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BALL GRID ARRAY CURRENT METER
WITH A CURRENT SENSE WIRE

BACKGROUND

[0001] The present disclosure generally relates to moni-
toring the performance of integrated circuits (ICs) mounted
on ball grid array (BGA) packages. In particular, this dis-
closure relates to measuring, through the use of a current
sense wire, current flow through a BGA package to an IC.
[0002] An IC, also known as a “microchip,” silicon or
computer “chip,” is a specially prepared piece of silicon, or
other semiconductor material, into which a complex elec-
tronic circuit is etched and formed using a photolithographic
process. IC types can include computer processors, memory,
analog, and customizable devices. ICs can be relatively
fragile, and therefore are often mounted on and/or sur-
rounded by a protective, supportive ceramic or plastic pack-
age. Electrical connections to the chip can be provided
through metal contacts, which can include pins or solder
balls located on the exterior of the chip package.

[0003] ICs can have certain advantages over comparable
discrete circuits, such as relatively low-cost and high-per-
formance. The cost of an IC can be relatively low, resulting
from the large number, e.g., millions, of transistors that can
be simultaneously printed as a complete functional unit by
photolithographic techniques, rather than constructing an
equivalent circuit from individually fabricated transistors.
Performance of an IC can be significantly higher than an
equivalent discrete circuit, due to the high density and
relatively low electrical interconnect parasitics between
active devices such as transistors. Types of ICs can include
analog, digital and “mixed signal” chips, i.e., chips that
incorporate both analog and digital functions on the same
silicon die.

[0004] A printed circuit board (PCB), can be used to
mechanically support and electrically connect electronic
components using conductive paths or signal traces etched
from copper sheets laminated onto non-conductive sub-
strates. Multiple copper/insulator layer pairs, also known as
“cores,” can be laminated together in the fabrication of the
PCB. The number and arrangement of cores can be designed
to fit the needs of a variety of applications.

[0005] Vertical interconnect structures (vias) can be used
to interconnect conductive signal traces between various
conductive layers within the PCB. Copper shapes or areas
can be used for power and ground distribution to compo-
nents mounted on the PCB. The interconnect structures in
the PCB can be designed to be physically and electrically
compatible with the components the PCB can be used to
interconnect.

SUMMARY

[0006] Embodiments can be directed towards an apparatus
for measuring electrical current flow in a ball grid array
(BGA) package. The apparatus can include an integrated
circuit (IC), electrically connected to the BGA package and
a BGA package. The BGA package can have a set of solder
balls electrically connected to a corresponding first set of
attachment pads located on a lower surface of the BGA
package. The set of solder balls can be arranged to provide
a contiguous channel suitable to contain a current sense
wire. The apparatus can also include a subset of the set of
solder balls that is electrically connected to supply, from a
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printed circuit board (PCB), through the BGA package,
current to the IC. The apparatus can also include the PCB.
The PCB can include a second set, on an upper surface of the
PCB that opposes the lower surface of the BGA package, of
attachment pads positionally corresponding to the first set of
attachment pads. The PCB can also include a current sense
wire attached to the upper surface of the PCB and located in,
when the BGA package is attached to the PCB, the contigu-
ous channel. The current sense wire can surround the subset
of solder balls. The apparatus can also include an amplifier
electrically connected to ends of the current sense wire. The
amplifier can be configured to amplify a voltage induced on
the current sense wire by current flow into the BGA package.
The apparatus can also include a sensing analog-to-digital
converter (ADC) electrically connected to and configured to
convert, into digital output signals, a voltage at the output of
the amplifier.

[0007] Embodiments can also be directed towards a
method of assembling an apparatus to measure electrical
current flow in a BGA package. The method can include
selectively applying a conductive attachment material to a
first set of attachment pads located on an upper surface of a
PCB and selectively placing solder balls onto attachment
pads of the first set of attachment pads. The method can also
include reflowing the solder balls to bond them to the
attachment pads of the first set of attachment pads. The
method can also include attaching a current sense wire into
a contiguous channel, on the upper surface of the PCB, the
contiguous channel formed by selective placing and reflow
of the solder balls to the first set of attachment pads. The
method can also include attaching a BGA package to the
PCB, the BGA package including an electrically connected
IC. The attaching can include aligning the BGA package
with the PCB. The BGA package can have a second set of
attachment pads, located on a lower surface of the BGA
package, positionally corresponding to the first set of attach-
ment pads. The second set of attachment pads can include an
applied conductive attachment material. The attaching can
include positioning the BGA package so that the second set
of attachment pads is adjacent to corresponding solder balls
and connecting the conductive attachment material to the
second set of attachment pads and to the solder balls to
create the apparatus.

[0008] Embodiments can also be directed towards a
method of operating an apparatus to measure electrical
current flow in a BGA package. The method can include
monitoring, with a current sense wire, a voltage induced by
supply current flowing into a BGA package, the BGA
package including at least one IC and amplifying, with an
amplifier circuit, the monitored voltage to produce an ampli-
fied voltage. The method can also include converting, with
an ADC, the amplified voltage into a digital value repre-
senting the supply current and transmitting, with the ADC,
the digital value to external logic device. The method can
also include logging, with the external logic device, the
digital value and a corresponding time value and initiating,
with the external logic device, in response to the digital
value exceeding a threshold, a corrective action.

[0009] The above summary is not intended to describe
each illustrated embodiment or every implementation of the
present disclosure.



US 2021/0096168 Al

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The drawings included in the present application
are incorporated into, and form part of the specification.
They illustrate embodiments of the present disclosure and,
along with the description, serve to explain the principles of
the disclosure. The drawings are only illustrative of certain
embodiments and do not limit the disclosure.

[0011] FIG. 1 depicts includes top, block diagram and
cross-sectional views depicting a ball grid array (BGA)
current meter, according to embodiments of the present
disclosure.

[0012] FIG. 2 includes a flow diagram and corresponding
process diagram views depicting a method for manufactur-
ing an apparatus to measure current flow into a BGA
package, according to embodiments consistent with the
figures.

[0013] FIG. 3 depicts a flow diagram depicting a method
for operating a BGA current meter, according to embodi-
ments consistent with the figures.

[0014] While the invention is amenable to various modi-
fications and alternative forms, specifics thereof have been
shown by way of example in the drawings and will be
described in detail. It should be understood, however, that
the intention is not to limit the invention to the particular
embodiments described. On the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling
within the spirit and scope of the invention.

[0015] In the drawings and the Detailed Description, like
numbers generally refer to like components, parts, steps, and
processes.

DETAILED DESCRIPTION

[0016] Certain embodiments of the present disclosure can
be appreciated in the context of providing accurate, in-situ
or “in place” measurements of supply current provided to
integrated circuits (ICs) that are mounted on ball grid array
(BGA) packages. Such ICs can be used in electronic equip-
ment such as servers, which can be used to provide data to
clients attached to a server through a network. Such servers
can include, but are not limited to web servers, application
servers, mail servers, and virtual servers. While not neces-
sarily limited thereto, embodiments discussed in this context
can facilitate an understanding of various aspects of the
disclosure. Certain embodiments can also be directed
towards other equipment and associated applications, such
as providing accurate, in-situ measurements of supply cur-
rent provided to ICs mounted on BGA packages within
electronic equipment such as computing systems, which can
be used in a wide variety of computational and data pro-
cessing applications. Such computing systems can include,
but are not limited to, supercomputers, high-performance
computing (HPC) systems, and other types of special-
purpose computers. Embodiments may also be directed
towards providing accurate, in-situ measurements of supply
current provided to ICs located within consumer and small
office/home office (SOHO) electronic equipment such as
personal computers, laptops, mobile and network server
devices.

[0017] The terms “attachment pad,” and “BGA pad” can
be used interchangeably herein in reference to a metallic pad
used to form an electrical and mechanical interconnection to
an IC package or a printed circuit board (PCB). Such pads
can include metals such as copper or copper alloys, and can

Apr. 1,2021

be arranged in arrays that are positionally consistent with
solder balls on a BGA electronic package. In the context of
the present disclosure, attachment pads can be used as
locations on which to place and reflow solder balls to
electrically and mechanically interconnect an IC package to
a PCB.

[0018] For ease of discussion, the terms “solder, “solder
paste” and “solder balls” are used generally herein in
reference to a conductive attachment material used to form
a durable mechanical and electrical interconnection between
an IC package and a PCB. While solder paste is commonly
used as a conductive attachment material between an IC
package and a PCB, other materials can also be used for such
purposes. For example, a conductive epoxy or conductive
elastomeric material can be used to provide electrical and
mechanical conductivity between an IC package and a PCB.
Also for ease of discussion, application and reflow method
operations discussed herein are directed towards the use of
solder paste, however it can be easily understood that
variations of these operations applicable to such materials as
conductive epoxy or conductive elastomeric material can be
used in certain embodiments.

[0019] For ease of discussion it can be understood that
in-situ IC current measurements are generally taken for an
IC that is electrically and physically attached to a host PCB.
As such, a fully functional and robust physical and electrical
configuration is maintained between the IC and an associ-
ated IC package and PCB. For example, if the IC is a
processor IC, it is configured to run a full instruction
workload at a normal, i.e., not compromised/reduced, clock
frequency. In such a configuration no adjustments or derat-
ing factors are made or applied to operating parameters such
as supply voltage, operating frequency, power dissipation
and the like. No operational compensation is made to
accommodate supplementary current probes or other types
of instrumentation/diagnostic hardware. In view of the
above, in-situ IC current measurements can be appreciated
to be accurate representations of the actual current consump-
tion of an IC in a “real-world” functional environment, in
contrast to a “bring-up” or laboratory environment, which
may not be able to provide such accurate measurement
results.

[0020] The accuracy of in-situ IC current measurements
can cause them to be particularly useful and sought after for
a variety of purposes. For example, such current measure-
ments can be used to enable correlation between IC power
simulation results and actual IC power consumption, and
thus provide valuable insights into IC current simulation
deficiencies. IC current measurements can also be used to
assist in IC debugging activities, monitoring current usage in
various IC voltage domains, and providing insight into
interactions between various IC supply voltage domains.
According to embodiments, a current gradient across the IC
package, i.e., distribution amongst BGA connections and
vias, can be monitored. In some embodiments, current
spikes and/or power draw that exceed design specification(s)
can be monitored and detected, allowing corrective actions
such as shutting down the electronic system containing the
1C before any product damage occurs. According to embodi-
ments, IC supply currents and corresponding time values
can be logged and further analyzed for correlations, oper-
ating ranges and other trends.

[0021] In-situ, dynamic IC current measurements (both
AC and DC) can be very difficult to perform, due to the
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decreasing physical dimensions and increasing integration
of electrical interconnect, e.g., BGA structures used to
interconnect ICs to PCBs. The integration of power distri-
bution structures such as power planes and wires within
PCBs, IC packages and ICs also serve to make such power
distribution structures increasingly inaccessible for the pur-
poses of performing in-situ IC current measurements.
[0022] IC current measurements can be taken through the
use of a variety of added hardware devices and techniques.
For example, resistive “current probes” can be inserted
between the IC BGA package and its host PCB, allowing
measurement of a voltage drop proportional to current flow
across the resistive probe. Other measurement techniques
can be employed which involve the use of added hardware
elements such as interposer cards, flex cables incorporating
magnetic loops, holes placed in host PCBs and other types
of hardware additions and/or modifications.

[0023] While such techniques may allow IC current mea-
surements, generally adding or significantly modifying
existing hardware components can be very disruptive and
invasive of the original system, i.e., IC, IC package and PCB
configuration. Such disruptive solutions can be prohibitively
expensive and complicated, e.g., requiring partial or full
disassembly of the electronic system. Such solutions can
also require the electronic system to be operated in a
compromised configuration, for example, with a reduction
of clock frequency, data bus speed, supply voltage, opera-
tional temperature and/or workload. Such a compromised
configuration can diminish the accuracy of resulting current
measurements. In addition, such solutions may only provide
for current measurements on a limited number of BGA
solder balls, which can greatly reduce the usefulness of such
measurements.

[0024] Embodiments of the present disclosure are directed
towards a current sense wire that is located within a con-
tiguous channel among a field of solder balls used to
interconnect an IC package to an associated PCB. The
current sense wire is placed so as to surround one or more
solder balls that conduct supply current from the PCB,
through the IC package to the IC. Supply current flow
through the solder balls surrounded by the current sense wire
causes magnetic flux to induce a corresponding voltage
potential, proportional to the current flow, on the current
sense wire. This potential is then amplified by an amplifier,
and subsequently converted to a digital value by an analog-
to-digital converter (ADC). The resulting ADC output
directly corresponds to the IC supply current magnitude.
[0025] Embodiments of the present disclosure can be
useful in providing cost-effective in-situ IC current mea-
surement apparatuses for use with current-consuming elec-
tronic devices, by using existing and proven PCB, intercon-
nect and IC technologies. Embodiments can be useful in
providing for the monitoring of IC supply currents on one or
more solder balls supplying power to the IC. Embodiments
can provide relatively non-invasive in-situ monitoring of IC
supply current without requiring additional/supplementary
hardware and/or the disassembly of the IC or IC BGA
package from the PCB. As a result, the time, cost, and effort
involved in performing IC current measurements can be
effectively managed, and overall system performance reduc-
tions can be avoided, which can result in enhanced accuracy
IC current measurements. Embodiments of the present dis-
closure can provide for monitoring interactions between
supply voltage domains on an IC package and an IC die
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[0026] Some embodiments can provide for monitoring of
current distribution across a field of solder balls over time,
which can yield data useful in predicting and monitoring IC
and IC package reliability. Such data can be particularly
useful in providing insights into physical phenomenon such
as solder ball connection degradation due to metallurgy
issues. According to embodiments, one or more current
sense wires can be positioned within the field of solder balls,
which can allow monitoring of IC supply currents within
multiple regions of an IC die, and/or within multiple supply
voltage domains. An electronic system designed according
to certain embodiments can be compatible with existing and
proven electronic components and PCBs, and can be a useful
and cost-effective way to monitor IC supply current(s).
[0027] Certain embodiments relate to in-situ measuring of
1C supply current flowing through one or more solder balls
attached to an IC package. FIG. 1, view 100 includes top
view and block diagram depictions of a BGA current meter
apparatus, and FIG. 1, view 150 includes a cross-sectional
view depicting the BGA current meter apparatus, according
to embodiments of the present disclosure.

[0028] BGA current meter views 100 and 150 can be
useful in providing an understanding of an apparatus that
can be used to measure dynamic, in-situ supply current
flowing through a BGA package 104 into an IC 106. The left
portion of views 100 and 150 depict top and cross-sectional
views, respectively, of an assembly 142 that includes an IC
106 electrically and physically mounted on a BGA package
104, which is electrically and physically attached to a PCB
120. The left portions of views 100 and 150 can be useful in
depicting a “sensing” portion of a BGA current meter which
converts supply current-induced magnetic flux into a voltage
on current sense wire 114.

[0029] The right portion of views 100 and 150 can be
useful in depicting a block diagram and a cross-sectional
view, respectively, of an amplifier/sense IC 116 electrically
and physically mounted on a BGA package 118, which is
electrically and physically attached to PCB 120. These
portions of views 100 and 150 can be useful in depicting an
“amplifying/conversion” portion of the BGA current meter
which receives the voltage produced in the “sensing” por-
tions of the views and subsequently amplifies it and converts
the amplified voltage to a set of digital signals that represent
both the magnitude of the current flow through BGA pack-
age 104 into IC 106.

[0030] The left portions of views 100 and 150 depict
assembly 142 that includes an IC 106 electrically and
physically connected by C4s 144 onto a BGA package 104.
According to embodiments, IC 106 can be a processor or
central processing unit (CPU), an application-specific inte-
grated circuit (ASIC), a mixed signal IC, an analog IC, a
graphics processing unit (GPU), or other type of IC. In some
embodiments an additional IC can be physically and elec-
trically connected to the BGA package and can receive
current from a same set of solder balls as the IC 106.
[0031] According to embodiments, BGA package 104 can
be a single or multi-layer IC package including, but not
limited to, a ceramic or organic IC package. BGA package
104 is electrically and physically connected to PCB 120 by
solder balls 103. According to embodiments, solder balls
102A are a subset of the set of solder balls 102, and are
electrically connected to supply current to IC 106. Solder
balls 102/102A are electrically and physically connected to
a corresponding set of attachment pads 132 located on a
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lower surface 136 of the BGA package 104. Solder balls
102/102A are also electrically and physically connected to
set of attachment pads 132 located on an upper surface 138
of the PCB 120 that opposes the lower surface 136 of the
BGA package 104. The set of attachment pads 132 posi-
tionally correspond to the set of attachment pads 130.

[0032] View 150 includes electrical wiring interconnect-
ing C4s 144 of IC 106 to corresponding solder balls 102A.
This electrical wiring can be used to carry supply current
through BGA package 104 to IC 106. According to embodi-
ments, current supply wire 122 of PCB 120 is electrically
connected to the solder balls 102A, and is also electrically
connected to a current source (not depicted) to supply
current “I”” to IC 106 through the BGA package 104 and the
solder balls 102A. According to embodiments, solder balls
102A are a subset of the set of solder balls 102.

[0033] According to embodiments, a contiguous channel
134, suitable to contain the current sense wire 114, is formed
by the arrangement of solder balls 102. In some embodi-
ments, the contiguous channel 134 can be defined as a
contiguous space formed between existing solder balls by
non-population of solder balls on certain attachment pads of
a regular array pattern of attachment pads. It is contemplated
that an IC package designer can also specify solder ball
diameter and pitch/spacings that allows sufficient space for
the insertion of one or more current sense wires 114 between
solder balls arranged in a fully populated regular array
formation.

[0034] In embodiments, the current sense wire 114 is
attached to the upper surface 138 of the PCB 120 and located
within the contiguous channel 134. The current sense wire
114 is positioned in order to surround the subset 102A of the
solder balls 102. In embodiments, all solder balls 102A that
are surrounded by a current sense wire 114 loop all conduct
only incoming supply current for one particular voltage
domain, i.e., from one supply voltage net, e.g., V . Accord-
ing to embodiments, the current sense wire 114 loop is not
configured to surround ground (GND) signals, signals from
other voltage domains, data signals or control signals.

[0035] For ease of illustration and discussion, only one
current sense wire 114 and one corresponding supply volt-
age domain are depicted and discussed. According to
embodiments, however, a plurality of current sense wire 114
loops can be used to measure supply current for portions of
the same voltage net, e.g., V. This configuration can be
useful in measuring or isolating high current usage or spikes
to a particular portion of an IC. Similarly, a plurality of
current sense wire 114 loops can be also used to measure
supply current for a variety of supply voltage nets electri-
cally connected to an IC. For example, one of current sense
wire 114 loop can be positioned to surround solder balls
electrically connected to a 1.0 V supply net, while another
current sense wire 114 loop can be positioned to surround
solder balls electrically connected to a 2.5 V supply net.

[0036] Embodiments can include a current sense wire 114
that can surround a larger or smaller number of solder balls
than are depicted in FIG. 1. For example, a current sense
wire 114 can surround only a single solder ball, or it can
surround a very large portion of solder balls, provided that
the enclosed solder balls are all configured to conduct the
same supply voltage to the IC 106.

[0037] Although only one “loop” is depicted in FIG. 1,
according to embodiments, current sense wire 114 can
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include a single “turn” or loop, or multiple turns or loops
adjacent, i.e., on top, or beside each other, within the
contiguous channel 134.

[0038] Current sense wire 114 is useful in converting
supply current-induced magnetic flux from solder balls
surrounded by current sense wire 114 into a voltage that
represents the current flow through the solder balls. It is
estimated that supply current flowing through solder balls
can be in an approximate range between 10 mA and 1 A. It
is also estimated that the voltage induced in the current sense
wire 114 loop by magnetic flux resulting from supply current
flow can be in an approximate range between 1 uV and 10
mV.

[0039] According to embodiments, the current sense wire
114 can be fabricated from a metal including, but not limited
to, aluminum, copper, copper alloys and various other
metals and alloys. A non-limiting example of current sense
wire 114 can include wire consistent with wires used to
construct various magnetic apparatus such as transformers,
coils, chokes, and the like. In some embodiments the current
sense wire can include a laminated outer insulating layer
including, but not limited to: polyimide, polyamide, poly-
vinyl formal (Formvar), polyurethane, polyester, polyester-
polyimide, polyamide-polyimide, amide-imide, polymer
and insulating varnish.

[0040] The right portion of views 100 and 150 depicts an
amplifier/sense IC 116 that includes an amplifier 108 elec-
trically connected to a sensing ADC 110. The amplifier/
sense IC 116 includes an amplifier 108 having differential
inputs electrically interconnected by wires and solder balls
102, to the ends of current sense wire 114. As depicted in
FIG. 1, a positive “+” and a negative “-” terminal of the
current sense wire 114 are electrically connected to a cor-
responding positive “+” and a negative “~ terminal of the
amplifier 108. According to embodiments, amplifier 108 can
include a variety of types of amplifiers, including an opera-
tional amplifier (op-amp).

[0041] Amplifier output 126 is electrically connected to an
input of a sensing ADC 110, which can be used to convert
the amplified voltage to a set of digital signals that represent
both the magnitude of the current flow through BGA pack-
age 104 into IC 106.

[0042] According to embodiments, sensing ADC 110 can
be a flash ADC, a resistor ladder ADC, a parallel comparator
ADC, a successive-approximation ADC and a counter-type
ADC. An IC designer can select a particular type of ADC in
order to meet particular design criteria such as conversion
speed, power usage or IC area consumption.

[0043] In some embodiments, as depicted in FIG. 1, the
amplifier 108 and sensing ADC 110 can be incorporated into
a single amplifier/sense IC 116, electrically and physically
mounted on a BGA package 118, which is electrically and
physically attached to PCB 120. In some embodiments, the
amplifier 108 and sensing ADC 110 can be electrically
interconnected discrete components.

[0044] Sensing ADC 110 is electrically connected to and
configured to transmit binary numbers representing the
magnitude of current flow sensed by current sense wire 114
through digital outputs 128 to external logic device 112. In
some embodiments, digital outputs 128 can include any
number of wires needed to represent a corresponding pre-
cision of the binary number representing the magnitude of
current flow. For example, according to embodiments digital
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outputs 128 can include 8, 16, 32 or 64 wires, in accordance
with the precision of the binary number represented by
digital outputs 128.

[0045] External logic device 112 can be, for example, a
processor or processor core, a computer system, a service
processor, a test instrument and an external logic IC con-
figured to receive binary number from sensing ADC 110.
External logic ICs, can include, for example, ASICs, special-
purpose custom ICs, programmable logic devices (PLDs),
Field Programmable Gate Arrays (FPGAs), and the like. In
some embodiments the external logic device can be located
on the PCB, and in some embodiments, the external logic
device can be in a location remote to the PCB.

[0046] Insome embodiments the external logic device 112
can be electrically interconnected and configured to initiate
a corrective action in response to receiving digital output
signals representing a current that is above a predetermined
threshold. For example, an external logic device 112 that is
a service processor of a computer or server system can, in
response to detecting current that is above a “shutdown
threshold,” can initiate saving a machine state and/or vital
data, followed by initiating a shutdown of power to the IC
experiencing a current surge. These actions can be per-
formed, for example, in conjunction with commands or
instructions issued to a hypervisor, or other hardware and/or
software components of the computer or server system.
[0047] FIG. 2 includes a flow diagram 200 and a sequen-
tial set of six corresponding cross-sectional side process
diagram views 234-244 depicting a method for assembling
a BGA current meter apparatus 100, FIG. 1 to measure
electrical current flow into a BGA package 104, according to
embodiments consistent with the figures. These process
diagram views illustrate an example process; other views
and operations can be possible. An apparatus formed by
these process operations can be consistent with BGA current
meter 100, FIG. 1, and can provide for in-situ dynamic
supply current measurements for ICs mounted on BGA
packages.

[0048] The execution of method 200 can result in an
apparatus that provides non-invasive in-situ monitoring of
1C supply current without requiring additional/supplemen-
tary hardware and/or the disassembly of the IC or IC BGA
package from the PCB. According to embodiments, such
in-situ monitoring of IC supply current can be used to
provide robust protection for electronic systems and valu-
able IC performance insights to IC designers. Embodiments
of the present disclosure are generally consistent with exist-
ing ICs, electronic packages, PCBs, as well as existing
design methodologies and electronic system fabrication
technologies and methods.

[0049] The progression depicted in views 234-244 begins
with a PCB 120 having a set of attachment pads 132 with
selectively applied solder paste 246 in view 234, and ends
with a completed BGA current meter assembly in view 244.
Process operations can be completed using processes and
materials presently used for electronic system fabrication
such as alignment and solder reflow processes, and solder
pastes 246 and 248.

[0050] For ease of discussion, the present discussion is
directed towards the use of solder paste and solder reflow
operations used to establish durable mechanical and electri-
cal connections between an IC package and a PCB. It can be
understood, however, that within the scope and spirit of the
present disclosure that other types of conductive attachment
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materials such as conductive epoxies and conductive elas-
tomers can be used for the purpose of establishing such
durable mechanical and electrical connections. Accordingly,
it can also be understood that, according to embodiments,
particular variations of process operations described herein
can be used to affix such conductive attachment materials to
an IC package and/or a PCB.

[0051] The results of one or more process operations can
be depicted in each view. For example, a view can depict the
results of an attachment process, which can also include
placement, alignment, and solder reflow operations that
support the attachment process. Processing operations asso-
ciated with views 234-244 can include, but are not limited
to solder application, packaged IC movement and alignment,
current sense wire placement, solder ball placement/align-
ment, and solder reflow operations.

[0052] Completed structures can be generally shown in
views 234-244 as having rectangular cross-sectional pro-
files, with surfaces orthogonal to each other. This depiction,
however, is not limiting; structures can be of any suitable
shape, size and profile, in accordance with specific design
criteria, lithographic and manufacturing process limitations
and tolerances for a given application. For example, corners
shown as having right angles can be rounded, surfaces can
have a non-orthogonal relative orientation, and relative
dimensional ratios can vary from those depicted in the
figures.

[0053] Unless explicitly directed towards another figure or
view, it can be understood that textual references to figure
elements contained within a discussion of an operation of
method 200 generally refer to a corresponding view imme-
diately to the right of the discussed operation box of flow
diagram 200.

[0054] Method 200 moves from start 202 to operation 204.
Operation 204 generally refers to selectively applying a
conductive attachment material such as solder paste 246 to
a set of attachment pads 132 located on an upper surface 138
of a PCB 120. The PCB 120 includes a set of attachment
pads 132, attached to a planar upper surface 138 of the PCB
120. According to embodiments, the solder paste 246 can be
applied to attachment pads 132 through the use of one or
more stencils. Solder stencils can be useful in selecting
which attachment pads 132 receive solder paste 246, and
which attachment pads 132 are kept free of solder paste 246.
Selective application of solder paste can be used to define
the path of contiguous channel 134. View 234 depicts the
attachment pads 132 following the application of solder
paste 246.

[0055] In embodiments, solder paste 246 is generally a
high-temperature solder paste chosen so that temperature
excursions experienced during a subsequent second reflow
operation involving a lower temperature solder paste do not
cause the high-temperature solder paste to melt a second
time. Once conductive attachment material is applied to the
set of attachment pads 132, the method 200 moves to
operation 206.

[0056] Operation 206 generally refers to selectively plac-
ing solder balls 102 onto attachment pads 132. Operation
206 is generally consistent with processes, materials and
machinery used to attach a BGA package assembly 218 to a
PCB 120 by placing solder balls 102 onto attachment pads
132 prepared with solder paste 246. According to embodi-
ments, solder balls 102/102A can be located onto solder
paste 246 on attachment pads 132 through the use of one or
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more masks. Solder ball masks can be useful in selecting
which attachment pads 132 are populated with solder balls
102/102A, and which attachment pads 132 are kept vacant
of solder balls. Solder balls 102/102A are located such that
the bottom surface of each solder ball 102/102A is pressed
against and into the solder paste 246.

[0057] According to embodiments, once a solder ball
mask has been populated, it can be aligned with PCB 120,
for example, through the use of robotic equipment having
optical sensors. Such optical sensors can detect alignment or
fiducial marks located on a solder ball mask and located on
PCB 120. Selective locating of solder balls can be used to
further define the path of contiguous channel 134. View 234
depicts the attachment pads 132 following the selective
locating of solder balls 102/102A. Once the solder balls
102/102A have been selectively placed onto attachment pads
132, the method 200 moves to operation 208.

[0058] Operation 208 generally refers to reflowing the
solder balls 102/102A to bond them to the attachment pads
132. View 238 depicts a PCB 120 having the set of attach-
ment pads 132 adjacent to a corresponding set of solder balls
102/102A. Following the solder ball location of operation
206, the PCB 120, solder paste 246 and solder balls 102/
102A are subjected to a heating operation that reflows solder
paste 246 to form a connection between attachment pads 132
and solder balls 102/102A. Once the solder balls 102 have
been reflowed to the attachment pads 132, the method 200
moves to operation 210.

[0059] Operation 210 generally refers to placing and
attaching a current sense wire 114, within the contiguous
channel 134, to an upper surface 138 of PCB 120. According
to embodiments, current sense wire 114 is formed in a loop
that surrounds a subset 102A of the set solder balls 102. In
embodiments current sense wire 114 can be attached to
vacant attachment pads 132 within the contiguous channel
134 through the use of a wire bonding machine, consistent
with machinery used to wire bond ICs to IC packages. For
example, a wire bonding machine could be used to form the
loop by bonding or stitching current sense wire 114 to the
“corner” attachment pads 132 within the contiguous channel
134. According to embodiments, other means of attaching
the current sense wire 114 can include robotic machinery
that forms a loop of current sense wire 114 and uses epoxy,
heat-activated adhesive or another type adhesive to attach
the current sense wire 114 to vacant attachment pads 132
within the contiguous channel 134.

[0060] According to embodiments, the current sense wire
can be fabricated from a metal including, but not limited to,
aluminum, copper and copper alloys. In some embodiments
the current sense wire includes a laminated outer insulating
layer selected from the group consisting of polyimide,
polyamide, polyvinyl formal (Formvar), polyurethane, poly-
ester, polyester-polyimide, polyamide-polyimide, amide-
imide, polymer and insulating varnish.

[0061] View 240 depicts the PCB 120 having a current
sense wire 114 attached to its upper surface 138. Once the
current sense wire 114 is placed and attached to the upper
surface 138 of PCB 120, the method 200 moves to operation
212.

[0062] Operation 212 generally refers to aligning a BGA
package assembly 218 with a PCB 120. According to
embodiments, once a current sense wire 114 has been
attached to the PCB 120, the BGA package assembly 218
can be aligned with PCB 120, for example, through the use
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of robotic equipment having optical sensors. Such optical
sensors can detect alignment or fiducial marks located on the
BGA package assembly 218 and located on PCB 120.
[0063] Prior to a reflow operation detailed in operation
214, attachment pads 130 located on lower surface 136 of
BGA package 104 are prepared with a coating of solder
paste 248. In embodiments, solder paste 248 is generally a
low-temperature or eutectic solder paste chosen so that
temperature excursions experienced during a subsequent
second reflow operation do not cause the high-temperature
solder paste, reflowed in operation 208, to melt a second
time.

[0064] View 242 depicts a BGA package assembly 218
properly aligned with a corresponding PCB 120, i.e., the
attachment pads 130 are aligned with corresponding solder
balls 102/102A. View 242 also depicts the attachment pads
130 following the application of solder paste 248. Once the
BGA package assembly 218 is aligned with the PCB 120,
the method 200 moves to operation 214.

[0065] Operation 214 generally refers to attaching a BGA
package assembly 218 to PCB 120 by attaching the solder
paste 248 of the BGA package assembly 218 to correspond-
ing solder balls 102/102A. According to embodiments, BGA
package assembly 218 is positioned so that solder paste 248
on attachment pads 130 is pressed into the tops of solder
balls 102/102A. The BGA package assembly 218 is held in
position against the PCB 120 during the duration of a reflow
process, until the attachment of solder balls 102/102A to
attachment pads 130 is mechanically stable. The positioning
and holding can be performed by automated or manual
assembly equipment.

[0066] View 244 depicts a completed BGA current meter
100 apparatus having a BGA package assembly 218 elec-
trically and mechanically attached to a PCB 120, where a set
of solder balls 102A carrying supply current to an IC 106 is
surrounded by a current sense wire 114. Once the BGA
package assembly 218 is attached to PCB 120, the method
200 may end at block 216.

[0067] FIG. 3 is a flow diagram depicting a method 300
for operating a BGA current meter apparatus 100, FIG. 1,
which is configured to measure electrical current flow in a
BGA package 104, FIG. 1, according to embodiments con-
sistent with the figures. The use of method 300 can be useful
in providing cost-effective in-situ IC current monitoring and
corrective action responses for use with current-consuming
electronic devices such as ICs. When used in conjunction
with a functioning electronic system, method 300 can pro-
vide robust monitoring and protection features to the system,
and can further provide valuable operational history and
diagnostic data to system designers and operators.

[0068] The method 300 moves from start 302 to operation
304. Operation 304 generally refers to monitoring, with a
current sense wire, e.g., 114, FIG. 1, a voltage induced by
supply current flowing into a BGA package 104, FIG. 1.
According to embodiments, current sense wire 114 sur-
rounds a group of solder balls 102A that are electrically
connected to conduct a supply current into the BGA package
104. When current flows through BGA package 104 into IC
106, FIG. 1, magnetic flux is produced in the solder balls
102A, and this magnetic flux produces a resulting propor-
tional voltage in current sense wire 114. Current sense wire
114 is electrically connected to amplifier 108, FIG. 1, so that
amplifier 108 can receive the voltage monitored by current
sense wire 114. In some embodiments, the voltage induced
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on current sense wire 114 results from supply current
flowing to a single IC 106, and in some embodiments, the
induced voltage results from supply current flowing to two
or more ICs 106. Once the voltage induced by supply current
has been monitored, the method 300 moves to operation
306.

[0069] Operation 306 generally refers to amplifying, with
an amplifier circuit, e.g., amplifier 108, FIG. 1, the voltage
monitored by current sense wire 114 to produce an amplified
voltage that represents supply current flowing through solder
balls, e.g., 102A, FIG. 1. According to embodiments, ampli-
fier 108 can receive, at inputs, a differential monitored
voltage from current sense wire 114, and produce an ampli-
fied voltage proportional to the differential voltage at ampli-
fier output 126, FIG. 1. In some embodiments the amplifier
108 can be an operational amplifier, and in some embodi-
ments, the amplifier 108 can be fabricated as part of an
amplifier/sense 1C 116.

[0070] A gain of amplifier 108 can be chosen/specified or
designed by an IC designer to produce an output voltage in
a range that is compatible with the input of sensing ADC
110, FIG. 1. For example, if an amplifier input differential
voltage range of 108 of 0.0 V to 10 mV is assumed, an
amplifier gain of 100 can be chosen to produce an output
range of 0.0 V to 1.0 V, which can be compatible with the
input range of sensing ADC 110, FIG. 1. Once the monitored
voltage has been amplified, the method 300 moves to
operation 308.

[0071] Operation 308 generally refers to converting, with
an ADC, the amplified voltage into a digital value repre-
senting the supply current. According to embodiments, such
a conversion to a set of digital signals can be useful in
providing, to other devices such as external logic device 112,
signals representing supply current flowing through solder
balls 102A to IC 106 that are more accurately transmitted
than an analog signal.

[0072] According to embodiments, sensing ADC 110,
FIG. 1, can include various types of converters such as a
flash ADC, a resistor ladder ADC, a parallel comparator
ADC, a successive-approximation ADC and a counter-type
ADC. An IC designer can select a particular type of ADC in
order to meet particular design criteria such as conversion
speed, power usage or IC area consumption.

[0073] In embodiments, digital outputs 128, FIG. 1, can
include any number of wires needed to represent a corre-
sponding precision of the binary number representing the
magnitude of current flow to the IC 106. For example,
according to embodiments digital outputs 128 can include 8,
16, 32 or 64 wires, in accordance with the precision of the
binary number represented by digital outputs 128. Once the
amplified voltage has been converted into a digital value
representing the supply current, the method 300 moves to
operation 310.

[0074] Operation 310 generally refers to transmitting, with
the ADC, the digital value to an external logic device.
According to some embodiments, as depicted in FIG. 1, a
number of conductors carrying digital signals between sens-
ing ADC 110 and external logic device 112 can be used in
conducting these signals in a parallel fashion. For example,
a set of output drivers of sensing ADC 110 could drive “n”
parallel signals over digital outputs 128 to external logic
device 112. In some embodiments, external logic device 112
can be located adjacent to sensing ADC 110, for example, on
the same PCB 120.
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[0075] In some embodiments, external logic device 112
can be located remote to sensing ADC 110, for example,
within an equipment rack on a separate PCB. In some
embodiments, the digital value produced by sensing ADC
110 can be transmitted to external logic device 112 through
a serial interconnection scheme such as a high-speed serial
bus, network, Universal Serial Bus (USB), FireWire, or
other type of serial interconnect scheme. Once the digital
value has been transmitted to the external logic device, the
method 300 moves to operation 312.

[0076] Operation 312 generally refers to an optional
operation of logging, with the external logic device 112,
FIG. 1, the digital value and a corresponding time value.
According to embodiments, the external logic device 112
can include, but is not limited to, a processor or processor
core, a computer system, a service processor, a test instru-
ment and an external logic IC configured to receive binary
number from sensing ADC 110. In embodiments, one or
more the digital values and corresponding time values can
be logged with the external logic device 112. Logging can
included recording digital values and corresponding time
values in a storage medium such as a memory device, or data
storage device, e.g., hard disk or solid-state drive (SSD).
Such logging of data value(s) can be useful in creating a set
of data which can be analyzed for short-term or long-term
trends, certain “over limit” or “over threshold” events, and
the like. A log of data representing supply current vs. time
can be particularly useful in providing an accurate history
and insights into IC power consumption and performance
that can supersede history and insights provided by IC
power simulations alone. Once the digital value and a
corresponding time value has been logged, the method 300
moves to operation 314.

[0077] At operation 314, a determination is made by the
external logic device 112, FIG. 1, regarding whether the
supply current, represented by the digital value, is above a
specified threshold. A specified threshold, determined by an
IC designer, possibly in conjunction with a review of IC
simulation results, can be stored within the external logic
device 112, and used as a reference value against which to
compare a series of measured supply current values. For
example, a preset value of 85 A could be stored within a SSD
of the external logic device 112, and can be compared
against each received digital value representing current
supplied to IC 106. If the supply current represented by the
digital value is not above the specified threshold, the method
300 returns to operation 304. If the supply current repre-
sented by the digital value is above the specified threshold,
the method 300 moves to operation 316.

[0078] Operation 316 generally refers to initiating, with
the external logic device 112, FIG. 1, in response to the
supply current, represented by the digital value being above
the specified threshold, a corrective action. In some embodi-
ments, current spikes and/or power draw that exceed design
specification(s) can be monitored and detected, allowing
corrective actions such as shutting down the electronic
system containing the IC before any product damage occurs.
In some embodiments, a corrective action can be initiated in
response to a single supply current value exceeding the
predetermined threshold, and a corrective action can be
initiated only in response to a series of multiple supply
current values exceeding the predetermined threshold.
[0079] According to embodiments, corrective actions can
include but are not limited to, shutting down an electronic
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system including the IC 106, reducing the current and/or
voltage supplied to IC 106, sending a notification message,
e.g., Short Messaging Service (SMS) message or email, to
an operator of the electronic system or activating a warning
indicator such as an light-emitting diode (LED), audio
alarm, or the like. Once the corrective action has been
initiated, the method 300 returns to operation 304.

[0080] The descriptions of the various embodiments of the
present disclosure have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found in the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed herein.

What is claimed is:

1. A ball grid array (BGA) current meter apparatus for
measuring electrical current flow in a BGA package, the
BGA current meter apparatus comprising:

an integrated circuit (IC), electrically connected to the
BGA package;

a set of solder balls electrically connected to a corre-
sponding first set of attachment pads located on a lower
surface of the BGA package;

a subset of the set of solder balls electrically connected to
supply current to the IC;

a printed circuit board (PCB) including:

a second set of attachment pads positionally corre-
sponding to the first set of attachment pads;

a current sense wire attached to the upper surface of the
PCB and located in the contiguous channel, the
current sense wire surrounding the subset of solder
balls;

an amplifier electrically connected to ends of the current
sense wire, the amplifier configured to amplify a volt-
age induced on the current sense wire by current flow
into the BGA package; and

a sensing analog-to-digital converter (ADC) electrically
connected to and configured to convert, into digital
output signals, a voltage at the output of the amplifier.

2. The BGA current meter apparatus of claim 1, further
comprising a second IC electrically connected to the BGA
package, wherein the subset of the set of solder balls is
further electrically connected to supply, from a PCB, current
to the second IC.

3. The BGA current meter apparatus of claim 1, wherein
the current sense wire is fabricated from a metal selected
from the group consisting of: aluminum and copper.

4. The BGA current meter apparatus of claim 1, wherein
the current sense wire includes a laminated outer insulating
layer selected from the group consisting of: polyimide,
polyamide, polyvinyl formal (Formvar), polyurethane, poly-
ester, polyester-polyimide, polyamide-polyimide, amide-
imide, polymer and insulating varnish.

5. The BGA current meter apparatus of claim 1, further
comprising an external logic device electrically connected to
receive the digital output signals from the ADC.

6. The BGA current meter apparatus of claim 5, wherein
the external logic device is selected from the group consist-

Apr. 1,2021

ing of: a computer system, a processor, a service processor,
a test instrument and an external logic IC.

7. The BGA current meter apparatus of claim 5, wherein
the external logic device is configured to initiate a corrective
action in response to receiving digital output signals repre-
senting a current that is above a threshold.

8. The BGA current meter apparatus of claim 5, wherein
the external logic device is located on the PCB.

9. The BGA current meter apparatus of claim 5, wherein
the external logic device is located in location remote to the
PCB.

10. A method of assembling a ball grid array (BGA)
current meter apparatus to measure electrical current flow in
a BGA package, the method comprising:

selectively applying a conductive attachment material to

a first set of attachment pads located on an upper
surface of a printed circuit board (PCB);

selectively placing solder balls onto attachment pads of

the first set of attachment pads;

reflowing the solder balls to bond them to the attachment

pads of the first set of attachment pads;

attaching a current sense wire into a contiguous channel,

on the upper surface of the PCB, the contiguous chan-
nel formed by selective placing and reflow of the solder
balls to the first set of attachment pads;

attaching a BGA package to the PCB, the BGA package

including an electrically connected integrated circuit

(I1C), by:

aligning the BGA package with the PCB, the BGA
package having a second set of attachment pads,
located on a lower surface of the BGA package,
positionally corresponding to the first set of attach-
ment pads, the second set of attachment pads includ-
ing an applied conductive attachment material and;

positioning the BGA package so that the second set of
attachment pads is adjacent to corresponding solder
balls; and

connecting the conductive attachment material to the
second set of attachment pads and to the solder balls
to create the BGA current meter apparatus.

11. The method of claim 10, wherein the current sense
wire is fabricated from a metal selected from the group
consisting of: aluminum and copper.

12. The method of claim 10, wherein the current sense
wire includes a laminated outer insulating layer selected
from the group consisting of: polyimide, polyamide, poly-
vinyl formal (Formvar), polyurethane, polyester, polyester-
polyimide, polyamide-polyimide, amide-imide, polymer
and insulating varnish.

13. The method of claim 10, wherein the BGA package
further comprises an additional electrically connected IC.

14. The method of claim 10, wherein the selectively
applying of a conductive attachment material to the first set
of attachment pads and the selectively placing of solder balls
onto attachment pads of the first set of attachment pads
include use of at least one mask configured to define the
contiguous channel.

15. A method of operating a ball grid array (BGA) current
meter apparatus to measure electrical current flow in a BGA
package, the method comprising:

monitoring, with a current sense wire, a voltage induced

by supply current flowing into a BGA package, the
BGA package including at least one integrated circuit
(10,
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amplifying, with an amplifier circuit, the monitored volt-

age to produce an amplified voltage;

converting, with an analog-to-digital converter (ADC),

the amplified voltage into a digital value representing
the supply current;

transmitting, with the ADC, the digital value to external

logic device;

logging, with the external logic device, the digital value

and a corresponding time value; and

initiating, with the external logic device, in response to

the digital value exceeding a threshold, a corrective
action.

16. The method of claim 15, wherein the current sense
wire surrounds a group of solder balls electrically connected
to conduct current into the BGA package.

17. The method of claim 15, wherein the amplifier circuit
is an operational amplifier.

18. The method of claim 15, wherein the external logic
device is selected from the group consisting of: a computer
system, a processor, a service processor, a test instrument
and an external logic IC.

19. The method of claim 15, further comprising perform-
ing analysis on logged digital values and corresponding time
values.

20. The method of claim 15, wherein the corrective action
includes reducing power supplied to at least one IC.

#* #* #* #* #*
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