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Abstract—Multichiplet system-in-package designs have recently received a lot of attention
as a mechanism to combat high SoC design costs and to economically manufacture large
ASICs. These designs require low-power area-efficient off-die on-package die-to-die
communication. Current technologies either extend on-die high-wire count buses using
silicon interposers or off-package serial buses. The former approach leads to expensive
packaging. The latter leads to complex and high-power designs. We propose a simple
bunch-of-wires interface that combines ease of development with low-cost packaging
techniques. We develop the interface and show how it can be used in multichiplet systems.

B CHIPLET-BASED DESIGNS, BASED on the integra-
tion of multiple die in a single package using sys-
tem in package technologies, have recently
received attention as a mechanism to extend
Moore’s law."™ AMD,” Intel.’ Marvell,” and
Xilinx® have announced chiplet-based products.
SoC development costs in newer process nodes
are rising exponentially,’ resulting in limited
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design starts and innovations. To reduce design
costs, designers purchase IC components as
third party IP. Even with IP purchase, analog,
photonic, or RF IC developments in new process
nodes, like FinFet, consume more time and
effort, require more verification, and carry more
risk.>™

Chiplet-based designs can lower develop-
ment cost and time! by decoupling development
cycles of complex SoCs through heterogeneous
integration. In chiplet designs, RF, analog, pho-
tonic, logic, and memory can be developed in a
process node optimized for that specific function.
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Chiplets from multiple process nodes are inte-
grated into a single package to form a product.'™ A
single chiplet can be used in designs across several
process nodes providing economies of scale.
Breaking large chips into multiple chiplets
increases product yield and lowers
total cost of final product.>'°
Chiplet-based  designs incur
higher packaging costs than do
monolithic They also
require interchiplet links to transport
data between chiplets. These links
carry data that would be transported
on-die in a monolithic design. Off-die
data transfers may consume more
energy than on-die data transfers.
Individual chiplets will need
new interfaces for die-to-die communication.
Two classes of interfaces have been developed:

devices.

Interfaces, such as the Intel advanced inter-
face bus'! and the (application-specific) high-
bandwidth memory interface (HBM)'? are
derived from highly parallel on-chip buses
and use many slow wires, each operating at
1-2 Gb/s, to transport data between chiplets.
While they offer design simplicity, these inter-
faces incur higher packaging costs.

Serial interfaces derived from board-level
SerDes links, e.g., PCI express, use a few serial
high-speed wires, operating at 10 s of Gb/s, to
transport data.'®>!? While suitable for tradi-
tional packages, these interfaces are more
expensive to design and potentially experi-
ence higher latency and incur higher power.'®

We propose a new interface, the bunch-of-wires
(BoW) that transfers data at up to 4 Gb/s over lim-
ited trace length up to 10 mm. The authors have
learned (informally) that many companies have
similar internal interfaces. We propose a standard
interoperable definition. The basic interface can
be enhanced for higher data rates by: 1) using ter-
minated impedance matched traces to increase
the data rate per trace without trace length limita-
tion; and 2) using bidirectional data transfer to
again the double data rate. The interface is
described in detail in the “BoW Interface” section.

The BoW interface can combine the best attrib-
utes of parallel and serial interfaces. The interface

A single chiplet can be
used in designs across
several process nodes
providing economies of
scale. Breaking large
chips into multiple
chiplets increases
product yield and
lowers total cost of final

reduces wire count, is easy to design, and can also
be used with inexpensive package manufacturing
techniques. The designer can choose to increase
interface implementation complexity in line with
performance requirements. We discuss the trade-
offs in the “BOW Design and
Reuse” section.

The open-domain specific
architecture (ODSA) is a new work-
group in the Open Compute
Project.'® The ODSA workgroup
aims to reduce accelerator devel-
opment costs by creating an open
interface for interchiplet communi-
cation.!” This will allow product
designers to create best-in-class
accelerators by assembling best-
in-class chiplets from multiple vendors. In the
“System Integration” section, we demonstrate
how the BoW interface can be integrated into the
ODSA reference accelerator architecture. We
start with a review of connectivity and packaging
for chiplets.

product.

CHIPLET CONNECTIVITY AND
PACKAGING

Multichip packaging technologies are of two
types:'™ 1) traditional multichip module (MCM)
packaging; and 2) newer packaging techniques
such as wafer-level fanout (WLFO),'®!® silicon
bridges,® and silicon interposers.'®2

Multichip Modules for Regular Bumps

A traditional approach is the MCM packaging,
where the chiplet dice all sit on an organic (e.g.,
FR4) package substrate and are connected using
the PCB traces on the package substrate. MCMs
have been in volume production at low costs for
decades. The pad pitch of the chiplets on an MCM
substrate typically are 100 um or higher. Such
Chiplets can be screened for known-good-die
(KGD) at the wafer level during the production
with standard test equipment, a major advantage
in improving the yield of the packaged part, and a
major cost saving.

The low pad and trace density of the MCM
package substrate can limit the interchip through-
put. One can use SerDes cores to multiplex lower
rate parallel data into higher speed data pipe over
each package trace. Conventional multi-Gbps
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SerDes incur higher power, area, latency, and
design complexity to achieve this throughput.

Advanced Packaging for Microbumps

Silicon Interposers (e.g., TSMC CoWoS)* or
silicon bridges (e.g., Intel EMIB)® provide higher
density routing between the chiplets than a sim-
ple organic substrate. This allows chiplets to use
microbumps for [0 (with a bump spacing of 50-
80u) to greatly increase the interchiplet band-
width density. In the interposer solution, the
chiplet dice are assembled on top of a large sili-
con chip that acts like the package substrate with
high density routing between the chiplets. In the
case of an embedded silicon bridge, a small slice
of silicon is embedded in the organic package
substrate to provide the same high-density rout-
ing as an interposer, but with a smaller size and
thus lower cost. Silicon-based interconnect solu-
tions are much more expensive
solution than the traditional MCM
packaging.

WLFO,'®' a more recent but rela-
tively simpler packaging technology,
uses a redistribution layer to connect
fine pitch pads for dense interchiplet
connectivity. The redistribution layer
is also used to fanout to regular-size
bumps for lower density connectivity
on a regular laminate.

One challenge with fine pitch inter-
connect is that screening for KGD
before packaging will require denser probe cards
or newer test techniques. However, adequate cov-
erage has been reported for the HBM volume
production.*!

Interconnect Requirements

Based on a survey of current technologies,'®
the requirements for interchiplet interconnect
are as follows:

1. Throughput efficiency: 0.1 Tbps/mm to
1 Tbps/mm.

2. Energy efficiency < 0.5-1.0 pJ/bit.

3. Small silicon area/port for dense integration.
To be pad limited, not silicon limited, for
pitch <120 pm.

4. Trace length range: 1-50 mm for arrangement
flexibility and heat dissipation.

January/February 2020

The BoW interface can
optionally be enhanced

performance. Any
enhanced mode is
required to be bump
compatible with the
basic interface.

We envision two
enhancements suitable
for regular bump 10.

5. Total Latency < 5-10 ns.

6. Minimal complex circuitry to enable easy and
fast port into wide range of process nodes.

7. Single supply compatible with logic Vdd in
existing SoCs/ASICs in popular process nodes.

8. Minimal technology licensing requirements.

BOW INTERFACE

The BoW specification is a simple, open, and
interoperable interchiplet interface technology
that meets the requirements listed above. The
content of this section expands by Farjad and
Vinnakota?? and is complementary to the con-
tent of Kuemerle et al.??

BoW Interface

The BoW interface uses the simplest form of
CMOS I0s. A BoW implementation is expected to
be easy to port to multiple pro-
cess nodes. At the transmitter,
a CMOS inverter is used to
send full levels of Gnd and Vdd,
for 0 or 1 logic values respec-
tively, to generate single-ended
NRZ (non-return-to-zero) sig-
naling. At the receiver, a CMOS
Latch is used to latch in the
received signal at the source-
synchronous clock edge. The
latching of the received data
can be done on both edges of
the clock (DDR) and as a result
the clock runs at half the data baud rate.

Because no line termination is used in the
BoW Base, the signaling baud rate (Gbaud) and
trace roundtrip delay (ns) product is relatively
fixed, which is a function of the signal baud and
slew rate. In most CMOS IOs, this “Gbaud x nsec”
product is 0.20-0.4 depending on the signal slew
rate. For example, a BoW Base with 2 GBd signal-
ing, the practical trace delay will be 0.10-0.2 ns
(0.20/2-0.40/2 GBd). This roundtrip timing delay
is equivalent to 10-20 mm over a typical FR4 sub-
strate. If we can limit the die-to-die distance to
10 mm, the BoW Base data rate can grow to
4 GBd at a clock rate of 2-GHz DDR. At very short
trace lengths, ~ 1 mm, the BoW base data rate
can go as high as 8 GBd, but more complex
clock-data alignment circuitry may be required.

for the better
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Figure 1. BoW interface operating modes.
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Enhanced Modes

The BoW interface can optionally be
enhanced for the better performance. Any
enhanced mode is required to be bump compati-
ble with the basic interface. We envision two
enhancements suitable for regular bump IO.
When used with regular bumps, the circuitry per
bump may be larger than the area of the pad for
a microbump. Figure 1 captures the relationship
between the basic and enhanced modes.

BoW Terminated (BoW TD) By designing the
traces to have a fixed characteristic impedance
(typically ~50 ), and terminating them, we can
suppress most of the signal reflections, thus,

removing the constraint of being able to drive

the fixed baud rate (GBd) and trace timing delay

(ns) product. As a result, a terminated link can

push the data rate higher for longer trace

lengths. This enhancement is called BoW TD.

BoW Bidirectional (BoW BiDi) Most physi-
cal interfaces instance offer symmetric band-
width in both directions. BoW BiDi leverages
this by using simultaneous bidirectional signal-
ing. Data are transmitted in a physical channel

in both directions simultaneously,
every port is both an input and out-
put port. A hybrid block, placed
between the pad and BoW Tx/Rx
ports, creates a Bow BiDi port that
separates the receive and transmit
signals. BoW BiDi provides a maxi-
mum aggregate (i.e., receive +
transmit) throughput twice that of
BoW TD over one set of wires. BoW
BiDi can provide up to 32 Gb/s per
trace with a DDR clock of 8 GHz.

BOW DESIGN AND USE

BoW can offer a graceful tradeoff
of packaging versus circuit design,
as shown in Figure 1 below. BiDi
mode adds IP design complexity,
but doubles the data rates. We
show that BoW Basic with micro-
bumps and BoW BiDi with regular
bumps offer very similar perfor-
mance at similar total costs. Our
discussion on the BoW design and

use focuses on these two modes.

Bump Maps

A BoW Slice has two clock ports per 16 data
ports. The BoW specification itself does not
specify a bump map. Figure 2 shows a bump
map for a BoW slice. We expect a bump map to
be suitable for all BoW modes. Multiple slices
can be stacked vertically or linearly, to achieve
higher throughput per mm at the die edge. All
other modes of BoW are expected to be compati-
ble with BoW Basic.
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Figure 2. BoW bump map.
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Figure 3. MCM versus 2.5D Packaging costs.

Packaging

BoW can be used with both traditional lam-
inate and advanced packaging technologies.
Figure 3 compares the relative costs of: 1)
organic laminate with 6-2-6 substrate; 2) a sim-
pler substrate where WLFO is used for dense
interconnect; and 3) silicon interposer for an
example package with four chiplets. The mod-
els use confidential manufacturing data avail-
able to the authors. These models are used to
estimate the performance and package costs
of combinations of BoW modes and packaging
technology.

Figure 4 examines the tradeoffs of the BoW
technology with various types of packaging. Band-
width calculated for 5-, 16-, 32-Gb/s operation
using BoW standard footprint at
130- and 55-um pitch. Package
costs estimated using proprietary
cost models available to the

_§ BoW_55_12
authors, based upon expected @
build-up requirements, are shown
in a relative value to each other. 2 Bowl5s
The cost models assigned more
cost to more complex laminate o Bow 554

wire counts, assuming they lead
to more layers. For example,

with similar attributes that have been imple-
mented and lab tested.

BoW basic mode is a simplified version of
many DDR interfaces in production today, for
example, DDR, LPDDR, and GDDR memory inter-
faces operate with very similar clocking and
clock/data relationships at high baud rates (e.g.,
16 GBd) from module to module. BoW has the
advantage of lower skew signal routing on sub-
strate and no discontinuities caused by addi-
tional package and board components, along
with being implemented wholly in technologies
better suited for 10 and clocking than DRAM.

AQlink a die-2-die interface by Aquantia uses
both terminated and bidirectional transmission
lines as proposed in BoW BiDi. AQlink was imple-
mented on 14-nm silicon and the measured per-
formance data serves as a reference point'® for
BoW BiDi. Based on the simulation and silicon
measurements on AQlink, BoW BiDi can comfort-
ably operate at 16 GBd over a trace length of
~50 mm. The trace length limitation is caused
by high-frequency signal attenuation, which can
be addressed by equalizer circuits. Because the
maximum BoW baud rate is significantly lower
than other solutions (e.g., XSR at 56 GBd), it can
use very simple and low-power equalizers
relatively.

Bandwidth and Cost Comparison

using the WLFO technology adds
additional wafer-level processing
cost, but reduces substrate layer
counts, reducing overall cost in
some cases.

Expected Performance

We believe reasonable esti-
mates of performance can be
extrapolated from interfaces

January/February 2020
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Figure 4. Packaging tradeoff with BoW.
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Table 1. BoW parameters.

Point

BoW Mode Basic BiDi

Data rate/bump 5 Gb/s 32 Gb/s
Bump type micro bump regular bump
Minimum pad

pitch 55 um 100 pum
Single supply 0.7-0.9 V (:5%) 0.7-0.9V (£5%)
voltage

Power efficiency 0.4-0.7 pJ/bit <0.70 pJ/bit
Substrate Organic/WLFO/Silicon Organic
Max Trace

Length 10 mm 50 mm
Max 1.76 Tbps/mm
Throughput/ 1‘:1%T?,?C S}{ri?lrgegsi;::) (130 pum pad pitch,
Chip Edge padp P organic)
Power & Area/

Tbps (14 nm/ <600 mW, 1.01mm?” <600 mW, 0.73 mm?
0.7V)

BER (No FEC) <1E-15 <1E-15
Latency (no FEC) <3 ns <3ns
ESD/(.:SM 250 V/50 V 250 V/50 V
Requirement

Silicon Proof multiple GF 14 nm
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Table 1 captures the parameters for BoW
Basic with microbumps and BoW BiDi with regu-
lar bumps.

BoW BiDi can provide over 1.76-Tbps/mm bidi-
rectional throughput per chip edge with a stan-
dard bump pitch of 130 um. The same IP Core
provides a maximum throughput of 0.88 Tbps/mm
with BoW TD, and 0.22 Tbps/mm with BoW base.

Technology Discussion

Relative to parallel interfaces, BoW can
achieve high bandwidth and power efficiency
without requiring expensive silicon interposers
or bridges. The different modes of BoW allow
implementers to trade off I[P complexity and
package complexity options to find the right fit
for their chiplet. Specifically, each version of
BoW technology has the effect of reducing the
bump density requirements, simplifying test
support. This is evident when we compare four
rows of BoW on organic with four or eight rows

of BoW using fine pitch interconnect with WLFO
technology, where fanout can provide a similar
cost/bandwidth solution to four row implemen-
tations of Bow TD.

Relative to SerDes interfaces, BoW achieves
bandwidth efficiency without the complexity
and latency of multilevel PAM that needs FEC.
By being easier to design, we believe BoW is
more easily ported across multiple process
nodes, a key requirement for the heterogeneous
integration.

PAM4 signaling typically leads to undesired
error rates (e.g. >1E-9) that mandates the use of
forward error correction (FEC).'>!* FEC not only
increases the link power, but also increases the
link latency. Based on silicon results using simi-
lar bidirectional interface (i.e., AQlink), BoW
BiDi, using NRZ signaling, can operate at BER
<1E-15, acceptable in most use cases. If better
error rates are required, FEC codes can be used.
A proposed Reed-Solomon?* FEC code of RS
(34,32,8) can correct one error within its RS
frame of 272 bits (34 x 8 bits). In this case, an
input BER = 1E-15 is equal to an input frame
error rate (FER) of 2.72E-13. The proposed RS
frame remains uncorrected after RS decoding if
there are two or more random errors across the
frame. The frame error probability of such event
is (2.72E-13)? or FER = ~7.4E-26, which is equal
to BER = ~2.7E-28. Such low BER is acceptable
for all practical purposes, but the FEC incurs
power and latency overhead.

In summary, BoW is area, power, and band-
width efficient, offers a graceful tradeoff of design
versus packaging costs, and combines the best
attributes of parallel and serial interfaces.

SYSTEM INTEGRATION

Multi-chiplet products are usually motivated
by one of the two following requirements:*

+  Board-to-Chiplets: A need to reduce the foot-
print, power, and cost of a board product.

+ Die-to-Chiplets: A large and/or complex
design that needs to be partitioned to reduce
manufacturing and/or design costs.

Multichiplet products require both physical
connectivity and logical data transactions
between the chiplets in a package.

IEEE Micro
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Figure 5. Open domain-specific architecture stack and PIPE adapter.

Domain-specific architectures have recently
received renewed attention.?® The ODSA aims
to create a chiplet marketplace to enable
domain-specific architectures to be created by
integrating best-in-class chiplets from multiple
vendors. The marketplace will be enabled by
developing an open interface so chiplets from
multiple vendors can interoperate easily. The
ODSA stack aims to support open physical and
logical data transactions between the chiplets
in a package. Figure 5 shows the interchiplet
networking stack under development.

We demonstrate the use of the BoW interface
for an example design for the first case, board-to-
chiplets. In this approach, the PCle transactions
between chiplets are executed over the interchip-
let BoW PHY, rather than the long range PCle PHY.

Pipe Interface Adapter

The PHY interface for PCI Express (PIPE)?’ is
an open standard interface defined between PHY
physical coding sublayer and media access layer
(MAC). The PIPE interface serves as an abstrac-
tion layer between the PHY implementation and
higher layers of the interface.

If an interchiplet PHY supports the PIPE inter-
face through an adapter, the MAC and transaction
layers of the PCle protocol can be run over the

January/February 2020

interchiplet link. (The adapter will match the bit-
width the data rates of the PIPE interface to the bit-
width and data rates of the PHY.) This implies two
chiplets connected by PHYs with PIPE adapters
can use the PCle protocol for data transactions, as
used in board-to-chiplet designs, as well as any
protocols that use the PCle for data transport.

The use of a PIPE adapter for interchiplet links
was first proposed by Kandou corporation for its
USR SerDes.?® More recently, Intel announced
support for a low-power mode for interchiplet
(and intrapackage) PCle links on PCle PHYs.*’

Figure 5 shows the functionality required by
an adapter. The adapter maps the interface data
to a 16-bit BoW Turbo slice. The PIPE specifica-
tion defines two types of interfaces, parallel and
SerDes. Figure 5 shows the clock rates for PIPE
adapter that maps PCle Gen 4 lanes to a 16-bit
Turbo BoW slice through a 40-bit SerDes inter-
face. At the data rates shown, a single BoW
Basic/Turbo slice can transport 4/32 PCle Gen
4 Lanes. With this adapter, a design can poten-
tially use a commercial controller?® to execute
PCle transactions over a BoW interface.

System-Level Impact
The ODSA is building a proof-of-concept
(PoC) multichiplet product with chiplets from

21

Authorized licensed use limited to: Intel Corporation via the Virtual Library. Downloaded on October 19,2021 at 17:39:20 UTC from IEEE Xplore. Restrictions apply.



Hot Interconnects 26

512G

CPU 400G Network 400G LR Adapter 400G
| | | |
9 Or——o0
o
- B 8

DRAM (internal or
external)

omain-Specific
Accelerator

Figure 6. ODSA PoC prototype.

multiple vendors. The first prototype will use die
produced to be standalone product as chiplets.
A block diagram of the reference design used in
the PoC is shown in Figure 6. The PCle Gen 3 pro-
tocol is the logical interface between the compo-
nents, with the exception of the network I/0.
The reference design targets SmartNIC and net-
work storage use cases.

The second-generation implementation of the
ODSA reference architecture will use a low-
power interchiplet PHY. Figure 6 shows the esti-
mated internal bandwidth requirements for the
reference design. The 1:1 ratio for bandwidth in
links between significant components and 1:2
ratio for bandwidth to memory is consistent
with designs for two use cases:

+ In the Google TPU accelerator, the host-accel-
erator bandwidth is 14 GB/s. Correspondingly,
the link between the unified buffer and the
host interface is 10 GB/s, the memory band-
width is 30 GB/s.*

Table 2. BoW system benefits.

Interface parameters
PHY PCle BoW Basic BoW TD BoW BiDi
Trans. Protocol PCle4 PCle4 PCle4 PCle4
pJ/bit 7.5% 0.6(est) 0.7(est) 0.6(est)
Cost of 512 Gb/s interface
(2 x 16 PCle Gen4 lanes, Tx = Rx = 512 Gb/s)
Power 3.84 W 0.3W 0.35W 0.3W
Bump count 416 104 54
Area sq mm. 3.9 5.1 1.8 0.9
Impact on PoC (3 x 512 Gb/s interfaces)
Total power 11.5W 0.9W 1.05W 0.9W
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+ Innetworking applications, a minimum size 40-
Byte packet (which occupies 64 Bytes of wire
bandwidth) will result in accessing a 20-Byte
5-tuple from memory in IPv4 networks.

The BoW interfaces can be used to support a
board-to-chiplets use case. A BoW interface with
a PIPE adapter can support PCle Gen 4 for inter-
chiplet communication. This change will require
new die that implement the BoW interface, but is
transparent to the application software. Table 2
estimates the total power savings from using the
BoW interface for PCle Gen 4 transactions
instead of a traditional PCle PHY>! in the ODSA
reference architecture.

+ Arrows in green are interchiplet PCI links,
rounded up to 512 Gb/s to estimate power costs.

+ Arrows in gray are links to memory, not
included in the estimate, though they can
also be BoW interfaces.

+ Arrows in yellow are off-package interfaces.

CONCLUSION

We proposed a new open BoW interface for
inter-Chiplet communication. The basic interface is
derived from the HBM specification. The Termi-
nated and BiDirectional modes increase the speed
of the basic interface by 4x and 8x. The BoW com-
bines the process portability of parallel interfaces
with the easy packaging attributes of serial interfa-
ces. The definition offers a tradeoff—BoW allows
designers to start with a basic interface and add
either more complex IP development and/or more
complex packaging technology to maximize edge
and substrate data bandwidth. Our next step with
this interface is to build a test chip, potentially with
a PIPE adapter and a commercial PCle controller.
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