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Ensuring the Accuracy and

Cost-Effectiveness of Temperature

Measurement Systems

Introduction

Temperature is one of the most frequently measured quantities
in science and industry, and temperature measurements

are made for a variety of reasons. Sensors are the heart of
temperature measurements, and, with many varieties from which
to choose, it’s important to select the proper sensor for the
application. In addition, the temperature measurement system
used must be matched to the application, as well, for optimal
cost-effectiveness. This applications brief will examine how to
evaluate the advantages and disadvantages of various sensor
types and the instrumentation options available so that sensor
outputs result in accurate and reliable measurements.

Temperature Sensor Technologies

A variety of sensor technologies are available, including
thermocouples, resistive temperature detectors (RTDs), and
thermistors, all of which offer widely different measurement
ranges, accuracy levels, prices, and ease of use. However, the
best sensor choice often depends largely on the application
environment and temperature range required. Table 1 provides
an overview of these sensor types.

Thermocouples

Thermocouples are the most commonly used type of
temperature measurement sensor. But, despite their widespread
use, thermocouples may be the least understood type of
temperature sensors. When compared to some temperature
sensors, thermocouples are easy to work with and are based on
a simple operating principle. However, there are many different
types of thermocouples, and special attention to metallurgy,
operating principles, limitations, and treatment of measurement
data is required to ensure consistently accurate results.

Table 1. Common Temperature Sensor Types

Thermocouples offer several advantages over other
temperature sensor types:

* The basic thermocouple is relatively inexpensive, although
protective sheaths, cabling, and connectors can contribute to
overall expense.

Thermocouples are mechanically simple, durable, and
reliable. Properties of typical metals used in thermocouples
provide predictable output voltages. This allows users to
adapt thermocouples to a variety of applications, including
those in reactive or caustic environments.

* The physical construction of a basic thermocouple is
simple—all that’s necessary is twisting together wires of the
appropriate alloys. Commercial thermocouples are assembled
through welding, crimping, or soldering. All methods
produce similar results.

Thermocouples lend themselves to a variety of packaging
techniques that can be adapted to many types of applications.

Thermocouples offer a wide overall temperature
measurement range, spanning about -100°C to higher
than 2500°C.

Thermocouple accuracy is typically on the order of +1-2°C,
which is more than adequate for the majority of applications.

Although thermocouples have relatively few disadvantages,
these disadvantages affect their usage and the hardware needed
to read them significantly. Thermocouple output is on the order
of microvolts per degree, and thermocouples are sometimes
located at a significant distance from the system used to acquire
them. To compensate for these factors, a variety of signal
conditioning techniques, including differential measurement
mode, high gain, filtering, etc., is used to maximize the signal

Characteristic Thermocouples Resistive Temperature Detectors  (Thermistors
Overall Very broad range; moderate accuracy High accuracy and repeatability High resolution
Temperature Range -100° to +2500°C -200° to +800°C -80° to +150°C
Accuracy +1°to 2°C +0.1° t0 0.2°C +0.1° t0 0.2°C
Type of Output Signal Very low V Slight R change Wide R change
Burn-in
Industrial Aerospace . . N
. L Biological applications
Food processing Laboratory monitoring
. L : . Control systems
Typical Applications Burn-in Pharmaceuticals .
. . Measurement of environmental temps
Automotive Automotive .
Consumer devices
Aerospace Paper/pulp
Food processing
Several types, each with specific useful Relatu{ely fragile Relatively fragile
temperature range Non-linear AR vs. At .
Notes . . L . - Non-linear AR vs. At
Non-linear output Requires a resistive bridge circuit or . . .
. : . . ) Requires high resolution ohms measurement
Requires cold junction compensation 4-wire low ohms
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and minimize noise. These practices result in relatively slow
measurement rates for thermocouples, typically no more than a
few hundred readings per second. Furthermore, thermocouple
output is non-linear, so linearization routines must be built into
the hardware and/or software used to convert thermocouple
voltages to a temperature reading. Measuring temperature with
thermocouples also requires the use of a reference junction.

A thermocouple is a practical application of the “Seebeck
Effect.” Almost two centuries ago, physicist Thomas Seebeck
discovered that the junction between two dissimilar metals
generates a voltage that is a function of temperature. Historically,
temperature measurement with thermocouples relied on a
second thermocouple element to sense a known temperature
as a reference. At one time, the most common way of producing
a reference temperature was to immerse the reference junction
in an ice bath, which gave it the name “cold junction.” Today,
however, a growing number of instruments, including Keithley’s
Model 3706A System Switch/Multimeter and Series 2700
Multimeter/Data Acquisition/Switch systems, is suitable for
temperature measurement and offer one or more reference
junction functions.

Within the usable temperature range of any thermocouple,
there is a proportional relationship between thermocouple
voltage and temperature. However, this relationship is by no
means a linear one. In fact, most thermocouples are extremely
non-linear over their operating ranges. In order to obtain
temperature data from a thermocouple, it is necessary to convert
the non-linear thermocouple voltage to temperature units
through a process known as linearization.

When thermocouples are connected to the terminals of the
datalogger or other measurement instrument, the connections
form additional junctions that can generate unwanted
thermoelectric voltages. A copper terminal pin plugged into
a copper socket will not generate a thermoelectric EMF.
However, a constantan pin or socket crimped to a copper wire
results in a J-type thermocouple junction that will generate a
thermoelectric EMF. Extension wire and connector pins made
from thermocouple metals are available to permit connection
of like metals. Attention must be paid to every conductor and
termination throughout a thermocouple circuit to ensure that
unwanted junctions are not introduced into the circuit.

Packaging can affect a thermocouple’s suitability for a given
application. Although a working thermocouple can be made
by twisting the stripped ends of a pair of thermocouple wires
together, the most reliable and consistent operation is provided
by thermocouples that have been welded. Real-world applications
often require that thermocouples be enclosed and protected
from the environment or fitted with mounts, probe tips, or other
features that best suit a specific application. The sheath (Figure
1) is extremely important because it protects the thermocouple
element from contamination and physical damage due to caustic
materials, liquids, and other environment elements. Common
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sheath materials include iron, steel, stainless steel, iconel,
ceramics, and porcelain.

Thermocouple
Wire

Extension

Sheath

Connector

Figure 1. Typical industrial thermocouple.

A thermocouple’s overall response time depends not only on
the tip design but also on the sheath material and diameter, and
the surrounding medium. Response times can vary from a tenth
of a second to several seconds.

Several different metal alloys are used to construct
thermocouples. Each alloy offers characteristics that are
advantageous for specific applications. As shown in Table 2,

Table 2. Thermocouple Types

Type Gauge °F Range °C Range
8 -70 to 1400 -57 to 760
14 -70 to 1100 -57 to 593
J (Iron vs. Constantan)
20 -70 to 900 -57 to 482
24 -70 to 700 -57 to 371
8 =70 to 2300 -57 to 1260
14 -70 to 2000 =57 to 1093
K (Chromel vs. Alumel) 20 70 10 1800 5710 982
24 -70 to 1600 -57 to 870
8 =70 to 2300 -57 to 1260
N (Nicrosil vs. Nisil) 14 -70 to 2000 -57 to 1093
20 -70 to 1800 -57 to 982
24 -70 to 1600 =57 to 870
14 -70 to 700 =57 to 371
T (Copper vs. Constantan) 20 -70 to 500 -57 to 260
24 -70 to 400 =57 to 200
8 -70 to 1600 -57 to 871
E (Chromel vs. Constantan) 14 -70 to 1200 -57 to 649
20 -70 to 1000 -57 to 538
R § Platinumvs. 24 -50102650 | —46 to 1454
Platinum/13% Rhodium
B (Platinum/
6% Rhodium vs. Platinum/ 24 32 to 2650 0 to 1454
30% Rhodium)
Table 3. Thermocouple Color Codes, United States
(+) (-) Thermocouple Extension
Type | Conductor Conductor Jacket Jacket
J White Red Brown Black
K Yellow Red Brown Yellow
N Orange Red Brown Orange
T Blue Red Brown Blue
E Purple Red Brown Purple
R Black Red — Green
S Black Red — Green
B Gray Red — Gray




these alloys have been assigned a series of standardized letter
codes. Each type of thermocouple wire can be identified by a
color code for the individual conductors. Several color-coding
systems are used around the world, but most indicate the
negative thermocouple lead with red. However, the colors of the
positive conductor, thermocouple wire jacket, and extension wire
jacket can vary. Table 3 provides an overview of the color code
system used in the United States.

Base metal thermocouple types J, K, N, E, and T are
economical, reliable, and reasonably accurate. They represent
more than 90 percent of all thermocouples and are well suited
for temperatures ranging from —200° to 1700°C.

* Type E: Suitable for -200° to 871°C. Applicable to
atmospheres ranging from vacuum to mildly oxidizing and
for very low temperatures. Type E provides the highest
output of any of the base metal thermocouples.

* Type J: Suitable for lower temperatures (0° to 600°C). Should
not be used at temperatures higher than 760°C. Economical
and reliable. Popular in the plastics industry but useful
as a general-purpose thermocouple within the prescribed
temperature range.

* Type K: Industry standard for temperatures up to 1250°C.
Can corrode in chemically reducing environments.

* Type N: Similar to Type K but more resistant to oxidation.

* Type T: Suitable for -200° to 350°C. Commonly used in food
processing industry.

Thermocouple types R, S, and B are constructed of
platinum and rhodium, so they are referred to as noble metal
thermocouples. As a class, these thermocouples are more
accurate and stable than base metal types, but they are also more
expensive. They are used for applications up to 1700°C, and as
references for testing other types. To prevent contamination at
high temperatures from metal vapors, they should be used inside
a non-metallic sheath.

* Type R: Industrial standard for high temperature (to 1450°C).
Prone to contamination when contacting other metals. Stable
in oxidizing atmospheres but degrade rapidly in vacuum or
reducing atmospheres.

* Type S: Similar to Type R. Not used extensively as an
industrial sensor.

* Type B: Similar to Types R and S, but useful to 1700°C. Best
used at temperatures higher than 250°C. A weak, non-linear
output at low temperatures and a “dip” in output voltage
from 0°C to 50°C make the B type thermocouple unusable at
temperatures lower than 50°C.

Resistive Temperature Detectors

Resistive temperature detectors (RTDs) are among the most
stable and accurate type of temperature sensors available. They
offer a narrower measurement range than thermocouples,
covering approximately —200°C to +800°C. The actual range for
a particular RTD depends on its composition and construction,
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but it won’t vary appreciably from this range. RTDs are used
where high accuracy and repeatability are required, such as
in food, laboratory, and pharmaceutical applications. Accuracy
is often expressed as a percentage of resistance at a specified
temperature.

Several techniques are used to manufacture RTDs. The classic
RTD configuration is a length of platinum wire wound on a glass
or ceramic bobbin, which is then encapsulated in glass or other
protective material (Figure 2). Another variety is constructed
by depositing a conductive film on a non-conductive substrate,
which is then encapsulated or coated to protect the film. RTD
assemblies often include connectors, metallic sheaths, and
handles that make them resemble thermocouple probes.

Figure 2. A simple RTD.

RTDs are based on the principle that the resistance of most
metals increases with an increase in temperature. Most general-
purpose RTDs are made of platinum wire. The resistance of
platinum RTDs ranges from tens of ohms to several thousand
ohms, but most platinum RTDs have been standardized to a
value of 100Q at 0°C. Depending on the purity of the platinum
used, the temperature coefficient (o) of a platinum RTD
is 0.00385Q/Q/°C (the European curve) to 0.00392Q/Q/°C
(American curve).

Unlike a thermocouple, an RTD requires no reference
junction. It might seem a simple matter to connect a standard
DMM to the RTD, measure the resistance of the RTD, then
convert to a corresponding temperature. In practice, the
resistive properties of the RTD and associated wiring usually
require sensitive instrumentation optimized for low resistance
measurements. For example, a 10022 RTD having o =
0.00385Q/Q/°C produces a resistance change of only 100Q X
0.00385Q/ Q/°C or 0.385Q/°C. The wire leads connecting the
RTD to the ohmmeter might have a value of several ohms. With
a 100Q RTD, 1Q amounts to an equivalent temperature error of
about 2.5°C.

Two options for converting resistance to temperature are
available. One is simply to consult a look-up table and find
the temperature corresponding to a specific resistance. This
method is workable in software programs where an event will be
triggered at a certain temperature (the corresponding resistance
or voltage can be used as a trigger level), but it is not suitable for
real-time readout of temperature based on RTD resistance values.
A second method of converting resistance to temperature is by



means of an equation. The most commonly cited equation for
this purpose is a polynomial that uses a set of constants called
the Callendar-Van Dusen coefficients.

The general equation for the relationship between RTD
resistance and temperature is:

RID = Ry[1 + At + B2 + C(t-100)3]

where: RTD is the resistance of the RTD at temperature t,

R, is the resistance of the RTD at 0°C, and A, B, and C are

the Callendar-Van Dusen coefficients shown in Table 4. For
temperatures higher than 0°C, the “C” coefficient is 0, and the
equation becomes:

RTD = Ry[1 + At + Bt?]

One aspect of using RTDs and most other resistive sensors
is resistive (“joule”) heating that results from excitation current
passing through the sensor (power = excitation current* X RTD
resistance). Although the amount of heat energy may be slight,
it can affect measurement accuracy nonetheless. Self-heating is
typically specified as the amount of power that will raise the RTD
temperature by 1°C. Its typical value is about 1mW/°C.

Inaccuracy caused by joule heating is aggravated by higher
excitation currents and stagnant surrounding media of low
specific heat. These effects can be minimized if the surrounding
medium is in motion or is agitated to carry heat away
from the RTD.

Table 4. Callendar-Van Dusen coefficients for common RTD alphas

RTD
Temperature
Standard | Coefficient (c) A B c*
DIN 43760 0.003850 3.9080 x 103 [ -5.8019 X 107 | —4.2735 X 1012
American 0.003911 3.9692 x 103 | -5.8495 X 107 | —4.2325 X 10-12
1TS-90 0.003926 3.9848 x 10| -5.8700 X 107 | -4.0000 X 1012

* Used for temperatures less than 0°C only. For temperatures higher than
0°C,C=0.

Thermistors

Thermistors (thermally sensitive resistors) are another variety
of commonly used resistive temperature detector. Although
RTDs and thermistors are both resistive devices, they differ
substantially in operation and usage.

Thermistors (Figure 3) are passive semiconductor devices.
Both negative temperature coefficient (NTC) and positive
temperature coefficient (PTC) thermistors are available. The
resistance of an NTC thermistor decreases as its temperature
increases, while the resistance of a PTC thermistor increases
as its temperature increases. For temperature measurement
applications, NTC types are used more commonly than PTC
thermistors.
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Figure 3. A thermistor.

Very small thermistors can be manufactured and this small
size allows them to respond quickly to slight temperature
changes. However, they can be prone to self-heating errors.
Thermistors are also relatively fragile, so they must be handled
and mounted carefully to avoid damage.

Thermistors offer a significantly broader range of base
resistance values than RTDs do, with base resistance values
of kilo-ohms to mega-ohms readily available. Compared to
RTDs, the temperature coefficient of a typical thermistor is
relatively large—on the order of several percent or more per
degree Celsius. This high temperature coefficient results in a
resistance change of up to several thousand ohms per degree
Celsius. Therefore, the resistance of the wires connecting the
instrumentation to the thermistor is insignificant, so special
techniques such as high gain instrument inputs and three- or
four-wire measurement configurations are unnecessary to
achieve high accuracy.

Although thermistors have relatively few drawbacks
associated with them, it’s important to be aware of these
limitations in order to achieve accurate, reliable measurements.
For example, thermistors are relatively low temperature devices,
with a typical measurement range of -50°C to 150°C, although
some thermistors can be used at temperatures up to 300°C.
This range is significantly narrower than that of thermocouples
and RTDs. Exposure to higher temperatures can decalibrate a
thermistor permanently, producing measurement inaccuracies.
Thermistors are highly non-linear in their response, and are
not as standardized as thermocouples and RTDs. They tend
to be more appropriate for applications that require sensitive
measurements over a relatively restricted temperature range,
rather than for general-purpose temperature measurements.

Given that thermistors have a higher base resistance value
and a higher temperature coefficient of resistance than RTDs,
techniques such as four-wire configurations and sensitive
measurement capability are required only in more critical
thermistor applications, because any resistance in the test leads
is relatively insignificant when compared to the resistance of the
thermistor itself.

The output of most thermistors is highly non-linear, and
their response has been standardized much less than for
thermocouples or RTDs. Therefore, manufacturers frequently
supply resistance-temperature curves, tables, or constants for
their specific products. Typical thermistor alphas (o)) range from
2% to —8% per °C, and are generally larger at the lower end
of the temperature range. Linearized thermistors also exist,
although the use of computerized data acquisition systems and



software make them unnecessary unless the readout hardware
must be used with a linearized type.

For computerized applications, relatively accurate thermistor
curves can be approximated with the Steinhart-Hart equation:

1
A+ B X In(Ry) + C[In(Ry)]?

T is the temperature in degrees Kelvin, which is equal to
the Celsius temperature plus 273.15. Ry is the resistance of the
thermistor. The thermistor manufacturer should provide the
constants A, B, and C for a given thermistor.

Measurement Instrumentation Options

The performance of a temperature measurement system
depends just as much on the measurement hardware used as
on the sensors. If multiple sensors must be monitored, selecting
appropriate switching hardware is also critical. To ensure the
completed system meets the application’s requirements fully, it’s
helpful to consider a few critical questions before beginning the
selection process.

* What kinds of temperature transducers must the system be
able to handle?

* How many temperature channels must the system be able to
accommodate?

* Does the application require measuring/monitoring
temperatures in remote locations?

* Does the application require incorporating electrical
measurements other than temperature into the system?

* What type of traceability is required for my measurements?

Although thermocouples, RTDs, and thermistors are

compatible with many types of measurement instruments, digital

multimeters (DMMs) are among the most common choices. A

growing number of DMMs are capable of measuring the very low

voltages or resistances that temperature sensors produce. Their

inherently low noise design and traceable accuracy specifications

make them well suited for temperature measurement
applications. For applications that require monitoring

temperature at multiple points, DMMs with integrated switching

hardware are often the most economical solution in terms of
flexibility, measurement accuracy, and test throughput. For
example, Keithley’s Model 3706A System Switch/Multimeter
(Figure 4) combines scalable, instrument-grade switching and
multi-channel measurement into a single instrument.

37054 SYSTEM SWITCHMULTMETER. L4
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Figure 4. The Model 3706A System Switch/Multimeter supports up to 360
thermocouple channels in a single 2U chassis.
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For the temperature monitoring system builder, this all-in-
one-box combination of high-speed switching and high integrity
measurements greatly simplifies the system integration process
and helps control system hardware costs. The Model 3706A
incorporates multiple features that make it suitable for a variety
of temperature monitoring and control applications:

* Up to 360 thermocouple channels with standard terminal
block connections in a single 2U chassis.

* Automatic cold junction compensation (CJC) on the
compatible Model 3720, 3721, and 3724 Multiplexer Cards
with a screw terminal accessory for thermocouple-type
temperature measurements.

* Built-in support for measuring temperature with three
thermistor types: 2.2kQ, 5kQ, and 10kQ.

* LXI/Ethernet connection for simplified temperature
monitoring in remote locations.

* Option to expand to additional temperature monitoring
channels in additional Series 3700A chassis via the built-in
TSP-Link™ interface.

* 14 programmable digital I/O lines allow controlling external
devices, such as component handlers or other instruments, or
sending alarm indications if a critical temperature parameter
exceeds tolerance.

* An embedded graphing toolkit that supports real-time
data trending and analysis, which can be invaluable for
temperature monitoring tasks. This toolkit gives users a
quick, easy, flexible way to observe data as it’s acquired —
they can check the progress of long-duration tests in just
seconds, then make adjustments if the results are not as
anticipated. There’s no need to install special software on the
PC or the instrument itself or to write code to extract data
from the instrument’s reading buffer and import the data
into a third-party package or a spreadsheet for analysis.

* In applications like burn-in, which typically involve
monitoring multiple temperature, voltage, and resistance
measurements, the Model 3706A’s plotting capabilities
simplify spotting trends over the course of the test. Users can
view up to 40 channels of acquired data in a line or scatter
plot in either real-time mode or in user-defined increments.
The Model 3706A makes it simple to compare and contrast
readings on a per-channel basis so users can spot potential
problems early.

Similarly, Keithley’s Series 2700 Multimeter/Data Acquisition/
Switch systems (Figure 5) are well suited for monitoring
and logging temperature. All three mainframes support
thermocouples, RTDs, and thermistors with built-in signal
conditioning and 300V isolation. To begin using a temperature
sensor, the system builder simply plugs in one of the nine
Series 7700 switch/control modules that support temperature
measurements, connects the sensor, and the instrument does the
rest. If a thermocouple is broken or disconnected, the instrument
will alert the operator.
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Figure 5. Series 2700 Multimeter/Data Acquisition/Switch systems are well
suited for temperature measurement with support for thermocouples, RTDs,

and thermistors.

Like the Model 3706A, these mainframes support three
methods for cold-junction compensation (CJC): automatic
(built-in), external, and simulated. A built-in channel monitor
feature allows monitoring any specific input channel on the
front panel display during a scan. This feature can also serve
as an analog trigger to initiate a scan sequence based on some
external factor, such as a temperature rising above a pre-set
limit. Only the data of interest is acquired, so there’s no need to

Table 5. Keithley Multi-channel Temperature Measurement Solutions

spend hours searching through reams of normal readings to find
anomalous data.

The two-slot Model 2700 is optimized for applications like
temperature logging, precision measurement and control, and
mixed signal data acquisition for product development, ATE,
component testing, and process monitoring.

A built-in 10/100BaseTX Ethernet interface makes the two-
slot Model 2701 a good choice for distributed temperature
measurement applications that demand stable, high precision
measurements. It combines remote communications with high
measurement precision for research and development tasks, such
as economical monitoring of lab environments.

With five module slots, the Model 2750 simplifies configuring
solutions for measurement and control applications with
hundreds of channels. It’s especially useful for applications such
as power supply burn-in testing.

Temperature measurements are made for a variety of reasons.
Though there are many sensors, thermocouples, resistive
temperature detectors, and thermistors are the three main types.
Temperature measurement system performance is as dependent
on the measurement hardware used as on the sensor type
selected. Table 5 offers an overview of Keithley’s temperature
measurement options. For additional information on specific
switching cards optimized for particular transducers, consult the
on-line data sheets for the Model 3706A and the Series 2700.

2.2kQ, 5kQ, 10kQ

* Reed relay

* Solid state relay

Compatible Maximum
Model Transducers Channels | Relay Types Special Features
3706A Thermocouple 360 * Electromechanical relay * Fast scanning with low noise Multimeter
6-slot, 2U full-rack- |J, K, N, T, E, R, S, B types * Solid state relay * Open thermocouple detection
width mainframe RTD, 3- or 4-wire 180 * Electromechanical relay * Screw terminal accessory for thermocouple
with integrated PT100, D100, F100, * Reed relay connections and cold junction compensation
digital multimeter PT385, PT3916, + Solid state relay (Internal CJC)
Custom RTD * Selectable temperature reference
Thermistor 360 * Electromechanical relay * Longlife solid state card (Modoe ! 507 24)
* Selectable temperature units (°C, °F, K)
2.2kQ, 5kQ, 10kQ * Reed relay .
o Solid state rela * Offset compensated ohms for improved low
Y resistance accuracy
* Screw terminal accessory for RTD and thermistor
connections
2700 & 2701 Thermocouple 80 ¢ Electromechanical relay * Open thermocouple detection
2-slot, 2U half-rack- |J, K, N, T, E, R, S, B types * Solid state relay * Card-enabled cold junction compensation
width mainframe RTD, 4-wire 40 * Electromechanical relay (internal CJC)
with integrated PT100, D100, F100, * Reed relay * Selectable temperature reference
digital multimeter PT385, PT3916, + Solid state relay * Longlife solid state card (Model 7710)
Custom RTD * Selectable temperature units (°C, °F, K)
Thermistor 40 * Electromechanical relay ' ?efsfissi;rclg:]ai i?lsrzt:; ohms for improved low
2.2k, 5kQ, 10k : I;gﬁg 1;22:: relay * Screw terminal for RTD and thermistor connections
2750 Thermocouple 200 * Electromechanical relay * Open thermocouple detection
5-slot, 2U full-rack- |J,K, N, T, E, R, S, B types * Solid state relay * Card-enabled cold junction compensation
width mainframe RTD, 4-wire 100 * Electromechanical relay (internal CJC)
with integrated PT100, D100, F100, * Reed relay * Selectable temperature reference
digital multimeter PT385, PT3916, + Solid state relay * Long-life solid state card (Model 7710)
Custom RTD * Selectable temperature units (°C, °F, K)
Thermistor 100 * Electromechanical relay * Offset compensated ohms for improved low

resistance accuracy
* Screw terminal for RTD and thermistor connections
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Burn-in Testing Techniques for

Switching Power Supplies

Introduction

One of the consequences of the rapid growth of the
telecommunications, desktop computing, and network server
markets is a burgeoning demand for switching power supplies
and DC-to-DC converters. While these power supplies are
typically inexpensive, a high level of quality must be maintained
through careful production testing.

Highly accelerated stress screening (HASS) or “burn-in”
is a common production step for switching power supplies
designed for computers and servers. Extended environmental
testing is performed to ensure the product will continue to
function properly over its entire service life. It is not uncommon
to age and monitor thousands of power supplies at once. When
designing this type of test system, the biggest challenge is dealing
with the high number of channels the system must monitor and
the test system surroundings. Large numbers of switching power
supplies can produce tremendous amounts of electrical noise,
which can reduce the test system’s measurement performance
significantly.

Test Description

High-end power supplies and DC-to-DC converters with outputs
from 400W to 2000W are commonly found in many telecom
and server applications. These devices typically have four to six
voltage outputs that must be verified. Output voltages may vary
from 3.3V to 48V, with one output terminal dedicated to 5V. To
verify that the entire power supply is functioning properly, the
manufacturer often monitors only the 5V output. This implies
that all channels are measured during manufacture, but for the
purposes of burn-in, only one output is monitored to reduce

the number of channels needed for the test system. Reducing

the number of channels monitored allows a test system to
accommodate more power supplies during the testing cycle,
reducing overall cost. Less expensive and less complicated power
supplies found in PCs may have up to six outputs, while power
adapters for laptop computers will have one output. As in the
previous case, only one channel is monitored. The 5V output

is monitored as the temperature in the environmental burn-in
chamber reaches the upper and lower limits, and the power
supply output is repeatedly cycled on/off.

Monitoring Voltage

Figure 1 is a simple schematic of a test for monitoring the voltage
output of a power supply. A digital multimeter (DMM) would be
connected in parallel with the load resistance to measure the
power supply voltage. The load resistance is chosen to emulate
the load resistances found in the final application, but may be
chosen to reach full output capacity to perform

stress testing.

1novor AC | Power Supply '\\//';?;tgcg
220V Input | Under Test (3.3v-a8)
O

Figure 1. Monitoring the output of a switching power supply.

A
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R~ 2 — Time
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Repeat 10 Times

Figure 2. Typical burn-in test cycle.
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Output Cycling

To stress the power supplies being tested further, the output is
repeatedly turned on and off. If a device is destined to fail, the
failure will generally occur when the output is cycled. To capture
failure data, the output voltage of each power supply is measured
during each time the output is turned on, as shown in Figure 2.
After the output is cycled 15 to 20 times, the output is left on and
the power supply is left to continue aging. While the output is
left on, the voltage is measured only occasionally.

Test System Description

The basic requirement for burn-in testing is to measure the
voltage drop across the load resistor placed across the output of
each switching power supply (Figure 1) during the entire test
cycle. Test cycle duration can range from less than an hour to
many days, depending on the quality requirements determined
by the manufacturer.

Figure 3 illustrates an example of a 300-channel burn-in
system in an environmental chamber, using the Model 3706A
7Y2-digit DMM to make the required voltage measurement on
each power supply. Six Model 3720 Dual 1X30 Multiplexer
Cards are used to connect the inputs of the Model 3706A to
each power supply. The Model 3720 Multiplexer Card is used
in this case because each card can monitor up to 60 channels
at 300VDC. Each channel has two connections (HI and LO) for
each power supply.

A typical specification for a power supply is to output 5V with
10% accuracy, which presents no measurement problem for a
the integrated 7'%-digit DMM in the Model 3706A. As shown in
Figure 2, when the output is cycled every 15 seconds, the DMM
must make measurements on 300 channels during the 15 second
“on” time. Setting the integration rate or measurement time to be
as fast as possible (NPLC = 0.001) and disabling all filters makes
performing these measurements fast and easy.

The Model 3706A/3720 Multimeter/Data Acquisition
System can be used to verify the temperature profile of the
environmental temperature chamber independently. By plugging

Environmental Burn-in Chamber
/—>_+ Thermocouples

Model 3706A

"’_)j

N
PS |PS |PS |PS |PS|PS |PS |PS
PS |PS |PS |PS |PS |PS | PS |PS
PS |PS |PS |PS |PS |PS |PS |PS

PS |PS |PS |[PS |PS |PS |PS |PS

Model 3720 Card

PS |PS |PS [PS |PS |PS |PS | PS
PS |PS |PS |[PS |PS |PS |PS |PS
PS |PS |PS |[PS |PS |PS |PS | PS
PS |PS |PS [PS |PS |PS |PS | PS

System
Cabling

Model 3720 Card

(191 11

Power Supplies Under Test

Figure 3. 800-channel switching power supply burn-in test system schematic.

one Model 3720 60-channel differential multiplexer module
into the Model 3706A, the system can accommodate up to 60
thermocouples.

Typical Sources of Error
Environmental Noise

Placing hundreds of switching power supplies into an
environmental temperature chamber makes it extremely difficult
to make accurate voltage measurements because switching power
supplies radiate high frequency noise. If the ground connection
is noisy, traditional data acquisition systems will be unable to
make satisfactory measurements. The system described here
requires scanning across multiple channels rapidly with the high
impedance input of the DMM. In this situation, it can be difficult
to distinguish between 5V and 0V on adjacent channels. Even
with the Model 3706A’s superior CMRR, NMRR and 26-bit ADC,
making the distinction can be difficult. However, Keithley has
developed an algorithm (described elsewhere in this application
note) that simplifies this problem.

To determine whether a power supply is good or bad, the test
system must not only look at the absolute voltage value, but also
at how subsequent readings compare. Figures 4a and 4b show
two different results when sampling a noisy signal. Assuming the

Voltage
A SAMPLE 1 SAMPLE 2
5V T
Noise
SAMPLET = 4.92V
SAMPLE2 = 5.00V
>
Time
SAMPLE1 - SAMPLE2 | = 0.08V

Voltage

A SAMPLE 2

SAMPLE 1

5V T

Noise

SAMPLE1 = 5.00V
SAMPLE2 = 4.23V

»
L

Time

0.77V

SAMPLE1 - SAMPLE2 | =

Figure 4a. Good result from multiple samples.
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Figure 4b. Bad result from multiple samples.



power supply being tested is known to be acceptable, the figures
show how noise can affect the final outcome of the test. Sample
2 in Figure 4b was taken when a noise spike was introduced
into the system. This illustrates the importance of taking many
samples into account from each power supply or increasing the
measurement integration rate.

When measuring 5V on one channel and 0V on the next
with very fast scan speed, a DMM may not measure OV for the
second channel. Actually, the first reading may be 4.7V and
subsequent readings will decrease to 4.3V, 3.7V and gradually
down to OV. This gradual decrease id due to the RC time
constant created by the large DMM input impedance and the
capacitance in the test system cabling and fixtures. In contrast,
if the measured 5V (i.e. power supply is good) twice, the two
results will be similar (generally less than 10mV difference).
Therefore, Sample 1 - Sample 2 = Delta, and if Delta is less
than 10mV and both samples are within in limits the power
supply is accepted. Without using this algorithm, setting a higher
measurement integration rate will significantly improve the
instrument’s measurement performance in noisy environments,
but the resulting scan rate would not be sufficient for the
number of channels and time constraints of this application.

Relay Life

Generally, as the power supplies are being tested, their outputs
are turned on. Therefore, as the switch mainframe is scanning
across each device, the relays are being opened and closed with
voltage across their contacts. Actuating a relay in this manner
raises the possibility of arcing, which can severely degrade relay
life. The relays on the Model 3720 are rated for 108 closures
when voltage is not being switched or for 10° closures if a 1A,
300V signal is being continually switched. As the signal levels
decrease, the expected life of the relay will increase, so it is
important to note the voltage and current levels of each power
supply that is to be monitored.

Equipment List
The following equipment is required to assemble the
300-channel switching power supply burn-in test system shown
in Figure 3.

* Model 3706A System Switch/Multimeter.

* Six Model 3720 Multiplexer Cards.

* Ten Model 3720-MTC-3 Cables.

* one Model 3720-ST Screw Terminal.
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Alternative Solutions

The Model 2700 Multimeter/Data Acquisition System supports
up to 80 channels is a nice fit for smaller and more modular
systems. The Model 2700 is optimized for smaller HASS systems,
or for smaller production lots of power supplies. The 2700 series
of switch cards many solutions for temperature monitoring and
analog signal routing up to 300V. Output cycling of the power
supplies is accomplished using Keithley’s line of PIO digital I/O
boards and solid-state relay (SSR) modules.

Test System Safety

Many electrical test systems or instruments are capable of meas-
uring or sourcing hazardous voltage and power levels. It is also
possible, under single fault conditions (e.g., a programming error
or an instrument failure), to output hazardous levels even when
the system indicates no hazard is present.

These high voltage and power levels make it essential
to protect operators from any of these hazards at all times.
Protection methods include:

* Design test fixtures to prevent operator contact with any
hazardous circuit.

* Make sure the device under test is fully enclosed to protect
the operator from any flying debris. For example, capacitors
and semiconductor devices can explode if too much voltage
or power is applied.

* Double insulate all electrical connections that an operator
could touch. Double insulation ensures the operator is still
protected, even if one insulation layer fails.

* Use high-reliability, fail-safe interlock switches to disconnect
power sources when a test fixture cover is opened.

* Where possible, use automated handlers so operators do not
require access to the inside of the test fixture or have a need
to open guards.

* Provide proper training to all users of the system so they
understand all potential hazards and know how to protect
themselves from injury.

It is the responsibility of the test system designers,
integrators, and installers to make sure operator and
maintenance personnel protection is in place and effective.

11



www.keithley.com



Solutions for Production Testing

of Connectors

Introduction

As electronics have become increasingly pervasive, the
importance of electrical connectors has increased dramatically.!
Quality connectors are vital to ensuring overall product
reliability in applications ranging from motor vehicles to
transatlantic telecom systems. The degree and type of electrical
testing that connectors undergo typically depends on how crucial
they are to the overall performance of the systems in which they
are installed. Stringent electrical tests are often specified when
high reliability is required. Isolation and continuity are the two
most commonly measured parameters in connector testing.
Isolation measurements are usually performed between each of
the connector pins or between the pins and the outer shell of
the connector. Isolation measurements are used to verify that
signals are not misdirected and insulation is sufficient under the
operating conditions of the connector. Continuity is measured
between pins to ensure that once the connector is installed, the
electrical signals will be transmitted properly.

There are a number of instruments that may be used in
connector testing; thus, selecting the optimal solution for
a particular application may not be an easy task. This note
addresses many of the issues involved in implementing a
connector characterization system.

Test Description
Isolation (Insulation) Resistance

Given today’s ever-shrinking circuit geometry and the higher
frequencies of electronic signals, isolation is an important
consideration for reliability and crosstalk. Environmental
conditions such as high heat and vibration may also cause
degradation of insulation and shorts within the connector.
Isolation is typically tested by applying a voltage across two pins
in a connector and measuring the resulting current that flows
between them. The corresponding resistance from the test is
compared to a predetermined threshold value. If the resistance
level is too low, the connector is rejected. Common threshold
levels range from 1MQ to 1TQ2. Figure 1 shows the electrical
equivalent of a connector; the isolation resistance is identified
as R, When testing very high ohmic devices, the measured
resistance may change significantly in response to a change in
the applied voltage, an effect known as the voltage coefficient
of resistance. This effect makes it preferable to test high value
resistors with the source voltage, measure current method.

1 Although this application note targets connector production testing, engineers in cable
assembly manufacturing operations perform tests similar to those presented here. These
engineers may find the information in this note helpful when selecting test equipment.
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The actual test voltage chosen depends on the capabilities of
the instrumentation and the degree of current measurement
sensitivity available, as well as the ratings of the connector
material. For a given resistance value, a higher voltage will result
in a higher current signal, which can be measured with higher
resolution. Figure 2 illustrates the constant voltage method

for measuring high resistances. When the measured current

is fairly low, the likelihood of measurement errors increases.
Contributors to error include noise generated by electrically
charged objects in the environment, leakage current in the test
fixture, and the amount of cable capacitance present. Strategies
for overcoming these measurement obstacles are discussed in the
“Typical Sources of Error” section in this note.

Connector Shell

Figure 1. Electrical Equivalent of a Connector, Showing Pin Continuity and
Isolation Resistance.

Rlsolation
———o—AANN—O——
HI
gglffcgee — Ammeter
LO

1

Figure 2. Constant Voltage Method for Measuring High Resistance.

Pin Continuity

As long-term performance of connectors becomes increasingly
important, the continuity performance from the input to the
output of the connector will also become more important.
Connector pins are often made from metal alloys, so the
measurement result is a very low resistance value. Typically,
continuity is tested by sourcing a constant current through

the pin and measuring the corresponding voltage drop. Pin
continuity is identified as Ry, in Figure 1. Using high currents to
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test continuity has two advantages. First, using a sufficiently high
test current ensures the resulting voltage signal will be above the
noise floor of the test system. The noise floor includes the error
related to the voltage drop in lead resistances and the voltages
due to the variation of temperature at junctions of dissimilar
metals. Second, a higher test current can also serve as a stress
test for the connector. Often, the connector will be tested at

a current level higher than the rated current level in order to
verify performance margin. Figure 3 illustrates how a current
source and voltmeter are used to measure resistance. Most
instruments designed to measure low resistances have a built-in
current source and voltmeter and can be configured to measure

Solutions Overview

Table 1 shows a representative selection of Keithley test
equipment solutions for connector testing. Use this table to
identify the solution that best fits the specific measurement
parameters.

When selecting test equipment, the user/design engineer needs
to determine appropriate accuracy and speed requirements, the
range of resistances to be measured, the method of measuring
resistance, and whether or not it’s necessary to control the
value of test current or voltage. Additional features such as
handler interfacing and limit testing may also be of importance

resistance with one instrument bus command or button on the

front panel.

to the user.

Selection of a switch solution requires a plan of the test

HI

Current

Source T Rcontinuity Voltmeter
LO

Figure 3. Constant Current Method for Measuring Low Resistance

Table 1. Instrument Selection Guide for Connector Test.

environment and the sequence of tests to be performed.
Answering the following questions will assist the engineer in
designing a switch system:

* How many devices are to be tested?
* Is parallel testing needed?
* Will the system be performing multi-pin/pin-to-pin testing?

* What are the maximum voltage and current levels to be

sourced and/or measured?

Test Equipment

Pin
Continuity

Isolation
Test

Measurement Ranges

Notable Features

Model 2750 Multimeter/
Switch System

Pin Continuity: ImQ+
Isolation: Up to 100M2

Optional internal switching.

Offset compensation.

Common-side ohms configuration.
Enhanced low ohms measurement capability.

Model 2790 SourceMeter/
Switch System

Pin Continuity: 10mQ+
Isolation: Up to 1GQ

Optional internal switching.

Offset compensation.

500V programmable voltage source (low power).
50mA programmable current source.

Model 2400 SourceMeter®
SMU Instruments

Pin Continuity: ImQ+
Isolation: ~ 1GQ

Programmable test current (pin continuity).
Programmable voltage source (isolation test).
Ability to save 100 test setups in memory.
Auto output-off — reduce device heating.
Contact check option.

Model 2400 SourceMeter and Model
2182A Nanovoltmeter

Pin Continuity: 1uQ+

Programmable test current.
Delta mode—current reversal technique for 2400 and 2182A.

Model 3706A System Switch/
Multimeter

Pin Continuity: 1mQ+
Isolation: Up to 100MQ

Optional internal switching.

Offset compensation.

Common-side ohms configuration.
Enhanced low ohms measurement capability.
Up to 576 two-wire multiplexer channels.

Model 6487 Picoammeter with
Voltage Source

Isolation: 1kQ-1TQ

Independent programmable voltage source (=500V).
V/I Ohms.

Model 6517B Electrometer

Isolation: 200kQ2-1e17Q2

Independent programmable voltage source (£1000V).
Optional internal switching.
Optional temperature and humidity measurements.

Model 2001/2002 High Performance
Multimeter

Pin Continuity: 10mQ
Isolation: Up to 1GQ

Offset compensation.

Optional internal switching.

Optional Model 1801 Nanovolt Preamp to increase sensitivity (with
this preamp, pin continuity range can extend down to 5mQ at a
test current of 9.2mA).

Model 6221 Current Source and
Model 2182A Nanovoltmeter

Pin Continuity: 100nQ
Isolation: Up to 100GQ

Delta Mode for low thermal, low resistance measurements.
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* What are the speed and accuracy requirements?

After having determined the specific application needs, the
designer may wish to review the switching and measurement
solution with a Keithley Applications Engineer.

Test System Option Descriptions
Series 3700A or Series 2700/Integra Systems

Choosing the appropriate test equipment can be difficult.
Series 3700A or Series 2700 Systems simplify the test setup by
combining the switch and measurement hardware into a single
unit. These products incorporate a precision digital multimeter
with a wide assortment of switching cards and switching
topologies (multiplexer, matrix, etc...). Table 2 provides an
overview of the Series 3700A and 2700. For more details on the
available switching modules, see the keithley.com website.

Both of these systems measure all ranges of resistance
using the constant current method. The instruments’ range
(up to 100MLQ) may be adequate for measuring isolation
resistance in many applications. These models also offer four-
wire connections, dry circuit testing (3706A and 2750), offset
compensation and low current source to prevent device heating
in low resistance measurements. The section of this note titled
“Typical Sources of Error” discusses how these features can be
useful in reducing or eliminating measurement errors.

The Model 3706A and Model 2750 mainframes have an
enhanced ability to measure low ohms accurately. This makes it
an ideal choice for pin continuity tests. Pairing the Model 3721
Switch Card with the 3706A or the Model 7701 Switch Card
with the Model 2750 permits four-wire connections without
comprising channel count. These cards offer the same channel
count (3721: 40 channels, 7701: 32 channels) for four-wire
resistance measurements as it does for two-wire measurements
by using a common-side ohms configuration. As shown in Figure
4, a four-wire measurement is made by connecting the Sense
HI and Input HI to a bus that is common with one side of all
the devices. With such a configuration, up to 240 low resistance
devices may be tested using the Model 3706A and six Model 3721
Switch Cards.

Testing multi-pin connectors may require a switch
configuration in which measurements are made from any one
pin to any other. A matrix switch card permits convenient

Table 2. Integra Series Comparison Chart

Contact Pin -

an :
Mating Sleeve :

i ch. 40!
""""""""""""""""" Lo
Source
Ohmmeter
HI LO
Sense Sense

3706A/3721 Multimeter/Switch System

Figure 4. Common-Side Ohms Configuration

pin-to-pin testing and are available in both the Model 3700A and
Series 2700 instruments.

Model 2790 SourceMeter/Switch System

If source programmability is required, consider the Model 2790
SourceMeter Switch System as a possible solution. A member of
the Integra Series family of products, the Model 2790 has the
multimeter functions of the Model 2700 with optional switching
modules that include voltage and/or current sources. Three
optional modules for the Model 2790 are available: Model 7751
High Voltage Source/Switch Module, Model 7752 Low Voltage
Current-Source-Only Source/Switch Module, and Model 7702
40-Channel General Purpose Multiplexer Module.

The Model 7751 module contains a low power programmable
500V voltage source with a maximum current output of 50uA. It
also has a 50mA programmable current source. Additionally, an
IV converter is included on the 7751 module in order to make
more accurate measurements than are possible with the ammeter
internal to the Model 2790 mainframe. These enhanced source
and measure capabilities allow making isolation measurements
up to 1GQ and continuity measurements down to 10mQ with
the Model 2790. The Model 7752 switch card is also as an option
for the Model 2790. Containing just the 50mA programmable
current source, the 7752 is ideal for applications where only
continuity measurements will be made.

Maximum Reading
Integra Series | Number | Communication Maximum Channel Internal Data Rate, Single Channel
Product of Slots Interface Count or Crosspoints | Buffer Capacity (readings/second) |Additional Features
Model 2700 2 GPIB, RS-232 80 channels or 55,000 2000
96 crosspoints
Model 2701 2 Ethernet, RS-232 80 channels or 450,000 3500 Portable, : rack, 2U design
96 crosspoints
Model 2750 5 GPIB, RS-232 200 channels or 110,000 2500 Low ohms capability (1€ max.
240 crosspoints sensitivity)
Model 3706A 6 576 channel§ or 650,000 14,000 Low.thrls capability (0.1u€2 max.
576 crosspoints sensitivity)

www.keithley.com
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Each Model 7751 or 7752 module allows two-wire
connections to 12 DUTs. If more connections are required,
consider using the Model 7702 40-Channel multiplexer card
in the second slot of the Model 2790. In addition to higher
channel count, this card permits routing to the DMM for general
measurements, including voltage, current, and resistance. The
sources on the Model 7751/2 cards are accessible via screw
terminals and may be routed to the Model 7702 card for
measurement.

For some applications, the measurement range of the Series
2700 instruments may not be broad enough to accommodate
the test requirements for both isolation and continuity
measurements. The engineer may also want more flexibility in
the level of source current or voltage used in the test. In these
cases, one of the Series 2400 SourceMeter® SMU instruments
may be a more suitable solution.

Series 2400 SourceMeter® SMU Instruments

SourceMeter SMU instruments consist of a voltage source,
current source, voltmeter, ammeter, and ohmmeter in a single
half-racksized package. With these components, SourceMeter
SMU instruments offer greater measurement sensitivity for pin
continuity tests and extended range for isolation resistance tests.
Some devices, however, may not be able to withstand such a high
level of current without experiencing device heating, which can
introduce significant error to the measurement. The SourceMeter
products have an auto output-off feature that keeps the source
turned on only long enough to complete the measurement (only
a few milliseconds), which reduces device heating. As an added
benefit, auto output-off provides cold switching, for extended
relay life in switch systems. Series 2400 instruments also include
offset compensation, as well as programmable compliance
settings that allow users to apply dry circuit conditions.

For extremely low resistance devices that require a high
degree of test accuracy, a more sensitive voltmeter, such as
the Model 2182A Nanovoltmeter, will likely need to be paired
with the SourceMeter SMU instrument. Using the Model 2182A
and a SourceMeter SMU instrument, the uncertainty of a 1ImQ
measurement with a 10mA source is 0.45%. Comparing these
specifications with the example in the previous paragraph
(where the SourceMeter SMU instrument alone was used), the
2182A/2400 configuration with a 100X reduction in source
current leads to only a 0.15% increase in uncertainty. The
combination of these two instruments offers wider flexibility
in source current and measurement time. The Delta Mode
feature of the Model 2182A also allows coordination with the
SourceMeter SMU instrument to add offset compensation to the
measurement.

Another potential source is to use the Model 6221 Current
Source with the Model 2182A Nanovoltmeter. They were
designed to work together for low resistance measurements.

At 100mA test current from the Model 6221 and the sensitivity
of the Model 2182A at 10nV, the low resistance measurement is
sensitive to 1e-7Q (100n<).
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Like the Model 2400, you have control over the test current.
And the Model 6221 has the trigger link connection to trigger
the Model 2182A for delta measurements. The main advantage
to using Models 6221/2182A over Models 2400/2182A is that the
Model 6221 controls the two units. The data is shown on the
Model 6221 in volts, ohms, watts, or siemens. Since the two units
were developed with delta mode in mind, the system is very
simple to configure.

Once the serial cable and trigger link cable are connected
between the two instruments, it takes only a few button
pushes to configure and start the delta mode. The Model 6221’s
maximum current is 100mA.

The 2400 Series’ maximum current is 5A. If using 100mA
and below, then Models 6221/2182A are recommended. If using
above 100mA, then the 2400 Series with the Model 2182A is
recommended.

As discussed previously, it’s generally preferable to test high
value resistors with the source voltage method. Given that Series
2400 instruments all have a voltage source, these instruments
may be used to measure isolation resistances of up to 1GQ or
more with reasonable accuracy. With a 1100V source, the Model
2410 offers the possibility of testing very large resistances.
Testing a 10G<Q resistor at 500V, the Model 2410 offers just
0.67% uncertainty.

Additional Isolation Test Equipment

Other solutions for high insulation resistance measurement
include the Model 2001, Model 2002, and Model 3706A Digital
Multimeters. These instruments offer the ability to measure up to
1GQ using the constant current method, in addition to standard
multimeter functions such as AC voltage, AC current, and
temperature. The Model 6487 Picoammeter has an independent
500V programmable source voltage and a “V/I resistance mode,”
which make it suitable and convenient for measuring insulation
resistance. The Model 6517B electrometer, with an independent
1000V programmable source and 3fA offset on its ammeter,
offers the best high resistance measurement accuracy of all
standard Keithley instruments. This instrument may be necessary
for extremely high insulation resistances (hundreds of gigaohms
or teraohms).

Obviously, there are many instrumentation options available.
Therefore, when choosing test equipment, the project engineer
should carefully consider the entire range of resistance to be
tested and other measurements or applications for which the
instrument may be used.

Switching Solutions

Once it’s clear what instrumentation option is most appropriate,
the project engineer can focus on the switching requirements

of the application. While the Series 2700 Integra Systems and
Model 3706A can be used for switching alone, Keithley also
offers the Series 7000 line of switching products, which are
designed for use with measurement hardware. The Model 7001
and 7002 mainframes house and control the plug-in switch cards,



which contain the relays that will connect the test equipment

to the test points of the connector. Plug-in switch cards are
available in a variety of relay configurations. The multiplexer

and the matrix are the two most common switch topologies.
Multiplexer cards are used to connect one instrument to many
test points or vice versa. Figure 5 shows a simple multiplexer
configuration in which resistors are connected across each relay.
When only one channel is closed, a device is connected to the
inputs of the SourceMeter SMU instrument and can be tested. A
matrix configuration, on the other hand, provides the flexibility
required to test many different channel patterns. In a matrix, any
one point in the system may be connected to any other point

in the system. For example, this configuration is useful when
more than one instrument is needed to test each device. Figure 6
shows a simple matrix configuration with connections to two
instruments and five pins of a six-pin device. Although two
channels must be closed in order to perform a measurement, the
matrix configuration allows testing any possible combination of
connector pins.

Up to 40
differential
channels per
7011 Switch Card

Model
24XX

Model 7011
Quad 1x10 Multiplexer

Figure 5. Multiplexer Configuration

Connector
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Model 2010 as (X)) (X)) (X) (X) (X
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Model 7153 High Voltage/Low Current Matrix Card

Figure 6. Matrix Configuration
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The Series 7000 switch mainframes are “smart” in that they
can save switch patterns and sequences. These mainframes also
have built-in trigger hardware (see the Trigger Link description
in the section titled “Optimizing the Measurement”) that affords
hardware handshaking between the switch mainframe and the
measurement equipment. With this external triggering, the
instruments can execute the programmed test sequence without
operator intervention.

In addition to the relay configuration, it’s very important to
consider the specifications of the switch card when choosing
switch hardware. The goal of switching is to make connections
without compromising the measurement. When measuring pin
continuity (low resistances), it’s important to choose a switch
card with low contact potential and a current rating high enough
to withstand test current. When measuring insulation resistances,
choose a switch card with low offset current, high isolation
resistance, and a voltage rating high enough to withstand source
voltage. For more detailed information on selecting appropriate
switch hardware, refer to Keithley’s Switching Handbook.

Optimizing the Measurement
Trigger Link

The Trigger Link is a hardware handshake bus used by the
instruments to ensure proper test sequencing. It’s a standard
feature on all newer Keithley instruments, including those
mentioned in this note. When the meter and switch mainframe
are connected via a Trigger Link cable, they can trigger each
other to allow faster test completion. This built-in bus eliminates
the need for direct PC control of most system synchronization
functions. When the Trigger Link function is used properly,

the only functions the PC performs are initiating the test and
retrieving data from the system.

Solutions to Typical Sources of Error
Noise

Noise can come from many sources in the production
environment. When electrically charged objects, such as
machinery, electrical motors, or fluorescent lights are brought
near an uncharged object (i.e., the device under test), small,
unwanted voltages may be generated. To minimize the effects

of this electrostatic interference, ensure all system cabling is
properly shielded. All shields should be connected to a single
common point such as the signal LO. Whether the system cabling
is single- or multi-conductor, it’s best to use one shield around
the wire bundle.

Leakage Current

Stray or leakage current in cables and fixtures can be a source
of error in measurements of extremely low currents, such as for
high impedance devices or parameters. To minimize leakage
current problems, the test fixture insulation must be made of
materials with resistances much higher than the impedances
being tested. If proper care is not taken, some portion of the test
current will flow through any low impedance path to ground,
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affecting measurement results. An alternate method of reducing
leakage currents is to guard the test. When testing multi-pin
connectors, it’s also important to guard the other pins that are
not being tested because the resistance between the other pins
and ground may affect the final measurement. By connecting the
guard output from the meter to the other pins, the undesirable
resistance and subsequent leakage to ground is eliminated. Refer
to Keithley’s Low Level Measurements handbook for detailed
information on guarding.

Figure 7 illustrates how to connect the Model 6517B
Electrometer to make a high resistance measurement properly to
minimize leakage current, cable capacitance, and noise.

65178 Triax Shield
Ut o T
HI i
Ammeter
LO
Meter
Connect
Relay
LO
V-Source ——
HI
1

Figure 7. Model 6517B Connections for Making Guarded Ohms Measurement

Cable Capacitance

The amount of capacitance in the test system cabling will
determine the settling time required to obtain an accurate
reading. Settling time is determined by the system’s RC time
constant; a large resistance value can result in significant settling
times, even with a relatively small capacitance value. For best
accuracy, let four to five time constants elapse before taking
the measurement. System capacitance, and thereby settling
time, can be reduced by keeping cable lengths as short as
possible, guarding the system properly, and using the source
voltage, measure current method of making high resistance
measurements.

Lead Resistance

A common source of error for low impedance occurs when only
two test leads are connected to the DUT. In this configuration,

both the current source and voltmeter use the same pair of leads.

The lead resistance, being in series with the DUT, is added to

the final measurement. Such a setup is especially detrimental

for testing connector pins because the test lead resistance may
actually be greater than the resistance of the connector itself.
Figure 8a illustrates this effect. To eliminate lead resistance
effects, the current source and voltmeter must be separated so
that four wires (force and sense leads) are used to connect to
the device. The amount of current in the sense leads is negligible
and so the lead resistance is insignificant. Figure 8b shows how
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the voltmeter senses the voltage drop across the DUT without the
effect of the lead resistance.

Output Sense AN
HI HI HI

Output Sense
HI
Model 24XX Model 24XX
SourceMeter Rs SourceMeter
Output Sense Output Sense
LO

LO LO LO /

Figure 8a. Two-Wire Measurement Figure 8b. Four-Wire Measurement

Thermoelectric EMFs

Thermoelectric EMFs may cause measurement problems for
low impedance measurements. The voltage drop across low
impedance devices is typically very small. Thermoelectric EMFs
may be on the same order of magnitude as the test signal,
thereby introducing significant error. Most of the instruments
discussed in this note can be programmed to cancel the effects
of thermoelectric offsets automatically through the offset
compensation or current reversal technique. This technique
involves taking two measurements. The first measurement is
taken at the desired positive source level, then the second is
taken at the opposite source polarity (or at 0A, depending on the
instrument). These two measurements are then subtracted from
each other and the resulting resistance is calculated as follows:

V2-Vy
-1

where: I, is the source current set to a specified positive value.
I, is the same current value as I; with opposite polarity.
V, is the voltage measured at I;.
V, is the voltage measured at I,.

Delta Mode Ohms =

Equipment List

The equipment needed to build the connector test system
illustrated in Figure 6 includes:

* Keithley Model 6517B Electrometer/High Resistance System
* Keithley Model 2010 Low Noise Multimeter
* Keithley Model 7001 (or 7002) Switching Mainframe

* Model 7153 4X5 High Voltage Low Current Matrix Switching
cards. Each card can accommodate up to five connector pins.

* Model 7153-TRX cables for connecting to the 7153 card. Two
cables are required for each switch card in the system.

* Model 237-TRX-T 3-slot Triax T adapters. Four adapters are
required for each switch card in the system.

¢ PC with Model KUSB-488 Interface Card
¢ Three Model 7007 IEEE-488 Interface Cables



Test System Safety

Many electrical test systems or instruments are capable of
measuring or sourcing hazardous voltage and power levels. It’s
also possible, under single fault conditions (e.g., a programming
error or an instrument failure), to output hazardous levels

even when the system indicates no hazard is present. These
high voltage and power levels make it essential to protect
operators from any of these hazards at all times. Protection
methods include:

* Design test fixtures to prevent operator contact with any
hazardous circuit.

* Make sure the device under test is fully enclosed to protect
the operator from any flying debris. For example, capacitors
and semiconductor devices can explode if too much voltage
or power is applied.

* Double insulate all electrical connections that an operator
could touch. Double insulation ensures the operator is still
protected, even if one insulation layer fails.

* Use high reliability, fail-safe interlock switches to disconnect
power sources when a test fixture cover is opened.

* Where possible, use automated handlers so operators do not
require access to the inside of the test fixture or have a need
to open guards.

* Provide proper training to all users of the system so they
understand all potential hazards and know how to protect
themselves from injury. It’s the responsibility of the test
system designers, integrators, and installers to make sure
operator and maintenance personnel protection is in place
and effective.

Alternative Solutions

Some types of connectors must be tested over wider voltage and
current ranges than those described here. Keithley Application
Note #2154, “Testing Devices with High Voltage and High
Current,” describes how to configure a test system based on
SourceMeter SMU instruments that supports testing isolation
resistance up to 1100V and continuity up to 3A.
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LLCR Pin Socket Testing with the
Model 3732 High Density Matrix Card

Introduction

Computer processors (CPUs) today have come a long way from
the computer processors of the past. They draw more power,
run at lower voltages, and have more pins than ever before.
Meanwhile, they can still be dropped into a CPU socket without
the need to be soldered. With such large current draws, any
significant resistance in the contacts between the CPU and the
socket can cause large voltage drops and excess heat, rendering
the CPU inoperable. Because of this, it is critical that the contact

resistance be minimized. To ensure this requirement, thorough
testing of sockets must be performed. This testing usually comes
in the form of Low Level Contact Resistance (LLCR) testing.

In an LLCR test, the resistance of a set of contacts is measured
using low level signals. The test is performed by sourcing current
in the 1nA to 100mA range across the contacts being evaluated
and measuring the resultant voltage drop. Due to the small
resistance values found on the contacts, this voltage drop is
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Figure 1. Four-wire cable test connections using a multiplexer
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typically very small (in the microvolt range) and thus requires a
high quality voltmeter to obtain accurate readings.

LLCR tests are performed on CPU sockets by placing an
interposer over the socket and then measuring the resistance
between various sets of pins in the socket. The interposer creates
a path across a number of contacts, and thus the measured
resistance is the sum of the contact resistances of the individual
pins. The total contact resistance is then divided by the number
of contacts in the path to get the average contact resistance.
Typical desired contact resistance is under 17-20mSQ per contact.

Test System Design

Due to the variety of socket sizes and layouts and the different
interposers that can exist for a single socket, it is desirable to
have a test system that can adapt to new probe patterns without
requiring manual rewiring of the test system. The test system
should be flexible enough to adapt to a new layout simply with
programming and should provide the ability to test from any pin
in the socket to any other pin in the socket. Also, due to the low
resistances involved, the system must use Kelvin connections.

SMU Solution

One way to implement this kind of system is to use several
source measure units (SMUs), with one SMU per pin, and
perform your tests from one SMU to another. However, at
hundreds or thousands of pins per socket, this is neither cost
nor space effective. A much cheaper and more efficient solution
would be to combine switching hardware with a single set of
measurement instrumentation and allow the switch to connect
the instruments between the socket pins.

Multiplexer Solution

Most test systems requiring switching can be built using
multiplexer cards. With multiplexers such as Keithley’s Model
3722 Dual 1x48 High Density, Multiplexer Card and some
simple wiring of the Model 3706A switch mainframe’s analog
backplanes, very dense cable test systems can be created. These
systems allow full 4-wire Kelvin testing from any pin at one end
of the cable to any pin at the other end of the cable. It does this
by connecting the two banks of the multiplexer to the two ends
of the cable then re-wiring the backplane to route Bank 1 signals
to the Digital Multimeter’s (DMM’s) HI and Sense HI inputs
and Bank 2 signals to the DMM’s LO and Sense LO inputs. An
example of this system can be seen in Figures 1 and 2.

In essence, this sounds very similar to the procedure for
the socket pin test. However, this system has a limitation that
makes it unsuitable for this particular application; it cannot
test between pins that are on the same side of the cable. For
example, for a test between pins H1 and H5, Figure 1 shows that
it is not possible to route both the DMM HI signals and DMM
LO signals to the pins at the same time. In a socket test system
where a test needs to be done between any two pins in the
system, this setup is insufficient.
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Figure 2. Backplane connections for 4-wire cable test using a multiplexer

In order to get any pin to any pin switch capability from
multiplexers, one multiplexer is needed for each pin in the
system, and each multiplexer must have as many channels as
there are pins in the test system (minus the one for itself).

For example, to test a 40-pin socket, 40 1X40 differential
multiplexers are necessary in order to perform 4-wire Kelvin
measurements from any pin to any pin. This would correspond
to 40 Model 3721 Dual 1X20 Multiplexer cards and would
require seven Model 3706A mainframes to house them. This is by
no means practical.

Matrix Solution

LLCR pin socket testing requires a switch card with maximum
flexibility. No card provides this as simply and easily as a switch
matrix card. Because of this, choose the Keithley Model 3732
Quad 4X28 Single Pole, Ultra-High Density, Matrix Card. Its
four rows provide the exact number of lines required for 4-wire
Kelvin connections and the single-pole crosspoints offer the
ability to route each signal to exactly where the user desires.

The Model 3732 matrix card has density. In the previous
example using multiplexers, it would require 40 Model 3721
cards and 7 mainframes to house a 40-pin test system that has
the required flexibility needed for our test system. With the
Model 3732 configured as a 4X112 matrix, only one Model 3706A
mainframe and a single Model 3732 card are required to create
the same system. Using the Model 3732 there can be a total of
56 test pins per card (two columns per pin: one source, one
sense) for a total of 336 four-wire Kelvin pins per mainframe. (A
mainframe can contain up to six Model 3732 cards.) In addition,
thanks to the analog backplanes of the Model 37064, the number
of columns across multiple cards (as well as connected to the
internal DMM) can be further expanded without any external
wiring. If a single mainframe is not large enough, the columns
across mainframes can also be expanded with only four wires by
connecting the Model 3706A analog backplanes together. This
results in high density systems; for example, 1000-pin tests can
be performed with less than four full mainframes.

Current Source and DMM Selection

To achieve the desired density in the system, select the Keithley
Model 3732 Ultra-High Density Reed Relay Matrix Card and the



Keithley Model 3706A System Switch/Multimeter; however, test
signals are still needed. Within the Model 37006A is a precision
7Y2-digit DMM capable of making 4-wire Kelvin resistance
measurements. With 1uQ resolution, the DMM in the Model
3706A is completely capable of making the low milli-ohm
measurements required for LLCR testing. However, the problem
with any DMM is that the current they source to perform
measurements is a fixed value. In a low level contact resistance
test, the current required varies depending on the device under
test (DUT). To have a truly flexible system it is much better to
use a precision current source to source the exact amount of
current needed. Then, use the voltmeter on the internal DMM to
measure the voltage and calculate the resistance.

While any precision current source would work for this
application, a Keithley Model 2612B SourceMeter® instrument
will maximize speed and simplicity. The Model 2612B precisely
sources and measures the current levels of this application
and integrates with the Model 3706A using Keithley’s TSP-
Link® technology. This combination of hardware provides the
framework for an incredibly fast and accurate test system. Using
TSP-Link and the embedded Test Script Processor (TSP®), both
the Model 2612B and the Model 3706A Switch/DMM can be
controlled from a single script. Switch, source, and measure
operations between the instruments can be synchronized
without the use of external digital 1/O. Also, thanks to TSP-
Link and the advanced trigger models of both instruments, the
required tests can be performed at maximum speed through the
use of scans and sweeps.

If the Model 2612B can perform 4-wire Kelvin resistance
measurements, why is the DMM in the Model 3706A necessary?
If the DUT resistances in this application were higher, then the
DMM would probably not be necessary because the voltage levels
would be higher. The DMM is necessary, however, because it has
a higher resolution voltmeter than the Model 2612B (7" digits
vs. 5%2). At these low levels, the voltmeter of the Model 2612B
does not have enough resolution to achieve the desired accuracy,
the 3706A’s DMM is used to measure the voltage across the DUT.

Application Details

This test system is both flexible and scalable because of the
architecture of the Model 3732 ultra-high density matrix card.

Being a single-pole matrix, this card has the ability to route any
signal to any pin. This same architecture also allows the system
to expand, often without external wiring, simply by closing relays
on the analog backplane.

In a typical socket test, for any particular part being tested,
the pins to be tested between are usually predetermined. The
Model 37006A tailors to this through the use of switch patterns.
A pattern allows you to take multiple channels and group them
together such that an open or close of that pattern will open
and close those channels all at the same time. For a particular
test, the user would simply hard code in a predetermined set of
switch patterns then add these patterns to a scan to perform the
test. In a typical test, these patterns do not include every pin in
the socket. In order to demonstrate the power and flexibility of
this test system, the following explains how to test every pin to
every other pin in the system.

Required Equipment
In this example, assume that the DUT has 56 pins to test. To
complete tests on this DUT the following equipment is needed:
* One Model 3706A System Switch/Multimeter
* One Model 3732 Ultra-High Density, Matrix Card
* One Model 3732-ST-C Column Expansion Screw Terminal
* One Model 2612B System SourceMeter Instrument
* One Model 3706-BKPL Backplane Connector
* One Model TSP-Link Crossover Cable
* One PC with Interface for Instrument Control

System Connections & Configuration

Communications

Before any testing can be done, everything must first be
connected. Communications simply require a TSP-Link cable
between the Model 2612B and the Model 3706A, and a GPIB or
Ethernet cable between the Model 2612B and the computer (see
Figure 3). No additional wires are needed for triggering as these
lines are built into TSP-Link.

This system takes advantage of TSP-Link technology so the
instruments must be setup properly to use it. For this setup the
Model 2612B is configured as the master node, while the Model
37006A acts as a slave. Configure the 2612B as TSP-Link node 1
and the 3700A as TSP-Link node 2. This can be done from the
front panel of each instrument by pressing the MENU button

Model 2612B

GPIB or
Ethernet

TSP-Link

Model 3706A

Figure 3. System communications hookup
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then selecting TSPLINK from the Main menu. From the TSPLINK
menu select NODE and then configure the node number. Press
ENTER to accept the changes.

Matrix Configuration

Next, the Model 3732 Ultra-High Density Reed Relay Matrix Card
must be configured. This is done by setting a pair of jumpers on
the Model 3732-ST-C screw terminal block. Set the jumpers for
the 4x112 configuration (see Figure 4).

Figure 4. Model 3732-ST-C jumper settings for 4x112 configuration

Test Signals

Finally, the test signal connections must be hooked up. Thanks
to the flexibility of the Model 3732, this is easy. The only wiring
required is from the Model 3732 to the probe pins and from
the Model 2612B to the Model 3706A. The probe pins connect
to columns of the Model 3732 card. Adjacent columns on the
card will be used to test a single socket pin, with one column
being used for the source lead and the other column used for
the sense lead. The Model 2612B connects to the Model 3706A
through the analog backplane connector, which allows the Model
2612B to connect to the Model 3732 regardless of in which slot
it is located. This also supports easy expansion of the system to
multiple cards.

The Model 3732 Ultra-High Density Reed Relay Matrix Card
is designed so that the rows of the card can be connected to the
analog backplane of the Model 3706A mainframe. This allows
column expansion without the use of external wiring as well as
the ability to connect to the Model 3706A’s internal DMM. In the
Model 3732, each row of the matrix maps to an analog backplane
line. The mappings for the 4X112 configuration used in this
application can be seen in Table 1.

Because the HI and LO signals of the Model 3706A’s internal
DMM are tied to analog backplane 1, Rows 1 and 2 of the matrix
will be used to connect to the DMM by default. This leaves Rows 3
and 4 to be used for the HI and LO signals of the Model 2612B. To
facilitate system scalability, rather than connect the Model 2612B
directly to Rows 3 and 4 of the Model 3732 card, the Model 2612B
will be connected to an analog backplane of the Model 3706A
instead. The table shows that the Model 2612B can be connected
to analog backplane 2, 4, or 6 as these are tied to Rows 3 and 4.
Knowing that the 4-wire sense lines of the Model 3706A’s internal
DMM are tied to analog backplane 2, connect the Model 2612B
to analog backplane 4 or 6 to ensure that the Model 3706A’s
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Table 1. Backplane to row mappings for 4x112 configuration

Row Analog Backplane
1 Al HI, A3 HI, A5 HI
2 A1LO, A3 LO, A5 LO
3 A2 HI, A4 HI, A6 HI
4 A2 LO, A4 LO, A6 LO

DMM will not cause interference or load the circuit in any way.
In this example we are using analog backplane 4. See Figure 5
for details.

SMUA
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Figure 5. Connect the Model 2612B SourceMeter instrument to analog
backplane 4 through the analog backplane D-Sub connector

With the test instruments connected to the rows, the test
pins will be connected to the columns. Each test pin has a Kelvin
connection, therefore, each test pin requires that two columns
be connected to it, one for the source signal and one for the
sense. To facilitate simplicity in wiring and channel mappings,
adjacent columns should be used to create source-sense pairs for
the test pins. For example, columns 1 and 2 should be connected
to test pin 1’s source and sense leads. Columns 3 and 4 should
be connected to test pin 2. This continues for as many test pins
as needed in the system.

Figure 6 shows these connections in detail. Note that when
scaling this system up, this pattern should be maintained
throughout the system, across cards and mainframes.

Test Sequence

Each test on a socket is performed between two test pins. One
of these test pins acts as the HI terminal of the DUT while the
other acts as the LO. This means we must route the HI source
and sense lines of the test instruments to one test pin and the
LO source and sense lines to the other. To do this, close four
crosspoints as shown in Figure 7.

With this configuration, one pin to all others can be easily
tested by simply fixing the HI signal on one pin and scanning the
LO signal across all the other pins. Then, move the HI signal to
the next pin and repeat the scan of the LO signal across all other
pins. This process can be repeated over and over until each pin
has been tested against all other pins. See Figures 8, 9, and 10
for an illustration of this procedure.

The figures show the measurement paths and thus the relays
that must close for each step in the test. By examining Figures 8,



9, and 10, you can see that the required relays to be closed move Trigger Model Setup
in a fixed pattern with each step of the test; two columns right
per step. This provides a simple pattern in the channel mappings
to write code against.

The Model 3706A System Switch/Multimeter and the Model
2612B System SourceMeter instrument both include an advanced
trigger model for tight timing and synchronization of switch

and SMU operations. Using these features, the test can be
configured to run as quickly as possible without the worry of
operations becoming unsynchronized. The script in Appendix
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Figure 6. Column to pin mappings
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Figure 10. Test from pin 56 to every pin

A takes advantage of the trigger model to synchronize the
operations between a scan running on the Model 3706A and a
sweep running on the Model 2612B. The configuration of the
trigger model for this test can be seen in Figure 11. Because

the trigger model can be intimidating for newcomers, the script
also includes a version of the test written entirely through script
operation and makes no use of the trigger model.

By using the trigger model, the overhead associated
with processing script commands is eliminated, which can
dramatically decrease the time required to test. In this test,
56 pins are tested for a total of 3,136 test points. With all
automatic functions turned off and an NPLC setting of 0.1, the
test execution time in the script for this test was 18.261 seconds,
equating to a scan rate 171.73 channels per second. The test
execution time for this same test performed using the trigger
model was 9.517 seconds, or 329.52 channels per second; a
91.9% speed increase. At higher NPLC settings, there is less of an
improvement as the measurement itself becomes a much greater
source of delay than the command processing overhead. The
greatest improvement can be achieved at lower NPLC settings.

Running the Test

Testing with this system is performed through the use of test
scripts and the Keithley Test Script Builder (TSB) software.
However, if an Ethernet interface is being used, then TSB
Embedded can be used instead. Source code for this script can
be found in Appendix A.

The script in Appendix A is designed for use with a single
Model 3732 card placed in slot 1 of the Model 3706A mainframe.
It takes advantage of new ICL commands that were introduced
with Model 3700A firmware release 1.40 (so firmware version
1.40e or later is required).

For simplicity of test setup, the DUT will be a two-foot length
of standard computer ribbon cable rather than an actual pin
socket. This provides a low resistance DUT without requiring
a pin prober as the cable can easily be wired directly into the
Model 3732-ST-C Screw Terminal Block. Based on the column to
pin mappings shown in Figure 6, the 4X112 configuration can
provide 56 test pins. Each wire in the cable requires two pins
to test, one at either end of the wire, thus with a single Model
3732 we can test up to 28 wires in the cable. For this test, one
end of the cable will be connected to pins 1 through 28 and the
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other end to pins 29 through 56. With the DUT wired this way, a
clear pattern will appear in the collected data, demonstrating the
flexibility the test system provides.

The test script for this system has been designed to be
easy to use and requires the user to call only one function in
order to run the test. A test can be initiated with a call to:
measRngV, pins). PinTestScan() has three parameters for
customizing the test.

o srcLevel The current level, in Amps, to source
during the test

The measure range, in Volts, to be used
during the test

® measRngV

The number of pins to test. Can be any value
between 1 and 56

e pins

To run this test, connect to the Model 2612B in TSB and
download the script. In this example, srcLevel is set to SmA,
measRngV to 100mV, and pins to 56. In the Instrument Console
window, type PinTestScript(5e-3, 0.1, 56) then press
Enter. The test will run until every pin has been tested. With
these settings, all 56 pins will be tested against all 56 pins for a
total of 3,130 test points.

Analyzing the Results

The collected data is formatted so it can be copied directly from
the Instrument Console window and pasted into a Microsoft®
Excel® spreadsheet. Once pasted, the data will appear in a grid,
56 rows by 56 columns. Each row indicates the position of the HI
pin while each column indicates the position of the LO pin. This
allows you to easily find the measured resistance value between
any two pins. For example, if you wanted to know the resistance
of wire 2 in the cable, you know that one end of the wire is

at pin 2 while the other end is at pin 30. Simply look at row 2
column 30 to find the measured resistance value.

With the data pasted into Excel, highlight all of it. From the
Format menu select Conditional Formatting... The Conditional
Formatting window will appear. Add a rule to highlight, in the
color of your choice, numbers between -1 and 1. This will cause
the data to be highlighted only if the measured resistance value
is small. Click OK to accept the formatting. The formatted data
collected can be seen in Appendix B.
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Figure 11. Trigger model for synchronous Model 3706A and Model 2612B operations

Notice the pattern that appears in the highlighted data and
which rows and columns are highlighted. As can be seen in
Appendix B, data is only highlighted under two conditions; when
the HI and LO pins are on either end of the same wire in the
cable or when they are the same pin.

The highlighted measurements toward the upper right of the
spreadsheet are the measurements from one end of the cable
to the other. The highlighted measurements at the lower left of
the spreadsheet are also from one end of the cable to the other,
however, the HI and LO pins are now on opposite ends of the
cable. The highlighted measurements down the center are caused
by the HI and LO pin being the same pin.

With the measurements in the upper right and the lower left
being of the same DUT, just in opposite directions, one would
expect the resistance values measured to be closer than they are.
This difference in measured value is caused by thermal offsets.
Because the voltages being measured are so small, the thermal
offsets have significant effect on the measurements. However,
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since the thermal offsets only act in one direction, we can
eliminate these effects and get a true resistance value by taking a
measurement in both directions and averaging the two readings.
This is commonly referred to as a delta-mode measurement.

The rest of the data is not highlighted and shows very high
resistance instead. This makes sense because for most any two
pins, there is no conductive path between them and thus the
resistance would be very high. What this test has done is not only
measure the resistance of the wires in the cable, but it has also
shown the isolation between the pins.

Conclusion

With today’s high pin count ICs, contact resistance testing of pin
sockets provides some unique challenges for test systems. It can
be difficult to build a system that provides enough density to
test the whole socket without filling an entire test rack while at
the same time maintaining flexibility in how and where these
tests are performed. Often times it is possible to create a system
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that provides the necessary capabilities, but requires the use or scalability. They are truly ready for the next generation of test

of overly complicated channel patterns to make connections. and measurement applications.

This often makes the system both difficult to use as well as f

difficult to scale to larger applications. Today, this is no longer Reterences

a problem thanks to new high density matrix cards like the 1. Edward M. Bock, Jr., “Low Level Contact Resistance Characterization,” AMP

. . o Journal of Technology Vol. 3 November, 1993
Keithley Model 3732. These cards allow for maximum flexibility

and the highest possible density without sacrificing ease of use Design Guidelines, October 2001
Appendix A
Model 3732 Application Note Script.tsp
-- [
Title: 3732 App Note Test Script
Author: Keithley Applications
Description: This script is designed to perform a pin test using a

3706A with 3732 card and a 2600B Series SMU. This script will scan the
pins measuring the resistance between one pin and every other pin on

an idividual basis. It will then repeat the process for the next pin
until every pin has been measured agains every other pin.

This script requires that the 3732 card be configured as a Single
4x112 matrix and that the card be placed in slot 1 of the 3706A
mainframe. This script requires that the Hi and Lo leads of the 2600B
SMU be connected to analog backplane 4 through the backplane connector
on the back of the 3706A mainframe.

Hardware Requirements:

1x 2600B Series SourceMeter Instrument

1x 3706A System Switch/Multimeter

1x 3723 Quad 4x28 Matrix card, configured as a Single 4x112
1x 3732-ST-C Column Expanding Screw Terminal

Firmware Revisions Used:
3706A: 1.4
26XXB: 2.1.1

Revision History:

REV 1.0.0, 3/18/2010
Modified by: Keithley Applications
Original Revision

11--

-- This function performs the pin test entirely in script and does not
-- use the advanced trigger models of the 3706A and 2600B Series SMU.
function PinTestScript (srcLevell, measRngV, pins)

if (srcLevell == nil) then srcLevell = le-3 end

if (measRngV == nil) then measRngvV = 0.1 end

if (pins == nil) then pins = 56 end
InitializeTSP() -- Initialize the TSP-Link network

reset () -- reset 2600B

ke3706.reset () -- reset 3706A

-- Configure the DMM

ke3706.dmm. func = ke3706.dmm.DC_VOLTS
ke3706.dmm.autorange =0

ke3706.dmm.range = measRngV
ke3706.dmm.nplc =1

print (“DMM Settings Configured”)

-- Configure the SMU
smua.reset ()

smua.source. func = smua.OUTPUT DCAMPS
smua.source.autorangei =0
smua.measure.autorangei =0
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smua.measure.autorangev =0

smua.source.rangei
smua.measure.rangei
smua.measure.nplc

= srcLevell
srcLevell
1

print (*SMU Settings Configured”)

-- Create a reading buffer for the dmm

rbuf
rbuf.clear()
rbuf . appendmode

= ke3706.dmm.makebuffer (pins*pins)

=1

-- Configure the SMU reading buffer

smua.nvbufferl.clear()

smua .nvbufferl.appendmode =1
print (*Reading Buffers Ready”)

-- Begin Test

print (“Test Running...

display.clear()
ke3706.display.clear()

u)

display.settext (“Test in Progress!”)
ke3706.display.settext (*Do NOT Disturb!”)

smua.source.output = 1

for i=1,pins do

-- HI Pin

for j=1,pins do-- LO Pin

-- print (string.format (“From:\t%d\tTo:\t%d”, i, j))

\

I
I

ke3706.channel.

chList = ke3706.channel.createspecifier(1,1,1,2*(i-1)+2) .. ‘,’ .. ke3706.channel.
createspecifier(1,1,3,2*(i-1)+1) .. ‘,’ .. ke3706.channel.createspecifier(1,1,2,2*(j-1)+2)
createspecifier(1,1,4,2*(j-1)+1) .. “,10911,10914"

ke3706.channel.exclusiveclose (chList)

smua.source.leveli = srclLevell

delay (500e-6) -- Let the source settle for 500 microseconds

smua.measure.overlappedi (smua.nvbufferl)

ke3706.dmm.measure (rbuf)

waitcomplete ()

smua.source.leveli =0
end -- LO Pin

end -- HI Pin

smua.source.output = 0
")

print (“Test Complete”

display.screen =0
ke3706.display.screen =1
-- Open Backplane Relays
ke3706.channel.open(“*allslots”)
-- Print back data
x =1
for i=1,pins do
line = “
for j=1,pins do
line = line .. rbuf[x]/smua.nvbufferl[x] .. ‘\t’
X =Xx+1
end
print (line)
end

end

-- This funtion performs the pin test by combining a scan on the 3706A
-- with a sweep on the 2600B Series SMU and synchronizes them with the

-- instruments’ trigger model.

function PinTestScan(srcLevell, measRngV, pins)

if (srcLevell == nil)
if (measRngV == nil)
if (pins == nil)
InitializeTSP()
reset ()

ke3706.reset ()
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then srcLevell = le-3 end
then measRngV = 0.1 end
then pins = 56 end

-- Initialize the TSP-Link network

-- reset 2600B
-- reset 3706A

29



ke3706.scan.reset ()

-- Clear the scan list

-- Create a DMM config for the scan

ke3706.dmm. func = ke3706.dmm.DC_VOLTS

ke3706.dmm.autorange =0

ke3706.dmm.range = measRngV

ke3706.dmm.nplc =1

ke3706.dmm.configure.set (“*PinTestConfig”)

print (*"DMM Settings Configured”)

-- Configure the SMU settings

smua.reset ()

smua.source. func = smua.OUTPUT DCAMPS

smua.source.autorangei =0

smua.measure.autorangei =0

smua.measure.autorangev =0

smua.source.rangei = srcLevell

smua.measure.rangei = srcLevell

smua.source.delay = 500e-6 -- Set a source delay to allow signal to
settle

print (*SMU Settings Configured”)

-- Configure trigger models

-- Configure 3706A Trigger Model

ke3706.tsplink.trigger[1] .mode = ke3706.tsplink.TRIG_SYNCHRONOUSA

ke3706.tsplink.trigger[1] .stimulus = ke3706.scan.trigger.EVENT CHANNEL READY

ke3706.tsplink.trigger (1] .clear()

ke3706.tsplink.trigger[2] .mode = ke3706.tsplink.TRIG SYNCHRONOUSA

ke3706.tsplink.trigger[2] .stimulus = ke3706.scan.trigger.EVENT SEQUENCE COMP

ke3706.tsplink.trigger[2] .clear ()

ke3706.scan.trigger.channel.stimulus = ke3706.tsplink.trigger[1] .EVENT ID

ke3706.scan.trigger.channel.clear()

ke3706.scan.trigger.sequence.stimulus = ke3706.tsplink.trigger[2] .EVENT ID

ke3706.scan.trigger.sequence.clear()

ke3706.scan.bypass = 0

print (*3706A Trigger Model Configured”)

-- Configure 2600B

Trigger Mode

tsplink.trigger[1]
tsplink.trigger[1]
tsplink.trigger[1]

tsplink.trigger[2]
tsplink.trigger[2]
tsplink.trigger[2]

source
source

smua.trigger.
smua.trigger.
smua.trigger.
smua.trigger.
smua.trigger.
smua.trigger.
smua.trigger.
smua.trigger.
smua.trigger.
smua.trigger.
.trigger.
.trigger.

endpul
endswe
count

arm.st
source

endpul
source

.mode
.stimulus
.clear()

.mode
.stimulus
.clear()

.lineari (srcLevell,
limitv

measure.action
measure.i (smua.nvbufferl)

se.action
ep.action

imulus
.stimulus

measure.stimulus

se.stimulus
.action

= tsplink.TRIG_ SYNCHRONOUSM
= smua.trigger.PULSE_COMPLETE EVENT ID

= tsplink.TRIG_SYNCHRONOUSM
= smua.trigger.SOURCE_COMPLETE_EVENT ID

srcLevell, 2)
=1

smua . ENABLE

-- Config Linear Sweep V

= smua.SOURCE_IDLE
= smua.SOURCE IDLE
= pins*pins
=0
= tsplink.trigger[1] .EVENT_ID
=0
= tsplink.trigger[2] .EVENT_ID

= smua.ENABLE -- Turn on sweeps

print (“26XXB

Trigger Model Configured”)

-- Build A Scan List

——kkkkkkkkkkkkkkkk
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-- Each step in the scan will need to close multiple crosspoints to complete
-- the connections between the instruments and the test pins. We could do

-- this by creating patterns and then adding the patterns to the scan using
-- the command scan.add() however, since pattern memory is limited and we

-- don’t need to save these patterns since they are easy to generate, we will
-- use scan.adimagestep() instead.

print (*Building Scan List...”)

for i=1,pins do -- HI Pin Loop
for j=1,pins do-- LO Pin Loop
chList = ke3706.channel.createspecifier(1,1,1,2*(i-1)+2) .. ‘,’ .. ke3706.channel.

createspecifier(1,1,3,2*(i-1)+1) .. ‘,’ .. ke3706.channel.createspecifier(1,1,2,2*(j-1)+2) .. ', .. ke3706.channel.
createspecifier(1,1,4,2*(j-1)+1) “,10911,10914"

ke3706.scan.addimagestep (chList, “PinTestConfig”)

if (errorqueue.count > 0) then
print (*Error while configuring scan. Exiting test.”)

exit ()
end
end
end
——kkkkkhkkkkkhkkhkkkkkk*k
-- End Build Scan List
print (string.format (*Scan List built. Scan has %d steps.”, ke3706.scan.stepcount))

collectgarbage ()

-- Create a reading buffer for the scan

rbuf = ke3706.dmm.makebuffer (ke3706.scan.stepcount)
rbuf.clear()

rbuf . appendmode = 1

-- Configure the SMU reading buffer
smua.nvbufferl.clear()

smua.nvbufferl.collectsourcevalues =1
smua.nvbuffer2.clear()
smua.nvbuffer2.collectsourcevalues =1

print (*“Reading Buffers Ready”)

-- Initiate scan

print (*Running Scan”)

display.clear()

ke3706.display.clear()

display.settext (“Test in Progress!”)
ke3706.display.settext (*Do NOT Disturb!”)
smua.source.output = 1

ke3706.scan.background (rbuf) -- Inititate the 3706A trigger model

smua.trigger.initiate() -- Initiate the 2600B trigger model

delay(0.1) -- Give the trigger models a little time to
synchronize

tsplink.trigger[1] .assert () -- This trigger puts the scan in motion

waitcomplete ()

smua.source.output = 0

print (“*Scan Done”)

display.screen =0
ke3706.display.screen =1

-- Open Backplane Relays
ke3706.channel.open(*allslots”)

-- Print Back Data

x =1
for i=1,pins do
1ine = wn
for j=1,pins do
line = line .. rbuf[x]/smua.nvbufferl[x] .. ‘\t’
X =x+1
end

print (line)

www.keithley.com 31



end
end

-- This function initializes the TSP network for this script and creates an alias for the 3706A
function InitializeTSP()
errorqueue.clear ()
if (tsplink.state ~= “online”) then
tsplink.reset (2)

if (errorqueue.count > 0) then
print (errorqueue.next ())
exit ()
end
end
ke3706 = node[2] -- Create Alias
end
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Appendix B: Data Collected During Example Test

1 2
5.23E+43

3.03E+44
2.82E+44 3.34E+44
3.13E+44 5.03E+44
2.90E+44 3.95E+44
3.01E+44 3.18E+44
2.40E+44 2.74E+44
2.69E+44 3.13E+44
3.69E+44 3.86E+44
10 4.35E+44 4.19E+44
11 2.87E+44 3.50E+44
12 270E+44 3.55E+44
13 3.15E+44 3.17E+44
14 2.88E+44 3.03E+44
15 2.33E+44 3.09E+44
16 221E+44 2.71E+44
17 3.32E+44 3.17E+44
18 294E+44 3.64E+44
19 292E+44 3.58E+44
20 3.30E+44 3.55E+44
21 245E+44 2.88E+44
22 281E+44 3.30E+44
23 2.85E+44 3.63E+44
24 3.24E+44 3.9TE+44
25 3.94E+44 4.07E+44
26 244E+44 2.83E+44
27 260E+44 3.15E+44
28 2.42E+44 2.65E+44

©CoO~NOOORWN=

2.83E+44
31 3.38E+44 2.62E+44
32 281E+44 3.43E+44
33 240E+44 2.89E+44
34 233E+44 2.82E+44
35 2.33E+44 2.84E+44
36 244E+44 2.85E+44
37 3.53E+44 3.69E+44
38 4.37E+44 4.17E+44
39 247E+44 3.03E+44
40 273E+44 3.34E+44
41 3.49E+44 3.76E+44
42 2.74E+44 3.11E+44
43 297E+44 3.81E+44
44 3.05E+44 3.49E+44
45 267E+44 3.28E+44
46 3.06E+44 3.11E+44
47 242E+44 3.12E+44
48 274E+44 3.17E+44
49 285E+44 3.42E+44
50 2.82E+44 2.69E+44
51 2.39E+44 2.72E+44
52 246E+44 3.23E+44
53 3.08E+44 3.10E+44
54 271E+44 3.26E+44
55 263E+44 3.24E+44
56 3.08E+44 3.05E+44

3
7.47TE+43
2.33E+44

4.28E+44
3.88E+44
3.18E+44
2.84E+44
3.23E+44
4.46E+44
4.51E+44
3.21E+44
3.09E+44
3.22E+44
3.00E+44
3.13E+44
3.39E+44
3.28E+44
3.77E+44
3.50E+44
3.71E+44
3.11E+44
3.90E+44
3.60E+44
3.97E+44
4.86E+44
2.93E+44
3.11E+44
2.74E+44
2.08E+44

3.11E+44
2.90E+44
2.82E+44
2.93E+44
2.90E+44
3.24E+44
3.90E+44
3.00E+44
3.42E+44
3.69E+44
3.00E+44
3.84E+44
3.34E+44
3.92E+44
3.01E+44
3.46E+44
3.49E+44
4.07E+44
2.82E+44
2.76E+44
2.92E+44
3.05E+44
3.17E+44
3.08E+44
3.22E+44

4
1.07E+44
3.03E+44
2.38E+44

3.63E+44
3.02E+44
2.92E+44
3.81E+44
4.01E+44
3.03E+44
3.64E+44
3.43E+44
2.86E+44
2.71E+44
3.43E+44
3.38E+44
4.11E+44
3.39E+44
3.26E+44
3.17E+44
3.69E+44
3.05E+44
3.99E+44
4.24E+44
3.00E+44
3.09E+44
2.86E+44
2.89E+44
3.53E+44
2.27E+44

2.60E+44
3.02E+44
3.15E+44
2.97E+44
3.04E+44
4.11E+44
2.81E+44
3.69E+44
3.76E+44
2.82E+44
4.05E+44
3.58E+44
3.66E+44
2.84E+44
3.77E+44
3.42E+44
3.90E+44
2.75E+44
2.82E+44
2.79E+44
3.38E+44
3.27E+44
3.02E+44
2.70E+44

5
1.57E+44
3.69E+44
3.27E+44

27
3.53E+44
4.09E+44
3.94E+44
3.10E+44
2.96E+44
3.11E+44
3.03E+44
3.22E+44
4.13E+44
3.10E+44
4.28E+44
3.27E+44
3.26E+44
3.19E+44
2.71E+44
3.79E+44
3.45E+44
3.79E+44
3.52E+44
2.79E+44
3.18E+44
3.53E+44
4.37E+44
3.86E+44
2.64E+44
2.04E+44

2.71E+44
2.96E+44
3.45E+44
3.43E+44
3.02E+44
3.34E+44
2.79E+44
3.23E+44
3.36E+44
3.46E+44
4.72E+44
3.99E+44
4.03E+44
4.26E+44
3.10E+44
4.44E+44
3.74E+44
3.49E+44
3.04E+44
3.40E+44
3.35E+44
3.38E+44
2.90E+44
2.86E+44
3.01E+44
2.40E+44
2.07E+44

28
2.71E+44
3.76E+44
3.16E+44
3.43E+44
3.17E+44
3.40E+44
2.96E+44
3.36E+44
4.07E+44
3.32E+44
4.42E+44
3.45E+44
3.12E+44
3.12E+44
3.01E+44
3.64E+44
2.99E+44
3.76E+44
3.47E+44
3.18E+44
3.19E+44
3.77E+44
3.90E+44
4.80E+44
3.19E+44
3.06E+44
2.10E+44

3.06E+44
3.88E+44
3.53E+44
3.08E+44
3.15E+44
2.74E+44
2.87E+44
3.38E+44
3.55E+44
4.11E+44
3.67E+44
4.01E+44
4.09E+44
3.27E+44
4.97E+44
3.83E+44
3.31E+44
3.05E+44
3.39E+44
2.96E+44
3.06E+44
3.09E+44
2.58E+44
2.86E+44
2.68E+44
3.16E+44

(O PYLPN 2.13E+44

3.12E+44

0.11981

1.26E+44

30
2.33E+44

3.60E+44
3.23E+44
2.90E+44
3.38E+44
3.76E+44
3.47E+44
3.77E+44
3.01E+44
2.71E+44
3.19E+44
2.90E+44
3.60E+44
3.34E+44
4.09E+44
3.92E+44
3.12E+44
2.97E+44
3.53E+44
3.42E+44
4.01E+44
3.43E+44
2.63E+44
2.96E+44
3.16E+44

3.17E+44
3.18E+44
2.97E+44
2.91E+44
2.52E+44
3.67E+44
4.13E+44
4.19E+44
3.71E+44
4.61E+44
3.81E+44
3.16E+44
4.69E+44
4.22E+44
2.82E+44
3.32E+44
3.27E+44
3.04E+44
3.50E+44
3.19E+44
2.82E+44
3.06E+44
3.16E+44
3.52E+44
3.06E+44
2.26E+44

31
3.94E+44

2.93E+44

52
3.53E+44
3.36E+44
3.90E+44
3.49E+44
3.28E+44
3.27E+44
3.47TE+44
3.67E+44
3.86E+44
3.04E+44
3.31E+44
3.04E+44
2.90E+44
3.05E+44
2.66E+44
3.38E+44
3.28E+44
3.26E+44
3.67E+44
3.02E+44
3.06E+44
3.61E+44
2.50E+44

3.24E+44
2.93E+44
2.48E+44
2.96E+44
3.38E+44
3.34E+44
3.61E+44
3.40E+44
3.12E+44
2.75E+44
3.05E+44
3.56E+44
3.06E+44
2.97E+44
3.18E+44
3.67E+44
3.40E+44
3.92E+44
3.92E+44
4.19E+44
3.94E+44
3.09E+44
3.4TE+44
3.74E+44
2.75E+44
3.4TE+44
2.10E+44

3.06E+44
3.46E+44
3.55E+44
3.64E+44

53
3.77E+44
3.30E+44
3.71E+44
3.32E+44
3.30E+44
3.40E+44
3.30E+44
4.13E+44
3.71E+44
3.28E+44
2.96E+44
2.82E+44
2.82E+44
2.91E+44
2.55E+44
3.32E+44
3.12E+44
3.74E+44
3.60E+44
3.04E+44
3.30E+44
3.58E+44
3.43E+44
3.83E+44

3.38E+44
3.81E+44

54
3.49E+44
3.58E+44
3.84E+44
3.74E+44
3.40E+44
3.60E+44
2.96E+44
4.01E+44
4.09E+44
2.90E+44
3.31E+44
2.97E+44
2.93E+44
2.93E+44
2.49E+44
3.28E+44
3.40E+44
3.99E+44
3.39E+44
3.03E+44
3.40E+44
2.93E+44
2.96E+44

3.81E+44
3.22E+44
3.49E+44
3.23E+44
2.56E+44
2.35E+44
2.72E+44
3.31E+44
3.79E+44
3.10E+44
3.38E+44
3.63E+44
3.28E+44
3.97E+44
3.95E+44
3.56E+44
3.08E+44
3.49E+44
3.03E+44
3.45E+44
2.87E+44
3.03E+44
2.85E+44
2.11E+44
2.01E+44

3.22E+44
3.32E+44

55
3.63E+44
3.95E+44
4.19E+44
3.46E+44
3.45E+44
2.98E+44
3.56E+44
4.28E+44
3.71E+44
3.38E+44
3.39E+44
2.90E+44
2.93E+44
2.91E+44
2.54E+44
3.66E+44
3.56E+44
3.53E+44
3.56E+44
3.02E+44
3.22E+44
3.74E+44
4.09E+44

3.58E+44
3.18E+44
3.38E+44
3.15E+44
2.94E+44
2.49E+44
2.64E+44
3.06E+44
3.53E+44
2.82E+44
3.43E+44
3.66E+44
3.01E+44
3.64E+44
3.81E+44
3.53E+44
3.46E+44
3.60E+44
3.38E+44
3.90E+44
2.86E+44
2.89E+44
3.04E+44
2.71E+44
2.66E+44

3.99E+44

This figure shows the collected resistance values between each of the 56 pins used in a 28-conductor cable test. Pins 1 through

28 were connected to one end of the cable conductors while pins 29 through 56 were connected to the other end. The columns
represent the position of the HI test pin while the rows represent the position of the LO test pin. The data is highlighted where the
measured resistance value between the pins is low. (Continues)
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I A. The highlighted values show the resistance of each conductor from one end of the cable to the other.

Il B. For the highlighted values, the resistance is low because the HI and LO test pin are the same pin. The value shown is actually
a measurement of the resistance of an internal trace in the switch card.

I C. The highlighted values also show the resistance of each conductor from one end of the cable to the other. However, the
direction of current flow through the conductor was in the opposite direction as the HI and LO pin positions are swapped.
Notice how the value in section C is different from the corresponding value in section A. This is due to thermal offsets in the
measurement. To get the true resistance value of the conductor, you must average the measurement in section C with the
corresponding measurement in section A.
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High Reliability
Power Supply Testing

Introduction

The reliability of a power supply must match or exceed the rest
of the system in which it is installed. Generally, this requires fast
production testing that accurately characterizes key parameters.

Assuring Power Supply Reliability

To ensure reliability, power supply manufacturers perform
extensive tests on production units. Sometimes this involves
burn-in or accelerated stress testing to weed out infant mortality
[1]. In any case, typical tests include AC ripple, DC voltage levels,
temperature, AC voltage and continuity.

These test parameters could be measured using a separate
instrument for each measurement. A faster, more cost effective
method would be the use of a single instrument to measure all
the parameters, if one were available that could be easily and
quickly switched to different measurement points and functions.
A practical, cost effective solution that lies between these two
extremes is described below.

Test Equipment Issues

Practical considerations preclude the use of a single instrument
to measure all the required power supply parameters during
production. This situation calls for a switching matrix and
multiple measuring instruments. Still, the number of instruments
should be minimized for reasons of cost, including capital
expenditures, integration, operation, and maintenance expense.
With the wide range of signals to be measured and switched, test
system components must be carefully chosen to minimize these
costs while assuring a high level of accuracy and test system
throughput.

Another important consideration is the bandwidth of the signal
path through the switch matrix, since it connects multiple
measuring instruments to multiple Devices Under Test (DUTS).
One of the tests performed on power supplies is AC ripple on the
DC output. With harmonics, ripple frequencies can be as high

as several MHz. In supplies designed for fast transient response,
the phase margin of the feedback loop and output stability

with short risetime load changes may be spot checked during
production. This also requires a high bandwidth signal path.

Tektronix
MSO05000 Series
Oscilloscope
Model 7711
OUTA 7712-SMA-1 Cable
° Ch.1
: 7711-SMA-BNC Cable
ﬁThﬂwcouple
Power Supply |HI o
* Input Output|L0
l— 00—
109% 90%
High Line Low Line Model 7700 Loatti) Loa((i)
132V 108V HI HI
ACV Ch.2 Ch.2 DCV
7705 7705 Lo Lo 7703 7705
Ch.21 Ch.31
Ch.1 Ch.11 HI HI L
TEMP Ch.4 Ch.4 CONT
LO LO —

Figure 1. DC power supply test diagram. Only one power supply is shown; additional switching channels would be used to connect multiple supplies to the

measuring instruments.

www.keithley.com

35



Of course, high test throughput is important in any production
environment. To help minimize test time, manufacturers are
often interested in only a pass/fail indication at the end of a test
sequence. Specific parameter values may be recorded, but not
analyzed during production testing

Test Configuration

The remainder of this article describes an example system
and techniques for performing basic power supply tests under
different load conditions and AC line voltages, i.e.:

* Measure the AC input voltage to the power supply
* Measure the DC output and its AC RMS noise voltage.
* Measure AC p-p noise (ripple).

* Measure the temperature of the test chamber, and the
temperature rise of the heat sink that holds the power
semiconductor output regulator.

To verify integrity of the signal paths, an ancillary test
measures cable continuity before taking the power supply
measurements.

A simplified circuit diagram of the example test system is
shown in Figure 1. Besides the DUT (power supply), there
are only three elements in this configuration. A PC runs
the test program, and controls the other two pieces of test
equipment. These are a high resolution DMM/data logging
system with expansion slots for switching modules, which is
the primary data acquisition device. An oscilloscope controlled
by the PC measures AC ripple on the power supply output.
This test configuration minimizes the number of instruments,
helps assure accuracy, saves rack space, and is convenient for
cabling purposes.

The switch modules installed in the DMM expansion slots
have bandwidths as high as 2GHz for minimal insertion loss
and low signal reflection in the AC ripple signal path. Low
loss cables are used to connect the power supply through
the switching module to the oscilloscope. (See Figure 1.)
Accurate measurements of ripple are important to power supply
manufacturers, as they strive to minimize this parameter.

Either the Keithley Model 2700 or 2750 DMM/Data
Acquisition/Switch System could be used for this test

configuration, depending on the number DUTs to be loaded into

the test chamber and the required number of channels. (The
Model 2700 has two slots for switch modules, and the Model

2750 has five slots, providing up to 200 differential measurement
channels.) Both instruments provide fast pass/fail measurements

using their limit functions to detect acceptable levels of the
measured parameters. They allow different limit values for each
channel, which is very useful since several parameters are being
measured. For purposes of this example, the following switch
modules are used in three slots of a Model 2750:

1. Model 7700, 20-Channel Differential Multiplexer With
Automatic Cold Junction Compensation (CJC) — This module
switches channels associated with the DCV, ACV, 2-wire
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ohms (cable continuity), and thermocouple temperature
measurements.

2. Model 7711, 2GHz/50Q RF Module — Dual 1x4 switching
channels in this module handle the high frequency ripple
signals (on the supply’s DCV output).

3. Model 7705, 40-Channel Control Module - This module
switches loads and controls the AC line input voltage to
each supply.

In this example the maximum number of supplies that could
be tested is four. Using more cards and/or Model 2750s would
accommodate additional DUTs. Figure 1 shows the switching
channels that are opened and closed for various tests on one
of the DUTs.

Test Procedures

Each measurement function must be preconfigured on the Model
2750 with respect to measurement type, range, integration

rate, filter and other parameters for a the particular test. The
temperature function must be configured for the appropriate
thermocouple type, reference junction, etc.

The first step is to measure the resistance of the test system
cabling to verify proper connections. Then for different load
and line conditions, the power supply output voltage must be
measured to verify that it remains within specified limits. The
input AC line voltage is varied and measured to make sure
it falls within the limits specified for the input transformer.
The temperature of the supply is monitored to obtain heat
rise data over the range of operating conditions, and during
burn in. Again, this must remain within specifications. All this
is combined with the AC noise measurements taken with the
oscilloscope.

The details of the test sequence also are important. Typically,
the sequence below is followed to place progressively higher
stresses on the supply.

1. The continuity of each cable is checked to be sure it is
properly connected.

2. With a 10% load, measure input ACV at the low power
line limit.

3. Measure DCV output of supply and ACV RMS noise.

4. Measure ACV p-p noise on the oscilloscope.

5. Measure temperature increase of the test chamber and the
supply’s output semiconductor heat sink.

6. Repeat steps 2 through 5 for:
a. 10% load and high line voltage limit
b. 90% load and low line voltage
c. 90% load and high line voltage

The test sequence is controlled by configuring the Model
2750 switch module channel closures. Each measurement
function has a unique combination of channel closures. For
example, the output of the power supply at high AC line voltage



and 10% load could be measured with the following channel
closures. (Refer to Figure 1 and Table 1 for channel numbers).

HI line AC power (Model 7705 channel 1)
DCV Output (Model 7700 channel 1)
10% Load (Model 7705 channel 21)

Then to test with the same load, but low AC voltage, the
following channels are closed:

LO line AC power (Model 7705 channel 11)
DCV Output (Model 7700 channel 1)
10% Load (Model 7705 channel 21)

A complete list of channel closures for each test on a single
power supply is provided in Table 1. In general there are nine
channels to be switched for each power supply:

* Four channels on the 7705.

- Two for ACV (HI and LO line).

— Two for the load (10% and 90%).
* Four channels on the 7700

— One channel for the DCV output signal.
One channel for ACV input to the 2750.

One channel for the temperature measurement.

One channel for the 2-wire Ohms measurement.

* One channel on the 7711 for the AC ripple test.

Table 1. Switch Module Channel Closure Assignments.

Temperature | 7700 CH4 7700 CH4 7700 CH4 7700 CH4
7705 CH21 7705 CH31 7705 CH21 7705 CH31

HI Line HI Line LO Line LO Line
Function 10% Load 90% Load 10% Load 90% Load
7705 CH1 7705 CH1 7705 CH11 7705 CH11
DCV 7700 CH1 7700 CH1 7700 CH1 7700 CH1
7705 CH21 7705 CH31 7705 CH21 7705 CH31
7705 CH1 7705 CH1 7705 CH11 7705 CH11
ACV 7700 CH2 7700 CH2 7700 CH2 7700 CH2
7705 CH21 7705 CH31 7705 CH21 7705 CH31
7705 CH1 7705 CH1 7705 CH11 7705 CH11

7705 CH1 7705 CH1 7705 CH11 7705 CH11
2 W Ohms 7700 CH3 7700 CH3 7700 CH3 7700 CH3
7705 CH21 7705 CH31 7705 CH21 7705 CH31

7705 CH1 7705 CH1 7705 CH11 7705 CH11
AC Ripple 7711 CH1 7711 CH1 7711 CH1 7711 CH1
7705 CH21 7705 CH31 7705 CH21 7705 CH31

Cabling

Connections to the Model 7700 switch module shown in
Figure 1 can be made with standard insulated wire. Maximum
recommended wire size for the screw terminals is #20AWG.

The use of shielded cable is recommended to minimize external
noise. The insulation rating for the ACV connection must be high

enough for the supply’s AC line input voltage (say, 220V). The
DCV, 2-wire Ohms, and load signals can use lighter insulation
based on the power supply output voltage and current ratings.

Naturally, the temperature measurement connections to the

Model 7700 are through thermocouple wires. The Model 2750
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mainframe in which the Model 7700 is installed can measure
temperature with J, K, N, T, E, R, S and B type thermocouples.
For this example application, a T-type thermocouple can be used,
as it easily covers the range of interest (-200°C to +400°C).

The high frequency ripple signal connection at the power
supply requires a spring clip/alligator clip adaptor (depending
on the power supply) to an RF cable. A Keithley Model 7711-
BNC-SMA cable can be used (Figure 1). One end is an SMA male
connector, which is connected to the Model 7711 switch module.
The other end is a BNC female that requires a BNC male to
clip-on adaptor for the DUT. The common ground on the Model
7711 module is connected to chassis.

Typical Sources of Measurement Error

Sources of errors can be characterized as determinable
systematic errors, and random errors that are difficult to
quantify. Systematic errors are those caused by the measuring
instrument, switching devices and cabling. Random errors are
the result of noise from the external environment, sensors, and
related measurement devices.

To minimize random errors, use shielded cables for all
test leads. Cables with one shield and multiple conductors are
recommended. The shield of all cables should be connected in a
star arrangement to a solid earth ground at a single point.

To minimize determinable systematic errors, follow the
recommendations below:

* To decrease AC noise susceptibility, increase the
measurement integration time. The measurement time of the
Model 2750 is adjustable over a range of 0.01 to 50 power
line cycles (PLCs). For 60Hz power, one PLC is 16.67ms. For
maximum rejection of noise originating on the power line,
i.e., line cycle pickup, an integral number of PLCs must be
used (e.g., 1,2,5, etc.)

* A certain level of DC contact potential is associated with
any pair of switch or relay contacts. This EMF creates some
degree of error in voltage measurements. The Model 7700
switch module contacts create a maximum potential of
1uV when they are closed. For the Model 7705 module, the
contact potential is less than 4 uV. This source of error may
or may not be significant, depending on the measurement
it affects. However, it should be recorded and a mental
adjustment made for its magnitude.

* The Model 7711 has some inherent errors associated
with unterminated channels. If some of channels on this
module will not to be used, they should be terminated in a
50-Ohm load.

* In some applications, the power handling capabilities of the
Model 7711 should be considered. The maximum amount
of power that can be routed while maintaining proper DMM
accuracy is shown in Figure 2. Power levels of up to 10
watts can be used, but this may cause measurement errors.
For instance, routing 10 watts of power at 1IGHz may cause

37



the DMM to have an additional 10VDC offset uncertainty Example Program
with measuring DC voltages. Since the Model 7711 is being
used only for AC ripple measurement in the example test
configuration, power handling should not be an issue.

Keithley Instruments has developed an example program for the
PC controlling the test equipment. Although the program will
require modification for a specific DUT and its test requirements,
12 it provides a test development shortcut. Embedded comments
200MHz in the program give the developer insights into program coding
and how commands are used. The program is available in the

I Model 7711 User’s Guide [2]. This guide is available for download
DMI\AIIdSIr?c%r:taalinty on the Keithley web site by going to www.keithley.com and
following the links to Document Center/Manuals/7711/Models

/CPPHz 7711 and 7712..User’s Guide PA-818 Rev B.

10

Power (watts)

o N M O

10 100 1000 3500 References
MHz 1. Keithley Application Note #2260, Burn-in Testing Techniques for Switching
Power Supplies.

Figure 2. Carry power per channel vs. frequency for the Model 7711 2. Keithley Models 7711/7712 Single-Pole, Dual 1X4 RF Multiplexer Modules
switch module. User’s Guide, Publication PA-818.
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