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Abstract—Asynchronous circuits have recently become more
popular in Internet of Things (IoeT) and neural network chips
because of their potential low power consumption. However, due
to the lack of Electronic Design Automation (EDA) tools, the
asynchronous circuits design efficiency remains low and faces
challenges in large-scale applications. This paper proposes a
new asynchronous circuits design flow using traditional EDA
tools, and applies a new backward delay propagation constraint
(BDPC) method. In this method, control paths and data paths are
tightly coupled and analyzed together to improve the accuracy of
static timing analysis. Compared to previous works, the proposed
design flow and constraint method offer significant advantages
in terms of accuracy and efficiency. To verify this flow, an
asynchronous RISC-V processor was implemented on TSMC
65nm process. Compared to synchronous version, asynchronous
processor achieves a power optimization of 17.4% while main-
taining the same speed and area.

Index Terms—asynchronous circuits, low-power, methodology,
RISC-V, static timing analysis

1. INTRODUCTION

S the scale of integrated circuits expands, power con-

sumption, particularly clock network’s power has become
the key barrier to advance performance. For this, asynchronous
circuits offer a solution that meets strict power requirements
and have the potential to enhance performance by replacing
the global clock with handshakes [1]. Therefore, asynchronous
circuits have been applied in neural networks like Loihi [2],
TrueNorth [3] and AsNNP [4], as well as in Internet of Things
(IoT) devices to save power [S]. However, due to lack of
Electronic Design Automation (EDA) tools, designing high-
performance and low-power asynchronous circuits is still a
difficult work.

Asynchronous circuits can be divided into Quasi-Delay-
Insensitive (QDI) and Bundled-Data (BD) circuits. QDI circuits
typically use dual-rail circuits to enhance robustness, but the
large area cost and speed degradation are unacceptable [4].
In contrast, BD circuits are more popular due to similar area
to synchronous circuits, but require relative timing constraints
(RTC) and delay matching units. Unless otherwise specified,
asynchronous circuits refer to BD circuits in this paper.
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Many works have been made to design asynchronous cir-
cuits. Petrify [6] synthesizes asynchronous controllers based on
signal transition graph (STG), but only controllers. Balsa [7]
is used to describe and synthesize asynchronous circuits based
on syntax-directed compilation into handshake circuits, but the
efficiency is low. [8]-[11] use set_min/max_delay commands
to manually specify and constrain the data paths step by step,
which are too complex. In [12], [13], a combination of clocks
is used to describe paths based on STG, allowing EDA tools
to capture RTC, but draw STGs is difficult.

Moreover, adaptive delay matching (ADM) method [14] was
proposed to implement click-based asynchronous circuits, in
which sets of generated clocks are used to constrain the data
path. ADM method is a good design flow with some successful
cases, such as an asynchronous spiking neural networks acceler-
ator designed using the ADM method achieved good results in
[15]. However, in ADM method, the clocks propagated path are
broken, and use a fixed value to describe the phase relationship
between clocks, which will lead to inaccurate static timing
analysis (STA). In addition, conditional data-flow components
like MUX and DEMUX are vital parts of asynchronous circuits,
but the STA of these is ignored by ADM flow.

In order to implement asynchronous circuits more efficiently,
this paper proposes a new asynchronous circuits design flow
using traditional EDA tools, and apply a new constraint method
called backward delay propagation constraints (BDPC). The
new design flow and constraint methods significantly simplify
the design flow and improve the accuracy of STA. The main
contributions of this study are as follows:

o A new asynchronous circuits design flow using traditional
EDA tools is proposed. Compared with previous works,
the proposed design flow is simpler and more efficient.

o A new constraint method, the backward delay propagation
constraint (BDPC), is proposed. In this method, control
paths and data paths are tightly coupled and analyzed
together to improve the accuracy of STA. Compared with
the previous works, the BDPC method is more accurate.

o An asynchronous RISC-V processor was implemented on
TSMC 65nm to verify the proposed flow. Compared to
synchronous version, the asynchronous processor signifi-
cantly reduces power consumption while maintaining the
same speed and area.
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Fig. 1. Asynchronous pipeline based on Click elements. (a) The architecture of
asynchronous pipeline. (b) The operational timing diagram of Click elements.

II. BACKGROUND

A. Asynchronous Pipeline and Click Elements

Different from synchronous circuits, asynchronous circuits
use handshake protocols to communicate and generate local
clocks. A popular asynchronous controller, Click elements and
its phase-decoupled template were proposed in [16], [17].
Fig. 1(a) shows an asynchronous pipeline based on Click
elements, consisting of control path and data path. Fig. 1(b)
shows the data transmission in asynchronous pipeline: 1) When
In_req # Out_ack, means that the upper-level sender has
prepared the data. 2) When Out_req = In_ack, means the
downstream receiver has received the data. 3) Then the Click
element generate pulse and trigger the flip-flop. 4) In order to
ensure the validity of data, delay units are inserted with the
delay always longer than the longest transmission time.

B. Timing Requirements of Asynchronous Circuits

The requirements of period (Tperioq), setup time (Tseryp),
and hold time (T},;4) are shown in equations (1), (2), and (3):
Tperiod = Tdelay + Tetick2 (D

Tsetup + chq,maw + Tcomb,maw + Tskew2 < Tperiod + Tskewl

2)
Thotd +Tskewz < Tc—ql,min +Tclick1,min + Tcomb,min +Tskewl

3)
where T4, denotes the delay of the delay march unit; Tt;cx1
and T,j;c1o denote the delay of the asynchronous controller to
generate pulse; T,._, denotes the delay from the register’s clock
pin to output; T¢,.,p denotes the delay of combinational logic;
while Trew1 and Tipewo denote the clocks skews.
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Fig. 2. Comparison of proposed BDPC design flow and ADM [14] design
flow. (a) BDPC design flow. (b) ADM design flow.
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III. DESIGN FLOW BASED ON BACKWARD DELAY
PROPAGATION CONSTRAINT

In this section, we will introduce an new asynchronous
circuits design flow as shown in Fig. 2(a). And the ADM design
flow is shown in Fig. 2(b). The gray part represents the same
steps as synchronous circuits, while the yellow part represents
the special steps of asynchronous circuits.

A. Model of Asynchronous Circuits

The most commonly method for designing asynchronous
circuits is through the conversion of synchronous circuits. As
shown in Fig. 1, we replace the global clock with a series
of local clocks generated by asynchronous controllers and use
handshake to communicate between asynchronous controllers.

Asynchronous circuits can also utilize multiple handshake
channels to perform selective handshaking or change the num-
ber of pipeline stages. This enables improvements in speed
and power consumption reduction. In the subsequent section
on asynchronous processors, this paper will provide a more
detailed introduction to the application of selective handshake.

B. Backward Delay Propagation Constraint Method

As shown in Fig. 3, after triggering clickl, it is necessary
to wait for click2 triggered (ack signal feedback) before
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Fig. 4. Both perspectives on observing timing propagation are supported by
BDPC. (a) Forward delay propagation. (b) Backward delay propagation.

triggering clickl again. There will be a phase shift between
clickl and click2, which impacts setup and hold. The phase
shift tightens the setup and relaxes the hold from clickl to
click2, while relaxes the setup and tightens the hold from
click2 to clickl. Therefore, the data paths and control paths
need to be analyzed together in tightly coupled form.

However, ADM do not achieve this, but separates them
and ignores the analysis of control paths. It uses the
create_generate_clock command to define clocks at non leaf
cells to cut off clock connections, with —edge {$shift ...}
option to define a fixed estimated phase shift between clocks.
Then use the set_multicycle_path command to modify the
sampling points of the EDA tool.

The ADM method is simple, but has two significant draw-
backs: 1) It forcefully interrupts the propagation paths between
clicks, causing the tool to be unable to analyze the phase shift
caused by handshake. 2) It incorrectly assumes that the phase
shift is a fixed value. In fact, the rising and falling delays of
gates during handshake are different, and the delay also varies
under different process conditions. That means relying solely on
specifying fixed estimated values is inaccurate and incomplete.

Therefore, in order to achieve accurate STA, it is necessary
to analyse the click control path, which cause the phase shift
by handshake. There are two different perspectives to analyse.
As shown in Fig. 4(a), the forward delay propagation approach,
which means that it propagates from clickl to click2, then to
click3, and so on, along the req signal sequence. In contrast to
the forward delay propagation, the backward delay propagation
shown in Fig. 4(b) starts from the last click and propagates
forward along the ack signal to the first click.

Our flow can analyze timing through both perspectives, but
the backward delay propagation can achieve better results. The
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Fig. 5. Example of BDPC Timing Constraints.
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Fig. 6. Constraints to help restore and identify timing propagation path.

steps of proposed flow with BDPC method are as follow and
Fig. 5 shows an example:

1) Use the create_clock command to define the clock
generated by the last click as the source clock, and then
uses the create_generate_clock command sequentially
defines the clock forward (all define points are leaf cells,
and without using —edge{} to specify phase shift).

2) Use the set_clock_latency command to simulate phase
shift. It is not necessary, but recommend using. The value
serves as a guide for synthesis and will be automatically
replaced with the actual circuit’s phase shift after clock
tree synthesis.

3) Use the set_disable_path command to cut off timing
loops in click elements. As shown in the Fig. 6, the signal
follows the red path, passes through the AND gate, the
trigger, the XOR gate, and then returns to the origin.
Therefore, the set_disable_path command needs to be
used to cut off the path returning from the XOR gate.

4) Use the set_case_analyze command to eliminate the
non-unate gate. As shown in Fig. 6, non-unate gates are
those for which the tool cannot determine whether the
signal will remain unchanged, invert, or disappear when
the clock path passes through a logic gate. Therefore,
the set_case_analyze commands are used to equate the
function of the XOR gate to a buffer for analysis.

Through the first and second steps, BDPC retains the hand-

shake analysis and converts phase shift into the form of clock
delay. The third and fourth steps help tools accurately identify
and analyze handshake paths. Therefore, BDPC analyzes data
paths and control paths together in tightly coupled form.



Fig. 7. Set clock exception to cut off the connection between the clock trees
to follow the requirements of asynchronous circuits.

C. Clock Tree Synthesis

The ADM method cuts off the connection between Clicks,
so no additional operations are needed. But it ignores the error
messages and its accuracy is low.

BDPC only uses set_clock_tree_exception —excludepins
command to break the interconnections between clock trees
before clock tree synthesis, as shown in the Fig. 7. This is
because the default clock tree synthesis will balance all registers
driven by the source clock and sub clock, such as the FF3 and
FF2, which violates the principles of asynchronous circuits.
Therefore, it is necessary to set clock tree exception to remove
balance between source clock and sub clock. After the setting,
every click can share own local clock tree.

D. Delay marching with ECO

The ADM method utilizes the set_min_delay command in
timing constraints before synthesis to allow the EDA tool insert
the minimum delay. However, if the final result can not meet the
requirements, it is necessary to go back to the initial steps and
re-synthesis, leading to lower fault tolerance rate and efficiency.

In comparison, the BDPC method exhibits higher efficiency
and accuracy in delay matching. The processes of the BDPC
flow completes the delay matching are as follow:

1) First, observe the gap between the real period and the
requirements through timing reports or post-gate simula-
tions after completing routing.

2) Then, calculate and insert suitable buffers based on the
process manual by Engineering Change Order (ECO).

3) Observe whether the requirements are met. If not, recal-
culate and iterate.

Although this flow requires manual completion, the workload
is not significant, and if errors occur, there is no need to roll
back a lot, resulting in extremely low iteration costs.

IV. CASE STUDY: ASYNCHRONOUS RISC-V PROCESSOR

In order to validate proposed design flow, we designed a
representative example: an asynchronous RISC-V processor.

A. Asynchronous RISC-V Processor Architecture

We designed a super-scalar processor with the architecture
shown in Fig. 8, based on an open-source project, biriscv [18].
The processor features a 7-stage pipeline, including PC predict
and update, Instruction Fetch, Pre-decode, Issue and Operand
Fetch, Execution, and Write back. It supports the concurrent
dispatch of two instructions. In execution stage, the processor
is equipped with 2 ALU compute units, 1 multiplier unit, 1
memory access unit, and 1 CSR unit.
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Fig. 8. Asynchronous super-scalar RISC-V processor architecture.
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Fig. 10. Asynchronous RISC-V processor layout with BDPC flow.

B. Selective Handshakes

Additionally, as shown in Fig. 9, in the EX stage, we
also use the CLICK_MUX/DEMUX structure to create special
control paths. The CLICK_MUX enables a multi-input, single-
output handshake, while the CLICK_DEMUX enables a single-
input, multi-output handshake. We employed CLICK_MUX
and CLICK_DEMUX to create 3 separate handshake chan-
nels for different units. Through this structure, the controllers
achieve selective handshake operations, triggering the registers
of each channel only when needed to save power.

V. IMPLEMENTATION RESULT AND EVALUATION

We use two design flows to implement the asynchronous
processor (BDPC'’s result called ASYNC), along with its syn-
chronous version (SYNC), in TSMC 65nm CMOS technology.



TABLE 1
DESIGN FLOWS COMPARISON FOR IMPLEMENTING ASYNCHRONOUS
PROCESSORS UNDER DIFFERENT DEVIATION

Deviation magnitude ? 0.1 0.5 1 1.5 2
Area(mm?) > | ADMHAT [ 0185 0.9 0.199 0.199 0203
rea(mim BDPC 0.18 018 0181 0.181 0.182
ADM [14] | 358 358 358 344 333

Freq.(MHz) BDPC 358 358 358 358 351
ADM [14] | 1008 1034 1049 1057 11l
Power(WW/MHz) | ““piipe ™ | 999 1019 1022  103.6 1046

2 The unit of deviation magnitude is the delay of the standard 2 input NAND
gate under the TSMC 65nm process.
Y The area is the area of the standard cells.

TABLE II
DESIGN FLOWS COMPARISON FROM ACCURACY & EFFICIENCY ASPECTS
BDPC  ADM [14]
Constraint comprehensiveness Yes No
Analysis accuracy High Low
Similarity with synchronous flow  High High
Design efficiency High Medium

The layout of ASYNC is shown in Fig. 10. All processors em-
ployed clock-gating technology. All processors’ functionality is
firstly verified by the RISC-V test-tool: riscv-arch-test [19]. We
use 5 representative test benches to evaluate power, including
bubble sort, matrix transpose, fibonacci, factorial and std_bge.

A. Design Flow Comparison

Table I presents the results of two design flows. when
the deviation magnitude is small, ADM can maintain a high
frequency. However, as the deviation magnitude increases, the
frequency of ADM gradually decreases. Although BDPC is also
affected, it exhibits a much smaller reduction.

In terms of power and area, ADM’s power and area continu-
ously increase. On the other hand, BDPC demonstrates stability.
When the deviation magnitude is 1, BDPC achieves the same
speed and 3% reduction in power consumption compared to
ADM, along with a 9% decrease in area. When the deviation
magnitude is 2, BDPC achieves a 6% improve in speed and
6% reduction in power consumption compared to ADM, along
with a 10.4% decrease in area.

This is because ADM’s deviation persist throughout the
design process, while BDPC’s deviation are automatically
replaced with accurate actual data during the clock tree stage.

Table II give a summary about the advantages of BDPC:

1) On the aspect of STA accuracy: The ADM flow has the
lower constraint integrity as it actively disconnects clock
relationships, making it unable to analyze control paths.
While BDPC flow can perform control path analysis, so
the BDPC flow achieves the higher accuracy.

2) On the aspect of design efficiency: When delay marching
result not meet requirements, the ADM flow need to
return to the beginning, while BDPC flow just need to
re-ECO. That means BDPC flow is more efficient.

B. Comparison with Synchronous Baseline

Due to the significant influence of deviation magnitude on
the results of the ADM flow and the difficulty in determining
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a representative deviation magnitude to accurately measure the
level of ADM, we only compare the ASYNC and SYNC here.
As shown in Fig. 11, compared to SYNC, ASYNC exhibit
significant optimizations in power when at same speed. ASYNC
achieve power savings of 17.9% in the bubble sort program,
17.1% in the matrix transpose program, 16.2% in the Fibonacci
program, 16.3% in the factorial program, and 19.4% in the
std_bge program, resulting in an average power reduction of
17.4%. 1t is worth noting that SYNC did not take into account
for the power consumption of the phase-locked loop (PLL,
required for synchronous circuits to work), while ASYNC do
not require PLL, resulting in even greater power advantages.

C. Power Advantages Analysis

The power advantage of ASYNC is mainly due to the
optimization of the clock network and the selective handshakes.
Fig. 12 shows the power breakdown under the bubble program.

Compared to SYNC, ASYNC reduces the power of the clock
network by 7% and the power of registers by 6%. This is
achieved by employing local clock trees instead of a global
clock tree, which mitigates the difficulties in achieving clock
tree balance and reduces the network scale, lowering power.

Additionally, ASYNC achieves a 29% reduction in power for
memory and a 10% reduction for combinational logic. This is
due to the selective handshakes structure, which enables selec-
tive handshaking based on instructions and reduces register flip-
flop rates, computational complexity of combinational logic,
and memory read/write operations. Moreover, it also further
contributes to the reduction of power in the clock network.



TABLE III
COMPARISON WITH OTHER RISC PROCESSORS
Core This work Others
SiFive E31  XT E907 ARM Cortex A5
ASYNC SYNC [20] [21] [22]
ISA RV32IM RV32IM |RV32IMAC RV32IMAC ARMvV7
Tech.(nm) 65 65 28 28 40
Freq.(MHz) # 363.7 358 374 430 615
Area(mm?)® | 0234 0234 0.286 © NA 0.713
Power(LWW/MHz) 41 102.6 124.2 141 ¢ 156 211

2 The data have been scaled to 65nm. Under the original process, the frequency
of SiFive E31, XT E907, and ARM Cortex A5 are 870, 1000, and 1000MHz,
respectively.

b The data have been scaled to 65nm. Under the original process, the area of SiFive
E31 and ARM Cortex A5 are 0.053 and 0.27mm?, respectively. All area do not
include SRAMs.

¢ Area numbers are from SOMHz Post-Route.

d The data have been scaled to 65nm. Under the original process, the power of
SiFive E31, XT E907, and ARM Cortex A5 are 26.6, 30, and 80uw/MHz,
respectively. And the power of SYNC does not include PLL, while ASYNC does
not need PLL.

¢ The power of SiFive E31 do not include RAMs, and were measured at 200MHz.

D. Comparison with Other RISC Processors

In this paper, three representative processors were chosen for
comparison, SiFive E31 [20], XT E907 [21], and ARM Cortex
A5 [22].

The comparison results are shown in Table III. It is evi-
dent that our SYNC already exhibit significant advantages in
power compared to other processors. Moreover, ASYNC further
enhances this advantage. Compared to SiFive E31, ASYNC
achieved a power reduction of 27.3%. Compared to XT E907,
the power was reduced by 34.2%. Additionally, compared to
ARM Cortex AS, the power was reduced by 51.4%.

VI. CONCLUSION

This paper proposes a new asynchronous circuits design flow
using traditional EDA tools, and applies a new backward delay
propagation constraint (BDPC) method. In this method, control
paths and data paths are tightly coupled and analyzed together
to improve the accuracy of STA. Compared to other design
flows, the proposed design flow and constraint method offer
significant advantages in accuracy, simplicity and efficiency. An
asynchronous RISC-V processor was implemented on TSMC
65nm process to validate the flow. Compared to synchronous
version, the asynchronous processor achieves a power optimiza-
tion of 17.4% while maintaining the same speed and area.
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