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Abstract

This paper describes DFT/DFD/DFM  strategies
implemented on a 40Gbps framer chip. The device is a
1500 pin, over 10M gate SoC with multiple PLLS/DLLs and
2.5GHz 10s. Some novel techniques were required to
ensure quality and manufacturability.

1. Introduction

As IC technology shrinks, designers are putting highly
complex functionality on a single chip [1]. In the ASIC
world, System on Chip (SoC) designs are now increasingly
common, especialy in the communications area. Telecom
designs are combining functions performed by multiple
chips in the previous generation, leading to increased sys-
tem efficiency and decreased costs. Current technologies
have resulted in telecom chips with greater than ten million
gates, analog and digital 1P cores, large memories and high
speed interfaces. In addition, these SoCs have large pin
counts and complex, expensive packages.

Testing telecom SoCs has multiple problems. First,
large pin counts and high speed interfaces require expen-
sive testers not readily available in test houses. Even if
available the costs can be prohibitive for fabless companies
that out-source testing. As a result, quality test strategies
must be designed to enable chip testing on less expensive
main-stream testers.

Second, telecom SoCs can cost thousands of dollars
each, and go into systems costing $50,000 or more. In such
cases, chips are expected to have field escape rates of less
than 100 DPM. Thisis a mgjor hurdle to overcome: state-
of-the-art SoCs tend to have low yields, implying lower
reliability and higher chances of test escapes [2,3,4,5].
Hence, to ensure low DPM numbers, two things are neces-
sary: design for manufacturability (DFM) methods to
improve yield; and design for testability (DFT) strategiesto
rigorously test die in order to weed out escapes.

Third, the complexity of SoC devices makes it harder
to bring up designs on the bench for system-level valida-
tion. However, given market pressures, allocating several
months for design debug is not possible. This is especialy
true if anew spin is necessary to make a device samplable.
In order to shorten the validation process to two to three

weeks, it is necessary to implement Design for Debug
(DFD) features on chip.

This paper discusses the DFT/DFD/DFM features that
were implemented on a large telecom SoC, internally
referred to as Blackbird. It also describes the various area
and design complexity trade-offs that went into the design
process. Section 2 begins with an overview of the Blackbird
SoC design. Section 3 talks in detail of the various DFT/
DFD features and their trade-offs. Section 4 describes the
DFM methods implemented on the chip to improve yield
and reliability. Conclusions are provided in Section 5.

2. SoC Overview

The Blackbird is a STS-768 SONET framer, designed
for 40Gbps packet-over-SONET (POS) applications. The
device can also operate as four STS-192 framers for quad
10Gbps operation, which enables a smooth migration from
10Gbps to 40Gbps with minimal changes to the line card.
The chip aso includes data engines for PPP (Point-to-Point
Protocol) encapsulation and HDLC (High Level Data Link
Control) data framing, both in the 40Gbps and 10Gbps
modes. In traditional non-SoC designs, framer and data
engine functions are performed by two different ICs.

In a typical application, the device interfaces to four
network processors on the system side, and an optical mod-
ule on the line side (Figure 1) which connects to a SONET
ring.
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Figure 1. Blackbird block diagram.

The system side interface is based on the SPI-4 Phase 2
[6] specification, and consists of 64 LVDS inputs and out-
puts operating at 800 MHz data rate (400MHz DDR). The
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optical interface adheres to the SFI-5 [7] standard. On both
the transmit and receive side, this interface consists of 4
2.5GHz clocks and 20 10s operating at 2.5GHz. The trans-
mit interface operates off a single 2.5GHz PLL. However,
dueto board-level skew tolerance built into the SFI-5 spec-
ification, the receive side consists of 4 PLLs and 20 DLLs,
each operating at 2.5GHz. The device has over 10 million
gates, and about 180K bytes memory on chip. It is manufac-
tured in a 9-metal 0.13um CMOS process. The asic has a
total of 1500 pins, and is packaged in a 45mmx45mm Flip
Chip BGA. The chip power consumption is 8 Watts. Figure
2 shows a die photo of the blackbird.

Figure 2. Blackbird die photo.

3. Design for Test and Debug Features

As indicated in Section 1, a rigorous test methodology
was heeded to ensure that the Blackbird met DPM require-
ments. This section discusses the Blackbird's DFT and DFD
implementation in detail.

3.1 Scan and Memory BIST

To meet DPM requirements, full scan methodology
was an obvious choice for the SoC, especially given that the
bulk of the clock domains were under 200MHz (i.e timing
was less of an issue). However, the design with its 371,000
flip-flops taxed the limitations of the ATPG and gate level
simulation tools.

The final design used 85 scan chains and test pattern
generation took 6 days on a 64-bit 400MHz Ultra-Sparc
machine. The resulting fault coverage was over 99.5%. Due

to the presence of multiple clock domains, static timing
could not be used to verify scan vectors on the final delay-
annotated gate-level netlist. Instead, gate-level simulation
was employed, taking close to 10 CPU days. The use of full
scan added 3% to the random logic area.

Standard off-the-shelf memory BIST controllers were
used to test the memories. Each block had its own indepen-
dent controller, programmable via the JTAG interface. All
memories on chip were 2-port FIFO structures with ports
operating asynchronously. Since most testers are unable to
provide two asynchronous clocks, memories were not
tested at speed.

3.2 1ddq

Iddg has become an established test methodology in
the ASIC world to catch defects and reliability problems
not caught by other test methodologies [8,9,10,11]. How-
ever, the use of 1ddq for the Blackbird presented a problem.
Two types of leakage currents exist in the 0.13um manufac-
turing process - subthreshold currents for transistors in the
off state, and gate leakage for on transistors. Given the
number of transistors on the chip (greater than 50M) it was
likely that the leakage current would swamp any |ddq infor-
mation.

The effectiveness of Iddg can be significantly
enhanced by the use of current signatures [12,13]. How-
ever, it was uncertain whether the size of the current signa-
ture steps could be adequately resolved in the presence of
all the background current in the Blackbird.

To overcome this potential problem, it was decided to
break the power grid on the die into multiple power grids
and to isolate them from each other. Asistypical, the ana-
log power grid was separated from the digital grid. In addi-
tion, the digital power grid itself was broken up. The design
had nine digital sub-blocks, and blocks were grouped into
the various power grids. The top level circuitry was aso
divided into these grids. Each grid can be operated indepen-
dently for Iddg, thereby reducing background current and
enhancing fault detectability.

Breaking up the power grid required considerable work
at the design level. First, the gate-level netlist had to be bro-
ken into multiple power gridsin order for the LV S verifica
tion to work. Second, a complex IR-drop analysis had to be
performed to ensure that voltage levels did not change
abruptly between connected gates working on different
grids. Third, considerable effort had to go into the package
design to maintain the multiple grid scheme at the package-
level. This required close interaction between RTL and
package designers, and was possible only because package
design was done in-house. Finally, 1ddq patterns had to be
generated independently for the logic associated with each
grid.
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The multiple power plane strategy took time and effort
to develop, but is now incorporated into a standard design
flow for use in future products.

3.3 Functional Test (Tester on Chip)

Telecom ICs generaly consist of atransmit path and a
receive path. As aresult, Pseudo Random Binary Sequence
(PRBS) data generators and verifiers are commonly used in
telecom designs to test the design at both the chip and sys-
tem level [14]. By employing loopbacks between transmit
and receive paths at various points in the system or chip,
problems can be isolated to a particular die or to a func-
tional block within adie.

Such PRBS generators and verifiers can be used for at-
speed functional testing. However, the nature of this solu-
tion does not allow for an exhaustive functional test. In
addition, PRBS systems give only limited visibility into
design problems (it can isolate failing blocks, but not fail-
ing logic). As aresult, it was decided to build a more com-
plex data generator and verifier system into the Blackbird.

3.3.1 Data Packet Generator (DPG)

The data generator on the Blackbird is designed to gen-
erate HDLC packets instead of PRBS data. This alows the
chip to be tested under realistic data conditions. The packet
generator is located at the beginning of the data path, right
after the SPI-4.2 interface, and before the transmit data
engines (Figure 3). It is highly programmable and can gen-
erate packets of various sizes, forms and patterns. The sizes
can take the following options:

 fixed size packet - size of packet isfixed and specified
by the user.
* incremental size packet - size of the generated packet

increments with each clock cycle (by 4 bytes for
10Gbps; 16 bytes for 40Gbps).

e pseudo random size packet - packet size varies as set
by a 32 bit PRBS.

The patterns within the packets can take on several for-
mats. The basic pattern size is 32 bits for 40Gbps and 8 bits
for the 10Gbps modes. The patterns can be of three types:

 fixed patterns - patterns with a user specified value.

* incremental patterns- pattern valuesincremented with
each clock cycle.

¢ pseudo random patterns - patterns generated by a 32
bit PRBS.

The inter-packet gap is also programmable, as is the
number of packetsto be generated. A continuous mode also
exists where the packets are continuously generated.

All the above options were extremely useful for design
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Figure 3. Data Packet Generator/Verifier Loopbacks.

debug. The fixed pattern mode was used to bring up the
chip on the bench in two days. Other modes were used to
test chip performance for small and large packets, and dif-
ferent data rates. The incrementing pattern mode was
instrumental in isolating signal coupling failuresin the sys-
tem. Intotal, about seven dayswere required to bring up the
chip on the bench.

Functional testing is performed using the random
packet, random data mode. Preliminary results indicate that
thistest is able to catch failures not detected by other tests.

3.3.2 Error Injector

The packet generator has an option to introduce simple
bit errors in the generated patterns. The intentional errors
change the patterns slightly from their origina values as
expected by the verifier. This option is used as a smple test
to determine whether the verifier is functioning and is able
to measure bit error rates accurately.

The die also has a more sophisticated error injector on
chip. This module injects errors directly into the SONET
frames. Errors can be injected randomly within a frame or
on a given bit or byte, and can be repeated across bytes or
frames. An error can also be injected in specific locations of
the frame, e.g., in the Section Overhead, Line Overhead, or
Synchronous Payload Envelope. In addition, the duration
(number of cycles) in which the errors are injected is con-
trollable. The primary purpose of the error injector is not so
much to test the packet verifier, but to provide a mechanism
to test bit error rates at the system level.

3.3.3 Data Packet Verifier (DPV)
The purpose of the packet verifier is to receive the



packets produced by the generator, and to measure error bit
rates, error byte rates, and number of good packets. In addi-
tion, at the system level, it is able to measure the number of
times synchronization is lost when data is sent across the
SONET ring.

Since data coming to the verifier is not PRBS gener-
ated but packets of various types and sizes, the verifier
works by incorporating a full second packet generator
within its module. This second generator is identical to the
original packet generator: both have the same PRBS's for
packet size, pattern, and packet gap. When turned on,
options programmed for the first generator are similarly
applied to the second generator. The verifier also sits after
the SPI interface on the transmit side. In thisway, it is able
to verify data going through both the SFI and SPI interfaces
in externa or internal loopback.

The second generator, internal to the verifier, switches
on as soon as data from the original generator arrives at the
verifier. At this point incoming data is compared to the
locally generated data. If patterns match within a user
defined bit error limit, the verifier goes into "sync" mode.
The verifier then starts to derive the bit error rates and byte
error rates. (Bit and byte error rates are counted to distin-
guish between single errors and clusters of errors.)

If the bit error rate goes above a user defined limit for a
given number of cycles, then the verifier goes out of sync
and assumes the packet is bad. It then attempts to resync
with new incoming data. The advantage of allowing sync to
occur even with the arrival of errors is that the user can
acquire an accurate measurement of data dropping by the
communication medium, e.g., fiber. During functional test,
however, when there is no fiber, error rates and out of sync
rates must be zero. Otherwise the dieis rejected.

The packet verifier is much bigger than the generator
and has an impact on die size. The verifier gate count goes
higher due to two reasons. Firgt, it has to incorporate a full
packet generator to be able to sync with incoming data.
Second, it hasto deal with packed data. The data engines on
the transmit side are supposed to pack packets back-to-back
to increase the efficiency of the network. However on the
receive side, unpacking is done such that inter-packet gaps
are not always maintained. This creates problems for the
verifier. The internal data bus on the chip is 32 bytes - the
data verifier has to look at all the 32 bytes in paralel to
weed out idle bytes and identify the next data bytes.

The packet generator and verifier thus act as a built-in
tester and can be used for at-speed functiona test. This
negates the need for expensive testers with large per pin
memory and high speed 10s.

The total gate count of the packet generator and veri-

fier is close to 300,000 gates. This is approximately 3% of
the standard cell area of Blackbird.

34 10 BIST

As indicated in Section 2, the chip has 5 PLLs and 20
DLLs operating at 2.5GHz. In addition, the transmit and
receive paths both have 20 10s operating at similar speeds.
While testers working at 2.5GHz are available, most are
limited to testing only one or two pins at that speed. Using
testers with 40-50 2.5GHz 10s is prohibitively expensive.

To mitigate this problem, an 10 BIST feature was
incorporated into the design. The BIST can be programmed
to send 16 four bit patterns to each SFI-5 output in a contin-
uous manner. On the receive side, the BIST can capture
data from each SFI-5 input. Thus, in an external loopback
mode, with inputs tied to outputs, al 2.5GHz 10s can be
tested simultaneously. Since the clock output frequency is
622MHz (quarter speed), the entire SFI-5 interface can
therefore be tested on a standard tester with a maximum
speed of 622 MHz.

The 1O BIST was also useful for debug - it was used to
bring up the SFI interface on the bench within days. It has
also caught failures - the complexity of the SFI-5 interface
makes it susceptible to parametric failures.

3.5 Burnln Mode

A burnin mode was added to the chip to ensure reliabil-
ity [15,16]. In this mode, scan chains are made active
through on-chip LFSRs, and the memory BIST loops con-
tinuoudly through its patterns. The overal toggle coverage
was estimated to be about 98%.

3.6 Additional Diagnostics

Beside the diagnostic ability provided by DPG/DPV,
other diagnostic mechanisms were aso built into the chip.
The SoC has a 16 bit diagnostic bus to bring out data from
various design points. In addition, a very large number of
shadow registers were used to capture data at internal
points. These registers can be read through the CPU inter-
face.

4. Design for Manufacturability

As seen above much effort was employed enhancing
the testability and debug of the product. In addition the
manufacturability of the device was aso enhanced to
increase the product yield. Yield is also related to test
escapes [2,4,17,18,19], and the higher the yield the lower
the probability of a faulty die reaching the field. Manufac-
turability enhancements were performed in a number of
areas including: relaxed design rules, redundant vias, and
metal fill.
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4.1 Design Rule Modification

In previous work it has been noted that relaxing (i.e.,
increasing) the metal pitch in the technology file of the
place and route tools can significantly reduce the suscepti-
bility of adesign to defects [20,21,22,23,24]. Often this can
be done without a penalty in die area. In fact relaxed metal
routing pitch tends to force routers to more evenly distrib-
ute interconnects across metal layers (rather than concen-
trating interconnects on the lower metal layers).

Yield increases owing to relaxed metal pitch have been
estimated on some designs to be as high as 15% [23]. For
this design, the optimal increase in metal pitch without die
area penalty was determined experimentally. The subse-
quent yield increase was found to be over 25%. The main
reason for such alarge increase is that the yield was low to
begin with, owing to the large size of the design.

An additional benefit of the increased metal pitch isthe
reduction in crosstalk. In this design, crosstalk analysis
using commercial tools detected virtually no problems at
the block level. Only at the top level was the layout modi-
fied for crosstalk, and then only in a few places. Thus tim-
ing closure was significantly simplified using the relaxed
metal spacing.

Figure 4 shows an example layout with relaxed design
rules. Only metal layers 2, 3, and 4 are displayed along with
their vias. Note that only metals 3 and 4 use relaxed design
rules; metal 2 uses minimum design rules.
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Figure4. Example layout with relaxed design rules,
redundant vias and dummy metals.
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4.2 Redundant Vias

Viafailures can be an issue in the 0.13um process due
to dual damascene copper processing. In order to minimize
this problem, it was decided to apply redundant vias liber-
aly. In the analog circuitry much effort was spent manually
inserting redundant vias into the layout. In the digital areas,
a software program was developed to automatically insert
vias after the place and route was finished. The program
would look at every via, identify if it was possible to make
it redundant and then make the fix. This program was writ-
ten in-house because at the time of tapeout, commercial
options did not exist or worked poorly. The program was
able to apply redundancy to 75% of the vias. (For the upper
metal layers redundancy was applied to over 90% of the
vias.) This number was high mainly because of the use of
relaxed metal spacings. Figure 4 shows examples of redun-
dant viasin the metal 2 and meta 3 layers.

4.3 Metal Fill

Inserting metal fill in layouts is done to minimize over
or under etching during chemical polishing and is a rela-
tively common practice. Thisis typically done consistently
over the digital circuitry and more sparingly over the analog
circuitry. The latter is more susceptible to charges collected
on the dummy metal polygons (less of a problem in a cop-
per process than in an aluminum process).

As with the insertion of the redundant vias, the metal
fill insertion was done with an in-house program. In the
digital areas this program was liberal with its metal inser-
tion. In the analog areas, owing to the high speed nature of
the design, the program skipped adjacent layer(s) on those
parts designated as sensitive. In very sensitive areas the
analog designers were asked to insert their own fill or
dummy structures where used. Figure 4 shows examples of
metal 2 dummiesin the digital area.

5. Summary

This paper describes the DFT/DFD/DFM implementa:
tion on a 10-plus million gate, 1500 pin Telecom ASIC. In
addition to standard DFT techniques, novel methods were
used to ensure high test quality. These included on-chip
packet generators/verifiers for at-speed functiona testing,
and multiple power planes for Iddq testing. In addition,
high speed 10 BIST was implemented to enable testing on
standard testers.

DFM techniques were also used on the ASIC to
enhance yield by 25%, and subsequently to improve reli-
ability. In addition, DFD techniques were applied that sub-
stantially accel erated system bring-up on the bench, thereby
reducing time-to-market
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