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Editors’ note:

The high-performance benefits of asynchronous design have hitherto been
obtained only using full-custom design. This article presents an industrial-
strength asynchronous ASIC CAD flow that enables the automatic synthesis
and physical design of high-level specifications into GHz silicon, greatly reduc-
ing design time and enabling far wider use of asynchronous technology.
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M DesPITE THE NUMEROUS asynchronous designs
that have demonstrated substantial benefits over
their synchronous counterparts, widespread adoption
of asynchronous logic has been significantly ham-
pered by the lack of CAD tools and the challenges
of managing asynchronous-synchronous interfaces.
This article describes Proteus, an asynchronous
ASIC CAD flow, developed by TimeLess Design Auto-
mation. The flow’s objective is to achieve two to three
times higher performance, namely 1.1 GHz in a TSMC
65-nm process technology, than typically possible for
synchronous counterparts. Proteus is based on a pro-
prietary cell library of domino logic and asynchro-
nous control cells—small collections of gates sized,
laid out, and characterized as single library cells,
designed to implement robust high-performance
pipelined circuits.' The Proteus flow leverages both
synchronous synthesis and place-and-route tools
and, as a starting point, supports legacy register trans-
fer language (RTL) designs as well as Fulcrum Micro-
systems’ proprietary higherlevel language based on
Communicating Sequential Processes (CSP).

Similar automated design flows, developed by
other researchers,? have targeted a range of perfor-
mance and start from a variety of high-level languages.
One flow, developed by Handshake Solutions, starts
with Haste, a language similar to CSE but which gen-
erally targets low-power, lowerperformance designs.’
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Another example, a flow by Cortadella
et al.,2 starts with RTL and targets low-
power single-rail micropipeline tem-
plates,4 which achieve similar perfor
mance to the comparable synchronous
design. The effort most like ours is
Boston University’s Weaver project,’
which targets high-performance pipe-
lines using quasi-delay-insensitive tem-
plates. Compared with the Weaver
flow, the novel aspects of our flow include the ability
to start with CSP which is more expressive than RTL;
a novel clustering algorithm that reduces area, latency,
and place-and-route complexity; and a performance-
driven place-and-route back end. The sidebar,
“Bridging the Gap between Asynchronous Research
and Industry Application; offers more information.

In this article, we describe the potential benefits of
achieving high-performance asynchronous designs
from high-level specifications. As we explain, a key
advantage of asynchronous designs stems from break-
ing the traditional alignment of flip-flops in synchro-
nous implementations. The result is typically shorter
critical paths in asynchronous implementations
from the same RTL. This critical path is often referred
to as the algorithmic cycle, and its relative shortness is
the origin of the high-performance capabilities of the
resulting circuits.

In an overview of the Proteus flow, we describe a
novel syntax-directed approach for translating high-
level CSP programs into synthesizable RTL and dis-
cuss how we adapt commercially standard synthesis
tools to create a synchronous-image netlist. The core
of the flow is a new tool called ClockFree, which trans-
lates the image netlist into its asynchronous target
netlist, optimizing for both latency and throughput
constraints, and generates timing constraints on the
target netlist that guarantee performance. Finally, we
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describe how we couple Clock- y
Free with commercially standard

place-and-route tools to produce
a final layout that meets our
gigahertz target.
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within a larger Proteus block.
This hierarchy support enables
the Proteus flow to scale and
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ultimately be used through-
out the high-performance data
path of Fulcrum Microsystems’

next-generation Ethernet switch
chip.

Breaking flip-flop alignment

A synchronous circuit’s throughput is dictated by
the global clock’s fastest achievable cycle time,
which is in turn dictated by the longest path from
flip-flop to flip-flop. In traditional synchronous flows,
clock skew is minimized, and the clocking of all
flip-flops is as simultaneous as possible. Consider
the fourbit incrementer shown in Figure la. The crit-
ical path arises from the carry chain and starts at the
least-significant-bit flip-flop to the most-significant-bit
flop-flop.

In more advanced synchronous flows, however,
relaxing the alignment constraint is allowed with a
technique called useful skew. In the fourbit incre-
menter example, allowing the flip-flops associated
with the more significant bits to be relatively skewed
in time provides more time for the carry chain and
enables a faster cycle time. Unfortunately, this tech-
nique is often recommended only for the last stages
of physical design and allows only a small amount
of useful skew; otherwise, the complications in clock
gating and clock tree synthesis become formidable.

However, unlike synchronous circuits, asynchro-
nous implementations can easily support arbitrary
flip-flop alignment by using a local enable signal in
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synchronous design (a) and optimized asynchronous design (b).

an asynchronous pipeline stage to control only the
flip-flops we want aligned. Different pipeline stages
can then be naturally staggered in time, based on
the bit-level data flow implicit in the logic dependency
between pipeline stages. At the extreme, each full
adder and each flip-flop can be implemented in its
own pipeline stage that communicates asynchro-
nously with its neighbors, as Figure 1b illustrates.

This arbitrary alignment of flip-flops forms a lower
bound of the cycle time, 1,, of an asynchronous im-
plementation, referred to as the algorithmic cycle
time.® It can be computed using a variety of algo-
rithms for computing the maximum cycle mean of
a graph (see, e.g., Dasdan and Gupta”). One efficient
means of computing 7, is the following linear
program:

min 7 such that

aj>al-+d,-j7mj7:

where q; is the arrival time for gate j, dj is the delay
from the output of gate i to the output of gate j, and
m; is 1 if gate j is a flip-flop and 0 otherwise.
Consider again our 4-bit accumulator example in
which each full adder (FA) and flipflop is implemented

Figure 1. Advantages of breaking the traditional alignment of flip-flops: original
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Bridging the Gap between Asynchronous Research and Industry Application

Asynchronous logic has not been widely adopted for
several reasons, chief among them being a lack of CAD
tools and difficulties in managing asynchronous-
synchronous interfaces. Adoption has been slow despite
the evidence from numerous asynchronous designs of
yielding substantial benefits over their synchronous
counterparts. However, several research groups and
associated start-up companies have begun clearing
these hurdles in a variety of domains.

Handshake Solutions, originating from research at Eind-
hoven University,! commercialized a fully automated CAD
flow with far lower power and energy consumption than is
possible with traditional synchronous approaches and
began developing a significant low-power niche market.
Silistix, originating from research at the University of Man-
chester, addressed the SoC network market with low-
power asynchronous network-on-chip IP blocks with
some success.? Tiempo, originating from research from
TIMA Laboratory, has developed low-power asynchronous
IP blocks for cryptography and other security applications
as well as EDA tools (http:/ww.tiempo-ic.com). Achronix
Semiconductor, originating from research at Cornell Uni-
versity, has developed ultra-high-performance FPGAs
using asynchronous logic (http://www.achronix.com).
Fulcrum Microsystems, originating from research at

Caltech,® leverages proprietary high-performance asyn-
chronous circuits and tools to develop high-performance
Ethernet switches (http://www.fulcrummicro.com).
Several other start-ups, including Theseus Logic—
which merged with Camgian Microsystems (http://
www.camgian.com), Elastix (http://www.elastixcorp.com),
Nanochronous (http://www.nanochronous.com), and
TimelLess Design Automation—have addressed the
asynchronous ASIC market. The common goal is to pro-
vide a fully automated ASIC CAD flow that is as easy to
use as traditional synchronous flows but generates supe-
rior circuits in terms of some significant metric, such as
high performance or low power. Typically, this process
involves adapting as many of the available synchronous
tools as possible to gain the advantages of reducing

m the capital needed to create these flows,

m the risk associated with using these flows, and

m the barrier of entry to their use by designers trained in
synchronous design.

The typical target metric is low power; however, low electro-
magnetic noise, reliability to process variability, and high
performance are factors that are important in some markets.

The Proteus flow has its roots in a joint Columbia Uni-
versity, University of Southern California, and National
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in its own pipeline stage that has unit delay. The lin-
ear program would include up to two constraints per
FA, one for each nontrivial input, each indicating
that the arrival time of the particular FA must be at
least one unit delay greater than that of its driving
gate. The constraints also include one constraint
per flip-flop of the type a; > a, + 1 — 1, where g;
is the arrival time of the flip-flop and a, is the arrival
time of the particular FA driving the flip-flop. The re-
sult of the minimization would show that the mini-
mum algorithmic cycle time is 7, = 2. In particular,
an optimal set of arrival times is one in which the
full adder for bit i has arrival time i and the flip-
flop for bit i has arrival time i + 1. The result indi-
cates that when the flip-flops are allowed to shift in
time with respect to each other, the longest critical
loop includes only two gates, as Figure 1b shows.

Proteus design flow
The Proteus flow, as Figure 2 shows, includes
translation of CSP-based high-level language into

synthesizable Verilog, synthesis into an image netlist,
translation and optimization of the image netlist into
an asynchronous implementation, and subsequently
the implementation’s physical design. The flow’s sa-
lient feature is that it reuses standard logic synthesis
tools as well as physical design tools.

Cell library

Our cell library is based on a proprietary domino-
based implementation of the precharged half-buffer
(PCHB) template.! Figure 3 shows the basic version
of this template, which is used to implement synthe-
sized logic. Each pipeline stage consists of one level
of dual-rail domino logic for computation; Muller
C-elements to gather acknowledgment from various
fan-outs; and an integrated control circuit that imple-
ments the needed /O completion, the local enable
signal, and the pipeline stage’s acknowledgment sig-
nal output. These pipeline stages are unconditional
in nature because they receive tokens from all input
channels and generate a token on their output
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Science Foundation Information Technology Research
(ITR) grant, which supported our early work on auto-
mated placement and routing of high-performance asyn-
chronous designs.* In addition, an SRC research grant
supported our work on library characterization and static
timing analysis of asynchronous designs. The results of
these efforts paved the way for a joint research project
between USC and Fulcrum Microsystems, the goal of
which was a proof-of-concept high-performance RTL-
to-GDSII flow through place and route using quasi-
delay-insensitive (QDI) circuits.

The promising results of the USC-Fulcrum research
prompted Fulcrum to offer an initial six-month business
contract to integrate this technology into their full-custom
design flow. Fulcrum’s goal was to prove that GHz per-
formance in 65-nm TSMC process technology was reli-
ably achievable on sufficiently complex real examples.
Using this opportunity as a financial basis, Peter A.
Beerel and Georgios D. Dimou founded Timeless
Design Automation in spring 2008. Their initial goal
was to target high-performance ASICs, with a longer-
term goal that included targeting low-power design.

Within six months, the first test chip was completed,
which demonstrated working synthesized circuits oper-
ating at 1.2 GHz. Within two years, the entire Fulcrum
engineering team was using the Proteus flow throughout
the high-performance data path of the team’s upcoming

next-generation Ethernet switch chip. The tool became
an integral part of Fulcrum’s design flow, providing rea-
sonable circuits with a fraction of the company’s full-
custom design effort and enabling design by asynchro-
nous designers with far less experience. This success
led to Fulcrum Microsystems’ purchasing TimelLess in
August 2010. Intel announced plans to acquire Fulcrum
in July 2011.
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channels on every operation cycle. A more detailed
description of how this template operates, including
timing diagrams, can be found elsewhere.’®

The logic cells use staticizers to save state and
improve the domino logic’s noise margins. For ex-
ample, Figure 4 shows the cell for a dual-rail dom-
ino 2-input OR gate. Note that each logic cell also
has a 2-input NAND gate tied to the two dynamic
logic output nodes to drive 1-bit output signal V,
which will go high when the domino logic evaluates.
Integrating this NAND gate into the logic cells isolates
the design’s sensitive dynamic nodes within individ-
ual library cells, improving noise margins.

The proprietary library we developed implements
all logic functions with 2- and 3-bit inputs as well as
many functions of 4, 5, and 6 bits. (Because using
dual-rail logic inverters can be implemented for free
by twisting wires, we can implement all 2-input
logic functions with only two real library cells and im-
plement all 3-input logic functions with 10 real li-
brary cells.) The library includes control circuit
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cells that support up to four logic gates (a cluster)
within a pipeline stage. The library includes up to
4-input C-elements, restricting the maximum fan-
out of each cluster to 3 because one input is re-
served for the local enable signal.

The library also includes

m dedicated cells that implement pipeline buffers,
used to copy their input data to their output for
both slack matching and fan-out fixing,

m token buffers used to implement flip-flops,

m specialized scan cells used to implement a propri-
etary linear asynchronous scan chain, and

m send/receive cells, the only cells in our library
with conditional communication semantics.

Please note that slack here doesn’t refer to a dif-
ference in arrival time of a circuit node from that
of a budget, as the term is typically used in com-
mercial CAD tools. Rather, slack matching refers
to a form of pipeline optimization particular to
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Figure 2. Overview of Proteus design flow.
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Figure 3. Precharged half-buffer (PCHB) template using proprietary domino-logic-
based control cells.

read enable input channel. A re-
ceive cell conditionally receives
a token on its input according to
an unconditionally read enable
channel input. These two cells
facilitate our implementation of
the conditional communication
semantics of communicating
sequential processes.’

Most of the library cells have
both real and image forms with
four different drives. The image
form is a temporary form in the
flow and acts as a target for stan-
dard synthesis tools that generally
don’t understand asynchronous
handshaking and can only map
to single-rail logic. ClockFree
then transforms this image net-
list into the real version by con-
verting the image gates into
their real forms and adding the
necessary asynchronous control
cells and C-elements to imple-
ment the desired asynchronous
handshaking. In both cases,
the cells are described in the
gold-standard Liberty file for-
mat, which details the pins,
area, and timing characteristics.
Timing characterization chal-
lenges for such cells and some
solutions have been studied
extensively by Prakash.” As
needed in synchronous flows,
the real cells also have physical
descriptions in the standard
Library Exchange Format (LEF).

All real cells have asynchro-
nous dual-rail or 1-of4 rail inter-
faces. The image cells have
the same logic description as
their dual-rail counterparts, but
can have a mixture of single-
rail and dual-rail interfaces. All
logic and token-buffer cells

asynchronous designs,® as we explain in the have only single-rail interfaces (and no handshaking
“ClockFree” section. signals), allowing standard synthesis tools to map to

A send cell conditionally sends tokens on its output  them. For example, as Figure 4 shows, the port list
according to the value read from an unconditionally ~ of the single-rail image of the 2-input OR gate does
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not have dual-rail inputs/outputs or a precharge sig-
nal. Instead, it simply has single-rail inputs A and B
and a single-rail output C that is assigned to the log-
ical OR gate of the two inputs. The relationship be-
tween a real token buffer and its image is only a
little more subtle. A real token buffer has dual-rail
input and output channels and a single-rail reset sig-
nal. Upon reset, it generates a token whose value is
the initial state and otherwise operates like a plain
pipeline buffer® Its image is an initialized flip-flop.
The images of send/receive cells, on the other
hand, have dual or 1-of4 rail interfaces on one side
and single-rail interfaces on the other. The primary
motivation behind this is to model our intermediate
implementation of a CSP process. As Figure 5 shows,
this implementation has a native asynchronous inter
face along its exterior, a single-rail body of logic called
the RTL body in the center, and a layer of conditional
send/receive cells between the RTL body and the ex-
ternal interfaces. The RTL body implements the CSP
logic along with extra single-rail enable signals that
control the send/receive cells. This lets us implement
the conditional CSP semantics with a synthesized RTL
body consisting of unconditional pipeline stages.
Each of the receive cells along the left side of the
template in Figure 5 has a 1-of-4—based asynchronous
input data channel L with an inverted asynchronous
acknowledgment signal denoted L.e, that matches
the specified CSP input. They also have a single-rail
input control channel E and two single-rail data out-
put channels R.0 and R.1 that interface with the syn-
thesizable logic core. The idea is that the input
channel L is read only when E is a 1, and this is the
only time that the synthesized logic depends on the
value on R. That is, when E is a 0, the RTL body
does not use the R value. But, because the RTL
body is implemented using unconditional pipeline
stages, it expects a token from the receive cell on
every cycle, independent of the value of E. Thus, to
avoid deadlock, when E is a 0, the receive cell
sends a dummy token into the core. Similarly, the
send cell conditionally sends output tokens along its
asynchronous interface only when its E channel has
a value of 1 but always reads tokens on its L channel.
Thus, within the final translated RTL body, all real
logic cells are active on every cycle in which the CSP
block is active. Channels along the periphery of CSP
blocks, however, will be active only in accordance
with the CSP semantics. In other words, we facilitate
conditional communication between CSP blocks. This
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OR gate.
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Figure 5. Verilog template for a block with two input and

two output 1-of-4 channels.

means that, if nothing communicates with a CSP
block, it—including all unconditional logic gates within
its RTL body—remains idle, consuming no dynamic
power. Thus, this flow effectively implements an efficient
form of clock gating controlled by the user at the CSP-
block level. That said, the need for receive cells to some-
times send dummy tokens into the RTL body and for
send cells to sometimes consume unneeded tokens rep-
resents wasted power. Our future work includes finding
circuit-level transformations that minimize this effect.
A secondary advantage of the mixed interfaces of
conditional communication cells is that they can act
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module synthesis.examples.csp2rtl.
accumulate_scan_base;
import lib.serial.scan.ChanDft;

+R; ChanDft -LS, +RS) {
csp { s=0; *[L?x; s=s+x; R!s] }

define ABSTRACT_ACCUMULATE16( ) (elof2[16] -L,

Figure 6. Communicating Sequential Process
(CSP) description of an accumulator with scan
for DFT.

module ACCUMULATEL16Sbody (
input [15:01] \wvalueSL ,
output reg \doSL
output reg [15:0]
output reg \doSR ,
\vdd ,

\GND ,
\_RESET ,
input CLK) ;

reg signed \LS, C.d [2:0];
reg signed \RS,C.d [2:0];
bit signed [128:0] s;

bit signed [128:0] x;

\valuesSR ,

input
input
input

bit signed [128:0] temp$0;
bit signed [128:0] f£S$s;
bit signed [128:0] ffsx;

always ff @ (posedge CLK, negedge _RESET)

if (!_RESET) begin
ff$s = '0;
ffSx = '0;
f£Ss =1 'sd0;

end

else begin

ffSs =s ;
ffSx =x ;
end

always_comb
begin
s = f£fS$s ;
x = ££Sx ;
doSL = '0;
doSR = '0;
value$SR = '0;

dosSL = '1;
x = ($signed( {1 'd0, valueS$SL }
tempS$S0 = '0;
temps0 = {s +x);
s = temps0 ;
doSR = '1;
value$SR = s ;
end

Figure 7. Generated RTL body for the accumulator

example.
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as a postsynthesis image interface between completed
blocks (either from previous Proteus runs or a full-
custom flow) and newly synthesized logic. For example,
full-custom asynchronous SRAMs with complete asyn-
chronous interfaces can be connected to synthesized
logic in the image netlist through such image send
and receive cells. The advantage is that images of
full-custom asynchronous blocks need not be created.

CAST2RTL: A syntax-driven CSP-to-RTL
translator

The principal task of the CAST2RTL translator is to
map a high-level language called Caltech Asynchro-
nous Synthesis Tools (CAST) into an image netlist.
CAST is a hierarchical, object-oriented high-level
language in which each cell can be described as a
netlist of subblocks, a CSP behavioral description,
a Verilog description, or low-level production rules.
It also allows each cell to be tagged with directives
to control the design process. For Proteus’ purposes,
the CAST description of each cell is either a stand-
alone CSP or a netlist of other blocks, some of
which are defined using CSPs to be synthesized
while others are previously completed macros.

Figure 6 shows a simple example of an accumula-
tor with 16-bit dual-rail L input and R output channels
and proprietary scan input and output channels. The
cell is defined with a CSP body and contains largely
standard CSP syntax; for more details of this syntax
see the literature.® The cell defines a state variable s
outside the repeat-forever outer loop. Within the
loop, the cell reads an input from channel L, adds
it to the state variable, and then sends out the result-
ing output on channel R.

The mapping into Verilog creates a hierarchical
Verilog model with instantiated conditional send/re-
ceive image cells surrounding a synthesizable RTL
body. For example, Figure 7 shows the RTL body for
the 16-bit accumulator. Notice that the body’s
inputs/outputs are singlerail and connect to the single-
rail pins of image send/receive cells (latter not
shown). Also notice that channels L and R are trans-
lated into valueR and valuel signals to capture the
data values along with doR and doL auxiliary varia-
bles. These auxiliary variables are tied to the image
enable pins of the send/receive cells.

Each cycle of the CSP repeat-forever outer loop is
modeled as one RTL clock cycle. The CSP loop’s
main functionality is captured in an always_comb
logic block whose structure closely follows that of
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the CSP loop. At the beginning of this block, all do sig-
nals are initialized to 0. Then, for every location in the
CSP loop in which a channel communication occurs,
CAST2RTL adds an assignment of 1 to the do signal
output tied to the associated send/receive cell. For
the accumulator, we can see from the RTL code
that the result is that doR and doL signals will always
be assigned to a 1. This makes sense, because in this
example the channels are unconditionally read or
written. Thus we rely on the standard synthesis engine
to generate the correct logic for all do signals, and the
CAST2RTL algorithm can be quite simple.

The use of these auxiliary variables implicitly
restricts the class of synthesizable CSP descriptions
to those that communicate only a maximum of
once per channel per outer CSP loop. The reason is
that the values of these auxiliary variables are com-
puted combinationally in each RTL cycle, and the
data value associated with the last communication
on a channel would override the desired data value
needed for any previous communications on the
same channel. Fortunately; this restriction is quite rea-
sonable for the high-performance applications we've
targeted, and any CSP description can be rewritten as
an explicit state machine that communicates, on any
channel, at most once per iteration of the main loop.

The CAST2RTL algorithm conservatively assumes
that any CSP variable not initialized at the beginning
of the outer CSP repeat-forever block is a state vari-
able. For example, both s and x in our accumulator
are assumed to be state variables. Each state variable
is associated with a new flopped version that we add
to the RTL body. For example, the RTL body includes
ff$s as the flopped version of state variable s.
CAST2RTL generates an always block to update
these flopped variables on the rising edge of an
added clock signal as well as on reset, as usual in syn-
chronous designs. (Although the existence of this
reset signal suggests the design can be periodically
reset, the translation into an asynchronous circuit
only supports reset on power-up.) We rely on the syn-
thesis engine to generate flip-flops only for needed
state variables and to optimize away flopped varia-
bles that aren’t necessary. For example, in the accumu-
lator example, the synthesis engine is sophisticated
enough to realize variable £f$x is never needed:
although it is used to update x in the top of the
always_comb loop, the subsequent assignment of x
to the data value of the L channel makes this assign-
ment redundant.
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Another interesting aspect of the CAST2RTL algo-
rithm is how it assigns bit widths to variables. The
basic problem is that in CAST, the bit width of CSP
internal variables can be undefined, which isn’t pos-
sible in RTL. Thus, CAST2RTL assumes a programma-
ble maximum bit width, initially set to 129 bits, which
it assigns to any CSP variables of undefined length.
For example, as Figure 7 shows, the accumulator vari-
able s and related temporary variables in the gener-
ated RTL all have the default 129-bit width. We then
rely on the synthesis engine to remove any logic
and state associated with unneeded most significant
bits. In fact, we've found that synthesis engines do
this quite well, sometimes at the cost of substantial
extra runtime. Of course, we can reduce this over-
head by properly annotating CSP bit widths.

Adapting logic synthesis tools

We use a commercially standard synthesis tool to
map the CAST2RTL output to a netlist of image
gates and macros. Figure 8 shows a portion of the
image netlist for the 16-bit accumulator example.
The logic gates here have single-rail inputs and out-
puts. Our naming convention for logic gates is some-
what unusual—essentially a juxtaposition of the
number of inputs the logic gate has followed by the
hex encoding of its underlying Karnaugh map
specification.

The principal advantage of using standard logic
synthesis tools is their ability to perform decomposi-
tion into logic gates far faster than manual decompo-
sition. In fact, for some complex logic, the result is
often better because of the synthesis tools’ sophisti-
cated algorithms for sharing subterms.

One of the main challenges of using standard logic
synthesis tools, on the other hand, is to properly
guide the performance/area trade-off implicit in
logic synthesis. As we explained earlier, unlike those
in standard synchronous designs, worst-case flop-to-
flop paths are not always the critical path for asyn-
chronous circuits, and if they're overconstrained,
significant area can be wasted. One common synthe-
sis constraint users specify is to relax all flop-to-flop
constraints except for flop self-loops by defining a
large default cycle time and explicitly constraining
all flop self-loops with a smaller maximum delay.
This generally minimizes the algorithmic cycle time
without unnecessarily expanding logic area. For ex-
ample, this constraint would minimize the latency
around all flop self-loops in the incrementer example
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Figure 8. Postsynthesis image netlist.

illustrated in Figure 1 while not overconstraining the
logic along the carry chain, which is not along the
algorithmic cycle. However, guiding the synthesis to
consider not only algorithmic cycle time but also
block latency and temporal alignment is also impor
tant, and we believe additional automation of this
function may be possible.

ClockFree

ClockFree is a performance-driven optimization
and translation tool that takes the synthesized netlist
and emits a complete asynchronous netlist of real
gates that achieves a specified target performance.

Peephole optimization. ClockFree’s first step is a se-
ries of peephole optimizations in which we optimize
the conditional send/receive cells. For example, in
the case of the 16-bit accumulator, the send/receive
cells will have constant 1s on their enable signals.
These cells can thus be transformed into simpler ver
sions that perform only unconditional communica-
tion. In addition, back-to-back send/receive pairs
controlled by the same enable signal can simply be
removed.

Cycle time analysis. After peephole optimization,
ClockFree checks for algorithmic cycle time using
the linear programming (LP) formulation we've
already discussed. Unfortunately, at times the algorith-
mic cycle time is larger than the target performance,
and the tool must then quit with an error message say-
ing that the desired cycle time cannot be met. At this
point, the designer must alter the synthesis con-
straints, alter the CSP input description, or design
the offending algorithmic loop in full-custom logic.
Tighter synthesis constraints on paths related to the
offending algorithmic loop sometimes solve the prob-
lem at the cost of additional area. For some cases,
however, a solution doesn’t exist even in full-custom
logic because the amount of logic necessary to pro-
cess in one cycle is too large. At this point, we must
make algorithmic or architectural changes, such as
adding more tokens to the loop; examples are pre-
sented elsewhere ®'°

Clustering. If the algorithmic cycle time satisfies the
desired target, ClockFree enters a clustering algorithm
that partitions logic gates into small collections called
clusters. The most obvious advantage of clustering is
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For example, Figure 9 shows
the effect of clustering two
2-input logic gates that share
one input. The result is a larger
cluster that, when implemented in the PCHB template,
has a single control cell efficiently combining the func-
tionality of the two original control circuits by integrat-
ing the completion logic for three inputs and two valid
signals into one cell. The area savings, however, also
extend to the cluster driving the shared input, which
now instead of fanning out to two separate clusters,
fans out to one. Although the clustering algorithm is ge-
neric, it adheres to the limits of the cell library pro-
vided. As we described earlier, the proprietary PCHB
cell library limits each cluster to one logic cell deep
and up to four logic cells wide, with up to six inputs.

While attempting to minimize area, the clustering
algorithm also has important performance constraints.
First, it must not create clusters that effectively create
combinational cycles, resulting in deadlock, as Figure 10
shows. Second, it must not increase the algorithmic
cycle time beyond the performance target. For exam-
ple, consider a slightly different scenario than in
Figure 10 wherein stage v3 is a token buffer. Assum-
ing we performed the same clustering as illustrated,
the new loop produced wouldn’t cause deadlock be-
cause it has a token buffer in it. However, the latency
around this new loop could be longer than the algo-
rithmic cycle time. Various ways to prevent cluster-
ing from causing these adverse scenarios have
been described and analyzed by Dimou.'"

one input.

Fan-out fixing. After clustering, ClockFree must ad-
dress the underlying fan-out limitation of each PCHB
cluster. Specifically, it must add copy trees to any clus-
ter that fans out to more than three clusters and
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Figure 9. Example of the effect of clustering two 2-input logic gates that share
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Figure 10. An example of clustering that can lead to deadlock.

effectively pipelines the fan-out effort. A copy tree
node is a pipeline stage that typically consists of a sin-
gle pipeline buffer and a 4-input C-element that to-
gether allow the data input to be copied to four
other fan-outs. The challenge here is to design the
shape of these copy trees so as to minimize impact
on algorithmic cycle time. To do this, we've designed
an algorithm that conservatively identifies channels
that are globally critical—that is, on a cycle whose
algorithmic delay equals the target cycle time.

We then use a heuristic algorithm to create unbal-
anced trees of buffers in which globally critical
channels are given no extra buffers. After each level
of a tree is created, however, the set of channels
that might be globally critical can change; conse-
quently, we run an update-globally-critical algorithm.
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Table 1. Area improvements of circuit components due to clustering.
Control and C-element
Slack buffer area (um?) Fan-out buffer area (pm?) area (jum?)

No Diff No Diff No Diff
Circuit component clustering Clustering (%) clustering Clustering (%) clustering Clustering (%)
Hit_Detect_512_Mux4 18,264 14,598 20.1 12,820 11,414 11 32,879 28,007 14.8
SISO 4,761 5,259 —-10.5 5,946 2,961 50.2 30,823 21,883 29.0
Accumulate16 2,206 1,875 15.0 23 0 100.0 2,608 1,908 26.8
Add_16 2,704 2,389 1.7 269 57 78.7 5,523 3,839 305
CRC_NoReg_Output 6,768 6,240 7.8 3,659 2,349 35.8 13,823 11,204 29.0
ECC_Parity 1,427 995 30.2 821 1,319 —60.6 3,082 2,627 14.8
C3540 12,027 12,695 —-5.6 6,773 5,351 21.0 15,381 13,095 14.9
S1423 1,924 1,991 -3.4 1,635 975 40.3 8,038 6,475 19.4
5298 1,078 1,063 1.4 365 175 52.1 1,486 1,140 23.3
S400 1,311 1,178 10.1 429 135 68.4 1,950 1,481 24.0
MAC16 20,554 16,148 214 8,770 3,506 60.0 41,576 27,855 33.0
Avg 8.9 41.5 22.7
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Unfortunately, at times there is no solution that
doesn’t involve buffering a globally critical channel,
and the tool must again quit with an error message
that the desired cycle time cannot be met. As in the
situation we discussed in which algorithmic cycle
time exceeded the target performance, the designer
must at this point alter the synthesis constraints,
alter the CSP input description, or design the offend-
ing algorithmic loop in full-custom logic.

Slack matching. After clustering, we perform
performance-driven slack matching, which tries to
add the minimum number of pipeline buffers neces-
sary to achieve the desired performance. While there
are many proposed slack-matching approaches,?
we've adopted an LP-based approach based on hav-
ing one arrival time variable for each cluster and
each macro®!! Macros, as well as the external inter-
face, can also have specified relative arrival times
that precisely define the desired relative timing of all
associated channels. A benefit of this approach is
that it implicitly supports hierarchy by using the final
arrival times of the interface to define the relative ar-
rival times of its abstracted macro view. This definition
is needed to slack-match higher levels of the design hi-
erarchy. In this way, the slack-matching framework ar-
bitrarily scales to chips with arbitrary complexity.

A convenient feature of this flow is that if the algo-
rithmic cycle time still meets the performance target

after clustering and fan-out fixing, we know that a
slack-matching solution exists and we can meet the
desired performance. This is because the remaining
performance bottlenecks will be due to either unbal-
anced fork-join pipelines or cycles with too few pipe-
line stages.® Because of the unit delay model we
adopt, we can solve both of these problems by add-
ing an integral number of slack-matching buffers.

Optimized image netlist. The final step in Clock-
Free is translating the optimized image netlist. It is
only in this step that the specific organization of the
asynchronous control and C-elements is needed. In
fact, an important point of our flow is that peephole
optimization, cycle time analysis, clustering, and
fan-out fixing are performed on the netlist’s single-
rail image. Thus, all the algorithms are largely agnos-
tic to the specific asynchronous template used and
rely only on general library characteristics such as for-
ward and backward latencies of a cluster and maxi-
mum cluster fan-out.'! This makes the Proteus flow
a convenient framework for mapping to other pipe-
line templates, including various forms of bundled-
data micropipelines.*

Several of these steps are quite similar to those of
Boston University's Weaver project. However, the idea
of clustering the circuit netlist to minimize area while
preserving performance is new. To appreciate its
value, see Tables 1 and 2, in which we compared
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Table 2. Overall area, instance count, and latency improvements due to clustering.
No Diff No Diff Latency

Circuit component clustering Clustering (%) clustering Clustering (%) improvement
Hit_Detect_512_Mux4 71,360 62,205 12.8 4,516 3,690 18.3 0.0
SISO 54,149 43,991 18.8 3,397 2,410 29.1 25.0
Accumulate16 6,648 5,599 15.8 405 325 19.8 8.3
Add_16 17,209 15,083 12.4 778 575 26.1 0.0
CRC_NoReg_Output 28,433 24,870 12.5 1,789 1,375 23.1 9.1
ECC_Parity 6,538 6,149 6.0 436 358 17.9 0.0
C3540 36,378 33,907 6.8 2,236 1,971 11.9 7.7
S1423 15,422 13,508 12.4 966 777 19.6 17.6
5298 3,585 3,117 13.1 220 178 19.1 10.0
S400 4,744 3,952 16.7 297 225 24.2 0.0
MAC16 83,930 62,720 25.3 5,138 3,450 32.9 33.3
Avg 13.9 22.0 10.1

the area of the final prelayout netlist with clustering
turned off to that of a clustered netlist. The tables’
examples show that clustering saves an average of
13.9% in total circuit area. As detailed in Table 1,
this total can be decomposed into 8.9% less area in
slack-matching buffers, 41.5% less area in fan-out-fix
buffers, and 22.7% less area in C-elements and control
cells. Table 2 shows that clustering can save as much
as 25.3% in area. Moreover, it shows that clustering
also reduces latency by an average of 10.1% by reduc-
ing the amount of cluster fan-out and thus the number
of needed fan-out-fix pipeline buffers along latency-
critical paths. Lastly, clustering reduces place-and-
route complexity by 22% in terms of lower cell count.

Timing-driven place and route

The timing model we use in Proteus is essentially
an amortized unit-delay model. Each /O timing arc
adds an integer number of delays to a timing budget.
Paths are cut at predetermined key points to ensure
that all timing loops are decomposed into a manage-
able number of segments in a manner similar to the
work by Prakash.” This decomposition is necessary
because standard static timing and place-and-route
tools don’t support timing loops and have runtimes
that are highly dependent on the number of given
timing constraints. Specifically, we break paths
at the inputs of all domino logic gates, effectively
decomposing all paths through clusters of logic
gates into acyclic segments.” Each segment receives
an explicit constraint on its maximum delay, generated
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by ClockFree in the standard Synopsys Design Con-
straint (SDC) format. Standard place-and-route
tools can then be used to automatically place and
route the designs.

The PCHB library and the ClockFree synthesis
engine are designed to target designs that run at
18 transitions per cycle. These 18 transitions can be
decomposed into two transitions of forward latency
through the domino logic and 16 transitions of back-
ward latency through neighboring control circuits,
the latter involving data acknowledgment, data
reset, and subsequent acknowledgment reset.'® In
65-nm TSMC process technology, we allow 50 ps per
transition. I/O timing arcs are associated with a multi-
ple of this delay based on the number of transitions
they represent. Segments are then given a constraint
associated with the sum of the delay budget of their
associated timing arcs.

By ensuring that all cycles are decomposed into
segments, we thus generally have a 900-ps cycle
time target. This is 1.11 GHz, two to three times faster
than that typically achieved in this process using con-
ventional synchronous flows. (Allowing segments to
have budgets that are not a multiple of 50 ps is also
possible and could generally lead to better circuits.
In fact, intelligently giving segments fractional delay
budgets in a way that also preserves a fixed delay tar
get such as 900 ps around any cycle is an area of
future work.)

Unfortunately, the place-and-route engine typically
cannot initially meet all these constraints for anything
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but the smallest blocks. Despite very sophisticated
cell placement, sizing, and routing algorithms, the
place-and-route tools often complete without meeting
many constraints. Typically, the failure can be attrib-
uted to wires that end up too long. This is likely not
only because our constraints are aggressive but also
because the density of constraints per mm? is far
greater than in a typical flow.

Fortunately, a feature of asynchronous designs is
that pipeline buffers usually can be added to chan-
nels with no impact on the circuit’s functionality.
Thus, to address this failure problem, we've built
scripts that extract information about the failing con-
straints and call ClockFree to edit the netlist by adding
pipeline buffers to channels containing long wires. Of
course, to maintain overall performance, once these
pipeline buffers are added, ClockFree must also
slack-match the entire design again before emitting
the new netlist to the place-and-route engine. More-
over, ClockFree must not add pipeline buffers to any
channel that it perceives might be globally critical be-
cause this may make the algorithmic cycle time ex-
ceed the target cycle time. Consequently, some long
wires associated with globally critical channels
might not explicitly be fixed. When this happens,
we expect sufficient other channels to be shortened
elsewhere in the design such that the place-and-
route engine can compensate by moving cells associ-
ated with unfixed globally critical channels with long
wires closer together without causing many other
constraint violations. In particular, other channels
may be shortened by our explicit introduction of
pipeline buffers if they also contain problematic
long wires or by the subsequent slack-matching
routine.

To implement this performance-aware repipelin-
ing, we rely on our update-globally-critical algorithm
that conservatively identifies which channels are
globally critical. As with fan-out fixing, the basic chal-
lenge is that the set of globally critical channels can
grow after each pipeline buffer is added; this algo-
rithm must, therefore, be run after each pipeline
buffer is added. Thus, this update algorithm’s speed
is critical to the scalability of this approach.

The difference between the original and new net-
lists resulting from this repipelining is treated as a
place-and-route engineering change order (ECO),
and the physical design process proceeds. Fortu-
nately, for blocks of up to approximately 20,000 cell
instances (each 1-2 mm?) with reasonable floorplans,

this process typically converges within two to six iter
ations and less than 12 hours of CPU time. For exam-
ple, the final layout for the 16-bit accumulator takes
only a few minutes to complete.

The relatively low complexity supported by place
and route is a flow limitation addressed by hierarchy
support. At each hierarchy level, a finalized block’s
layout is abstracted using the standard Library Ex-
change Format, and its interface arrival times, input
capacitance, and output drive strength are character-
ized using the Liberty format. These macros then effec-
tively become a black box in the next-higher level of
the hierarchy. The flow thus supports Proteus blocks
that include full-custom macros, Proteus blocks that
include smaller Proteus blocks, as well as full-custom
blocks that include smaller Proteus blocks. This ena-
bles us to arbitrarily scale the design’s size while pre-
serving our target performance.

Digital and analog verification

We have no formal process for verifying that the
asynchronous implementation matches that of
the CSP specification. Instead, we rely on a digital-
simulation cosimulation environment to ensure
that, for specific environments we create, the imple-
mentation matches the behavior of the CSP specifi-
cation. We also use proprietary code coverage tools
to ensure that our environments cover all cases of
interest.

Analog concerns with these designs are also very
important. Because of inaccuracies in library charac-
terization, we validate each block’s performance
using analog simulation. In addition, we take extra
care to analyze the noise sensitivity in our design, par-
ticularly because dynamic logic is often more sensi-
tive to noise than its static counterparts. We have
created an automated Spice-based simulation frame-
work that conservatively tests for worst-case noise-
induced bumps on all wires. We also paid careful at-
tention to the sizing of transistors and staticizers, ana-
lyzed and minimized charge sharing as part of library
design, set a reasonable global constraint on slew
rates during place and route, and adhered to a rea-
sonable global nonminimum wire-spacing require-
ment. As a result, even the most complex placed
and routed blocks we've produced have passed this
rigorous analog verification. One explanation for
this result is that most wires are relatively short at
these high frequencies, minimizing the potential for
cross-talk noise.
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For further validation of this flow, Fulcrum fabri-
cated a 65-nm test chip that included several Proteus
blocks ranging in complexity from 2,000 to 10,000
standard cells. They all worked as expected, running
at 1.2 GHz.

Impact and conclusions

As part of the evaluation of this flow, we performed
a detailed comparison of a full-custom block and its
Proteus counterpart on a small circuit called pick-
Class, which implements a variant of deficit-weighted
round-robin.'® This algorithm includes hierarchical
accounting, prioritization, and traffic shaping over
16 queues. The full-custom implementation took a
month to design, had a final latency of seven pipe-
line stages (14 transitions), and had a scaled logic
area, excluding state, of 0.025-mm?, in a TSMC
65-nm process technology. The first Proteus runs
had no latency constraints during synthesis and
yielded poor results. The latency was 70 pipeline
stages, and the design was dominated by slack-
matching buffers. Constraining latency during syn-
thesis yielded a latency of 16 pipeline stages with a
smaller logic area of 0.011 mm?. Further rewriting
of the CSP to better guide synthesis toward a low-
latency solution led to a final design that matched
the full-custom implementation’s latency and had a
logic area of 0.020 mm?.

These Proteus experiments were all performed
over the span of two days. The case study showed
that, at least for small designs, Proteus could produce
results comparable to those of full-custom design at a
fraction of the design time. But it also showed that to
get good results requires careful attention to the syn-
thesis constraints, as well as the style of the initial CSP
description.

DESPITE SUCCESSFULLY CLOSING timing on many
more small- and medium-sized blocks, the Proteus
flow is not yet mature. There are numerous areas in
which further R&D can lead to its effective use on
more and larger blocks, as well as to its generally pro-
viding smaller and lower power results. We know that
more-advanced peephole optimization techniques
can reduce the latency of critical algorithmic loops,
making the tool effective on more blocks. Moreover,
as we've mentioned, it’s generally the place-and-
route tool’s convergence and runtimes that limit
the complexity of blocks we can successfully run
through the flow. We believe a tighter integration
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with place-and-route engines is possible and can at
least double the complexity of candidate blocks.
Other areas of the flow, however, may require
more fundamental CAD research. For example,
slack-matching buffers can typically represent 30%
of the design’s area. The current algorithm conserva-
tively models the conditional circuit using an un-
conditional model, which can lead to unnecessary
buffers being added. Efficiently slack-matching condi-
tional circuits, as Gill et al. have demonstlrated,12 is an
interesting and valuable area of research. |
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