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Abstract ; The short-time Fourier transform ( STFT) is essential for non-stationary signal analysis in areas such as audio processing,
communication systems, and real-time spectrum analysis (RTSA). However, in practical RTSA instruments, conventional hardware
implementations of the STFT are typically restricted to fixed window functions and fixed hop sizes, and they consume excessive logic cells
and multiplier resources to meet high-throughput, low-latency streaming requirements, making them difficult to deploy on resource-
constrained or portable platforms. This paper proposes a novel parallel windowed short-time Fourier transform ( PW-STFT) architecture
that leverages FFT-based processing techniques. By integrating parallel window multipliers and runtime parameterizable multipliers based
on canonical signed digital (CSD) encoding, the design flexibly supports arbitrary window and hop sizes while minimizing hardware
overhead. Experiments on a 32-point STFT with a hop size of 8 show that the proposed PW-STFT architecture significantly reduces
resource usage (658 slices and 24 DSPs) compared to previous approaches while still maintaining an acceptable signal-to-noise and
distortion ratio (SINAD) of 40. 31 dB. This balance between hardware savings and output fidelity makes the design well suited for real-
time STFT applications across a wide range of window types and signal conditions. Therefore, the PW-STFT architecture provides a
flexible and resource-efficient solution for real-time spectrum analysis, enabling high-throughput and precise time-frequency analysis of
non-stationary signals.
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Fig.2 Diagram of the PW-STFT hardware architecture
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Fig.3 Timing diagram of the proposed PW-STFT
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Table 1 Encoding example of the first 8 points of a 32-point Hamming window

W, {8 CSD ity a; 5; S M (E
U 0.080 0 0.000_1010_0100_0T0¢ 46913 ++ + - 0.080 0
U 0.089 4 0.001_0T00_1001_000% 35811 +--- 0.089 4
U, 0.117 3 0.001_0001_0000_0101 371315 + -+ - 0.117 3
s 0.162 4 0.001_0101_0104_0100 3579 + o+ + - 0.162 1
/A 0.223 1 0.010_0100_1001_0x0x 25811 + -+ + 0.223 1
Us 0.296 7 0.010_1010_0000_100x 24612 ++-- 0.296 6
e 0.380 2 0. 101_0001_0101_0400 1379 + -+ - 0.3809
U8 0.470 3 0.100_0100_0101_0400 15911 + -+ - 0.478 0
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Table 2 Comparison of resource utilization and performance metrics for different STFT hardware architectures

ST SR e R VIR SRS R 4 S P DN B LEeS]
PR Plog,N 2Plog,N NP + N N-1 EE % Ja=s
A 23 N N 2N N 1 [ SR B
it 0 1247 N-1 2N - 1 %10&/\/ N 1 ¥ Wi

SR A g 70 125 P(log,R + 1) P(2log,R + 1) 3N-P N R 1% MIEHE & WTH
NP N N N
'S P(log,N - 1) 2Plog,N + 3P wt T - - J =
2) PEfETR BRI BT XA A AR 15t A AR 52 BB/ Y 2B K

F T BITRS FE I 25 A S5 2 BEA AT IR AR
B BPAE ] JLF- 248 N, B 5 I A — 4> Eidie J5 75 2
PR . B RS A I A thy 22K 2 B A 22 B
SR KR AT FEAT i, g N=1722 ) RS i
SEA I T HAG ] 7 IORAT K Z S, DRIt 5 A R A Y
BIHE A T IR FEAR T IFATIE P AR N/P

1, X RS BA e m SR IR 45 2 7
TP B SR SEA b B Xh B — g AR T 3580, I
S A QY A 152 B 454 BB T SE B P I, 7B I
FESCVFITE PN, ELAE B4 R il T JHen] DUE RN 47
R T A | DR AP K /N BEAT A AT BR i A03R -fie 22
FIAR SO 4R H B S5 AR A0, R ph 77 PRSI E R AT R e



- 132 LSRR R e o

40 &

SER . AT ) PW-STFT 4544 5 HAb 45 M A0 1, B
SRANBEAG AT TR (53 28— S I e o I SR, (HE ]
DB TE FET BT RS AR VF RSO, SEa R 1Y)
R, I T BN LS TR

3) T PREC AL S BT

AR T HABES I 5, T2 R 485 48 RN AR SCHIT 2 1 Y
G P SE A LT PR BRI FET 15350 0 AR X ik
7, PRI MG B PREICAG I RO 25 52 ) &5 4 P B (AN A 31) T ke
AR AR S EAE I AE L, R 1 3 79 A4 25 440 i 1% S IAT: 32
B 7 PRIBICI TR | 35 A T 1) S ARG 20 AR R 58, T Xt
LU A% AT i TR RS 3% 40 A T8 S e BRI 1
PR 38 A% 1 pREICR AT SRR A 1 5%

4) BRURE T

AT ZERE VI3 43 it T 45 4 oy T LTS, BT 1)
L € = N R 1 B S i i g S | o 2
WSS F S B B b ol o SR AR S &
FEAFREE R RS BB T A Wi A
BT BREARG A ST, PR I RE RS A R bt e R AR 25 0 =
IS, 2 AN 4 Hh 1) 5 44 1R LRI 2 (] 95 AT G
etk Rt A 2 1 B BRR 22

25 BRI I B PW-STFT ZRA9 76347 P Fl
TR BE NV RN RERETE TR AP AT A i PR
T R R TG 22 [ B SR AR A, A v 2 BB S I )
Mr it T — 4T A7 HLs i TREL AR
3.2 ZE¥J FPGA LI FIREFEXTLE

BT EIS BT a5 4, AR SCEFXEARTRI Y STET #8445
FIFE Vivado H#FAT PR IER A LIS FPGA F AR I
ZIEHEAT T IR IE AR S BT BORS FEXT HE R R AR AR 6] H 4
RNz 3 R,

&3 [ STFT 451K FPGA LI FIHFERT b
Table 3 Comparison of FPGA resource utilization for

different STFT hardware architectures

45 Slice DSP BRAM/kb SINAD/dB
TR (2 1829 40 0 45. 86
e vl 1 039 44 2 59.25
Rt 124 720 128 0 56.51

WS RES 1085 44 0 59.40

£’ 658 24 2 40. 31

3 MM LE R — LA T &I R AE Kintex-7
(xc7k3251ffg900-3) |- FPGA £ 4 TF 45 5 4 A e 2k B
o 5 4 e LZ5 AR L, AR SCRT 4R I 25 R 7E Slice |
DSP48E( DSP) F1 BRAM 3 J7 [ 3% & # i & /N i HH - Slice
Bh 658 A M ELHERLAY 35.97% , L 24T Slice 74 S A%
HITT 1 B R [ T 8. 61% ; DSP i J1] 42k ik — 25 45 s ] 24
A R TR MR A R ALY 44 S HIBR LY 45. 45%

A A% 7€ v # B A A5 AR (128 AN ) R F% 81.25%
JXE PW-STFT IR R ARSI A 2 Kb BRAM, {HiX
— FF B H At B R 1 i R 2 AN

ZEA KT, PW-STFT 7E Slice F1 DSP iX P 2 i i ¢
TR R ROR o 3, RIS T 5 i A 24 A
i
3.3 ETF CSD RBHERBREBES

A S ] RMSE 5 SINAD #4745 B2 47 44, Hvh
RMSE i it Xl i+ 751 5 575 17 9 R A 1R 22 °F- T 5K 3
EIFTFF o o 4 %R 25 6 &, SINAD U] DAL 9% 5 55
TR 5 T T AT D Ok LT B 2 L R AR AR R 2R
BRI 4 RS 36 3 T CSD J i 17 o 50T 12 2% 1) it
JERGE S, SR ERULAE DA HER CSD
M K, 2 b5 5 fias, B 5 (a) Bon T 4 A
TEY SINAD, [ 5(b) (&3 T AR ILE 1R A RMSE,

4f —
3 -
o : (4,38.725)
3 3or
ﬂ%-/'
B 5| / UL WH AR
il / T VIS R =HE
15 YUE, p=s— YUBE. =85 —HUME. =10
10 . . . . . L '
1 2 3 4 5 6 7 8
RmMEHE K
(a) AN 5] B B B8P 15 R 2k FLEL X6 EE
(a) SINAD of different window functions
0.15
DU B BT E A 3 5 4% B
R VLT RS =Mw
e A\ YA, p=s— JUBE, p=8.5 —HE. p=10
‘EK NN\
3
R
ESy
[(4,0.0007)
1 2 3 4 5
R mEHE K
(b) A EHERBI IR E

(b) RMSE of different window functions

K5 ASFZ R EORS BE AR S AR A O KGR
Fig.5 Precision values of different window functions as a

function of the number of nonzero code values K,

3 G — R T 3T CSD 4 A% 11 % PR &L
e [ W T PW-STET 544 v (4G BEAK 00, 76 i S B Y
gty PW-STFT [y SINAD & 40. 31 dB, WK T 55 4 Fb
F%(45.86~59.40 dB) , M2 EERAE—F
T, A T B &, PW-STFT % T %4 95 CSD-#
NI PR 28 AR Al B e i, AL MR P s v s o —
T, A R ACRYRIET 5 7 R T (T FH %) 1 eR ) R A
et AER T R R AR R A 1 PR IR T N A, TR U



5 2 3

TR ) 52 AR A8 38 7 B 4 S 8 BRI R S5 A A A BT - 133 -

SRBAT N T R ORI BT S B TR 22, 34k, R
JIT 3 HR FORG BE i B 7 125 A QR R 5 73 figk 28 vh Oy B 4 9
(6, o T HAAE SRR 22 10 S EURORS JE F R IF R AE R
i,

BRI, 4 Hh A 2R S 2 R AR T RE A B DRI AE
EASEmS A TR, A NI, S oG J3E 451 7 S B Jed i
LI AR e T AT Z G 2 N BT e R B T X
AT R AR R/ INFIAT BE B T FR A 0 1o 1
M T — P I R L RIS IR TT 5

4 #& it

ARSCHRZ 0 S 4R ) — PR PW-STET f 1
BRAE) G T A 8 S I Ao L I 4 Al 5 SR B IR A
HE 0 BREERRR, B OBARZE—F LT CSD %
T i) R s AL 0k % FRT AL BRORAR 5 S s 1T
I SHALE CSD FHORIE A A &, VBT T 7R RIIE
R [ I FEARRRE A TT S I H R ME R, 32 45 STFT
K 8 RS EE FIGE T PW-STFT 220 A5 55 bk . S804
JPEAA L AR BT PR 47 AT 25286 BE ( SINAD 40. 31 dB)
11 [ A 25 e ARG 1 BE R o5 T (X 658 4> Slice, 24 4>
DSP) . SXAHTERCR 5 1 AR =2 [A) TS 9 1 Al 78 40 1A 3 1
ART7 I SERE PR 2, 6 PW-STET Ak 5 44k B
A 2R GE RIS AR 3 A A5 SN STET 1o, H A4 AR e+
PRI, 2 e L T % FPGA. T BN T #E A Ay ek
B PEESR T 20 A NI 5, P4 5 o A 98
A B IC L HU R S DA S G RS E S A PR G, A
XL G Slice Fll DSP PRI MR 1944 & R E0z 555
AL RSN A Y SC 3, R 1 5 B Ak T AR RN D) AE T
BTo JREARN ASCH A FFT S8 N A5 R 1A
A&, R IEATHN P =N/R XI5 5 A A it
AN, DLR S AR BE B M BE-UAS T AR I A
B AR SRR B AT E A R K L BT, R S RE S AR AR
o NAR T O B I SR T 2 0 B O AT BE AN ARORG
BE, [, THRITERET CSD By HOoRk it — 51 A
FFNEGFARIIFEROAR  7ERAIE SINAD PERE R T2 F 5%
REREE R ThFe 5 2 4w AR, B m, A 3022l PW-
STFT #%00 5 22 03E M5 {55 Ak Bl AT A BRI s IR 5
BRI, HE— A S AR S AR A JC Lk L 7R Ik AR AR E
AT M0 25 3 S v g (L
BE3H
[ 1] LABAO A B, CAMACLANG R C, CARO J D L.

Staggered parallel short-time Fourier transform [ J ].
Digital Signal Processing, 2019, 93. 70-86.
[ 2] MAGRON P, BADEAU R, DAVID B. Model-based

STFT phase recovery for audio source separation [ J ].

[3]

[4]

[5]

[6]

(7]

[8]

(9]

[10]

(11]

IEEE/ACM Transactions on Audio,
Language Processing, 2018, 26(6) ; 1095-1105.
MARAFIOTI A, HOLIGHAUS N, MAJDAK P. Time-

Speech, and

frequency phase retrieval for audio—the effect of
transform parameters [ J ]. IEEE Transactions on Signal
Processing, 2021, 69. 3585-3596.
MAGRON P, VIRTANEN T. Online spectrogram
inversion for low-latency audio source separation [ J].
IEEE Signal Processing Letters, 2020, 27 306-310.
PRk, 2, AGFH. HET CNN BRSNS BALARE
BRI DT IR [T]. XA AR 5, 2025, 46(4):
270-282.

FU X, LI X T, GOU Y. Research on basic CNN-based
voice wave equipment signal reduction method [ J ].
Chinese Journal of Scientific Instrument, 2025, 46(4),
270-282.

XU CT, CHEN B W, LIU Y X, et al. RF fingerprint
measurement for detecting multiple amateur drones based
on STFT and feature reduction [ C]. 2020 Integrated
Communications Navigation and Surveillance Conference
(ICNS). IEEE, 2020: 4GI1-1.

GANJ Y, HU A, KANG Z Y, et al. SAS-seinet; A
SNR-aware adaptive scalable SEI neural network
accelerator using algorithm-hardware co-design for high-
accuracy and power-efficient UAV surveillance [ J ].
Sensors, 2022, 22(17) : 6532.

ZHRAE, EAR BT R R IR 4 T AL A
FREC JWUN (1], 1 HOR, 2022, 55(9):
1202-1207.

LI CH Q, WANG J M. Based on the basic short-time
conversion of an unmanned machine, the manual can be
divided into categories[ J]. Communication Technology,

2022, 55(9) : 1202-1207.

WANG Y F, LI Y B, SUN Q, et al. A novel

underdetermined blind source separation algorithm of
frequency-hopping signals via time-frequency analysis[J].
IEEE Transactions on Circuits and Systems II: Express
Briefs, 2023, 70(11) . 4286-4290.

LIU SH K, YAN X P, LI P, et al. Radar emitter
recognition based on SIFT position and scale features[J].
IEEE Transactions on Circuits and Systems II: Express
Briefs, 2018, 65(12) : 2062-2066.

HONG H H, ZHAO J CH, HONG T, et al. Radar-
communication integration for 6G massive IoT services[ ] ].

IEEE TInternet of Things Journal, 2021, 9 ( 16):
14511-14520.



<134 - G R - C I T 40 &

[12] uZbk, 208, dkHamr, 55 36T me i it o Bos 1 signature reconstruction for improved har classification[ J ].
BSR4 B LEM {5580 5 35 [ J/0L]. RS IEEE Transactions on Radar Systems, 2024, 484-497.
P4 . 1-12. [ 2025-06-26 1. https : //link. cnki. net/ [22] ZHANG S Q, YU D SH, SHENG SH M. A Discrete
urlid/61. 1316. TJ. 20241219. 1438. 008. STFT Processor for Real-time Spectrum Analysis [ C].
FAN L L, GUO X, ZHANG Y N, et al. Basics of the best IEEE Asia Pacific Conference on Circuits and Systems.
short-time fractions and how to change the LFM signal[]J]. Singapore; IEEE, 2006: 1943-1946.

Exploration and Control Studies; 1-12. [ 2025-06-26 ]. [23] LIU K J R. Novel parallel architectures for short-time
https://link. cnki. net/urlid/61. 1316. TJ. 20241219. fourier transform[ J]. IEEE Transactions on Circuits and
1438. 008. Systems II: Analog and Digital Signal Processing, 1993,

[13] JADHAV P, MUKHOPADHYAY S. Automated sleep 40(12) : 786-790.
stage scoring using time-frequency spectra convolution [24] GARRIDO M. The feedforward short-time Fourier
neural network [ J ]. IEEE  Transactions on transform [ J ]. IEEE Transactions on Circuits and
Instrumentation and Measurement, 2022, 71. 1-9. Systems IT; Express Briefs, 2016, 63(9) . 868-872.

[14] SANTHOSHI M S, SHARATH BABU K, KUMAR S, et [25] ELEFTHERIADIS C, GARRIDO M, KARAKONSTANTIS
al. An investigation on rolling element bearing fault and G. Energy-efficient short-time Fourier transform for partial
real-time spectrum analysis by using short-time fourier window overlapping [ C ]. 2023 IEEE International
transform [ C ]. International Conference on Recent Symposium on Circuits and Systems (ISCAS). IEEE,
Trends in Machine Learning, Iot, Smart Cities and 2023. 1-5.

Applications; ICMISC 2020. Springer, 2021; 561-567. [26] VORONENKO Y, PUSCHEL M. Multiplierless multiple

[15] IGLESIAS V, GRAJAL J, SANCHEZ M A, et al. constant multiplication [ J ]. ACM Transactions on
Implementation of a real-time spectrum analyzer on FPGA Algorithms, 2007, 3(2) . 11.
platforms[ J]. IEEE Transactions on Instrumentation and [27] VERMA A, KIYAWAT K, DAS B P, et al. An efficient
Measurement, 2015, 64(2) . 338-355. scaling-free folded hyperbolic CORDIC design using a

[16] HUANG J T, ZHOU K, XU Y F, et al. Upper sweeping novel  low-complexity = power-of-2  taylor  series
frequency selection for cable defect location based on approximation [ J ]. IEEE Transactions on Very Large
STFT [ J]. IEEE Transactions on Instrumentation and Scale Integration ( VLSI) Systems, 2023, 31(8) . 1167-
Measurement, 2023, 72, 1-9. 1177.

[17]  ZEERE, sise. AHZRMERLE I OHYRE 205 ). (28] T, JuikPH, BR, S5 1w FFT ALBEESAY CSD i
LTI S AR A, 2024, 38(7) : 109-115. WMok BT (1], BT a8, 2024(6):
LIANG G X, HAN L. Arrhythmia classification method 1473-14717.
using multi-feature fusion [ J ]. Journal of Electronic YU J, FAN H Y, CHENG CH, et al. Optimization
Measurement and Instrumentation, 2024, 38 (7). design of CSD-coded complex multiplier for FFT
109-115. processor [ J |. Chinese Journal of Electron Devices,

[18] SRIDHAR A, AYALA G. Time-domain jitter 2024(6) : 1473-1477.
measurement considerations for low-noise oscillators[ R]. [29] GARRIDO M, ANDERSSON R, QURESHI F, et al.
AyalaTexas Instruments, Application Report, 2015. Multiplierless unity-gain SDF FFTs [ J ]. IEEE

[19] VERSPECHT J, STAV A, NIELSEN T, et al. The Transactions on Very Large Scale Integration ( VLSI)
vector component analyzer: A new way to characterize Systems, 2016, 24(9) . 3003-3007.
distortions of modulated signals in high-frequency active [30] GARRIDO M. A survey on pipelined FFT hardware
devices[ J]. TEEE Microwave Magazine, 2022, 23(12) . architectures| J ]. Journal of Signal Processing Systems,
86-96. 2022, 94(11) ; 1345-1364.

[20] XIEX ZH, LI J L, YIN F F, et al. STFT based on  [31] PAZ P, GARRIDO M. A 5.2-GS/s 8-parallel 1024-
bandwidth-scaled microwave photonics [ J]. Journal of point MDC FFT[ C]. 2023 38th Conference on Design of
Lightwave Technology, 2021, 39(6) : 1680-1687. Circuits and Integrated Systems ( DCIS) ,2023. 1-6.

[21] BISWAS S, ALAM A M, GURBUZ A C. Hrspecnet; A [32] SODERSTRAND M A. CSD multipliers for FPGA DSP

deep learning-based high-resolution radar micro-doppler

applications [ C ]. 2003 International Symposium on



5 2 3

TEL i) S P T3 1 6 e HEL A R el AR 2 A AL 50T - 135 -

Circuits and Systems, 2003.
EEE N
Fhi, 2019 4F 2020 4E 4351 TP T
FHE R Je IR AR 25 4 BT AR A3 2% A
™ TR (A5 AR 2 ) 2 r, B I K T
A Tl R AT A, 5T T7 0] R e T

“ FPGA HO¥T(5 S Ab B AL

E-mail: hao. sun@ stu. hit. edu. cn

- -
[ i

Sun Hao received his B. Sc. and Engineer ( M. Sc.
equivalent) degrees from Xidian University and Polytech Nice
Sophia in 2019 and 2020, respectively. Now he is a Ph. D.

candidate at Harbin Institute of Technology. His main research

interest includes FPGA-based digital signal processing algorithm

optimization.

D2 ,2006 4F 2008 4EE A F W JRIE T
MR AR A A 2E 0, B
AR B A RS R BRI oL B
TR R Tl R il b2 o, 25
»7}“ 5 16 g H I RO S AR BEEOR v RE

“ U B A B PERE FPCA RGBT &
PERERT S RGBT,
E-mail ; maxin@ rigol. com

Ma Xin received his B. Sc. and M. Sc. degrees from Harbin

Institute of Technology in 2006 and 2008, respectively. Now he

is the director of the technology innovation center at RIGOL
Technologies Co. , Ltd. and Ph. D. candidate at Harbin Institute
of Technology. His main research interests include digital signal
measurement,  high-

processing technology for electronic

performance instrument bus technology, high-performance FPGA
system design, and high-performance digital chip system design.

B F, 2004 47 TR Toll K24 3145
L, ORISR Tl R i 7 515 B
TREFBEH A Bk, FEWF T 1k A 3
DA S | 2R G R A B LA L T
IR,

E-mail; pengyu@ hit. edu. cn

Peng Yu received his Ph. D. degree from Harbin Institute
of Technology in 2004. Now he is a Professor and the Dean of the
School of Electronics and Information Engineering at Harbin
Institute of Technology. His main research interests include
automatic test technologies, virtual instruments, system health
management, and reconfigurable computing.

X% B GEAFAEE ) ,2006 47,2008 4F-F
2017 4F TG R U Mk R 24 20 ) R A 22 |
LU S LA N o VAR 1 2 7 N W Ay N ¢
B, FEWFSET7 1) LA BT FPGA
e BE AT B BRI 5
A
E-mail ; lianshengliu@ hit. edu. c¢n

Liu Liansheng ( Corresponding author ) received his
B.Sc., M.Sc. , and Ph. D. degrees all from Harbin Institute of
Technology in 2006, 2008, and 2017, respectively. Now he is a
professor and Ph. D. advisor at Harbin Institute of Technology.
His main research interests include electronic measurement,

FPGA-based

prognostics and health management, etc.

energy-efficient computing technology, fault



