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Abstract—Optimized model and energy-efficient hardware are
both required for deep neural networks (DNNs) in edge-computing
area. Neural architecture search (NAS) methods are employed for
DNN model optimization with resulted multi-precision networks.
Previous works have proposed low-precision-combination (LPC)
and high-precision-split (HPS) methods for multi-precision net-
works, which are not energy-efficient for precision-scalable vector
implementation. In this paper, a bit-split-and-combination (BSC)
based vector systolic accelerator is developed for a precision-
scalable energy-efficient convolution on edge. The maximum
energy efficiency of the proposed BSC vector processing element
(PE) is up to 1.95× higher in 2-bit, 4-bit and 8-bit operations when
compared with LPC and HPS PEs. Further with NAS optimized
multi-precision CNN networks, the averaged energy efficiency of
the proposed vector systolic BSC PE array achieves up to 2.18×
higher in 2-bit, 4-bit and 8-bit operations than that of LPC and
HPS PE arrays.

Index Terms—Precision-scalable, bit-split-and-combination,
vector systolic, accelerator, CNN, NAS

I. INTRODUCTION

Deep learning on edge has received considerable attention
due to a low-carbon realization of AI [1]. The essential
challenge is that convolutional neutral network (CNN) models
for deep learning are becoming more complicated with larger
number of parameters, which can lead to enormous power or
carbon consumption [2]. Neural Architecture Search (NAS) can
optimize CNN network models with multi-precision (or bit-
width) layers [3]. Compared with single-precision networks,
multi-precision networks are more suitable for efficient data
processing on edge due to their lightweight model size with
maintained accuracy [4].

As shown in Fig. 1, a typical NAS flow results in that
the precision of each DNN layer is optimized with selected
bit-width by NAS algorithm, or a so-called multi-precision
network. However, there is no hardware designed that can
efficiently support a high performance multi-precision compu-
tation, especially on edge devices that have limited hardware
resources [5].

With bit-serial operation, several state-of-the-art multi-
precision accelerators with 1-bit to 16-bit fully-variable weight
bit-precision have been proposed previously [6]–[9]. However,
serial-inner-product method in these works can only support
multi-precision weight input. The registers for cyclically usage
occupy large hardware area cost. As shown in Fig. 2(a), the
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Fig. 1. Typical NAS flow with proposed precision-scalable vector systolic
accelerator.

TABLE I
EVALUATED NAS-BASED MULTI-PRECISION CNN BENCHMARKS.

CNN Dataset
Model

Weights
--- Proportion of ---

8-bits 4-bits 2-bits

VGG-16 CIFAR-10 138.0 MBytes 10.2% 89.8% 0%
LeNet-5 MNIST 0.5 MBytes 0% 55.0% 45.0%

ResNet-18 ImageNet 13.0 MBytes 5.5% 94.5% 0%
NAS-Based - - 21.8% 58.6% 19.6%

Note: NAS-Based summarized several VGG-16 models trained by NAS

bottom-up low-precision-combination (LPC) method combines
the low-precision units with configurable shifters to achieve
multi-precision MAC operations in one clock cycle, such as
BitFusion [10], BitBlade [11] and other structures [12], [13],
[14]. Moreover, in Fig. 2(b), the design is based on a top-
down high-precision-split (HPS) method by using the whole
partial products of the high-precision units with gated area to
obtain the multi-precision operations, such as subword parallel
structure [15]. However, neither LPC nor HPS methods are
precision scalable for both throughput and power consumption,
e.g. energy efficiency.

Several NAS-based multi-precision network VGG-16 models

738978-3-9819263-6-1/DATE22/ c©2022 EDAA



(a) (b) (c)

8b×8b

<<<<

<<<<

<<<<

<<<<

<<<<

<<<<

<<<<

<<<<

<<

<<

<<

<<

<<<<

<<<<

<<<<

<<<<

<<

<<

<<

<<

<<<<

<<<<

<<<<

<<<<

<<

<<

<<

<<

<<<<

<<<<

<<<<

<<<<

4b×4b

4b×4b

4b×4b

4b×4b

8b×8b

<<

<<

<<

<<

<<

<<

<<

<<

<<

<<

<<

<<

<<

<<

<<

<<

<<

<<

<<

<<

4b×4b

4b×4b

4b×4b

4b×4b

8b×8b
4b×4b

2b

2b

Sign bit
(4b×4b)

Zero bit
(4b×4b)

Zero bit
(2b×2b)

Sign bit
(2b×2b)

4b×4b

4b×4b 4b×4b
Zero bit
(2b×2b)

Sign bit
(2b×2b)

8b×8b
4b×4b

2b

2b

Sign bit
(4b×4b)

Zero bit
(4b×4b)

Zero bit
(2b×2b)

Sign bit
(2b×2b)

4b×4b

4b×4b 4b×4b
Zero bit
(2b×2b)

Sign bit
(2b×2b)

8b×8b
4b×4b

2b

2b

Zero bit
(2b×2b)

Sign bit
(2b×2b)

4b×4b

2b

2b

Zero bit
(2b×2b)

Sign bit
(2b×2b)

4b×4b
Zero bit
(2b×2b)

Sign bit
(2b×2b)

4b×4b
Zero bit
(2b×2b)

Sign bit
(2b×2b)

4b×4b
Zero bit
(2b×2b)

Sign bit
(2b×2b)

<<<<
<<<<

<<<<
<<<<

8b×8b
4b×4b

2b

2b

Zero bit
(2b×2b)

Sign bit
(2b×2b)

4b×4b
Zero bit
(2b×2b)

Sign bit
(2b×2b)

4b×4b
Zero bit
(2b×2b)

Sign bit
(2b×2b)

4b×4b
Zero bit
(2b×2b)

Sign bit
(2b×2b)

<<
<<

<<
<<

Fig. 2. Different methods to implement precision-scalable MAC: (a) LPC method, (b) HPS medthod, (c) proposed BSC method.

and other multi-precision CNN benchmark are analyzed and
summarized by the Table I [16], [17]. The results show that
4-bit operations account for more than 50% of the total com-
putation. Therefore, a novel multi-precision vector operation
unit based on BSC is proposed, which takes 4-bit as the basic
operation unit. As shown in Fig. 1 as well as Fig. 2(c), a
precision-scalable energy-efficient BSC vector systolic accel-
erator is proposed in this paper for processing NAS-optimized
multi-precision CNN on edge. Compared with LPC and HPS
methods, the BSC method in this paper can achieve precision
scalable energy efficiency during multi-precision computation.
What is more, a vector BSC processing element (PE) to-
gether with its vector systolic PE array are both developed to
further improve the precision scalable energy efficiency. The
experiments show that the maximum energy efficiency of the
proposed BSC vector PE is up to 1.95× higher in 2-bit, 4-bit
and 8-bit operations when compared with LPC and HPS PEs.
Further with NAS optimized multi-precision CNN networks,
the averaged energy efficiency of the proposed vector systolic
BSC PE array achieves up to 2.18× higher in 2-bit, 4-bit and
8-bit operations than that of LPC and HPS PE arrays.

II. PREVIOUS WORK

For the design of conventional multi-precision MAC units,
LPC and HPS are two commonly used methods.

A. LPC Method

The LPC MAC unit achieves multi-precision MAC op-
erations by adding low-precision multiplication units with
configurable-shifters based on the bottom-up strategy [10].

Fig. 2(a) shows the LPC design for 8-bit, 4-bit and 2-bit
modes, respectively. Each LPC MAC unit includes 16 basic
2-bit signed multiplication. These 16 results are divided into
4 groups and are added together respectively to get 4 internal
sums. The values of the shifters in Fig. 2(a) are different in
various modes.

For 2-bit mode, 16 results and 4 internal sums are added up
sequentially without shifting. For 4-bit mode, the results in each

group are added up with internal shifting values setting to 0,
2, 2 and 4 bits. Then four internal sums are added up without
shifting. For 8-bit mode, internal sums are generated in the
same way as 4-bit mode. Then the internal sums are added up
with global shifting values setting to 0, 4, 4 and 8 bits. The LPC
MAC unit in 2-bit, 4-bit and 8-bit modes can execute 16, 4, and
1 MAC operations in one clock cycle, respectively. However,
fully reconfigurability of this MAC unit requires large hardware
cost, which makes low energy efficiency for higher-precision
operations.

B. HPS Method

The HPS MAC unit achieves multiple-precision MAC oper-
ations by splitting one high-precision multiplier into multiple
lower-precision multipliers by gating logic blocks and signed
expand, which is based on the top-down strategy [15].

Fig. 2(b) shows the HPS design. A HPS MAC unit is a two-
dimensional symmetrical scalable architecture. In 2-bit, 4-bit
or 8-bit mode, the HPS MAC unit can execute one 8bit×8bit,
two 4bit×4bit, or four 2bit×2bit operations, respectively. At
different bit-width modes, the corresponding partial products
have similar shifting values, and these partial products will
be added up for the final MAC results. Such configuration of
implicitly performing the addition through the multiplier array
cells reduces the usage of additional adders, which enable the
addition of these products.

However, to maintain the same input bandwidth, it is neces-
sary to sacrifice its hardware utilization when precision scales
down. So a low hardware utilization rate is inevitable when
HPS executes low-precision modes. Hardware utilization rate
of such configuration are 100% for 8-bit mode, 50% for 4-bit
mode, and only 25% for 2-bit mode, as the Fig. 2(b) shown.

III. BSC MULTI-PRECISION VECTOR MAC

To solve the problems of high energy consumption of LPC
MAC and low hardware utilization of HPS MAC, BSC MAC
is proposed in this paper by considering the energy efficiency
and hardware resource utilization. Compared with HPS and
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Fig. 3. Implementation of BSC vector MAC with length L.

LPC methods, the proposed BSC method improves the energy-
efficient performance further.

A. BSC Method Analysis

The MAC method of BSC is shown in Fig. 2(c). It mainly
consists of four 4-bit bit-split units, four shifters and an
adder. An signed 4-bit bit-split unit is designed to support
one signed 4bit×4bit and two signed 2bit×2bit operations.
Then composability of the signed 4-bit bit-split unit is used
to implement 8bit×8bit operation. For the bit-split unit, two
2bit×2bit operations are implemented by gated and signed
expand. The 8bit×8bit operation result is gained from the
addition of partial sums after shifting 0, 4, 4 and 8 bits left,
while the result of 4bit×4bit operation or 2bit×2bit operation
is gained from the addition of the partial sums without shifting.

Compare with the 3-bit BitBrick (a signed 3-bit multiplier)
used in LPC method for sined 2bit×2bit operation, the signed
4-bit bit-split unit will have an advantage in both throughput
and power consumption for 2bit×2bit operations. On the other
hand, BSC method will double the throughput of 4bit×4bit and
2bit×2bit operation when compared with HPS method.

B. Vector Implementation

To further improve MAC throughput and energy efficiency,
BSC vector is proposed. As shown in Fig. 3, there are four bit-
split units with length L in the BSC vector. The bit-split unit
is the basic unit that constitutes the BSC MAC. Each of the
bit-split unit support one 4bit×4bit or two 2bit×2bit operation.

The outputs of those bit-split units are sent to the shifter to
get the partial sum. The 8bit×8bit vector operation result is
gained from the addition of partial sum after shifting 0, 4, 4
and 8 bits left, while the result of 4bit×4bit vector operation or
2bit×2bit vector operation is gained from the addition of the
partial-sum without shifting.

In addition, the bit-split unit with length L is designed
elaborately. As shown in Fig. 4, each of the bit-split unit is
implemented by 4 partial-product generators (pp-gen 0 to 3).
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Fig. 4. Bit-split unit implementation with same shift partial-product accumu-
lation.

Note that the partial product generated in bit-split unit do not
add up directly. The partial products with the same shifting
values in different bit-split units are accumulated together. As
Fig. 4 shows, after the partial products with the same shifting
values are added up, the sum results are shifted by 0, 1, 2 and
3 bits and added up.

C. Signed Implementation

To realize signed multi-precision operation, the generation
process of signed/unsigned partial-product is shown in Fig. 4.
Sa and Sbx are used to indicate whether the input a and b are
signed, Sa and Sb0 are shown as an example in the Fig. 4.
Note that all inputs are in 2-complement format. Sa and a3∼0

are formed a 5-bit input, which is used to implement signed
4bit×4bit or unsigned 4bit×4bit in 8bit×8bit operation. Sb0 and
Sa are used to generate signed output to avoid the increment
after the inversion. In addition, the signed adder tree will add
up the Sb0∩Sa and the 5-bit output with other pp-gen output
in the same bitwise.

As Fig. 4 shows, partial product is firstly generated by the
NAND logic, which is based on whether the input bx ( b0

as an example) is signed ( Sb0 is 1’b1). Then the multiplexer
will select the output of the NAND. In the meantime, if the b0

is 1’b1, the Sb0∩Sa will be 1’b1, which is used to avoid the
increment caused by the inverse. If the input b0 is unsigned,
Sb0 will be 1’b0, then the multiplexer will select the output of
the NOT and Sb0∩ Sa will be 1’b0.

IV. PRECISION-SCALABLE VECTOR SYSTOLIC PE ARRAY

Systolic array architecture has been introduced in current
neural network accelerators, which can improve energy ef-
ficiency greatly by utilizing data reuse and reducing data-
driving power [18], [19]. Google tensor processing unit (TPU)
adopts the weight-stationary systolic array [18]. The weights
are fixed in each PE while the partial-sum and the input-data
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are delivered horizontally and vertically in the PE array. With
the weight-stationary method, the partial sums and the input
data are reused in the PE array to improve the energy efficient
performance. This paper proposed the precision-saclable vector
systolic PE array, which is aimed to be more suitable for
proposed BSC vector.

A. Precision-Scalable Vector Systolic PE Array

The proposed BSC vector is basic unit of the precision-
scalable vector systolic PE array. Fig. 5 shows the dataflow
of the precision-scalable vector systolic PE array. 32 PEs are
used to build the vector systolic array. As Fig. 5 shows, each
PE includes input buffer, BSC vector and output buffer. By
considering the hardware cost and bandwidth limitations, the
proposed BSC vector with length of 32 is set as the basic unit of
the PE. Based on the BSC vector, the precision-scalable vector
systolic PE array with 32 PEs supports 1024 8bit×8bit, 4096
4bit×4bit or 8192 2bit×2bit operations. The dataflow of the
precision-scalable vector systolic PE array will be transmitted
as vector with length 32. Note that each element of the vector
has a bitwidth of 16 bits for BSC-based vector, while the LPC-
based and HPS-based vector are 32 bits and 8bits, respectively.

As Fig. 5 shows, the feature data will be transmitted by the
buffer of PE0, while the weight data will be directly sent to
the buffer of PE0 to PE 31 after delay 0 clock to 31 clocks,
respectively. At the 1st posedge of the clock, the 1st data of
feature is sent to the buffer of PE0. The 1st data of weight
is also sent to the buffer of PE0. Then at the 2nd posedge of
the clock, the 1st data of feature is transmitted to the buffer
of PE1 from the buffer of PE0. At the same time, the 2nd
data of feature is sent to the buffer of PE0 to replace the 1st
data of feature. The 1st data of weight stays the same at the
buffer of PE0 and the 2nd data of weight is sent to the buffer
of PE1. The output buffer of PE0 is generated as 1st result.
At each subsequent posedge of the clock, the feature data from
the previous PE buffer will be transmitted to the next PE buffer
until it reaches the last PE31. The output buffer of previous PE
will generate result. The weight data will be sent to the next PE
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buffer as the increasing number of clock. After 32 clocks, the
weight data will be sent to all the 32 buffers of the PE array,
which means 32 clocks in a cycle.

B. Convolution and Matrix Mapping

The proposed BSC precision-scalable vector systolic PE
array support vector operation with length 32 and has 32 PEs
in parallel. To implement convolution operation, the data of
weight and feature are split according to the hardware resources
of the proposed vector systolic PE array.

As Fig. 6 shows, weight data is W[K N][K C][K W][K H]
and feature data is I[I C][I W][I H]. In the proposed design,
the vector length is 32, 128 and 256 in 8-bit, 4-bit and 2-
bit operation, respectively. The vector length is parallel to the
channel direction of K C and I C. Therefore, K C and I C
will be split to 32, 128 and 256 in 8-bit, 4-bit and 2-bit
operation, respectively. For the K N direction, the number of
PE is parallel to K N. Then the K N will be be splitting split
to 32. For the order of operations after the convolution is split,
the direction of I W and K W will be calculated first and then
is the direction of I W and K W and the direction of K H
and I H are calculated sequentially, which is shown in Fig.
6. Convolution operation will be convert to matrix operation,
which is a common practice of systolic array [18], [19].

For the matrix operation, Fig. 6 shows an example of 32×32
matrix operation. Assume I and W are both 32×32 matrixes.
As the subsection IV. A introduced, the data of I is sent to
the precision-scalable vector systolic array as feature data and
W is sent as weight data. The output data will form an output
matrix O in the form of systolic.

V. EXPERIMENT RESULTS

A. Methodology

1) 28nm+dc+ptpx+vcs: The aforementioned vector units
designs in RTL are synthesized by Synopsys Design Compiler
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and implemented under SIMC 28-nm process. The Synopsys
Design Compiler and PrimeTime PX are used to obtain the
power, performance and area (PPA) values. VCS tools are
applied to verify the functionality and achieve 100% functional
coverage in different bit-width operations modes.

2) Baseline of LPC: For the experiments with LPC, we
reproduce the design of BitBlade [11] and eliminate the design
of asymmetric bitwidths (2bit×4bit and 4bit×8bit). For the sake
of fairness, we implement LPC vector with length L=32 for
LPC designs.

3) Baseline of HPS: For the experiments with HPS, we re-
produce subword-parallel design [15] and eliminate the design
of asymmetric bitwidths (2bit×4bit and 4bit×8bit). For the sake
of fairness, we implement HPS vector with length L=32 for
HPS designs.

B. Comparison of Precision Scalablility

As Fig. 7 shows, the clock period is set up from 0.8ns
to 2.4ns and all timing reports indicate that no timing slack.
The three designs are all synthesized with vector length L=32
and synthesized by Synopsys Design Compiler with different
frequency. Then PrimeTime PX are used to obtain the power.
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Fig. 8. Energy efficiency comparison of BSC, LPC and HPS: (a) Precision-
scalable vector; (b) Vector systolic PE array

The excitation of simulation includes three different opera-
tion mode (8bit×8bit, 4bit×4bit and 2bit×2bit) settings, and
the power consumption of three different modes is also simu-
lated. All the results are shown as Fig. 7(a). It is obvious that
BSC method has better performance and in power compared
with LPC. The power of BSC method in 2b-mode is 50% lower
than that of LPC method at clock frequency equal to 500 MHz.

To fully evaluate the three designs, the energy efficiency vs
area efficiency curves of specific precision modes is shown as
Fig. 7(b). From Fig. 7(b), comparing with LPC and HPS, the
BSC vector has an advantage in energy efficiency in 2-bit and
4-bit. Fig. 7(b) shows that under the condition of the same
throughput, BSC method has better energy efficiency. Under
the condition of the same energy efficiency, BSC method has
better throughput.

C. Comparison of Max Energy Efficiency

In Fig. 8, the energy efficiency ratios of BSC vector to other
works and the performance of all the vector systolic array in
three modes are provided.

As shown in Fig. 8(a), comparing maximum energy effi-
ciency with state-of-the-art works, BSC performs better energy
efficiency in most of the cases. Compared with LPC, BSC is
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around 1.24× better in 2-bit mode and about 2× as good as
LPC in 4-bit and 8-bit modes. Compared with HPS, energy
efficiency of BSC is around 1.6 × superior than that of HPS
in 2-bit and 4-bit modes.

The energy efficiency of vector systolic PE array with LPC,
HPS and BSC vector is summarized in Fig. 8(b). The vector
systolic PE array with BSC vector achieves the maximum
energy efficiency of 33.25 TOPS/W and 13.77 TOPS/W in 2-bit
and 4-bit mode, respectively.

D. Comparison of Multi-Precision Computation on NAS-CNNs

Fig. 9 presents the energy efficiency performance of the
accelerators on multiple-precision CNN benchmarks of Table
I [16], [17]. The values represent the energy efficiency of the
proposed BSC accelerator and the other published works. Fur-
ther with NAS optimized multi-precision CNN networks, the
average energy efficiency of the proposed vector systolic BSC
PE array achieves up to 12.75 TOPS/W, 22.54 TOPS/W, 13.22
TOPS/W ans 16.04 TOPS/Win NAS optimized multi-precision
VGG-16, LeNet-5, ResNet-18 and NAS-Based benchmarks,
which is 2.17×, 1.61×, 2.18× and 1.75× higher than that of
LPC PE array, and 1.43×, 1.47×, 1.45× and 1.43× higher than
that of HPS PE array. The largest energy efficiency ratio 2.18×
is achieved, which benefits from the vector systolic architecture
and high energy-efficient multi-precision BSC method in 2-bit
and 4-bit operation.

VI. CONCLUSION

In this paper, a BSC vector systolic accelerator with im-
proved energy-efficient performance is proposed. The maxi-
mum energy efficiency of the proposed BSC vector PE is up to
1.95× higher in 2-bit, 4-bit and 8-bit operations when compared
with LPC and HPS PEs. Further with NAS optimized multi-
precision CNN networks, the maximum average energy effi-
ciency of the proposed vector systolic BSC PE array achieves
up to 22.54 TOPS/W in NAS optimized multi-precision LeNet-
5, and the maximum improvement of average energy efficiency
is 2.18× higher than that of LPC PE array and HPS PE array.
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