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Abstract: Low-frequency electromagnetic waves (below 300 kHz) have natural advantages such as strong penetra-
tion and low transmission loss, enabling stable and reliable wireless communication in complex lossy media including sea-
water, soil, and buildings. However, limited by the electrical size constraint, the physical dimensions of an antenna need to
be comparable to the operating wavelength (typically greater than one-tenth of the wavelength) to achieve sufficient radia-
tion efficiency. Consequently, conventional low-frequency antennas often require enormous sizes of hundreds of meters,
making it difficult to meet the urgent demands of modern cross-media communication applications for device portability
and rapid deployment. In this work, a miniaturized low-frequency antenna design based on the Tesla coil magnetic reso-
nance principle and high-voltage pulse excitation is proposed, achieving long-distance signal transmission at a size of one-
thousandth of the operating wavelength. The design significantly amplifies the current in the secondary circuit through the
magnetic resonance structure, and employs an impedance matching transformer to efficiently transfer energy from the signal
source to the high-impedance magnetic resonance coil, thereby enhancing the magnetic field. Meanwhile, high-voltage

pulse excitation is introduced, enabling the antenna to obtain a higher instantaneous peak magnetic field under the same av-
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erage power consumption while effectively suppressing the heating problem caused by continuous high current, thus balanc-
ing radiation capability and system reliability. Through systematic parameter optimization, this paper fabricated an antenna
prototype operating at 200 kHz low frequency (LF) with a size of 70 cm. Experimental results show that when the antenna
is driven by high-voltage pulse excitation, the received signal peak voltage reaches 2.07 times that of continuous wave exci-
tation. Moreover, compared with a single-coil structure with the same number of turns, the magnetic resonance coupling
structure increases the received power by about 13.8 dB, corresponding to a signal strength enhancement of 4.9 times, veri-
fying the significant improvement of the synergistic effect of pulse excitation and magnetic resonance on the radiation field
strength. On this basis, an outdoor long-distance communication test was conducted. Driven by a peak power of 800 W, the an-
tenna achieved a communication distance of 400 m in a complex campus electromagnetic environment, with a received mag-
netic field strength of 0.27 pT. To meet the demands of emergency communication for ultra-portability and strong penetration ca-
pability, a portable antenna operating at 30 kHz very low frequency (VLF) with overall dimensions of only 10 cm X 7 cm X 4 cm
was further developed. Under an input power of 20 W, the antenna successfully achieved reliable cross-medium transmis-
sion through three reinforced concrete floors over a distance of 15 m. The proposed scheme, through the synergistic design
of high-voltage pulse excitation and magnetic resonance amplification, enables both long-range communication and high-
penetration cross-medium communication at centimeter-to-decimeter scales, providing a miniaturized solution for applica-
tions such as emergency communication, underground rescue, and underwater sensor networks.

Keywords: low-frequency antenna; Tesla coil; magnetic resonance; cross-medium communication; magnetic induc-
tion communication; wireless transmission

Foundation Item(s): Beijing Natural Science Foundation Undergraduates ‘QiYan’ Program (No.QY?24196); Beijing
Natural Science Foundation (No.JQ22010); Fundamental Research Funds for the Central Universities (No.2023ZCJHO03);
National Natural Science Foundation of China (No.U2241243, No.52372101); Fund of State Key Laboratory of IPOC

2026 4F

(BUPT) (No.IPOC2024ZT13); Teaching Reform Project of BUPT (N0.2024Y010)

0 35l5

R LR D% (300 kHz LA R ) SR A5 H 2 i 1k 5 K
PFE S, e A AL B L HE A h KSR A
AT SRR AR R A Y A I A DAL A MR R
LOEAE VB REE AR | R R 5 B I A DG 40
AT E B RN R AE G N KRR
SRR ™ AR T L B R ST 3l R KRR R ER
INF TAER R 443 22—y TR A0 e B ok 1) 38
KA Tk g, S BRI b RSF A it H ok,
DAY BRI T AL Bh 35 68 7, 5 3 B AR T L AE Bk
AN BT R E T . FRBR AR ST REE T
R Je 1 i 1 R A v s ) PR 5 52 2% R G A B
X RS 2 1 W o K A G AR R e wfl: LA G 2 5
Fri H K o PRE, & Rk H /N B 1T i 4 a3k
B < 7 NES N A E =54 B N N N K =] T G RS
V22 4 i) S B S 7 1 T

AT K MLAR R 2R 45 MR 5 & T AT AR K 2k
ANEIAE BB T2 D4R 201948 B kAR T —Fb
P R A1 5 R 498 1 0 A o) g ) {8 985 o ARG el ML ARG
KR, 5 IRAERSF A B KR A H, R B RCR
FE T AR A0 TR R AL R £, 52 T 30 m I LAY HR
BE IR AL T gk B AL R £kt g E B
SN A AT BB, W AE 100~210 m (1) B L3
Bl PN S B A {0 . Ol ik — A R T A S e

Chang %5 AU HY T H ) 8 /8 1 S5 IR 4 A0 1) bt 0
BB R R, 38 2o 1 R 45 B i g AR S 3 B T R R
Jo R 8, Hom 3 S 66 0 A B T B B R HPILRR R £k
P21 200% o S IR AE R IR OE 1 RR
INEIAE R R AT SR, B HILAR R 26 U7 S 453 ok A7
TE TR AR I 40 S 5 ORI S ) R, PR 2 T H
FEI bR RGP RN .

TENFUAG AR R 2R BE T v, i 1 B I J BB 11
Wrpr 2 el e B S ) o R PR B AR S PR R S
i, HL R L 25 2 0] 1) B e 52 3k 3 Bh A OF- Al 1F
(DR SEo EY 7 STk SRS o ih=13 ! QUL S R (=
TEAR 5 & 0 Wk (] EL 28 5 KRR L, I A RO 9 15 55 i
&, I o H A A RS 5 o 2 A a2 B2 0 , AT
fE % o0 IR B 52 2% 19 A PR RE , 0 OR M S IR B AR
B, [ 2007 4R RS BT 2R BE A BN B VI IERG I AR
£ BB A S A RS T 1Y = R BB S AL i DAk X P IS
TRLAE M ARER ) 2 EE" . WG, Sasaki %
NI P 2R U 2 P 1 3 IR 405 ) T s A B S B T
22 dB B %3714 25 5 30 em AY AL 5 HE B 5 Ma 25 A1)
i 1o - T VS IR R B RSN AE 12 em ) TAERE ST
SEELT 34.5% [P g AL M AUR IR AR AEALEY 3 fr o
SR, BLAT W 5T 22 46 v 1 A B B 1 BB 1 A% i &R
G, A AR AGE {7 ek, 0 R 7R A PR R RSE T 588
AR R AL I B 7 I, AT A AE S 2 Pk

B X /N TR A AV R 4 A i B 5 2 IR 114 ] BT, A% S



o6

5 BRAE « BT Rp I 2 L 4 K o X N R AR R AR B 2839

BE T RR TR 2K P 45 4 5 AR G VIR IR L, 455 s bk e
EREAINE RN SR W R U= € 3 VN N2
WAty %8 o 3l ik % K 2 45 A8 R BEL Bt DS E R AT i IR AR
Bt R KRB TE T-70 2 — TAE B K /NG R
SR AR G VS IR, DA 7E I 35 P IR R 4 3 RS 1)
(7] BN PR A7 2 o A0 15 0 A0 o B A foel B 5 v Y B
S JC Al 5 R W, AT Al RSE 2R 70 em #9200 kHz
G (Low Frequency, LF) R 7E 400 m i [l PN 7] SZ 8
ARG B, . R T LU I R B I &
TEN 2045 s A 20 B T RS 10 em 1Y
{445 3R LR A, 7E 20 Wi A TR 5 30 kHz H: AR S
(Very Low Frequency, VLF) TAESI R T I SC 8 T 15
I E SR AT 15 m BS A B (S . IR
4 5 15 A B {5 BE 1 RO SR AIE , S840 UE R T BT R Y
AN R BTy AR SR Sl AE g sh RA &
BN W
1 R&igit
1.1 TiERIE

R S BRAE A BR RT3 ik 4 5 0 2 5 42 TG
FREG Y HAR , 5 K L & bk A5 = I BEL 4 DG e )
2% 5 J TR P 2 B 1 R IR 2R L A5 A, AL 1 (a)
JR7R o e DRk b A5 5 8 e 28 B Bt D e A% He 4% 52
PG5 5 5 W P e AR A% 0 5 SR L R Ll
bR A B AL T SRR TR R G Il i . RS
PR AN AT 48 3 T8 R 5 8 H I, DA T 4 ST 1 i B 2
IR & ) SR R

KEMAFR B E 1 (b)) FroR o Dy ik o iy
2 B 2 e L U SR 2 1 4B ] BR (Spark Gap, SG) 4T 2k
A 2 SG W L TR 8 B o 5 (RN, A AU B Al
] %5 38, W) O IR [l % B 22 PR35 0 B ICRE £ 5 24 SG
AL R R AERF AL LR 3T KA IR 48 % iR G 45 1k
JE T T A, DA AR TR 0 e bk e O T AR
ok A5 5 s A BN T, SR TR AR AR S TR
fEBH 4T 7, 55 2 Wl A B 40 7, AH DT BE , H oG &
T A0

Z, L

— Source 1
Z L Load ( )

o Lo Loy 23 0 R 78 0 VR 3t 2% T 55 28 o 2
B A P L ) 2 P R K B 4 i) S L A R
B RLC I 9% 1, AR5 i B R BB L R L, (L, , R
KC,C, AR R, (R, 840 R G ] [ ) ik
PRAT R 2= — 5, B
1 1

VLG VLG,
BEE, KRR TAE TR A .

(2)

CU():

X — BT WIRFIR L B E R 1, L 7]
F 3 IR B S H T S A
_ UinZZ
- Z,Z,+(wM)
_ -jU,oM
7, Zy+ (M)
Hor U, AW WIS TR, MR 4 Bl 2 ) 1 L
B Z 2N IR PR B BT . SRR TAEAE IR
R, 2B AT R I M mH (Z, =R, Z,= R,)
USRS B /0, I Aot 308 e U0 0 2 B 1) fL 3 7, 36 3
KAE . Hh T4 59 04 3750 B T 85 0F e T [l 8 b Y A2 AR
FLY , DRT DG 2 R T i 465 b T S B Bl R PR 3 R
E—25 43 W 22, YR G T 86 R 3 7R TS PR S TR a K T
IR F LI, 2 o 7 S 1) S R VR

(3)

2

WLk

I—{ Jik i S5 I—l

(a) FRATHIZE R Dk R 2 s A

(a) Schematic diagram of the Tesla coil-based pulsed antenna
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Figure 1 ~ Tesla coil-based pulsed antenna
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Figure 2 Simulation modeling and parameter optimization
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Figure 4 Time-domain and frequency-domain signal test
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Figure 5 Long-distance transmission test and magnetic field distribution
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Table 2 Performance comparison of miniaturized low-frequency antennas
KA LAEE K Hz REARGT i it VES

TR REAHUCR 2R 0.03 15 cm X 4 cm 2.5m(1.7 pT) CHR[24]

FE AL R LR 35 9.4 ¢cm X 1.6 cm 30m SCHR(12]

Tk LML R 2 11.32 10 ¢m X 8 mm 5m(10 pT) SCHik[25]

HRLZ(hakLk ) 125 22 cm 40m SCHR[26]

WLk 325 14 cm 20 cm SCHRL19]

KL 10~30 2m 340 m(0.8 pT) CHk[20]
R P ik IR R 2 200 70 em 400 m(0.27 pT) A TAEGL I ES)
TR B Bk op A R 2 30 10 em 15 m(0.27 pT) K TAE(EHER)
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