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Abstract Long Short-Term Memory neural networks, as a type of Recurrent Neural Network
(RNN) , can effectively handle long-term dependencies in sequential data, thereby avoiding the
gradient vanishing or explosion problems that traditional RNNs encounter with long sequences.
By introducing mechanisms such as input gates, forget gates, and output gates, LSTM networks
can selectively retain and forget information, thereby capturing long-term variations in data,
making them widely applicable in fields such as time series prediction, natural language
processing, and speech recognition. However, the unique gating mechanism and state update
process of LSTMs result in high computational complexity and a large number of parameters.
This situationnot only requires substantial memory but also demands significant computational
power to support both training and inference processes, creating challenges for deploying these
networks on resource-constrained edge devices. Therefore, exploring methods to compress

LSTM models to reduce storage and computational demands is crucial for enabling edge
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computing of LSTM networks. Based on this background, this paper proposes a solution that aims
to compress network parameters and enhance inference speed while ensuring that accuracy loss
remains within an acceptable range. This paper proposes a hardware accelerator design for long
short-term memory neural networks based on inference computation in the frequency domain. The
method utilizes block-circulant matrix compression to store the network’s weight parameters,
combined with Fast Fourier Transform (FFT) and frequency-domain activation functions to
achieve frequency domain network inference, thereby avoiding the f{requent time-domain to
frequency-domain switching overhead when processing different time samples. The Coordinate
Rotation Digital Computer (CORDIC) algorithm is employed to replace multiplication operations
and hyperfunction calculations in the frequency domain, enabling low-power hardware deployment
for LSTM. The paper first partitions the input data and performs FFT transformation, followed
by element-wise multiplication and accumulation with the frequency-domain weight matrix to
obtain the accumulated outputs of the four gates. These outputs are then processed in parallel
through frequency-domain activation functions to update the cell state and hidden state. In this
way, the forward computation process of the LSTM can be divided into five main modules: the
FFT/IFFT module, the multiplication module, the accumulation module, and the activation
function module. Among them, the FET/IFFT module is based on the rotation mode of the
CORDIC algorithm in the circular coordinate system, using fixed rotation angles and shift-add
operations to replace traditional butterfly calculations. The multiplication module utilizes the
rotation mode of the CORDIC algorithm in the linear coordinate system to achieve element-wise
multiplication, combined with parallel prediction algorithms to accelerate computation. The
accumulation module is responsible for summing the results of each row block. The activation
function module adopts frequency-domain linear approximation instead of traditional activation
functions, enabling inference computation to be entirely performed in the frequency domain. The
proposed hardware accelerator is prototyped on a PYNQ-Z2 development board. Experimental
results on an open-source time series dataset demonstrate that the accelerator achieves an average
network inference latency of 63.6 ps with a power consumption of 1. 743 W. Compared to the
time-domain LSTM, the inference latency is reduced by 44.2%, and the power consumption is
lowered by 6.4%. Additionally, the resource utilization of BRAM and FIFO is only 5% and 2%,
respectively, representing reductions of 83% and 91.2% compared to the time-domain LSTM

inference.

Keywords long short-term memory neural networks; block-circulant matrix; the coordinate
rotation digital computer algorithm; frequency-domain inference computation; fast fourier

transform
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SIG_F=o(F) i it TIE 45 R SIG_O=0s(O) Fif

B LRFFT )G
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i MR YIS
! B | pik !
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[Py et :
:L A i y, |
[ i Bl i
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il st o [ B
i Bkt 0, PV ISIG 0
Hidix B | O R B .
it U] SR | ve
B T R AL BB
kit | L[ s 3 B
SO [ aEm ST LY C,
T | B 186
SRR WU R AL c

K2 REuHE

PRAE TG 45 R TANH_U=tanh(U) ., H,cF
718 Sigmoid BRI AT Bl 6 () =0. 2381 24-0. 5,
Tanh ERZL AT LT Tanh(x)=0. 8411x. %5534
A 2038005 J AR S A ] SIG_LL i 7= 1] SIG_F,
s A 1] TANH_U, L)L K wi — BF 21 () 48 iR
A Cos HH YA MR A C=SIG_FOC,.+
SIG_I(OTANH_U,. 4 5 i B 20 5 0 1700 0
i th SIG_O, VL B S Hi i 20 i) 4 AR AS €L 5 T
W 2 i B IR S H=SIG_O(Mtanh (C) , 58 ik,
LSTM M 48 B[R] 20 | A3l 72
3.2.1  REM I AR LAY

i HE A B 2 o S AL T R 3 T A T
x 3G n MME RN — 4135 AT CORDIC B FFT
o 27 50 X, 9F 47 1 3 DL AR AS 4b 3B T
(Processing Element, PE) #1441 N () AUH » & 5 72
45 AL L B R — A PE i BN 27 s b B4
] BRI EICIY SR04 SR A2 L 326 A ST R B L I )
BTG R C, s H W3 A RBAE R A 2
PAMELE N — AR KPR s E L IFFT f5
B o o R ) AT R A PR e L A
e (FF TR, — A~ P 38 B 336 AR 46 (IFFT) 45
B, — g1l ST 1A ) A BT PE R — AN R
PROBORR He 20 B . A A B BA T i = AN 4
B 23 )& BRAM, £ CORDIC fy 42 B i 500
R INES TR - BRAM (RA7 58 2 150 4 i A A
5T CORDIC 1982 $ie 1 BT AT 4 1 i T R
FHIE . BNA5 25 A7 25 W) FH R SR 3 26 52 45 e vk 1) 45
Feo 5HICHRL24 1ML 25 1B BF 3 LSTM R 25 4 Lt L A
SCE SR A 8 HE AT bR A L AR 4, R A
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B
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|

3 FETHIA LSTM 2% JoAfe ik A il 1 ik #2844

3.2.2 FEw
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=2 BT =3Bt AN LSTM %
P, BRI

(DA A B 5 A P81, AR IR A,
B 84— Ko R T A T B (W 2y, 00 5 s
ICPESS LA A L .

(2) e e e FEL 72 6« b i A 1) o B g A b g
R B AR 4, A BB R R F () W F () -+ F(ag) o

(3) J3 5 B 3 % - i A T B P AR X
Xy oo s X, 5 A TH S 4 (0 A EE 6 B 1) AR AE W
Wopsos Wil AT 3 A3 2SR R X, OW, . X,O
W X,0W,.

() BIIE 5 83X g A e 45 SR kAT R . 15
2 BINE BB LS B P AR TR G BT e
BRI AE A A 1] B SRR A T BN AR SO AR
A o R

(5D PTG PRET R . BN B AR B B R A7 L 16
SIS BRI TIE . LR 1A ERE pIR,
RIA] 3RAS i A i) -5 AN P T B A A BB 4 A

SCHRE25 ] 7 IR B R ) CORDIC 24
RS LSTM I 48 4k B, ANAFAF — /> 0T pR AR
P 41T R B R 6 AT K ZR By Bedie i 3145, HL
TAED I3 I A BB — AN B R, 52
FH LY o A SCHE 08 508 8 A8 — T T 3 B T S R
B P 0 R B o — T TR E A SR T
SERT PRBG TR RE . BIAEDUASTT BR AL LA K
LI X BIFT R WAULTE 4. A T E— 208
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N JF 51
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B4 ETHEA LSTM M B 7
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0

B G RE I R, AR SCAE T LSTM W £
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AR R 5 A 1 ) ST Can L 4 i £
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3.3 ETFCORDICE (R LREIZHE
CORDIC 53 Hs Zafdt RS A7 ik s ik 45
VERDBE ST R — ff PRI T vk ISR IL AR5k L AR
EAMRIIFE N 5 . CORDIC BiEm ) X #Kik
Xh
T =ax,+md2 "y,
Yior=y—d:2 ' (10)
2=zt d.b;
TEAX QA i R EAUEL d W g% J7 0] 5 Hh AN [F]
PR yEl 2 A IE R GE o m PR RE T RS FT Ak 1) A
P m=-1,0, + 153540 7 AU AR bR R, Ltk Ak
b R AR S AL bR 2R L 0.5 BRER T = FAR R AL bR R
TG X TR AR BR R 0, =atanh(27) , Ze M AL bR
% 0=2", [ JA A #5 £ 0,=atan(2") . 7E CORDIC &
b B UGE R IT A e A SE PR R Rl 2R Ak
P 2 B S SR TT Y o X SE e AR T iy S i 1Y)
i 5 e i X P RR R A AR fL I AL G AEE Tt
BFFT/IFFT Hh ) it 5 e 1 1 3 1, i8] LA 5E
MOTR I .
3.3.1 CORDIC M FFT
PR FEL I AR o I — R ISR 5 A R A
B I R b i oK R R ks
B FEARGAE ARSI 38 T SR 1k A B AR TR
(752, LLE RN N S FRET ], Ht 3
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@ X f x(2)
x(2 P > >
o_7&';><: Ws/\ ¥(3)
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x(4) x(4)
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F5 WEisE

WA [ 4 A=y, Wefs B F W= e 7Y,
BN BOTRER LN
A. WN:(‘I“ +]yu>.

(cos( 2N/€)—0—]5m< ZNk)) (11)
BRI SS HZ5 R 2+ iyl AT (12)

o - 2
yj — COS N

2/3 a
() ! Y

£ CORDIC B ik A — 1 it A (2, y ) 4b
T E AR RN 0B SR 0 A BT A5 3 — 18
[LJEB(JF/,’_)//, XA HA(13) 3R .

[I/} = Cos 6{ I o an 6} {Ié} (13)
Vs tan ¢ 1 Va
F 12 5D LLE AT LA, 1) i1 5 s K
1 B AT LB VR s e T 0= —2nk/N
JE o FTDXTF FFT S — e 2 5, a5 R 5
B IR MR TR 1) 31X — A ] DL i CORDIC B 3k 2R 512
W, (R IFF T W A AH [ 15538 4
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KADAEAHATIEEEAE . M F W=
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Ty=2, COS(*90°) — Y. sin(*90“)

90") + y, cos (—90) (14)
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I B A T 35 2 %yif;o§%%ﬁ¥wﬁ:
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7~ K2=0.101 101 01,, # x 3 LA {d 45 I 7 1 iz 55
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BEASEE I o MBERE N W= e PO, FoRITT
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x(0) x(0)
X(4) o CORDIC X \/ \ [ x(1)

x(2) o———§<—i— CORDIC b x(2)
x(6) = CORDIC CORDIC /\t \XX[ x(3)
x(1) >< Vi CORDIC Sy x(4)
x(5) = CORDIC CORDIC L, X(5)
x(3) o———§<—i— CORDIC CORDIC | X(6)
x(7) & CORDIC CORDIC " L cornic S X(7)

K6 CORDICEIHFFT

3.3.2 CORDIC 52t £ etk
AR H CORDIC Bk 8 M A b R T 1Y Jié 5%
B HC R ek, kR AX AW .
IN—Tin
INT i TinZin (15)
|2, |<1
WIHRAE T (20 Vs 20) = (2,5 04 2, » HERE N U 15
B yv=x, X 2,0 BIARIFATIHO L, 15 By — it
il M5 T BT AT 1A B e T 1) AR T AR S
o MR R — AR 225 SR T 224 e 2 1k Y BR
2, AT LRI N

2 :—bo+wzlbjsz (16)
JiER% 7 10 d v 6,852  BUE D 11— 1, Rk 0h
dy=2b,—1 (17)
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R B B AR AR A = (19
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(18)
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KAD AT FEFFoR A= (20D .
(a+bi)(c+di)=R+1i (20)

HrpszF R=ac—bd, K I=(a+b) (c+d) —ac—
bd s Gt Ak )G » IR ws HEAT 4 IR SRR VL AN 2 IS
Tk 19 52 40 vk 1a SRl R Ak R 3 YR SR L AN S Ik
SCECINE o BT IE PR A A R A TR L ()
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4 ZWERSHH

4.1 XWEE

A SCfE S SCBk [25] [6) 28 Y 1) PYNQ-Z2
FPGA JF & . 2% ] Xilinx Vivado HLS 2018. 3 JF %
T UL CA+ 4 5 25 AR B o 58 5 A5 e 3 25
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SR VEMR T BRAM (T84 o [a] B, A5 2 b4
A F Coo,) R ) 32t (R B 38 F () AH S 1Y)
g S Al R IR AR K Z AT DL B — 2 i R ik
Ffnskis . 22 SCHk[ 24 178 PL i 1 DSP A4
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F*2 PYNQ-Z2FEEXTLE (—ELSTM)
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g 100 MHz 100 MHz 100 MHz
FH CORDIC - 32 5 BT pRAR, 35X PP YA PR BER 114 ps 99.7 ps 63. 6 pis
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SMIFEW) 1.862 1.743
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/O#AF . SCHRL37 R AT CORDIC %53 52 81
LSTM M 45 13800 A 5 SCHRC25 1N [ 9 022k
T On-The-Fly CORDIC i fk 7 ¥ . i o kb %
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[E1] B9 P 0 A kAo AN 0 B P T e B . A SR S T A
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Fo6 Sxrmk[24].[25].[37]0ERE S ThFEXT EL

AL SCHk[25]  scmk[24]  SCR[37]
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Background

The problem addressed in this paper belongs to the field of
the

acceleration of inference computations for Recurrent Neural

deep learning acceleration, specifically focusing on
Networks (RNNs), particularly Long Short-Term Memory
(LSTM) networks. RNNs excel at processing sequential data,
such as speech recognition and natural language processing,
but their high computational and memory demands often
lead to challenges related to latency and excessive resource
consumption. Currently, cloud computing and edge computing
are widely used to address these issues, but cloud computing
often faces latency and privacy risks when handling real-time
applications. While edge computing can reduce latency, it
requires more advanced hardware, and accelerating RNNs
remains difficult.

Currently, there have been some international efforts to
accelerate. CNN inference using specialized hardware, such as
FPGA and ASIC, but these specialized architectures cannot be

directly applied to accelerate RNN inference. This is because

RNNs involve complex neuron connections, large memory
footprints, and the need to frequently update internal states,
making acceleration more challenging. Existing solutions are
mainly focused on CNN acceleration, with relatively fewer
studies on RNN acceleration. The main challenges for RNN
acceleration are optimizing memory management and improving
computational efficiency.

This paper presents a hardware accelerator design for LSTM
networks based on frequency domain and multiplication-free
operations. It utilizes cyclic block matrices to compress and store
the network’ s weight parameters, and combines FFT, IFFT,
and frequency-domain activation functions to implement full-
frequency domain network inference, avoiding the frequent
overhead of switching between time-domain and frequency-
domain when processing different time samples. The CORDIC
algorithm is used to replace complex multiplication and hyperbolic

function calculations in butterfly operations, achieving low-power

hardware deployment for LSTM.



