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Circuit Description

TI High-Speed Designs are analog solutions created
by TI’s analog experts. Verified designs offer the
theory, component selection, simulation, complete
PCB schematic and layout, bill of materials, and
measured performance of useful circuits. The Design
also discusses circuit modifications which help to meet
alternative design goals.

Code errors from an analog-to-digital converter
(ADC) could pose a critical issue for
applications concerned with the time-domain
performance. For example, when using an
oscilloscope the user would like to see an
actual signal waveform instead of the spikes
caused by the ADC code errors.

Design Resources

This TI Design explains the architecture and
operation of pipeline ADC, followed by an
analysis of why code errors occur, and how
digital correction works. The Design includes a
block diagram of the code error rate (CER) test,
and explains the measurement procedures. The
Design shows and analyzes a CER test
example of a high-speed ADC ADS54J54.
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Introduction
Different from other ADC metrics such as a signal-to-noise ratio (SNR) or an effective number of bits
(ENOB), bit error rate (BER) is an important specification used to evaluate how stable the output codes of
an ADC can be over an extended time interval. Large bit errors occur less frequently, and Figure 1 shows
the waveform of the ADC output with error codes.
Error codes
(Sparkle codes,
flyers, rabbits)

Low-amplitude
digitized sinewave

Figure 1. Output of ADC With Error Codes
BER is a major concern in digital communication systems, and possibly instrumentation applications such
as digital oscilloscopes, especially when operating in single shot mode, or trying to capture infrequent
transient pulses. An error code can be misinterpreted as a transient pulse, therefore giving a false result.
In sensitive application environments, like the military or aerospace, CER of an ADC is an important
specification to consider.
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How ADC Output Code Error Occurs
The pipelined ADC has become the most popular ADC architecture for sampling rates, from a few mega
samples per second (MSPS) up to over 100 MSPS. Resolutions range from 8 bits at the faster sample
rates up to 16 bits at the lower sample rates. These resolutions and sampling rates cover a wide range of
applications including CCD imaging, ultrasonic-medical imaging, digital receivers, base stations, digital
video (HDTV for example), xDSL, cable modems, and fast Ethernet.
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Figure 2. ADS54J54 Pipelined ADC Architecture
The ADS54J54 is a 14-bit, 500-MSPS quad-channel pipeline ADC. Figure 2 shows the basic diagram of
the ADS54J54. The ADC has four stages. The first three stages resolve 4-bits per stage, and the last
stage is a 5-bit flash. During each stage, the input signal is first converted by a simple 4-bit flash ADC.
The digital value is converted back to analog format by a 4-bit DAC, and subtracted from the input, which
gives a residue. Next, the residue is multiplied to get the full range, and then converted by the subsequent
stage. In a pipelined ADC, built-in redundancy is normally used between every two stages for the digital
correction. The details are further discussed in the following section.
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Figure 3. N-Bit Flash ADC Architecture
Figure 3 shows the architecture of an N-bit flash ADC.
• Each comparator has its own threshold voltage, spaced by 1 LSB.
• The input is fed to all the comparators in parallel.
• The output of the comparators is in “thermometer” format.
• An encoder is used to convert the output into binary format.
Inside a high-speed flash ADC, the comparators are typically required to provide fast amplification in a
short time period. As shown in Figure 4, the clock CK is applied at t = 0, and the outputs VX and VY
regeneratively depart from the initial difference of VXY0. For an excessively small VXY0, the outputs
fail to reach valid logical levels within the allotted time TCMOP, possibly causing metastability errors in
the subsequent stages. Therefore, a code error occurs. For example, in Figure 2, a comparison error
which occurs in stage 2 causes an error of 23+5 = 28 LSBs.
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Figure 4. Outputs of a Typical Clocked Comparator
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Built-In Redundancy for Digital Error Correction
Most modern pipelined ADCs employ a technique called digital error correction to greatly reduce the
accuracy requirement of the flash ADCs (and thus the individual comparators). In Figure 2, notice that the
4-bit residue at the summation-node output has a dynamic range 1/16 that of the original stage 1 input
(VIN), yet the subsequent gain is only eight. Therefore, the input in stage 2 occupies only half the range of
the 3-bit ADC in stage 2 (when there is no error in the first 3-bit conversion in stage 1).
If one of the comparators in the first 4-bit flash ADC has a significant offset, when an analog input close to
the trip point of this comparator is applied, an incorrect 4-bit code and 4-bit DAC output would result,
producing a different residue. As long as this gained-up residue does not over range the subsequent 4-bit
ADC, there's some proof that the LSB code generated by the remaining pipeline (when added to the
incorrect 4-bit MSB code) will give the correct ADC output code. The digital error correction will not correct
for errors made in the final 5-bit flash conversion. Any errors made at that conversion are suppressed by
the large (83) cumulative gain preceding the 4-bit flash.
Although each stage generates 4 raw bits in the Figure 2 example, because the interstage gain is only
eight, each stage (stages 1-3) effectively resolves only 3 bits. The extra bit is simply to reduce the size of
the residue by one half, allowing extra range in the next 4-bit ADC for digital error correction, as
mentioned above. The extra bit process is called 1-bit overlap between adjacent stages. The effective
number of bits of the entire ADC is therefore 3 + 3 + 3 + 5 = 14 bits.
In some cases, a high-speed CMOS pipelined ADC tends to favor a lower number of bits per stage (as
low as just 1-bit per stage, so that the interstage gain is only two), because it is difficult to realize
wideband amplifiers of very high gain in CMOS. That is using the popular 1.5-bit-per-stage architecture,
where each stage resolves 1-bit with 0.5-bit overlap. Each 1.5-bit stage has a 1.5-bit flash ADC (only two
comparators), versus a full 2-bit flash ADC. Figure 5 shows the transfer characteristics of VRESIDUE
versus VIN of 1.5-bit pipelined stage.
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Figure 5. VRESIDUE Versus VIN Transfer Characteristics
Generally, the redundancy mechanism between every two stages can significantly correct one comparator
error in each stage. However, when more than two comparator errors occur, the residue fed to the
subsequent stage still overflows and a code error occurs. Though the probability of two comparator errors
is much smaller than the probability of one comparator error, the redundancy mechanism is still very
useful. As the sampling frequency of the converter increases, the convention time for the comparator
decreases, and the CER rises. Section 4 explains how to test the CER of a converter and shows a test
example.
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ADC CER Measurement
The test system in Figure 6 shows the procedures used to test the BER of an ADC. The analog input for
the ADC is provided by a high-stability low-noise sinewave generator. The analog input level is set slightly
smaller than the full scale. When testing the CER, an attempt to cover almost all the dynamic range of the
ADC means going through almost all the words coming out of the ADC. Therefore, coherent sampling is
required, and the input signal should be set to –1 dBFS of the full scale of the converter.
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Figure 6. Block Diagram for ADC CER Test
The test set uses two series buffer registers to acquire successive codes A and B. A logic calculation
determines the absolute difference between A and B. The difference is then compared to the error limit,
chosen to allow for the expected random Gaussian noise spikes, due to the normal ADC noise. Errors
which cause the difference to be larger than the error limit will increment the counters. The number of
errors, E, are counted over a period of time, T. The error rate is then calculated as BER = E/2Tfs. The
factor of 2 in the denominator is required because the hardware records a second error when the output
returns to the correct code after making the initial error. The error counter is therefore incremented twice
for each error.

4.1

Coherent Sampling
•
•
•
•

Fs = sampling rate of the ADC
Fin = input signal frequency
N = number of bits of the ADC resolution
M = number of samples in one buffer (power of 2)

To ensure that the samples in the previous buffer, and the corresponding samples in the following buffer,
are sampled at exactly the same time point of a sinewave, a coherent sampling is necessary. The signal
generator must be synchronized with the ADC sampling clock. In the test, a 10-MHz CLK reference signal
output from the ADC evaluation board is used to synchronize the sinewave generator with the ADC. The
oscillator of the signal generator is configured to an external reference. An example of how to calculate the
coherent input frequency in a CER test follows.
4.1.1

Example
A
•
•
•

6

designer wishes to evaluate the performance of a 14-bit ADC at:
Fs = 500 MSPS
Fin = 15.5 MHz
N = 14
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4.1.2

Problem Solving
1. Set buffer size to M = 215. M should be at least 214 to cover all the codes of a 14-bit ADC. M is also
limited by the RAM size of the capture board.
2. Calculate the number of cycles. Ncycle = M / (Fs/Fin) = 215 × 15.5 / 500 = 1015.808. The nearest prime
number is 1013, so set Ncycle = 1013. A prime number is chosen to ensure all the samples in the buffer
are unique to each other.
3. Recalculate the coherent frequency. Fin = Ncycle × Fs/M = 15.45715332 MHz.
Designers can also use the automatic calculation tool in HSDC Pro software to calculate the coherent
frequency, shown in Figure 7.

4.2

Threshold and Running Time Determination
Thermal noise and other disruptions from clock jitter, aperture jitter, or the driving circuit, are all added to
the conversion results coming out of an ADC. The threshold should be set larger than the peak value of
the noise to get correct results.
Table 1. SNR Performance Of The Tested ADC
PARAMETER

SNR

Signal-to-noise ratio

TEST CONDITIONS

MIN

TYP

MAX

ƒ in = 10 MHz

—

68.3

—

ƒ in = 100 MHz

—

68.2

—

ƒin = 170 MHz

—

67.2

—

ƒ in = 310 MHz

—

67.6

—

ƒ in = 450 MHz

—

66.8

—

UNIT

dBFS

For example, Table 1 shows the SNR performance of the ADS54J54 at the sample rate of 500 MSPS.
The noise floor of the ADC conversion can be calculated as shown in Equation 1.

2 14
V noise =

16384

2 2
SNR
10 20

2 2
=

68.3
10 20

= 2.228 LSB RMS
(1)

Figure 7 shows the plot of noise in time domain. The VPP of the noise is approximately 25 LSB, therefore
the minimum threshold can be set at 32 LSB.

Figure 7. Noise Plot in Time Domain in HSDC Pro
Figure 8 shows a CER test window. There are five thresholds and corresponding counters. The cycle
count records how many cycles have been tested, therefore the total number of samples, and the running
time can be calculated from the cycle count.
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Figure 8. CER Test Window
Based on the Figure 8 settings, the test results of CER measurements under the sampling rate of 500
MSPS for the ADS54J54EVM are listed in Table 2.
Table 2. Measured Code Errors for ADS54J54 at Fs = 500 MSPS
Sampling Rate

500,000,000

Threshold

Error Count

Error Rate

Buffer length

32768

>32

3,353,112

4.86E-08

Cycle count

1052540728

>64

387,170

5.61E-09

Total codes

3.45E+13

>128

17,407

2.52E-10

19.16

>256

146

2.12E-12

—

>512

0

0

Running time(H)

A 95% confidence level (CL) means that if the BER measurements are repeated multiple times, 95% of
the results are either equal to or better than the result presented here. So at a confidence level of 0.95, no
bit errors are observed above 210 LSBs (or error magnitude greater than 512). See Equation 2.
-Ln (1 - CL ) -Ln (1 - 0.95 )
P=
=
= 8.683 ´ 10 -14
12
n
8.1´ 10
(2)
Consequently, if these measurements are repeated 100 times for the ADS54J54, 95 out of 100 times, the
results give a BER value that is either equal to or less than 8.683 × 10–14 for bits greater than or equal to
210 LSBs.
Code Error Rate Versus Sampling Frequency
Figure 9 shows the CER performances of the ADS54J54 at different sampling rates. The CER displays a
strong correlation with the sampling frequency. CER significantly improves at lower sampling rates. At the
sampling rate of 375 MSPS, almost no large code error occurs, because the error rate curve is very close
to the expected Gaussian noise.
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Figure 9. Measured Code Errors for the ADS54J54 at Fs = 500 MSPS
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Conclusion
This TI Design discusses the mechanism which causes a code error, and a method to measure the CER
of an ADC. Pipelined ADCs exhibit metastability that may corrupt the residue or the digital output
generated. Based on the analysis and the test results returned, the CER shows strong correlation with the
ADC sampling frequency. For many applications, due to the need to be observed over a large sample
size, the CER is an uncommonly used metric. However, in applications where the customer is concerned
with the time domain, like in an oscilloscope or a defense application, those CER measurement results
could be an important metric to quantify the performance of the ADC.

6

Design Files

6.1

Schematics
To download the schematics, see the design files at TIDA-01080.

7

Software Files
To download the software files, see the design files at TIDA-01080.
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