converter was used as a test
vehicle. A behavioral level model of the A/D converter was made and the simulations were performed
using MATLAB.
The first stage was simulated as a 4-bit ‘flash-type’ A/D converter and the second stage as an 8-bit
‘flash-type’ A/D converter. Ideally, in an A/D converter transfer function all the codes have equal width.
Due to the manufacturing variations, the code widths deviate from their ideal value of one LSB. This
introduces non-linearity in the A/D converter transfer function. This non-linearity was introduced in the
simulated model by varying the code widths from their ideal one LSB value. ‘Flash-type’ A/D converters
of both the stages were modeled by a ‘random transfer function’ model. The random transfer function
model is obtained by varying the code widths randomly from their ideal value to introduce non-linearity.
Due the thermal noise of the components and the noise resulting from active devices, the code transition
points are not fixed. A noise known as code edge noise appears at the code transition points and causes
them to vary from one sampling instant to another. To account for this real device behavior, code edge
noise was added to the code transition points in the behavioral model of Flash A/D converter. The code
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edge noise that was added was random noise having a uniform distribution with maximum value equal to
0.2 LSB (volts).
Fifty simulation instances of pipelined A/D converter were generated. The total number of
samples required by the proposed methodology was 22,158. The specifications calculated were maximum
(+/-ve) INL. The specifications of the same simulated A/D converter instances were measured using the
histogram method. A linear ramp having a slope such that, the number of hits per code was 64, was used in
this method. The total number of samples required by the histogram method was 262,144. A comparison of
error in estimation of the specifications using the histogram method and the proposed method from the
actual specifications is given in Table 1. It shows that the proposed method produces results that are as
accurate as the results obtained using the histogram method for maximum (+/-ve) INL. The number of
samples required by the proposed methodology is 10 times lesser than the number of samples required by
the histogram methodology.
TABLE 1
Comparison of Error in Estimation of Specifications for
Case Study I
Selective Code
Histogram
+ve INL(mlsb)
Max. error
96.0
87.8
Mean error
33.3
29.0
-ve INL(mlsb)
Max. error
82.2
87.0
Mean error
19.9
28.8
2.3 Case Study II – SAR A/D Converter
In this case study, a 12-bit, 500Ksps Successive-Approximation-Register (SAR) A/D converter
was used as a test vehicle. The A/D converter was modeled using a behavioral modeling technique in
MATLAB. The test set-up was also simulated in MATLAB.
The D/A converter simulated in this research work consists of an array of weighted capacitors.
The values of the capacitors in the D/A converter were randomly perturbed to generate different simulation
instances of A/D converter. The random perturbation had Gaussian distribution. The mean of the
distribution was zero and the standard deviation was 2% of the nominal value. The transfer function of the
A/D converter was obtained based on the D/A converter capacitor values. To simulate the real device
behavior, code edge noise was added to the code transitions. The code edge noise was random noise having
a uniform distribution with maximum value equal to 0.2 LSB (volts).
2.3.1 Simulation Results
Ninety instances of the simulated A/D converter were generated. The total number of samples
required by the proposed methodology was 34,816. The specifications measured were maximum (+/-ve)
INL. The histogram method was used to measure the specification of the same simulated A/D converter
instances using a linear ramp. The slope of the ramp was set such that number of hits per code was 64. The
total number of samples taken using the histogram method was 262,144. A comparison of error in
estimation of the specifications using the histogram method and the proposed method from the actual
specifications is given in Table II. The total number of samples used by the proposed methodology was
significantly lesser than the number of samples used by the histogram method.
TABLE II
Comparison of Error in Estimation of Specifications for
Case Study II
Selective Code
Histogram
+ve INL(mlsb)
Max. error
119.0
45.5
Mean error
42.1
13.9
-ve INL(mlsb)
Max. error
117.4
92.3
Mean error
65.2
16.5
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2.3.2 Hardware Results
A commercially available 12-bit, 500Ksps SAR A/D converter was used as a test vehicle [43]. The
test platform was A580 tester from Teradyne. The slope of the slow part of the ramp was set such that the
number of hits per code was 256. The slope of the fast part of the ramp was set such that the number of hits
per code was 0.5. The transfer function of the A/D converter-under-test was obtained from the measured
code widths. The calibration of the estimated transfer function was performed as explained in Section 2.1.4.
The proposed methodology was used to measure the maximum (+/-ve) INL and DNL of five A/D
converter devices. The total number of samples required by the proposed methodology for each device was
17,886. The histogram method was used to estimate the specifications of the same devices using a
sinusoidal signal. The total number of samples required by the histogram method was 262,144. The
experiments show that the proposed methodology. measured the INL and DNL of the A/D converter
devices very accurately. Table III shows the value of the specifications obtained by both the methods for
different devices. Column 3 in the table shows the deviation in the results obtained using the proposed
methodology from the results obtained using the histogram methodology.
TABLE III
Measured Value of Specifications using Both Methods
Case Study II
Histogram
Selective Code
Deviation from
Method
Measurement Method Histogram Method
+ve INL(mlsb)
Device 1
419.6
446.2
-26.8
Device 2
463.0
430.6
33.6
Device 3
405.8
454.4
-48.6
Device 4
399.8
434.4
-34.6
Device 5
407.0
382.2
24.8
-ve INL(mlsb)
Device 1
-431.4
-436.2
4.8
Device 2
-432.4
-448.0
15.6
Device 3
-385.4
-482.4
97.0
Device 4
-387.6
-470.0
82.4
Device 5
-346.6
-420.2
73.6
+ve DNL(mlsb)
Device 1
545.0
529.8
15.2
Device 2
558.0
549.2
8.8
Device 3
585.2
543.0
42.2
Device 4
540.2
542.2
-2.2
Device 5
557.8
528.8
29.0
-ve DNL(mlsb)
Device 1
-289.6
-213.2
-76.4
Device 2
-289.2
-253.0
-36.2
Device 3
-301.4
-257.2
-44.2
Device 4
-273.2
-250.6
-22.6
Device 5
-288.0
-246.0
-42
TABLE IV
Repeatability Analysis of Histogram Method
Case Study III
Maximum Deviation for Five Runs(mlsb)
+ve INL
-ve INL
+ve DNL
-ve DNL
63
76
82
77
The repeatability analysis of the histogram method was done to obtain the error margin from runto-run. This was done by repeating measurements five times on all the devices. The maximum deviation in
the values of the specifications is shown in Table IV. Comparing these values to the deviation in
specifications measured using two methods (shown in Table III column 3), it can be concluded that the
proposed method estimates the specifications which are within the histogram method repeatability limits.
The test time to measure the specifications of one A/D converter using the proposed method was 0.28 sec.
as compared to 1.22 sec using the histogram method.
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3. Dynamic Testing of A/D Converters Using Low-Cost Test Instrumentation

As explained in Section 1.4, testing of high-speed A/D converters require high-bandwidth test
equipment. In this section, a methodology for testing high-speed A/D converters using low-bandwidth
resources is described. The proposed test methodology is based on the alternate testing approach.

3.1 Overview of Alternate Testing
The alternate test methodology was developed by Variyam and Chatterjee [44]. Alternate test
methodology is based on the concept that, because of manufacturing variations, the specifications of a
device-under-test (DUT) vary in a correlated manner with the measurements made on it, when an
appropriate test stimulus is applied to the DUT. If such a correlation exists between the specifications and
the measurements, a variation in the process parameters causes variation in specifications of a device as
well as a corresponding variation in the measurements made on that device in presence of an appropriate
test stimulus, henceforth called alternate test stimulus. Thus, instead of performing the conventional tests
on a DUT, it is possible to excite the DUT using the alternate test stimulus and use the measurements to
calculate the specifications of the DUT. The term, ‘measurements,’ refer to time domain samples or
frequency domain information of the output waveform of the DUT in the presence of a test stimulus.
To calculate the specifications of a device from the measurements made in the presence of an
alternate test stimulus, the functions that map the measurement space to the specification space, are need to
be known. These mapping functions are also called models. To generate these models, a set of devices is
chosen and the conventional tests are used to obtain their specifications. The same set of devices is excited
with the alternate test stimulus and the measurements made on these devices are stored. Non-linear
regression techniques are then used to generate the models that map the measurements made on the devices
to the specifications of the devices.
Once the models are developed using a set of few devices, the specifications of other devices are
estimated by exciting the DUT using the alternate test stimulus and capturing the measurements. These
measurements are used with the models to calculate the specifications of the DUT.
3.2 Proposed Low-Cost Test Strategy
The proposed approach is based on the alternate testing concept and is divided in two phases as
explained below.
Model Building Phase: This is the test generation phase. The objective of this phase is to develop
correlation models that can be used later in the testing phase. In this phase, the conventional dynamic
testing methodology is used to obtain the specifications of a set of A/D converters using a highperformance tester. High-performance tester here refers to a tester that has resources, namely data
acquisition system, which runs at a frequency higher than the sampling frequency of device-under-test.
Thus, it is implied that the tester resources have higher bandwidth than the device-under-test. The set of
A/D converters that are used in this phase are preferably selected from different production lots so that they
are a good representation of the process parameter space. The same set of A/D converters is then excited
with an alternate test stimulus. The alternate test stimulus is generated using a low-performance tester as
shown in Figure 6. The low-performance tester has resources running at a frequency lower than the
sampling frequency of the device-under-test. The alternate test generation procedure is further described in
Section 3.2.1.
Response of the A/D converters to the alternate test stimulus is under-sampled by the tester and
stored. Multivariate Adaptive Regression Splines (MARS) regression technique is then used to develop the
mapping functions (models) between the response of the A/D converters and their specifications. MARS is
explained in Section 3.2.2.
Testing Phase: This phase is implemented in the production environment to test the dynamic specifications
of A/D converters. In this phase, A/D converters are tested using the low-cost test set-up shown in Figure 6.
Their specifications are estimated by obtaining their responses to the alternate test stimulus and using the
mapping functions that were developed in the Model Building Phase. The alternate test generation
procedure is explained next.
3.2.1 Alternate Test Stimulus Generation
The dynamic performance of an A/D converter decreases with the increase in input frequency.
This occurs due to the increased parasitic affects at higher frequency of operation for transistors. To
measure the worst-case specifications of an A/D converter, it is generally tested at its maximum rated input
frequency. The conventional method uses a single tone, spectrally pure, low-noise, sinusoidal signal at the
maximum rated frequency of an A/D converter to test the dynamic specifications.
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Figure 6. Single-mixer low-cost test set-up.
It is imperative to excite the high-frequency non-linear affects of an A/D converter in any dynamic
testing methodology to test it for worst-case scenario. The proposed approach uses an up-conversion mixer
to generate a high-frequency sinusoidal tone from the low-frequency source available on a low-cost tester.
In general, any other component such as a frequency-doubler can be used to generate high-frequency
sinusoidal tone from the low-frequency source available on a low-cost tester. In the proposed approach, the
low-frequency signal from the tester (LF) is mixed with a local-oscillator (LO) signal by the mixer as
shown in Figure 6. Local-oscillator signal is also generated using the low-cost tester.
A mixer is a non-linear device and hence it generates sinusoidal tones at several frequencies. The
frequency tone at which the dynamic specifications of an A/D converter need to be measured is referred as
‘testing frequency’. All the other frequency tones are referred as un-wanted tones. A band-pass filter is
used to filter most of the un-wanted tones. The use of filter decreases the power of the un-wanted frequency
tones. However, the test stimulus is not as spectrally pure as the test stimulus that is used in the
conventional method of testing.
The frequency of the LF and LO tones is adjusted in such a way that the frequency of the upconverted tone is equal to the testing frequency. The relation between different frequency tones is shown in
(12).
ωIN = ωLF + ωLO
(12)
Where, ω LF is the frequency of the LF signal, ωLO is the frequency of the LO signal, and ω IN is the testing
frequency ( the frequency at which the dynamic specifications of the device need to be measured).
It is possible to generate a testing frequency which is equal to twice the maximum frequency
sourced by the tester. From (12), if, ω LF and ω LO are equal to ω MAX , where ω MAX is the maximum
output frequency of the tester, then ω IN is two times ω MAX . If the testing frequency is more than two
times the maximum frequency sourced by the tester, a series of mixers can be used to up-convert the output
of the first mixer.
An external source is used to provide high-speed sampling clock to the A/D converter under test.
The external clocking source is synchronized to the tester using a 10 MHz sinusoidal signal. The output of
the high-speed A/D converter is under-sampled at a lower frequency Fus, to obtain the response of A/D
converter to the alternate test stimulus. This relationship is shown in (13).
Fus =

Fs
< Fmax
n

n =2,4,8…

(13)

Where, Fs is the A/D converter sampling frequency, and Fmax is the maximum tester sampling frequency.
3.2.2 Tool for Building the Models
Multivariate Adaptive Regression Splines (MARS) was used for building the models that map the
response of the devices to their dynamic specifications when excited with the alternate test stimulus. Inhouse developed software that implements MARS algorithm was used. The software has two routines. The
functionality and the input/output arguments of these routines are explained below.
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Routine 1: Builds the model.
Input Parameters:
1) Accurate dynamic specifications of a set of devices.
2) Sampled response of the same devices to the alternate test stimulus.
3) Maximum number of basis functions in the model and the measurement noise.
Output:
1) A set of basis functions and model parameters.
Routine 2: Estimates the specifications.
Input Parameters:
1) A set of basis functions and model parameters.
2) Sampled response of a device to the alternate test stimulus.
Output:
1) Estimated dynamic specifications of the device.
These two routines can be used for building the models and estimating the specifications of A/D
converters after the models are developed. In this research work, models were built corresponding to each
specification that needs to be estimated i.e. each model relates the response of the A/D converter to one
specification.
3.3 Simulation Results
A simulation set-up was done to validate the proposed methodology. On-board mixer simulation
model was generated using a third-order polynomial. One-hundred instances of A/D converters were
generated using the behavioral modeling technique. The dynamic specifications of all these simulated A/D
converter instances were obtained by using the conventional test methodology assuming the use of
precision test equipment. The test stimulus for the measurement of the dynamic specifications using
conventional methodology was a single-tone sinusoidal signal having a frequency of 490.11 MHz.
The simulated A/D converter instances were divided in two lots. First lot had 60 instances and was
used in model building phase. To build the regression model, sampled response of these 60 instances to the
alternate test stimulus was obtained. The alternate test stimulus was generated using the low-cost test set-up
as shown in Figure 6. The LF and LO signals were fed to the up-converting mixer. The frequency of the
sinusoidal LF signal ( ω LF ) was 240.11 MHz and the frequency of LO signal ( ω IF ) was 250 MHz. The
2nd and 3rd harmonics present in LF and LO signals were assumed to be -60 dBc each. The sampling rate of
the A/D converter was assumed to be 1GHz. The sampling clock for the low-cost test set-up was assumed
to have a Gaussian distributed random jitter with zero mean and standard deviation equal to 1picosecond.
The output of the A/D converter instances was under-sampled at a frequency of 250 Msps and stored for
constructing the models. A set of models, one model corresponding to each specification, mapping the
stored output of the instances to their dynamic specifications, was then built using MARS Routine 1.
Second lot had 40 remaining A/D converter instances. The response of these instances to the
alternate test stimulus was obtained in a similar way as Lot 1. The dynamic specifications of these instances
were then estimated using MARS Software Routine 2. The estimated dynamic specifications were
compared with the actual dynamic specifications of these 40 devices. The results of comparison are shown
in Figure 7 and Figure 8. The dots represent the estimated specifications. Deviation from the straight line
indicates error in estimation of the specifications.
The plots show that the estimated dynamic specifications closely follow the actual dynamic
specifications of instances present in Lot2. The mean and maximum error in estimation of dynamic
specifications obtained using the proposed methodology is shown in Table V. The results show that
maximum error in estimation of specifications is less than 1 dB for SNR and less than 3 dBm for harmonic
specifications.
3.4 Hardware Validation of the Proposed Test Methodology
The proposed approach was validated using a commercially available A/D converter. The A/D
converter that was used for hardware validation was a 10-bit, 65 Msps A/D converter manufactured by
National Semiconductor [45]. The tester that was used for this experiment was Catalyst manufactured by
Teradyne [46]. This tester was chosen because it had the resources that were required to perform both the
conventional testing and the proposed testing. A set of 60 devices was chosen for this experiment. The
devices were divided in two lots. Lot1 had 40 devices that were used for building the models. Lot2 had 20
devices and they were used for validation of the models and the methodology. The experiment was divided
in two parts as explained below.
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Figure 7. SFDR estimation results.
Figure 8. Third harmonic estimation results.
TABLE V
Error in estimation of specifications.
Mean Error
Max. Error
SNR(dB)
0.37
0.70
SFDR(dB)
0.70
1.6
THD(dBm)
0.72
1.69
2nd Harmonic(dBm)
1.08
2.38
Part 1: Conventional Testing
In this part, the conventional testing methodology was used to obtain the accurate dynamic
specifications of all 60 A/D converters. Test stimulus to the A/D converters was a sinusoidal signal having
a frequency of 32.49 MHz (Nyquist). Power of the test stimulus was adjusted to achieve a full scale swing
for the A/D converters. External sources (HP8644) were used to source the sinusoidal test stimulus and the
sampling clock for the A/D converters. The sampling clock had a frequency of 65 Msps. The external
sources were used to obtain accurate measurement of dynamic specifications of the A/D converters. The
output of the A/D converters was sampled by the tester and stored.
Part 2: Proposed Testing
In this part, an alternate test stimulus was generated by the tester and the response of all the 60
A/D converters to the alternate test stimulus was stored. In simulations, it was shown that an on-board
mixer is used to up-convert a low-frequency signal from the tester. The output of the mixer had a multitone signal which was filtered and fed to the A/D converter. This filtered multi-tone signal that was fed to
the A/D converter was referred as ‘alternate test stimuli’. However, in the hardware experiments on-board
mixer was not used, instead, a multi-tone signal was sourced directly from the tester using a Very-HighFrequency-Arbitrary-Waveform-Generator (VHFAWG) available on the tester. This instrument uses a 12bit D/A converter to source the user-defined waveforms. An external source was used to provide the clock
signal to the A/D converters. The output of the A/D converters was under-sampled by the tester and stored.
After obtaining the data from all the 60 devices for both the parts of the experiments, the data from
the first 40 devices (Lot1) was used for building the models using MARS Routine1 as explained in Section
3.2.2. The data for the Lot2 devices, obtained in the Part2 of the experiment, was used with the MARS
Routine2 to estimate the dynamic specifications of these devices. These estimated specifications were then
compared with the specifications obtained using the conventional testing for these devices (Part 1). The
results of comparison are shown in Figure 9-Figure 10. Blue dots are the actual specifications of the
devices obtained in Part1 of the experiment using the conventional method and the external sources. Black
dots are the specifications of the devices estimated using the proposed methodology.
To quantify the error in the estimation of specifications using the proposed methodology, a
repeatability analysis of the conventional testing methodology was done. The conventional method was
repeatedly used 20 times to measure the specifications of an A/D converter. The results of the repeatability
analysis are shown in Table VI. This standard deviation in the measurement of specifications using the
conventional method is shown by the red lines in Figure 9-Figure 10. The error in estimation of the
specifications is shown in Table VII. The error is calculated by taking the specification obtained by the
conventional methodology as a reference. The third column in this table is the 3-sigma value of the
Gaussian distribution that was obtained during the repeatability analysis of the conventional method.
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It can be concluded from the results that the maximum error in estimation of specifications using
the proposed method (Table VI, Column 2) is comparable to the maximum error in measurement of
specifications using the conventional method (Table VI, Column 3). Thus, the proposed method can be
used affectively to measure the dynamic specifications of A/D converters.

Figure 9. Signal-to-noise-ratio estimation results.

Figure 10. THD estimation results.

TABLE VI
Standard Deviation and 3-sigma value for the conventional method.
Std. Deviation
3-sigma
SNR(dB)
0.036
0.108
THD(dBm)
0.818
2.454
SFDR(dB)
1.071
3.213
2nd Harmonic(dBm)
2.708
8.124

SNR(dB)
THD(dBm)
SFDR(dB)
nd
2 Harmonic(dBm)

TABLE VII
Error in estimation of specifications.
Max. Error
Mean Error
0.026
0.067
0.9915
1.723
1.3986
2.670
3.156
6.526

3-sigma
0.108
2.454
3.213
8.124

4. SNR Measurement in the Presence of Sampling Clock Jitter
As described in Section 1.4, the use of precision test equipments adds to the production cost of a
device. In this section, a two-phased methodology is described to test an A/D converter using a high-jitter
and low-frequency clock sourced from a tester.
4.1 Low-Jitter Clock Synthesis
The low-cost testers have limited capabilities in terms of maximum sourcing frequency and the
accuracy of sources. Thus, the clock sourced by a low-cost tester has low frequency and has high jitter.
However, as explained earlier in this chapter, a very low jitter and high frequency clock is needed to test a
high-performance A/D converter. In this section, a PLL based, low-jitter clock synthesis approach is
explained.
4.1.1 Proposed Approach
The proposed approach is based on the filter characteristics of a phase-locked-loop (PLL). A PLL
consists of three basic components, namely, phase-frequency detector (PFD), a loop filter and a voltage
controlled oscillator (VCO). The PFD produces an error voltage signal proportional to the phase/frequency
difference between the reference signal and the VCO output. The loop filter removes high frequency
components from the error signal and applies a correction voltage to the VCO. The application of
correction voltage to the VCO changes its frequency to synchronize it with reference signal. The error
signal settles to a steady state value when the phase/frequency of the output signal locks with the
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phase/frequency of the reference signal. A linear model of a PLL with different noise sources is shown in
Figure 11. In this figure, Kd is the PFD transfer function, F(s) is the filter transfer function and (K0/s) is the
VCO transfer function.
The transfer functions from the reference, PFD, filter and divider noise to the output signal have a
low-pass filter characteristic and the transfer function from the VCO noise source to the output signal has a
high-pass filter characteristic. Thus, a PLL acts as a low pass filter for the reference, PFD, filter and divider
noise with a bandwidth equal to the loop bandwidth of the PLL. However, it passes the high frequency
noise coming from the VCO. As jitter is directly related to the phase noise present in a signal, the proposed
approach minimizes the noise present in the output of the frequency synthesizer to minimize jitter. The
relationship of the phase noise and jitter is shown in (14).

Figure 11. Linear noise model of a PLL.
2
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Figure 12. Frequency synthesizer.
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where ω 0 is the fundamental or carrier frequency, Sφ (ω ) is the single sideband power spectral density,
and

σt

is the RMS jitter at time t from the reference.
The two major sources of noise present in the output of the PLL are the reference signal noise and
the VCO noise. The proposed approach uses a very small loop bandwidth in order to filter most of the
reference signal noise. Small-loop-bandwidth PLL acts as a low-pass filter with a very narrow pass-band
for the reference signal noise. However, this causes most of the VCO noise to pass to the output of the PLL
because small loop bandwidth PLL acts as a high-pass filter with a very wide pass-band for the VCO noise.
To minimize the amount of noise present at the output of a PLL, a very low-noise (jitter) VCXO could be
used instead of a VCO. Using a VCXO (voltage controlled crystal oscillator) trades off a wide tuning range
of a VCO for better noise (jitter) performance. The bandwidth of the noise that constitutes jitter for a data
converter ranges from DC to the encoding bandwidth, thus, wideband noise present at the output of the
frequency synthesizer is important [47]. The use of a low-noise VCXO reduces the wideband noise present
at the output of the frequency synthesizer, thereby, reducing the jitter.
Frequency synthesizers that are designed for RF receiver applications have stringent requirements
on the lock time to minimize the time needed for changing frequency from one channel to the other.
Decreasing the loop bandwidth increases the lock time and hence is not desirable for RF receiver
applications. However, there is no such requirement for synthesizing a clock needed for testing A/D
converters. Hence, it is possible to design a PLL with a very low loop bandwidth. Also, the comparison
frequency (fcomp shown in Figure 12) of the frequency synthesizers used for receiver applications needs to
be low for proper channel selection resolution. This causes the divider ratio N to increase, and hence, the
reference noise in the feed-forward path to the output also increases by 20⋅ logN. In synthesizing a clock for
A/D converter testing, the comparison frequency is kept high (thus, resulting in low N) to optimize for
noise performance.
4.1.2 Hardware Validation of the Proposed Approach
The proposed methodology was implemented in hardware for validation. The experimental set-up
is shown in Figure 13. The set-up uses a low-frequency and high jitter reference signal sourced from a
signal source. The components used in this set-up are commercially available ICs. A major consideration
while selecting the components was the phase noise performance and the compatibility of input/output
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logic levels. For example, most of the commercially available PLLs need LVPECL (low-voltage-positiveemitter-coupled-logic) or sinusoidal input signal from the VCXO. Due to this reason, a VCXO with
LVPECL output level was chosen instead of a VCXO that had CMOS output level and better noise
performance. The ICs used were a PLL (CDC7005) manufactured by the Texas Instruments, and a 155.52
MHz VCXO (CVPD-940) manufactured by the Crystek. The values of different parameters are listed in
Table VIII. The jitter present in the output signal and the reference signal was measured using a spectrum
analyzer and is shown in Table IX. The jitter values were calculated by integrating the noise over a
specified bandwidth (10Hz – 20 MHz offset from the carrier).

Figure 13. Experimental set-up.

Reference
Frequency
36MHz

VCXO
Frequency
155.52MHz

TABLE VIII
Parameters for hardware experiment.
Loop
Feedback
Bandwidth
Divider
31Hz

648

Reference
Divider
150

Comparison
Frequency
240KHz

TABLE IX
Hardware experiment results.
RMS Jitter in the Reference
Signal at 36MHz
3.2 ps

RMS Jitter in the Output Signal
at 155.52 MHz
0.978 ps

The results show that there is a considerable improvement in the jitter specification of the clock.
Additional hardware that is needed for the proposed methodology is a PLL chip and a VCXO. This
experiment validates that the proposed methodology can be used to generate a low-jitter and higher
frequency clock using a high jitter and lower frequency reference clock from a tester. However, the jitter in
the synthesized clock is limited by the VCXO phase noise and the PLL inherent noise. Thus, the jitter in the
reference signal can be reduced, but can not be eliminated.
4.2 Correlation Based Test Methodology for SNR Measurement
In this section, a correlation based test methodology to estimate the true SNR of an A/D converter in the
presence of jitter in the sampling clock is described.
4.2.1 Locked Histogram Technique
In the locked histogram technique, a sinusoidal input signal, which is phase-locked with the
sampling clock, is applied to an A/D converter. The frequency of the input signal is an integer multiple of
the sampling clock frequency. Assuming that the sampling clock frequency is equal to the input signal
frequency, an ideal A/D converter samples at the same point in every cycle of the input sine wave, and the
output code is expected to be the same for every sampled point. Due to the test set-up voltage noise, input
signal noise and the noise resulting from the A/D converter internal circuit jitter, the sampling point varies
from cycle to cycle. This causes the output code to vary proportionally. If a large number of samples are
taken, a histogram of the output codes can be constructed as shown in Figure 14. Assuming this histogram
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to be Gaussian distributed, the standard deviation of this histogram gives the sum of the root-mean-square
(RMS) value of the test-set up voltage noise, input signal noise and the noise resulting from internal A/D
converter jitter (15). This analysis assumes that there is no jitter present in the sampling clock.
2
(15)
σ 12 = A 2 ω in2 σ int
⋅ cos 2 (φ) + σ 2vn + σ in2
where σ int is the internal A/D converter RMS jitter, φ is the relative phase between input and clock, σ vn is

σ in is the RMS input signal noise, and ωin is the input signal

the RMS test system measurement noise,
frequency.
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Figure 14. Locked histogram technique.

Clock
Figure 15. Sampling at the minimum slew rate point.

To separate the jitter-independent noise from the noise resulting from the aperture jitter, relative
phase between the input signal and the sampling clock is changed in a manner such that the A/D converter
samples at the point of minimum slew rate as shown in Figure 15 ( φ ≈ 90 0 ). The noise resulting from the
A/D converter aperture jitter depends on the slew rate of the input signal. Hence, the noise resulting from
A/D converter aperture jitter is negligible for this case because the sampling is done at the point of
minimum slew rate. Thus, the standard deviation of the histogram measures the RMS value of the input
signal noise and the test set-up noise (16). Using (15) and (16) the A/D converter internal jitter can be
computed (17).

σ 2 = σ 2vn + σ in2

σ int =

σ 12 − σ 22
A ⋅ ω ⋅ cos(φ)
in

(16)
(17)

Although, this technique can be used to measure the aperture jitter of an A/D converter, it does not
take into account the effect of sampling clock jitter and the quantization error. This technique gives
inaccurate results in presence of the following.
• Jitter in the sampling clock.
• Quantization error.
For A/D converters, the inaccuracy resulting from the quantization noise is negligible if the spread
of the output histogram is more than five codes. This is generally true if there is jitter in the sampling clock
and the input signal frequency is high (high-resolution and high-frequency A/D converters). In the presence
of jitter in the sampling clock, the standard deviation of the output histogram includes the noise resulting
from the sampling clock jitter. The noise resulting from the sampling clock jitter and the aperture jitter of
the internal S/H circuit of the A/D converter, both, depend linearly on the input signal frequency and the
relative phase ( φ ). Thus, it is not possible to separate them by varying the relative phase/input signal
frequency..
4.2.2 Proposed Approach
The proposed approach is based on the locked histogram approach. As explained in the last
section, in the presence of jitter in the sampling clock, the locked-histogram technique fails to measure A/D
converter aperture jitter. The aperture jitter of an A/D converter is directly related to the SNR of the
converter. Failure to measure the aperture jitter makes it impossible to estimate SNR of an A/D converter.
The standard deviation of the histogram of the output codes obtained using the locked histogram method, in
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the presence of jitter in the sampling clock is given by (18). It shows that noise resulting from the A/D
converter internal aperture jitter ( σ int ) and the sampling clock jitter ( σ clk ) depends linearly on the input
frequency ( ωin ) and the relative phase ( φ ). Hence, it is not possible to get an accurate estimate of A/D
converter aperture jitter in the presence of sampling clock jitter.
2

2

σ 2m = A 2 ω in2 (σ int + σ clk ) ⋅ cos 2 (φ) + σ 2vn + σ in2

(18)

where σ clk is the RMS jitter in sampling clock, σ int is the internal A/D converter RMS jitter, φ is the
relative phase between input and clock, σ vn is the RMS test system measurement noise,

σ in is the RMS

input signal noise, and ωin is the input signal frequency.
. To estimate true SNR of an A/D converter, a correlation based test methodology is developed.
The following assumptions are made in the proposed test approach.
• The jitter in the sampling clock as well as in the S/H circuit of the A/D converter (aperture jitter) is
assumed to have a Gaussian distribution.
• The test system measurement noise and input signal noise is assumed to have white spectrum.
• The quantization noise and the noise resulting from the A/D converter DNL is assumed to be
negligible in comparison to the other noise sources.
If the clock jitter statistics, the RMS value of the test system measurement noise, the RMS value
of input signal noise, and the relative phase between clock and the input signal do not change from device
to device, then the aperture jitter of the converter ( σ int ) is the only parameter that changes from device-todevice during production testing. Hence, the SNR of an A/D converter and the standard deviation of the
output codes measured by using the locked-histogram technique can be related as shown in (19)-(21).

σ m = f (σ int )
SNR true = g(σ int )

(19)
(20)

(21)
SNR true = g(f − 1 (σ m ))
However, it is not possible to obtain the function that relates the SNR to the observed standard
deviation (21), because of the unknowns such as the clock jitter. A possible solution is to build a correlation
function between the measured data obtained using the locked histogram technique and the SNR of an A/D
converter. The proposed test methodology builds a correlation function that relates the measured standard
deviation to the SNR using a regression approach.
In the proposed approach, a set of devices is chosen, and the conventional SNR measurement
method is used to measure their true-SNR with a low-jitter clock sourced from an external source. Data is
obtained for the same devices using the locked-histogram technique with a high-jitter clock sourced from
the tester. A regression function is built to map this data to the corresponding SNR values.
Once this mapping is obtained, the measurements during production testing are performed using
the locked histogram method with the same high-jitter clock that was used before to generate the regression
function. As long as the other unknowns given in (18) do not change, the previously developed regression
function can be used with the locked-histogram data to estimate the SNR of the subsequent devices.
4.2.3 Hardware Validation of the Proposed Test Methodology
The proposed approach was validated using a commercially available A/D converter. The A/D
converter that was used for hardware validation was a 10-bit, 65Msps A/D converter manufactured by the
National Semiconductor [45]. The tester that was used for this experiment was Catalyst manufactured by
Teradyne [46]. A pair of relays was used to switch between the two test-set-ups. Additionally, a cable was
used for synchronizing the external sources with the tester. This is done to synchronize the sampling and
the capture of the output signal.
A set of 76 devices was chosen for this experiment. The devices were divided in two lots. Lot1
had 50 devices that were used for building the models. Lot2 had 26 devices and they were used for
validation of the models and the methodology. The experiment was divided in two parts as explained
below.
Part 1: Conventional Testing
In this part, the conventional testing methodology was used to obtain the accurate SNR of all the
A/D converters. The Set-up 1 was used to enable sourcing of the input signal as well as the sampling clock
from the external sources (HP8644). The test stimulus to the A/D converters was a sinusoidal signal having
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a frequency of 32.49 MHz (Nyquist). The power of the test stimulus was adjusted to achieve a full-scale
swing for the A/D converters. The sampling clock had a frequency of 65 Msps. The external sources were
used to obtain accurate measurement of SNR of the A/D converters. The output of the A/D converters was
sampled by the tester and stored.
Part 2: Proposed Testing
In this part, locked histogram methodology was used to obtain data using Set-up 2. The sampling
clock as well as the input sinusoidal signal was sourced from the tester. A Very-High-Frequency-ArbitraryWaveform-Generator (VHFAWG) that is available on the tester was used to source the input sinusoidal
waveform having a frequency equal to 32.5 MHz. A high-speed-digital (HSD) channel was used as a highjitter clock source from the tester.
After obtaining the data from all the devices for both the experiments, the data from the first 50
devices (Lot1) was used for building the models using MARS Routine1 as explained in Section 3.2.2. The
data for the Lot2 devices, obtained in the Part2 of the experiment, was used with the MARS Routine2 to
estimate the SNR of these devices. These estimated specifications were then compared with the
specifications obtained using the conventional testing for these devices (Part 1). The result of comparison is
shown in Figure 16. The blue dots are the actual SNR value of the devices obtained in Part1 of the
experiment using the conventional method and the external sources. The green dots are the SNR value of
the devices estimated using the proposed methodology. The maximum error in estimation of SNR for all
the devices was 0.03 dB and the mean error was 0.01 dB.
The hardware experiment results validate the proposed test methodology. The correlation based
test methodology can be used as a stand-alone technique to measure the SNR of high-performance A/D
converters. It can also be used with the low-jitter clock synthesis technique described in Section 4.1. The
advantage of using both the techniques in tandem is that the low-jitter clock synthesis technique can be
used to up-convert a low frequency clock from the tester at a higher frequency. It also reduces the jitter
present in the clock that is sourced from the tester. This low-jitter clock can be used for estimation of SNR
using the correlation based technique.

Figure 16. SNR estimation results.

5. Effect of Ground Bounce on A/D Converter Testing

Apart from the affects of tester non-idealities, non-ideal behavior of the load board introduces
inaccuracy in the measurements. A/D converter, being a mixed-signal device necessitates the presence of
digital drivers and analog signal lines on the same load board. Digital drivers generate considerable
switching currents that in-turn may generate large switching voltage noise resulting from inductive return
path. This switching voltage noise, also known as ground bounce noise or P/G noise, can couple to the
sensitive analog signal lines through the power distribution network and cause inaccuracy in the
measurements made on a device. In this section, the effect of ground bounce noise on the A/D converter
specification measurement is analyzed, and a test methodology to reduce the inaccuracy in the
measurement of specifications is presented.
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5.1 Generation of Ground Bounce Noise
The ground bounce noise is generated due to the inductive return path of fast switching currents.
The inductance in the current return path can be resulting from the bond wire, package pin, vias and plane
inductance. The switching of digital drivers causes the current to flow to or from ground or power planes.
Resulting from the presence of inductance in the current return path, the switching currents generate
voltage transients. These voltage transients can have considerable magnitude if the switching speed and
magnitude of the current is high.
To explain generation of ground bounce noise, parasitic inductance in the path of the switching
current needs to be considered. A model of a digital driver with the parasitic inductances is shown in Figure
17. The inductance from the emitter of transistor Q2 to the package pin of the device is modeled as Lc. This
inductance is the sum of the bond wire inductance and the package pin inductance. The inductance from the
package pin of the device to the power supply ground housed in a tester is modeled as Lp. This inductance
is the sum of inductance of vias in the path of return current and the ground plane inductance. As the driver
turns to logic level low, the current flows from transistor Q2 through the inductors Lc and Lp. Fast
switching currents cause a voltage drop across the inductors and the voltage at points C0 (Vc) and P0 (Vp) is
not equal to the true power supply ground voltage. A similar voltage transient is observed at points C1 and
P1 when the transistor Q1 turns on. The magnitude and profile of the voltage noise generated resulting from
fast switching currents depend on the number of drivers switching, switching current profile, and
inductance in the current return path.

Figure 17. Generation of ground bounce.
5.2 Coupling of Ground Bounce to Sensitive Analog Signals
There are different mechanisms through which ground bounce noise generated between ground
and power planes can couple to the sensitive analog signal lines. Three major coupling mechanisms are
described below.
1) Coupling through reference changing via- The power and ground planes in a multi-layered printed
circuit board act as a parallel plate waveguide. The ground bounce noise generated resulting from switching
currents can excite one or more propagation modes of the waveguide, and propagate as an electromagnetic
wave. At a reference changing via, the signal changes reference planes from ground plane to power plane.
At this point, there exists a voltage noise (Vn) between the two reference planes resulting from the ground
bounce noise generated by switching of digital drivers. This results in noise getting coupled to the analog
signal line through reference planes. The magnitude of the noise voltage that is coupled to each trace
depends on the trace impedance (Z1 and Z2).
2) Direct capacitive/inductive coupling in strip-line-The ground bounce noise can easily couple to the
analog signal if the signal is routed on a strip-line that is between the ground and power planes.
3) Direct coupling to a micro-strip line- The ground bounce noise can couple to a micro-strip line if the
micro-strip line uses one of the two planes as a reference. This coupling is however negligible at
frequencies higher than 10 MHz because the power and ground plane copper thickness is generally more
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than the skin depth of frequencies above 10 MHz. This prevents the noise wave to affect any micro-strip
line.
5.2 Effect of Ground Bounce on A/D Converter Testing
As illustrated in previous sections of this chapter, the ground bounce noise is generated due to the
switching of digital drivers. The number of output digital drivers in an A/D converter depends on its
resolution. For example, a 14-bit A/D converter is expected to have 14 output digital drivers, one
corresponding to each bit. The logic state of digital drivers may switch at every sampling clock cycle. The
number of digital drivers that switch in a clock cycle depends on the previous output word and the current
output word as shown in Figure 18. In Cycle 2, driver number 6 and 3 switch as the corresponding bits in
the A/D converter output change their logic state from the previous cycle. Similarly in Cycle 3, driver
number 2 and 1 switch. The current drawn by a driver is different for every driver when it switches on. It
depends on the driver properties, which in turn depends on the process parameters. However, each time a
driver switches on, the same amount of current is drawn.
Cycle A/D Converter Output Drivers Switching
Bit 6

Bit 1

Cycle: 1

000011

Cycle: 2

100111

Cycle: 3

100100

D6, D3
D2, D1

Figure 18. Drivers switching per cycle.

Figure 19. Noise in the code transition region.

Due to the noise in the input signal, the test system noise and the A/D converter internal noise, the
code transition point is not uniquely defined. This is shown in Figure 19. If the noise resulting from all the
external sources is assumed to be random noise, and a large number of samples are taken, the number of
hits in each code in a code transition region should be equal. For example, the hits in code bin X should be
equal to hits in code bin X+1 for code transition region 2 in Figure 19. To measure code widths in the
presence of this noise, the histogram method applies a linear ramp and takes a large number of samples per
code. The number of samples falling in each code bin is counted and the width of each code is calculated
(and hence the differential non-linearity). It assumes that the noise is averaged out by taking a large number
of samples.
However, as a code transition occurs, device generated ground bounce noise gets coupled to the
input signal. This causes the noise profile to deviate from its random characteristics. Thus, in a code
transition region, the number of hits for each code is unequal and the effect of the noise is not averaged out.
This causes an error in the measurement of code widths which leads to inaccurate DNL and INL
measurement. To analyze the effect of ground bounce noise on the measurement of INL and DNL of an
A/D converter, simulations were done using MATLAB. The ground bounce noise was modeled and the
DNL and INL of A/D converters were measured with and without ground bounce noise. The modeling of
ground bounce and the simulation results are discussed next.
5.3 Modeling of Ground Bounce Noise
Ground bounce noise profile depends on the process parameters that define the properties of a
transistor. Modeling of ground bounce has been done in the past. The transistor level simulations show that
ground bounce noise can be approximated by an exponentially decaying sinusoidal waveform [42]. The
ground bounce noise was approximated by (22) in this research work.
Y = A ⋅ Sin(ωgb ⋅ t ) ⋅ e

( −α ⋅ t )

where A is the amplitude, ω gb is the frequency of the sinusoidal wave, and

(22)

α is the decay factor.

To simulate different drivers, amplitude (A), frequency of ground bounce ( ω gb ) and the decay

factor ( α ) were varied randomly in a range from 0-10%. Two ground bounce waveforms were generated
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for every driver. One for going from logic state zero to one (switching on) and second for going from logic
state one to zero (switching off)..
5.4 Simulation to Analyze the Effect of Ground Bounce
To analyze the effect of ground bounce, an A/D converter test set-up was simulated using
MATLAB. A 4-bit A/D converter was modeled by a transfer function. Histogram methodology was used to
measure the INL and DNL of the simulated A/D converter. The simulations were run for two cases. For the
first case, no ground bounce noise was assumed. For the second case, ground bounce noise waveforms for
each driver were generated using the modeling technique explained in the Section 5.2. The ground bounce
noise for every sampling instant was determined by the drivers that switched their logic state from the
previous sampling instant. For example, a code transition from 0011 to 0100 is shown for a 4-bit A/D
converter in Figure 20. This code transition occurs at time T0. Due to this code transition, drivers switch
their logic state. W1- refers to the ground bounce noise generated by first driver switching from logic state
‘1’ to ‘0’. Similarly, W3+ refers to ground bounce waveform for the third driver switching from logic state
‘0’ to ‘1’. T1 represents sampling instant after T0. Sum of the ground bounce noise from all the drivers at
this time instant (T1) is the total noise that affects the input signal. For this case the total ground bounce
noise is given by (23).
Total

Noise

= W

4+

( T1 ) × 0 + W

3+

( T1 ) × 1 + W

2-

( T1 ) × 1 + W

1-

( T1 ) × 1

(23)

where, W4 + (T1 ) is the ground bounce generated at time T1 when the fourth driver switches on, W3+ (T1 ) is
the ground bounce generated at time T1 when the third driver switches on, W2− (T1 ) is the ground bounce
generated at time T1 when the second driver switches off, and W1− (T1 ) is the ground bounce generated at
time T1 when the first driver switches off.
The drivers that do not switch logic state do not contribute to the ground bounce noise as shown in
(23) for the fourth driver. The results of the INL measurements for both the case are shown in Figure 21.
From the results, it can be concluded that ground bounce noise causes error in INL measurement.

Figure 20. Ground bounce caused by code transition from '0011' to '0100'
5.5 Proposed Methodology
As shown in the previous section, error in the measurement of INL increases in the presence of
ground bounce. If the noise in the input signal, the test system noise and A/D converter internal noise is
assumed to be random (independent of code transitions), and a large number of samples are taken, the
number of hits for both the codes in a transition region (Figure 22) should be equal. However, the ground
bounce noise, which gets coupled to the input signal, depends on the code transitions, and is not random.
This causes unequal number of hits, or skew, as defined in (24), for both the codes in a transition region.
(24)
Skew(x, x + 1) = hits(x) - hits(x + 1)
where hits(x) is the number of hits for code x in the transition region (x,x+1), and hits(x+1) is the number
of hits for code x+1 in the transition region (x,x+1).
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Figure 21. Error in INL with and without ground bounce.

Figure 22. Transition region

As the ground bounce is generated due to the code transitions, it increases as the number of code
transitions increase. Due to the increase in the ground bounce, the skew in the number of hits for each code
in a transition region increases. The number of code transitions can be increased by adding random noise to
the input signal. Resulting from its random nature, the increase in noise does not affect the skew. However,
it increases the number of transitions, which in turn increases the non-random (code transition dependent)
ground bounce noise. This increases the skew in the number of hits for each code in a transition region. A
plot between the skew and the number of transitions can be constructed and the value of skew when no
transition occurs can be obtained as shown in Figure 23. In this figure, point A is plotted by calculating the
number of transitions for the transition region (X, X+1) and the corresponding skew. Random noise is then
added to the input signal to increase the number of transitions. Point B is plotted for the increased number
of transitions and the corresponding skew. Point Z is then obtained by fitting a line through points A and B.
Z gives the skew at no code transition point. When no transitions occur, the effect of ground bounce noise
is zero and the corresponding skew (S0) is the correct value of the skew. This value is then used to obtain
adjusted hits for the corresponding codes as shown in (25) and (26).
hits _ adj(X) = hits(X) − S 0
(25)

hits _ adj(X + 1) = hits(X + 1) + S 0

(26)
5.4 Simulation Results
The simulation of the proposed methodology was done using MATLAB. The A/D converter
modeling was done using a transfer function as explained in Section 3.3.3. The ground bounce noise was
modeled using an exponentially decaying sinusoidal waveform as explained in Section 5.2. Twenty-five

Figure 23. Calculating skew @ no code transition.
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Figure 24. Error in mean INL

instances of A/D converters were generated and each instance was tested for three cases. In the first case,
the INL was estimated assuming no ground bounce effect. In the second case, the INL was estimated using
the histogram methodology in the presence of ground bounce. In the third case, the proposed methodology
was used to obtain the correct skew for every code transition. The adjusted hits for every code were
determined using (25) and (26). The INL was then calculated using the adjusted hits for every code. Error
in the estimation of the INL for all three cases is shown in Figure 24. It can be concluded from the
simulation results that the error in measurement of INL is reduced to half by using the proposed
methodology.
5.5 Hardware Experiment
A hardware experiment was done to demonstrate the proposed methodology. A 10-bit, 65 Msps
A/D converter manufactured by the National Semiconductor was used for this experiment. The test
platform was Catalyst manufactured by the Teradyne. For this experiment, the A/D converter was operated
at a sampling frequency of 14 Msps.
The first objective of this experiment was to demonstrate that in the presence of noise in the
power/ground plane, which couples to the input signal, the linearity measurements made on an A/D
converter are incorrect. The second objective of the experiment was to demonstrate that the proposed
methodology can be used to reduce the error in the measurement of linearity specifications, such as INL, in
the presence of ground bounce. Due to the low resolution and sampling speed of the A/D converter, it was
assumed that the ground bounce noise due to the drivers on the A/D converter is negligible. The experiment
was divided in three parts as explained below.
First Part: The objective of this part was to obtain ideal linearity specifications of the A/D converter. The
histogram method was used for the measurement of INL of the A/D converter. A low-frequency ramp
signal was used as the test stimulus.
Second Part: The objective of this part was to obtain the linearity specifications of the A/D converter in
the presence of ground bounce. A sinusoidal noise signal was inserted in the power line to simulate the
effect of ground bounce noise. The amplitude of the sinusoidal signal was 0.5 LSB. The measurements for
the INL and DNL were done in a similar manner as in the first part.
Third Part: In this part, a random noise having uniform distribution and maximum magnitude of 0.25 LSB
was inserted in the test stimulus (ramp signal). The ground bounce noise was increased to 0.6 LSB to
account for the increased ground bounce noise.
The proposed methodology was used to obtain the correct skew for every code transition. The hits in
every code bin were then adjusted using (25) and (26). The adjusted hits were used to obtain the INL of the
A/D converter. The error in the measurement of INL in the presence of ground bounce noise is shown by
the blue line in Figure 25. The red line in the same figure shows the error in the measurement of INL using
the proposed methodology. The mean error in INL using the histogram method was 0.1526 LSB and the
mean error in INL using the proposed methodology was 0.1102 LSB. It can be concluded from the results
that the proposed methodology reduces the error in the measurement of INL.

Figure 25. Comparison of error in the measurement of INL using both the methods.

24

Publications Resulting From This Project
Journal Publications:
1.

S. Goyal, A. Chatterjee and M. Purtell, “A Low-cost Methodology for Dynamic Specification
Testing of High-Speed, High-Resolution Data Converters,” accepted Journal of Electronic
Testing: Theory and Application.

2.

S. Goyal and A. Chatterjee, “Linearity Testing of A/D Converters Using Selective Code
Measurement,” submitted IEEE Transactions on VLSI Systems.

Conference and Workshop Publications:
3.

S. Goyal, A. Chatterjee, M. Atia, H. Iglehart, C-Yu Chen, B. Shenouda, N. Khouzam and H.
Haggag, “Test Time Reduction of Successive Approximation Register A/D Converter by Selective
Code Measurement,” Proc. International Test Conference Nov. 2005, pp. 218-225.

4.

S. Goyal, A. Chattejee and M. Purtell, “Alternate Test Methodology for High-Speed A/D
Converter Testing on Low Cost Testers,” Proc. Asian Test Symposium Dec. 2005, pp. 14-17.

5.

S. Goyal, A. Chatterjee and M. Atia, “Reducing Sampling Clock Jitter to Improve SNR
Performance of A/D Converters in Production Test,” Proc. European Test Symposium May 2006,
pp. 165-170.

6.

S. Goyal, A. Chatterjee and Y. Shieh, “Enhanced A/D Converter Signal-to-Noise-Ratio Testing
in the Presence of Sampling Clock Jitter,” Proc. Asian Test Symposium Nov. 2006.

7.

G. Srinivasan, S. Goyal and A. Chatterjee, “Reconfiguration for Enhanced ALternate Test
(REAL Test) of Analog Circuits,” Proc. Asian Test Symposium Dec. 2004, pp. 302-307.

8.

S. Goyal and A. Chatterjee, “Efficient Testing of High-Performance A/D Converters Using LowCost Test Instrumentation,” 9th SIGDA Ph.D. Forum at DAC, July 2006.

9.

S. Goyal and A. Chatterjee, “Alternate Testing of High Speed A/D Converters Dynamic
Specifications Using Low Cost Testers,” Proc. of International Mixed Signal Test Workshop, June
2005.

25

References
[1] P. Sakamoto and T. Chiu, “High speed sampling capability for a VLSI mixed signal tester,” Proc. International

Test Conference, pp. 918-927, Oct. 1993.

[2] C. L. Wey, “Mixed-signal testing – a review,” Proc. International Conference on Electronics, Circuits, and

Systems, pp. 1064-1067, Oct. 1996.

[3] S. Cherubal, “Challenges in next generation mixed-signal IC production testing,” Proc. Asian Test Symposium,

pp. 466-466, Dec. 2005.
IC application note 641, “ADC and DAC glossary,” Dec. 2000, http://www.maximic.com/appnotes.cfm/appnote_number/641.
[5] Maxim IC application note 2085, “Histogram testing determines INL and DNL errors,” May 2003,
http://www.maxim-ic.com/appnotes.cfm/appnote_number/2085.
[6] J. Blair “Histogram measurement of ADC nonlinearities using sine waves,” IEEE Trans. Instrumentation and
Measurement, vol. 43, no.3, pp. 373-383, June 1994.
[7] Maxim IC application note 728, “Defining and testing dynamic parameters in high-speed ADCs, Part 1,” Feb.
2001, http://www.maxim-ic.com/appnotes.cfm/appnote_number/728.
[8] D. A. McLeod, “Dynamic testing of analogue to digital converters,” Proc. International Conference on
Analogue to Digital and Digital to Analogue Conversion, pp. 29-35, Sept. 1991.
[9] J. A. Mielke, “Frequency domain testing of ADCs,” IEEE Design & Test of Computers, vol. 13, no. 1, pp. 6469, Spring 1996.
[10] S. Mohan and M. L. Bushnell, “A code transition delay model for ADC test,” Proc. International Conference
on VLSI design, pp. 274-282, Jan. 2001.
[11] G. Chiorboli and C. Morandi, “ADC modeling and testing,” Proc. Instrumentation and Measurement
Technology Conference, pp. 1992-1999, May 2001.
[12] T. M. Souders and G. N. Stenbakken, “Cutting the high cost of testing,” IEEE Spectrum, pp. 48-51, Mar. 1991.
[13] T. M. Souders and G. N. Stenbakken, “A comprehensive approach for modeling and testing analog and mixedsignal devices” Proc. International Test Conference, pp. 169-176, Sept. 1990.
[14] C. Wegener and M. P. Kennedy, “Linear model-based testing of ADC nonlinearities,” IEEE Trans. Circuits and
Systems – I, vol. 51, no.1, pp. 213-217, Jan. 2004.
[15] P. D. Capofreddi and B. A. Wooley, “The use of linear models in A/D converter testing,” IEEE Trans. Circuits
and Systems – I, vol. 44, no.12, pp. 1105-1113, Dec. 1997.
[16] S. Cherubal and A. Chatterjee, “Optimal linearity testing of analog-to-digital converters using a linear model,”
IEEE Trans. Circuits and Systems – I, vol. 50, no.3, pp. 317-327, Mar. 2003.
[17] C-H. Huang, K-J. Lee and S-J. Chang, “A low-cost diagnosis methodology for pipelined A/D converters,” Proc.
Asian Test Symposium, pp. 296-301, Dec. 2004.
[18] A. Charoenrook and M. Soma, “Fault diagnosis of flash ADC using DNL test,” Proc. International Test
Conference, pp. 680-689, Oct. 1993.
[19] F. Marc, D. Dallet and Y. Danto, “Fault and diagnosis on a successive approximation ADC,” Proc.
Instrumentation and Measurement Technology Conference, pp. 1460-1463, May 1997.
[20] IEEE Standard for Terminology and Test Methods for Analog-To-Digital Converters, IEEE Std. 1241-2000,
Dec. 2000.
[21] T. E. Linnenbrink, S. J. Tilden and M. T. Miller, “ADC testing using IEEE Std 1241-2000,” Proc.
Instrumentation and Measurement Technology Conference, pp. 1986-1991, May 2001.
[22] D. Rabijns et al, “Creating spectrally pure signals for ADC testing,” Proc. Instrumentation and Measurement
Technology Conference, pp. 614-618, May 2003.
[23] Z. Yu, D. Chen and R. Geiger, “Accurate testing of ADC’s spectral performance using imprecise sinusoidal
excitation,” Proc. International Conference on Circuits and Systems, pp. 245-248, May 2004.
[24] L. Jin, K. Parthasarathy, T. Kuyel, D. Chen, R. L. Geiger , “Linearity testing of precision analog-to-digital
converters using stationary non-linear inputs,” Proc. Intl. Test Conf, pp. 218-227, Sept. 2003.
[25] M. F. Wagdy and M Goff, “Linearizing average transfer characteristics of ideal ADC’s via analog and digital
dither,” IEEE Trans. Instrumentation and Measurement, vol. 43, no. 2, pp. 146-150, Apr. 1994.
[26] S. Pei and N. Khouzam, “The effect of noise in dynamic testing of A/D converters,” Proc. Midwest Symposium
on Circuits and Systems, pp. 60-63, Aug. 1992.
[27] B. N. S. Babu and H. B. Wollman, “Testing an ADC linearized with pseudorandom dither,” IEEE Trans.
Instrumentation and Measurement, vol. 47, no. 4, pp. 839-848, Aug. 1997.
[4] Maxim

26

27
[28] Y-C. Wen and K-J. Lee, “An on chip ADC test structure,” Proc. Design, Automation and Test in Europe

Conference, pp. 221-225, Mar. 2000.

[29] W. Guanglin, L. Ming, R. Jin and S. Longxing, “ A complete BIST scheme for ADC linearity testing,” Proc.

International Conference on Solid-State and Integrated Circuits Technology, vol. 3, pp. 2051-2054, Oct. 2004.

[30] K. Arabi, B. Kaminska and J. Rzeszut, “ BIST for D/A and A/D converters,” IEEE Design and Test of

Computers, vol. 13, no. 4, pp. 40-49, Winter 1996.

[31] R. de Vries et. al, “Built-in-self-test methodology for A/D converters,” Proc. European Design and Test

Conference, pp. 353-358, Mar. 1997.

[32] K. Arabi, B. Kaminska and M. Sawan, “On-chip test data converters using static parameters,” IEEE Trans.

Very Large Scale Integration (VLSI) Systems, vol. 6, no. 3, pp. 409-419, Sept. 1998.

[33] J. L. Huang, C. K. Ong and K. T. Cheng, “A BIST scheme for on-chip ADC and DAC testing,” Proc. Design,

Automation and Test in Europe Conference, pp. 216-220, Mar. 2000.

[34] B. Provost and E. Sanchez-Sinencio, “On-chip ramp generators for mixed-signal BIST and ADC self-test,”

IEEE Journal of Solid-State Circuits, vol. 38, no. 2, pp. 263-273, Feb. 2003.

[35] B. Olleia, D. Chen and R. Geiger, “A dynamic element approach to ADC testing,” Proc. Midwest Symposium

on Circuits and Systems, pp. 549-552, Aug. 2002.

[36] S. K. Sunter and N. Nagi, “A simplified polynomial-fitting algorithm for DAC and ADC BIST,” Proc.

International Test Conference, pp. 389-395, Nov. 1997.

[37] H. Mattes, S. Sattler and C. Dworski, “Controlled sin wave fitting for ADC test,” Proc. International Test

Conference, pp. 963-971, Nov. 2004.

[38] M. F. Wagdy and S. S. Awad, “Determining ADC effective number of bits via histogram testing,” IEEE Trans.

Instrumentation and Measurement, vol. 40, no. 4, pp. 770-772, Aug. 1991.

[39] N. Giaquinto, M. Savino and A. Trotta, “Testing and optimizing ADC performance: A probabilistic approach,”

IEEE Trans. Instrumentation and Measurement, vol. 45, no. 2, pp. 621-626, Apr. 1996.

[40] V. Zagurski and A. Gertners, “Testing technique for embedded ADC,” Asia-Pacific Conference on Circuits and

Systems, pp. 775-778, Nov. 1998.

[41] T. Kuyel, “Linearity testing issues of analog to digital converters,” Proc. International Test Conference, pp.

747-756, Sept. 1999.

[42] P. Heydari and M. Pedram, “Ground bounce in digital VLSI circuits,” IEEE Trans.

Very Large Scale
Integration (VLSI) Systems, vol. 11, no. 2, pp. 180-193, Apr. 2003.
[43] Data sheet of ADC78h89 http://www.national.com/ds/DC/ADC78H89. pdf.
[44] P.N.Variyam, S.Cherubal and A.Chatterjee, “Prediction of analog performance parameters using fast transient
testing”, IEEE Trans. CAD of Integrated Circuits and Systems, vol. 21, no. 3, pp. 349-361, Mar. 1992.
[45] Data sheet of 10-bit 65Msps A/D converter from National Semiconductor Corporation,
http://www.national.com/ds/DC/ADC10DLO65. pdf.
[46] Webpage of Catalyst tester from Teradyne, http://www.teradyne.com/catalyst.
[47] B. Brannon, “Understanding the effects of clock jitter and phase noise on sampled systems,” July 2004,
www.edn.com/contents/ images/484488.pdf

27

