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Abstract

This document discusses the problems inherent in testing high-performance mixed
integrated circuits or circuit modules which are part of alarger integrated circuit. Systems
and procedures for accomplishing the task are described. One proposed solution, the
ATSA000, is compared and contrasted to other solutions including the use of production
test equipment and “ad-hoc” test fixtures.
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1. Introduction

Engineering evaluation, device characterization, and production monitoring of the
performance of mixed-signal components is both a simple and complex task. Aspects of
the testing process are fairly straightforward. However, for high-performance mixed-
signa devices, the test platform must provide even higher performance test signals and
very precise measurement equipment. In addition, the device under test (DUT) must
tested over awide variety of configurations. Add to this the increasing digital complexity
of many mixed-signa devices, and what should be a simple test procedure quickly
becomes avery difficult task.

Rather than continue to look at the task in abstract terms, here is a specific example.
Assume the goal is to test an 8-channel, 12-bit, 100 kHz analog-to-digital converter
(ADC). The specifications for an ADC include the following:

Specification Test setup must provide the following answer

Offset Error What input voltage produces the code 0 to 1 transition?

Gain Error What input voltage produces code 4094/4095 transition?

Integral Non-Linearity (INL) How does the ADC’ stransfer function deviate from a
straight line?

Differential Non-Linearity (DNL) How does the ADC’s code width vary from code-to-code?

Signal-to-Noise Ratio (SNR) How much noiseis added to an ideal input signal?

Total Harmonic Distortion (THD) How much distortion is added to an ideal input signal?

For a 12-bit ADC, the task of measuring offset error, gain error, INL, and DNL typically
falls to a high-performance voltmeter such as an HP 3458A from Agilent Technologies.
This digital multimeter provides up to 8% digits of resolution, allowing for repestable
voltage measurements down to the microvolt level.

This level of performance is more than is needed for a 12-bit ADC whose guaranteed
offset error will typically be two or three millivolts. However, the goal is to be able to
measure the offset error at least ten times better than the guaranteed specification. This
means repeatabl e measurements below 100 microvolts.

In addition, modern 12-bit ADCs can be operated from voltages as low as 2.0 V and may
have an input voltage range which is similar. The least significant bit weight (abbreviated
LSB) of the ADC could be as low as 2.0V/4096 or 488uV. Measurements for offset
error, gain error, INL, and DNL must all be at |east ten times better than the LSB size—in
this case, repeatable to less than 50pV.

While the HP 3458A may still offer higher performance than is needed, it is generdly a
“safe bet.” The cost of the unit (approximately $8,000) is low when compared to the
engineering effort required for characterization and validation, particularly when this cost
is spread over alarge number of devices.
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Likewise, measuring SNR and THD generaly requires a very high performance sine
wave generator which is at least ten times better than the ADC. A 12-bit device requires a
generator whose SNR and THD are greater than 85 dB. The ADC will aso be tested over
various frequencies, so it is a good idea to have a generator than can hold this
specification or better beyond 20 kHz. The generator must also be very stable, offer high
frequency resolution (millihertz frequency resolution or lower), and must either provide a
reference clock or be lockable to an external reference clock.

As with the voltmeter, such generators are not low cost. The best generator for the task is
approximately $15,000. In the case of high-speed ADCs (conversion rates of several
megahertz and beyond), even higher performance and higher cost generators are
necessary. However, the point is the not the cost of the unit, but the fact that it must meet
a certain level of performance and than level is very high for even a low-speed, 12-bit
ADC.
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2. Production Test Equipment

Standard production test equipment from companies such as Eagle, LTX, and Teradyne
provide solid solutions for testing a wide variety of digital products. In addition, some
low performance mixed-signal devices can be tested as well. The main problem lies with
the testing of either stand-alone, high-performance mixed-signal devices or high
performance mixed-signal devices which have been embedded within a large digital
integrated circuit (1C).

In many cases, equipment such as the HP 3458A and high-quality sine generators must
be added to the testers in order to accomplish the production testing. In a few cases, the
manufacturer may be able to add a module to the tester that provides limited but adequate
performance. Such modules are usually very specific to the test requirements, may
require a number of months to develop, and will not be low cost.

Production testing of a high-performance mixed-signal device on standard production test
equipment is currently a matter of creating a*“good enough” solution. Even after adding a
meter such as the HP 3458A, low level voltage measurements may not be repeatable.
Thisis generaly due to the presence of high-speed digital signalsin the test head fixture,
long cable lengths, contact resistance of pogo pins, and the EMI/RFI interference from
handlers, temperature forcing units, and miscellaneous el ectronic equipment.

Thus, high-performance mixed-signal devices must be characterized in the laboratory
first. Because time is limited, this characterization system must be flexible without
compromising performance. Once the device has been fully characterized, the test
engineer can target the test solution towards providing the required level of performance.
In addition, the tests that are implemented can be chosen with the confidence that they
will provide adequate test coverage and ensure that the device meets al of its guaranteed
Specifications.
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3. Bench-top Characterization and Validation

In the past, there have been no general purpose “bench-top” characterization systems
aimed at the high-performance mixed-signal market. Apparently, each manufacturer of
mixed-signal components has solved the problem in a different way or may simply solve
the problem for each individual component.

For example, small test boards and custom programs might be created to test the
component’s key specifications. Each test board would be specific to the unit and, once
characterization was complete, the board would be passed over to production or locked
away in a cabinet. In many cases, the board quickly becomes of little use due to lack of
documentation and/or lost software. (It should be noted that there are a few tests where
creating a custom board is the only solution to achieving a test result in a reasonable
period of time.)

Because of the limited abilities of the custom test solution (both hardware and software),
the design engineer may not be able to completely characterize certain parameters or test
certain configurations of the device. If some parameters are not fully characterized, two
problems will result: either the parameters will not be guaranteed in the datasheet or the
specifications will be reduced. In some cases, it might be decided that certain parameters
should not be guaranteed or specifications lessened. However, this is a decision that
should be made because of marketing concerns and not simply due to lack of data.

In addition, if the device cannot be tested in certain configurations, then the design
engineer may be forced to assume that the performance will be reasonable or will attempt
to infer the performance from other test configurations which are similar. In each case,
there is arisk that the performance of the device might be lower than expected. Such a
situation can be disastrous if the end-user is the one who first learns of the poor
performance. In addition, lack of performance data can reduce the quality of the datasheet
and the recommendations that can be included in regards to getting the best performance.
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4. The ATS4000

The ATSA000 attempts to strike a balance between an “ad-hoc” custom bench-top
characterization setup and a production tester. A typical setup is shown in Figure 1.

Figure 1. Typical ATS4000 Setup

The ATS4000 has been used to test the following types of ADCs and digital-to-analog
converters (DACs):

10-bit, 15 MHz, pipelined ADC

12-hit, single-ended, 100 kHz, successive-approximation-register (SAR) ADC
13-bit, fully differential, 100 kHz, SAR ADC

16-hit, fully differential, 1 MHz SAR ADC

24-bit, 7.5 Hz deltasigma ADC

10-bit, 50 MHz DAC

16-bit, 50 MHz DAC

A variety of 12-bit and 16-bit industrial DACs

In order to provide this flexibility, the ATS4000 offers the following features:

 Main ATS4000 unit. The ATS4000 system offers basic functionality: power
supplies of £5V and £15V; low-noise programmable power supplies (5pVrms or
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less); high-speed, low noise 16-bit DACs for flexible generation of ‘DC’
voltages (5uVrms or less); uncommitted digital 1/0O lines connected to a
programmable logic device; and uncommitted analog inputs and outputs which

are available at the unit’s side panel.

Lynium

ATS4000

Figure 2. ATS4000 Side View.

Extensible resources via a variety of daughtercards. Various daughtercards can
be used with a test head in order to provide additional resources that are not
included in the ATS4000 itself. These daughtercards provide high-speed (80
MHz) digital pattern generators, high-speed (50 MHz) data collectors, high-
precision voltage sources, and very high stability voltages sources.

ynium ~

EVALUATION SYSTEMS =

ARM5606
ADVANCED RESOURCE
MODULE

Figure 1. ARM5606 Daughtercard Provides Six High-Resolution, High-Stability

DC + AC Voltage Sources.

The ATS4000
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» Automatic test head detection. Each test head has a unique identification code
which is read by the PC software. This code is used to determine which files
must be downloaded to the ATS4000 system and to configure the PC software
for the appropriate tests. This processis completely automatic.

e Minimal test head jumpers. Many stand-alone characterization boards have a
large number of jumpers to configure the DUT in various ways. The goal of the
ATSA000 has been to eiminate al test related jumpers on the test head. Some
test heads do have a few jumpers, but these have been included only for device
selection (if the test head supports multiple devices) or for experimentation
purposes. In all cases, it is possible to make dedicated test heads with no
jumpers. The elimination of all jumpers and self-configuring software means
substantially fewer headaches in documentation, and eases the transition of test
boards between design and production.

» Version control. All microcontrollers in the motherboard and the test head, each
DSP program, every FPGA bhit file, the main PC software, and all custom PC
software components (DLLS) provide version control information. In addition,
each ATS4000 contains a unique serial number. All of this information is
included in the header every time data is saved and also appears on each test
results display (in case a screen shot of the test results are saved).

» Each program version is “stand-alone.” The PC software is revised in a manner
which allows new versions to be installed without “breaking” old versions. Any
previous version can be executed at any time, if needed. (However, multiple
versions of the PC software cannot be running at the same time.)

» Connection to externa equipment: 1) An HP 3458A is used to read all DC
voltages including programmable power supplies and analog inputs [this
removes the need for calibrating these sources|; 2) Sine generator or generators,
3) External clock source; 4) Other external equipment as needed.

 Two paths for ADC testing: custom test heads designed by Lynium and
supported by custom ATS4000 software or end-user developed daughtercards
that work with the General Access Platform (GAP) 1616 and standard ATS4000
software (contact Lynium for more information regarding the GAP1616).

* The ATS4000 is not a production test system. However, it is designed to be used
along side production test equipment: as a resource for analyzing poor yields or as a
check for parameters that are sample tested only.

The ATS4000 provides a stable and capable platform for engineering evaluation and
characterization. Such a system can offer big dividends: ever increasing software
capability, ease-of-use, more complete characterization, simpler transition between
design and production, better information for the datasheet, and more effective debug of
new silicon. All of these add up to quicker time-to-market.

© 2004 LyniumLLC The ATS4000 15



5. ATS4000 Features

The ATS4000 consist of three parts. the base system, the test head, and the software.
Some test heads may also require a daughtercard. External test equipment is required, but
the type and quantity of test equipment will vary depending on the testing to be
performed.

The base system connects internal and external resources to a test head that plugs into it.
External resources connect to the base unit through BNC connectors and a differential
XLR connector. The XLR connector is used for DC measurements using a external DC
voltmeter such as the HP3458 8 Digit voltmeter. There are up to eight separate BNC
connectors. These connect to the test head and internal motherboard using RG316 cable
and MCX and SMA connectors. Trigger (output) and Clock (input) BNC connectors are
also provided. Both connectors are compatible with TTL levels.

Internal resources consist of low-noise programmable power supplies, regulated fixed
power supplies, high-speed pin drivers, digital I/0O (FPGA), analog servo-loop, digital
servo-loop, and a programmabl e voltage reference.

A PC interfaces to the ATS4000 using the parallel port (IEEE-1284 compatible). External
instrument control is through an IEEE-488 bus.

Some test heads may also require a daughtercard that is attached to the bottom of the test
head. There are currently two daughtercards that are supported by the ATS4000 software:
the ARM 6444 and the ARM5606. The ARM 6444 provides a 80 MHz, 16-bit pattern
generator; a 50 MHz, 16-bit data collector; 8 voltage sources; and 8 relay drivers. The
ARMS5606 supplies six high-resolution, high-stability, “DC+AC” voltage sources with a
frequency range of 10 kHz and a frequency resolution of 2 pHz.

The test head accommodates a 6” diameter Thermostream( temperature forcing chamber
and al test heads include an identification code and serial number.
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6. ATS4000 Software

The ATS4000 software is Windows 98, ME, 2000, and XP compatible. There are three
primary tests supported:

AC Performance: SNR, SINAD, ENOB, THD, and SFDR
DC Linearity: Offset Error, Gain Error, INL, and DNL
Transfer Linearity: Offset Error, Gain Error, INL, and Output Noise

The ATS4000 software provides amodal structure where different test modes are
selected via a series of icons on the test bar; which islocated at the top of each ATS4000
panel. When the software isfirst started, the initial panel is the System Setup Panel,
shown in Figure 4. This user interface provides the ability to initialize the AT S4000,
monitor system status, and configure the external GPIB instruments.

% Lynium ATS4000 Test System

Eile Edit Panel Help

= =
ceTuprfil DUT OUT SETUF] A SETUP] DC

- ATS4000 System [~ ATS4000 Communicatio i~ Temperat,

..................... e — Motherbaard [T]: +23.1 Update
‘ e e [|| Por [LPTitzen) =] Delay |1

Test Head ('C]: -99.9
Select Part —IEEE488 Instruments———————— | Deudhlercard '], 999

GAP+ARM, Corfig 1, Setup &% =
GPIE Card [0 - Copy Part Setlings——————————————
Revett to Dafault Part Settings Master Clock [EXTE] Address: From: [GAP+ARM, Corfig 1, Getup &

B e o N =l |
System Serial No: 2. DSP Frogram 7
atshas20cld (#1]: v2.0, FPGA ™ Uss Sine Source as Master To: |GAP+ARM. Corfig 1. Setup B z
D 1_11.bit [#14): 1.1, Py :
S:;ﬁ;:TTZTMet;r[Mux:]v\:\.l e Mulimeter (DVM): - Azdzdless 4 Copy settings: @ DUT |7 AC % DC
Int 1.3 HP 2458 - B
I I o
GAPTETE (S/M: 2, +1.0) and Temperature Forcing Addiess
ARME444 [S/N: 2, +1.0] initialized, 0
ARME444 FPGA Designs [ione = = |

el
armla_12.hex (#E] v1.1, (7). v1.2
AC Source 1 (ExT 1) Address

[BaK 1051 | ENE |

Syztem Directory; Browsze...
CAATS4000NRENWZ_3 0

The system ditectary must contain l of
the *bit and * cld files which support the
wvarious test heads.

- Last Curtent Sense Resistor Calibration—
Diate & Time: 2/16/2004 12:56
Motherboard Temp ['C): +32.8

5/6/2004

"ATSAUUU System Calibration Due Date—‘

Figure 4. Main System Panel (GAP1616 Test Head installed).

Thefirst of the three tests to be described is the AC performance test. An example result
for a12-bit, 100 kHz ADC isshown in Figure 5. This test provides signal-to-noise ratio
(SNR), signal-to-(noise plus distortion) (SINAD), equivalent number of bits (ENOB),
total harmonic distortion (THD), and spurious-free dynamic range (SFDR). A number of
additional parameters are provided for help in interpreting the test results.

It ispossible to run asingle AC test or to perform continuous AC tests until the processis
stopped by the user. For continuous testing, the display update rate is roughly two to
three times per second (4k point FFTs), which provides a“real-time” feel for test
optimization, troubleshooting, and debug.
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Lynium ATS4000 Test System
Eile Edit Panel Help

[ Analog Input Settings
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i~ FFT Results
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Felative: I7| GetRef 12 1004
- Save to Fik
‘Warking Directany: Full File Mame:
C:\ATS4000 ouT Browse.
Pt lninonation) F# Header I™ ADC Results
ouT : Save
I BinAmpltude ¢ Corma Sep Q
W Bin#§Freq & TabSeparated i
i~ Information for Most Recent Test Resul
11:34:44 2/18/2004 Part: YD D: 5.0001 38, 0.365ma, -IN: 0.000087, VREF: 4999947, cony rate: 100000.000Hz, clks per comy: 32, AC Test: continuous, no soak.
System #2_ test head: GAP1616 H2, daughtercard: ARMG444 H2

Run

Continuous

Stop

Figure 5. AC Test Result (GAP1616 Test Head installed; 12-bit, 100 kHz ADC).

The AC Test Setup panel is shown in Figure 6. This allows the user to customize the
results displayed in the AC Test panel.

Lynium ATS4000 Test System

Edit Panel Help
.
T

i AC Input(s] i~ Uni i Coherency SMR/THD Harmanic: Soak Timg
s Units for performance | | For coherent FFTs, the Murnbeer of hamarics to S ook e il g
[ Erehis tefolouing figures [SINAD, ele| | | numberof cycles shouldbe: | | oyciude from SN and inlcude | | Bfors toding stare font]
befure testing starts (sec)
For the 4C Input signal, the: L  any (debug anly) inTHD .
| itirum e £ ewen (debug oyl 5 : ;
. Susk fime applies even when
Az % odd (generally best) AL test is continuous
€ mazinum - Graph r
prime (almays best]
DUT cutput code should be: | | Label or Show,
H i When calculating the
Cods [2045 L e nurber of cycles, always:
- T ™ Ideal Maise Flaor ~ "
% . round dovin
I~ SFDR Level
S 1+ 1ound to nearest
ac nput has the
following lad (in chms) Natkd e  round up
Fon00 & autascale
 min; |-140.0 All other friequencies are
coherent to:
Haorizontal Asis Label @ the Sample Rate
i © Input Signal 1
' Frequency

Revert to Default AC Settings

Figure 6. AC Test Setup Panel.

18 The ATS4000

© 2004 LyniumLLC



The second of the three testsisthe DC linearity test. An example result for a 12-bit, 100
kHz ADC isshownin Figure 7. Thistest provides offset error, gain error, integral non-

linearity (INL) and differential non-linearity (DNL). Additional parameters are provided
for help in interpreting the test results.

Lynium ATS4000 Test System ¥ N [ 51}
Eile Edit Panel Help

= EE EE
1

i~ Test Configuration

Start Code: |0
Stop Code: | 4094

- Endpoint Enors

Offset:  0.488 LSB
Gain: 0194 LSB

i DNL/IML Results
Actus| LSB Size:  1.221 mi
Mamimum DNL:  0.612LSB
atCode: 2968
Minirmum DNL:  -0.593LSB

atCode: 767
Masimum [NL: 0485 L5B
at Code: 1855
Minimum [NL:  -0.543L5B
atCode: 2455
- Save to Fik
‘Working Directany: Full File Mame:

|c ATS4000 IDUT Browse.

Pt i W Hearer I~ Fiow Numhers
ouT Sawe
¥ INLRssubs (3 Corma Sep

¥ DNLResults ¢ TabSeparated Append
r~ Information for host Recent Test Resul

11:35:53 2/18/2004 Part; YDD: 5.0001 27, 0.31Tmé, -IN: 0.000034Y, VREF: 4.933950V, conv rate: 100000.000Hz, clks per conv: 32 DC Test: full test, servo: N to N+1,

soak: 1 sec, worst-case [ML: 10, line cye: 1.00, lin avgs: 1, lin settle: 3ms [3ms + auto], end avgs: 10, end settle: T6ms [76ms + auta), endpts meas every 15 sec. System Fun
#2. test head: GAP1E16 H2, daughtercard: ARMB444 #2.

Stop |

Figure 7. DC Test Result (GAP1616 Test Head installed; 12-bit, 100 kHz ADC).

The DC Test Setup panel is shown in Figure 8. This allows the user to customize the
results displayed in the DC Test panel.
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Revert to Default DC Settings
Figure 8. DC Test Setup Panel.

Thethird of the three testsis the transfer linearity (TL) test. An example result for a 24-
bit, 7.5 Hz ADC is shown in Figure 9. Thistest provides offset error, gain error, integral
non-linearity (INL) and output noise (ON). Additional parameters are provided for help
in interpreting the test results.

Lynium ATS4000 Test System = Elljl
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Figure 9. TL Test Result (LTC2410 Test Head installed; 24-bit, 7.5 Hz ADC).
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The TL Test Setup panel is shown in Figure 10. This allows the user to customize the

results displayed in the TL Test panel.
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Figure 10. TL Test Setup Panel.

For each custom test head, aunique DUT Setup panel is also available. Thisalowsthe

user to configure the DUT’ s power supply (or supplies), reference voltage (or voltages),
conversion rate, etc. The exact parameters that can be configured vary depending on the

device.

The GAP1616 Test Head is available for customers that wish to test ADCs without
relying on Lynium to provide custom test heads and software. More information on the
GAP1616 can be found in the GAP1616 Test Head Manual available from the Support
section of Lynium’s web site: http://www.lynium.com. The GAP1616 Test Head has two
DUT setup panels which are shown in Figures 11 and 12. Rather than provide specific
configuration options, the GAP1616 Test Head provides a variety of resources which the
user can configure as necessary.
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[~ Generate the following static: data [overids pattem fils]

r~ Digital Data Collection
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Po2 0.050 [ Marne of Patter Fil: PeadFils | hercrmite [12 =
P53 0038 L [putRar.T=T s
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Use: + 32 Patterns per Conversion

Acquisition Type:  Parallel
{* Serial

M5B fist x| sersldataon |D2  *
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serial clock on IDU e

~ADC Information

Megative Full-Scale Input (¥):|0.000610

Positive Full-Scale Input ()| 4339330

Revert to Default DUT Settings
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i e L e e Ble 2 Uen s e T e e o

Figure 11. GAP1616 DUT Configuration Panel #1.
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Figure 12. GAP1616 DUT Configuration Panel #2.
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7. ATS4000 Specifications
Base System

Analog Servo Loop
Voltage Range
Voltage Resolution
Voltage Noise
Current

Digital Servo Loop
Voltage Range
Voltage Resolution
Voltage Noise
Current

Digital 1/0
Number
Speed

Power Supplies
Adjustable
Number
Range
Voltage Noise
Current

Adjustable
Number
Range
Voltage Noise
Current

Fixed, +5V
Number
Range
Current
Voltage Noise

Fixed, 5V
Number
Range
Current
Voltage Noise

Fixed, +15V
Number
Range
Current
Voltage Noise

© 2004 LyniumLLC

+10.3V
Infinite
5 uVrms (80 kHz Bandwidth)
+25 mA

+10.01V

3pv

5 uVrms (80 kHz Bandwidth)
+25 mA

13 (Base Unit)
16 MHz I/O datarates

2

+0.035V to +19.75V

5 uVrms (80 kHz Bandwidth)
100 mA

2

-19.75V t0-0.035 VvV

5 uVrms (80 kHz Bandwidth)
—100 mA

1

50Vto53V

+1A

50 pVrms (80 kHz Bandwidth)

1

5.4V to-51V

-1A

50 pVrms (80 kHz Bandwidth)

1
+14.4V t0+15.6

+0.5A

50 pVrms (80 kHz Bandwidth)

The ATS4000

23



Fixed, -15V
Number
Range
Current
Voltage Noise

Mechanical
Dimension
Weight

ARM 6444 Daughter card

Digital 1/0
Number
Speed

Voltage Sources, Adjustable
Number
Low Range
High Range
Range Resolution
Output Resolution
Current

Number

Low Range

High Range
Range Resolution
Output Resolution
Current

V oltage Sources, Fixed
Number
Range
Resolution
Current

ARM 5606 Daughter card

Voltage Sources
Number
Range (single-ended)
Resolution (single-ended)
Current (single-ended)
Voltage Noise (single-ended)
Frequency Range
Freguency Resolution

24

1
156V to-14.4V

—05A

50 pVrms (80 kHz Bandwidth)

215"W X 140'D X 6.5"H
50 Lbs.

64

80 MHz Pattern Generation, 50 MHz Data Capture

2

-10.25V to +10.25V
Low Rangeto +10.25V
325 pv

Range / 65,536

+1mA

2

-10.25V to +10.25V
Low Rangeto +10.25V
325 pv

Range/ 65,536

+1mA

4
-10.25V to +10.25 V
325 pv
+1mA

3 Differential to 6 Single-ended
-10.01V to +10.01 V

305 nV (76 nV in some modes)
+1mA

6 uVpp (0.1 Hz to 10 Hz bandwidth)
0.001 Hz to 10 kHz

2 pHz

The ATS4000
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8. Version History

Ver. | Date Comment
-- | April 11, 2000 Draft Release
A | Junel, 2001 Added pictures and specifications
B | October 15,2001 | Added software “screen shots.”
C | February 11, 2004 | Re-formatted and updated to reflect recent ATS4000
devel opments.

26 The ATS4000 © 2004 LyniumLLC



