
MANUFACTURING DEFECT ANALYZER WITH IMPROVED FAULT COVERAGE          This
invention relates generally to equipment for     testing printed circuit
boards and more specifically to     equipment for detecting manufacturing
defects on a printed 5 circuit board.          A manufacturing defect
analyzer is described in US     patent 5,124,660 to Cilingiroglu. In that
manufacturing     defect analyzer, a metallic electrode, shaped generally
as     a flat plate, is placed above a component on a printed 10 circuit
board. The electrode is driven by an oscillator,     which generates an
electric field. The electric field     couples to the lead structure on the
component under test.     This type of coupling is termed "capacitive
coupling."          Test probes are attached to the printed circuit board
15 to measure the signal capacitively coupled to the board.     To
determine whether a particular lead of the component     under test is
properly connected to the printed circuit     board, the traces on the
printed circuit board to which     that lead are connected are connected to
a current 20 measuring device. The other traces on the board are
connected to ground to avoid a spurious signal. This is     called
"guarding."          If the current measuring device detects a current, it
indicates that there is a conducting path from the lead 25 frame of the
component to the printed circuit board. If no     current is detected, it
indicates that there is a break 



between the lead frame of the component under test and the     printed
circuit board. Such a break indicates a     manufacturing defect. 30
A similar system is disclosed in US patent 5,254,953     to Crook et al. In
that patent, a test signal is     capacitively coupled between the lead
frame of a component     under test and a conductive electrode in the shape
of a     flat plate. 35       Another similar system is disclosed in
European patent     application EP 0 636 887 Al to Freve.  In that patent,
a               spacer comprising resilient cellular material is secured
between a conductive probe plate and a probe mounting     surface. Once
again, a test signal is capacitively coupled     between a pin of a
component under test and the conductive  5 probe plate. However, the spacer
permits the conductive     probe plate to adapt to deviations from
mechanical     parallelism between an upper surface of the component and
the probe mounting surface, thereby improving capacitance
repeatability. 10       The aforementioned US patents 5,124,660 and
5,254,953,     and European patent application EP 0 636 887 A1, are hereby
incorporated by reference. 



An alternative test technique is disclosed in     copending US patent
application 08/227,854 for a Printed 15  Circuit Board Tester, filed April
15, 1994 by Sheen et al.          That patent describes a manufacturing
defect analyzer     in which an antenna array is placed above a component
under     test on the printed circuit board. The antenna array is
configured to produce a magnetic field in the component 20  under test.
Test probes are attached to the printed circuit board     in a way which
forms a loop incorporating leads of the     component under test. Other
traces are also grounded. If     the component under test is properly
connected to the 25  printed circuit board, that loop is a conducting loop.
As     a magnetic field induces a voltage in a conducting loop, a
voltage is induced when the component under test is     properly connected
to the printed circuit board. If a     voltage is not detected, a
manufacturing defect is 30  indicated. This method of coupling a test
signal to the     printed circuit board is termed "inductive coupling."
The aforementioned US patent application 08/227,854 is     also hereby
incorporated by reference.           We have recognized that each approach,
capacitive 35  coupling and inductive coupling, has certain drawbacks.
Each approach can detect faults in only some of the leads
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on the printed circuit board. The percentage of the total     leads on a
board for which faults can be detected is termed     the fault coverage of
the device. Ideally, the fault     coverage should be 100%. However, fault
coverage of 5 capacitive and inductive techniques can be as low as 80%
for some types of printed circuit boards.          Some factors which limit
the effectiveness of these     techniques relate to the specific types of
components being     tested. Capacitive coupling is less effective on 10
components with ground shields.  Inductive coupling is less     effective
for testing sockets without components in them.          Other drawbacks we
have identified relate to the     specific way that leads on a component
under test are     connected to the printed circuit board. The actual
signal 15  which is capacitively coupled to the current measuring
device depends on the ratio of the capacitance between the     electrode
and the lead frame of the component under test     and the capacitance of
the rest of the network of     components. Generally, the capacitance
between the 20  electrode and the lead frame is very small. As a result,
the capacitively coupled signal is very small.          Generally, the
inductively coupled signal will be     larger than the capacitively coupled
signal. A larger     signal allows more accurate measurements to be made.
25  However, we have identified circumstances when the     inductively
coupled signal will not be larger. When 



multiple components are connected to the same node on the     printed
circuit board, it is possible that the inductively     coupled signal will
be smaller than the capacitively 30  coupled signal.          As described
in the aforementioned US patent     application 08/227,854, the conducting
loop on the printed     circuit board is formed by imposing a bias current
on the     printed circuit board. This bias current forward biases 35  the
substrate diode which inherently exists in     semiconductor components. If
the substrate diode of the                                     -3-
component under test has a higher turn on voltage than the     substrate
diodes of other components attached to the same     node, most of the bias
current will flow into the other     components rather than the component
under test. If too 5 little bias current flows into the component under
test,     its substrate diode will not be fully forward biased. In     that
case, a very small signal is induced on the board.     Further, the bias
current flow into other components on the     node forward biases their
substrate diodes. The forward 



10 biased diodes represent alternative conducting paths which     form a
voltage divider, further reducing the signal     available for measurement.
Thus, for specific leads of a component under test,     capacitive coupling
may provide a larger signal and 15  therefore a more accurate result.  We
have recognized that     a significant advantage can be obtained by
providing a     manufacturing defect analyzer which could test components
using either capacitive coupling or inductive coupling. We     have also
recognized that a significant advantage could be 20 obtained with a
manufacturing defect analyzer which can be     easily configured for either
capacitive coupling tests or     inductive coupling tests and that this
reconfiguration     could be performed on a pin by pin basis.
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PCT/US96/01287                         SUMMARY OF THE INVENTION
With the foregoing background in mind, it is an object     of the invention
to provide a manufacturing defect analyzer     with a high rate of fault
coverage. 5       It is also an object to provide a manufacturing defect
analyzer which can perform capacitive coupling tests or     inductive
coupling tests.          It is a further object to provide a manufacturing
defect     analyzer which can test a component for manufacturing defects 10
with either a capacitive or inductive technique on a pin by     pin basis.
It is a still further object to provide a manufacturing     defect analyzer
with improved accuracy.          The foregoing and other objects are
achieved with a 15 manufacturing defect analyzer having a sensor with
antenna     elements arranged in groups in two parallel planes. The
groups can be driven separately by out of phase signals to     produce a
magnetic field for an inductive coupling test. One     signal can be
applied between the two groups to create an 20 electric field for a
capacitive coupling test. 
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BRIEF DESCRIPTION OF THE DRAWINGS          The invention will be better
understood by reference to     the following more detailed description and
accompanying     drawings in which 5       FIG. 1 shows a schematic of the
test system according to               the invention;          FIG. 2 shows
in schematic form the sensor elements of                FIG. 1; and
FIG. 3 shows the generated electric field when the 10             sensor of
FIG. 2 is configured for capacitive                coupling.
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DESCRIPTION OF THE PREFERRED EMBODIMENT          FIG. 1 shows a board under
test 100. Numerous     components 102 are mounted to board 100. As in a
conventional board test system, board 100 is mounted in a 5  fixture (not
shown).          Sensors 104 are mounted above each component 102 to be
tested. Sensors 104 are mounted in any convenient way, such     as to an
over clamp of the fixture (not shown). Compliant     supports are
preferably used. Dielectric material is 10  preferably inserted between
sensors 104 and components 102.     The dielectric material prevents
sensors 104 from shorting to     components on board 100. Preferably, the
dielectric material     is as thin as possible to allow sensors 104 to be
close to     components 102. 15       Sensors 104 are described in greater
detail in     conjunction with FIG. 2 below. Each sensor 104 has inputs
which can be driven to either create a magnetic field or an     electric
field through components 102. The term "sensor" as     used herein refers
to an element which serves as the point of 20  transition between an
electrical conductor and an     electromagnetic field in a dielectric. In
the preferred     embodiment, "sensors" are used to launch electric and
magnetic fields. However, in alternative embodiments the     same elements
could be used to receive such fields. 25       Electrical contact is made
to the underside of printed     circuit board 100 through nails 106. Nails
106 preferably     make up a bed of nails as in a conventional circuit
board     tester. Nails 106 make contact to the conductive traces on
printed circuit board 100 which should be connected to the 



30 leads (not numbered) of components 102.           Nails 106 are
connected to a selector 108. Connections      may be made through selector
108 to a voltage meter 114A or a      current meter 114B. Selector 108 may
connect these meters to      any one of the nails 106 so that either
voltage or current 35 signals at any point on printed circuit board 100 can
be      measured.                                    -7-       WO 96/29610
PCT/US96/01287           Selector 108 is also connected to a bias current
source     112. Bias current source 112 can be connected to any point
on printed circuit board 100 to establish a conducting loop     for
inductive coupling testing. 5       The measurements made by voltage meter
114A and current     meter 114B are passed to controller 124. Preferably,
controller 124 is a microprocessor and the values are passed     in digital
form.          Controller 124 is programmed to run a test program. It 10
generates the required control inputs to selector 108 to     connect the
meters 114 and bias source 112 to points on the     printed circuit board
100. Connections are made to test     whether each lead of each component
102 is properly connected     to printed circuit board 100. Each lead may
be tested using 



15  capacitive coupling or inductive coupling.          For a capacitive
coupling test, selector 108 connects     current meter 114B to the circuit
nodes on printed circuit     board 100 as described in the aforementioned
US patent     5,124,660 to Cilingiroglu. For inductive testing, selector 20
108 connects voltage meter 114A and bias source 112 to the     circuit
nodes on printed circuit board 100 as described in     the aforementioned
patent application 08/227,854 for a     Printed Circuit Board Tester by
Sheen et al.           Stimulation signals for the test come from sources
122A 25  and 122B.  Sources 122 are RF sources.  They are designed to
operate at the same frequency. The relative phase of the      sources 122
should also be controllable. For inductive      coupling, preferably the
sources are out of phase by 90.      For capacitive coupling, preferably
the sources are in phase. 30       Sources 122A and 122B can be connected
together through      switch 123. Switch 123 is closed for capacitive
coupling and      effectively doubles the input power.           Sources
122 are connected to selector 118. Selector 118      is connected to each
of the sensors 104. Each sensor 104 has  35  a plurality of inputs, as
described in greater detail below.
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Selector 118 is a switch matrix which allows the sources 122     to be
connected to the inputs of one sensor 104 at a time.          Turning now
to FIG. 2, a portion of one of the sensors     104 is shown schematically.
As describe in the 5  aforementioned patent application 08/227,854, each
sensor 104     is made up of groups of spiral loop antenna elements on a
printed circuit board. FIG. 2 shows the electrical     connection to the
spiral loop antennas. As actually     fabricated, the spiral loops will be
on the surface of the 10  layers of the printed circuit board and do not
have the     orientation used in FIG. 2 to show electrical connection.
The spiral antenna elements are configured in two groups     which are
driven with signals 90[err] out of phase. Within each     group, adjacent
spiral antenna elements are wound in opposite 15  directions.
FIG. 2 shows layers 210 and 212 of a multilayer printed     circuit board.
One group of antenna elements is formed on     layer 210. The other group
of antenna elements is formed on     layer 212. As shown in FIG. 2, the
groups are staggered so 20  that one antenna element on layer 212 is
between each antenna      element in layer 210.           The antenna
elements in each group are made up of pairs.      For the group formed on
layer 210, pairs 215A and 215B are      shown. For the group on layer 212,
pairs 217A and 217B are 25  shown.  Each pair is made up of a counter
clockwise spiral      214 and a clockwise spiral 216. When the group on
layer 212      is driven with a signal which is 90[err] out of phase with
the      signal used to drive the group on layer 210, this
configuration of spiral antenna elements will result in each 



30  antenna element advancing in phase 90 in comparison to an      adjacent
antenna element.           The pairs of antenna elements in each group are
connected in parallel through circuit traces on the printed      circuit
board on which sensor 104 is formed. Thus, there are  35  four input
terminals to sensor 104.  Terminal 220A connects      to the counter
clockwise spirals of the antenna elements on
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layer 210. Terminal 220B connects to the counter clockwise     spirals of
the antenna elements on layer 212. Terminal 220C     connects to the
clockwise spirals of the antenna elements on     layer 210. Terminal 220D
connects to the clockwise spirals 5  of the antenna elements on layer 212.
For inductive coupling, RF source 122A is connected     between terminals
220A and 220C. RF source 122B is 90[err] out     of phase with source 122A
and is connected between terminals     220B and 220D. A magnetic field is
generated as described in 10  the aforementioned patent application
08/227,854.          For capacitive coupling, sources 122A and 122B are in
phase and connected together. One side of the sources 122 is     connected
to both terminals 220A and 220C. The other side of 



the sources 122 are connected to both terminals 220B and 15  220D.
The electric field 310 which results from the connection     as described
above is shown diagramatically in FIG. 3. The     antenna elements on layer
210 are connected together and act     similarly to a conductive plate. The
antenna elements on 20  layer 212 are similarly connected together and act
like a     conducting plate. To first order, the electric field in the
vicinity of two conductive plates is as shown in FIG. 3.           Electric
field 310 extends beyond sensor 104 and     penetrates components 102. In
this way, a signal can be 25  capacitively coupled to the components for a
test as     described in the aforementioned US patent 5,124,660 to
Cilingiroglu.           As shown in FIG. 1, the same hardware can be used
to      make measurements using capacitive coupling or inductive 30
coupling.  The hardware can be reconfigured simply by      changing the
connections within selector 108, selector 118      and switch 123. All of
these elements operate under control      of controller 124.
Controller 124 stores a test program. The test program 35  is developed by
a person or by a computer running computed      assisted design software.
It includes commands to configure                                    - 10 -
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hardware shown in FIG.1 to test each lead of each     component 102 on
printed circuit board 100. Further commands     in the program then cause
measurements to made and compared     to threshold values. Measurements
below a threshold value 5  indicate a faulty connection of a lead to the
printed circuit     board. The test program also includes commands to
report the     faults to a user in some convenient fashion, such as a
report     or an alarm.          Because the invention allows each lead to
be tested with 10  either a capacitive or inductive technique, the commands
within the test program can configure the hardware for either     a
capacitive test, an inductive test or both. The test     method is
preferably selected for each lead to give the     largest signal when the
lead is properly connected. This 15  information can be obtained by
analyzing the design of the     printed circuit board when the test program
is written.          Alternatively, the information can be obtained by
measurements on a known good board during a "learn mode." In     the learn
mode, the controller 124 is programmed to measure 20  the signals
capacitively and inductively coupled to each     lead. The technique
yielding the larger signal level can be     identified and included in the
test program for that lead.     Also, the measured values can be used to
set the thresholds     used to identify a fault. The threshold should be
slightly 25 lower than the measured value on the known good board.
Having two measurement techniques available also allows     both techniques
to be used simultaneously for greater     accuracy. For example, rather
than having a single     threshold, two thresholds might be established for
a 30  technique.  The upper threshold would establish a signal 



level which, if the measured signal were above, would      indicate that
the lead was properly connected. The lower      threshold would establish a
signal level which, if the      measured signal were below, would indicate
that the lead was 35 not properly connected.       WO 96/29610
PCT/US96/01287            If the measured signal were between the two
thresholds,     measurements would then be made with the second technique.
If measurements for the second technique were above the     threshold, no
fault would be indicated. If the measurements 5  were below the threshold,
a fault would be indicated.          The numeric values of thresholds vary
for the type of     parts used on the printed circuit board and the
specific     design of the printed circuit board.          Having described
one embodiment, numerous alternative 10  embodiments or variations might be
made.  For example, sensor     104 is shown to be configured for capacitive
coupling by     connecting a signal between antenna elements on two
different     layers of a printed circuit board to approximate the effect
of connecting the signal between two closely spaced parallel 15  plates.
It is possible that all spiral loop antennas might     be formed on one
layer of a printed circuit board. In that     instance, the inputs and
outputs of all of the elements might     be connected together. With such a
connection, the spiral 



loop antennas would approximate a single conductive plate. A 20  signal
might be driven to that single point of connection and     the antenna
elements would then act as the electrode of the     test system in US
patent 5,124,660 to Cilingiroglu.           As another variation, the
printed circuit board on which     sensor 104 is formed might include a
grounded layer above the 25  spiral loop antennas.  If the sensor is wired
to allow a     signal to be connected to that ground layer, the ground
layer     could act as a parallel plate. It could be the parallel     plate
used to form an electrode in US patent 5,124,660.     Alternatively, it
could be one of the two parallel plates as 30  shown in FIG. 3.  In that
instance, the second parallel plate      could be formed by interconnecting
the antenna elements on      one or more levels of the printed circuit
board making up      sensor 104.           Also, FIG. 2 shows spiral loop
antenna elements. While 35  such antenna elements are desirable because of
the magnetic                                      - 12 -       WO 96/29610
PCT/US96/01287       field they radiate, other types of antenna elements
might 



also be used.          FIG. 1 shows that two sources are used to drive
groups     of antenna elements which are out of phase by 90[err]. A single
5  source might be used in conjunction with a phase shift     network.
Also, it was shown that the antenna elements were     divided into two
groups and within each group the antenna     elements were divided into
pairs wired to be 180[err] out of 10  phase.  Any number of groups might be
used and any type of     wiring might be used between the elements in each
group. It     is desirable, though, that the phases of the antenna elements
in each group be staggered such that the signals generated by     all the
antenna elements cancel in the far field. 15       In a preferred
embodiment, the tester of the invention     is part of a bed of nails board
tester. The invention might     easily be manufactured as a separate unit.
Further, it was described that each lead was, in the     preferred
embodiment, tested with either an inductive or a 20  capacitive technique.
It was also described that the test to      be used was selected in advance
and recorded in a test      program.  Such a configuration reduces total
test time.      However, the signal levels might be measured using both
techniques during a test and a choice might then be made as 25  to which
technique provided the larger signal.  Moreover,      rather than basing
the choice on the larger signal, the      choice might be based on an
estimate of the signal to noise      ratio or some other parameter.
As another variation, it was described that sensors 104  30  are used only
to drive a signal to the printed circuit board      under test 100. A test
signal might be injected into the      circuit board under test 100 and
measured by sensors 104.            Further, it was described that for
capacitive coupling, 



the two ends of each group of antenna elements were connected  35  together
and driven by a common signal.  The invention could
- 13 -       WO 96/29610
PCT/US96/01287     still function if only one end of each element were
driven    and the other end were unconnected.         Therefore, the
invention should be limited only by the    spirit and scope of the appended
claims.              





- 14 -                   What is claimed is 1  1. An apparatus for
detecting manufacturing defects on a 2       printed circuit board (100)
having a plurality of 3       components (102) mounted thereto, comprising
4            a plurality of sensors (104) for receiving and 5
generating electromagnetic fields (310), each sensor 6       being disposed
above one of the components, each 7       sensor having at least one spiral
antenna element 8        (215A, 215B) on a first layer (210), the spiral 9
antenna element forming a conductive path between a 10       first terminal
(220A) and a second terminal (220C), 11            at least one signal
source (122A, 122B) 12       switchably coupled to each sensor, 13
at least one meter (114A, 114B) switchably 14       connected to the
printed circuit board for measuring 



15       either voltage or current signals on the board, 16            a
bias source (112) switchably connected to the 17       printed circuit
board for forming a conducting loop on 18       the board, and 19
test control means (124) for controlling both the 20       coupling of the
signal source to each sensor and the 21       connecting of the meter to
the printed circuit board, 22       wherein the test control means connects
one of the 23       plurality of sensors to allow a current flow between 24
the first and second terminals and measures a test 25       signal
inductively coupled between the printed circuit 26       board and the one
of the plurality of sensors, 27       characterized in that: 28
each sensor has at least one spiral antenna 29       element (217A, 217B)
on a second layer (212), the 30       spiral antenna element on the second
layer forming a 31       conductive path between a third terminal (220B)
and a 32       fourth terminal (220D), 33             the test control
means connects one of the 34       plurality of sensors to allow a current
flow between 35       the first and second terminals and between the third
- 15 -        



36       and fourth terminals and measures a test signal 37
inductively coupled between the printed circuit board 38       and the one
of the plurality of sensors, and 39             the test control means
connects one of the 40       plurality of sensors to prevent a current flow
between 41       the first and second terminals and between the third 42
and fourth terminals and measures a test signal 43        capacitively
coupled between the printed circuit board 44        and the one of the
plurality of sensors.   1  2. The apparatus for detecting manufacturing
defects on a 2       printed circuit board according to claim 1, 3
wherein the test control means comprises a switch 4       matrix (118) for
connecting the first and second 5       terminals together and the third
and fourth terminals 6       together, thereby preventing current flow
between the 7        terminals.   1 3. The apparatus for detecting
manufacturing defects on a 2       printed circuit board according to claim
1, 3             wherein the test control means comprises a switch 4
matrix (118) for connecting the at least one signal 5       source between
the first and second terminals and 6       between the third and fourth
terminals, thereby 7       allowing current flow between the terminals.   



1  4. The apparatus for detecting manufacturing defects on a 2
printed circuit board according to claim 1, 3             wherein the test
control means comprises 4                  a bed of nails (106), 5
a selector (108) connected to the bed of 6             nails, the at least
one meter, and the bias 7             source, and 8                  a
microprocessor (124) connected to the at 9             least one meter and
the selector.                                       - 16 -           1  5.
The apparatus for detecting manufacturing defects on a 2       printed
circuit board according to claim 1, 3             wherein each spiral
antenna element comprises a 4        first antenna element (216) wound
clockwise and a 5       second antenna element (214) wound
counter-clockwise.   



1 6. A method of testing a printed circuit board (100) having 2       a
plurality of components (102) with each component 3       having a
plurality of leads connected to conductive 4       traces on the printed
circuit board, comprising the 5       steps of: 6        (a)  configuring a
sensor (104) near a first one of 7             the plurality of components
for generating a 8            magnetic field in the vicinity of the first 9
component, wherein the configuring in step (a) 10             comprises the
substep of applying a first RF 11             signal across two ends (220A,
220C) of a first 12             spiral antenna element (215A, 215B) on a
first 13             layer (210) of the sensor; 14        (b)  measuring a
voltage induced by the magnetic field 15             in a loop on the
printed circuit board including 16             a first one of the leads of
the first component; 17        (c)  configuring the sensor (104) for
generating an 18             electric field (310) in the vicinity of the
first 19             component, wherein the configuring in step (c) 20
comprises the substep of applying a second RF 21             signal between
the first spiral antenna element 22             and a second spiral antenna
element (217A, 217B) 23             on a second layer (212) of the sensor;
24        (d)  measuring a current flow capacitively coupled 25
from the sensor, through a lead on the first 26             component to a
trace on the printed circuit 27             board; and 28        (e)
detecting a defect on the printed circuit board 29             when the
measured voltage is below a threshold    



- 17 -          30             value or when the measured current is below
a 31             threshold value.  1  7. The method of claim 8, 2
wherein the measuring in step (b) comprises 3       connecting a bias
source (112) in the loop.   1  8. The method of claim 8, 2
wherein the measuring in step (b) and the 3       measuring in step (d)
involve the same lead.  1  9. The method of claim 8, 2             wherein
the measuring in step (b) and the 3       measuring in step (d) involve
different leads.   1  10. The method of claim 8, 2             wherein the
configuring in step (c) further 3       comprises the substeps of
connecting the two ends of 4        the first spiral antenna element
together, and 



5       connecting two ends (220B, 220D) of the second spiral 6
antenna element together.
- 18 -      
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value or the measured current is below a threshold 19            value.   1
16.  The method of claim 15 wherein the step of measuring 2       voltage
comprises first connecting a bias source in the 3       loop.   1  17.  The
method of claim 15 wherein the steps of measuring a 2       voltage in a
loop including a lead and measuring current 3       through a lead involve
the same lead.   1  18.  The method of claim 15 wherein the steps of
measuring a 2       voltage in a loop including a lead and measuring
current 3       through a lead involve different leads.   1  19.  The
method of claim 15 wherein the step of configuring a 2       sensor to
generate a magnetic field comprises applying 3       an RF signal across
two ends of a first conductive trace 4       in the sensor.   1  20.  The
method of claim 19 wherein the step of configuring a 2       sensor to
generate an electric field comprises 3       connecting the two ends of the
first conductive trace 4       together. 



21. The method of claim 19 wherein the step of configuring a
sensor to generate an electric field comprises applying           an RF
signal between the first conductive trace and a           second conductive
trace, with the first and second           conductive traces being disposed
in parallel planes.    


