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Fig. 1. Schematic illustration of permanent magnet and

(a) 7K fE 1A ;

equivalent magnetic dipole: (a) Permanent magnet; (b) equi-
valent magnetic dipole.
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Fig. 2. Variation of | B,| versus distance (rectangular permanent magnet and ideal magnetic dipole): (a) y = 0, z = 0, along 2-axis;

(b) =0, z= 160 mm, along y-axis; (¢) =0, y = 0, along zaxis; (d) z = 0, y = 180 mm, along zaxis.
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Fig. 3. Schematic illustration of the equivalence between spin-
ning permanent magnet and spinning magnetic dipole:
(a) Spinning permanent magnet; (b) spinning magnetic di-
pole.
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Fig. 4. Schematic illustration of the equivalence between spinning magnet dipole and orthogonal magnetic dipoles: (a) Spinning

magnet dipole; (b) orthogonal magnetic dipoles; (c) orthogonal magnetic currents.

AR R R AR T A 37 20 A HAA AR SC 2R, T2
REZRATERE FL AR T 3% 04, W TRTRE A5 2 e e
BT B0 A0 518 4 2810, el e Ak 7~ nl
PAAERON IEZSHES | AR AR 22 90° K JCRR/INE 5% Y
TioC. P, ASSCE ek T IR/ AL IR T H B s
T F PR O A B e 2 22, SR 2 1] IE 52 LA A 1
(89873 53 , A T30 2o (8 P P 381 2 1] 1E S A
T, RIBERE K AR RN

3.2 ETHRBHREHBIENRE

1E A LB R 7 T A bR R, A 5 TR
x J7 ] B LA AR R R e Tel®o - 16(r), BT y 7
[ {9 FEL AR AR A 67 08 S T 2 7 1] 1) R AR T 90°,
R y 5 ) U AR 3 oy y (=) Tei®0 - 15(r'). 7
H 2 B, AR R IR, 5T IO AR
PR HL 3R xR

:-qu// Go(r,7") - J(r)AV',  (6)

o G (v, v") o H 28 [0 I RS MR B, » R
YaS Aeb, v R TR AL R,

G.(r,7') = <I + kﬂvv) Go(r, 7). (1)

I RRLIIFR, Go(r,v')FRn A 25 (8] B BR A% Ak

z

P(r, 0, ¢)

0.
LTV 00

€T

K5 IES R T RR R

Fig. 5. Coordinate system of the orthogonal electric dipoles.

PRAL, BRZENTT:

7jk|7‘ 7"|
Go(’l‘ r') = m (8)
X kSRR B R, B, &S A B
Bi, k=B —jo, Ht g HHREHEL, B = \/w2pe/2 x

\/\/14— (o/we)® + 1, o NEEREEL o = Jw?ne/2 x
\/\/14— (o)) — 1, = SR R 5

HURRL B (7) B (8) AR (6) 2, IF% & o )
1y ] FL G T A K P e PRI A, 7551

Em:—jwu/‘//,/(j—i—];VV)

7_|k|r 7-|
Ie%o . 15(r")dV’
prarri (F)dv',  (92)
. = 1
Ey:—Jw,u///<I+kQVV)
V/
e—jk|'r‘—7"|

~y(=j)Ie% - 16(r")dV". (9b)

X
Az |r — /|

XF(9) XaE—2B Ak, 14

= 1 eikr
E, = —jwu (I + vv) xled® -1 (10a)

—jkr .
y (—j) I -1 (10b)

Ey = —jwp (I + W)

B (10) AEBRABR 2 TSR AR, 15 A 2
Iy ] LR G HL S R T i A 2k 3

S[aj o )

188401-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 68, No. 18 (2019) 188401

jwplel®o .| e=ikr
4n T

2j 2
X [rsichosqb (ki + k2r2)

i 1
+9cosﬁcos¢<1—J— )

E, =

kr  k2p2

<psinq5(1kgrk21r2>}, (11a)

jwplel®o . [ e=ikr

E =
Y 4 r

2j 2
X [r sinf - (—j)sin¢g (ki + k2r2>

+9cos€-(—j)sin¢<l _d )

kr k22

+ @ (—j)cos¢ <1 - ﬁ - k:21r2>} , (11b)
MV x E = —jwpH , 713305 N (RGN

jkIei%o .| e7ikr 1
4n T + jkr

x (@sin¢ + ¢ cos b cos @), (12a)

kIgito .| eikr
H,= 47t .

(H—jlir)(e cos ¢ — ¢ cos f sin ).
(12b)
DRI, et rL AR T A B HL S R 3R
jwplel®o .| e~ikr
a 4n o

: 2j 2
X [r sin@ - e ¢ (k:i’ + k2r2>

ey i1
+0cosh-e’ (1_kr_ kzrz)

E.=E,+E, =

—j(¢+m/2 J 1
+ e i@t/ )<1 - k%?)] , (13a)

klei%o .| e7ikr

He =Hg + Hy = 4n r

X (1 + J]<117“> - [0e7? + p cos fe I (9HT/2)],
(13h)
R A5 P, 1 7 % (8 D B 1)y 5% ) O A A AR T R
HL 1 37 ] LAAS Y 25 ] 1E B2 R AR AR 5 1Y FL G 7
I, TEREREA T (B 3) PR il

kIne?o -1 e ikr 1
E,=— . 14+ —
4n T < * Jk:r)
x [0e T + pcos eI (14a)
el et | e-ikr
H, - jwelnel®o - | e

47 T

X [r sin@ - e~ (]{2:1 + k22r2>
1

+6cosf-ei? (1 _Jd

. ] 1
—i(¢+m/2) (1 I _ (14
tpe ( kr k2r2)} (14b)

(13) 1 (14) =, AR “e” Fl“m” 43 51X 7 AL
TR RGN T, 7EITE (14) 3BT, Il = jopol x
(nR?), (14) X7 AL 53CHK [13] 9B,
KBIE T EIALAE. 2 2 WE LA H NdFeB 7k
RER B T R A HL % T T = 624259 A/m, 17K
REARTTR T = 1700 A, R = 170 mm FYHLIRIREERL.
M T = By /o X N ACHE AR R0 B, ~ 0.8 T,
HARFR V=270 cm3, ¥ B, F1 VARASGHR [13] 6k
X, KRR (14) TR, DK R,
S| B, A6, BRI E RS e E 6 fos, 1]
PUE H—BEAR S, MTEIE T (14) 2N IERRPE.

106

—— Proposed method

-o-- Formula in Ref.[13]

|B,|/fT

50 100 150 200 250 300

Distance/m

Fl6 PRI T Mg AT b (U o %, BRAR AR AR K
p=0°,6=90°)

Fig. 6. Results comparison between the proposed method
and the formula in Ref. [13] (along z-axis, the spherical co-

ordinate parameters: ¢ = 0°, 8 = 90°).
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Fig. 7. Simulated magnetic flux density |B,| versus distance: (a) Air; (b) seawater.
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Performance analysis of spinning magnet
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Abstract

Long wavelength results in the low radiation efficiency of a portable conventional antenna operating at very
low frequency (VLF) and below. This has motivated one to develop an innovative approach to design an
electrically small antenna in a frequency band lower than VLF. The time-varying electromagnetic fields can be
generated by spinning a permanent magnet. In this way, the mechanical energy is converted to the
electromagnetic energy, and the impedance matching networks with nonnegligible insertion loss are not
required. Therefore, this mechanical antenna with spinning magnet can improve radiation efficiency in a low
frequency band. In this paper, we give the detailed analysis procedure for the spinning magnet, which is seldom
discussed in other published reports. In order to analyze the electromagnetic characteristics of the spinning
magnet, in this paper we use the ampere return circuit theorem to investigate the equivalent relation between a
spinning magnet and the orthogonal magnetic dipole. We introduce an initial spinning angle of the magnet into
the dyadic green’s function. With this modification, we provide the rigorous analytic formula for field
computation of the orthogonal magnetic dipole. Thus the electromagnetic characteristics of the spinning magnet
and spinning magnet array can also be analyzed. For a spinning NdFeB magnet with a magnetization of B, =
0.8 T and a volume of V, = 270 cm? as well as 9600 revolutions per minute, the simulation results reveal that
the magnetic field of 15 fT at 1 km in air space can be obtained. But the magnetic field of the spinning magnet
decreases quickly to 1 fT at 250 m in sea water. Considering the potential demand for increasing the field
strength in the near field region, we recommend to use a magnet array with small-sized elements. The magnet
array can be used to control the near field pattern. We take two magnets as an example for studying the
performance. It can be found from the simulation results that the magnetic near field is increased by 3 dB with
the linear magnet array consisting of two elements. With the initial spinning angle of the magnet element
adjusted, the near field pattern of the magnet array can be controlled. This is analogous to beam steering of
traditional phased array for high band operation. It can be concluded from our study that the spinning magnet

is a possible alternative solution for low frequency small transmitter antenna.
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