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TEST SYSTEM SUPPORTING REVERSE COMPLIANCE

TECHNICAL FIELD
This specification describes example implementations of a test system that
supports a compliance curve in which current on a test channel increases as voltage on

the test channel increases.

BACKGROUND
Test systems are configured to test the operation of electronic devices, such as
microprocessors and memory chips. Testing may include sending signals to a device
and determining how the device reacted to those signals based on its response. For
example, testing may include forcing voltage and current onto a test channel and
receiving signals from the device based on the forced voltage and current. The device’s

reaction will dictate whether the device has passed or failed testing.

SUMMARY

An example test system includes power amplifier circuitry to force voltage or
current to a test channel and one or more processing devices configured to control the
power amplifier circuitry to comply with a compliance curve. The compliance curve
relates output of the voltage to output of the current. According to the compliance curve
maximum current output increases as an absolute value of voltage output increases.
The example test system may include one or more of the following features, either
alone or in combination.

The voltage may be direct current (DC) voltage and the current may be DC
current. The example test system may include a compensation loop. The
compensation loop may include a voltage sensor to sense the voltage on the test
channel, a current sensor to sense the current on the test channel, and the one or more
processing devices to control the power amplifier circuitry based on the voltage sensed

on the test channel and the current sensed on the test channel. The example test
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system may include a current clamp to limit the current on the test channel in a case
that the current sensed on the test channel exceeds a predefined maximum value.

The compliance curve may be based on an amount of power that the test
channel can dissipate. The compliance curve is a first compliance curve and a memory
stores a second compliance curve or information to produce the second compliance
curve relating output of the voltage to output of the current. According to the second
compliance curve maximum current output decreases as absolute value of the voltage
output increases. The one or more processing devices are configured to control the
power amplifier circuitry based on one of the first compliance curve or the second
compliance curve. At least one of the first compliance curve or the second compliance
curve includes a step function. The first compliance curve may include a step function
and the second compliance curve includes a step function.

The one or more processing devices may be configured to implement a controller
comprising a proportional—integral—derivative controller to control the power amplifier
circuitry. The example test system may include a display device to display a function
based on the compliance curve to a user and an input device to program the voltage
based on the function. The function may be the compliance curve. The function may
be a step function that falls with bounds of the compliance curve.

Controlling the power amplifier circuitry to comply with the compliance curve may
include setting the current. Setting the current may be based on an amount of power
that the test channel can dissipate, a maximum voltage, and the voltage that has been
programmed into the test system. Setting the current may be conditioned on the
voltage that has been programmed into the test system being less than or equal to a
difference between the maximum voltage and an overhead voltage.

The power amplifier circuitry may include an output stage for the test channel
that is connected to a reference voltage and a return conductor. The reference voltage
may be higher than a voltage of the return conductor. The voltage of the return
conductor may be non-zero. The compliance curve may be a first compliance curve
and controlling the power amplifier circuitry to comply with the first compliance curve
may include setting the current based on the voltage that has been programmed into

the test system. The first compliance curve may enable a test channel density that is
2
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greater than a test channel density that would be enabled by a second compliance
curve according to which maximum current output decreases as voltage output
increases. The power amplifier circuitry may include an output stage. The output stage
may have a physical size that corresponds to a power dissipation of the output stage.
Using the second compliance curve may cause a power output to a device under test
(DUT) that is greater than a power output caused using the first compliance curve such
that a reduction in a physical size of the output stage is enabled by using the first
compliance curve.

The power amplifier circuitry may include an output stage for the test channel
that is connected to a first reference voltage and a second reference voltage. The first
reference voltage may be higher than the second reference voltage. The example test
system may include a voltage sensor for sensing the voltage on the test channel. The
one or more processing devices may be configured to control at least one of the first
reference voltage or the second reference voltage based on the voltage on the test
channel in order to control power output to the test channel. At least one of the first
reference voltage or the second reference voltage is programmable.

The example test system may include memory storing the compliance curve or a
function to produce the second compliance curve. The first compliance curve may
include a curve in which current increases with increasing voltage up to a point. After
the point, the current may remain constant for a range of increasing voltage. The
voltage may be alternating current (AC) voltage and the current may be AC current.

An example method includes receiving voltage as an input to a test system;
selecting a compliance curve based on the voltage, where according to the compliance
curve maximum current output increases as an absolute value of voltage output
increases; generating a current output based on the voltage input and the compliance
curve; and outputting the voltage and the current to a test channel of the test system.

An example test system includes an output stage having power amplifier circuitry
to force voltage or current to a test channel that is part of a connection to a DUT; a
current clamp to limit the current on the test channel; and one or more processing

devices configured control the current clamp dynamically based on a voltage across the
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DUT. The example test system may include one or more of the following features,
either alone or in combination.

A power dissipation through the output stage is based on a product of a current
through the DUT and a difference between a voltage across the output stage and a
voltage across the DUT. Controlling the current dynamically may include controlling the
limit of the current on the test channel. Controlling the current clamp may include
programming the current clamp. The one or more processing devices may be
configured to control the power amplifier circuitry to comply with a compliance curve.
The compliance curve may relate output of the voltage to output of the current.
According to the compliance curve maximum current output increases as an absolute
value of the voltage output increases.

Any two or more of the features described in this specification, including in this
summary section, may be combined to form implementations not specifically described
in this specification.

At least part of the test systems and processes described in this specification
may be configured or controlled by executing, on one or more processing devices,
instructions that are stored on one or more non-transitory machine-readable storage
media. Examples of non-transitory machine-readable storage media include read-only
memory, an optical disk drive, memory disk drive, and random access memory. At least
part of the test systems and processes described in this specification may be configured
or controlled using a computing system comprised of one or more processing devices
and memory storing instructions that are executable by the one or more processing
devices to perform various control operations.

The details of one or more implementations are set forth in the accompanying
drawings and the following description. Other features and advantages will be apparent

from the description and drawings, and from the claims.

DESCRIPTION OF THE DRAWINGS
Fig. 1 is a block diagram of an example test system.
Fig. 2 is a graph showing an example traditional compliance curve in both a

presented version and an actual version.
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Fig. 3 is a graph showing a presented version of an example traditional
compliance curve.

Fig. 4 is a graph showing a traditional compliance curve and a reverse
compliance curve for the same output stage of the same test channel.

Fig. 5 is a graph showing an example reverse compliance curve in both a
presented version and an actual version.

Fig. 6 is a graph showing example reverse compliance curves in both presented
versions and actual versions.

Fig. 7 is a graph showing an example reverse compliance curve containing a
current plateau.

Fig. 8 is a block diagram showing example components of an example output
stage of a test channel.

Fig. 9 is a flowchart showing an example process for generating voltage and
current using one or more compliance curves.

Like reference numerals in different figures indicate like elements.

DETAILED DESCRIPTION

In some examples, a compliance curve specifies the power dissipation of a test
channel at a device under test (DUT). In some cases, the test channel includes the
physical medium or media over which signals are sent from a test system to the DUT
and over which signals are received from the DUT. In these cases, the test channel is
part of an electrical and/or optical connection between the test system and the DUT.

Each example test channel has an output stage that dissipates a fixed amount of
power for an input voltage. In some implementations, the input voltage may be
programmable, in which case the amount of power dissipation for the output stage will
change based on a change in the voltage. Each test channel may be governed by a
compliance curve that specifies the current that can pass through the test channel for a
given voltage. For example, a user may specify a voltage to be provided on the test
channel. For that voltage, the compliance curve specifies one or more values of — for
example, a range of — current that the test channel can support. In some traditional

compliance curves, as the voltage increases, the current decreases. In areverse
5
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compliance curve, as the absolute value of the voltage increases, the current also
increases. Described herein are example implementations of a test system that
supports both reverse compliance curves and traditional compliance curves. Example
components of a test system are shown in Fig. 1, which is described below.

In some implementations, each test channel of the test system includes an
output stage that includes power amplifier circuitry — also referred to herein as “power
amplifier” — to force voltage and current to the test channel. One or more processing
device are configured to control the power amplifier circuitry based on a compliance
curve to provide power to the DUT. As explained, the compliance curve relates output
of voltage to output of current on the test channel — for example, the voltage and current
delivered to the DUT. In an example, the compliance curve is a reverse compliance
curve in which the maximum current output increases as the absolute value of the
voltage output increases. The test system, however, may also support a traditional
compliance curve in which the maximum current output decreases as the voltage output
increases. Multiple test channels — for example, each test channel — may include an
instance of the power amplifier circuitry, one or more processing devices dedicated to
that test channel, or both an instance of the power amplifier circuitry and one or more
dedicated processing devices.

A compliance curve can define the power dissipation in a test channel in one or
more quadrants of an operational graph. For example, a compliance curve may define
the power dissipation of the test channel in up to four quadrants of a graph; that is, for
positive voltage and positive current, for positive voltage and negative current, for
negative voltage and positive current, or for negative voltage and negative current.
Accordingly, although the examples presented herein are generally limited to one or two
quadrants, the features described in this specification may be used with compliance
curves that define the power dissipation of the test channel in any number of quadrants.

Fig. 2 shows an example of a traditional compliance curve 25 that defines the
power dissipation of the test channel — for example, the power dissipation at the DUT —
in first quadrant 26, that is, positive voltage (+V), positive current (+l). As shown in Fig.
2, in this example, in first quadrant 26, as the magnitude of the voltage increases, the

magnitude of the current decreases. Each test channel output stage dissipates an
6
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amount of power. Power to the DUT can be output by applying any appropriate ranges
of current and voltage to the test channel that are within the power dissipation of the
output stage. In some examples, power dissipated in the test channel beyond that
defined by the compliance curve — for example, as a result of a short of a voltage rail to
ground — may cause the test channel not to operate correctly, to be physically
damaged, or both.

In some cases, the compliance curve includes only the operational range of a
test channel presented to a user, not the entire operational range of the test channel.
The user may select a voltage and current from the presented compliance curve to
ensure safe and accurate operational range of the test channel. However, the actual
compliance curve of the test channel extends beyond the compliance curve presented
to the user. For example, in Fig. 2, presented compliance curve 25 is a step function
that is within the bounds of the actual compliance curve 28. The actual compliance
curve 28 is non-linear and encompasses all of, and extends beyond, presented
compliance curve 25 as shown in the figure. The presented compliance curve does not
track the boundaries of actual compliance curve 28 and, therefore, reduces the risk of
test channel power dissipation at a power level beyond that which the test channel can
support. In this specification, the term “compliance curve” may refer to either an actual
compliance curve such as 28 or a presented compliance curve such as 25.

In contrast to power dissipation of the output stage, the instantaneous power
delivered to the DUT is defined by the product of a voltage and a current at points within
the compliance curve. In Fig. 2, this power is defined by a product of selected voltages
and currents within the compliance curve. In example compliance curve 25, this power
to the DUT is typically approximately the same at points 22, 23, and 24. That is, as the
voltage increases, the current decreases, but the product of the two remains the same.
For example, Fig. 8 shows components of an example output stage. In Fig. 8, which is
described in more detail below, the power dissipation in the output stage is equal to or

proportional (“~”) to the following voltages and current shown in the figure.

Power Dissipation ~ ((V+) — (Vd))*(ld),
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where Vd is the voltage across the DUT, Id is the current drawn by the DUT, and V+ is
the voltage output of the voltage regulator. In Fig. 8, the instantaneous power to the

DUT is equal to or proportional to the following voltages and current shown in the figure.

Power To DUT ~ (Vd)*(Id).

In some examples, the traditional and reverse compliance curves relate Vd and Id.

Fig. 3 shows another example of a traditional compliance curve 29 that defines
the power dissipation of a test channel in two quadrants: positive voltage (+V), positive
current (+1) and negative voltage (-V), positive current (+1). As shown in the figure, in
this example, in first quadrant 30, as the magnitude of the voltage increases, the
magnitude of the current decreases. In this example, in second quadrant 31, as the
voltage increases, the current remains constant and does not increase.

As noted, in a reverse compliance curve, as the absolute value of the voltage
increases, the current increases. For a fixed-size test channel output stage, however,
its power dissipation remains the same for all or parts of traditional and reverse
compliance curves. For example, Fig. 4 shows an example of a reverse compliance
curve 32 and a traditional compliance curve 33 for the same fixed-size output stage of a
test channel. In the traditional compliance curve 33, a 10 Watt (W) power dissipation
occurs for segment envelope 36; in this example (10V)*(1A) equals 10W. In the reverse
compliance curve 32, which is also supported by the same test channel, that same 10W
power dissipation occurs at segment envelope 37; in this example (50V-40V)*(1A)
equals 10W. So, the power dissipation is the same at different parts of the traditional
and reverse compliance curves. However, at point 27 on the traditional compliance
curve, the instantaneous power delivered to the DUT is 10W, that is (10V)*(1A) equals
10W. By contrast, at point 34 on the reverse compliance curve, the instantaneous
power delivered to the DUT is 50W, that is (50V)*(1A) equals 50W. So, by using
reverse compliance, it is possible to provide greater amounts of power using the same
output stage of the test channel. In other words, it is possible to provide greater

amounts of power without increasing the size of that output stage. A test channel may,
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however, support operation using both the traditional compliance curve and the reverse
compliance curve.

In some cases, the reverse compliance curve includes only the operational range
of a test channel presented to a user, not the entire operational range of the test
channel. The user may select a voltage and current from the presented reverse
compliance curve to ensure safe and accurate operation of the test channel. However,
the actual reverse compliance curve of the test channel extends beyond the presented
reverse compliance curve presented to the user. For example, in Fig. 5, presented
reverse compliance curve 38 is a step function that is within the bounds of the actual
compliance curve 39. The actual reverse compliance curve 39 encompasses all of, and
extends beyond, presented reverse compliance curve 38, as shown in the figure. The
presented reverse compliance curve 38 does not track the boundaries of actual reverse
compliance curve 39 and, therefore, reduces the risk of test channel operation at a
power level beyond that supported by the test channel. In this specification, the term
‘reverse compliance curve” may refer to either an actual reverse compliance curve such
as 39 or a presented reverse compliance curve such as 38.

Fig. 6 shows another example of two reverse compliance curves 40 and 41 that
define the operational range of two test channels in two quadrants: positive voltage
(+V), positive current (+1) 43 and positive voltage (+V), negative current (-1) 44. In this
example, in fourth quadrant 44, as the absolute value of the voltage increases (+V), the
current (-1) increases to a maximum value. After that value, the current rapidly goes to
zero. In fourth quadrant 44, a less negative current constitutes an increase in current.
For example, -500 milliamperes (mA) is an increase in current over -2 amperes (A).

Fig. 6 also shows a presented compliance curve 46 in dashed lines for actual
compliance curve 40, and a presented compliance curve 47 in dashed lines for actual
compliance curve 41.

Fig. 7 shows another example of a reverse compliance curve 48 that defines the
operational range of a test channel in a first quadrant 49. In this example, current
increases non-linearly with increasing voltage up to a point 51. There, the current
plateaus or remains constant for a range of increasing voltage and then rapidly drops to

zero. The area between the plateau 51 and the peak 53 corresponds to the overhead
9
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voltage (Von). In an example, the overhead voltage to support the current level of the
plateau is the difference between where the compliance curve drops to O amperes (A)
(in volts, to the right of the plateau) and the right side of the plateau (in volts). As the
current increases, the required overhead voltage also increases, which is what creates
the peak in the curved compliance curve. In an example, the overhead voltage includes
a voltage supported by a voltage rail of the test system but that is some fixed voltage
above the voltage that the user can select for operation of the test channel. In some
examples, the overhead voltage is 5 volts (V), 10V, 15V, 20V, and so forth. The
overhead voltage may be programmed into the test system and, in some systems, may
be changed. A user may be presented with a compliance curve like that of Fig. 7, but
one that shows the plateau and not the peak.

Referring back to Fig. 1, that figure shows components of example automatic test
equipment (ATE) 10 that may support both traditional compliance curves and reverse
compliance curves of the type described herein. Notably, however, the traditional
compliance curves and reverse compliance curves are not limited to use with the ATE
of Fig. 1 or to use with the DUTs described herein, but rather may be used in any
appropriate technical context. In Fig. 1, the dashed lines indicate potential signal paths
between devices.

ATE 10 includes a test head 11 and a test computer 12. Test head 11 interfaces
to the DUTs (not shown) on which tests are performed. Test computer 12
communicates with test head 11 to control testing. For example, test computer may
download test program sets to test instruments on the test head, which then run the test
program sets to test DUTs in communication with the test head. Computer 12 may also
present traditional compliance curves and reverse compliance curves to a user — for
example, graphically — to show the user the capabilities of test channels in ATE 10.

ATE 10 includes test instruments 13A to 13N. In this example, one or more of
the test instruments are VI (voltage-current) test instruments configured to force direct
current (DC) voltage and to force DC current onto a test channel and to receive signals
from the device based on the forced DC voltage and forced DC current. However, other
types of test instruments may be used in lieu of, or in addition to, VI test instruments.

For example, test instruments may be used that are configured to produce alternating
10
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current (AC) voltage and/or AC current signals having frequencies that are greater than
1 kilohertz (KHZ). Each test instrument may be configured to output test signals to test
a DUT, and to receive signals from the DUT. The signals received may include
response signals that are based on the test signals and/or signals that originate from
the DUT that are not prompted by (e.g., are not in response to) test signals.

Signals are sent to, and received from, the DUT over multiple test channels. In
some examples, a test channel may include the physical transmission medium or media
over which signals are sent from the test instrument to a DUT and over which signals
are received from the DUT. Physical transmission media may include, but are not
limited to, electrical conductors alone or in combination with optical conductors, wireless
transmission media, or both optical conductors and wireless transmission media. In
some examples, a test channel may include a range of frequencies over which signals
are transmitted over one or more physical transmission media.

In some implementations, different test channels of ATE 10 may all support the
same compliance curves or different test channels of ATE 10 may support different
compliance curves. For example, output stages of different test channels may dissipate
different amounts of power or output stages of different test channels may dissipate the
same amount of power. In some implementations, some test channels may support
only traditional compliance curves, some test channels may support only reverse
compliance curves, some test channels may support both traditional compliance curves
and reverse compliance curves, or all test channels may support both traditional
compliance curves and reverse compliance curves

ATE 10 includes a connection interface 14 that connects test instrument test
channels 15 to a DIB 16. Connection interface 14 may include connectors 20 or other
devices for routing signals between the test instruments and DIB 16. For example, the
connection interface may include one or more circuit boards or other substrates on
which such connectors are mounted. Conductors that define the instrument test
channels may be routed through the connection interface and the DIB.

In the example of Fig. 1, DIB 16 connects, electrically and mechanically, to test
head 11. The DIB includes sites 21, which may include pins, conductive traces, or other

points of electrical and mechanical connection to which DUTs may connect. Test
11
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signals, response signals, and other signals pass via the test channels over the sites
between the DUT and test instruments. DIB 16 also includes, among other things,
connectors, conductive traces, and circuitry for routing signals between the test
instruments, DUTs connected to sites 21, and other circuitry.

Fig. 8 shows example of components that may be included in the output stage of
an example test channel 60, such as test channel of test instrument 13A. As shown in
Fig. 8, the output stage of test channel 60 includes power amplifier circuitry 61. The
power amplifier circuitry may include a power amplifier configured to force voltage and
current to the transmission media portion 64 of the test channel. The test channel also
includes one or more processing devices 65 configured to control the power amplifier
circuitry to comply with one or more compliance curves. For example, the processing
devices may implement a controller, such as a proportional—-integral—derivative (PID)
controller to control the power amplifier circuitry. In some implementations the controller
may include feed-forward components making it not solely a PID controller. In an
example, the compliance curve may be a traditional compliance curve such as those
shown in Figs. 2, 3, and 4 or a reverse compliance curve such as those shown in Figs.
4 to 7. Computer memory, which may be internal or external to processing devices 65,
may store the compliance curves.

The compliance curves may be retrieved from memory by test computer 12 (of
Fig. 1) for display a user on a display screen that is part of the test computer. In some
implementations, the memory may store information or functions that define the
compliance curves and from which the compliance curves may be determined. In some
implementations, the user may then select a voltage and/or a current to output on the
test channel — for example, to the DUT — that are within the operational range of the test
instrument on the compliance curves. In some implementations, the user may select or
program a voltage supported by the compliance curves and the system may
automatically determine a current based on that voltage. And, in some
implementations, the user may select the current and the system may automatically
determine the voltage The processing devices may then control the power amplifier, a
voltage regulator 67, or both, to force the voltage and current to the test channel.

Examples of types of processing devices that may be used are described herein.
12
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As previously explained, in Fig. 8, the power dissipation in the output stage is

equal to or proportional to the following voltages and current shown in the figure.

Power Dissipation ~ ((V+) — (Vd))*(ld),

where Vd is the voltage across the DUT, Id is the current drawn by the DUT, and V+ is
the voltage output of the voltage regulator. In some implementations, V+ can be
changed through programming, which will result in an change in power dissipation of
the output stage. As also previously explained, in Fig. 8, the instantaneous power to the

DUT is equal to or proportional to the following voltages and current shown in the figure.

Power To DUT ~ (Vd)*(Id).

In some examples, controlling the power amplifier circuitry to force the voltage
and current to the test channel and thus to the DUT in accordance with a reverse
compliance curve and/or a traditional compliance curve includes the processing devices
determining the current. For example, the processing devices may determine the
maximum current based on an amount of power that the channel can support — that is,
the test channel dissipation, a maximum voltage, and a voltage that has been
programmed into the test system by the user. For example, the processing devices
may determine the maximum voltage based on an amount of power that the channel
can support — that is, the test channel dissipation, a maximum voltage, and a current
that has been programmed into the test system by the user.

In some examples, the user programs either voltage (Vprog) Or current (I»), not
both. These are commonly referred to as “force voltage” and “force current” modes
respectively. The electrical loading of the DUT determine the variable that is not
explicitly forced. One can see this clearly if one considers the case where the DUT is a
simple resistor — the system can force a voltage across the resistor (having a resistance
R) and the system can obtain a current defined by V/R (where V is the voltage across
the resistor), or the system can force a current and one can obtain a voltage defined by

I"R (where | is the current through the resistor). In some examples, both voltage and
13
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current cannot be forced simultaneously. So the system forces either voltage or current
and the non-forced variable is determined by the load that is presented to the channel.
Another consideration here is that the non-forced variable can have a user-
programmable “clamp” that prevents that variable from going beyond that programmed
value. For example, a value of the variable to be clamped may be set by programming.
For example, a current clamp value may be set dynamically based on the following
relationship. In an example, the current clamp value may be set dynamically based on

the voltage across the DUT, namely Vd, in order to limit the current on the test channel.

Power Dissipation ~ ((V+) — (Vd))*(Id)

By controlling the current clamp dynamically based on the voltage across the DUT,
namely Vd, the initial curvature of the reverse compliance curve results. For instance,
in the example of Fig. 4, the curvature prior to 40V results. In systems that employ
traditional compliance curves only, if a current clamp is used, the maximum current on
the test channel is not related to, or dependent on, Vd, but rather is preset.

When the load is such that the non-forced variable would exceed the clamped
value, the VI channel dynamically changes state (via the processing device(s)) to
instead force the “non-forced” variable so that its clamp is not exceeded. Thus, in
summary, an example channel can force voltage or current, but not both
simultaneously. In this example, the channel can be set-up to dynamic switch between
which it is forcing depending on the load, but it is still always and only forcing one at a
time, the other is determined by the load.

In the equation below relating power, voltage, and current on the test channel,
“P” is the maximum power dissipation of test channel (which is a known quantity) and
Vys, or V-high-side, is the maximum voltage that the test system can provide in a
selected compliance curve through its voltage rail.

In the equation below, in a case where voltage is forced, all variables are known
except for |, and P is the product of (Vus-Vprog) @nd (l2). In the following equation, in a
case where current is forced, all variables are known except for Vg, and P is the
product of (Vus-Vpreg) @nd (I-)
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I:)=(VHS‘Vprog) X (I?)

Accurate setting of the current may be conditioned on the voltage that has been
programmed into the test system (Vyrog) being less than or equal to a difference

between the maximum voltage (Vys) and the overhead voltage (Voy). That is,

Vprog = VHS'VOH

If Vprog 1S greater than Vus-Von, then the test channel is operating at near the maximum
voltage provide by the voltage rail and may be susceptible to over-voltage conditions or
other problems associated with operating at excess voltage.

The processing devices may be part of a compensation loop that includes the
voltage regulator, the power amplifier circuitry, voltage sensors, and current sensors.
For example, the voltage regulator may be a programmable regulator to output a range
of voltages to power amplifier 61. The power amplifier is configured for control by
processing devices 65 to output, to the transmission media portion 64 of the test
channel, current and voltage derived from the voltage provided by the voltage regulator.
A voltage sensor 70 senses the voltage on the transmission media portion 64 of the test
channel and provides the level of the sensed voltage to processing devices 65. A
current sensor 71 senses the current through — in this example, a resistor 72 — on the
transmission media portion 64 of the test channel and provides the level of the sensed
current to processing devices 65. Analog-to-digital converters (not shown) or digitizers
generate digital values for the sensed voltage and the sensed current. The processing
devices determine the amount of power being sourced on the test channel based on the
digital values of the sensed voltage and the sensed current, for example, by determining
a product of the sensed voltage and the sensed current. In some implementations, an
analog compensator may be used instead of a digital compensator. An analog
compensator performs the processing in the analog domain instead of the digital

domain.
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If the amount of power dissipation on the transmission media portion 64 of the
test channel and thus through the DUT exceeds a power level of the compliance curves
for the test channel — for example, a traditional compliance curve, a reverse compliance
curve, or both the traditional compliance curve and the reverse compliance curve — then
the processing devices control a current clamp 74 to limit the amount of current, and
thus power, on the test channel. The current clamp may be a fast dynamic clamp that
cuts-off or reduces current if too much power is being sourced. For example, the clamp
may operate on the order of tens of microseconds (us). The clamp limits the current
draw when a DIB/DUT load transient results in a large voltage change that puts the
voltage and current being sourced into an over-power state as defined by the
compliance curves. This current clamp may be configured to reduce output stage
power dissipation to a sustainable limit within, for example, 50us, and in a several
millisecond (ms) time frame disengage to allow the user-defined voltage from the
compliance curve to take-over. The clamp may be implemented as part of the
processing devices, in the power amplifier, or the clamp may be or include hardware
that is controllable by the processing devices. In this example, the clamp is dynamically
controllable — for example, by the one or more processing devices — based on a voltage
across the DUT (Vd) as described previously.

In some implementations, the output stage including the power amplifier circuitry
is connected to a reference voltage 76 (V+) and a return conductor 75 (V-). The
reference voltage is higher than a voltage of the return conductor and may be the
voltage used to produce the current and voltage output on the transmission media
portion 64 of the test channel. For example, the reference voltage may be 5V, 10V,
50V, 100V, 300V, and so on. The voltage of the return conductor is set to a non-zero
voltage in some examples. For example, the voltage of the return conductor is not at
ground level. For example, the voltage of the return conductor may be set at 1V, 2V,
3V, 5V, 10V, and so forth. The rationale for the return conductor of the output stage to
be above 0OV (“ground”) is to reduce the voltage-current (V*I) product across the output
stage.

As explained, in some implementations, controlling the power amplifier circuitry

to comply with a compliance curve may include setting the current output based the
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voltage that has been programmed into the test system. Using a reverse compliance
curve may enable a channel density that is greater than a channel density that would be
enabled by a traditional compliance curve (according to which the current output
decreases as the voltage output increases). In this regard, the output stage, including
the power amplifier circuitry, has a physical size that corresponds to its power
dissipation. By using a reverse compliance curve, the physical size of the output stage
may be reduced relative to the physical size of the output stage that would be needed if
a traditional compliance curve were used. More specifically, as explained with respect
to Fig. 4, using reverse compliance, the output stage of the test channel can provide
50V to a DUT. Using a traditional compliance curve for a fixed-size output stage, only
10W is provided to the DUT. Therefore, to produce a power output to the DUT using a
traditional compliance curve that is similar the power output to the DUT produced using
a reverse compliance curve, the output stage would need to be increased in size.
Accordingly, using reverse compliance, a smaller output stage can be used to output
greater instantaneous power to the DUT.

For example, using the traditional compliance 30 of Fig. 3 in order to achieve a
current output 12A in a single test channel, the power dissipation of the output stage is

determined as follows:

P=(96V-(-30V)) x 12A = 1.5 kilowatts (kW)

For example, using a reverse compliance curve, the power dissipation of the output

stage is determined as follows:

(5V+2V) x 2A = 14 watts (W)

To achieve a 12A total output, six channels are used, which produces a power output of
14W x 6 = 84W. As noted, the physical size of the output stage scales with the power —
for example, as power increases, the size of the circuitry required to produce that power
output also increases. By requiring less power (84W vs. 1512W) to output the same

amount of current (12A), the circuitry in the test channel that is controlled based on a
17
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reverse compliance curve can be reduced in size. And, as a result of the smaller size of
the circuitry, a greater number of test channels can be arranged in a same space,
thereby increasing the density of the test channels.

In some implementations, when using a VI test instrument as a device power
supply (DPS), allowing an upper power supply of the output stage to ramp with the
voltage and current output force voltage (FV) ramp enables the full rated current during
the DPS voltage ramp. In some implementations, the output stage voltage rail or rails
may track the real-time DUT voltage. An implementation of a test channel that includes
the features actively measures a resistance in the force and return paths and
automatically adjusts the output stage voltage based on this information. For example,
the output stage voltage may be adjusted to control the power output in order to keep
the power output within the scope of a selected compliance curve.

Referring to Fig. 9, a process 80 for controlling a test channel includes, but is not
limited to, the following operations. The process includes receiving (81) voltage as an
input to a test system. For example, the voltage may be programmed into the test
computer by a user, such as a test engineer. The voltage is the target forced voltage
for output on a test channel of interest. The process includes selecting (82) a
compliance curve based on the voltage. This selection may be performed by the user
or by a processing device controlling the test system such as ATE 10. The process
includes generating (83) a current output based on the voltage input and the compliance
curve, as described previously. The voltage and the current are output (84) to the test
channel as part of the testing process. As described previously, in some
implementations, the current may be programmed into the test computer by a user,
such as a test engineer, and the voltage may be the unknown that is determined.

The example systems and processes described herein may be used with any
appropriate test system. For example, the systems and processes may be used with a
high-voltage, low-current VI instrument, where an example high-voltage is 100V or more
and where an example low-current is 200 milliamperes (mA) or less. For example, the
systems and processes may be used with a high-voltage, low-current non-floating

instrument or a high-voltage, high-current floating test instrument.
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All or part of the test systems and processes described in this specification and
their various modifications may be configured or controlled at least in part by one or
more computers using one or more computer programs tangibly embodied in one or
more information carriers, such as in one or more non-transitory machine-readable
storage media. A computer program can be written in any form of programming
language, including compiled or interpreted languages, and it can be deployed in any
form, including as a stand-alone program or as a module, part, subroutine, or other unit
suitable for use in a computing environment. A computer program can be deployed to
be executed on one computer or on multiple computers at one site or distributed across
multiple sites and interconnected by a network.

Actions associated with configuring or controlling the test systems and processes
can be performed by one or more programmable processors executing one or more
computer programs to control all or some of the well formation operations described
previously. All or part of the test systems and processes can be configured or controlled
by special purpose logic circuitry, such as, an FPGA (field programmable gate array)
and/or an ASIC (application-specific integrated circuit).

Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a processor will receive
instructions and data from a read-only storage area or a random access storage area or
both. Elements of a computer include one or more processors for executing instructions
and one or more storage area devices for storing instructions and data. Generally, a
computer will also include, or be operatively coupled to receive data from, or transfer
data to, or both, one or more machine-readable storage media, such as mass storage
devices for storing data, such as magnetic, magneto-optical disks, or optical disks.
Non-transitory machine-readable storage media suitable for embodying computer
program instructions and data include all forms of non-volatile storage area, including by
way of example, semiconductor storage area devices, such as EPROM (erasable
programmable read-only memory), EEPROM (electrically erasable programmable read-

only memory), and flash storage area devices; magnetic disks, such as internal hard
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disks or removable disks; magneto-optical disks; and CD-ROM (compact disc read-only
memory) and DVD-ROM (digital versatile disc read-only memory).

Elements of different implementations described may be combined to form other
implementations not specifically set forth previously. Elements may be left out of the
systems described previously without adversely affecting their operation or the
operation of the system in general. Furthermore, various separate elements may be
combined into one or more individual elements to perform the functions described in this
specification.

Other implementations not specifically described in this specification are also
within the scope of the following claims.

What is claimed is:
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1. Atest system comprising:

power amplifier circuitry to force voltage or current to a test channel; and

one or more processing devices configured to control the power amplifier circuitry
to comply with a compliance curve, the compliance curve relating output of the voltage
to output of the current, where according to the compliance curve maximum current

output increases as an absolute value of voltage output increases.

2. The test system of claim 1, wherein the voltage is direct current (DC) voltage

and the current is DC current.

3. The test system of claim 1, further comprising a compensation loop, the
compensation loop comprising:

a voltage sensor to sense the voltage on the test channel,

a current sensor to sense the current on the test channel; and

the one or more processing devices to control the power amplifier circuitry based

on the voltage sensed on the test channel and the current sensed on the test channel.

4. The test system of claim 3, further comprising:
a current clamp to limit the current on the test channel in a case that the current

sensed on the test channel exceeds a predefined maximum value.

5. The test system of claim 1, wherein the compliance curve is based on an

amount of power that the test channel can dissipate.

6. The test system of claim 1, wherein the compliance curve is a first compliance
curve; and

wherein a memory stores a second compliance curve or information to produce
the second compliance curve relating output of the voltage to output of the current,
where according to the second compliance curve maximum current output decreases as

voltage output increases; and
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wherein the one or more processing devices are configured to control the power
amplifier circuitry based on one of the first compliance curve or the second compliance

curve.

7. The test system of claim 6, wherein at least one of the first compliance curve

or the second compliance curve comprises a step function.

8. The test system of claim 6, wherein the first compliance curve comprises a

step function and the second compliance curve comprises a step function.

9. The test system of claim 1, wherein the one or more processing devices are
configured to implement a controller comprising a proportional—-integral—derivative

controller to control the power amplifier circuitry.

10. The test system of claim 1, further comprising:
a display device to display a function based on the compliance curve to a user;
and

an input device to program the voltage based on the function.

11. The test system of claim 10, wherein the function is the compliance curve.

12. The test system of claim 10, wherein the function is a step function that falls

with bounds of the compliance curve.

13. The test system of claim 1, wherein controlling the power amplifier circuitry
to comply with the compliance curve comprises setting the current;

wherein setting the current is based on an amount of power that the test channel
can dissipate, a maximum voltage, and the voltage that has been programmed into the

test system.
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14. The test system of claim 13, wherein setting the current is conditioned on the
voltage that has been programmed into the test system being less than or equal to a

difference between the maximum voltage and an overhead voltage.

15. The test system of claim 1, wherein the power amplifier circuitry comprises
an output stage for the test channel that is connected to a reference voltage and a
return conductor, the reference voltage being higher than a voltage of the return

conductor, and the voltage of the return conductor being non-zero.

16. The test system of claim 1, wherein the compliance curve is a first
compliance curve;

wherein controlling the power amplifier circuitry to comply with the first
compliance curve comprises setting the current based the voltage that has been
programmed into the test system; and

wherein the first compliance curve enables a test channel density that is greater
than a test channel density that would be enabled by a second compliance curve

according to which maximum current output decreases as voltage output increases.

17. The test system of claim 16, wherein the power amplifier circuitry comprises
an output stage, the output stage having a physical size that corresponds to a power
dissipation of the output stage;

wherein using the second compliance curve causes a power output to a device
under test that is greater than a power output caused using the first compliance curve
such that a reduction in a physical size of the output stage is enabled by using the first

compliance curve.

18. The test system of claim 1, wherein the power amplifier circuitry comprises
an output stage for the test channel that is connected to a first reference voltage and a
second reference voltage, the first reference voltage being higher than the second

reference voltage;
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wherein the test system further comprises a voltage sensor for sensing the
voltage on the test channel; and

wherein the one or more processing devices are configured to control at least
one of the first reference voltage or the second reference voltage based on the voltage

on the test channel in order to control power output to the test channel.

19. The test system of claim 1, wherein the power amplifier circuitry comprises
an output stage for the test channel that is connected to a first reference voltage and a
second reference voltage, the first reference voltage being higher than the second
reference voltage; and

wherein at least one of the first reference voltage or the second reference voltage

IS programmable.

20. The system of claim 1, further comprising:
memory storing the compliance curve or a function to produce the second

compliance curve.

21. The system of claim 1, wherein the first compliance curve comprises a curve
in which current increases with increasing voltage up to a point; and
wherein, after the point, the current remains constant for a range of increasing

voltage.

22. The test system of claim 1, wherein the voltage is alternating current (AC)

voltage and the current is AC current.

23. A method comprising:

receiving voltage as an input to a test system;

selecting a compliance curve based on the voltage, where according to the
compliance curve maximum current output increases as an absolute value of voltage

output increases;

24



10

15

20

25

WO 2020/197664 PCT/US2020/018784

generating a current output based on the voltage input and the compliance curve;
and

outputting the voltage and the current to a test channel of the test system.

24. A test system comprising:

an output stage comprising power amplifier circuitry to force voltage or current to
a test channel that is part of a connection to a device under test (DUT);

a current clamp to limit the current on the test channel; and

one or more processing devices configured control the current clamp dynamically

based on a voltage across the DUT.

25. The test system of claim 24, wherein a power dissipation through the output
stage is based on a product of a current through the DUT and a difference between a

voltage across the output stage and a voltage across the DUT.

26. The test system of claim 24, wherein controlling the current dynamically

comprises controlling the limit of the current on the test channel.

27. The test system of claim 24, wherein controlling the current clamp comprises

programming the current clamp.

28. The test system of claim 24, wherein the one or more processing devices
are configured to control the power amplifier circuitry to comply with a compliance
curve, the compliance curve relating output of the voltage to output of the current, where
according to the compliance curve maximum current output increases as an absolute

value of the voltage output increases.
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