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This paper reports on the successful application of very-high-
performance robotics in the electrical testing of multichip modules
using only two probes, breaking with the old traditional array of
probes as the primary test method. Complete production line tools
include two high-speed Hummingbird® probing robots and precise
x—y tables to carry them and a fast, accurate opens—shorts test.
To ensure fast probe placement without damaging the part under
test requires real-time control hardware and software to operate
with extreme precision, flexibility, and programmability to
accommodate any part. Finally, because a module can have nearly
100,000 points to be probed, computing an optimal path for the two
probes to take for full testing of a part can greatly reduce test time.

Introduction

Work on what was to become Hummingbird*
minipositioner-equipped two-point testers began in the
mid-1980s to address testing issues in high-density glass-
ceramic packaging especially for complex high-end IBM
systems. The concept was to replace testing equipment
which used a large cluster of probes (“bed of nails”) with
two single probes moving from point to point very
quickly: the Hummingbirds. A single Hummingbird is
shown above a ceramic multichip module (MCM) in
Figure 1. While the research and technology were largely
completed for the Hummingbird, the change at IBM from
bipolar to CMOS transistor technology so changed the
landscape for testing that the Hummingbirds were not
employed. Nearly a decade later, the complexity of
CMOS machines began to stress existing test technology
again, and the Hummingbirds were successfully pressed
into service for the glass-ceramic substrates of the S/390*
zSeries™ machines prior to the year 2000. Since then,

the Hummingbirds have gained full acceptance in testing
almost every part, from all of the IBM server product
MCMs down to the smallest original equipment
manufacturer (OEM) single-chip modules. For small
modules, a “tray” of parts is placed in the tools. The
machine vision and large work envelope of the tool can

test this collection of parts without human intervention
until the entire tray is complete.

The first test employed was Time Domain Opens and
Shorts (TDOS). A defect-free multichip module will have
no net-to-net unintended electrically conductive shorts,
nor will it have any point-to-point unintended electrical
opens. Later, the Electronic Defect Detection System
(EDDS) test, described elsewhere in this issue [1], was also
included. The ultimate tools are equipped with both the
TDOS and EDDS testers; these tools can conduct both
tests by switching the appropriate tester in and out
when the probes are on the appropriate pads.

Perhaps the most difficult class of parts tested to date is
the complex substrate shown in Figure 2. Not only were
there large numbers of contact points and total nets to be
tested, but this substrate included six layers of organic
insulator and thin-film wiring on top of the glass-ceramic.
Even these nets were tested. The thin-film wiring is delicate
and pliable. A hard probe impact or any scrubbing motion
could plow up metal and ruin the part. Both the bare
ceramic and the added thin-film layers had to be tested at
various times during the manufacturing process.

The Hummingbird minipositioner
The Hummingbird minipositioner is a custom three-
axis servomechanism which was designed to provide
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A Hummingbird shown above an MCM.

extremely fast and accurate positioning of an electrical
probe tip on or above a high-density electronic substrate.
In serialized electrical testing of substrate wiring, high
positioning speed is required because of the very large
number of moves to be made. Excellent positioning
accuracy and probe force control are required in order
to avoid damaging the possibly delicate substrates. To
provide the fastest and most accurate motion possible,
the minipositioner workspace was limited to 13 mm by
13 mm by 1 mm.

This workspace is large enough to cover the planar
region of interest in electrical test applications (e.g., some
semiconductor chip footprints), yet small enough to
permit high accelerations (>500 m/s/s). For applications
requiring a larger work envelope, the total workspace is
partitioned into an array of cells equal to or smaller than
the minipositioner workspace, and the minipositioner
itself is mounted on a suitable large-area positioner which
moves the minipositioner between cells. In our probing
tools, these larger-area positioners are highly accurate,
commercial x—y tables. For coarse z motion, the part
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Example of a complex substrate (G6 multichip ceramic module).

under test and its fixturing is on a programmable z-height
stage. The z axis of the minipositioner is used to sense the
position of the part under test, and even detects when it
has been moved to the proper height.

Xx-y positioning mechanism and actuator design
The Hummingbird minipositioner provides x—y
positioning with a five-bar kinematic linkage, as shown in
Figure 3. The design allows the probe to be placed very
close to external obstacles, such as another electrical
probe from a second minipositioner, and allows for
passive elimination of x—y reaction forces. The idea of
high-precision “end-effectors” was pursued early and
continues to be of interest to industry [2, 3]. The parallel-
drive mechanism is kinematically very similar to those
of larger robots [4-8] and smaller end-effectors' [9] that
have been developed in the past. It differs significantly,
however, in the details of its dynamically balanced and
vertically symmetric design. As can be seen from the
figure, two rotary moving-coil actuators are used to drive
the two main links (link 1 and link 2) of a five-bar linkage
around a common axis. Link 3 pivots around the end of
link 1, while link 4 pivots around the end of link 2. A final
rotary joint connects links 3 and 4. The last link of this
degenerate five-bar mechanism is the center main-shaft
itself, which has zero link length. Each of the aluminum-
alloy links is designed to provide very high in-plane and

'An end-effector is a tool or mechanism at the end of the robot arm of the
minipositioner.
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out-of-plane stiffness yet comprise a mass of only a few
grams. Each of the five rotary joints in the linkage
consists of two high-precision instrument bearings which
are axially preloaded during assembly to completely
eliminate all joint clearance and to provide high radial
and axial bearing stiffness.

z-axis actuator design

To provide fast and accurate control of the vertical probe
position and probe contact force, a miniature servo-
controlled actuator was custom-developed to provide

1 mm of straight-line vertical travel with very high
accelerations (up to 1,000 m/s/s) and a limited (1-mm)
stroke. The basic actuator consists of two C-shaped stator
cores separated by a permanent magnet, a coil that
surrounds the inner legs of the stator cores, and an
armature having two flat teeth which project toward and
partially overlap the stator cores to provide a closure path
for the magnetic flux, somewhat similar to that in [10].
The actuator operates somewhat similarly to one phase
of a hybrid stepping motor, although with a different
detailed tooth structure. It is not “stepped,” but rather
controlled more like a dc motor. Armature motion away
from the equilibrium center position is achieved by
energizing the coil, which alters the magnetic flux
distribution, thus generating a net force which is roughly
proportional to the sign and magnitude of the coil
current. A set of balls rolling in V-grooves act as
separators and bearings for the armature. The attractive
force which exists between the armature and the stator
poles maintains the necessary preload on the bearings,
even during high lateral accelerations.

Position sensing

The z-axis position is measured using an infrared light-
emitting diode (LED) to differentially illuminate two
phototransistors through an aperture mask which is
mounted on the moving armature. The aperture mask
is designed so that the analog differential signal from
the two phototransistors is directly proportional to

the position of the armature.

The x—y position of the probe is inferred from the
orientations of the two main links measured using optical
encoders mounted on the ends of links behind the
drive actuators. The custom sensors consist of a large
stationary grid plate and a compact, low-mass moving
element which includes a reference phase plate,
illumination, and optical sensors. The moving sensor
contains two infrared LEDs and four photodetectors
mounted on a common substrate and facing the same
direction. Transmission-type encoder operation is
achieved by providing a curved retro-reflector to
provide backlighting of the grid plate, and the four
photodetectors generate two differential quadrature

IBM J. RES. & DEV. VOL. 49 NO. 4/5 JULY/SEPTEMBER 2005

Position
sensing

Link 4

St lga
zarmature — " Probe tip
(b)

Actuator mechanism links (bearings removed): (a) Top view; (b)
oblique view. (Voice coils are windings which together with a
magnetic field comprise the direct drive actuators for the mini-
positioner linkages.)

signals in typical opto-encoder fashion. High-speed
software interpolation of these sinusoidal signals having a
spatial frequency of 10 cycles per degree yields a final link
angle resolution of 0.001 degree, corresponding to an
end-point resolution of approximately 0.4 pm.

Minimization of reaction forces and torques

To minimize the effects of dynamic interaction between
the minipositioner and the large-area positioner on which
it is mounted, the minipositioner was designed to be low
in mass (950 g) and to generate virtually no reaction
forces or torques during x—y motion. It can be shown
that the net x- and y-axis forces acting on the linkage
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assembly—and thus the net x- and y-axis reaction
forces—must be zero at all times if the overall center of
gravity (CG) of the linkage assembly does not move
during planar motion. Therefore, the minipositioner
linkage was very carefully designed to maintain a fixed
CG. Static balance experiments with an actual linkage
assembly demonstrated that the true CG of the system
was well within 0.5 mm of the main-shaft center for all
linkage orientations. Thus, for all practical purposes the
system generates no net x—y reaction forces during planar
motion.

However, just as a car tire can be statically balanced yet
still generate out-of-plane reaction moments because of
what is called dynamic imbalance, statically balancing
the linkage alone is not sufficient to eliminate reaction
moments. A key feature of the Hummingbird linkage
design which distinguishes it from kinematically similar
mechanisms [4, 5, 7, 8] is the nearly complete symmetry of
all of the moving elements about the x—y plane passing
through the middle of the assembly, as can be seen at least
partially in Figure 3(b). Although the linkage assembly is
not perfectly symmetric about the mid-plane because
of slight asymmetries in the z actuator and sensors, a
detailed CATIA model shows that one of the principal
axes of inertia for the linkage is within approximately
2° of the z axis. For practical purposes, then, the
Hummingbird is dynamically balanced and generates
no reaction moments about the x or y axes during x—y
motion. Many other fine details may be found in [11].

Laboratory demonstrations show that the one
remaining reaction moment resulting from x—y motion—
the combined z-axis reaction moment generated by
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the two link actuators—can be actively canceled using

a third rotary actuator whose drive current is always
proportional to the instantaneous sum of the currents in
the two main drive actuators. In practice, however, this
active torque cancellation has not been required owing to
rigid mounting on the heavy x—y tables. Also, no effort
was required to eliminate the vertical reaction force from
the low-mass z actuator, since these forces are very small
and generally not of practical concern. If one holds the
minipositioner while it goes through its movements, one
feels twisting moments as if the device body were trying to
rotate about its center shaft. The moving masses and
resulting inertias are small enough that the resulting
torque does not punish the holder of the device.

Critical component life

There was initial concern over the reliability of the
mechanical parts doing a heretofore unheard-of
application. The flex cables connecting the probe and
powering the z actuator, link coils, and sensing were
tested successfully for several billion cycles under high-
frequency (<175 Hz) bending motion to exceed that
experienced during the maximum linkage motion without
electrical or mechanical fatigue failure. Life-tests of
preloaded bearings under a variety of oscillating motion
conditions with amplitudes of 0.25°-19.0°, frequencies of
60-230 Hz, and inertial loads similar to the design loads
also completed several billion cycles without substantial
loss in bearing stiffness, which would have indicated
incipient fatigue failure.

In practice on the test floor, the mechanical,
electromechanical, and electronic durability of the
Hummingbirds, controllers, and software have been
spectacular. The tools have run 24 hours per day for
weeks on end, stopping only for loading of a new part.
The typical stop for failure is when the very hard tungsten
carbide probe tips have been worn down to useless
shorting nubs. In this case the impaired Hummingbird is
swapped out for a good one, and the blunted probe tip is
easily exchanged for a new one. After a quick z-actuator
recalibration, the Hummingbird is ready for service
again. The other rare failure mode is human—an
operator catching a coat sleeve on a probe tip, or a part
mounted incorrectly so that a disastrous crash results.

Hummingbird kinematics and calibration

The Hummingbird owes its high accuracy and precision
not only to its electromechanical design, but also to a
calibration methodology which aligns it with the x—y
tables and adjusts the modeled kinematics to match that
of the actual probe tip position to within a few microns.
With a microscope and machine vision, an automated
procedure can place the probe in the nine points (depicted
in Figure 4) within the workspace, and any error in
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position is nulled out with the x—y tables while viewing
the position of the probe tip above a microscope. Using
this nulling information, an optimal fitting method
embedded in the control system software is run to
remodel the kinematics. This method is so accurate that
a 1-um bend in the probe tip would be detected by the
software as a difference in probe length, and the inverse
kinematic model would be duly corrected. This procedure
is executed whenever a new probe tip or complete
Hummingbird assembly is installed on a tool, or if any
part of the system has been otherwise disturbed. The
method is a nonlinear optimization problem, solved by
a Gauss—Newton least-squares method [12].

Hummingbird control

Kinematic calibration is essential, since the control
system for x—y motion is not in Cartesian coordinates—
the controlled variable of each axis of the linkage is its
angle. To make matters worse, these angles are measured
at the very back of the linkages, far from the probe tip.

For the link control problem, the measured values are
the joint angles and the computed values are the currents
to be injected into the coils, which are proportional to the
torques generated. From here the rigid body dynamics of
the Hummingbird linkage, defined in Table 1, determine
the motion. These dynamics are identical to those of
many large industrial robots, and similar control schemes
can be adapted to control the Hummingbird [13]. Because
the bearings are so nearly frictionless and the actuators
are direct-drive and easily characterized, the
Hummingbird is an ideal mechanical device for
developing the necessary nonlinear control methods.
However, the Hummingbird required exceptional digital
hardware performance for its real-time control
implementation.

Even with today’s digital signal processors, it would
be difficult to control the six high-speed axes of two
Hummingbirds on one processor. The design choice of
the day was to employ a processor for each axis, and in
addition yet more processors to handle inverse kinematic
calculations, sequencing of motion per axis, coordination
between the two Hummingbirds, and communication
with the tool controller, an industrial PC. The result was
a nine-processor system, with each processor being an
Inmos T805 transputer®. The control processors for each
axis run the control calculations at a strictly enforced
sample period on 186 us. A processor is dedicated to
supervising and coordinating the motion of each
Hummingbird, and the ninth processor, the root, is
responsible for scheduling moves, coordinating the
two Hummingbirds, and accepting commands and
responding to the host PC. A schematic diagram of

>The T805 transputer was a product of Inmos, a member of the SGS-Thompson
group of companies.
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Table 1 Nonlinear ordinary differential equations (ODE) of
motion of the Hummingbird.

0 -1,.(0 1t
1) 1 1
(92>7 4 B<02)+A <Tz>7

where

4o a beos (0, +0,)
beos (0, +0,) c ’

B . 0 bsin (0, +0,) .
bsin(0, +0,) 0

® a, b, and ¢ are constants having units of inertia.
* 7, and 1, are the torque inputs.
* 0, and 0, are the joint angles.

this control hardware is shown in Figure 5. The
interconnections are the actual serial links used by T805s
for interprocessor and interprocess communication, four
20-Mb/s links per processor. The root and supervisor
processors run a real-time operating system kernel, while
the controls for the links—defined as long and short—
and z axis each run their processors using the native
hardware task scheduling for their multiple tasks. Their
highest-priority task is running the servo control
algorithms, which include exchanging information of
positions and torques over the serial links, reading the
sensing electronics, and commanding the current
amplifiers. There are many low-priority tasks, such as
communication, which are run and are scheduled by the
processor hardware. Even with today’s digital signal
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processing (DSP) and real-time operating system
technology, it is difficult to replicate the performance of
this flexible architecture.

Figure 6 shows the motion of one axis of the linkage in
response to the commanded current generated by the
control laws. The bottom of the figure shows the actual
current in the actuator, the control law being such that a
near “bang-bang” motion for much of the move, roughly
4 mm, is commanded. The final settle-out of the move
is the designed response of the nonlinear control laws,
calculated to cancel out all nonlinearity seen in the
equations of Table 1 and to decouple the interactions
between the two links [13]. The commanded currents for
the large motion are filtered to avoid producing square
waves, since this would place unnecessary stress on the
linkage structure and bearings. Since this move went from
a relatively low-inertia state to a higher-inertia one, a
larger deceleration force was required, taking the control
system nearly to its designed limit of 5 A. The probe tip
and the z actuator experienced accelerations in excess of
500 m/s/s. The position error graph shown in Figure 6 is
valid only when the servo mode has changed from the
large “seek” to a final settle-out. The unit count translates

D. G. MANZER ET AL.

Two Hummingbirds mounted on x—y tables working on an MCM.

to roughly 0.4 um of probe tip motion in the linkage
orientation of this move. Thus, a fairly large move is
accomplished to submicron precision in well under 20 ms.
To our knowledge, this performance is still unchallenged
by that of any other robotic manipulator. An early
version of the system and its performance may be seen
in [14].

Finally, typically two Hummingbirds are employed on
a tester, along with the control electronics, software, and
commercial x—y tables. Figure 7 is a photograph of such a
configuration at work on an MCM.

Time domain opens and shorts measurement
system for flexible testing

Flexible electrical test methods that are independent

of a product footprint are critical to the packaging
business. The Time Domain Opens and Shorts (TDOS)
measurement system is a defect detection method for use
on flexible probers that is functionally equivalent to the
“bed-of-nails” method of detecting opens and shorts in
substrates. While the bed-of-nails method uses resistive
measurement techniques in combination with voltage
stress, most flexible prober measurement systems either
forgo the voltage stress or have voltage stress but only
run in a pass/fail mode at a certain resistive cutoff level.
TDOS provides voltage stress equivalent to the bed-of-
nails method and can provide a resistive reading on high-
resistance shorts at or above 100 kQ at a speed faster than
that supplied by a standard capacitance meter.

The TDOS measurement system is a collection of three
distinct tests. The first is a single-point stimulus and
response method in which external discrete electrical
components are placed in series with the net under test
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and a voltage pulse is applied. The output waveform is
analyzed to determine whether a short or open exists and
if so, to determine its characteristics. A second part of
TDOS, resistive opens, measures the resistance of a net
directly using two probes and a constant current. A third
piece, shorts isolation, measures any shorts called by the
single-point measurement against other suspect nets and
the voltage plane to pinpoint the nets involved in the
short and to provide a more exact measurement of the
shorted resistance. The use of all three tests on the same
prober helps to give an accurate picture of the product
under test.

TDOS measurement system hardware

The TDOS measurement system electronics consist of a
voltage pulse generator, a large capacitor and resistor,
buffer amplifiers, relays, analog-to-digital converters, and
a digital input—output (DIO) card to communicate with
the prober.

The first piece of the measurement system is a single-
point opens and shorts detector in which external resistor/
capacitor components are placed in series with the net
under test [15]. The stimulus is a square wave of known
voltage V;,. The choice of these components and the
input voltage used is dependent on the product
specifications. Systems for testing current packaging
products typically use a pulse of 100 V for 300 us, an
external capacitance C, of approximately 1,000 pF, and
an external resistance R, of around 1 GQ. The resulting
output waveform is then analyzed. Figure 8 shows the
circuit for this method: C, is the net under test, and Rjeax
is the leakage resistance between C,. and a possible
shorted net Cgoried-

The solution to this circuit can be simplified by making
certain choices in the values of the external components
Cy and R,. The simplified equation of the circuit in
Figure 8 when Cy > Cio, RoCo > Ricak Chets RoCo >
Rleak Cshorted is

out m C net

Cne Jr Cﬁ O11e
V =V. {tihnd : exp[—l/RO(C + Cshoned + CU)]
0

C
shorted
- qc(’) 2 'exp(_t/Rleaszhorled)} : (1)
0

Inspecting the voltage response of the output waveform
at the rising edge of the pulse determines the characteristics
of the net under test. A flat output pulse indicates
a good net, a dead short, or an open, because the circuit
acts like a capacitive voltage divider in these cases. For
a good net or an open net, the simplified equation is

C

Vo=V 2
out n Cnet+C0 ( )

For a dead short, the simplified equation of the circuit is
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Figure 8

V =V Cnet + Cshoned . ( 3)
o " Cnet + Cshorled + CO

As with traditional capacitance measurements, the
TDOS single-point technique requires a database of
known good or “learned” values from several parts to
determine a nominal value for that net. If the measured
value falls close to the learned value, the net is good. A
value below the learned value by a certain percentage
indicates an open due to reduced net capacitance. A
measured value that exceeds the learned value by a
certain percentage is called a short because of the
addition of Cgporeq into Equation (3). However, typical
capacitance techniques can detect only low-resistance
shorts.

The TDOS system also has the ability to detect and
call out shorts above 100 kQ, a near short, by using
information about the slope of the top of the response
waveform. Beyond the leading edge of the pulse, an
increase in voltage indicates that another net is being
charged. This implies that a high-resistance short exists.
The slope of the response, (dV/dt), in Equation (4) is
inversely proportional to the near-short resistance Ry, as
long as the conditions of Equation (1) are still met:

av_, G,

e Uin, L L 2.,
di (CO + Cnet) Rleak

(4)

By using a very-fast-rise-time pulse generator as the
input to this circuit and an analog-to-digital converter
(ADC) with a sample rate greater than 1 MHz, the slope
of the response can be measured. By measuring the slope
of the output waveform and calculating the net
capacitance Cp from the rising edge of the pulse,
Equation (4) gives the leakage resistance directly. If
the waveform shows that it is fully charged, we can
also compute the combined capacitance of the shorted
network by using the voltage level at the end of the pulse
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in Equation (2). Thus, all of the information required to
characterize the net under test can be directly measured or
computed from the directly measured values.

Voltage stress capability of TDOS

Voltage stress is important in detecting shorts because
leakage resistance between two nets can decrease
significantly under high voltage. Some near shorts or
latent shorts can be detected only under high voltage.
When only one probe is used for detecting shorts, as is the
case with TDOS, the voltage is applied between the net
under test and a reference plane; the reference plane can
be a voltage plane within the part or external to the part.
There is a constant voltage between the net and voltage
plane for the duration of the pulse, but the net-to-net
stress voltage is transient. The net-to-net voltage is
given by

Vnet = Vin {exp [7 ([stress + Zmeasure ) / (Rleak Cshorted )} } . (5)

Specifications for voltage stress consist of a voltage
applied for a certain minimum time, and since the stress
voltage in TDOS is a transient voltage that decays
exponentially, a voltage greater than that of the product
electrical specification must be applied in order to obtain
the required stress for the required time period. On the
basis of Equation (5), in order to guarantee the minimum
stress time and minimum stress voltage, the following
inequality must hold:

t
R C > stress . (6)

leak ~shorted
(o
V.
stress

The worst case is a short to the smallest net Cgp,orieq- BY
setting the Rje,x threshold high enough, it is easy to fulfill
the requirements of high leakage sensitivity and short
measurement time [16].

TDOS resistive opens detection

The TDOS resistive opens detection is unique not for
its circuit, which is simply a constant-current source
in parallel with the net under test fed into a buffer
amplifier, but because this circuit can be left in the
path of the single-point TDOS measurement with no
detrimental effects to either of the two tests, thereby
eliminating the need for isolation relays and the time
delays associated with switching them. The current
used is determined by the electrical specification for the
product; however, accuracy is lost if the current is too
low. This circuit has been successfully used to provide
near-parametric-resistance measurements for some
packaging products.
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TDOS isolation of shorts

The shorts isolation portion of the TDOS measurement
system uses the results of the single-point shorts test to
determine the location and value of the short. This is
important, because some substrates can be repaired.
There are two shorts isolation circuits in the TDOS
system. The first can be used for most nets and voltage
planes with low to medium capacitance; the second is
for use when the first cannot sufficiently charge the net
within the time allocated to this test because of the large
capacitance of the net under test. The challenge in shorts
isolation is the large range of resistances that may be
encountered and the need for stress voltage. The shorts
isolation circuit can be solved to come up with the
following equation for the leakage resistance R as a
function of the output voltage measured (4 and B are
constants that depend on the specific circuit components
chosen and are determined by the range of resistances
to be measured):

A
R =—°-
leak B+V

measured

()

For a range of 10 kQ to 333 mQ, circuit components
are chosen such that A is approximately 4,000,000 and
B is approximately 500,000.

Occasionally the second shorts isolation circuit is
needed. This circuit technique also uses the slope of the
response to determine the resistance. A positive slope on
the output indicates a resistance above a preset cutoff
level, and a negative slope indicates a resistance below the
cutoff level. The value of the resistance can be estimated
using the actual slope value compared to a calibrated
standard. The cutoff level can be adjusted higher or lower
according to the product specification by changing some
component values within the circuit [17].

The TDOS measurement, combining three distinct
tests, can nearly fully characterize the package under test.
Measurement times for opens and shorts detection are of
the order of 6 ms to 15 ms depending on the ADC and
processing hardware used. This makes the TDOS system
fast and flexible enough to benefit from a high-speed
probing system.

Hummingbirds and global test path optimization
Given that testing involves tens of thousands of probing
contacts per MCM and that each MCM might be tested
multiple times during its construction, some thought has
been given to optimizing the motions of the tester. Having
nothing to do with control, this is a logistical problem in
predetermining the sequence of desired probe touchdowns
on the part. The Hummingbirds are so fast that little can be
gained in total test time by optimizing their individual
position schedules. Much of the total test time is taken

by the relatively slow x—y table moves. Here, a globally
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optimized solution can affect total test time. The normal
algorithm used to determine where to move the tables is a
heuristic, locally greedy one; the software makes decisions
with a narrow vision of future consequences. A casual
observer watching the tool in this mode of operation can
notice some table moves that may appear odd or wasteful.
However, a global solution is known to be “hard” in the
theoretical sense. The problem is made more difficult by the
fact that the tables can easily collide if a poor schedule is
requested, and some probe orientations are impossible
because of the interference of both the x—y tables and the
Hummingbirds being in the same workspace. What follows
is a tractable method to address this problem.

The module is divided into 12-mm partitions for the
purpose of testing. Optimizing these partitions for an
optimal covering is yet another problem to be solved, but
the methodology which follows can produce a reasonable
covering. Once these partitions are defined, the movement
of the x—y tables becomes, with some added complexity,
akin to the traveling salesman problem. While there are
many numerical routines that solve this problem well and
rapidly, our problem is easy to formulate and “solve”
using a simulated annealing methodology [18-20].

Traveling salesman and simulated annealing
problems on MCMs

There is a cost associated with moving the tables. The
formal cost function calculates the cost as the length of a
complete path to cover the whole module in microns; it is
the sum of the longest axis moves for each table move in
the path. On a per-point basis, the cost of moving the
probes from one pair of points to the next is determined
by the current placement of both probes as a function of
the destination placement. All costs are associated with
the need to move one or both Hummingbirds into a new
partition on the module and so require the tables to
move. If the movement does not cause either table to
move, there is no associated cost. In this case, both new
points are in the same partitions as the previous points,
and only the minipositioners have to move. The following
section defines the criteria of costs associated with moving
the tables.

Collision avoidance costs

1. The destination points are in the same partition. This
forces the partition to be split into two separate
partitions.

2. The destination points must be swapped AND the
table movements must be sequenced.

3. The destination points must be swapped.

4. The table moves must be sequenced.

The cost of moving the tables from one partition to
another is determined by the table that has to make the
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longest move in any one direction; all table axes are
moved asynchronously. It is assumed that all axes move
at approximately the same speed. The length of the move
is measured in terms of the number of microns the axis
must travel in order to proceed from its current position
to the destination position.

Collision detection

Collisions occur when the movement of the tables from
one partition to another results in the tables colliding
while in motion. This happens either when the tables
cross paths or when a “race” condition exists: They are
moving in the same direction and the trailing table
catches up with the leading table and collides with it.

A collision-avoidance algorithm is encoded in the cost
function to detect collisions and take action to avoid
them. The corrective action involves either swapping the
points between the two probes and/or “sequencing” the
table moves. Sequencing implies that a single movement
of both tables is split into two separate moves. The first
move of the sequence will move only one or more selected
axes; the second, which completes the total move, is not
started until the first move of the sequence is completed.

Solution path

Since there is no cost associated with moving to points
that do not require the tables to move, computing time
can be saved by removing these points from the path. The
annealing algorithm runs only on the points that require
the tables to move. This is accomplished through a pre-
processing step before annealing begins. After the
annealing is completed, the points that were removed
from the path are re-inserted into the final solution in

a post-processing step.

Results of simulated annealing and the MCM
problem

The software developed was tested against several known
completely solved traveling salesman problems. The
implementation of the algorithm achieved solutions very
close to the known global minimums. Using this method
achieves better than a 30% improvement in test path
length over the current locally greedy algorithm on the
testers. This can help in allocating fewer testers for a
particular product.

Conclusions

This work began with a simple question posed in an
informal meeting: “How fast can two probes go?” The
resulting answer, after years of work, is that two probes
can support 40 to 100 probing cycles per second, not
counting the time to do a measurement or any coarse
table moves. Since some measurements can be very rapid,
this solution has proved viable and has been the mainstay
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in testing high-density ceramic parts. The Hummingbird
is used as an exemplar of engineering and robotic
discipline in courses at Johns Hopkins University, the
University of Michigan, and McGill University. Its role
in testing continues to evolve.
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