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Abstract

Asynchronous design is increasingly becoming an attractive alternative to synchronous design because
of its potential for high performance, low power, and adaption to process variations and reduced EMI noise.
However to compete with the existing synchronous designs there is a need to reduce the overwhelming
design time of asynchronous designs by developing circuits that can easily be verified along with mature
CAD flows to support them. In this thesis we propose to use template based methodology which facilitates
standard cell based design that can easily be verified and allows using standard ASIC tools that have
already been developed by semiconductor industry.

In this thesis we develop three novel non homogeneous single-track templates, including theory, CAD,
and design examples. These static single-track templates follow a two phase static single-track handshake
protocol and provide better performance than four phase asynchronous designs and better forward latency
than asynchronous bundled data and synchronous designs. Compared with earlier homogeneous versions,
non homogeneous single-track templates have the flexibility of having multiple levels of logic which helps
in reducing the control area overhead by sharing the control logic among multiple levels of logic. These
templates are more complex however and warrant more automation.

To quantify some of these advantages, an asynchronous turbo decoder was developed using a single-
track standard cell library in IBM 0.18 um technology and compared against a synchronous turbo decoder.
Comparisons shows that asynchronous turbo decoder can provide 1.3X — 2X improvement in throughput
per area over the synchronous version for block sizes of 2K — 768 bits. Moreover, due to its low latency
advantages, it can support smaller block sizes at higher throughputs than possible using synchronous design.

To help automate such designs, we propose a CAD flow to synthesize single-track asynchronous design
by extending an existing CAD tool called Proteus. Comparisons on ISCAS benchmarks shows that the
proposed templates provide on an average 30% improvement in throughput per area over QDI templates
and 75% improvement over MLD templates. We also demonstrate library characterization and SDF back
annotation flow on a single-track standard cell library. Experimental results on a 64 bit prefix adder design
indicates that the back annotation flow yields over two orders of magnitude advantage in simulation speed

on analog verification flow with less than 5% error.



Finally we demonstrate the low latency and high performance advantages of single-track protocol over
other asynchronous and synchronous communication protocols by comparing their throughput, latency,

energy and bandwidth for a NoC interconnect link.
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1 Introduction

Synchronous designs have been dominating the market of VLSI and ASIC design for many years.
However as the VLSI industry follows Moore’s law where the number of transistors that can be placed in a
chip is increasing in an exponential manner, the challenges of designing circuits with a global clock has
been increasing. As global wiring delays becomes more dominant compared to gate delays [18] distribution
of the clock across a large design while minimizing the clock skew is becoming a challenge. This is
particularly challenging in the sub-45nm regime where process variation is a significant issue. More
specifically, as transistor dimensions continue to shrink, it becomes successively harder to precisely control
the fabrication process. Due to process fabrication imperfections, different transistors on the same chip
exhibit different values of parameters such as threshold voltage or effective channel length. These
parameters in turn determine the switching speed and leakage of transistors, which are also subject to
substantial fluctuation. Variation in transistor switching speed leads to slowing down of some unit in a
pipeline which leads to the complete design operating at a lower frequency than normal. Variation is
already forcing designers to put more margins in the designs and Bowman ef al. suggest that variation may

wipe out the performance gains of a full technology generation [16].

 —

A B
<—
<—

C D
—>

Figure 1 Asynchronous blocks communicating using handshake signals.

In the absence of a global clock that controls register and state updating, asynchronous designs rely on
handshaking to transfer data between functional blocks as shown in Figure 1. While academic research in
this area can be traced back to the 1950s, it has taken until the late 1990s and 2000s for this technology to

mature. Several start-up companies have commercialized asynchronous designs for a wide variety of
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applications [1][33][60][40]. Asynchronous designs have demonstrated potential benefits in many aspects
of system design such as Amulet2e[34], ARM996HS[13], ASPRO16[58], MiniMIPS[51], Asynchronous
FPGA[74]. In particular asynchronous NoC[60] where systems can accommodate multiple clocking islands
that many of today's complex SoC designs use. Asynchronous communication methods can provide
numerous advantages in Network-on-a-chip (NoC)[6][60] as each module can be designed for its best
frequency and power. Moreover the ability of the asynchronous designs to adapt themselves to physical
properties leads to more robust design. Ken Stevens in [68] compares synchronous and asynchronous
communication protocols used to implement interconnect links in NoC by creating parameterized
throughput, energy and bandwidth models.

Asynchronous circuits have the following advantages:

1. Absence of clock skew. Clock skew is defined as the arrival time difference of the clock signal to
different parts of the circuit. In synchronous design the clock period is increased to ensure correct
operation in the presence of clock skew affecting the performance of the design. Moreover due to extra
margin in the clock period to account for the worst case clock skew the latency of the system suffers.
On the other hand due to absence of a global synchronization signal, asynchronous designs do not face

such problems.

2. Average-case performance: In synchronous systems the clock period is dictated by the slowest stage
in worst case conditions to ensure correct operation. However asynchronous designs can have average-
case delay due to data-dependent flow and/or functional units that exhibit data-dependent delay. In

both cases, the average-case delay may be faster than the synchronous worst-case delay.

3. Automatic adaptation to physical properties: To combat process variations synchronous designs
have to put up extra margins to avoid any timing violations thus degrading the performance and
latency of the design. Many asynchronous circuits can robustly adapt to changing conditions, yielding
improved performance [51]. This is far more difficult to do in a synchronous design, as the variations

can be local, whereas the impact on the clock is far more global.



Potential for low power: Due to constant activity of the clock signal synchronous designs consume
power even though the design is idle. Even though methods such as clock gating where clock signal is
disabled in parts of the designs which are idle power is still consumed in clock distribution networks
which is responsible to distribute clock to all parts of the chip. Studies have shown that clock
distribution network can dissipate 20-50% of the total power on the chip [55]. Due to its data-driven
nature asynchronous circuits provides ideal clock gating and there is no requirement of clock

distribution networks in asynchronous designs. However, these power advantages are not universally

true among all asynchronous design styles. In particular, some asynchronous circuits designed for
high-performance have more average transitions per data bit than comparable synchronous designs,
due to dual-rail or other multi-rail data encoding and/or completion detection logic. However these
circuits provide distinct advantage in terms of Et* [45] and the power consumption of these circuits

can be reduced by operating them at a lower voltage.

Reduced electromagnetic interference: In a synchronous design, all activity is locked into a very
precise frequency. The result is that nearly all the energy is concentrated in very narrow spectral bands
around the clock frequency and its harmonics. Therefore, there is substantial electromagnetic noise at
these frequencies that can adversely affect neighboring analog circuits. Activity in an asynchronous

circuit is uncorrelated, resulting in a more distributed noise spectrum and lower peak noise [48] [34].

Despite all the above mentioned advantages and examples demonstrated by asynchronous research

community, semiconductor industry is still skeptical about asynchronous designs. This is because while

synchronous design techniques has matured over time and are widely known, asynchronous design

techniques are still new and are complex in nature. Chips with high volumes such as microprocessors,

memory, and FPGAs may be able to support full-custom techniques with advanced circuit styles, such as

asynchronous design. In fact, asynchronous techniques have been used in memory for years and a recent

start-up is commercializing high-speed FPGAs enabled by high-speed asynchronous circuits [1]. For

asynchronous designs to be adopted widespread in semi custom ASIC designs there is a need to develop

asynchronous design techniques which are simpler in nature and can be easily verified along with

enhancing existing CAD tool suites and developing new tools to support asynchronous circuits.
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1.1 Template based asynchronous designs

Among the numerous asynchronous design styles being developed template-based design styles have
demonstrated numerous advantages in performance and design time. These template-based designs follow
standard ASIC design flows which helps a designer in creating push-play designs thus reducing the design
times [32]. The template based design approach reduces the design complexity by dividing the large system
into leaf cells that are the smallest components that communicate with its neighbors through asynchronous
handshaking. This decomposition of a large system into smaller leaf cells results in simple designs which
can be verified easily. Template based designs have the key advantage being that instead of finding the
timing constraints of a large variety of unique controllers which is quite error prone [81], the timing
constraints of template based controller are simpler are known before hand and can be captured in standard
delay constraint file [44]. The template based design approach also leads to well defined modular and local

designs and are well suited to an ASIC flow.

Different template-based designs trade-off robustness to performance and to area [S0][61][64][71]. One
of the most robust design template is Quasi Delay Insensitive (QDI) template proposed by Lines [50]. QDI
template based designs uses 1-of-N data encoding and use 4-phase handshaking. On the other side the most
aggressive design style in terms of performance is GasP proposed by Sutherland [71]. GasP designs use 2-
phase single-track handshaking and offers ultra high throughput but are based on bundled data designs

where the clock is replaced by local controllers controlling the opening and closing of the flop.

Single Track Full Buffer (STFB) [30] is an asynchronous design template which uses two phase single-
track handshake protocol [9] and takes the advantages of both the world. STFB is more robust than GasP,
but has more timing constraints compared to QDI designs. The STFB templates use 1-of-N data encoding,
faster domino logic and follow 2-phase single-track protocol. One limitation of STFB designs is that after
the data transaction the communication wires (channel) are left in tri-state condition, due to which they are
susceptible to noise. In order to improve the noise robustness a new design style Static Single Track Full

Buffer (SSTFB) was also proposed [30] [38].



1.2 Static Single-Track template based designs

SSTFB has similar properties as STFB with the key difference being that it follows static single-track
handshake [9] protocol which keeps the communication wires always statically driven. SSTFB has two key
advantages over GasP, one that it removes the bundling data constraint which makes the design more
robust to process variations and other that it provides better latency than GasP circuits. The key advantage
of SSTFB over QDI is that it uses 2-phase handshaking which leads to higher throughput and lower power

than QDI based designs.

To demonstrate the advantages of static single-track circuits, a high speed asynchronous turbo decoder is
designed as a case study. Turbo decoding [12] is becoming a very popular solution for error correction
especially in wireless applications. Another key aspect of this algorithm is that the entire block of data has
to be written into the memory before the next iteration on the data can start. As the degree of parallelism is
increased the processing time can be linearly reduced, but the pipeline latency remains constant yielding
diminishing benefits. Performance degradation is more pronounced in cases with small data block sizes

where the pipeline latency is comparable or in extreme situations larger than the actual processing time [24].

The key limitation of SSTFB templates is that they only support homogeneous pipelines which limit a
pipeline stage to have single level of logic and a fixed pulse width of 3 on the input and output drivers. The
constraint of having only single level of logic makes SSTFB suitable only for high performance
applications. For medium to low performance applications due to control overhead associated with each
pipeline stage SSTFB designs become area inefficient. The constraint on the fixed pulse width of 3 on
drivers constrains the amount of load on the output channel. Moreover for multi output gate there exists a
relative timing constraint between the outputs, such that if one output has a very small load compared to
other outputs, then the evaluation logic of other outputs may not get sufficient time to generate output
tokens inputs leading to failure. These timing constraints can be satisfied by putting a maximum limit on
the output wire length as advocated in [30] but for deep sub micron ASIC designs in presence of crosstalk

and process variations it is getting increasingly difficult to satisfy.



Even with all the advantages of asynchronous designs discussed above they are still not widely accepted.
A key roadblock has been the lack of EDA tools to support the generation and verification of asynchronous
designs. In past several HDL based synthesis approaches such as de-synchronization [21], weaving [65],
null-convention logic [29], phased logic [49] and syntax directed translation synthesis approach such as
Balsa [4], Tangram [46] have been proposed. While Balsa and tangram requires the designer to use a new
high level language and require the development of some other tools for simulation and performance
verification making HDL based synthesis approaches a more attractive choice. At USC Asynchronous CAD
/ VLSI research group a new HDL based synthesis tool Proteus [23] is being developed which converts a
RTL synchronous design into an asynchronous design. Some unique features of this tool are that it uses a
more accurate model for slack matching [8], and in order to achieve better performance at lower area
penalty area optimization techniques like clustering of different pipeline stages and fan out optimization are
performed. All of the above mentioned synthesis approaches either target bundled data designs or QDI

designs leaving a big void for single-track designs.

1.3 Contributions

In this thesis we offer the following contributions:

* Latency critical applications — A turbo decoder: A case study comparing SSTFB and synchronous
implementations of a turbo decoder in a 0.18um technology. Turbo decoding is an interesting
application for static single-track circuits because of the iterative nature of the algorithm where in
order to achieve a certain decoded data rate the decoder has to run several times faster internally in
order to keep up with the data. The case study demonstrates that high performance asynchronous
designs using SSTFB circuits provide 1.3X - 4X advantage in throughput per area over their
synchronous counterparts in certain processing intensive applications. Moreover, in this particular
application due to low latency advantages of SSTFB over synchronous designs, it can support certain

information rates which synchronous design cannot support at the same throughput.

* Theoretical analysis of static single-track handshake circuits: We propose two constraints on the

drivers of processes. The first constraint is single-track handshake constraint which ensures that there
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is no fight among communicating processes, and the other constraint is rail-2-rail swing constraint
which ensures that the communicating wires (channels) satisfies a user defined noise robustness
criteria. These two constraints provide guidelines to design non homogeneous single-track circuits.
These constraints can also be used to derive relative timing constraints which can be then later used for

STA using standard EDA tools [44].

* Non homogeneous single-track templates: Development of three non homogeneous single-track
design templates which provides the advantages STFB and SSTFB provides but targets a broader range
of pipeline sizes, including medium grained pipelines, leading to typically much lower control and
energy overhead, while at the same time providing lower latency and a wider range of throughputs

than other existing circuit families.

* CAD support for single-track circuits: The contribution of this thesis in CAD support for single-track

circuits is as follows:

» RTL to single-track asynchronous designs: In this work we extend Proteus to generate
single-track designs. Specifically we have developed prototype to convert single rail
asynchronous design to single-track asynchronous design targeting the proposed single-track
templates styles. We also develop prototype for test bench generation to verify the generated
designs and have modified the slack matching algorithm to include slack matching for two
phase asynchronous designs. Using the synthesis flow we verify the advantages of our
proposed templates on ISCAS benchmarks along with some other interesting examples.
Specifically we compare the area and performance of the three proposed design styles to the

industry standard design styles QDI and MLD.

> SDF back annotation flow for single-track circuits: In this work we demonstrate library
characterization flow for single-track libraries STFB [30] and SSTFB [38]. Due to two-phase
handshaking nature and use of bidirectional wires, timing characterization is challenging for
single-track circuits. We identified timing arcs and characterized them in industry standard

liberty format. Finally we demonstrate back end SDF back annotation flow on a 260K



transistor parallel prefix 64 bit added design [32]. Experimental results demonstrate the
proposed back annotation flow yields two orders of magnitude advantage in simulation speed

on analog verification flow with less than 5% error [37].

® NoC interconnect links: In this work we extend the work done by Ken Stevens in [68] by including
two-phase single-track protocol in the comparisons. Additionally we characterize all the
communication protocols to derive the value of the parameters used to model throughput, energy and
bandwidth and include the effects of clock distribution network on synchronous protocols in our
comparison. Comparisons show that two-phase single-track protocol provides the best throughput and
latency advantages over all asynchronous protocols. Comparisons also shows that at low bus activity
factor for the same bandwidth bundled data and single-track protocols can yield significant advantages

over synchronous communication in average energy per transaction.

1.4 Organization

The organization of the remainder of this thesis is as follows. Chapter 2 has been devoted to the various
existing asynchronous design styles. In Chapter 3 we derive the theory behind design of non homogeneous
single-track circuits. In Chapter 4 design of three new proposed non homogeneous single-track design
templates is presented. Chapter 5 presents the integration flow of the single-track templates into Proteus
and we compare the throughput per area of the proposed templates against QDI and MLD design templates.
Chapter 6 presents the design of the asynchronous turbo decoder. In Chapter 7 we present the
parameterized analytical models comparing synchronous and asynchronous communication protocols.

Finally we conclude in Chapter 8.



2 Background

2.1 Introduction

In synchronous design, a global clock acts as a synchronizing signal and controls latches and//or flip-
flops that surround combinational logic. The clock edge determines when the latches/flops sample data and
the clock period is set to guarantee sampled data is valid. In asynchronous designs synchronization is
achieved between blocks though handshaking. Asynchronous designs differ among themselves by
employing asynchronous channels which differ from each other in type of handshaking protocols, data

encoding and logic styles.

This chapter first presents background on asynchronous channels and their data encoding and then

presents various asynchronous design styles that are popular among design community.

2.2 Asynchronous channels

Asynchronous designs are often composed of a hierarchical network of blocks, which contain ports
interconnected via asynchronous channels. These channels are simply a bundle of wires and a protocol for
synchronizing computation and communicating data between blocks. Numerous forms of channels have
been developed that trade off robustness to timing variations for improved power and performance and this

section reviews some of the most popular forms.
2.2.1 Bundled-data channels

Bundled data channels consists of data along with one wire that acts as a Req signal and one wire that
acts as an Ack signal. The data is encoded as single-rail with one wire per bit. In a typical bundled data
channel, illustrated in Figure 2, the sender initiates the communication and tells the receiver when new
valid data is available using the Req signal. The receiver after using the data sends an acknowledgement to

the sender using the Ack signal.
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Figure 2. Bundled data channel

Bundled data channel can be implemented in both two-phase [71] and four-phase handshaking protocols
[35] as shown in Figure 3. A typical bundled data channel with four phase handshaking is shown in Figure
3(a) where every rising edge (or falling edge) on the Req wire implies as a new data and similarly every
rising edge (or falling edge) on the Ack wire acts as the acknowledgement to the data. In four-phase
handshaking protocol there is a separate phase where the Req and Ack signals are resetted to there default
value as seen in Figure 3(a). Four-phase handshaking protocols are also known as reset to zero phase (RZ)
phase. A typical bundled data channel with two-phase handshaking protocol is shown in Figure 3(b) where
every edge of Req signal implies presence of a new data and every edge on Ack wire implies the
acknowledgement of the data. As we can see from Figure 3(b) there is no separate reset phase. Two-phase
handshaking protocols are also known as non-return-to-zero (NRZ) protocols. Since in one complete cycle
there are only two transitions in two-phase compared to four transitions in four-phase handshaking, two-
phase handshaking protocols often offer better performance and lower energy consumption. However the

control circuit required for four-phase protocols may be much simpler then two-phase handshake protocols.

Figure 3. Bundled data channel with (a) four-phase handshaking protocol (b) two-phase handshaking protocol



Bundled data channels are area efficient because the request and acknowledge line overhead is
distributed over the width of the entire data bus. It is also power efficient because the activity on the data
bus may be low and the power consumption of the handshaking wires is relatively small if the data path is
wide (e.g., 64 bits). The key timing assumption (also known as bundling data constraint) in a bundled data
channel is that the data should be valid before there is an associated transition on request line. To satisfy
this constraint the request signal need to be delayed using a delay line such that this delay is greater then
the worst case delay of the data. However in deep-sub micron technology where interconnect delay do not
scale in the same fashion as date delays, more margin is sometimes necessary to ensure correct operation.

This margin is on the forward latency path of the circuit which is often critical to system performance.

2.2.2 1-0f-N channels

1-of-N asynchronous channel consists of data encoded as 1-of-N where N wires are used to represent
logyN bits of data and an acknowledge wire. A typical 1-of-N channel is illustrated in Figure 4. Generally

1-of-N channels are implemented using four-phase handshake protocols.

Acknowledge

Sender Receiver

1-of-N Data )

Figure 4. 1-0of-N asynchronous channel

In a 1-0of-N channel the sender initiates the communication by driving one of the N wires high; the
receiver after sensing that one of the wires has been driven high will use the data and will send the
acknowledgment by driving the acknowledgement wire high. The sender then resets the data wires and then
receiver resets the acknowledgement wire completing the four phases of the handshake. This protocol
facilitates delay-insensitive communication between blocks in that the data as the data validity is derived
from the N wires used to represent data rather then a separate request wire. Consequently, no timing
assumption is needed. This increases robustness to variations, reducing the amount of timing verification

required.
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The most well known form of this channel is dual-rail, also known as 1-of-2, which uses two data wires
per bit of data and is shown in Figure 5. One wire is referred to as the Data_0 or false wire and the other the
Data 1 or true wire. The receiver checks the validity of the data by using an OR function on these two

wires.

¢«— 1sttoken = 0—> «—2" token = 1—>

Data_0 A /V\\‘

\
|
Data_1 /
ata_ ‘ . {/ KﬂL\ //,Jt
E Y R
Ack - "\( SC/ \

Figure 5. 1-0f-2 channel

2.2.3  Single-track 1-of-N channels

In a single-track 1-of-N channels we have data encoded as 1-of-N with no acknowledgement, as

illustrated in Figure 6.

Sender Receiver

Figure 6. Single-track 1-of-N channel

The single-track 1-of-N channel is implemented with two-phase single-track handshake protocol [9] as
shown in Figure 7. The sender drives one of the N wires high thereby sending a token and releasing the
channel, after receiving this token, the receiver drives the same wire low and releasing the channel. After
driving the wire to its desired state, the sender and receiver(s) must tri-state the wire to ensure that they do

not try to drive the wire in opposite directions at the same time.
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Figure 7. 1-0f-2 single-track channel

The two-phase single-track protocol avoids the overhead of the reset phases yielding substantially higher
performance than 4-phase protocols. Moreover, compared to bundled-data protocols there is no timing
assumption that requires margins on the forward latency, yielding additional performance improvement.
Compared to four-phase 1-of-N protocols, there are fewer transitions per bit, resulting in substantially
lower power. Compared to bundled-data channels, however, the number of transitions per bit is often
larger, yielding higher power consumption per bit transmitted.

Static Single-Track (SST) protocol

The basic concern of single-track handshake protocol is that the channel can be tri-stated for some
period of time with only a small staticizer fighting leakage and crosstalk noise. While effective for 250nm,
the noise margin for this technology may be too low in deeper submicron processes [30]. In particular, a
cross-coupling noise event on a long tri-stated wire can either create a new token or remove a token from
the system causing system failure (often in the form of a deadlock). Moreover, in smaller geometries
leakage currents may become so high that the staticizers would need to be made stronger to the point that
they cannot be easily over-powered. To solve the problem of communications channel in tri-state channel a
new variant of single-track handshake protocol was proposed called static single-track protocol (SST)
[91[30][38]. The functionality of a SST protocol is the same as single-track handshake protocol with a
noticeable difference that after the sender drives the line high, the receiver is responsible for actively
keeping the line high until it wants to drive it low. After the receiver drives the channel low, the sender is
responsible for actively driving the channel low until it drives it high again. Note that the channel is always

actively driven either by sender or receiver hence improving noise immunity.



2.3 Asynchronous design templates

Template-based pipelined design styles have demonstrated very high performance while at the same time
being amenable to standard-cell-based ASIC flows and fast design times (e.g., [39] [44]). Different template-
based designs trade-off robustness to performance [71][62][63][54]. In this section we present various
design templates that are most commonly used for asynchronous designs. These styles are collections of
design libraries, protocol definitions and constraints that have been designed and verified to produce

functional designs.
2.3.1 GasP

GasP [71] uses a bundled data channel where the request/acknowledge wires are merged into a single-
track wire. For GasP, a low level signalizes the presence of a request token in the control channel, while
acknowledging it is done by driving the wire back high. Figure 8 shows the GasP circuit where, after reset,
L, R, and A are high. When L is driven low by the left environment, the self-resetting NAND will fire,
driving A low. This will restore L, activate the data latches, and drive R low, propagating the signal and
avoiding re-evaluation until after R is restored high by the right environment. The self-resetting NAND will
restore itself by driving A high after 3 transitions. The output of the NAND controls the latches in a parallel

single-rail data-path.

P - Self-Resetting
NAND

|::> Latches :>

Pulse to
data latches

Figure 8. GasP (a) schematic and (b) block diagram



GasP circuits require 4 transitions to forward data and 2 transitions to reset, of the 4 transitions forward
latency approximately two transitions are required for the latency through the latches in the data-path and
to satisfy the setup and hold times, leaving approximately two transitions for computation in the data-path.
Due to its high performance, the timing assumption associated with the data-path being stable before
latching (bundle data timing constraint) implies that GasP requires full-custom design as well as new CAD

flows that automatically verify this requirement
2.3.2  Pre-charged half buffer (PCHB)

The Pre-Charge Half Buffer (PCHB) is another QDI template was presented in [50] and use 1-of-N
asynchronous channels. Each gate has an input completion detection unit and the output also has an output
completion detection unit. The acknowledgement signals (Lack and Rack) are active low signals. The block

level diagram of the template is shown in Figure 9

Rack

I

n
C 5
»q
RCD
F 4
;.é
|

P!

-

pc

en

Figure 9. Block level diagram of the PCHB template

The function blocks are designed using dynamic logic which provides higher performance and lower
latency then static logic. Unlike WCHB [50] the functional logic is non-weak conditioned. The RCD is
used to detect the validity/neutrality of the outputs and LCD is used to detect the validity/neutrality of all

the inputs.

The operation of the buffer is as follows. After the buffer has been reset, all data lines are low and

acknowledgment lines, Lack and Rack, are high. Consequently en signal is also high and the functional
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logic is ready to evaluate on the inputs. When input arrives by one of the input rails going high, the
functional block evaluate and generates the output. The RCD and LCD check for validity of all the outputs
and inputs respectively and the corresponding C-element output will go low, lowering the left-side
acknowledgment Lack. After the right environment asserts Rack low (pc = 0) acknowledging that the data
has been received the functional block enters the pre-charge phase and resets its outputs to 0. After the left
environment resets the inputs and the right environment asserts Rack high the functional block is ready to
compute on the next set of inputs. The cycle time of this template depends upon the functional logic but

generally varies from 14 to 18 transitions.

2.3.3  Multi-level domino (MLD)
Multi-Level Domino [23] is another design style that uses four phase handshaking protocol and 1-of-N

asynchronous channels. Figure 10 shows the block level diagram of the design style.
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Figure 10. Block level diagram of a MLD pipeline



The data path is constructed out of dynamic logic gates which makes it faster than synchronous designs.
A completion detection unit exists for each output and all the validity signals are then combined through an
AND gate tree to generate the output valid signal and request signal for the next pipeline stage. The next
pipeline stage on receiving the request signal and the output valid signal from AND gate will then send the
acknowledgement signal. The overhead of the reset phases are partially hidden through ‘eager evaluation’
strategy by using two different eval / pre-charge control signal for last level of logic and intermediate levels
of logic. This strategy helps in hiding the overhead of reset phases by letting intermediate levels of logic
evaluate concurrently with the handshake going between the controllers. The style is targeted more towards
medium-grain pipelining and several layers of logic and many data paths in parallel are typically used in a
single pipeline stage. This yields a small overhead from the addition of the pipeline stage control units and
hence an area efficient design. The cycle time of this design style is dependent upon the number of logic
levels, number of outputs and number of fan out channels in the pipeline stages.

2.3.4  Single-track Full Buffer (STFB)

Figure 11 shows a typical STFB [30] cell’s block diagram which uses 1-of-N single-track channel. The
function blocks are designed using dynamic logic which provides higher performance and lower latency
then static logic. When there is no token in the right channel (R) (the channel is empty), the Right
environment Completion Detection block (RCD) asserts the “B” signal, enabling the processing of a next
token. In this case, when the next token arrives at the left channel (L) it is processed lowering the state
signal “S”, which creates an output token to the right channel (R) and causes the State Completion
Detection block (SCD) to assert “A”, removing the token from the left channel through the Reset block.
The presence of the output token on the right channel resets the “B” signal which activates the two PMOS
transistors at the top of the N-stack, restoring “S”, and deactivates the NMOS transistor at the bottom of the

N-stack, as shown in Figure 11, disabling the stage from firing while the output channel is busy.
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Figure 11. STFB transistor level diagram

The cycle time of the STFB template can be as low as 6 transitions with a forward latency of 2
transitions. This implies that the peak pipeline throughput can be achieved with just three stages per token,
which allows high pipeline occupancy and the implementation of high performance small rings. The full-

buffer characteristic of STFB stage refers to each stage capacity of holding one token

2.3.5 Static Single-track Full Buffer (SSTFB)

SSTFB is a variant of STFB templates designed for ultra-high-speed fine-grained asynchronous pipelines.
It uses 1-of-N single-track channels with static single-track handshake protocol and the functional data path
is made of dynamic logic. The functionality of SSTFB template is similar to the STFB template with cycle
time of the SSTFB template as low as 6 transitions (~1.2GHz in 180nm technology) [32] with a forward

latency of 2 transitions.

Figure 12 (a) shows an output stage of a SSTFB sender on the left hand side driving a single-track wire
associated with a channel connected to the SSTFB receiver on the right hand side and Figure 12 (b) shows
the symbol of the output and input drivers. Initially the wire is at logic state 0 M1,M4 and M6 are turned
off while M2, M3 and M5 are on. The sender initiates the handshake by driving the wire high by turning
M1 on. When the wire reaches the switching threshold of INV_LO the inverter turns M4 on which then
statically drives the wire high until the receiver drives the channel low. Similarly, after the receiver drives
the wire low by turning M6 on, INV_HI turns M3 on this then statically drives the wire low until the sender

initiates a new communication by driving the wire high.
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Figure 12. Static single-track protocol interface

Another key advantage of static single-track protocol lies with the sizing of the keepers shown in Figure
12. Typically in domino logic the size of the keeper is constrained to be sufficiently weaker then the pull
down logic to reduce the fight between keeper and pull down logic. This in turn degrades the noise
immunity as the keeper is not strong enough. In SSTFB there is no such fight between the keeper and the
pull down logic. Hence the keeper circuit can be sized to a suitable strength creating a tradeoff between
area and robustness to noise.

The use of semi-weak conditioned domino logic makes them inefficient for gates with complex
functionalities. As the number of inputs of the gate increases, the size of the NMOS stack increases which
causes slower domino logic, increases in area as well as charge sharing problems. SSTFB template also has
a rigid timing assumption of pulse-width of 3 transitions on nodes SO, S1 and A in Figure 11. During this
pulse width the SUP and SDOWN gates are responsibly for charge / discharge of the input and output wires.
This pulse-width is independent of the load offered on the wires which in deep submicron technology is

getting difficult to satisfy.

Additionally in case of non-linear pipelines with multiple outputs implementing complex functionalities,
there exists a critical race between outputs as we have the same control signal for evaluation of the domino
logic. This control signal stops evaluation as soon as one of the dual-rail outputs becomes valid while the
other output functionalities may not have completed evaluation. This race is addressed in [30] by

constraining the length, and thus, capacitance, of the longest channel driven. However, in deep submicron



ASIC design, the presence of process variations and crosstalk noise makes it increasingly difficult and

inefficient to satisfy these constraints.
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Figure 13. SSTFB transistor-level diagram

2.4 Summary

In this chapter we have given an overview of different asynchronous channels and different type of
asynchronous design templates. As one can see there are many design alternatives depending upon the type
of asynchronous channel, logic styles, data encoding and pipeline granularity; which could yield substantial

benefits depending on the specifications of the design.



3 Theory of single-track designs

A single-track channel acts as a shared resource driven by the two pipeline stages or processes that
must drive the channel mutually exclusively. In this chapter we will present principles for the design of such
processes to communicate with each other. This work builds off the work done by Nystrom and Martin [53]
on developing constraints for design of single-track processes. In particular, their work focuses on
homogenous single-track processes which have a single-level of logic with the same forward latency and
same pulse-widths on input and output drivers. The homogeneous processes simplify analysis of the
designs at the cost of design optimality. We thus extend this work to cover non-homogeneous single-track
processes which can have multiple levels of logic and different driver pulse-widths. Multiple levels of logic
enable a new trade-off between performance and area reducing the effective control area overhead without
sacrificing latency. In addition, the flexibility of having different pulse-widths on input and output drivers

increases noise margin robustness.

A key challenge in the design of non-homogeneous processes is the proper management of the single-
track channel between non-homogenous pipeline stages. This chapter first proposes extensions of Nystrom
and Martin’s relative-timing constraints to non-homogeneous processes to ensure a notion of correct
handshaking that includes both avoiding a fight on the channel wires and guaranteeing voltages swing
satisfy a user defined noise margin. Then, we derive certain properties on pulse widths of non homogenous
single-track processes that are more design intuitive compared to relative timing constraints. Moreover, we
derive a lower bound on the cycle time of the channel which better guides micro-architectural performance

optimizations.

This chapter is organized as follows, in Section 3.1 we provide the background on design rules for
homogeneous processes proposed by Nystrom and Martin. In Section 3.2 we derive the design rules for

non-homogeneous processes and in Section 3.2.3 we derive the cycle time constraints of a channel.

3.1 Homogeneous processes

Consider a single-track handshake performed on a channel driven by two processes P and Q with these

two processes driving the channel mutually exclusively. Once process P is responsible for driving the
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channel high and the other process Q is responsible for driving the channel low. Assume each process is
homogeneous such that they have the same forward latency and have same pulse widths on the drivers.
There exists a timing constraint on the duration which each process can drive the channel in order to avoid
interference. Nystrom and Martin defined this constraint by defining a maximum single-track hold time
constraint.

Maximum Single-track hold time: If a process P begins driving an interface node to a new value v at time
t, then P must have stopped driving the node at some time t + o,, where o, is a (system-wide) global
constraint; P must drive the node to v once it has detected that the node has left v.

Similarly there is a constraint where once a process Q detects that the channel has been driven high; how
soon can it drive the channel low so that it does not interfere with process P driving the channel high.
Nystrom and Martin define this constraint by defining the minimum single-track set up time in the
following definition.

Minimum Single-track setup time: If a process Q detects that an interface node has switched to a new
value v at time t, and then Q must not drive that node away from v until the time t + &, where &, is a
(system-wide) global constraint.

To ensure the correctness of the handshake protocol process P and Q should not interfere with each other
which means that when P is driving the channel Q should not drive it and vice versa. Nystrom and Martin
captured this condition in the following definition
Single-track handshake constraint: A set of processes S satisfies the single-track handshake constraint if
&, > o, for all v and all processes in S.

These above mentioned properties will guarantee that there will never be any interference between two
processes sharing a channel. However the constants are global leading to single-track designs with

homogeneous processes in S designed to meet the global constants &, and o,.

3.2 Non-homogeneous processes

In this section we develop the theory that governs the single-track handshake protocol in the presence of
single-track non-homogeneous processes. As explained above non-homogeneous processes can have

different levels of logic leading to different forward latency and driver pulse widths.
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Like in Section 3.1 we assume a single track system to be composed of two processes driving a common
channel, which can be driven to value v, where v € {0, 1}. Let S be the set of all such processes and let P
be the subset of S which drives the channel to a value 1 and Q be the subset of S which drives the channel
to a value 0. Note that P N Q = ®@. Let C be the set of all channels P x Q. Let PWA and PWI be the pulse
width of a process where it is actively driving a channel and where it is in inactive state respectively such
that PWA: S —» R" and PWI: S - R".

3.2.1  Single-track channels

We first define the channel forward latency as the time required by a process s to drive a channel ¢ to
either to 0 or 1. This is formalized in the following definition.

Definition 1. (Channel forward latency) For any process s, s € S the time required to drive a channel c, ¢
€ Cto avalue v, v E {0, 1} is the forward latency DY, where D'E R".

We define ovas the release time of a channel ¢, ¢ € C, which defines the amount of time by which one
process should release the channel after driving it to a value ¥ in order not to interfere with the other
process subsequently driving the channel to a different value. This release time is quite similar to the
maximum single-track hold time o, proposed by Nystrom and Martin with the key difference begin that
while 0, was defined as a global constant, channel release time is a local variable dependent upon the
properties of the channel c, enabling the analysis of non-homogeneous processes. This is formalized in the
following definition.

Definition 2. (Channel release time) For any process s € S, if it drives the channel ¢, ¢ € C to a new value
v, vE {0, 1} at time T then it must release the channel by time t + o, where ol € R".
Figure 14 shows a timing diagram of a single-track handshake protocol with forward latency and

channel release time.



Figure 14. Forward latency and release time of a single-track channel

We define ¢v to be the setup time of a channel ¢, ¢ € C, which defines the minimum amount of time a
process should wait after a channel has been driven by some other process, before it can drive the channel
to a new valuev. This setup constraint is similar to the minimum single-track setup time proposed by
Nystrom and Martin with the key difference being that while ¢, is a global constant, in our work setup time
is a local variable dependent upon the properties of the channel c. This is formalized in the following
definition
Definition 3. (Channel setup time) For any processes p and q, p, q¢ € S, if it detects that the channel c, ¢ €
C: (p, q) has been driven to a value v, v € {0, 1} by process q at time t then the earliest it should drive the

channel to a new value u, u# v and u € {0, 1} is t + ¢¥, where £ ER".
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Figure 15. Setup time of a single-track channel

The setup time of a channel is similar to the set up time in synchronous system where the process acts

somewhat like a flip-flop. In particular, the setup-time is the minimum time difference between validity of
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the data and the process/flip-flop acting on the valid data. The difference is that the process acts on the data
by internal recognizing it is valid, using this valid value, and driving it to a new value whereas the flip-flop
acts on the data by sampling it only after an external clock signal indicates it is valid. Figure 15 shows a
timing diagram of a single-track handshake protocol with channel setup time. Here in Figure 15 (a) after
channel ¢ is driven high, process q has to wait for setup time ¢! to drive channel ¢ to low, similarly in
Figure 15 (b) process p has to wait for setup time £° before driving channel high.
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Figure 16. Channel handshake constraint on channel ¢

In order to ensure the correct transfer of a token on a channel ¢ driven by two processes p and q
we need to avoid fight between these processes such that process p should stop driving the channel
high before process q starts driving the channel low as shown in Figure 16 , similarly process q
should stop driving the channel low before process p starts driving the channel high. This can be

formalized in the following definition.

Definition 4. (Channel handshake constraint) For any c in C: ¢ = (p, q) such that processes p € P and q
€ Q, c satisfies the channel handshake constraint if €2 > ol wherev € {0, 1}.

We also define 7! to be the hold time of a channel ¢, ¢ € C, which defines the minimum amount of time
a process should hold the channel after driving it to some value ¥ as shown in Figure 17. The hold time of a

channel is similar to the hold time in synchronous system as it defines a minimum time for which the data

on the channel should remain stable. However the key difference between them is that while hold time in
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synchronous system is interpreted as the time after the reference clock signal triggers the sampling of the
signal before which the data must remain valid, the hold time of a single-track system is independent of any
external sampling signal. Rather, it is simply a function of the load offered on the channel and guarantees
full voltage swing on the channel. This is formalized in the following definition

Definition 5. (Channel hold time) For any process s € S, if it drives the channel ¢, ¢ € C to a new value v,

vE {0, 1} at time T then it should hold the channel by timet + n? , where ne € R
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Figure 17. Hold time of the channel

3.2.2  Single-track processes

Now that we define characteristics of the single-track channel, we define characteristics of the processes
that drive them. We first define hold time of a process as the time a process holds its state after driving a
channel to a value v.
Definition 6. (Process hold time) For any process s € S, after driving the channel ¢, c € C to a new value v,

v E {0, 1} the time during which it holds its state is called the hold time (o) of the process, where o, € R".

The pulse width of a process actively driving a channel can be decomposed into two phases as shown in
Figure 18, during the first phase the process is driving the channel to © and the during the second phase
while the channel has been driven to ¥ the process holds its state. The first phase is the forward latency of
the channel and the second phase is the hold time of the process. This is formalized in the following

definition.
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Figure 18. Timing diagram of single--track process with process hold time and pulse width active

Definition 7. (Pulse width active) For any p, p € P the pulse width active of p is defined as the sum of
Sforward latency and hold time of process p. We have PW A, = 0'[1, + D} and similarly for any q in Q, we
have PW A, = 02 +DY.

Next we define setup time of a process as the time a process waits after the channel has been driven,
before driving it to a new value.
Definition 8. (Process setup time) For any process q, q € S, if it detects that the channel ¢, ¢ € C has been
driven to a value v, v € {0, 1} by some other process p, p € S at time t then the time it waits before driving

the channel to a new value u, u #v and u € {0, 1} is called as setup time (gg) of process q,, where & ER"

The pulse width of a process q in an inactive state can be decomposed into two phases as shown in
Figure 19, first phase during which either the other process p is driving the channel or is about to drive the
channel. This first phase will be equal to or greater than the forward latency of the channel, and the second
phase during which after the channel has been driven to a value v by p, q waits for its setup time before it
drives the channel. This is formalized in the following definition
Definition 8. (Pulse width inactive) For any p, p € P and for any q, q € Q driving a channel c, c € C: ¢ =

(. q). we have PW I, > D2 + &5 and PW I, > D! + ¢,
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Figure 19. Timing diagram of a single-track process with setup time and pulse width inactive

In a single-track system a channel c is driven by processes p and q and the hold time of these processes
should always be less than hold time of the channel. The intuition behind this constraint is to put a bound
on the time by which processes should release the channel to ensure mutually exclusivity among processes.
This bound is defined as the release time of the channel. This is formalized in the following definition.
Definition 9. (Release time constraint) For any c in C: ¢ = (p, q) such that p € P and q € Q, p and q
satisfies the release time constraint if the release time of process p and q are less than the release time of
the channel, U}, < O'Cl. and, 02 < US .

Similarly we define a setup time constraint which states that the setup time of processes p and q should
always be greater than setup time of the channel c. The intuition behind this constraint is to put a bound on
how early a process can start driving the channel to a different value to ensure mutually exclusivity among
processes. This bound is defined as setup time of the channel. This is formalized in the following definition.
Definition 10. (Setup time constraint) For any c in C: ¢ = (p, q) such that p € P and q € Q, p and q
satisfied the setup time constraint if setup time of processes p and q are greater than setup time of the
channel, Eg > €Y and, E(} >¢l

Next we define a hold time constraint which states that the hold time of processes p and q should always

be greater than hold time of the channel c. This constraint guarantees that a process drives the channel



sufficiently long enough for the channel to have a full rail-rail voltage swing on it. This is formalized in the
following definition.
Definition 11. (Hold time constraint) For any c in C: ¢ = (p, q) such that p € P and q € Q, c satisfies the

hold time constraint if hold time of processes p and q are greater than hold time of the channel, 011, >l

0 0
and oy 2 1.

In a single-track design with channel ¢ driven by two processes p and g, we define a correct handshake
as one in which channel c satisfies the channel handshake constraint and processes p and q satisfy their
associated release time, setup time constraint and hold time constraints. The intuition is to avoid overlap
between processes actively driving the channel while at the same time satisfying a voltage swing on the
channel. This is formalized in the following definition.

Definition 12. (Single-track handshake constraint) In a single-track design single-track handshake
constraint is satisfied if, for all cin C: ¢ = (p, q) wherep € P and q € O

1. c satisfies the channel handshake constraint

2. pand q satisfies the release time constraint

3. pand q satisfies the setup time constraint

4.  p and q satisfies the hold time constraint

Ty + D} T+ D2
Ty Ty+ DY +o) T+ DI+&  TLi+Ditoy  Tidt DI+g
| | |

:

o

Figure 20. Single-track handshake constraint



It can be observed from Figure 20 in a single-track design as a result of single-track handshake
constraint, for any channel ¢ with process p and q the pulse-width inactive of q (PWI,) should always be
greater then pulse-width active of p (PWA,) and similarly pulse-width inactive of p (PWI,) should always

be greater then pulse-width active of ¢ (PWH,). These observations can be proven in the following lemma.

Lemma 1. If a single-track design satisfies single-track handshake constraint, then for all c in C: (p, q)

such that p € P and q € Q, we have PWI, > PWA,and PWI, > PWA,

Proof: PWI; > PWA,

PWI,> Dl 4+&) . From Definition 8.

PWI, > D!+ ¢l From Definition 12 and Definition 10 .
PWI,> D!+ ol .. From Definition 12 and Definition 3.
PWI, > D! + 0'11, ........... From Definition 12 and Definition 9.
PWI,=PWA, .......... From Definition 7. &

PWI,; = PWA,

PWI,> D2+ &) ..o From Definition 8.

PWI, > D0+ ¢0 ... From Definition 12 and Definition 10.
PWI,> D% +o0 ... From Definition 12 and Definition 3.
PWI, > DY + 02 ........... From Definition 12 and Definition 9.
PWI,ZPWA, ... From Definition 7. ®

However in a single-track design if process p and q satisfy the pulse width constraints proved above, it
does not ensure correct handshake on channel c as it does not guarantee mutually exclusive nature of the
processes and hence violating condition one or more of 1, 2 and 3 conditions defined in Definition 12. As a
result the lemma proved above is a necessary condition for single-track design.

3.2.3  Rail-2-rail voltage swing

As a result of hold time constraint there exists a lower bound on the pulse width active of a process as

shown in Figure 21. This lower bound can be defined as minimum pulse width which defines the amount of

time a process should drive the channel to a value ¥ so that the channel can satisfy the user defined voltage

- 30



swing constraints for value v. This minimum pulse width can be decomposed into two phases; one where
process is driving the channel to a value ¥ this time is equal to the forward latency of the channel. The

other phase is where process should hold the channel; this phase is equal to the hold time of the channel.

Definition 13. (Minimum pulse width) For any c in C: (p,q) where p € P and q € Q, the minimum pulse
width (PW N?) required for the channel to be driven to a value v can be defined as the sum of forward

latency of the channel (D?) and hold time of the channel (n})

PWN? =DV +n°

ﬁ

|
i
|
c I
—t | S
| |
| |
| |
| |
q W : : L
I T |
| | | |
| | | |
T Ty + PWN?

Figure 21. Timing diagram of a single-track system with rail-2-rail swing constraint

Lemma 2. (Rail-2-Rail swing constraint) If a single-track design satisfies the single-track handshake
constraint, then for all ¢ in C: (p, q) such that p € P and g€ Q we have PWA, > PW N} and PWA, >

PWNC.

Proof: PWA, > PVVNCl

PWA, =D!+0) ..ol From Definition 9.
PWA, >D!+nl ... From Definition 11.
PWA, > PWN}! ... From Definition 13. ®
PWA, > PWN?

PWA =D+ 0] ........... From Definition 9.
PWA, > D%+ 90 ... From Definition 11.



PWA, > PWN? ... From Definition 13.

The rail-2-rail constraint proposed puts a lower bound on the pulse width of the processes which is
necessary to maintain a user defined voltages swing on the channels. This lower bound is dependent upon
the technology specifications and the wire length of channel This lower bound can have margins to account
for worst case crosstalk noise as well as process variations leading to increased robustness to noise and
process variations.

The proposed constraints provide design rules for non-homogeneous single-track processes. While the
use of homogeneous gates limits the amount of time for computation to a single level of logic making
single-track designs expensive in terms of area and energy. The proposed theory removes this limitation by
guiding the design of non homogeneous processes with the flexibility of having different pulse widths. This
flexibility enables the following advantages.

1. Multiple levels of logic: With the flexibility of having different pulse width the processes can have
multiple levels of logic. This helps in reducing the control area overhead by sharing the same control
logic among several levels of logic thus making the design more area and energy efficient.

2. Long wires: In presence of homogeneous processes to satisfy rail-2-rail swing constraint one needs to
insert pipeline buffers for long channel wires as proposed by Ferretti in [30]. This may increase the
imbalance in the pipelines thus degrading the performance. In case of non-homogeneous buffers
instead of inserting pipeline buffers the pulse width of the drivers can be increased as per defined in
Definition 13.

3. Timing Analysis: The constraints proposed in this chapter can then be verified using static timing
engine as shown in [44] and in case of a violation can be satisfied by changing the pulse widths of the

drivers using standard P&R ECO flow.

3.3 Performance metric

The performance of non-homogeneous processes is measured in terms of cycle time which is formalized
in the definition below

Definition 13. For any s € S the cycle time (T,) of a process s is defined as Ty= PWA; + PWI;



If two processes p and q are related through a channel c then the cycle time of the channel ¢ will be the
same as cycle time of q and cycle time of process p.

Definition 14. (Local cycle time of a channel): For any c in C: (p, q) such that p € P and q € Q the cycle
time of the channel c, T, equals the cycle time of p and g, i.e.

T.=T,=T,

T, = PWA,+ PWI,= PWA, + PWI,

As a result of single-track handshake constraint and rail-2-rail swing constraint the cycle time of a
channel ¢ in C: (p,q) has a lower bound on the cycle time T, which is formalized in Definition 15 and is
proven in Theorem].

Definition 15. (Minimum cycle time): For a channel c in C, minimum cycle time T,;,is defined as T,
=PWN!+PWN?
Theoreml. If a single-track design satisfies the single-track handshake constraint, for any c in C: (p, q) the

cycle time of ¢ (T,) is always greater then T,

Proof:

Te=PWA,+PWI, ........................ From Definition 13
>PWA,+PWA, .....................From Lemma 1
>PWA, + PWN? From Lemma 2
> PWNMHPWND From Lemma 2

Hence Tc > T, W

It has been shown in [8] that better the performance of pipeline / slack matching buffers less number of
buffers are required for slack matching. The flexibility of having non-homogeneous buffers helps in
reducing the number of slack matching buffers making the design more area and energy efficient. The
lower bound of cycle time proved above guides the designer with estimation of the performance of a
channel and provides the pulse-widths required on the input and output drivers of sender and receiver to

achieve the cycle time.



4 Non-homogeneous single-track templates

4.1 Introduction

In this chapter we present three new design templates implementing 1-of-N single-track channel with
two phase static single-track protocol for handshaking. These design templates can support a wide range of
pipeline granularity giving the designers flexibility in terms of performance and area overhead. The
proposed design styles through use of faster dynamic logic provides better forward latency than
synchronous designs because of the use of dynamic logic in the data path and no delay margin required to
meet setup time of the synchronous storage elements. These designs styles are based on Single-track Full
Buffer (STFB) circuit family proposed by Ferretti [30]. The STFB circuit family uses semi-weak
conditioned domino logic due to which makes it inefficient for gates with complex functionalities. Due to
the semi weak-conditioned domino logic, as the number of inputs of the gate increases, the size of the
NMOS stack increases which causes slower domino logic, increases in area and leakage current, and
presents more potential charge sharing problems. The STFB circuit family also has a rigid timing
assumption on the pulse-width required to charge / discharge a wire which in deep submicron technology
are difficult to satisfy. The proposed design styles use non weak-conditioned logic which leads to smaller N
stack leading to smaller area and better forward latency. The proposed design styles also support
configurable pulse-width on channels which are dependent on the wire load of the channel to satisfy the
hold time constraint proposed in Chapter 3. Due to the two phase handshaking the design templates provide
better throughput per area than other existing design styles for a broader range of performance targets and

lower power consumption than their counterpart QDI designs.

This chapter is organized as follows. In Section 4.2 we present the first template which targets high
performance applications, in Section 4.3 we present the multi-level single-track (MLST) template which
targets medium and low performance applications and in Section 4.4 we present a variant of the MLST
template which uses conventional dynamic logic with single-track controller and finally we offer some

conclusions in Section 4.5.



4.2 Single-Level Single-Track (SLST) template

This template is optimized for high performance applications with smaller pipeline stages limiting
themselves to single level of logic. It also has the flexibility of having different pulse widths on their input
and output drivers. The pulse width can be adjusted per the load offered on the wires using a standard P&R

ECO flow.

4.2.1 Block level diagram

Figure 22 illustrates the block level diagram of the proposed template. LO and L1 are dual rail single-track
inputs while RO and R1 are dual rail single-track outputs, Ov is the valid signal generated by the domino
logic block indicating the validity / neutrality of the output channel and /v is the signal generated by the
Dreset block indicating the validity and neutrality of the input signal. /Cv (OCv) is the input (output) channel
valid signal generated by Left (Right) Channel Completion detector (LCCD / RCCD) indicating the validity
and neutrality of all the input (output) channels. Ack is the common acknowledgement signal for all the input
channels and /Ov detects the combined validity of all the input and output channels and neutrality of all

output channels.
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Figure 22. Block level diagram of SLST



Functional logic

The functional data path is based on dynamic logic with evaluation and pre-charge controlled by the “go”
signal as shown in Figure 23 (a). The dynamic logic is based on non-weak conditioned logic which improves
forward latency and average throughput and provides lower area and less charge sharing compared to semi

weak conditioned logic used in STFB.

After coming out of the reset phase, the domino logic is left in evaluate phase and in presence of data on
inputs it drives one of the dual-rail state signals (SO or S1) low generating a valid token on the dual-rail
single-track wires (RO / R1). At the same time, the output valid (Ov) is driven high through the nand gate
indicating presence of a valid token on the output channel. At the same time the eval / precharge signal ‘go’
is being driven low leading to the pre-charge of SO and S1. The pulse-width on the dual-rail stage signals can
be increased by changing the length of the delay line to satisfy the hold time constraint defined in Section
3.2. When all output channels of the pipe stage are acknowledged (OCv=0), go signal is driven back high

leading dynamic logic back in evaluate phase.

(S0/S1) Il/\'ts RO/RI
Lo

Pull down
logic

10v 1+
SO ___
S1 _—:)cﬁv RO :ﬁ}%p——_D_&
X R1 Rese

—IOCv
Delay line

Figure 23. Transistor level diagram of functional block

In the case of non linear pipelines, one output channel can become valid and be acknowledged by its

receiver before other outputs become valid or all input channels have arrived. In this situation a token on that
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output channel will be lost leading to deadlock. This critical race is resolved using the state signal X where it
is driven low as soon as one of the two rails RO / R1 goes high is driven high only when RO / R1 is driven
low by its receiver and controller indicates the validity of all input and output channels are by “input output
valid” signal (IOv) being low. The generation of IOv signal will be explained when we discuss the design of

the controller.

Controller

Figure 24 shows the transistor level diagram of the controller used. The controller is responsible for
generating the acknowledgement signal Ack which drives the input channel low. When all the input channels
are valid (ICv = 1) and all output channels are valid (OCv = 1), the “Ack” signal is driven low which then
drives input channels low. The Ack signal is driven back high when LCCD detects the neutrality of all input
channels by driving ICv low using the generalized C-element. The controller is also responsible for
generating the “input output valid” (/Ov) signal which is driven low when all input and output channels are

valid and is driven high when all output channel have been driven low by their receivers.

P o
C Dc Reset 10v

OCv

e

Figure 24. Transistor level diagram of the controller
Dreset
Figure 25 shows the data reset block which is responsible for driving the input rails low. The reset block
drives the dual rail input low when Ack signal is driven low by the controller. The reset block uses a delay
line which can be configured by changing the delay line to increase the pulse width of A to satisfy the hold
time constraint defined in Section 3.2.3. The NOR gate shown in Figure 25 detects the validity and neutrality
of the data on dual rails such that the input channel valid signal (Iv) is driven high when one of the rails (L0 /

L1) is driven high by the sender and is driven back low when the input channel is driven low.



‘ Ack

L0 %A@
| oy

Delay line

. P

Iv

Figure 25. Transistor level diagram of the Data reset block

Right / Left channel completion detectors

The function of right channel completion detector (RCCD) is to ensure the validity and neutrality of all the
output channels before acknowledging the input channels. When all the output channels are valid the
completion detector drives the left channel valid (OCv) signal high, and when all the output channels are
driven low; the completion detector drives the OCv low. In a similar fashion the left channel completion
detector (LCCD) is responsible for detecting the validity and neutrality of the input channels. When all the
input channels are valid the completion detector drives the left channel valid (ICv) signal high, and when all

the input channels are driven low; the completion detector drives the ICv low.

The completion detectors are implemented using special asynchronous gates C-elements. Figure 26 (a)
shows the 2 input C-element symbol and Figure 26 (b) shows the transistor level diagram of it. These C-

elements are then combined in a tree fashion to implement completion detectors for more number of inputs.

0
AD A Eiﬁ%t

C
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Figure 26. (a) C-element symbol (b) Transistor level description of C-element
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In Figure 27 we show an example of SLST pipeline stage with two output functions, one function which

implement a buffer and the other function which implement an OR gate.

RoOa

Ack

B0

B1

Figure 27. SLST with a buffer and OR function

4.2.2 Performance model

The critical cycle in of channel ¢ between pipelines stages A and B is shown in Figure 35 and can be
calculated as

Te =2 * Tiggic T2 * Treep + Teontrolt + Teontrol2
where Ty is the delay of the logic blocks in the data path, Treep is the delay of the right channel
completion detector, Teonrolr is the delay of the controller at the receiver pipeline stage and include the delay
required to drive the input wires low. Teomrop 1S the controller delay at the sender side to drive the control
signal responsible for evaluation of the sender high. For a linear pipeline with only 1 channel between sender

rand receiver pipelines stages (Trcep = 0) this cycle time is estimated to 10 transitions.
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Figure 28. SLST template with critical cycle

43  Multi-level Single Track template

The second proposed template is designed for medium performance applications where a pipeline stage
can have multiple levels of logic thus effectively sharing the control area overhead over several levels of
logic. The motivation is to have a design template that can support a wide range of pipeline granularity
giving the designers flexibility in terms of performance and control overhead.

4.3.1 Bundled valid wire

It is observed that for medium performance applications we can have larger pipeline stages where a subset
of outputs of sender pipeline stage goes to the same receiver. In such scenarios the cost of completion
detectors can be shared among the two pipeline stages; for example consider a linear pipeline with stages A
and B as shown in Figure 29. Here all the outputs of stage A acts as the input to B, so along with outputs
from A another 1-of-1 single-track valid wire can be sent from stage A to B removing the need for

completion detection of these individual inputs at B.

In particular, when all the dual-rail outputs from A to B are valid this 1-on-1 wire will be driven high
acting as a request signal for that particular outputs. After receiving the valid wire and all the outputs are

valid stage B will acknowledge by driving the valid wire and dual-rail inputs low. Stage A will detect the
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neutrality of this valid wire and assume that all the dual-rail outputs between stage A and B are also driven

low. Use of this valid wire eliminates the need of the completion detector in stage B.

This valid wire may typically arrive later then the actual inputs but it doesn’t stop the stage B to evaluate
this thus causes no degradation in forward latency. Additionally there is no bundled timing data constraint
associated with this wire as inputs are acknowledged only when the valid wire arrive and all outputs of the
receiver are valid. By reducing the number of completion detectors on the dual rail wires thus effectively

reducing the capacitive load the forward latency will only be better compared to the earlier proposed

template.
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Figure 29. Linear pipeline with 1-of-1 valid signal



4.3.2 Block level diagram

Figure 30 shows the block level diagram of the proposed design template. V_L is 1-of-1 single-track valid

wire associated with the dual-rail inputs and V_R is 1-of-1 single-track valid wire associated with dual rail

outputs. ¥ is the output valid generated by the single-track domino logic detecting the validity of the dual-

rail outputs while OCv is the output channel valid signal generated by completion detector (PCCD). In case

of non-linear pipelines we will use C-element trees to combine 1-of-1 valid signals at the input and OCv

signals at the output.
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Figure 30 Block level diagram of MLST template

Another key distinction between SSTFB and MLST is in what constitutes a channel. In the SSTFB

template every dual rail single-track wire between two pipeline stages acts as a channel, while in this

proposed template a bundle of dual rail single-track wires along with the 1-of-1 valid single-track wire

between a pair of sender and receiver constitutes a channel. This distinction is important because the

proposed template bundles all dual-rail outputs going to the same pipeline stage into one channel which
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effectively reduces the number of channels between pipeline stages. This also reduces the size of the

completion detectors improving not only area efficiency but also performance.
The main components of the design template are explained below.
Data path

Unlike SLST which supports single level of domino logic, this template can support multiple levels of
logic where intermediate logic levels can be shared among outputs. The last level of logic is controlled by
the “go” signal generated by Pre-charged completion detector (PCCD) while the intermediate levels of logic
are controlled by the “en” signal. The use of separate signals to control the evaluation of the last level and
the remaining level of logic allows eager evaluation where the intermediate levels of logic do not have to
wait for handshake at the output to finish before being ready to evaluate again. This strategy helps in

improving the average latency and average throughput of the system.

As shown in Figure 30 the intermediate levels of logic use conventional domino logic to generate dual-rail
signals, last level of logic is responsible for generating the dual-rail single-track outputs as well as the

generating the validity signal (V) indicating the validity of the data on the dual-rail single-track wires.
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Figure 31. Intermediate and final level of logic
Pre-charge completion detector (PCCD)

Pre-charged completion detector is used to detect the validity of the dual-rail outputs associated with a
channel and subsequently generating the 1-of-1 single-track valid wire. It uses a dynamic AND gate to detect

the validity of outputs. Figure 32 shows a transistor level diagram of an eight input dynamic AND gate
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detecting validity of 8 outputs and generating valid wire (V_R). When all the dual-rail single-track outputs
are valid, signals (SO and S1) are driven low driving the single-track wire V_R high. In the mean time output
channel valid signal (OCv) is driven high indicating the validity of the channel and OCyv is driven low when
1-of-1 valid signal goes low. The PCCD is also responsible for generating the “go” signal which controls the
evaluation / pre-charge of the last level of logic as well as evaluation / pre-charge of the PCCD. When V_R
signal is driven high go signal is driven low which then pre-charges the last level of the domino logic and the
dynamic AND gate and go signal is driven high when all the output channels of the pipeline stage are driven

low.
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Figure 32. Transistor level diagram of PCCD

Vreset and Dreset

The Vreset and Dreset blocks are responsible for driving the 1-of-1 valid wire and dual-rail wires low. It
accepts the Ack signal from the controller to generate the A signal which then drives the 1-of-1 valid channel
and dual-rail inputs low. Figure 33 shows a transistor level diagram of a Vreset. The pulse-width on A can be

changed by changing the length of the delay line.
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Figure 33. Transistor level diagram of the (a) Valid reset and (b) Data reset block
Controller

Figure 34 shows the transistor level diagram of the controller used. The controller is similar to the
controller of SLST proposed in Section 4.2 with additional responsibility of generating en signal which

controls the evaluation and pre-charge of intermediate levels of logic.
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Figure 34. Transistor level diagram of MLST controller

4.3.3 Performance model

The critical cycle in of channel c in a linear pipeline between pipelines stages A and B is shown in Figure
35 and can be calculated as

Te = Tiogic + L * Tiogic + Tpcep + Teontrolt T Teontrol2
where Ty is the delay of the last level of logic in sender and L is the number of levels of logic in the
receiver, Tpccp is the delay of the pre-charged completion detector, Teonmorr 1S the delay of the controller at
the receiver pipeline stage and include the delay required to drive the input wires and 1-of-1 valid wire low.

Teontroi2 18 the controller delay at the sender side to drive the control signal responsible for evaluation of the
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sender high. For non-linear pipelines the cycle time will increase to incorporate the delay of the C-element
trees.
4.3.4 Timing constraints

The correct operations of this proposed family of circuits depends on the relative timing of logic gates to
avoid critical races. Careful choice of the transistor sizes can avoid these races quite easily. There are two

critical races in our proposed template and are explained below

¢ Pre-charge of intermediate logic: In our proposed template the pre-charge of the intermediate levels of
logic is caused by the “en” signal being driven low by the controller. The “en” signal is driven back high
when the controller detects that left valid signal is driven low. The timing assumption is that this pulse
on en signal is enough for the intermediate logic levels to pre-charge. In case of a linear pipeline this
pulse is 5 gate delays and in case of non-linear pipelines this pulse will be longer. It is also worth noting
that all the intermediate levels of logic pre-charge in parallel and hence we are comfortable that by

proper sizing of transistors this timing constraint can be satisfied.
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Figure 35. MLST template with critical cycle



* Reset of dual-rail inputs: In our proposed template we have assume that if the 1-of-1 valid wire
associated with a channel is low then all the dual rail inputs associated with that channel are also driven
low. The timing assumption is that the dual rail inputs should be driven low before the receiver detects
the neutrality of 1-of-1 valid wire and reasserts en signal and similarly the sender reasserts the go signal
for evaluation. In case of linear pipeline this timing race is of type 1 gate delay against 5 gate delay and
will only be more relaxed in case of non-linear pipelines. We are comfortable that this timing constraint
can be satisfied through proper sizing of the SDOWN gate and / or limiting the wire load on the dual rail

input wires.

4.4 Multi-level domino with single-track (MLD-ST) controller

This design template is a variant of the MLST design template proposed in Section 4.3 with the
distinction being the use of conventional domino logic used for last level of logic instead of single-track
domino logic used. The motivation is to remove the pulse-width constraints required to charge / discharge
the dual-rail wires by using static inverters to drive the dual rail wires instead of S gates. Additionally it
also improves area efficiency as the data path is composed of conventional domino logic which uses

smaller inverter instead of bigger SUP and SDOWN gates.
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Figure 36. Block diagram of MLD-ST template

The key idea is to use an early acknowledgement signal from the receiver to pre-charge the dual rail
domino path of the sender while the sender and receiver complete the single-track handshake protocol on the
1-of-1 single-track valid wire. Figure 36 shows the block diagram of the template with “Done” input signal
coming from the receiver side. This “Done” input which is essentially the Output Channel valid (OCv)
signal of the receiver which indicates that the outputs of receiver are valid and the inputs are no longer
needed, is used to pre-charge then the dual rail data path of the sender as shown. Figure 32 shows the
modified PCCD block which accepts the “Done” input and generates the pre-charge signal “pc” which then
pre-charges the dual-rail domino path as shown in Figure 38. After detecting a valid token on all the output
channels of the receiver the right channel completion detector of the receiver will drive OCv signal high. The
NAND gate then drives “pre-charge” (pc) signal low which then pre-charges the dual rail domino path as
shown in Figure 38. As the receiver completes the single-track handshake by driving the 1-of-1 valid wire

low and the sender is ready to evaluate again pc signal is driven back high.
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4.4.1 Timing constraints

The correct operations of this proposed family of circuits depends on the relative timing of logic gates to

avoid critical races. Careful choice of the transistor sizes can avoid these races quite easily. There are two
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1. Evaluation of receiver: This timing race is related to the pre-charge of the dual-rail wires before the
receiver gets ready to evaluate. The timing assumption is that the last level of domino logic in the
sender should pre-charge before the intermediate levels of logic of the receiver are ready to evaluate
again. In case of linear pipeline this timing race is of type 3 gate delays against 6 gate delays and will
only be more relaxed in case of non-linear pipelines. This timing race can be satisfied through proper

sizing of pre-charge transistors.

2. Evaluation of sender: This timing race is related to the pre-charge of the dual-rail and evaluation of
the sender. The timing assumption is that last level of domino logic in the sender should pre-charge
before it is ready to evaluate again. In case of linear pipeline this timing race is of type 3 gate delays
against 6 gate delays and will only be more relaxed in case of non-linear pipelines. This timing race

can be satisfied through proper sizing of pre-charge transistors.

4.5 Conclusions

In this chapter we have presented three new design styles implementing single-track two phase
handshake protocol. We have also discussed design issues with these design styles as well as the critical
timing races and their analytical performance model. These design styles provide distinctive advantage in

terms of throughput per area and forward latency over existing design styles.



5 Proteus — RTL to asynchronous synthesis tool

5.1 Introduction

Even with all the advantages provided by asynchronous design, they are still not widely accepted by the
semiconductor industry. A key roadblock has been the lack of CAD tools which can automate the
generation of asynchronous designs. Some methods have been proposed over the years [65][29][21], but
they leverage off existing synchronous techniques, resulting in circuits that are bound by the characteristics
of their synchronous counterparts. To remove this limitation an automated RTL to asynchronous synthesis
tool “Proteus” [23] is being developed at USC Asynchronous CAD / VLSI group. This tool is based on de-
synchronization approach for generating asynchronous designs, from an arbitrary HDL representation of a
circuit. The tool is design-style agnostic and is thus applicable to many asynchronous design styles. Our
main contribution in the development of this tool has been to develop a prototype to convert the generated
single rail asynchronous netlist to single-track dual rail netlist, modify the slack matching method for two
phase circuits and prototype for generation of testbench generation for verification of final single-track
designs.

This chapter is organized as follows, in Section 5.2 we provide background on the other existing
synthesis approaches, in Section 5.3 we provide a short explanation of the approach used by Proteus tool to
synthesize asynchronous netlist, in Section 5.4 we discuss the flow we used to convert the single rail
asynchronous design to our library specific single track dual rail netlist and slack matching steps. In Section
5.5 we discuss about the verification steps to validate the correctness of generated asynchronous design,
and in Section 5.6 we discuss the comparison of our library to the other existing styles, specifically we
compare the throughput per area of single-track designs to PCHB and MLD templates. Finally we conclude

in Section 5.7.

5.2 Background

De-synchronization was introduced in [21] where the key idea is to remove the clock tree completely
and generate the clocking signal for each flip flop locally. The clocking signal is locally generated using

asynchronous controllers following a handshake protocol. The task of these controllers is to enable the
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latches and control the flow of data so that the flow of data in the asynchronous netlist is equivalent to the
flow of data in the synchronous netlist. The handshake protocol selected uses a delay line to match the
worst case delay through the combinational block and also accounts for the margin required to meet setup

time constraints of the flip flop as shown in Figure 39.
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Clock

—» FLOP | FLOP  — FLOP
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Figure 39. Desynchronization technique

In this asynchronous conversion method the combinational blocks are the same as in the synchronous
circuit, making both the conversion and verification of the circuit straight forward. Also, there is no need
for a new logic cell library or any logic synthesis. The original synchronous cell library can be used, only a
few new cells (such as controllers and latches) are added to the library. As such, this method can be fully
automated and use a synchronous flow with minor changes. The limitation of this method is that it only
supports bundled data protocol; therefore, we still have to assume worst case delay for each stage. Also, the
matched delays should be carefully chosen so that the timing assumptions remain valid in all corners of the

implementing process. Finally, slack matching has not been incorporated in this method.

Weaving was introduced in [65] where synchronous netlist is converted into fine-grain micropipeline
implementations using a micropipeline library. However the asynchronous conversion is guided by the
synchronous architecture generated by the commercial synthesis tools which does not take into account of
the synchronization delay in asynchronous design. Moreover weaver flow converts synchronous design into

fine-grained asynchronous design which makes them area inefficient for slower performance requirements.
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5.3 Proteus

Proteus is an EDA tool developed by Dimou in [23] which converts a synchronous netlist to an
asynchronous design. The key idea behind the tool is same as the de-synchronization method discussed
earlier. A key difference between the two methods is that while de-synchronization method only supports
bundled data protocol, Proteus is more general and can generate asynchronous designs specific to a user
defined template. As of now only two templates PCHB [50] and MLD [23] are supported.

Another key difference between the two methods is that in order to achieve better performance at lower
area penalty, area optimization technique like clustering of different pipeline stages are performed. For
each pipeline stage a single asynchronous controller is instantiated. The clustering is done subject to a
given performance constraint such that two pipeline states will be clustered without violating the
performance constraint. The performance constraint is generally defined by user in terms of cycle time.

After clustering, the tool tries to optimize the performance of the design through slack matching.
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Figure 40. Overview of Proteus ASIC Flow



Figure 40 shows the overview of the design flow in Proteus. The original synchronous netlist is first
synthesized using a commercially available high level synthesis tool. The generated synchronous gate level
netlist is then converted into an asynchronous netlist using an image library. The image library is use to
map the functionality of the asynchronous gates to their equivalent synchronous gate.

The next step is clustering. Initially we start with each gate as a cluster or a pipeline stage. Then,
clustering is done by merging two pipeline stages into one and executing one such move at a time. The
clustering algorithm is a greedy algorithm where the tool looks at all possible moves that are available at
each iteration and executes the one that provides the most area improvement without violating the

performance constraint.

5.4 Single-track template conversion and slack matching

After clustering the next step is to convert the single rail asynchronous netlist to the asynchronous netlist
using a user defined template. In our case we want to convert the single rail asynchronous design to dual
rail single-track asynchronous design. This step involves creation of single-track channels, conversion of
single rail signals into dual rail signals and instantiation of control logic blocks associated with each
pipeline stage We also need to map the abstract logic gates used by the tool to the logic gates that are
present in the single-track library that we developed.

For each pipeline stage we need to instantiate input channel reset blocks (DataAck and ValidAck) and
controller (STCONT) to complete handshaking between two pipeline stages. In case of non linear pipeline
stages c-elements are instantiated as left /right channel completion detection trees (LCCD / RCCD) to
detect the validity and neutrality of all the input and output channels of the clusters. . In case of MLST and
MLD-ST templates we also need to instantiate a 1-of-1 valid wire for each channel and for each output
channel we need to instantiate a pre-charged completion detector (PCCD).

Due to point-to-point connection of the signals in the single-track handshake protocol, signals are
constrained to have a fanout of only one. To handle outputs with multiple fanouts, one solution proposed by
Ferretti is to insert special FORK cells [30] between the source and destination pipeline stages. However

the addition of these FORK cells can lengthen the critical path increasing the latency of the design.
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Addition of FORK cells can also increase the imbalance among the pipeline stages requiring more slack
matching buffers thus increasing the area and energy inefficiency of the design.

We propose to solve this problem differently where instead of adding FORK cells, we duplicate the last
level of logic in the source pipeline stage thus creating a new output channel and a new dual rail output
signal for each fan out. In this fashion we do not increase the length of the path and we also don’t increase
the imbalance of the pipeline.

The next step involves slack matching which can be thought of as the process of properly aligning the
timing of the handshakes between the pipeline stages in the design, so that a circuit can maximize its
performance. The tool uses Full-Buffer-Channel-Net [8] to model the slack matching problem and calculate
the minimum number of slack matching buffers required to satisfy a given performance constraint. The
model used also take advantage of the fact that non homogeneous buffers can provide significant
advantages in number of slack matching buffers required. The tool uses a linear programming solver to
calculate the number of slack matching buffers required per channel. As a part of this thesis we modified
the model adopted in the tool for two phase circuits which is a natural implementation of the formulation

based in [8].

5.5 Verification

To check the correctness of the asynchronous design created by the tool, a testbench is generated by the
tool from which we compare the results generated by asynchronous design and synchronous design. Figure
41 shows our verification methodology. The tool creates information that is required for verification of the
resulting design. A header file is written that contains some important parameters for the design, such as the
number of inputs, outputs and vectors that are going to be used. Another file that contains random input
vectors is also generated. The original synchronous RTL netlist is simulated with the generated input
vectors and the results are stored.

To simulate the asynchronous design the generated input vectors are converted by CSP Bit generator
into input asynchronous tokens. Then these input tokens are converted into single-track signals by
CSP_to ST shims. The single-track outputs generated from the simulation of asynchronous designs are

then converted into output tokens by ST to CSP shim after which the data value is read by CSP Bit Bucket.
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The results of this run are compared against the results of the synchronous netlist and if they match the
testbench will indicate the validity of the asynchronous design. From the simulation of asynchronous

designs we also average the number of tokens received over time to calculate the average throughput of the

design.
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Figure 41. Verification environment for single-track asynchronous design

5.6 Comparisons

In this section we present the comparison results of our proposed single-track templates against other
existing design styles like PCHB and MLD. This section is organized as follows, in Section 5.6.1 we
present the performance and area model we chose and in Section 5.6.2 we present our results.

5.6.1 Performance and area model

The performance of the design is estimated from the average throughput measured through the Verilog
simulations. We assume that each transition has an equal unit delay. The area of the design is estimated by
calculating the number of transistors in the design. For simplicity we neglect the interconnect area.

5.6.2 Experimental Results

We have illustrated the advantages of the proposed design styles on various examples from the ISCAS

benchmark set that includes examples that are purely combinational (hence include no cycles) or mixed

sequential and combinational (include state elements and cycles). We also added a few examples that are
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template with industry standard PCHB and MLD templates.
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Figure 42. Throughput / area tradeoff curves for s444 example
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Figure 43. Throughput / area tradeoff curves for s444 example
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Figure 44. Throughput / area tradeoff curves for s953 example

generally common in commercial circuit designs. We compare the throughput per area of the proposed
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In Figure 42 to Figure 44 we compare the throughput area trade off curves for SLST, MLST and MLD-ST
against PCHB and MLD templates for three ISCAS examples. We varied the target performance constraint
and compared area. It can be seen that for high performance targets, SLST is more area efficient than PCHB.
For medium performance targets, SLST and PCHB blocks can reduce area only be reducing the number of
slack matching buffers. However they still suffer a large control area overhead. Multi-level templates like
MLST, MLD-ST and MLD, on the other hand, can improve area efficiency by taking advantage of
clustering and the sharing of control logic across multiple levels of logic, thus effectively reducing the
control area overhead. With the high performance nature of single-track templates, for the same target
performance MLST and MLD-ST can support bigger pipeline stages providing better throughput / area
compared to four-phase MLD templates. In Figure 42 to Figure 44 we just show throughput area trade-off

curves for three examples but similar behavior was experienced in all ISCAS examples.

In Table 2, we compare the throughput per area of MLST, MLD-ST template against PCHB and MLD
template. We set the target cycle time constraint for PCHB template to 18 transitions as these templates are
designed to be area efficient for 18 transitions. For MLST, MLD-ST and MLD templates we have selected a
representative target performance constraint to be a somewhat slower 26 transitions (~800 MHz in 65nm) It
can be seen that at 26 transitions MLST provides 32% better throughput per area over PCHB templates and
75% better throughput per area over MLD template. MLD-ST template provides 2X better throughput per

area over PCHB and 2.76X over MLD templates.

Note the throughput / area metric is a function of the target performance constraint we set. As we decrease
the target performance requirement, the multi-level templates improve area efficient because of its flexibility
of having bigger pipeline stages as was seen in Figure 42 through Figure 44. Also note that the comparison
between MLST and PCHB templates is a function of the clustering algorithm and number of primary inputs
in the design. Due to the point-to-point limitation of single-track wires, additional buffers (FORKs) are
inserted between primary inputs and computational logic. These additional buffers are added after the
clustering step and are hence not optimized. This effectively makes our comparison numbers somewhat
conservative as a better clustering algorithm designed for single-track template could try to cluster these

FORK buffers which would improve their relative efficiency.



Design Cycle time (T) Area (A) comparison Arerf
against comparison
PCHB against PCHB
(Tecus/Tsist)  (Asist /Apcup)

s298 14 7050 1.285714286 1.290972349
COUNTER 14 3764 1.285714286 0.799830004
827 14 889 1.285714286 0.953862661
s344 16 8119 1.125 1.24162716
s349 16 8119 1.125 1.265627436
s386 14 8000 1.285714286 1.628664495
s400 14 10471 1.285714286 1.487146712
s420 14 9305 1.285714286 1.21729461
s444 14 9779 1.285714286 1.365019542
s510 17 12000 1.176470588 1.21703854
$526 14 11159 1.285714286 1.31174327
s641 16 11000 1.375 1.411161001
s713 16 14094 1.25 1.621118012
$820 18 20000 L.111111111 1.67196121
s832 16 18000 1.25 1.497628754
s838 14 21854 1.285714286 1.336390876
s953 18 24000 1.222222222 1.608471282
S1196 18 53674 1 1.532535762
S1238 18 48000 L.111111111 1.574389924
S1423 40 32541 0.75 1.607836356
C3540 14 65000 1.285714286 1.502612234
HIT DETECT 14 100000 1.285714286 1.161156977
MAC32 18 90000 1.222222222 1.618850616
C7552 20 32000 0.9 0.585480094

Throughput

1.198374767

1.354517495

Table 1. Throughput and Area comparisons of SLST against PCHB

5.7 Conclusions

In this chapter we propose a synthesis flow for the proposed non-homogeneous single-track design
templates using academic tool Proteus and compare them with existing design styles like PCHB and MLD.
The synthesis flow takes the advantage of commercial synthesis tools and then performs re-pipelining to

generate area efficient designs. Comparisons on several ISCAS benchmarks show that the proposed
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templates provide a wide range of throughput area tradeoffs. They all have very good latency characteristics,
using domino logic with no explicit latches or bundling constraints. For high performance applications, the
SLST template provides an average of 20% better throughput than PCHB pipelines at the cost of 36% more
average area. At lower frequencies MLST template provides 1.32X better average throughput / area over
PCHB and 1.75X over MLD pipelines. On the other hand MLD-ST provides 2X advantage better throughput

/ area over PCHB and 2.75X over MLD pipeline styles.

MLST MLST MLD-ST MLD-ST
Design Area - Area Vs vs Vs Vs
MLST  MLD- PCHB
(A) ST(A) (T/A)  MLD PCHB MLD
(T /A) (T/A) (T/A)
s298 2491 1533 2.077 3.375 3.621 5.884231126
COUNTER 3072 1982 1.451 2.249 1.534 2.377821446
s27 886 731 0.728 0.883 0.554 0.671682627
s344 4080 2835 1.311 1.887 1.924 2.768574635
s349 4080 2835 1.286 1.851 1.924 2.768574635
s386 1713 1239 1.985 2.745 4.402 6.086732477
s400 3744 2680 1.302 1.819 2.392 3.340987371
s420 3974 2782 1.332 1.902 1.821 2.601725377
s444 4704 3394 1.054 1.461 1.747 2.421921037
s510 2173 1707 3.49 4.443 6.866 8.740931008
$526 4085 2683 1.442 2.195 2.529 3.850769804
s641 9512 7619 0.693 0.866 1.045 1.30443123
s713 9293 7482 0.72 0.894 0.989 1.228178397
s820 9681 8011 0.95 1.149 1.88 2.271338448
s832 7480 6278 1.236 1.473 2.277 2.712659593
s838 8831 6391 1.19 1.645 1.935 2.674296444
s953 11940 8030 0.982 1.46 1.894 2.816296033
s1196 16472 14047 1.32 1.548 1.775 2.081048107
s1238 11296 13318 1.928 1.635 2.502 2.122535559
s1423 13819 8512 0.845 1.372 0.915 1.485748626
c3540 36488 30524 0.762 0911 0.946 1.130744894
HIT DETECT 19299 13495 2.51 3.59 2.118 3.028297518
MAC32 33727 33727 1.133 1.133 2.337 2.337424393
c7552 52637 52637 0.584 0.584 0.956 0.95553508
c5315 39310 34126 0.737 0.849 1.264 1.456285949
1.322 1.757 2.086 2.764750872

Table 2. Throughput / Area comparisons of MLST and MLD-ST



6 Library characterization flow

6.1 Introduction

Semi-custom standard-cell based design methodologies offers good performance with typically 12-
month design times. They are supported by a large array of evolving CAD tools that support simulation,
synthesis, verification, and test. A large library of standard-cell components that have been carefully
designed, verified, and characterized supports the synthesis task. This library is generally limited to static
CMOS gates because they are robust to different environmental loads and have high noise margins, thus
requiring little block-level analog verification. But the time to market advantage of standard-cell based
design is being attacked by the increasing difficult task of estimating wire delay and increasing process
variability making worst case design overly conservative. These limitations have created an opportunity for
alternative circuit styles, such as asynchronous design (e.g., [13][51][40][32]).

In particular, Fulcrum Microsystems has demonstrated the commercial viability of high speed
asynchronous design. Their chips have asynchronous cores with approximately 2X the performance of
standard-cell-based synchronous design using overly conservative design style called quasi-delay-
insensitive (QDI) [33][50]that costs in area and limits performance. Moreover, Fulcrum Microsystems
relies on a semi-automated full- custom flow that includes the development of a liquid library and time-
consuming analog simulation for performance verification. In conjunction with a larger effort at Columbia
University, USC has been for past five years exploring a semi-custom approach to designing such high-
speed asynchronous designs as well as alternative circuit styles that tradeoff robustness with performance.
Ferretti et.al have recently developed single-track full-buffers (STFB), which have 3X the performance of
quasi-delay-insensitive circuits and are 50% smaller [31]. Ferretti demonstrated the advantages of our
STFB library and the standard-cell flow on a 260K-transistor test chip that includes a 64 bit adder and test
circuitry in TSMC 0.25u technology [32]. The chips worked flawlessly at a performance of over 1.4 GHz
over a wide range of voltages and temperatures, giving more than 3X faster than most standard-cell based
ASIC designs in this process. At that time, however, our design process was immature and required

extensive and time consuming block-level analog performance and timing verification.



The next step in the evolution of this standard-cell-based design flow is to determine if we can properly
model these cells in a standard HDL, effectively characterize them in a standard library format, and enable
accurate back-annotation using a standard back-annotation flow, thereby enabling digital simulation-based
performance and timing verification. These questions are particularly interesting for STFB designs that use
a non-standard single-track protocol that involves complicated tri-state logic and several atypical timing
constraints that must be modeled. This paper answers this question in the affirmative. In particular, it
describes how STFB cells can be modeled in Verilog, what timing arcs must be characterized to enable
accurate performance and timing verification, and how these timing arcs can be represented in the
commercially standard Liberty format. Moreover, it successfully shows how this characterization enables
performance verification and simulation based validation of the timing constraints using back-annotated
Verilog on several designs including test chip. Experimental results show that the modeling error is less
than 5%.

The remainder of this paper is organized as follows. Section 2 reviews asynchronous channels and STFB
templates and semi-custom design flow. Section 3 describes modeling STFB cells in Verilog, timing arc
definition in the Liberty format, and back-annotation using SDF. Section 4 presents the experimental

results and Section 5 draws some conclusions.

6.2 Background

This section first describes asynchronous channels, the basic structure and operation of single-track full-

buffers (STFB). It then introduces the Standard Delay Format (SDF) and Liberty Format (.1ib).

6.2.1 Single Track Full Buffer (STFB) Template

Figure 45 shows a typical STFB cell’s block-diagram and more detailed transistor level implementation
of a STFB buffer with a single 1-of-N input and output channel. In the STFB buffer, the NOR gate with
inputs RO and R1 is the Right Completion Detector (RCD) and the NAND gate with inputs SO and S1 is the
State Completion Detector (SCD). The operation of a STFB cell when a token arrives at the input can be

partitioned into two cases depending on the state of the output channels:



Output channel is free: The cell is waiting for a token from left environment. The RCD sets the “B”
signal high indicating that the output channel is free and enabling the processing of the new input token.
The token arrives at the left channel and then the state signal “S” is lowered thus creating an output token
for the right environment. The SCD then asserts the “A” signal on detection of the change in state “S”. The
“A” signal in turn removes the token from left channel through reset block. The presence of output token
on the right channel resets the “B” signal which will restore the state signal “S” and disable the stage from

firing while the output channel is busy even if a new token arrives at the left channel.

Reset

(a) Block diagram (b) Schematic
Figure 45. Block diagram and transistor level schematic of a STFB buffer

Output channel is busy: In this case, when the token arrives at the left environment, the RCD sets the
“B” signal low indicating that the output channel is busy and thus disables the processing of the new input
token. The new token waits for the output channel to be free at the left channel. When the right
environment consumes the token, the RCD sets the ‘B” signal high indicating that the output channel is free
and thus enables the processing of the new input token. The state signal “S” is lowered, thus passing the
token to the output channel. The SCD asserts the “A” signal on detection of change in state “S”. The “A”
signal in turn removes the token from the left channel through the reset block. The presence of the output
token will reset the “B’ signal which in turn restores the state signal “S”.

The cycle time of this circuit family amount is only 6 gate delays, which enable ultra-high speed
performance.

6.2.2 Asynchronous ASIC design flow

The asynchronous ASIC design flow shown in Figure 46 was proposed by Ozdag et al. [54] and adopted

for STFB-based designs Ferretti et al. [32]. After creating a standard cell library, they successfully adopted
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a largely conventional standard-cell ASIC back-end design flow using conventional place and route tools
for physical design [32][54]. Performance and timing verification is performed through transistor level
extraction of the layout followed by analog simulation using Synopsys’s Nanosim®©. This is in contrast to
conventional flows that use library characterization, back-annotation, and static analysis for performance

and timing verification.

Symbol
Schematic

Asynchronous
Cell Library

Simulation
(Verilog,
Nanosim)

Chip Assembly LVS
(Virtuoso) (Dracula)
Chip Fabrication

Figure 46. Asynchronous ASIC design flow

6.2.3 Standard Delay Format (SDF)

In conventional synchronous design flows, an SDF file [66] is often used to store the timing data
generated by EDA tools for use at many stages in the design and verification process. The SDF file is tool-
independent and can include delays, timing checks, timing constraints, timing environments, as well as

scaling and technology parameters.

6.3 Liberty Format

The Liberty Format [73] is a standard format used to characterize timing and power consumption
properties of a standard cell library. Liberty format supports many timing models including the linear delay
model, table-lookup model, scalable polynomial delay model, and piecewise linear delay model. In our
work, we adopted the three term linear model for characterizing delay, which provides a reasonable
tradeoff between accuracy and simplicity. Of course, more accurate models can also be used and are
expected to provide more accurate estimate of the delays at the expense of a somewhat more time-
consuming library characterization process. In the linear model the delay of the cell is modeled as the sum

of the intrinsic delay, delay due to the load capacitance and delay due to the input slope.
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6.4 Proposed Design Flow

The key area this paper addresses is timing and performance verification in asynchronous ASIC design
flows. The transistor level extraction and analog simulation required by the ASIC design flow proposed by
Ozdag et. al. and Ferretti et. al. [32] is very computationally expensive for large designs and can often
represent a significant part of the design cycle. Figure 47 shows the proposed enhanced back-end design
flow that includes library characterization and SDF back-annotation to begin to address this problem.

In particular, an SDF file is generated after P&R using a characterized cell library and is used to
simulate the design in Verilog. Compared to transistor level extraction, SDF file generation is far less
computationally intensive because all transistor level details have been abstracted in the characterized
library. Moreover, compared to analog simulation, Verilog simulation is orders of magnitude faster with
modest cost in accuracy. One key application of this back-annotation is simulation-based performance

verification.

Design

Specifications

Symbol
Schematic Schematic Simulation
Functional (Virtuoso) ( Verilog)
.SDF
PP?CQ and Route SDF Back annotation
(Silicon Ensemble)

Chip Assembly
(Virtuoso)

Chip Fabrication

Figure 47. SDF back annotation design flow

Another application of this flow is timing verification, particularly for pipeline templates that involve
intra-cell and inter cell timing constraints. There are two basic related tasks: the first is to identify the
timing constraints for a given template and the second is to verify that in a post-layout circuit the timing
constraints are satisfied with a comfortable margin. Traditionally the identification step is done by hand and
the analysis step is done with post-layout spice level simulations or formal verification techniques [20].
Because some templates may be quite complex an important area of research is automatic timing constraint

identification [67]. Some tools for the identification and simplification of relative timing assumptions for
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complex asynchronous circuits have been developed [20][67][47][80]. Once these timing constraints are
generated we can verify them using SDF back-annotation based simulation shown in the proposed design

flow which is much faster than transistor level simulation.
6.4.1 Identifying the Timing Arcs

For characterizing the timing information of cells in STFB library we need to identify a set of timing
arcs that can completely model the performance and timing assumptions of STFB cells. As explained
earlier the behavior of a STFB cell can be partitioned into two cases.

The right channels are free and a token arrives at the left environment. Since all the channels are
bidirectional (tri-state) wires, all the transitions are either from high impedance to logic state or logic state
to high impedance. In this case, for the right channel to go high the timing arcs corresponding to it will be
from L to R and the transition is L going from high impedance (Z) to 1. Similarly after R goes high the left
channel resets itself through signal A, so the timing arc corresponding to it will be L to L with the transition
at L going from high impedance to 0. After L goes low, the right channel tri-states itself and the left
channel using signal B and A respectively. So in this case the timing arcs are R to R (1 =>Z) and R to L (0
=> Z) respectively as shown in Figure 48.

The output channels are busy and a token arrives at the input channels. In this case the token at the input
channels will have to wait for the output channels to be free. So in this case the triggering event is output
channels getting free and this can be characterized by two new timing arcs and two timing arcs that are in
common with case 1. For processing of the input token, the new timing arc is R => R (Z => 1), for resetting
of the input channels the new timing arc is R => L (Z => 0) and, for tri-stating of the input and output
channels the common timing arcs are R => R (1 =>Z) and R =>L (0 => Z).

So the timing arcs for both the cases are as shown in Figure 48:

L=R(Z=1) R=R((Z=>1)
L=L(Z=0) R=L((Z=>0)
R=R(1=>Z) R==L(0=>2)
These same arcs exist for all N data lines associated with the 1-of-N channel. Thus, for a dual rail STFB

Buffer, there are 6 unique timing arcs per rail (shown in Figure 48) and 12 timing arcs in total.



L->L(Z->0)

L-=>R(Z->1) ..-ﬁ.>L(o.>z) /

R->R(1->2)

—_——re—cee—e= high impedance state

Figure 48. Timing arcs on a single rail of STFB buffer

6.4.2 Characterization Methodology

Because the input and output ports of the cell under consideration are bidirectional and must tri-state, in
our simulation environment the left and right environment are controlled using similar STFB cells. The
load for the cell under consideration is varied by changing the length of the interconnect wire thus varying
the interconnect capacitance. The delay values are then fitted into a plane of form as follows.

Delay = A * C, + B * Slew;,+ Dy (1)

Cy, Slew;, and D, indicate the load capacitance, the input slew, and the intrinsic delay of the cell,
respectively. For the transition going to high impedance, we measure the delay from 50% of L to the delay
of signal “A” going to the threshold voltage when transition L goes from 0 to Z. Note that determining if
and how commercially available library characterization tools can be used to automate this process is still
an open question.

6.4.3 Functional Description of Cells

For SDF back annotation to be possible, we have to specify the pin to pin delays in the functional view
of the cells. In Verilog-HDL we can describe the pin to pin delays in the specify block [76]. For example
the functional description of a STFB Buffer will look like as shown in Figure 49, where (LO => R0) means
that a timing path exist from LO to RO and the six delay values in parenthesis correspond to 0 -> 1, 1 >0, 0

> 7Z,7Z->1,1->7Z,Z -> 0 transitions respectively. Because each specify line handles all transitions
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between unique input and output pins, there are fewer lines than timing arcs. In particular, for a STFB
Buffer we need 8 total lines ignoring global reset. It is also important to note that this timing specification
is independent of the description of the behavior of the cell, which simplifies the Verilog specifications.

There are many ways to model the behavior of STFB cells in Verilog. We developed a consistent
approach in which the Verilog models all have three always blocks for each cell. The first always block is
activated whenever a new input comes at the input channels and the output channels are free, the second
always block is activated when the output channels consumes the tokens present at the input channels and
then drive both the input and output channels to high impedance state. The third always block is used for
the global reset signal. Since the input and output channels are bidirectional we have to declare them as
trireg variables. Unfortunately, trireg variable cannot be assigned inside an always block. To solve this
problem we have to declare a temporary register variable and assigned it in the always block, and then
using standard Verilog primitives like bufif which model a tri-state buffer to transfer the value to the trireg
variables [76]. To tri-state a trireg variable, we just assign the enable input of the bufif gates to 0. Using
these standard primitives solves the bidirectional problem and it also does not affect the functionality or
timing of the cells in any case.

6.4.4 Timing Arcs in Liberty Format

We use the standard Liberty format to represent the characterized asynchronous cell library. We are
using generic_cmos model which means the linear delay model to represent the delay values. Since all the
transitions in STFB templates are from tri-state to logic or from logic to tri-state, we have to use
three state enable and three_state disable constructs, where three state disable is a construct used to
model the delay leading to the transitions (0 -> Z and 1 -> Z) and three_state_enable is used to model the
delay leading to the transitions (Z -> 1 and Z -> 0). A timing model for timing arc L->R (Z->1) is shown in

Figure 48.

6.5 Experimental Results

The proposed back-annotation flow was evaluated on asynchronous linear pipelines with variable

number of stages and a 260 K transistor 64-bit parallel prefix asynchronous adder with the input and output
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circuitry to feed the adder and sample the results [32]. The SDF back annotation flow is also used to verify

if these designs meet the timing constraints of STFB [31].

module STFBBuffer(LO0, L1, RO, R1, NReset);
inout LO, L1, RO, R1;

input NReset;

trireg L0, L1, RO, R1;

reg a,b,c,d,enablel, enable2 ;

bufif bl1(L0,a, enablel);
bufif b2(L1,b, enablel);
bufif b3(R0,c, enable2);
bufif b4(R1,d, enable2);

specify
(L0 =>R0)=1(0,0,0,2,0,0);
(L0 =>L0)=(0, 0,0, 0,0, 3);
(RO=>L0)=1(0,0,3,0,0,4);
(RO=>R0)=1(0,0,0,3, 3, 0);
(L1=>R1)=(0,0,0,2,0,0);
(L1=>L1)=(0,0,0,0,0,3);
(R1=>L1)=(0,0,3,0,0,4);
(R1=>R1)=(0,0,0,3,3,0);
endspecify
always @(LO or L1)
wait( (L0 |L1) && (RO ==0 && R1 == 0) && NReset == 1))
begin ¢ <= L0; d <=L1; a <= 0; b <= 0; enablel <= 1; enable2 <= 1; end

always @(RO or R1)

library(STFB) { // Start Library
technology (cmos) ;
delay model : generic_cmos ;

cell(STFBBuftfer) { // Start Cell
pin(L0) {

}

pin(RO) {

direction : inout;

capacitance : 0.034;

timing(){
related_pin : “L0”;
timing_type : three state enable;
intrinsic _rise : 0.080; // Factor C in equation 1
rise résistance : 0.70; // Factor A in equation 1
slope rise : 0.11; // Factor B in equation 1

}
H

wait (RO==1|R1==1) begin enablel <= 0; enable2 <= 0; end ..
always @(NReset) } // End Cell
begin

if (NReset == 0) begin a <= 0; b <= 0; enablel <= 1; end
else enablel <= 0;

end

} // End Library

endmodule

(a) Functional description (b) Liberty model
Figure 49. Functional and Liberty model for STFB buffer
6.5.1 Performance of Pipelines

We analyzed the throughput of the 9-stage pipeline by varying number of tokens in the pipeline as
shown in Figure 50(a). Our pipeline structure consists of 6 buffers, a fork, a merge, an exclusive OR and a
controlled bit-generator (BG), and the experimental result using HSPICE and Verilog simulation with
back-annotation is shown in Figure 50 (b). In addition, the maximum throughput was measured on
pipelines of different lengths with the results in Table 1 which shows that the back annotation flow yielded

a maximum error of 4.4%.
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Figure 50. Performance analysis of a 9 stage ring

HSPICE Verilog simulation|
Design Error (%)
Simulation with back annotation
9 stage ring 1.6 GHz 1.58GHz 1.8
15 stage ring 1.7 GHz 1.78 GHz 4.4
30 stage ring 1.6 GHz 1.58 GHz 0.6

Table 3. Throughput comparison of pipelines of different length

6.5.2 Prefix Adder
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Figure 51. Block diagram of Prefix Adder and its test circuitry
Figure 51 shows the test circuitry used to demonstrate the ASIC standard design flow on a 64 bit
asynchronous prefix adder which uses cells from STFB standard cell library. The input bit generator is
made up of input rings which generate input fast enough to continuously feed the adder block so that the
adder can work at its peak throughput. The sampler block has the responsibility of sampling the addition
results by a variable sampling ratio and will set the ReqCout and ReqSum high. In our simulations we have
set the sampling ratio to be 1:1000 that means out of every 1000 additions the sampler block will set the

ReqSum and the ReqCout variable high for just one addition. In this case the throughput will be the
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throughput of ReqCout field multiplied by the sampling ratio, i.e. 1000. The adder design has around 5000
STFB standard cells and the layout of this design occupies an area of 4.1 mm”.

The throughput of the adder after simulation using transistor level simulation with Nanosim© is 1.01
GHz'. After performing the same experiment using Verilog Simulation with SDF Back annotation we get
the throughput to be 1.06 GHz. The error that we get is 4% which is within acceptable limits. Simulation

speed increases the speed of simulation over two orders of magnitude.
6.5.3 Simulation Based Verification of Timing Constraints.

Using Verilog simulations with SDF back annotation we can verify the timing assumptions. STFB cells
are based on the timing assumption that one stage will tristate the channels associated with it before the

next stage can drive the wire. Let us consider two cases for a test circuit shown in Figure 52.

E?Eﬂ“ : 4

Figure 52. Test circuit to validate the timing constraints using SDF Back annotation

Case 1) I; drives R high After R goes high, Sx of the first buffer (I1) should go high, driving the wire to
high impedance, before A of the second buffer (I12) goes high which would drive the wire low. If this
constraint is not satisfied it will cause a fight between pulling the wire to a logic state ‘1’ and logic state ‘0’
leading to short-circuit current. This fight is detectable during Verilog simulations and is shown by shaded

or colored regions in commercially standard waveform viewers, as shown in Figure 53 (a).

B42ns |64-2.4-n: |64-2.8n: |64-3.2n: |64-3.6n:
11/RO
11/R1
12/L0
12/L1
(@)

' The difference in the throughput of the design reported here and that reported in [3] is because we used
more conservative spice model card to simulate the design.
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Figure 53. Timing Assumption violated for (a) Case 1 (b) Case 2 (c) No timing violation

Case 2) 12 drives L low: After L goes low, A of the second buffer (I12) should go low, driving the wire
to high impedance, before the Sx of the first buffer (I1) goes low which would drive the wire high. If this
constraint is not satisfied there will be a fight between logic state’0’ and logic state ‘1°, again leading to
short circuit current. As in Case 1, this is visible as a shaded region in Verilog waveform viewers, as

illustrated in Figure 53 (b). Figure 53 (c) shows that all the timing assumptions are satisfied.

6.6 Conclusion

This paper presents a STFB cell characterization and back-end timing flow using SDF back-annotation.
The experimental result indicates that the flow yields over two orders of magnitude increase in simulation
speed with less than 5% error. Our future work involves testing and improving this flow on smaller
nanometer processes in which the introduced error may be larger for a variety of reasons, including
increased crosstalk noise. In addition to back-annotation of timing data for analysis, SDF supports the
forward annotation of timing constraints to design synthesis tools. Thus, we also hope to expand the use of
this SDF flow to logic synthesis, floor planning, and timing driven placement and routing. In particular,
trial or custom placements can be verified against maximum legal interconnect delays specified in a pre-

layout SDF file.



In an ASIC environment, it is also very desirable to perform timing verification with some type of static
analysis and in particular without relying on simulation, whether it be analog or logic level. Thus, a key
next hurdle that we are attacking is to determine how commercial static timing analysis tools can be used to

verify timing constraints in the presence of the numerous timing loops in the proposed model.



7  Asynchronous Turbo decoder

7.1 Introduction

Turbo decoding is becoming a very popular solution for error correction especially in wireless
applications. Turbo coding started with the introduction of Parallel Concatenated Convolution Codes
(PCCC) that were proven to achieve performance that is very close to the theoretical coding bound defined
by Shannon’s Capacity [19]. Since then several variations have been introduced, such as Serially
Concatenated Convolutional Codes (SCCC) and Low Density Parity Check Codes (LDPCC). All these
codes achieve Turbo-Like performance, but vary slightly in terms of performance and computational
complexity and the selection for a particular design is made based on the operational conditions of the final
system.

This chapter presents the design of a turbo decoder using a homogeneous 6-transition high-performance
static single-track standard cell library [38]. In particular, we implement a SCCC which is known for its
very low error floor capabilities, but the design proposed could be easily modified to decode any of the
other types of codes listed above. For comparison purposes, we also designed a synchronous turbo decoder
using ARTISAN standard cell libraries. The comparisons show that our single-track asynchronous design
has significantly higher throughput per area over its synchronous counterpart.

This chapter is organized as follows; Section 7.2 gives a background on turbo decoding process and also
presents the high speed implementation challenges. Section 7.3 presents the design of synchronous turbo
decoder. Section 7.4 presents the design of asynchronous turbo decoder. Section 7.5 presents the
verification strategy for our design and also presents the comparison results of the two designs. Finally we

summarize and conclude in Section 7.6.

1+D+D?

1”7

Figure 54. an example of a 4-state FSM encoder and the corresponding trellis used for decoding



7.2 Background

The basic Turbo-Like encoder structure involves an interleaver and a set of simple error
correction/detection codes (most commonly convolutional codes). The structure on the decoder side looks
very similar to that of the encoder, with two key differences and is illustrated in Figure 55 . First every code
in the encoder is replaced by a Soft-In-Soft-Out (SISO) module. Second the data flow on the decoder is bi-
directional and iterative, and an interleaver/de-interleaver module in the decoder replaces the interleaver on
the encoder side. In our implementation one SISO is used that can perform both operations to reduce design

complexity.

Decoded De- :

Data | Quter Interleaver Inner Ri;eltved
SISO SISO | ata

= Interleaver > Buffer

Figure 55. The decoder structure where each SISO is used to decode one CC.

During each SISO operation the data block is processed along a trellis that represents the state of the
encoder during the transmission process, as illustrated in Figure 54. The state number is indicated inside
each state, while each branch is characterized by the values of the inputs and outputs of the state machine
(shown as x/y on each branch in Figure 54). The length of the trellis matches the number of bits in the data
block. Each branch in the trellis has a branch metric associated with it (not shown in Figure 56), updated
each iteration, which corresponds to a notion of the relative probability assuming that branch took place in
the encoder. The SISO module is responsible for updating the probability that at time k the value b was
encoded by finding the shortest path through the entire trellis that has value b at time k.

To do this, for each trellis transition the decoder computes the forward state metrics which represent the
shortest path from the beginning of the trellis up to that point and the backward state metrics which
represent the shortest path information from the end of the trellis up to that transition. This is shown in
Figure 56, where the shortest path is shown by the bold lines in the trellis and can be derived by the values
of the state metrics. The decoder then can find the shortest path where b,=1 and the shortest path on which
bk=0. Using this information it can produce the new probability for this bit being a 1 relative to being a 0

based on the information available across all the branches of the trellis.
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Figure 56. An example of a 2-state trellis and the associated metrics during the decoding process.

In particular, we have chosen to use the Min-Sum algorithm for the SISO operation. The Soft Input to
the SISO is defined for each bit at time k as the negative log-likelihood ratio of the probability of a 1 being

transmitted over that of a 0:
SI;, = (- log(Pib, =1}))- (~log(Pit, =0})) ()

The branch metrics between state i and state j (if such exists) is the joint probability for the particular

trellis branch given all SI, or:

BM ' = ; SI,
N )

The forward and backward state metrics for time instance k are then defined recursively as follows:

R -minle eml)

B, -minls/, +BMY)

i
where, ~ ¥ is the value of the forward state metric for state i at time k. The index j only takes the values

for which the transition from state j to state i is valid. The state metric calculations are also referred to as
the Add-Compare-Select operation or ACS and constitute the majority of the processing taking place in the

SISO. An example 4-bit ACS is shown in Figure 57.
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Figure 57. A bit-pipelined 4-bit ACS operator. The black rectangles indicate pipeline boundaries

The SISO outputs are called the Soft Outputs (SO) for all input and output bits of the encoder FSM. To
prevent the values that are sent between SISO modules in the decoder from growing indefinitely, instead of
the actual value the SISO outputs the differential (called the extrinsic SO) between the actual value
calculated (also called intrinsic SO) and the original SI inputted. The final quantities are also saturated to a

fixed bitwidth, to reduce the complexity of the SISO modules. So the Soft Output for bit b at time k is

defined as:
§O,y,,, = minlFy + BM( +BJ,,)-min(F; + BM( +B/,)
'b’k‘,=1 Z’f:o (5)
SO(:xlrbk = SOintrbk - S[bk . (6)

The decoding process from a top-level standpoint starts by the received signal being translated into
metrics that represent the probabilities for each of the received bits. Then a SISO module uses the received
sequence as inputs and produces soft outputs. The soft outputs are then interleaved (or de-interleaved
depending on the code) and passed onto the SISO modeling the next convolutional encoder in the transmit
sequence as Soft Inputs. During the decoding process the SISOs that correspond to all the codes exchange
Soft Input data both in the encoder sequence and in the reverse direction. Each SISO is fired several times
and the process iterates until the metrics stop improving, or the maximum number of iterations is reached.
For our comparisons we use 6 iterations which achieve most of the coding gain without being too

computationally intensive.



High-speed implementation challenges

The immediate effect of this iterative approach is that in order to achieve a certain decoded data rate the
SISO has to run several times faster internally in order to keep up with the data. For example a system
using a code with two convolutional codes and decoding using 5 iterations would have to run roughly 10
times faster internally than the target throughput. The calculation is iterative and cannot be speed up easily.
Several tiling approaches have been developed that break the block into sub-blocks that can be processed in

parallel, but normally the logic itself cannot be sped up further than the state metric calculation process

i i
(Fk and Bk) due to the data dependency in that calculation. The adopted Tree-SISO architecture

addresses this problem and will be described in detail in a later section. Even if the state update loop is
broken (as in Massera’s and Tree-SISO architectures [15][5][75]) there are other practical problems that
hinder the throughput. A popular approach to increase throughput is to use many units in parallel. Although
this generally works, it has implementation problems that make the design of very high-speed Turbo
decoders extremely challenging.

The first problem is related to memory access. As mentioned above the data after being processed has to
be interleaved between SISO modules. In order to get good coding performance, the interleaver must use a
permutation that is ideally random. Therefore, with a high degree of parallelism many bits per cycle have to
first be stored into a RAM structure and then retrieved in random order. The usual approach is to have
multiple banks of RAM that each receives data corresponding to one processed bit. As the data comes out
of those banks in random order, it then has to be multiplexed and distributed back to the SISOs. Constraints
are placed on the interleaver to ensure it is clash-free. That not only adds significant complexity to the
decoder, due to the crossbar switch that has to be built into the interleaver, but also places constraints on the
interleaver design that could yield very sub-optimal interleaver performance, due to lack of randomness.
From a hardware standpoint it also requires the instantiation of many more RAM cores that are extremely
small and shallow, that consequently require a lot more area and power than fewer larger and narrower
RAM instances.

The second problem is also a side effect of the interleaver presence. The entire block of data has to be

written into the interleaver before the data can read to start the next SISO process. This is due to the
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interleaver’s random permutation, which implies that the first bits of data that have to be fetched are likely
to be among the last bits of data previously stored. Consequently, as the degree of parallelism is increased
the processing time can be linearly reduced, but the pipeline latency remains constant yielding diminishing

benefits.
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Figure 58. Throughput vs. # of processors

Performance degradation is more pronounced in cases with small data block sizes where the pipeline
latency is comparable or in extreme situations larger than the actual processing time. This does not only
occur once, but occurs every SISO operation. Figure 58 illustrates this point by showing the throughput that
a decoder can achieve as a function of processors to perform one SISO operation. The graph assumes that
each processor runs at 100 MHz for 5 iterations for a code that has two convolutional codes and a data

block size of 2 Kbits.
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Figure 59. # of processors vs. processor frequency



Figure 59 illustrates this point from a different perspective by showing the number of processors that can
be used to achieve a throughput of 540 Mbps with varying processor frequency (assuming 5 iterations and
2 Kbit data block size). It is easy to see that increasing the processor frequency can achieve much larger

reduction in the number of processors than the expected linear function.

7.3 Synchronous high speed Turbo baseline

In order to evaluate the performance of our design and demonstrate the capabilities that our
asynchronous technology has to offer, we designed a synchronous core as well to be able to compare area,
performance and power between the two designs. We chose to design the same unit using both technologies,
using our SSTFB library for the one and the Artisan library for the other.

7.3.1 Tree SISO

Designing a very fast Turbo decoder structure has many challenges as mentioned above. Our goal based
on our analysis was to design the fastest SISO unit possible so that we can keep the degree of parallelism
required to a minimum. For this reason we chose to use a Tree SISO structure [S][75] which removes the
recursive nature in the data path and thus enables fine grain pipelining.

In order to illustrate this implementation, we must define one additional operation that merges adjacent
transitions of the trellis into larger trellis sections that correspond to more than one time index. In this
manner, several state metrics can be computed simultaneously when the appropriate state metric becomes

available. The new operation, called the fusion operation, is defined as:

m,l

BM " =min(BM " + BM >/ ),Ym€E(k,1)
” » ” (7

The min operation is defined over all valid combinations of branch metric pairs of starting and ending
states. The new branch metrics correspond to the shortest possible path derived from the merged trellis
sections between any pair of starting and ending states. The structure used to implement the SISO is
borrowed from prefix adder structures, but with the addition of a suffix path that is used to perform the

operation backwards for the Backward State Metric calculation.



7.3.2 The code

We chose a typical SCCC turbo code structure with two 2-state convolutional codes to reduce the size of
the decoder circuit. The data is first encoded using a rate % non-recursive convolutional code with
polynomials [1+D, 1+D] and the results are interleaved. Next a rate 1 recursive code with a polynomial
[1/(1+D)] is used to re-encode the interleaved data before transmission. Overall this yields a rate % code.
Puncturing could be used to achieve higher code rates and increase flexibility, with minor modifications to
the design, but this was not done at this stage for simplicity.

For a block size of K bits the first code has a trellis length of K and the second one of 2K. Therefore the

throughput equation is as follows:

frK
3K
I(Zp +)

where K is the block size in bits, f is the clock frequency in Hz (or in the case of the asynchronous design

the equivalent throughput), I is the number of iterations and 8M is the number of bits that can be processed
in parallel. Finally p is the pipeline latency in terms of cycles. Each SISO operation has to finish and store
data back into memory, therefore the pipeline overhead is present for every half-iteration. The execution
schedule for every iteration is shown in Figure 60. It should also be noted that only the last iteration

produces decoded data, which is why the throughput is inversely proportional to the number of iterations.

Pipeline Inner SISO Pipeline  Outer SISO
Overhead Processing Overhead  Processing

H 1
H | '

Figure 60. Execution schedule of every decoder iteration

In the case of our asynchronous design M is 1 since we are going to use a single 8-bit wide SISO
processor to achieve the desired throughput. In the case of the synchronous design, M will have to be
higher since the synchronous design is much slower than our asynchronous one and multiple processors of

size 8 would be required to achieve the same throughput. We chose 8 since it is the minimum size Tree-
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SISO for a 2-state code, and it should be noted that due to the structure of the Tree-SISO a 16-bit wide
processor is more complex than two 8-bit wide ones.
7.3.3 P&R results

After the schematic design was finished it was exported to a Verilog netlist and imported into SOC
Encounter for P&R. The libraries for the IBM 0.18 pm technology were used for characterization, and
timing constraints were written to define the target frequency. The core was placed as a standalone module
without IO pads. The design was placed using timing-driven placement and was then routed using timing-
driven routing. After routing was done the clock tree was synthesized and the design was taken through
further processing to fix hold time violations and then the final timing analysis was performed. The clock
frequency that was achieved was 475 MHz for the entire 8-bit wide core. The area of the core was 2.46
mm’. We assume that for higher degrees of parallelism multiple copies of this core could be routed
separately and that no performance degradation would be induced due to the added circuitry. We also
assumed that the clock circuit would be mostly unaffected and that it would just be multiplied in size just
like the rest of the circuitry.

As a point of comparison, the previously published fastest turbo design achieves approximately 1 Gbps
at 6 iterations in a 0.18 um process, using 32 mm” area and a single-buffered input memory [15]. The code
in [15] is a PCCC which requires the processing of 2K trellis steps/iteration, so that structure would decode
approximately 667 Mbps for an SCCC code like the one we chose, which requires processing of 3K trellis
steps/iteration. Our synchronous design has similar throughput (653 Mbps) for M=6 and using 14.76mm”
of core area and 2.17mm? of memory area, which indicates that our synchronous design is comparable with
state-of-the-art decoders found in the literature. Since our synchronous and asynchronous cores would use

the same memory area, our comparison only considers the core area.
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7.4 Asynchronous Turbo

This section covers the asynchronous Turbo design, including a brief description of the overall design
flow and the P&R results.
7.4.1 Asynchronous ASIC Design Flow

For each SSTFB cell needed we created four library views: functional views contains the behavioral
description of the cell in Verilog HDL, schematic views contains the transistor level implementation of the
cell, layout view containing detailed GDSII data, an abstract view to support placement and routing in LEF
format, and finally its symbol. Using this library, a largely conventional standard-cell ASIC back-end

design flow using conventional place and route tools can be used to create the layout, as illustrated in

Figure 61.
7.4.2 P&R and design results

The design was place and routed using Cadence SOC Encounter in a similar fashion as the synchronous
counterpart. Congestion based placement was performed and the routing was performed on the design
using Nanoroute. The final core has 70% utilization and the final area consumed by the logic is 6.92mm?2.

The core is fully routed using 6 metal layers showing that the design is routable.

7.5 Verification and Comparisons

This section covers the design verification of the asynchronous turbo and its simulation results.



7.5.1 Design Verification

The schematic of the design was converted into a Verilog netlist and the simulation was performed using
our Verilog models for the SSTFB cells in NC-Sim. Due to the size of the design and the instantiation of
multiple identical components, the verification was performed in a bottom-up fashion. We started with
simple cells such as adders and moved up the hierarchy to ACS units, state update nodes, branch metric
calculation units, the completion logic, and finally the top-level module. For each module a set of vectors
were generated that would test all corner cases of its behavior and the results were verified and cross
referenced to the synchronous counterpart.

7.5.2 Post-Layout ECO and simulation results

To estimate the performance of the chip we simulated the 55K-transistor module that implements
Equations 5 and 6. This module contains an 8-bit ripple carry chain of full adders which includes the
critical cycle of the design. This module represents around 1/30th of the complete design but is the most
computationally intensive module in the SISO.

To improve the performance of the design we added SSTFB Buffers on long wires using the ECO flow
in SOC Encounter. The addition of the buffers increased the modules throughput by 26% and increased the
utilization factor from 70% to 76% but otherwise did not impact area. The final layout was extracted using
Assura RC in coupled mode and the circuit was simulated using Nanosim, yielding a throughput of 1.15
GHz.

7.5.3 Comparisons

The frequency of the post P&R synchronous core is 475 MHz. From the post layout simulation
explained in Section 7.5.2 we expect the asynchronous core frequency to be approximately 1.15GHz. Thus,
we expect the asynchronous core to run 2.4 times faster then its synchronous counterpart.
7.5.3.1 Area comparison

The logic areas of the synchronous and asynchronous cores are 2.46 mm” and 6.92 mm®, respectively.
Both asynchronous and synchronous cores implement the exact same function with the same degree of
parallelism. However since the asynchronous core is 2.4 times faster and has smaller pipeline latency than
the synchronous core, we must instantiate the synchronous core many times in order to match the

throughput, as described in Section 7.3.3. Substituting the numbers in Equation (8), we compute that for
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equivalent throughput with 6 iterations and pipeline latencies of 60 cycles for the synchronous design and
32 equivalent cycles for the asynchronous one, the number of required synchronous cores varies from 11
for a throughput of 418 Mbps for block size of 768 bits to 3 for a throughput of 490 Mbps for block size of
4 Kbits.
7.5.3.2 Throughput/area comparison

Throughput/area is another important metric for the comparison, since it indicates the performance in
relation to the area used to achieve it. We chose to use throughput/area instead of just area for comparable
throughputs as a metric for our comparisons. This is because the throughput that is achievable by each
design is not exactly equal, so the ratio comparison provides a normalized metric that is fairer. From Table
4 we can see for example that for a block size of 1 Kbits which is a very common block size used in
wireless applications we obtain a throughput per area advantage of 2.13. The advantages are even bigger
for smaller block sizes, and for block sizes of 512 or smaller, the synchronous design cannot match the
throughput of the asynchronous counterpart, regardless of the degree of parallelism M. As the block size

increases, latency becomes less of a critical factor and the two designs become more comparable.

Bl(zlc)li(tss)lze Async T (Mbps) Sync T (Mbps) M S)(’Il:ch:;)e a T/area ratio
512 383 - - - -
768 418 415 11 27.06 3.91
1024 438 440 6 14.76 2.13
2048 471 519 4 9.84 1.28
4096 490 513 3 7.38 1.03

Table 4. Throughput per area comparison

7.5.3.3 Energy Comparisons

From the post-layout spice simulation the power consumed of the selected module is 0.53W. If we
extrapolate the number we expect the power of the complete Tree SISO to be approximately 15.5W. The
power for a single synchronous core (M=1) is 1.72W. From Table 5 we can see that for smaller block sizes
we are more energy efficient than the synchronous design, but for larger block sizes the synchronous design
more efficient. It should be stated that the power calculation for both designs was performed for the worst
case scenario, namely with the units processing data at the maximum rate. Even though the calculation is

based on peak power, we believe that the numbers might be conservative, but the ratio should be
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representative of the relative power consumption of the two designs. We have also not included leakage
power comparisons in the calculations, but given that the asynchronous design requires less area for the
same throughput and leakage power is proportional to the total area, we expect to have an advantage in

respect to that aspect as well.

Block Size (bt | EeTRY per block Energy per block Ratio
768 3.5E-05 2.84E-05 0.81
1024 2.40E-05 3.63E-05 L5
2048 2.714E-05 6.73E-05 2.5
4096 4.11E-05 12.9E-05 3.1

Table 5. Energy per block comparison

7.6 Summary and conclusions

Our results demonstrate that SSTFB asynchronous turbo decoder is beneficial for small to medium block
sizes. Preliminary comparisons show that the asynchronous turbo decoder can offer more than 2X
advantage in throughput per area for block sizes of 1K bits or less and smaller energy per block for block
sizes of 768 bits or less. Thus the asynchronous design is particularly useful in low latency wireless
applications in which block size must be small. More generally, this design experiment demonstrates the
potential benefits of high-performance low-latency asynchronous libraries and standard-cell design flows
for processing intensive applications.

The current SSTFB library has only one size per cell. While this is sufficient to achieve high
performance, multiple sizes for each cell can significantly reduce the overall capacitance and power
consumption. In addition, 64% of the cell instances in the Tree SISO design are dual-rail buffers for slack
matching. If these are replaced by 1-of-4 or 1-of-8 buffers (that have less switching activity per bit),

significant reductions in power consumption is likely.



8 Asynchronous vs Synchronous Communication

8.1 Introduction

A number of effects are impinging on the way we do design. A fundamental change is in the requirement of
adding pipeline stages in the interconnect. This increased complexity is due to a number of factors including
physical scaling as well as the desire to increase performance. This communication pipelining results in
somecircuit and architecture advantages and overheads. Various communication methodologies have differing
local and architectural performance implications and CAD requirements. This work models pipelines using
various protocols, including clocked and asynchronous, and makes a first-order comparison of energy and
performance of these models. These models show that some asynchronous communication methods can be

comparable or superior to clocked communication, even under worst case conditions.

Global synchronous design requires the expenditure of a large design effort to create a low skew clock.
While this can result in many efficiencies, including no synchronization overhead and uniform performance
targets, there are also significant drawbacks. A single global frequency may not be optimal for CPU
architectures because each module has different optimal power/performance points. Further, a global frequency
requires re-pipelining every module as frequencies change. Furthermore the global clock distribution network
also leads to more overhead to account for clock skew and higher energy consumption. If efficient
asynchronous communication can be designed, three significant benefits arise. First, each module can be
designed for its best frequency and power. Second, the ability to interconnect components with different
frequencies will be vastly enhanced resulting in higher design reuse, faster time to market, and easier ability to
customize designs. Thirdly the ability of the asynchronous designs to adapt themselves to physical properties
leads to more robust design.

The goal of this work is to study communication methodologies to determine if and when asynchronous
communication can be competitive at the physical level with synchronous styles. A similar study is done in [26]
where bit-rate, power, are and latency are compared between register links, wave pipelined parallel links, and
asynchronous serial links [27]. This work, instead, focuses on asynchronous parallel links, comparing them

with synchronous methodologies.



8.2 Overview

Eight representative protocols are modeled in this paper. This includes two synchronous protocols, five
asynchronous protocols and one source synchronous protocol. The synchronous protocols include the flopped
design (clk_flop) and latched design with time borrowing (clk latch). The asynchronous protocols include dual-
rail (2-rail) and one-of-four (1-of-4) DI protocol, NRZ two-phase and RZ four-phase bundled data protocols,
and two phase single-track protocol. Finally source synchronous protocol (src_sync) is modeled, which sends
the request as a pulse along with the bundled data. The source synchronous protocol has no acknowledgment.

Other protocols such as the PC2/2 protocol [62], the Mousetrap protocol [63] and those using n-of-m
codes [3][3]can be similarly modeled but are not included in the paper for clarity. Most of these protocols will

be similar to, or bounded by, the models presented in this paper in terms of throughput, energy, and bandwidth.
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Figure 62. Complete energy / bandwidth graph

Figure 62 and Figure 63 show the final results of the models applied to a long 10,000 um bus with a critical
repeater distance of 555 pm. The distances and parameters are typical of what might be found on a
microprocessor fabricated in a 65 nm process. A very long bus was chosen to allow a wide range of pipelining
and frequencies to be graphed. The y-axis shows the average energy per transaction, measured in relation to the

energy of driving a minimum sized inverter. The x-axis shows the effective bandwidth in terms of the number



of concurrent transactions that can be sent down this path. The bandwidth is scaled for area by dividing the
overall throughput by the number of wires in the control and data paths.

Each tick mark on every protocol line in the graphs indicates a specific pipeline granularity and thus a
particular frequency. The parameter values in this paper use an optimized 10,000 um wire with 18 repeaters.
The far left point of each protocol is the condition where all of the repeaters are inverters. Pipelining is
increased moving right along each protocol by replacing one inverter with flops or latches. As more of the
inverters of the communication path are replaced with pipeline latches, the frequency and bandwidth increases
across the x-axis. The rightmost tick is where all of the inverters have been replaced with flopped repeaters or
pipeline control, achieving the maximum bandwidth for the protocol.

Achieving the target bandwidth can come at different frequencies (or pipeline granularity) based on the
protocol being used. In general, these results show that the asynchronous protocols require higher pipelining to
achieve the same bandwidth as the synchronous protocols. For example, to achieve the area scaled bandwidth
of 1, asynchronous 4-phase bundled data communication requires more pipelining than synchronous flop based
communication, hence consuming nearly 2 times more energy. This can be seen by determining the pipelining
for every protocol that achieves a particular bandwidth target in the graphs.

Increased bandwidth comes at the cost of increased energy per transaction for a fixed bus width. Fine-grain
pipelining, or the right-most point on each protocol, is the most energy-hungry operational mode for any
protocol. Furthermore for synchronous and source synchronous designs there exists a limit on the clock
frequency equal to the minimum pulse width that can be successfully propagated along a critical distance length
of a wire. For optimal power and performance, the bandwidth should be matched by appropriate pipeline
granularity or frequency.

The asynchronous protocols show a significantly reduced bandwidth range when compared with the
synchronous and source synchronous protocols. This is due to the delay overheads in propagating request and

acknowledge signals across long wires.
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Figure 63. Efficient protocols

Figure 63 zooms in on the energy efficient protocols. Synchronous protocols exhibit the best energy and
bandwidth values for coarse grained pipelining having a low clock frequency. The source-synchronous protocol
is the best for highly pipelined designs. The bulk of the energy for all protocols is dominated by the wires.
However, as the data is increasingly pipelined, the average energy per transaction increases. The slopes of the
four-phase asynchronous protocols are steeper, indicating a larger energy penalty for increased bandwidth.

The graphs show the worst case conditions. A vast majority of the asynchronous protocols will operate at a
significantly improved frequency on a chip because they adapt to the current fabrication and environment
conditions. Nominal values would reduce the slopes on the asynchronous protocols which makes them more
competitive to synchronous design.

The DI and single-track protocols exhibit significantly higher average energy per transaction and the lowest
bandwidth ranges. The bandwidth limitations are largely due to the inefficient use of wires. Each bit requires
two wires in these protocols, effectively halving the area scaled bandwidth reported here. The high energy
consumption of these protocols can mostly be attributed to the high activity factors that result from the data
encodings. However, because these protocols are delay insensitive the CAD requirements are greatly reduced,
allowing quicker time to market and higher robustness to operational parameters. Hence they may still be good

choices depending on the overall design requirements.



8.3 Comparison Methodology

The following methodology was employed to compare various modes of communication.

1. Create a set of parameterized first order equations modeling the following for each protocol:
(a) delay and delay variations
(b) energy and energy variations
(c) cycle time and latch and flop overheads
(d) bandwidth and wire area

2. Design 65nm circuits for all protocols and simulate them to:
(a) provide accurate delay, energy, and area values for the models

(b) compare the first order model results against SPICE simulations of the complete design
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Name Equation FO4 Value
V. Cross coupling variation of wire 0.4
V, Process variation 0.16
Vow Pulse width variation 0.2
Vi Voltage & temperature variation 0.12
Voo Margin for CAD (PV Accuracy) 0.05
D, Ideal stage delay (as FO4) 278 -1
Ly Latency of a 10,0004
interconnect with repeaters 27.8
Tegyt Delay from clock to output 1.8
Teq- Togr (L =V,) 1.65
Toui Latch setup time 0.48
Touy Flop setup time 0.96
T Clock skew and jitter 1
T Clock skew 1
Top Time borrow phase skew 0.5
T, Hold time 0.25
Tqg Flop data-to-output delay 2.8
Tiaqi Latch data-to-output delay 1.4
Tow Minimum pulse width that can be
propagated through a critical distance | 2.2
Towe | Tl 4 %) 2.42
Ty Domino reset & propagation 0
vad DV, 1.5-0.05
T Part of D; attributed to logic 0
Tiey | Ti(1+ 2+ Vi) 0
T | Ti(1+2) 0
{Tc D:'. - T} 27.8 — 1
Ty | T+ %+ 255) 35.9 - 1.29
T.. T.(1+ %) 3325 1.2
T._ T.(1- %) 22.25 — 0.8
Np Number of pipeline stages 18-1
Niep Number of repeaters per pipeline stage | 18 — 0
excluding memory element
Tesns | To(1+ ) 30.59 1.1
Tfsm+ | Controller delay per phase 2.55 — 6.64
Trome | Troms (1 —22) 2.34 — 6.10
Trat+ Forward latency of async controller 1.18 - 3.95
E. Controller energy per phase per bit 0.072 - 0.90
Erep Energy of a single repeater 1
Egatg | Data energy through flop 2.02
Eiun Data energy through latch 1.78
Eoky Clock energy for flop 0.22
Eom Clock energy for latch 0.2
Eeirdes | Clock energy for DETFF 0.42

Table 6. Parameter variables and derivatives
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8.3.1 Parameters

The timing of all fabricated circuit elements will be faster or slower than the scalar value of an “ideal”
element due to process variations, capacitive coupling, and other effects. Variation from ideal devices and wires
are considered an overhead in this work, whether it manifests itself as clock skew or device and wire delay
variation. Table 6 and Table 7 show the parameters and their associated values that are used in this paper. All
values come from simulation of the designs in 65nm technology using predictive spice models [1]. The
parameters in the top section of Table 6 model variations from ideal delays that occur on wires and devices.

First-order effects are modeled, including coupling, process variation, voltage and temperature variations (VC,

Vp, and VVt respectively).

Values in the bottom section of Table 6 are scalar delays. These delays are all relative to the fanout of 4
(FO4) of a typical inverter, for example worst case clock skew is assigned a scalar delay of 1 FO4. The ideal

stage delay, Di’ is varied from 27.8 FO4 to 1 FO4 to allow evaluating pipelines ranging from coarse to very fine

grain. This is the amount of ideal logic delay between latches or flops in a logic based design, and it determines

the pipelining or frequency of a communication link. Latency LW represents the ideal latency to transmit data

across an unpipelined 10,000 um wire.

Name Equation Value
A Activity factor of bus wires 0.18
Ay Activity factor of bus 0.05
Q. Control wire delay optimization 0.85
Qua Control wire area optimization 1.85
X. Critical wire distance 555 m
Wy Width of bus 32

D, Delay across repeated wire 1.6

E ijtree | Clock tree energy per transition 16.84
Py % of clock tree energy for communication | 10%

Table 7. Parameter variables and derivatives
The target delay of any pipeline stage can be distributed as either functional logic delays T1 or
communication delays Tc’ which includes both repeater and wire delay as shown in Figure 64. For the designs

simulated in this paper Di:Tc‘ However, for generality our models include function logic delays which
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significantly change the throughput results for some protocols. Variations are applied differently to logic and

communication.

Tc
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Figure 64. Total communication delay in a pipeline stage delay Tc’ versus repeated wire segment delay Dc

More accurate first-order models are achieved by including variation values. A single value VC is used here

to model crosstalk coupling variation. Delays with a maximum variant can append a ‘+’ symbol, and min-delay

values append a ‘-’. For example, TC L1 the max communication delay and T, is the minimum clock to data

output delay of a flop or latch. Tj.. and T are the maximum logic delay and communication delays for
synchronous systems. Synchronous protocols take first droop effects into account since the fixed frequency
could otherwise cause the circuits to fail under the slower operation induced by the voltage droop. The
asynchronous protocols will instead adapt itself to the operating conditions. Communication delay for the

shielded links TCsh o of the DI and single-track protocols is smaller than for the non-shielded bundled data
paths.

Variables Nrep and NP in Table 6 represent the number of repeaters per pipeline stage excluding the

memory element and the number of pipeline stages respectively. The Nrep parameter can be calculated as gc ,

Loy

while for all modes of communication except synchronous latch based Np can be calculated as \L where

ptl

L

D, represents the total number of repeaters required for a 10,000mm interconnect. In case of latch based

communication there are two latches acting as repeaters per pipeline stage, hence NP in that case is equal to

=

-\'.'-z pt 2z



The parameters in Table 7 include the interconnect design information of our process. To identify the
minimum delay we performed a 2D sweep on the repeater size and number of repeaters required for a 10,000
pm long interconnect [28]. The optimum design required the number of repeaters to be 18 and the size of the

repeater to be 96X a minimum size inverter. The delay across each repeater stage Dc is approximately 1.6 times
a nominal FO4 delay with the energy required to drive a critical repeater distance as Erep' Here we assume that

repeaters are placed optimally at the distance of critical length. The energy required for data transfer in various

protocols will be calculated relative to Erep'

The Eclktree parameter in the Table 7 represent the energy required by the clock tree to distribute clock to a

10,000pm interconnect. For sake of simplicity we model the clock distribution network as a single wire running

in parallel with data having repeaters at the critical distance as shown Figure 65. Parameter P de defines the

percentage of the energy of the repeated clock wire E that is used for data communication. In particular,

clktree

P de models the fact that the clock may be used not only for distributing clock to our data communication setup

but also to other logic blocks in the vicinity. With the values set in Table 7, for a 32-bit data path the clock
distribution contributes 10% of the energy to the synchronous design in case of extreme pipelining. More

complicated models of clock trees are also possible and may be mapped to this simple model.

Clk_1 Clk_2 Clk_18

F Y
v

10,000 pm

Figure 65. Clock tree to distribute clock over 10,000 pm interconnect

The T fsm Parameter in the Table 6 is based on the worst case cycle time of the asynchronous controller. The

total cycle time is averaged between the four (two) phases of the four (two) phase asynchronous controller.
Different protocols exhibit different cycle time overhead, for example, 2-phase NRZ protocols generally require

more complicated control with larger delays compared to 4-phase protocols. The Tlat parameter represent the
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forward propagation latency of the handshake control signals in the asynchronous protocols. Intuitively this
represents the delay associated with propagation of the incoming request signal to outgoing request signal. The

Ectl parameter represent the average energy per phase per bit for the control logic for the asynchronous

protocols. Similar to control delays, different asynchronous protocols exhibit different energy requirements. For

a fair comparison T fs and EC i has been characterized through simulation for the different protocols and

m’ Tlat
are listed in Table 8. The sizing and spacing of the control wires in the asynchronous protocols may be

optimized differently than the data wires. The parameters Ow d allow a reduced control wire delay for a larger

area O_ .
wa
The parameter Ab is the activity factor of the the bus, or the percentage of clock cycles during which data is

transmitted across the bus. Each flop is considered to be gated during idle cycles in the clocked protocols. AW

is the activity factor of data on the bus, or the probability that any bit will switch values for an average bus

transaction.
Name Trem | That E i
4-phase bundled data | 4.28 3.45 | 0.075
2-phase bundled data | 4.77 3.45 | 0.072
DI 1-0f-2 6.64 1.18 | 0.90
DI 1-0f-4 6.04 1.2 0.60
STFB 1-of-2 2.46 1.04 | 0.87
STFB 1-of-4 2.55 1.16 | 0.60
Table 8. Asynchronous control parameters from 65nm spice simulations of the designs
Name equation description
Tos < (Troms + Togy + Tt + Teer + Tow) — (Troms + Tom 4+ Thyn—) | Handshake to data margin
Teel < | (1+ l—zﬁ)max(ﬂ. Ths) — (1= ‘—,_]:‘i)nmx((].'T'p_s) + Troa Robust delay element size
Tl <|(1+ ‘f—,"”)l]lztx((). T,.) —(1- %)111&){((]. Tys) 4 Teaa Pulse delay element size
Crry > | max(2T e, (Theq + Tees + Touw + T + Togy + Teoa)) Clk flop throughput
Chy > | max (2, Ties + Toor + 2T5g) Clk_latch throughput
Cait < | AT ey + 2Tosny + 200010y + T + Ty, 2-rail and 1-of-4 DI
Chaor | < 2T peimg + Loy + Toger + Ol 2-phase bundled data cycle time
Chass | < | AT pamy + 2Ty 4 Toger + 20,4704 4-phase bundled data cycle time
Cleq <\ max(2 . (Tegy + it + Lot + L)y (Log 4 Thger + Tyamy)) | srC-8ynC Cycle time
Clys < | 2Tpemy + 2Teany STFB 1-0f-2 and 1-of-4

Table 9. Cycle time equations. Cycle time measured in FO4 delays



Name equation description
Lt > | max(20,, (Ter + Toer + Tow + Torj + Tegr + Tra)) Clk_flop latency
Ly > | max(28 0, Doy + Loy + 20 0g) Clk_latch latency
Lt < | Dt + Tesny + 1oy 2-rail and 1-of-1 DI latency
Lyazy | < | Doty + Teetr + Toder 2-phase bundled data latency
Ly | < | Datt + Ty + Teder 4-phase bundled data latency
La.-H» S lll%IX(QT—;,“.. (I‘fﬁ» + T}#» + E‘('+ + T-‘u)- T‘c‘+ + I;.Ju'r*! + Tfsvl:+) Sre-sync 1&1’(311(‘3’
Loy < | ety + Tesny STFB 1-0f-2 and 1-0f-4 latency
Table 10. Latency per stage. delay measured in FO4 delays
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Figure 66: Latch and flop transistor level design
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Figure 67. Latch and flop pipeline stage configurations for distance of 4 critical repeater distances.

8.4.1 Synchronous communication - Latch and Flop

Figure 66 shows the transistor level diagram of the latch and flop used in this work. The sizes of devices in
this paper are calculated using logical effort [72]. In case of a flop based communication the data has to go
through one flop per clock cycle while in case of latch based communication data has to go through two latches

one being driven by clock and the other one being driven by inverted clock as shown in Figure 67.

The minimum cycle time of a flop represented by equation C - presented in Table 9 will be bounded by one

of the two conditions. First, the clock cycle cannot be shorter than twice the width of the minimum sized pulse

2pr that can be safely engineered and propagated. Otherwise, the delay through a stage will be the sum of the

+T Synchronous

maximum logic and communication delay from the source flop to the destination flop T1C Pl DR

systems have additional overheads of setup time, clock skew and jitter, and other CAD related inaccuracies

Tsu+Tskj+Tca d Upon arrival of the clock edge, the data must also propagate through the flop ch 4 Setup,

skew, and flop delays create the overhead for clocking.
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Equation C1 4 in Table 9 is the minimum cycle time for a synchronous latch protocol. Similar to the flop

protocol the cycle time is bounded by one of the following two conditions, twice the width of the minimum

sized pulse 2pr and the delay through a stage which is equal to the communication delay from the source

latch to the destination latch T1C ++ch +2T dql Use of latches instead of flops helps in reducing clock skew

+

and jitter overheads because of the time borrowing allowed between stages. However the data must propagate

through two latches 2T dql to account for the alternate phase control of the latches.

The equations that calculate the energy consumption for latches Ele and flops E fe in Figure 66 are shown in

Table 11. The energy consumed by the flop / latch to transfer data the critical distance of a communication link

is represented as the parameter E dataf/ E datal’ The average energy consumed per transition by the flop / latch
due to switching of the clock is represented as parameter Eclkf/ Eclkl' The average energy per transaction for
clock gating of a flop ng/ latch Egl is calculated as a single transition on the clock driver, which is one-fourth

the clock load of the flop plus energy into the gating NAND for the average number of idle bus cycles per
transaction. The average energy per transaction consumed by the clock distribution network is given as

1 1
A—ZP chclktree whereA—accounts for the amount of energy consumed by the clock distribution network

b b

when the data bus is idle.

The energy consumed per transaction of a single flop / latch pipeline stage can be attributed to two factors:
the energy consumed by the memory element (flop / latch), and energy of the repeaters in that pipeline stage.

The energy consumed by a flop is Wb(z(Eclkf+ng)+AwE dataf) and the energy consumed by the repeaters

WbAwEreerep to drive the data. In case of latch based communication due to two latches per pipeline stage

the energy consumed by the latches is Wb(4(Eclkl+Eg1)+AW(2E datal))'
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8.5 Asynchronous communication

In this section we present the cycle time and energy models for some representative protocols used for

asynchronous communication.

Name equation description

Eyr ‘Le %f— + "’%"— Flop clock gate energy

Ey ‘% ';—ﬁjﬁ' + f—‘{u Latch clock gate energy

Ef. fh2Pr;(‘E(.u.,,.,...r.. + Wel2(Egs + Eeirg) + Aw(Edary + ErepNrep)) | Clkflop energy

Eir- ﬁgprk‘E('HcH'r-'r-' + 1"'})(4(}39! + Er'FJ.'!’) + —'!-n‘(QEd:rH + Er'f-p—\_r'r'p)) Clk_latch CNergy

Ey. A Ect + ErepNrep) 4-phase bundled data energy
FWo(2E ek + Aw(Egarr + ErepNrep))

Es. 2(Eeu + ErepNeep) 2-phase bundled data energy
+U';,(E(.“.dc.f + A (Egan + E,.q,_\',,tp))

E.. 2(Eou + ErepNeep) SIC_SYNC energy
+W },(21‘5{-“-.;‘ + Au(Egan + E,.(‘I,,A\',,(.P))

Egiz Wy(dE oy + 2E,pNoop) + 2E, 0, Noep DI 1-0f-2 energy

Euia Wy(4E 1 + EvepNyep) + 2E10pNyep, DI 1-0f-4 energy

Egio 2WhE STFB 1-0f-2 energy

Eq4 WiyEen STFB 1-of-4 energy

Table 11. Models for average energy per transaction per pipe stage

8.5.1 Bundled data protocol

The datapath in a bundled data asynchronous communication is similar to the datapath in synchronous
communication. Controllers generate the local clock signals for the latches instead of the global clock, as shown
in Figure 68. The bundled data protocol can be implemented in both four-phase and two-phase handshaking
protocols. The key timing assumption (also known as bundling data constraint) in a bundled data protocol is
that the data should be valid before there is an associated transition on the request line. To satisfy this constraint
the request signal needs to be delayed using a delay line such that this delay is greater than the worst case delay

of the data plus the setup time of the latch.

Equation Cb do+ and Cb a4+ in Table 9 gives the minimum cycle time for a two phase and four phase

bundled data protocol respectively. The same controller is used for both the 4-phase and 2-phase designs shown
in Figure 68 and Figure 69. The key difference in these designs is the use of double edge triggered flip

flops [56] rather than simple latches for 2-phase design. Parameter Tfsm , represents the controller delay

overhead per phase and is equal to 4.25FO4 for a 4-phase protocol and 4.78FO4 for 2 phase protocol. The
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parameter Tps in Table 9 is the worst case path separation or margin in terms of FO4 delays between the
control and data paths. TC del is the number of gate delays that must be added to the control path to guarantee

that we satisfy the bundling data constraint. The worst-case values must be taken assuming that as pipe stages
are composed, it is possible to have worst-case skew between data and control in all stages. This creates a safe

margin for the control and data race at the expense of throughput.

Equations E 4e and EZe in Table 11 calculates the energy per pipeline stages for 4-phase and 2-phase bundled

data protocols respectively. The energy required by the asynchronous controller per phase is characterized as

E ;. This parameter represents the energy consumed in transmitting the control signals (req and ack) a critical

ctl

distance along the communication link. The parameter EClk def in Table 6 represent the average energy

consumed per transition by a double edge triggered flip flop shown in Figure 69.

The energy consumed per transaction per pipeline stage is the sum of the controller energy and the energy
consumed for data transfer through latches. The controller energy for the 4-phase protocol is equal to
4%(

)and 2*(E ,+E __ N __ ) for the 2-phase protocol. The energy consumed by the latch in a 4-

Ectl+Ereerep ctl “rep rep

phase protocol is calculated as Wb(zEclkl+Aw(E )) and for a 2-phase protocol energy is

datal+Ereerep

calculated as Wy (E def+Aw(Edatal+Ereerep))'

8.5.2 Delay Insensitive protocol

The data path in a DI protocol is comprised of data encoded as 1-of-N rails where N wires are used to

represent logzN bits of data and an additional wire which acts as the acknowledgment signal. The most well

known of this class of protocols are dual rail (1-0f-2) which uses two data wires per data bit, and 1-of-4 which

uses four data wires to represent two bits of information.

Delay insensitive protocols are typically implemented using four-phase handshake protocols. Hence there are

four iterations through the data acknowledge detection and propagation logic 4Tfsm - Figure 70 shows a 1 bit
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WCHB [50] controller implementing a 1-of-2 DI protocol handshake. The acknowledgment wire can be made

wider to reduce delay on its transitions 20_ T .
wd ct+

The equations that calculate the energy for communication using DI protocols are shown in Table 11. The
asynchronous controller is comprised of domino logic which is responsible for forward data propagation along
with a completion detection logic. The completion detection logic is responsible for generating the
acknowledgment signal such that the ack signal becomes valid only when all the input bits have arrived. The
overhead of the generation of the completion signal becomes a limiting factor for the cycle time of the design,

particularly for wide data buses of 32 bits and above. The average value of the controller delay per phase T fsm

for this particular example of DI protocol is 6.65FO4. However this performance can be improved by using 2D
[50] pipelining methodology which motivates a trade-off between performance and area. The main idea behind
2D pipelining is to reduce the cycle time overhead by using multiple completion detection logic modules, each
module working on a subset of the data path at the cost of more aggregate area. For the sake of simplicity in
this paper we will limit our discussion to only 1D pipelines; however faster values will be obtained for large

buses with 2D pipelines.

Equation C diz+ and C did+ in Table 9 gives the minimum cycle time for 1-of-2 and 1-of-4 DI protocol

respectively. The data transitions have less variation because the encoding result in the wires being half

shielded 2Tcsh "

The energy required by the asynchronous controller per phase is characterized as E ;. Unlike bundled data

ctl’
protocols, in DI protocols the req control signal is encoded within the data itself and the controller shown in

Figure 70 transmits 1 bit of data and ack control signal. The parameter E _, represents the energy of the

ctl
controller per phase for transmitting 1 bit of data and ack control signal. The energy consumed per transaction

per pipeline stage for a DI protocol using 1-of-2 encoding is the sum of the controller energy 4WbEct1 and the

energy of the repeaters in that pipeline stage to drive the data 2W and the energy required to drive

bEreerep
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the acknowledgment wire 2Ereerep' In a 1-of-4 encoding each wire transition represents 2 bits of data, so the

energy required by the repeaters to drive the data reduces by half to WbEreerep'

{>c RO
%O<]_C ] Rack
L1 I>° R1

Figure 70. Simulated DI 1-of-2 protocol implementation

LO

8.5.3 Single-track protocol

Single-track protocol is a 2-phase asynchronous protocol which uses 1-of-N data encoding similar to DI
protocol with the key difference being that there is no separate acknowledgment wire [9]. The sender drives one
of the N wires high thereby sending the data and, after receiving this data, the receiver sends an
acknowledgment by driving the same 1-of-N wires low. After driving the wire to its desired state, the sender
and receiver(s) must tri-state the wire to ensure that they do not try to drive the wire in opposite directions at the
same time. One popular single-track asynchronous controller is Single-Track Full Buffer (STFB)[38]. Figure 71

shows a typical 1 bit 1-of-2 STFB buffer.

The two-phase single-track protocol reduces the overheads of the reset handshake. This yields substantially
higher performance than 4-phase DI protocols and fewer transitions per bit which substantially lowers power.
Compared to bundled-data protocols there are no timing assumptions that require margins on the forward
latency, yielding additional performance improvement. However, the number of transitions per bit is often
larger, producing higher average power. One limitation of STFB is that every repeater acts as a pipeline stage,
hence STFB designs are restricted to fine-grained pipelining. Although STFB can be used in 1D pipelined
designs similar to the DI protocol, this paper reports simulation results that are bit level 2D pipelined; i.e. each

completion detection logic detects the validity of only a single bit.
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Equation CSt 4 in Table 9 gives the cycle time for 1-of-2 and 1-of-4 STFB respectively. The average value of
the controller delay per phase T fsm for 1-of-2 STFB is 4.80FO4 and 5.10FO4 for 1-of-4 STFB. Equations EstZ
and Est 4 in Table 11 represent the energy required by an STFB controller to drive data through a critical

distance communication link. E _, represents the energy per phase consumed by the controller. In case of 1-of-2

ctl

STFB designs the energy per pipeline stage is equal to the sum of controller energy and the energy of the

repeaters in that pipeline stage 2W, E . and in case of 1-of-4 STFB designs this energy is equal to W, E ..
boetl & gyiseq bctl

s _C{ﬁ,

=

L1 ”:}_GIE R1_
I_
B <=

Figure 71. Simulated single-track 1-of-2 protocol design

8.5.4 Source synchronous communication

Another mode of data communication is wave-pipelining [17] where several “waves”, i.e data signals, can
concurrently propagate through a pipeline with proper timing separation between two consecutive waves. This
timing separation is created by a “constructive clock skew” in conventional wave-pipelining, by using a
separate timing reference in source synchronous protocols and a “fast” signal in an asynchronous “surfing”
protocols [79]. The timing reference signal is routed in parallel with the data. A novel characteristic of
asynchronous surfing is that when logic blocks receive the fast reference pulse their computation delay drops,
thus creating a surfing effect wherein events are bound in close proximity with the pulse on fast reverence

signal.
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The key to the performance of any wave-pipelining method is the time separation of waves which defines
their cycle time. In this paper, we have explicitly modeled the cycle time of source-synchronous

4 in Table 9. In particular, the cycle time is lower bounded by three terms: the

communication with equation CSS
minimum pulse width that can propagate through a critical distance; the communication delay of the data

through a repeated wire; and the propagation delay of the clock signal plus the delay through controller which

generates the enable signal for the latch. Equation ESS in Table 11 gives the energy model for source

synchronous protocol. In the source synchronous models used here, multiple values are not propagated between

flop stages.

BB Dar DDy

TOoOrm
o

Figure 72. Logic pipeline with delay of 4

8.6 Comparisons

In this section we compare the various modes of communication in terms of maximum throughput, energy
consumption and bandwidth they can provide. These results are based on the first order models developed in
this paper using parameter values directly derived from SPICE simulations the designs in the 65nm process.

8.6.1 Throughput

Figure 72 shows a pipeline with an ideal logic delay of 4. Ideal pipelines would have no variation, and the
flops would have zero latency and no overhead. This would allow a new data item to be propagated through
these pipe stages every four gate delays. We compare the actual throughput and overheads of the protocols as
calculated by the equations in Table 9 against the ideal pipeline delays. The equations calculate extra delays

that are added due to device variation, latch delays, etc.
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The throughput models applied to our parameter values are plotted in Figure 73 through Figure 76. The x-axis
plots delays based on the pipeline granularity in terms of the number of gate delays between flops or latches.
The leftmost side contains pipelines with a logic pipeline depth of 27.8 ideal gate delays per stage which is
necessary to propagate a signal down a 10,000 um wire. The rightmost point contains a single ideal gate delay
per stage. The y-axis plots FO4 delays, or the overhead calculated by comparing the modeled worst-case delay

to the ideal delay.

These plots allocate all of the delay to communication. As expected, the asynchronous protocols with
acknowledgment are the least efficient for communication, with the 4-phase protocols being the worst. The
most efficient protocols are the clocked and source-synchronous protocols. The two-phase asynchronous
protocol shows significantly better performance due to the reduction in control transitions propagated between
sender and receiver. The source synchronous protocol is the best asynchronous protocol at low frequencies
because its request is propagated as a pulse and no acknowledgment is explicitly included. This protocol is
marginally slower compared to synchronous protocols largely due to the conservative margin in the delay
elements. In a real design, one would expect the source-synchronous circuit to out-perform the synchronous

design due to its adaptive nature.

Cycletime vs Pipeline Depth
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Figure 73: Worst-case protocol throughput
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Cycletime vs Pipeline depth
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Figure 74. Throughput of efficient protocols

As mentioned earlier one of the limitations of single-track protocol is that every repeater needs to be a
single-track pipeline stage, hence limiting single-track to fine-grained pipelines. Due to this limitation, we
observe a single point in Figure 73 through Figure 76. In fact at high frequencies 2-phase single-track protocol
is the most efficient asynchronous protocol. This is because it is two-phase and avoids the delay margin needed

in bundled-data protocols.

Cycletime overhead
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Figure 75. Throughput overhead against ideal
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Cycletime overhead
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Figure 76. Overhead of efficient protocols

The cost of decreasing the amount of logic in each pipe stage to increase frequency can be inferred from
these graphs. Figure 77 shows the historical trend in logic gates per pipe stage for Intel’s recent
microprocessors. As the amount of logic per stage is reduced, there is a considerable increase in power and
performance sapping overhead. As shown in Figure 75 and Figure 76, shortening the pipe depth has come at
little cost in the past. As pipe depths continue to be shortened, the overheads start to dramatically increase. In a
synchronous latch design there is a 22% loss in efficiency as the pipe depth is decreased from 15 to 10 ideal
gate delays. This balloons to a 50% loss if one moves from 10 to five ideal gate pipelines. Hence, future
frequency increases for synchronous designs will result in diminishing performance gains. This also comes at
an increased energy consumption cost as is show in the next section. The same analysis applies to pipelining

asynchronous systems, particularly if the pipeline has significant bubbles during full throughput operation.
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Figure 77. Gate delay scaling of products [41]

8.6.2 Latency

Figure 78 and Figure 79 compare the latency and overhead per pipeline based on the equations given in
Table 10. The x-axis plots delays based on the pipeline granularity in terms of the number of gate delays
between flops or latches. The overhead is calculated by comparing the latency of the design to the wire latency

given by parameter LW in Table 6. These plots allocate all of the data path delay to communication.

In case of ideal pipelines there are no overheads associated with the memory elements hence the latency is
the same as wire delay. However in case of synchronous designs, especially synchronous flop communication,
each stage has to suffer an overhead to account for clock to output delay, set-up delay, and clock skew margin.
As we increase the pipeline granularity the overhead increases as much as 200% as shown in Figure 79.
Margins for set-up time and clock skew are not required for synchronous latch communication due to time

borrowing between stages. However this protocol suffers the overhead of two data-to-output delays 2T dql

through the latches.
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Latency vs Pipeline depth
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Figure 78. Latency vs pipeline depth
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Figure 79. Latency overhead vs pipeline depth

The overhead associated with bundled data asynchronous designs comes from two sources. The first source
is the delay associated with the controller used to generate local clock signals. The second is the extra delay
margin inserted in the request line as shown in Figure 68 to satisfy bundling data constraint. The DI protocols
and single-track protocol provides the lowest latency of all the protocols. This can be attributed to two

properties of these circuits. First, since the data coding is delay-insensitive in nature no extra margins are
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required for setup to the latches. Second, the use of fast domino logic used in the data path leads to faster
propagation of data compared to latch / flop designs.

8.6.3 Energy

Figure 80 shows the energy dissipated to transmit data across a 10,000 pm bus with varying amounts of
pipelining. Each equation in Table 11 calculates the energy for a single pipeline stage. This number is

multiplied by the number of pipeline stages NP which scales the results for the same 10,000mm distance. The

x-axis shows the number of repeaters between the flops or control elements in the pipeline, the rightmost value

when every inverter is replaced with a flop.

The asynchronous DI protocol based on 1-0f-N codes has a much poorer power profile due to their activity
factors. The rest of the protocols have fairly similar energy profiles. The curves are very flat except for ultra-
fine grain pipelining, where the control overhead becomes a significant power drain on the circuits. Figure 81
shows the most efficient protocols at high frequency where bus activity factor is set at 5% and the activity
factor of the data wires is set to be 18%. This shows that at high frequencies when some idle cycles are present
the bundled data asynchronous protocols have a distinct advantage over synchronous protocols. This can be
explained because of clock switching and energy required in the gating logic even during idle phases, while
asynchronous protocols provides ideal clock gating at no extra cost. Observe that while the plots shows
asynchronous 2-phase bundled data protocols to be more energy efficient then 4-phase bundled data protocols,

this may not always be true.
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8.6.4 Bandwidth
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Figure 80. Average energy per transaction
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Name | equation description
B, 1+ 1/W, synchronous valid bit
B, 24 Oy /Wy, | DI data encoding & ack
By 2 Single-Track data encoding
B,, 1+ 20,,/W, | req and ack signals

1+ ()u‘u/l’rvb

req signal

Table 12. Average wires per data bit
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Name equation description

B¢ L./(B.Ctsy) | ClkAflop bandwidth

B L./(B,Cpy) Clk_latch bandwidth

B L/(BaaAgis) | 1-of-2-rail and 1-of-4 DI b/w
Bs Liy/(BraAsy) | 2-phase bandwidth

B, L./(B,qAyr) | 4-phase bandwidth

B.s L./(B.SS;) | Srcsync bandwidth

Bt Ly/(BgAstoy) | STFB 1-0f-2 bandwidth

B L./(BgAgsy) | STEB 1-0f-4 bandwidth

Table 13. Bandwidth equations for the eight protocols

In order to effectively scale a chip, additional metal layers are added to support the increased bandwidth of
the design. The effective utilization of wires in a process therefore determines the cost and bandwidth of the
design. This work defines bandwidth to be proportional to the wire area. Table 12 shows how throughput is
scaled based on the wire area to calculate the bandwidth of a design. The delay insensitive and single-track
protocols modeled in this paper require two wires per data bit. Therefore, for the same wire area the bandwidth
of these asynchronous designs would have roughly half the bandwidth. The penalty for control signal and valid

bit overhead are also calculated for the studied designs as shown.

The final bandwidth models graphed in this paper are shown in Table 13. The value is the bandwidth-scaled
number of data words that can be pipelined in the 10,000mm wire. This allows us to compare bandwidth and
area for various levels of pipelining across all the designs. The bandwidth values from this table is used to
calculate the x-axis point for each protocol and the energy numbers are used for the y-axis values of Figure 62,

Figure 63 and Figure 85.

8.7 Analytical models vs simulation

The accuracy of the analytical models were evaluated by comparing the results from the first-order models
against SPICE simulations of layout of the complete 65nm designs. Cycle time, latency, and energy required to
transfer data on a 10,000mm long interconnect by varying the pipeline granularity were compared against

SPICE simulations for three target designs. Figure 82 through Figure 84 compare the cycle time, energy per
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transfer, and latency for asynchronous 4-phase bundled data, asynchronous 2-phase bundled data and
synchronous flop mode of communication. The x-axis plots delay based on the pipeline granularity in terms of

the number of gate delays in a single pipeline stage.

Figure 82 compares the cycle time while Figure 83 compares the latency. The proposed models account for
worst case process variations, such as delay margin to be added in case of bundled data protocols and clock

skew, which are ignored in the spice simulations. Hence for fair comparisons we have set the parameters TC del’

T,.and T

skj to 0. Figure 84 compares the energy required per transaction. No clock gating is assumed in the

cad

spice simulations for the case of synchronous flop communication. Thus for fair comparisons the parameter Eg £

in our models is set to zero.

From the above comparisons we can see that the proposed models are fairly accurate as the errors in case of
cycle time comparison is less then 15%, less then 20% in case of latency comparisons and less then 10% for
energy comparisons. These errors can be attributed to the models assuming a worst case environment which is
difficult to include in our spice simulations. For example even though our spice simulation set up capture the
loading effects of coupling capacitance but it does not model the worst case crosstalk noise. The shapes of the

curves are similar, validating the proposed models.
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Figure 82. Cycle time comparison of analytical models and SPICE simulation
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Figure 83. Latency comparison between models and SPICE simulations

Energy per transfer
600

BD4-model —&— BD4-simulation --=-- BD2-model

- -# - BD2-simulation — - Flop-model —+— Flop-simulation B0

400

300

Energy

200

100

35 30 25 20 15 10 5 0

Pipeline depth (FO4)

Figure 84. Energy per transfer comparison between models and simulation

8.8 Observation and caveats

Accurate apples-to-apples comparisons are always challenging. These equations can model the first-order
effects of most implementation styles. The magnitude of many of these effects, such as first-droop, can be

- 116



arguable. Hence the models are highly parameterizable to match the argued effect by applying the parameter
values to the equations. This also allows one to study the results of an effect that is trending up or down as

processes are scaled.

Simulating all of the various architectures is outside the scope of this work, and thus the accuracy bound
reported here may not be a worst case. The proposed models are therefore validated by performing SPICE
simulations on a subset of the protocols. Further, there are some effects which are difficult to simulate in a
simple simulation environment like worst case crosstalk noise, clock tree and clock gating and hence are not

been considered during SPICE simulations.

There are other effects that are also difficult to compare. The specific design of the flop and latch, for
instance, will have impact on power and performance. This work selected a single simple flop and latch style
and applied it to all protocols. This made the work relatively accurate between models, but the absolute value
will be different based on the design used. However, the largest difference in most flop designs is the energy
required in the clocking. Since this can be determined separately from data energy and delays the variation

across flop styles should be rather simple to estimate.

This work can also be applied directly to pipeline protocols for logic blocks, and some of the protocols
include this modeling. However, the logic family, design and protocol style, and implementation aspects of the
logic blocks have a much greater variability than a repeated wire, so the accuracy of such a model is much more
difficult to compare and arguably less accurate. Min-delay issues become very important, but they can largely

be ignored in communication since max and min signal propagation delays will be similar.

Fixed bandwidth can be achieved through combinations of throughput and parallelism. For instance doubling
the throughput and halving the wires will achieve the same bandwidth, at a smaller area. This can be

accomplished using these models. The activity factors for the serialized links may increase significantly.
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The parameter values used in this paper represent a single design point. For example, increasing the activity
factor of the bus by a factor of 10 makes no significant change to Figure 62 and Figure 63. However, decreasing
the activity factor by the same amount gives a significant advantage to the asynchronous protocols as shown in
Figure 85. Here the 4-phase, 2-phase and source synchronous protocols show significant energy advantages at

all bandwidths over synchronous designs. Thus, the parameters need to be configured based on your target

application.

Optimization based on these models has not been done. For instance, there is a tradeoff between faster
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Figure 85. Bandwidth/energy for lower bus utilization

control signal propagation and its deleterious effect on bandwidth.

8.9 Conclusion

Parameterized first-order analytical models are presented for many communication models. SPICE

simulation of three of the protocols show the analytical models to be accurate within 15% for cycletime, 20%

for latency, and 10% for energy across the full range of pipeline depths.
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The parameters can be modified to quickly compare various communication protocols operating at different
design targets, such as low frequency and power designs to performance constrained targets. Comparisons and

conclusions between various protocols have been performed based on varying the parameters of the models.

The efficiency of asynchronous communication is very dependent on the protocol. Communication is one of
the worst-case scenarios for asynchronous design due to the latency of the handshake signals. These latencies
require most asynchronous protocols to be pipelined deeper than the clocked protocols to achieve similar
bandwidths. Yet the efficient asynchronous protocols are shown to have similar results to the synchronous
protocols when measuring average transaction energy for a target bandwidth using parameters targeted for a

microprocessor bus.

Many design parameters favor either a synchronous or asynchronous style. Wider buses and high bit-level
activity factors favor asynchronous communication. Higher bus utilization factors favor synchronous designs.
Changing the operating environment reflected in these parameters can result in asynchronous communication

being far superior to synchronous protocols.

The results in this paper demonstrate that energy per transaction as well as latency and cycle time overheads
remains relatively flat across most pipelined designs until pipelining becomes aggressive. At that point there
begins to be a considerable penalty for increasing the pipelining. Thus there is a broad range of pipeline

frequencies that can be implemented with relatively small energy and performance penalty.

Asynchronous designs can exploit this flat region of the graphs since pipelining frequency can be
dynamically chosen. This is not the case with clocked protocols where distances and pipelining are fixed
relative to the clock frequency. This implies that scalability and the ability to optimize for a particular
power/performance point is enhanced in asynchronous designs. Asynchronous designs also provide substantial
latency advantages over synchronous designs which are very important in high performance network-on-chip
designs [36]. Furthermore, asynchronous designs can be repeated and pipelined at the optimal critical distance

for the target topology without requiring margin for future process scaling.
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This study only compares the physical data transmission efficiencies. Communication effects on the overall
processor performance and power are an important extension [43]. The benefits of implementing asynchronous
communication in an otherwise globally synchronous processor must override the cost of synchronization with
the destination frequency. Future designs — such as those with multiple on-die cores or designs with power
islands — will decompose the chip into different clock domains for power, thermal, and performance reasons.
For such architectures, asynchronous communication exhibits significantly lower latency and has been shown,
through this study, to have similar or better physical transport efficiencies when compared to synchronous

methodologies.
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9 Summary and Conclusions

Despite all the advantages of some asynchronous design styles they are still not widely accepted among
semiconductor industry. One of the key remaining roadblocks is the overwhelming design time required for
design and verification. In order to compete with semi custom synchronous ASIC designs we need
asynchronous design styles that can be easily verified along with an automated ASIC CAD flow that
supports them. This thesis develops a new template design based asynchronous design style coupled with a
fully-automated synthesis and place-and-route CAD flow to achieve this goal. In particular, we propose

several novel non homogenous single-track templates.

Non homogeneous single-track templates follow a two phase static single-track handshake protocol.
Along with using faster domino logic in their data path, they do not require any margins to satisfy setup
time as in bundled data asynchronous designs and thus have relatively very low latency. Consequently,
these design templates provide significant overall performance advantages for latency critical systems (e.g.
Turbo decoding). To quantify the benefits of static single-track circuits we implemented an asynchronous
turbo decoder using SSTFB standard cell library in IBM 0.18um technology. Comparisons shows that the
asynchronous turbo decoder can provide up to 1.3X-4X advantage over synchronous turbo decoder in
throughput per area for block sizes of 2048-768 bits. Moreover, due to low latency advantages, it can

support higher throughput of designs with small block sizes than possible with its synchronous counterpart.

Non homogeneous single-track circuits have the flexibility of having multiple levels of logic in a
pipeline stage and can have different pulse width on drivers. The flexibility of having multiple level of
logic in a pipeline stage improves area and energy efficiency by sharing the overhead of handshake control
logic among multiple levels of logic. The flexibility of having different pulse width on drivers makes the
design more robust to crosstalk noise and process variations. To ensure robust designs using non
homogeneous pipeline stages we propose two design constraints. The first constraint is the single-track
handshake constraint (STHC) which constrains the pulse width on the drivers of the sender and receiver
pipeline stages such that only one of them is actively driving the communicating wires (channels) at a given
time. The other constraint is the rail-2-rail swing constraint which constrains the minimum pulse width on
the drivers while actively driving the channels.
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In this thesis three non homogeneous single-track design templates have been developed. These design
templates provides a trade-off between area and performance such that while SLST design template aim for
high performance applications and supports single level of logic per pipeline stage, MLST and MLDST
aim for medium to low performance applications and can support multiple levels of logic in a pipeline
stage. We discuss several implementation issues including performance model of these templates and have
developed behavioral models of logic cells and controllers as a part of standard cell library development.

To increase the acceptability of our single-track design style we also addressed some of the key EDA
tool issues. We demonstrate the feasibility of library characterization and back-end SDF back annotation
for single-track asynchronous designs and present a RTL to asynchronous synthesis flow targeting the
proposed single-track templates.

* The library characterization and SDF back annotation flow reduces the design time by using faster
Verilog simulation flow than conventional time consuming analog verification flow. Experimental
results on a 260K transistor 64 bit prefix adder design indicates that the back annotation flow yields
over two orders of magnitude advantage in simulation speed on analog verification flow with less than
5% error.

*  We propose an automated synthesis flow for static single-track asynchronous designs via an expansion
of the capabilities of the CAD tool Proteus developed at USC. This tool takes in synchronous RTL
netlist as input and generates the corresponding asynchronous design for a given target performance.
As a part of this thesis the tool was modified to incorporate the ability to generate static single-track
designs, perform slack matching for two phase circuits and automate the generation of test bench for
verification. With the integration of these design templates in Proteus one can take the advantage of re-
pipelining to generate area efficient designs as well as automate the process of slack matching.
Comparisons on several ISCAS benchmarks show that the proposed templates provide a wide range of
throughput area tradeoffs. For high performance applications SLST templates provide an average of
20% better throughput than QDI pipelines at the cost of 36% more average area. At lower frequencies
MLST template provides 1.32X and 1.75X and MLDST pipeline templates provide 1.5X and 2.34X

better average throughput / area over QDI and MLD pipelines respectively.
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With the increasing number of components in a system-on-chip (SoC) there is a need for an efficient
data communication system. Network-on-a-Chip (NoC) is a new approach to design the communication
subsystem of SoC. However a single global frequency may not be optimal because each module has a
different optimal power/performance point which makes asynchronous designs an attractive choice for
implementing network-on-chip. In this thesis we extend the work done in [68] by characterizing various
communication protocols to get the protocol specific value of the parameters used in the models, and
including the impact of clock distribution networks for synchronous communication protocols. We also
included two phase asynchronous single-track handshake protocol in our comparisons. Comparisons show
that for wider data path and low bus activity factors asynchronous bundled data protocol provide significant
energy advantages than synchronous protocols. Comparisons also show that single-track protocol provides

33% better throughput and 12% lower latency compared to other asynchronous protocols.

There are still challenges that need to be addressed before we can expect widespread adoption of single-
track circuits. Specifically, we need to extend the support of standard ASIC commercial CAD tools like
PrimeTime, SoC Encounter ,and Celtic for timing and signal-integrity driven place and route and sign off.
In addition, given the growing importance of power consumption in VLSI industry, additional research
needs to be done to explore ways to reduce power consumption of the proposed single-track template by
reducing the activity factor. Also work needs to be done to quantify the EMI advantages of the proposed
templates over state of the art synchronous methods. The next step in asynchronous NoC is to compare
asynchronous and synchronous communication protocols with flow control mechanism. Specifically there
is a need to study how various communication protocols will compare against each other where there is

congestion in the network.
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