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Abstract— An efficient inference processor for re-
current neural networks is designed and implemented
in an FPGA. The proposed processor is designed to be
reconfigurable for various models and perform every
vector operation consistently utilizing a single array
of multiply-accumulate units with the aim of achiev-
ing a high resource efficiency. The data format is pro-
grammable per operand. The resource and energy effi-
ciency are 1.89MOP/LUT and 263.95GOP/J, respec-
tively, in Intel Cyclone-V FPGA. The functionality
has been verified successfully under a fully-integrated
inference system.

I. INTRODUCTION

There are various recurrent neural network (RNN)
models such as the long short-term memory (LSTM) and
gated-recurrent unit (GRU), which can fulfil the stateful
inference. It is well known [1, 2] that no unique model ab-
solutely outperforms the others in every of the design as-
pects including the workload and inference performance.
Hence, various models thus need to be supported by an
RNN inference processor if the processor targets diverse
applications that have different design objectives and con-
straints from each other. In addition, its resource ef-
ficiency is important when implemented in a resource-
limited FPGA.

This paper presents an efficient RNN inference proces-
sor. The proposed processor is reconfigurable to support
various models, as designed to be an instruction-set pro-
cessor to perform the primitive vector operations com-
monly involved in the models. The proposed processor
utilizes a single array of multiply-accumulate (MAC) units
efficiently to perform every vector operation achieving a
high resource efficiency. In addition, the proposed pro-
cessor provides the programmability of the data format
for each vector operand. Implemented in Intel Cyclone-
V FPGA, the proposed processor shows the resource and
energy efficiency of 1.89MOP /s/LUT and 263.95GOP/J,
respectively. The functionality has been verified for vari-
ous models under an inference system developed by inte-
grating the proposed processor.

978-1-6654-2135-5/22/$31.00 ©2022 IEEE

II. PROPOSED PROCESSOR

The proposed processor has been designed to be a
SIMD instruction-set processor to perform the vector
operations efficiently. Fig. 1 shows the microarchitec-
ture along with its supported vector instructions. The
dataflows of the RNN models have the three primitive
vector operations in common [2]: matrix-vector MAC
(MVMA), elementwise MAC (EMAC), and elementwise
non-linear function (ENOF), each of which can be per-
formed by the corresponding instruction in Fig. 1. The
processor performs 64 scalar operations per cycle through
the six pipeline stages with the operands stored in the
memories. ACU queries the tables with the activation
data for the coefficients, which are going to be used to
evaluate the non-linear functions by employing the linear
splines. VPU has been designed by incorporating an ar-
ray of MAC units. Every vector operation is performed
consistently by the single array of MAC units with a high
utilization rate, leading to a high resource efficiency.

In the proposed processor, the data format of each vec-
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Fig. 1. Proposed processor.
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Fig. 2. Overall inference system.

tor operand is programmable, where the supported data
formats are shown in Fig. 1. It is not efficient to sup-
port only a single format considering the different data
distributions of the vectors; for example, the data result-
ing from the sigmoid function are positive and not greater
than 1 while the weight or activation data may have a dif-
ferent distribution. In the proposed processor, the data
format for each vector operand can be programmed to
what is adequate to represent its range and/or precision.
It is noteworthy that the data size in the proposed pro-
cessor is much smaller than those in the previous proces-
sors [2, 3] while the inference results are maintained.

A prototype inference system has been developed by
integrating all the essential components in order to ver-
ify the functionality of the proposed processor. Fig. 2
shows the overall architecture of the inference system.
In the system, the memories that are associated directly
with the proposed processor, i.e., AM, WM, BM, and
IM, were designed by instantiating BRAMs. To realize
a high bandwidth that is required by the proposed pro-
cessor working without the pipeline stalls, the memories
are designed based on the multi-bank structures. The in-
ference procedure is actualized as follows: MCU preloads
the data of the dataflow description program, weight, and
bias into IM, WM, and BM, respectively from the external
SDRAM; for each step, MCU provides the input data to
the proposed processor and the proposed processor per-
forms the inference by running the program.

III. REsuLTs AND CONCLUSION

The implementation results are summarized in Table I.
Fitted in Intel Cyclone-V FPGA, which is a low-cost
resource-limited device, the proposed processor shows the
peak inference speed of 22.66GOP/s at 118MHz with
1.1V supply and 85°C. The resource usage of the pro-
posed processor is much lower than the previous results,
thanks to the efficient architecture based on a single ar-
ray of MAC units as well as the programmable data
format. The resource efficiency of the proposed proces-
sor is 4.1 times higher than the previous state-of-the-
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TABLE I
FPGA IMPLEMENTATION RESULTS.
Processor Proposed [2] [3]
FPGA device Cyclone V Cyclone V Virtex-7
Model reconfigurability Yes Yes No (only LSTM)
Data format Programmable 8bit|Fixed 16bit| Fixed 16bit
Inf. speed (GOP/s) 22.66 23.00 10.90
LUT resource usage 12K 18K 23K
BRAM res. usage (bit) 801K 1620K 5940K
Res. eff. (MOP/s/LUT) 1.89 1.28 0.46
Energy eff. (GOP/J) 263.95 166.31 7.10
TABLE II

INFERENCE PERFORMANCE OF THE PROPOSED PROCESSOR.

Task Sequential MNIST Word-level Penn Treebank

RNN model | LSTM [Peephole GRU|Peephole LSTM |Bidirect. GRU
Inf. performance|98.65% 98.17% 95.17 (ppl) 2.74 (ppl)
Performance loss| 0.22% 0.61% 0.73 (ppl) 0.98 (ppl)
Per-step latency [13.64us 8.56us 11.95us 20.51us

art result. The functionality of the proposed processor
has been verified for several different models and the
results obtained from some of them are summarized in
Table II, where the inference performances for the se-
quential MNIST and word-level Penn Treebank tasks [4]
have been evaluated in terms of the classification accu-
racy and perplexity (ppl), respectively. The state size of
the models has been configured to 128. The performance
loss has been obtained by the difference from the infer-
ence performance achieved with the 32-bit floating-point
data. The proposed processor achieves a near-floating-
point performance with the 8-bit data whose formats are
programmable. The demonstration video is accessible via
https://youtu.be/ni7mCz1-BcE.
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