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Abstract

Our study aims to design and apply a digital physics experimental system based on millimeter-
wave radar, specifically for the precise quantification of spring harmonic motion. Traditional physics
experiments are often limited by errors from manual measurements and visual observation, but this
system uses a 24 GHz millimeter-wave radar combined with a custom-designed circuit board for real-
time, non-contact motion measurement. By designing the printed circuit board, writing firmware to
convert analog signals into digital data, and using Python for data analysis, the system successfully
measured the effects of different masses on the spring's oscillation frequency. The experimental
results showed that after accounting for the spring's own mass, the root mean square error between
the measured data and theoretical values decreased from 0.62Hz to 0.35Hz, demonstrating the
system’s high accuracy. Additionally, the stability of the radar module in non-contact measurements
highlights its potential applications. This study successfully addressed measurement errors in
traditional physics experiments, enabling precise observation of motion using millimeter-wave radar
technology. Furthermore, the open-source design of this system will help promote its use in more
school physics labs, providing students with advanced experimental tools and data analysis
experience. The study showcases the potential of millimeter-wave radar technology in physics

experiments and offers an efficient and low-cost solution for future teaching experiments.
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vs. Data Points ) » 4cBl(-+ = )(@) #777 ° 2 7 L F» 1 f35 E N 5]:'13%%,{ » AP g * T Numpy
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Wi ﬁrﬁmﬁg)i-l#ﬁﬁ gt BlI(+ - )& Ppgl}/}ﬂ}%gjm%w Rp e P A enE % R

FooRRAMVARGMEF S o4 EARE ER YR M T i R o

23



(2 )ESP32 2 B4 47 & 2 0 gl 3

Hci= 0P % 3 58 ESP32 Moad2 B k(7 ADC 4% 11 3 &#ﬁ@ﬂi&l LR ARE
ESP32 p 2% e i micros() iz B S Bc® * fief) & e B v @ ESP32 £ § 18 AT pE T o
FI7 B Sl AP R B S 5 1000 Hz st i 4 o o B 8T (s ~

CSV fh% « 257 » PR B > & ki 7 B my [ 853 % > 11 60g 78 & (7RI o

‘U\\"

SAeB(E )i bR Y B RARA R @RI AN kB R T
PEH o NPT UBRRIEAE(CER)BEFTHE(ES & RLFEY L 1 Hze 2 828 & CSV
Fh ¥ 4 Python 2 time()d e 4o e dsr P P AL 0 X% v R EF BT S o RI( A )L H
b A BRI REZ SRk o I REFTHEAFEERE LSS E > Ay

WA HE LA RRTIEG R E o Tl A PR RO R S BT R s

—— w/o calibration
—— w/ calibration
=== Theoretical value

Magnitude
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Frequency (Hz)
@H;)yﬁ$ﬁgﬁ%ﬁﬁiﬁmﬁﬁ@

(RIY 55— e i)
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AP RALEREEY VLB TR TP % ATV B MEREFS
FerB¥ fEe Pk e APERT 10 A3 FFRE9m (0g 7 180g 0 & =X A Ig 20g)

THFEBT R LT R R R B LA o Sl T A 2.2 0
Rl BRI W A HCBER] o Ae Bl N TR o W OUEREDIR P il BRI - IEE AR 0 B8

SRR o 7 Bxcel ETABLFFANE O APEITZ Br i AaS 0 Pt A e o 4

TR A T A g (R?) 2E PR T 099 0 MmN Ak ahamtt A L o Riped S AR

FETaE R EN LA ¥ ikik~2607N/meF 7 ¥ BB BFLFE

1.75 o x1(m)vs F(ma) LI
e x2(m) vs F(mg) A
o x3(m) vs F(mg) = i
150 Linear fit x1 (R* = 0.99) _,-”’
-==- Linear fit x2 (R* = 0.99) ',4"“
1.251 Linear fit x3 (R? = 1.00) =g
@ .-00
5 1.00 oo
£ L
w075 ® ¥
o, ®
0.50
Ll
0.25 3
0.001 o8
0.08 0.09 0.10 0.11 0.12 0.13 0.14
Ax(m)
BI(-~) £4 282 M GE
(A5 5% exmp i)
F(z) wFE Mo
g S O R?
£(x) = 25.87x — 2.01 0.99
F(x) = 26.57x — 2.09 0.99
£(x) = 25.79x — 2.00 1.00
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AEF NSRRI &HE SR ERE 20 3 120 220 LB T AR FR
Bl FFT 38 M F s X se et S HEANE - L - o 27 2797 7 X F % EF

L $94F 5 (AVG) ~ BB £ (STD) M 2 R BH(CV) o A K P L F 5 - g R 12
Joo PRl - AT ST wmE ERERETAARF c BF o MiipE

= kmz FUfEE 0 B3 Python e Numpy et T > 3 7 %o (B- - -

2T

T W M) T J'J"F]: Do dp ey R - i A4 o e I H LB RMSE 9 5 0.62Hz GRw
RMSE #ic#k & i 2.4) 0 4ol L A PR L S S A R B2 B s AP B AFE o LR A5
o AmRRGHER i EERY 2L BT o d NEF LV ERY > FBR

BEE E R L - B Sl TN A N Y o R REE S Sl
#

W Es o Y SRS EE AT Rz A2 - o AREERE RSN Em =

> , 1 [ ) v 0y v e , _

28gis » W AR-H B ’2;\:f=E — £ AR * Numpy fe e &> T g @k 4o =
3

Lok s WM TR A REY TR R PERM I BIpBE L FEP
w0 @3B A e RMSE » j€_0.62Hz # % 0.35Hz(G¥im % »2 57 & RMSE #icdy L "4 2.5)

B AN RE Y shdht SRR T el o R REENEKROBD > S R

T
o
oH

R R e AR B F R T OHAER SRR R AL PR F R R E 6

2(T) LW IES 2

M (g) AVG (Hz) STD CV
20 4.43 1.20 x 107* 0.00%
40 3.49 9.39 x 1073 0.27%
60 2.96 1.88 x 1072 0.64%
80 2.62 1.89 x 1072 0.72%
100 2.40 3.00 x 1075 0.00%
120 2.18 1.77 x 1072 0.81%
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5 0w EL D

AFTF GWREAEPER * 1 KiCad ki (7 PCB k3 i a3~ iB4L7 4

@&

R ZFAF F 2 RERA o F A F O RETROETN . AT AT R
SR TRABG B ERTUGOURS F 2 BT RO EME - B 1Y
RME R W fF 8- BT 43 FH 0 RMFEIARTETEFF - LZFA 35
A TEET 0402 3% (1.0mm x 0.5mm) g F it > BEFERBREDR 4] A 100.0
mm X 50.0mm x 15.0mm p o383 F& 47 7 F > BEM GiTa Ao pLoh s AFY A
7 #- ESP-32 3 » PCB i k¢ » #1245 JLCPCB R i » & ¥ fr ch@ T A 5 1.2 2~
BHGTRET S Moo F 0402 HEAEFE | LK RS RRRIEARAPHRE - 5
THER RS > AP R AR A & PCB ¥ G 0 SHRT R FM I KiEEY

Svolgdg o R R R b anFER o

CE)FFvErgEFIPERT

ER BT 0 APRPHRIESFRE 5 1000 Hz > 3% F ESP32 ADC &% & iy 1000 #cd)
BiEF- B Ra o FEABRRFAIRT B BFRERRTZBHRIFE hawp e
FREGFEF LA G AREFFL - gBe- HLTHERTAH > 287 ESP-IDF ¥ = GitHub
erissue #10612 18 > FEsd 7 ESP32 cnBPik F /e F 7 i M B R 41 o AP ARPIF LR Tl A
% ESP32 #rp et pFRikdg e B R A 1% 3 5% ¢ RC RF T8 » A 22 S 8E
REhreRT TR (AHFRNE 10 ppm I 50 ppm 2 &) ° RC & F % il FfE T
A FELIERECTREANRGELHPE EVAEEOREAS S BRSR G o 50
FRAPC R RE > AT AR TBRERESIRE N 2 BRI T E T %Y ADC F Pk

CEINTE S ) N RN
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(2) &AL K

A&7 % 2 Python #4235% k#P-d  ESP32 i {7 fici 4 vb 4% (8 cnlicdp T s e - &
SAF 2 (80 % FFT k3B o B4 5 5 1000 Hz %3+5 > £ 4c 8 1000 x 60
=60000 1 #yp 8- 55 FFT 3-8 2 15 » #3247 & 5 5 0.017 Hz (1000/60000 = 0.016666 ) -
FRBEGLLFY S FIES M PP ERER Y USRS B2 A FHLRERER
v R R LAT AT R o SINRAIM GD] LSRR S e 0 AR HRPBEIRTEF LR

B 95 02Hz(100 2 120g A awis £) > aix®F3,7 0.017 Hz chfds B @ S & 4] o

(2 ) P TeR %
GEEFEFEGL G A SRR PR RIS ¢ A BTG E - YRS
BCrRRFHRFORY B 0 A H LRI 20g 2B E S P BERGLE RG] 2 (443 Hz) >
L RCAL RIS LI T Ry ol &7 Bl S A IR b K%fﬁﬁﬁiiﬁ‘”iﬁi?w%ﬁ et B3]~
A AR R BRI E S 0017 Hz» P B R4 hd @ dul b RERE B4k drniF
TR EEET AR o RA 0 AN FLEEE fBERE . AF Y T L s
PP %é?;‘ﬁjﬁ_,-zigﬁ-% N B R E R P T o KA A NEE G
Y @BE IMERFL KT SRR AL T EBEPER 2 HpEe o F
Pk BE IR HERTHEATCATH - TRHE P RE ABBT
BHbed 140 g 2 GREE P R E TERFORTKR - T BE S
BB PR G 120g0 RUHEWEFHEGY AL BRI S0 SRR it
IR RO = g el I R s VAR N L 7 Y e ?311?55)}[%7\51\1_%{
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ko B EEET AT 0 4 (AT Ao R SRS PR R AP R A
Wi e PLRRF - GoMESBRRARY c P AV 0P 2P Rkt R TRy E
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f (Hz) Vin (V) Vout (V) Gain (dB)
1 0.010 0.121 12.026
2 0.010 0.182 18.044
5 0.010 0.222 22.066
10 0.010 0.231 22.959
20 0.010 0.234 23.218
50 0.010 0.235 23.297
100 0.010 0.234 23.198
200 0.010 0.233 23.098
500 0.010 0.223 22.165
1000 0.010 0.196 19.454
2000 0.010 0.143 14.230
5000 0.010 0.068 6.753
10000 0.010 0.035 3.456
20000 0.010 0.016 1.599
2.2 s ¥ Boip] TF % By
M(g) x1(cm) x2(cm) x3(cm) | Average STD Cv
0.0 7.99 8.02 7.91 7.97 0.06 0.71 %
20.0 8.86 8.51 8.51 8.623 0.20 2.34 %
40.0 9.11 9.12 9.25 9.16 0.08 0.85 %
60.0 9.87 10.51 9.89 10.09 0.36 3.61 %
80.0 10.35 10.85 10.84 10.68 0.29 2.68 %
100.0 11.41 11.41 11.34 11.39 0.04 0.36 %
120.0 12.52 12.11 12.43 12.35 0.22 1.74 %
140.0 13.12 13.17 13.15 13.15 0.03 0.19 %
160.0 14.01 13.75 13.91 13.89 0.13 0.94 %
180.0 14.49 14.51 14.54 14.51 0.03 0.17 %
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=

M (g) Exp-1 (Hz) | Exp-2 (Hz) | Exp-3 (Hz) | Exp-4 (Hz) | Exp-5 (Hz)
20 4.429 4.429 4.429 4.429 4.429
40 3.497 3.496 3.497 3.497 3.476
60 2.967 2.946 2.988 2.946 2.946
80 2.607 2.628 2.607 2.607 2.649
100 2.395 2.395 2.395 2.395 2.395
120 2.162 2.162 2.204 2.183 2.183

24 BEFEFH I LWAE2 %L (RMSE, 23 257 8)
Experiment RMSE
Exp-1 0.620
Exp-2 0.621
Exp-3 0.617
Exp-4 0.622
Exp-5 0.622
2S5BF R I EEHE2 ¥4 (RMSE, 4 g 5% £)
Experiment RMSE
Exp-1 0.353
Exp-2 0.352
Exp-3 0.357
Exp-4 0.352
Exp-5 0.351
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FaFRFARBELRY > AE I B R FEUAPT o B 5B SRR F SRS

% TERCHEEF YL EER A CREBEFR R R PR Pk E A
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