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Advanced packaging
technologies pose major
testing challenges for
complex designs. The
authors present test
strategies used in the
space flight computer
designed for NASA’s
Deep Space-1 mission.
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ADVANCED PACKAGING TECHNOLOGIES
such as 3D chip stacking, multichip modules
(MCMs), and 3D stacks of MCMs provide op-
portunities for significant reductions in sys-
tem mass, volume, and power. NASA’s New
Millenium Program (NMP) is using these
technologies to develop a highly integrated,
3D microavionics architecture for future
space science applications. The flight com-
puter under development for the NMP Deep
Space-1 mission consists of a 3D MCM stack
that includes a CPU, large local memory,
nonvolatile memory, and a high-bandwidth
I/0 interface.!? This set of modules will
weigh about 1.5 kg, representing more than
an order-of-magnitude reduction in mass rel-
ative to current spacecrafts. The reduction
in mass will help make frequent, low-cost,
miniature scientific missions to the outer
planets possible.

Figure 1 shows a block diagram of the
space flight computer. The processor mod-
ule (one slice of the stack), designed by
Lockheed Martin Federal Systems, consists
of a RAD6000-5L processor, a local input/out-
put (LIO) chip, oscillators, and start-up ROM.?
The second module contains 400 Mbytes of
local memory implemented with five 3D
memory cubes of 16-Mbit DRAM chips
stacked 40 high. The nonvolatile memory
module, a solid-state recorder (SSR) de-
signed by TRW, contains 1 Gbit of flash mem-
ory, using 32-Mbit plastic-package parts
stacked four high. Finally, the I/0O module,
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designed by Boeing, includes the following:
a PCI (peripheral component interface) bus
for intermodule communication, a fiber op-
tic I/O (AS1773) bus, and a PCl-bus-to-
VMEDbus bridge for communication with the
rest of the spacecraft.

The four modules are packaged together
in a low-cost, flexible MCM stacking tech-
nology developed by Space Computer
Corporation and integrated at NASA Jet
Propulsion Laboratory. The MCMs are
mounted on printed circuit boards stacked
in three dimensions with elastomeric inter-
connections. Figure 2 depicts the 3D MCM
stack approach.

The 3D MCM space flight computer must
undergo exhaustive testing and diagnosis be-
fore integration into the spacecraft. JPLis us-
ing methodologies based on the [EEE 1149.1
boundary-scan architecture for electrical test
of the 3D stack. Special test chips perform
reliable test and diagnosis of the computer
architecture. The test hardware has been
fabricated and is currently being tested.
Before we describe the space flight com-
puter’s test methodology in detail, let’s look
at the general problem of MCM testing and
available test strategies.

MCM testing

Computer designers widely use the IEEE
1149.1 boundary-scan architecture? to facil-
itate MCM testing. This architecture associ-
ates a memory cell with each I/O pin of a
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four lines: test clock (TCK),
test mode select (TMS), test
data in (TDI), and test data
out (TDO). The TDI line car-
ries test instructions and
data. The TDO line transfers test results to the external tester.
The TCK signal carries the test clock. State transitions on the
TMS line, which are decoded by the TAP controller, define
the state of the chip’s test circuitry. Figure 3 shows the gen-
eral test architecture of a chip supporting the boundary-scan
standard.

Researchers have proposed several techniques for test-
ing MCMs. Zorian’s structured-testability approach* is well
accepted in industry. It is based on die-level built-in self-test
(BIST) and module-level boundary scan (Figure 4, next
page). BIST is a design-for-testability technique that allows
a circuit to test itself, typically to detect stuck-at faults in the
die’s application logic.

For testing, the BS cells of all dies in an MCM are connected
into one scan path. The TDO of one die is tied to the TDI of
another die, except for the
initial TDI and last TDO ports,
which are tied to the MCM’s
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Figure 1. Block diagram of the 3D microavionics stack.
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Figure 2. A 3D MCM stack.
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In this article, we assume
that the ICs in each stack
slice are compatible with the
IEEE 1149.1 boundary-scan
standard (which we refer to as JTAG for convenience). We
also assume that these ICs are equipped with BIST mecha-
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Figure 3. Chip supporting IEEE 1149.1 boundary-scan standard.

nisms that can be activated under JTAG control. Our goals
are to test all IC interconnections, within each slice as well
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Figure 4. Boundary scan in an MCM.

as across slices, and to activate the BIST mechanisms of each
IC under JTAG control. We can thus validate each IC’s func-
tionality as well as all the IC interconnections, providing
comprehensive test of the stack electronics.

Motivating the test hardware design is the need to test the
stack electronics reliably in the presence of faults in the
boundary-scan circuitry, such as an open TDI line. Of partic-
ular concern are faults that can render the entire 3D stack
untestable. Hence, we must evaluate the proposed test
methodologies in the context of test reliability—that is, the
ability to test the 3D stack in the presence of point failures in
the test hardware itself. We also want the test architecture to

be scalable—that is, to enable the addition of stack slices with-
out a change in test methodology. Further, the time necessary
for testing an embedded IC must depend only on the test se-
quence length for that IC, not on the number of ICs in the stack
or the test complexities of other embedded ICs. Because the
manufacture of NASA’s 3D MCM stack involves different in-
dustrial partners, an open and pluggable architecture that al-
lows seamless testing across different slice technologies is also
necessary. Finally, a key design goal is that we use the same ap-
proach to test the 3D stack in flight as on the ground.

Specialized BS bus configurations

In this section, we present three simple strategies for test-
ing a 3D stack of MCMs. A test bus configuration and a num-
ber of test lines characterize each strategy. We assume that
no special test chips are included in the MCM slices.

Serial-module scan test. This strategy is a direct exten-
sion of the IEEE Std 1149.1 approach for testing multiple chips
on a board. As shown in Figure 5, we connect the BS regis-
ters in the ICs of the MCM slices in a single serial-scan chain
running through the 3D stack. We distribute the test data to
all the MCM slices through module 1's TDI input, which is
connected to the external tester (each module in the figure
corresponds to a slice). We scan the test responses from all
the slices into the external tester through module 4’s TDO
line. The TMS and TCK lines feed in parallel to all the slices.

This test configuration has several drawbacks:

» The test is not very reliable because a fault in the BS
chain between two ICs can prevent the entire stack from
being tested.

= The time needed to test an MCM slice individually de-
pends on the complexity of other slices in the 3D stack.

T™S
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| ||

Ic1 Ic2 I:TDI
TDI  TDO| |TDI TDO
Module1  |ypg Module 2 Module 3
TDO

)

Module 4 | TDO

A

Figure 5. Serial-module scan test configuration. TRST: test reset.
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Figure 6. Multiple-module control test configuration.

During the test of a single slice, the BS hardware in other
slices is in bypass mode. A chip is in bypass mode when
asingle flip-flop is connected between the TDI and TDO
lines of its BS hardware. Placing all its ICs in bypass mode
places an entire slice of the 3D stack in bypass mode. In
this mode, the number of flip-flops connected between
the slice’s TDI and TDO lines equals the number of ICs
connected in the slice’s BS chain. In Figure 5, for exam-
ple, when module 1 (slice 1) is tested, seven flip-flops are
connected in the serial chain between module 1's TDO
line and module 4’s TDO line. This adds a delay of seven
clocks for every test vector applied to slice 1. The delay
is substantial when the number of test vectors applied
and the number of ICs in other slices are large.

= One cannot test a slice without knowing the test archi-
tecture of the other slices (the number of chips to be
placed in bypass mode and the delay incurred in scan-
ning test data must be known).

= During test of a single MCM slice, other slices in the stack
must be powered up to enable all of them to be in by-
pass mode.

The serial-module scan technique has two advantages. It
requires only four test lines to test the complete 3D stack.
Further, it requires no extra test hardware at the MCM and
3D-stack levels, other than the hardware provided by the
JTAG standard. Overall, however, the inability of the test
process to withstand point failures in the BS bus and test
hardware is of serious concern. In contrast, the following BS
test bus configurations allow reliable testing in the presence
of point failures.

Multiple-module control test. In this approach, each
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slice has a separate TMS line associated with it, as shown in
Figure 6. The TDI and TDO lines from each slice connect di-
rectly to the external tester. Overall, seven test lines are re-
quired: TCK, TDI, TDO, and four TMS lines (one connected
to each slice).

Multiple-module control test offers these advantages:

» [t restricts the continuous BS register chains to lie with-
in a single slice, unlike serial-module test, in which the
chain spans multiple slices. Hence, test reliability im-
proves since most faults in a slice do not prevent other
slices from being tested.

» ttests each MCM slice independently. A slice’s test data
is not transmitted through other slices. We scan test data
into a slice’s TDI line by placing the data on the stack’s
TDI port. Further, we scan out results from the TDO line
to the external tester directly. Hence, this technique en-
sures that at any instant, test data is scanned out from
only one MCM slice into the external tester.

= An MCM slice can be tested in isolation without pow-
ering up other slices in the 3D stack. We do this by ac-
tivating the TMS line connected to that slice while
holding other TMS lines idle.

» The structured test of an MCM involves module-level in-
terconnect test and IC-level BIST. Using multiple TMS
lines enables BIST and interconnect test in different
slices simultaneously. For example, while subjecting
slice 1 to interconnect test, we can initiate BIST in the
other slices. By suitably configuring operations, we can
minimize test time.

Thus, this technique is more robust from a test perspective
than the serial-chain scan approach. However, faults on the
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Figure 7. Parallel-module test configuration.
prevent other slices from be-
ing tested. Also, slices can be
tested at different clock
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Chip 1 Chip 2 Chip 3 procedure relies on syn-

chronization of circuitry in
different slices or the entire
stack assembly is being test-

ed for reliability. This ap-

proach provides maximum
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Figure 8. Test features included in an MTC.

TCK line will prevent the entire stack from being tested. Also,
specific stuck-at faults on the TDI and TDO lines could be
critical. Hence, we next present a strategy that provides sep-
arate test buses to each MCM slice in the 3D stack.

Parallel-module test. In this approach, each slice has a
separate TMS, TDI, TCK, and TDO line associated with it
(Figure 7). All the slices can be tested independently in par-
allel. This approach is more reliable than the previous ap-
proaches because faults on the TCK line of a slice do not
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BS register

test application parallelism
and allows test results for
eachsslice to be analyzed in-
dependently. However, it
requires the maximum num-
ber (12) of test lines, four for
each slice.

All the test strategies just
presented involve varying
the number of test lines to in-
crease reliability, speed, and
parallelism. The number of
test lines varies from a mini-
mum of four to a maximum
of 16. No extra hardware is
used at the MCM and 3D-stack levels. The choice of one of
these approaches for a particular test application depends
on three factors: the number of test buses allowed by the ex-
ternal tester, the test parallelism allowed by the external
tester’s software, and the number of pins provided for test
in each slice.

MTC-based strategies
Next we present test techniques based on inclusion of a
test controller die in each slice of the 3D stack. An MCM test
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test vectors are scanned in
and applied to the non-BS
dies.”® It has a single-bit by-
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single JTAG device and
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picts the MTC test features.

Further, we can reconfig-
ure the scan path itself with
a scan path linker”® to con-
trol an MCM’s scan path con-
figuration (Figure 9). The
scan path linker partitions the scan path into multiple sec-
ondary scan paths. By scanning in a control word, the scan
path linker selects one or more of the secondary scan paths
and includes it in the primary scan path. This increases the
scan chain’s reliability. For example, when the control word
is 1010, chips 1 and 3 are connected in a chain. The TDI line
is connected to TDOT1, TDI1 is connected to TDO3, and TDI3
is connected to TDO. Faults in a particular scan chain sec-
tion are easily isolated without affecting test operations in
fault-free parts of the MCM.

The scan path linker’s test hardware consists of approxi-
mately 75 gates.” The proposed MTC architecture consists
of 240 gates’® and includes a TAP controller and BS register
as well as a scan path linker. Next we briefly describe two

I

Figure 9. Scan path linker in an MCM.
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strategies that include an MTC in each slice and use the test
bus configurations described in the previous section.

Serial-MTC test. Hilla® developed this technique (Figure
10) from the serial-module scan test approach. This tech-
nique has an advantage over its parent scheme: When an
MCM slice is placed in bypass mode, a 1-bit register is placed
between the MCM’s external TDI and TDO lines, irrespec-
tive of the number of chips connected in the scan path. A
fault in the scan path between two slices will prevent test of
the 3D stack. However, a fault in the scan path in a slice will
not affect test of the other slices, since the MTC in the faulty
slice is in bypass mode. Hence, this technique is more reli-
able than serial-module scan test.

Module 1 Module 2 Module 3 Module 4
IC1 IC2
A
TDO2
Lhy [
TDO1| TDI1 TDI2|TMS2
TMS1
TcK 1 TDI  MTC TDO MTC MTC  TDO
MTC TDO
Tl | - - -
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Figure 10. Serial-MTC test configuration.
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Figure 12. Master MTC test configuration.

Parallel-MTC test. Similarly, we can define techniques
for incorporating MTCs into each slice for multiple-module
control test and parallel-module test. The parallel-MTC test
approach corresponds to the other end of the test spectrum,
with the maximum number of test lines and maximum ad-
ditional test circuitry (Figure 11). It provides very reliable
testing.

Autonomous BIST

So far, we have identified techniques for offline testing of
a 3D stack after assembly, using an external tester. For space
applications, it is equally important to consider autonomous
testing with BIST mechanisms that function in the absence
of an external tester. To enable BIST, we must use a master
test controller that manages the test process. The following
two test strategies rely on the use of a master test controller
for BIST of a 3D MCM stack.

Master MTC test. This test strategy, diagrammed in Figure
12, identifies the MTC in slice 1 of the 3D stack as the mas-
ter MCM test controller (MMTC). The MMTC controls the
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flow of test data to the 3D-stack slices. During assembly test,
the MMTC connects to an external tester through a single
JTAG bus and to the MTCs in other slices through separate
JTAG buses. By sending a control word to the MMTC from
the tester, we connect the JTAG bus from the external tester
to one of the three buses that transfer test data to the slices.
The test hardware in an MMTC consists of 310 gates.’ For au-
tonomous test of the 3D stack, the MMTC contains an op-
tional control and data buffer (CDB) that stores test data.
This test data is loaded into the buffer after assembly of the
flight computer module.

The assembly test process for the 3D MCM stack proceeds
as follows. First, the external tester enables self-test of the
MMTC. Next, the MMTC tests the JTAG buses connected to
other slices and the other MTCs. Then, it tests the 3D-stack
slices. The external tester initially sends a control word to
the MMTC to choose a slice to test. This connects the JTAG
bus from the external tester to the appropriate slice through
the MMTC. Subsequently, the MMTC sends control words to
the MTC associated with the slice to configure the scan
chains in the slice. Test data is then scanned into the MCM
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Figure 13. Reconfigurable MTC test configuration.
slice from the external tester.  Table 1. Comparison of test strategies for a 3D stack of MCMs.
This technique permits

BIST of a 3D stack by the Strategy Test lines Hardware (gates)  Test time Reliability
MMTC. For autonomous
BIST, a test program running Serial-module scan 4 — T 1
on the CPU performs the ac- Multiple-module control 4 + Log,(N) — <T 4
tions of the external tester. Parallel-module 4N — /N 5
However, the 3D stack can- Serial-MTC 4 N x 240 T 2
not be tested if the MMTC is Parallel-MTC 4N N x 240 /N 6
faulty or if the JTAG bus be- Master-MTC 4 310 + (N-1) x 240 T 3
tween the external tester Reconfigurable-MTC 4+ X N x 460 T 7
and MMTC fails. Also, if the

JTAG bus connected be-
tween a slice and the MMTC fails, the slice cannot be tested.
The next test technique addresses some of these problems.

Reconfigurable MTC test. The reconfigurable test tech-
nique enhances BIST reliability. It provides two test features
in a 3D stack: redundant test lines and a reconfigurable test
architecture. The test ICs in all slices, called reconfigurable
MCM test controllers (RMTCs), are identical. We select one
RMTC as the master test controller of the 3D stack.
Redundant test lines enable testing in the event that some
lines are faulty. All test lines are bidirectional and can be
configured as input or output lines by the RMTCs.

The boundary-scan architecture requires a minimum of
four test lines: TDI, TDO, TCK, and TMS. Our approach pro-
vides additional test lines connected to the RMTCs, as shown
in Figure 13. The test bus is common to all slices in the stack.
In the example shown, we have provided two extra redun-
dant lines.

Each RMTC contains the basic circuitry included in an
MMTC. It also contains circuitry to detect faulty test lines and
configure the test bus appropriately. The RMTC test hard-
ware consists of 460 gates.’ Initially, all the RMTCs perform
self-test in parallel. Subsequently, they mutually verify the
self-test response. Then, they select one of the fault-free
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RMTCs as the master. The master RMTC tests the JTAG bus
and configures the test lines. Subsequently, the 3D-stack
slices are tested by their respective RMTCs.

This test approach fails only when all RMTCs or all test
lines in a 3D stack are faulty, which is highly improbable.
Hence, this test approach is very reliable. Further, the tech-
nique is easily scalable to largersize 3D stacks. Additional
slices can be added and connected to the test bus without
changes to the test architecture of the original slices.

Comparison of test strategies

We now compare the approaches with respect to test
hardware, test time, test lines, and test reliability. We assume
the number of MCM slices in a 3D stack to be /V. We assume
the test scan chains in all the slices are the same length. We
denote the time taken to test a 3D stack using the serial-
module approach as T'and use it as a standard of compari-
son. X refers to the number of extra test lines required by the
technique. Table 1 presents the results.

In the table, “test lines” refers to the number of lines that
must be connected from an external tester to the associat-
ed 3D MCM stack for test application. “Test hardware” refers
to all the additional circuitry (in test ICs) incorporated in
every slice of the stack for enhanced test. Since the addi-
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Figure 15. Redundant JTAG buses in the 3D MCM stack.

tional logic required for test in each slice is not very large,
we can incorporate it in any IC in the MCM slice if we have
the flexibility to do so. The table does not include the logic
complexity of the TAP controller circuitry for the boundary-
scan standard. The table ranks the strategies from 1 to 7 in
test reliability, with 7 being the most reliable.
Serial-module scan is the least reliable approach. The MTC-
based serial-module technique is more reliable but has some
of the deficiencies of serial-module scan test. The master MTC
test technique ranks 3 because faults in the MMTC are cata-
strophic and prevent test of the entire module. The multiple-
module control and parallel-module strategies follow. The
paralle-MTC approach is the second most reliable technique
and requires the maximum number of test lines. Finally, the
reconfigurable test approach is the most reliable and requires
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the most complicated test hardware: the RMTCs.

The number of test lines needed by the reconfigurable
approach is variable and depends on the availability of test
pins on the 3D stack. The test time is minimal for parallel
test strategies because the MCM slices in the 3D stack are
tested in parallel. However, these approaches require the
most test lines, four lines from the external tester to each
MCM slice.

Microavionics stack test architecture

The test strategy implemented for NASA’s 3D microavion-
ics stack incorporates features of the multiple-module con-
trol test technique discussed earlier, with additional
redundant test lines. NASA chose this approach over MTC-
based test strategies due to practical difficulties in procuring
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external tester. A 4:1 demul-
tiplexer connects the exter-
nal TMS line to the TMS lines
corresponding to the differ-
ent slices. Figure 14 illus-
trates this test scheme.

To allow testing of the 3D
stack in the presence of spe-
cific failures in the test lines,
such as line opens, a pair of
redundant buses runs vertically along opposite sides of the
stack, feeding each MCM slice. The two buses are connect-
ed in wired-OR configuration at their destination terminals
in each slice of the stack, as shown in Figure 15. For example,
the TMS line connected to an IC in the /O MCM slice is the
wired-OR of the TMS lines of test buses JTAG1 and JTAGZ in
Figure 15. Thus, if one TMS line is faulty, test control data can
be sent over the other TMS line.

Figure 16 shows the test architecture of the processor
MCM slice. The LIO chip contains a JTAG diagnostic inter-
face with provisions for a JTAG master controller and all
JTAG bus signals. The LIO JTAG bus is controlled by the ex-
ternal diagnostic interface (COP) and the RAD6000 CPU
through JTAG interface registers. Test data is placed on the
LIO JTAG bus by the RAD60000 CPU directly or by an ex-
ternal source through the COP interface. The slice contains
an additional JTAG bus (external JTAG) that can be con-
trolled directly from an external source. This enables easy
test access to the modules even when the JTAG diagnostic
interface in the LIO is faulty.

The external JTAG bus also enables direct observability of
the test data being scanned by the RAD6000 CPU or the COP
into the modules under test. We test the JTAG diagnostic in-
terface in the LIO, the RAD6000 JTAG interface, and the COP
interface by scanning in the test data from the COP or the
processor into the external tester through the external JTAG
bus. This allows diagnosis of faults in the processor’s test
hardware. The internal JTAG bus is configured as the wired-
OR of the external JTAG bus and the LIO JTAG bus as shown
in Figure 16. Hence, while one JTAG bus (LIO or external)
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Figure 16. Test structures in the processor slice.

is scanning the test data into the slices, the other must be
tristated. The LIO chip controls the demultiplexer in the
processor slice.

Figures 17 through 19 (next page) show the test structures
of the other three modules. The DRAM controller in the lo-
cal memory slice is JTAG-compatible. Hence, we scan test
data into the controller and apply it to the data and address
buses of the memory stacks. A similar setup permits exten-
sive test of the SSR module’s memory banks and FPGA con-
trollers. The I/O module has a boundary-scan chain through
the PCI and VME controller ASICs. However, the DR 1773
ASIC is not JTAG-compatible. Figure 19 shows the scan
chain. All the ASICs have BIST capability. The boundary-
scan RunBIST instruction enables BIST of the ASICs.

Microavionics stack test procedure

The test procedure for NASA’s 3D microavionics stack in-
volves detailed test and diagnosis of the test architecture
and MCM slices as well as all related interconnections.

Initially, we test the JTAG test architecture of all the MCM
slices. This involves verifying the JTAG controllers and buses
in all slices. Because the JTAG buses to all the slices are
scanned out through the processor slice, it is essential that we
test the JTAG diagnostic interface in the LIO first. This involves
testing the external JTAG bus, the LIO JTAG bus, the COP in-
terface, the RAD6000 CPU test interface, and the demultiplexer
control. After the test architecture of the processor slice is val-
idated, we check the test setup on the other slices by scanning
in serial data through the associated JTAG buses. This validates
the correct functioning of the JTAG test hardware.
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Figure 18. Test structures in the SSR slice.
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Figure 19. Test structures in the I/0 slice.

Subsequently, we test the interconnections between
slices. We test the PCI bus passing through all the modules,
and the memory data and address bus from the processor
slice to the local memory slice.

After testing all the stack slice interconnections, we test
the slices individually. This process starts with exhaustive test
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Figure 20. Test flow diagram for the 3D microavionics stack.

of the processor MCM slice. The interconnections in the
processor slice are tested first. Next, we test the RAD6000 CPU
and the LIO IC by enabling BS and BIST test. Next, the local
memory slice is tested, followed by the SSR and /O slices.

To generalize the test procedure, we can describe it by
the following recursive algorithm:

Test_Algorithm()

{
1. Test the JTAG architecture of the 3D stack.
2. Test(3D MCM stack).
}
Test(Component)
{ Divide the component into subcomponents.
Test interconnections between subcomponents.
For all subcomponents do
Test(subcomponent)
}

In the first iteration of the subroutine Test( ), a compo-
nent corresponds to the entire 3D MCM stack. First, the in-
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terconnections between the MCM slices are tested. Then
each slice is tested individually. When Test() is invoked
again, a component corresponds to an individual MCM slice.
The subcomponents in this case are ICs in the MCM slice.
Figure 20 shows the test flow diagram. If a test fails at any
step, the external tester diagnoses the fault and repair be-
gins. Subsequently, the complete test routine repeats.

NASA has had the test structures fabricated and has used
them to test the 3D microavionics stack after assembly.
While the spacecraft is in orbit, the RAD6000 CPU can initi-
ate autonomous test of the stack. Personnel on earth can
observe the test data and results communicated through the
external JTAG bus.

THE METHODS we have described greatly enhance the abil-
ity to test stacks in the presence of failures that can inhibit
the operation of the test hardware itself and render the en-
tire stack untestable. Such failures are of great concern in
the fabrication of 3D MCM stacks (as opposed to MCMs
themselves), due to their fabrication complexities, longer
line lengths, and mechanical stresses. Achieving acceptable
assembly yields and meeting product quality requirements
through appropriate test methodologies are critical prob-
lems. We can alleviate both problems by adopting test ap-
proaches that guarantee the integrity and performance of
the underlying packaging technologies. {B&T
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