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The Characteristics of Frequency Shift of Superposition Vortex Beams
Passing through a Rotating Random Rough Surface
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Abstract: Based on the transmission characteristics of vortex beams and light scattering theory, the field distribution
and interference characteristics of superposition vortex beams passing through the rotating random rough surface are stud-
ied. Two vortex beams with the same topological charge value and opposite signs are used for simulation and experiment of
superimposition generation. Using angular spectrum diffraction theory, the influence of the root-mean-square roughness of
the rotating random rough surface on the beam transmission is analyzed. As the superposition vortex beams with different
topological charges pass through the rotating random rough surface and interfere with the reference light, the time-depen-
dent curve of normalized intensity values at different rotational speeds can be obtained through numerical calculation. Then
the frequency shift can be indirectly obtained by light intensity-time function and the speed of rotating target can be ob-
tained through inversion. The results show that: the frequency is inverted by the period of the simulation curve, and when
the rotational speed {2 is 2m/3 rad/s, 27 rad/s, 107/3 rad/s, the corresponding frequency shift Af is 2/3Hz, 2Hz, 10/3Hz, re-
spectively. The results of this research can provide a theoretical reference for the regulation and application of superposition
vortex beams.

Key words: superposition vortex beams; rotating random rough surface ; frequency shift; field distribution ; interfer-

ence

1 5|5 HIRA BT IR E G B T8 Bl e T 2238

}/J\\F)fﬁljj icu , &%5}%%%2[‘@ Eg*axﬂ—@zﬁéﬁﬁz E@Bﬁz%ﬁkﬁfﬂ 5 %ﬂﬂ?&({%ﬁ/’@ﬁ'ﬁﬁ%ﬁﬁ% Bﬁ*ﬂ.‘*ﬂiﬁﬁ
USRS | TR e o pek ey, < M R B R PERF S L g1/ 1 5 92 G TE . Lav-
4R S B L P e S ki ery SRR ORIITIR BRI SRR B A Bl e it 25 A
THE T 2 (o 4 0 8 B2 A ) 90 2 i A s RS HETAMMT T BRI Y F 55 8 . Phillips 55 A
b AR B X IR HOC R UE A S AR EI R IIE 5T T IO 2 0 A T e AR R, R e

Wk H 1 :2020-12-17 ;& [ H 1 :2021-05-12; ST Sl R EE
FEEIH BEPEA A ARFEIERIPTSE R H % B1(No.2019JM-470) ; B P54 20 & T RHIF 1 %7 B (No. 18J5048)



1970 H, ¥

EE 2021 4F

XEAR 8 A AR AR e % F b i) Ff B2 . A If S8 4%
NS FAT S A T IR E R BLTE R B i s, 3
FREAF TR YT — R AT Ay Sl i 1 R T
PRI 7 1% . Cvijetic 55 A58 2 43 47 9452 29 1A 24
AT AR SR I A s A AL, R AN T Y A R
B DL S — L ARSI 1 A A T T 1 B A 1)
JE 3. Liu S8 N30 0 S 5 PUE A 3 IR B
I A 1] 9 ) B b 2K, UEA T H AR 5 AL A 43 B
5 il FH A T e L R BUIE A S S e R ST L
PEAT T H AR . 2016 45, Zhou 55 N A2 43 M (1 A 2
e T e 22 O . SR A A N T A i
ISR BRE W TE 1 20 O B Ak AR B O B LT £ 3l
T ST O X AR P AR e 2 AL 1Y
05 W5, I X RS 120m Ak B i@ e W PR R AT T R S
5172019 4%, Qiu 5 N HFE T IR BE AL A St
e % Wy A S T I, A SO TR 9A G e A S e &2
e 35 1 5% R TR IR R T IR O RO il -5 e e
W) AR e B Al 2 i) Y B X T e 22 I M A 7Y B
Zhai 55 TP I8 ' TR A JE A 22 38 M 00 0 ik
TR e W A 1 R o 2 HEAT T 5 . Zhou %5 N B 5T
T A B ) Sh R R AE HE RS B AR R R e 2
e W R B R B Rt L A Sl S AR
ok b 5 B2 DR 1 A T L 2l O ORI e
e BRRIITIE . Zhao % N7 IR E SR A e R 2235 )
RN A o B S ARTC £ H S5, AR 48l 903 A 2 1 1
TELR L P AT T E RS H AR AT . Zhou B Y
WA 73 fife 19 £ 32 e, KR A0 T8 e D't R B9 e A 22 3
R BT T T e 2 0 AR A Bl A Bl A
PEOTHTAL . £ BRI X T AR T, IR ABESY
T 8 I TR 14 2 ) A2 i R e e A T e 1 A 4% T 503 )
S BRBE TS . FRT, OC T 0 i e SR A = [A] %
B O T FAR A B BB R )R RS AR X
B i T D' TR A% i B A RS A 1 R i AF 55 > DL
it .

RSO M (E R/ IR TR) A5 A S ) P S e
JCHEART T BN B S, AR SR A B, 704 1
Jie e AL it = 1T 49 7 KRR J32 %) 28 Ml e e DI o A% i
REE B0 R ), BCMEL 23 A 1 8 28 16 T Ol TR 22 e e BB AL
HURE T 9 B 5 2 5 O T B0 4 2, O i i ek -
IS 18] R BT T € F AR A ) 2 N 2 T e G AUM A%
(5

2 EARFEIE
B JINAS TR EE TR 1 6 M (LA ) £ 78 S L 25 /% -

151 1 (Laguerre-Gaussian, LG ) 6 3R & i ifiy %, Hot 3
Fikz R

W)= )+ ()
2 |Il‘
) flexp{— } 1 [ﬁ} e
T W, Wo ‘ll" o
2 ‘IZ‘
) flexp{— } 1 Vﬂ e
- W, \Q! "

(1)
Hodr r R AR AR I AR 1 S i, ¢ SO AL 1 R, AR
Far B, wo HARMEEAR . 256500 Al A5 o B 20 2 A iR
JHE ' SR 22 It ML KL A 36 1T O S RO (S SO e R A
itﬂg[zo,zl]
U(r, §)=u'""" (r, $)exp(ilQr)- exp[ —ik(n—1)z(r,¢) |
(2)
o, exp(i1Q1) M iEFE TR T, Q Fn e s H bR iy %5 o L k
JEEEL, 1N B NS TR BEC R A F Mg (5, n A 2(r, §) 53
S AR T S8 SR R it ML KL 8 T 114 1 B 3 A PR R
P AN (E KN A 255 R R IR e G R B T A B
IS e AL BD |1, = |1, | AEREIUAR 5 SR e T 1
v, 6T Bt LKL R 2 T A 980 3 0 A R B 2(r, ) AT 1
B AR A A5 2
Z(,0,)=A0, 0, /6.(0,0,)/C (3)
KO, Ao, 0,) 2 th 4EREHLE 2 18 B f s
B TR E R, G, (0, ) JE 0 BEHLAE & ok RS
FE T M 5% PR R(x, ) T AT 18 HEL I A8 o 5 75 21 (14 1) 2%
T B PR, C N R B BEMLATURS 2 1 A A G PR AL

R(x,y)ﬁfu%:zi?ﬂﬂ[zs]
_ X A
i) ]

(4, o A BEHURLRE 2 1 X 7 HROLBS B2, g, 11 B8, 7353
FEORANE T 1] L AR OGS B A i 25 7 (e k34 7
HORLRE FE ) o J2& FRAE BEMURLRS 2 18 19 280, R TEAN AR
RN Y ORR R , He ik on 2

a’ = J’i:xzp(x)dx (5)

ST B, 7, R MU T, W0 HRURL A T 1
RN

R(x,y)=a* exp (4)

2 1 N 2
o’ = N;Z" (6)
Horp, K (3)2xF = (2) A S8 2(r, §) HEAT 18 FL A5 46
MR, X (OB TGS G. (0, 0,), K (5)
M (6)FRik 120 (4) i BEPUHUAE 2 11 22 07 RS I o
HY AP
L5 A RIS AT SR A5 B 2 e i B UKL RS 2 i



%010 1 S

T NS T G A e e W UM 3% T P A RS 4 1971

HAHE HE N
U(r.¢,2)=F {F U $)}
-explikz \/1-(Af.) =CGf,)’ 1 (7)
JUrp RS, RS TRV F (R F ()43 53R (L
AR A L
Sy T SRR R W £ T 7 A
0L B RO 5 B IR T IR T . 7EA R M2
[ AT AT A T A RS AL A FoR o
S ) g B A RS2 | ) A e ) AT 2
f 25 47 R TF 62 58I ([, )= (mfn, )=0,
<n1‘n2>= <n2‘n]>=l. T 25 1 28 2 3R A 25 10 Ze
B, HEeERk AN

Y=C¥, +C¥W,+--+C, ¥, (8)

M [ HAEAE m A YEFERT, T LRI N
¥)=YIn)C, (9)
W0 225 5 K B A T T 6 AR I8 ek B R s = AT LA

RN N
Ya)=Ym)c, (10)
1 _

SUi/>: ;ﬁ(‘nz+l>cl+‘”z 1>C,1) (11)

BRI Z e H AR e R ek =0

‘Pﬁ>: 2}\/}(}12 + l>Cz + |1, — 1>C71)~ exp(i/Q1)

(12)
K2 1 F R, C,, C, N C 505 326/
55 e ZIRIE , exp(i1Q0) S th WA TE RS 7= A I B e
e, Q ONTERE BAREEH , n RS M SEE . 245 %
DR EREw o k=) | E 2= 9)(1B w71 b i N 1 W

1(H= (‘ 5”%>+ W{;>)2

= [Z‘nlco>+ ;%(‘nz +l>C1 + ‘nz _l>C1)exp(ith)}

_ %{[ C_, exp(—ilQ6)+ C, exp(ilQ1) ]}2
(13)
TEAGZ 0 O FMar (EAH 45 A5 A S 10 79 o 004 e
HR B E IR C, f1 C, B A7 5, 51 A BK L2 54
exp(ilQf) = isin (iQf) + cos(1Q¢) LA F £5 i /A X cos2a=
2cos’a— 1, 1L (13) 152

I(t)= %{C, [ exp(~ilQf)+ exp(ilQ1) ]} ’
=2C,*[ cos (120)|= C,*[ cos(21Q0)+ 1] (14)
P AT A5 1(f) oc [ 14 cos(21Q0) ]

3 hEKKE

TEfh B i BOG SR 1= 632.8nm, 4%
w, =5mm, {55 FE B 2= 500mm, fig s 5 bR i s 15
A E EAE Q=>5rad/s. Fl 1 JEFRFNRIE 15350 1,42,
+3 F1+10 B IR HE SR AE A Fh 2 () 4% i 1 ' 5 43 A 5K
EREEET

[=+] =12
(@) I 8 (b) l (c
o ! O, 1
o I OOO

E =) IS )2 B WA S G IER A

ML T AT Lt $ 4 Map (R /AR TR 45510 S A P
FIRIE G , B AR A4 e I 28 388 T TR D' i £ AR A
ARG, AL B B335 A 0B I 25 T L TR 1
TRBEE A M (E 2 XHE 2 A

B 2(a)~(f) R IR 153 3 08 +1, 42,43,
+4,+5 F +10 B F NS 0 HEOL R 22 e ke B bn i 5 15
B OL e A

(@ l ®) l © I
L | Ul

px 3 *e ‘ o I

) I () l N I

w¥E ' 38 [ . .

R ' HE - i

B2 A5 et o A BT I

M 2 AT LU Y, A e 0l o 22 22 1) O 3 o g
] J A9 B BN AR BEOC AT, th TR B bR A LR ,
EAFAE TCROR/INAS TR] B BURLIR Mk, O R IR S AE A
i 23 78 Jay i ke 2 B, DT 6 A B3 D1 6 R 14
PO . X ECE 1R 2 B RE T R A SR A B - B A i
JiE e R A e FbR RS A s 506 o Al 22 8, B
ST OGER o A 25 B Sk AR 2 UG IR 1R 5ot
s T RERE AR R B, REoess A ALk O
iR AT AR 22 R 5 B (EL AR AR DI B8R 3 AT ) AT AT
TRFFAE.

K 3(a)~(f) RARSH T M 1350 +1,
+2,%3, 4,5 F1 £10 (98 N5 03 e RS B 1915 50
FAZ AN R R EE R, Heh 2250 B oL, ik
oy A R BBRER , 2Lk H A5

X EEIE 2 A 3 B REIT S 4 R A B 250 S5 10F



K3 S50 S o0E M aLiR o A Bl

SOl A B IR WG R AT 2 AL IR I A, BRAS AR Y
SRIEFF BN T, B GIR AT ORAF h s 4041

] 4 J2 108 ' AR JE e H A e iR S 40 75 %% . He-
Ne J#OEAS (Laser) A& H 4 R 632, 8nm 1Y AR = 080G
W, 2P R 2% (Beam Expander, BE) J5 #% 43 6 # 53
(Beam Splitterl, BS1 VAW, — R HEE RSB,
— BRSO, MBS L1 (Lens 1) HAL R 3%
A 2s [m] G %’J%&(Spatial Light Modulator, SLM) Fr
A STE G b, A B JE % B (Circular Aperture,
CA) gt — AT SR E AL, Bl 5 G o BR G 2 % H b
(Spinning Object, SO) I ,ﬁé’émﬁﬁﬁl{%(ﬁeﬂecting Mir-
ror, RM) |3k 4362 % (Beam Splitter2, BS2)4b . M BS1
122506 5 2 e e B AR A i 8 BE D' R AE BS2
b7 AR BN, B RS G (Charge Coupled Device,
CCD) g s o 55 19 2 0115 5 . Hovh R PC1 (Personal
Computer] ) SUB G342 5 & 28 380 25 [a] D't i )
# L, R 7= A2 W e 3R 5 PC2 (Personal Computer2) 5
CCD FCAHFH . 181 5 02 8 Jin 285 i Jié O R i 43 A 52 40
SERIA .

P4 Sl aRIN e F s B S0 75 5

AN 5 7 A5 T H A B R 2 225 2 (B 9 ] 4%
RS Ja 9 v e AR R, A S AR R 23 A Y e B 28
Ao 2 ] ' 8] ) 45 VR i B8 — AT SO, B [] 9 4
(ELAY B IS TR BEC . XF LU 1 R B S i 5 4y F 4%

IS B IR AROLIR A 5 4 A P
PRRF—2L.

4 FEFEMEYIAEAE R EE G R IERE E R0

6 1R T BEAIUHLRS 22 1w 2 05 AR HURE B o 43551 N
20mm, 60mm , 100mm B} , 2% 5% 51556 (45 i R b
TA(E 10 £4 F01 210 B9 2 0 2570 e 6 R 2 e s H bm i
JE A2 MBI = A AR R 25 5

7 =20mm g =60mm a=100mm

- . . .
a . . .

6 REHUHLAE R A [R5 J7 AURLRE 2 T P50 70 Al )

R

& 6 BT A 25 T LA 3 5 MRS JE o
N AE 5L 5 S % S NG B G5ER 5 A BE PR R AL R
WA s 2 A5 65 S 6B INE 68 A0
B, BB I ™ L, Y B O AR S o K T4 T 60mm
B, U5 TE Tk PR R5 AR 20 A

7 SN [ R U — P A L A e 3 A A5 K iy
LRI BN =1 BB NS R I R 40 S0l BE S 7
55K Q Jy 21/ 3rad/s, 2mrad/s, 107/ 3rad/s BB WA |,
TS B bR e A AR T fF S RS2 H5 kS
TG B G5 I Sk A5 5 Ak (5 5 AR fh il 28

Kl 7(a), (c), (e)Fmm 2553 Q 53 5] R 2n/3radls,
2mrad/s, 10/ 3rad/s I, NG A a8 Bl s ] A5 T R
(FERE AL R R P M £ =+ 1 A8 ISR e 't
WARRNESE) s /7)), (d), ()43 HI xR E 7 (a),
(¢), (&) ot i 2 P AR S A 46 000K . AT A5 5 AT LA
B ), 248 A I E G AR 0 g 80— i, A5
Af B 55T QR A, P et o6 &=, R H AR
538 Q43 5 8 2n/ 3rad/s, 2nrad/s, 10w/ 3rad/s B, X5F 3 Y
W Af43 M 2/3Hz, 2Hz, 10/3Hz.



%010 1 S

T NS T G A e e W UM 3% T P A RS 4 1973

@) &
1

Af=2/3 Hz

15 2 25 3 s
Timeis Frequency (Hz)

Af=2Hz

© A3 He 1“)

[}
Tirme/s Frequency (Hz)

7 ANTR] 8 VA — P o R A I SRt £

5 #ig

ASCHTH R T BN BEOCR A e A, d
S A T SN BEOLH T T &SR
WL e G EAURLRS 2 115 13 Rk X, BB B 1
Wt BILREL I 2 1T A ) 32 757 AR J36 068 28 0 285 T e D 3R 114
SN KA R0 B e 22 AR AR 4G A L I
T BTN ' SR 22 e A Bt A LAEL R T ) HECRE 32 AR
P BRI 1 B 2 T L TR 8 A () 2 e 2 B AL
RS 5 T8 BUE S 15 228 M T, X RDE I Y H —
P JBE N 18] A2 Al 1 £, 20 B T e B 22 B R
5 e FUAR AR 22 (8] (9 6 RESE 2R . FFE 4 SRR W] - i
AW BOC AR O E iR AR, 250t
SHOBE G 5™ A 6 25 AN el 22 % A
Ao 5 - N 1] R 30T RESR AR AR &, 1) 10 e Ot )
it 22 A% O 2RI e F AR B . 2
AT A M T B — i I, RSt B e e AR e
S PRI A W8 K e e L s ) Bk A5 R 22 )
IRERMESC R . A SCHTSE S SR ATy i e e RAE e 5% H A
HM G FERAME—E S %

5% Sk

(1] PhaFese, 2o, e, 55 . B A sh i e R (s
WFFE B RLEIR). B T4, 2015, 43(11): 2305 — 2314

Sun X H, Li Q, Pang D X, et al. A summary of new re-
search progress of orbital angular momentum in wireless
communication|J]. Acta Electronica Sinaca, 2015, 43(11):
2305 - 2314. (in Chinese)

(2] PR, BB . YUl M s it & A 07 Ak KA B ). 25
HNSHOE TR, 2018, 47(4):1 - 6.

Ke X Z, Xue Pu. The production and test of the superposi-
tion state of orbital angular momentum|J]. Infrared & La-
ser Engineering, 2018, 47(4): 1 — 6. (in Chinese)

(3] EREL, B AR, KA. et R BILIE F gl ik A I K HC
REAE(T]. D4l 2019, 39(1): 1 - 8.

Ke X Z, Xie Y C, Zhang Y. Orbital angular momentum
measurement of vortex beam and its performance improve-
ment[J]. Acta Optica Sinica, 2019, 39(1): 1 - 8. (in Chinese)

[4] Lavery M P, Speirits F C, Barnett S M, et al. Detection of
a spinning object using light’ s orbital angular momentum
[J]. Science, 2013, 341(6145): 537.

[5] Phillips D B, Lee M P, Speirits F C, et al. Rotational dop-
pler velocimetry to probe the angular velocity of spinning
micro-particles[]]. Physical Review A, 2014, 90(1): 011801.

(6] AFmFSE, maR . A AT CMHAI B et R H0E £ 30
S HRTTERE L)) PR, 2018, 67(3): 1 - 9.

Fu S Y, Gao C Q. Progress of detecting orbital angular mo-
mentum states of optical vortices through diffraction grat-
ings|J]. Acta Physica Sinica, 2018, 67(3): 1 — 9. (in Chinese)

(7] 38, 8, IR, 55 . et B iE f gh it i —

FCHT B T A 5 9R(]. Ot e 122 2R, 2019, 56
(14):1-17.
Pei C X, Mao Z X, Xu S P, et al. Interferometric detection
method for orbital angular momentum of vortex beams[J].
Laser & Optoelectronics Progress, 2019, 56(14): 1 -7. (in
Chinese)

[8] Cvijetic N, Milione G, Ip E, et al. Detecting lateral motion
using light’ s orbital angular momentum[J]. Scientific Re-
ports, 2015, 5: 15422.

[9] Liu K, Cheng Y Q, Gao Y, et al. Super-resolution radar im-
aging based on experimental OAM beams|J]. Applied
Physics Letters, 2017, 110(16): 164102.

[10] Zhou H L, Fu D Z, Dong J J, et al. Theoretical analysis

and experimental verification on optical rotational dop-

pler effect[]]. Optics Express, 2016, 24(9): 10050 — 10056.
(1] S AE, BRAR, TR, 55 . S T WA Bk S BLe %

238 W RO B AL I (D], BT R AE A R (A AR

i), 2017, 56(2): 220 - 225.

Qi Q Q, Chen C B, Xu T Z, et al. Optimized measure-

ment of rotational doppler effect based on object symme-



1974 H, ¥

g
==

il 2021 4F

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

try[J]. Journal of Xiamen University (Natural Science Edi-
tion), 2017, 56(2): 220 — 225. (in Chinese)

Zhang W, Gao J S, Zhang D K, et al. Free-space remote
sensing of rotation at the photon-counting level[J]. Physi-
cal Review Applied, 2018, 10(4).

Qiu S, Liu T, Ren Y, et al. Detection of spinning objects
at oblique light incidence using the optical rotational dop-
pler effect[J]. Optics Express, 2019, 27(17): 24781 -
24792.

Qiu S, Liu T, Li Z M, et al. Influence of lateral misalign-
ment on the optical rotational doppler effect[J]. Applied
Optics, 2019, 58(10): 2650 - 2655.

Zhai Y W, Fu S Y, Yin C, et al. Detection of angular ac-
celeration based on optical rotational doppler effect[]J].
Optics Express, 2019, 27(11): 15518 — 15527.

Zhou Z, Cheng Y, Liu K, et al. Rotational doppler resolu-
tion of spinning target detection based on oam beams|J].
IEEE Sensors Letters, 2019, 3(3): 1 — 4.

Zhao M Y, Gao X L, Xie M T, et al. Measurement of the
rotational doppler frequency shift of a spinning object us-
ing a radio frequency orbital angular momentum beam[J].
Optics Letters, 2016, 41(11): 2549 - 2552.

Zhou H L, Fu D Z, Dong J J, et al. Orbital angular mo-
mentum complex spectrum analyzer for vortex light
based on the rotational doppler effect[J]. Light Science &
Applications, 2017, 6(2): 119 — 126.

Anguita J A, Herreros J, Djordjevic I B. Coherent multi-
mode OAM superpositions for multidimensional modula-
tion[J]. IEEE Photonics Journal, 2014, 6(2): 1 — 11.
HULN, B, BT, 55 . AL & AR A
[J]. #E OG5 RT3, 2009, 21(2): 171 - 176.

Dong H C, Tao C X, Zhao Y A, et al. Analysis of the syn-
thesis characteristics of gaussian beams|J]. High Power
Laser and Particle Beams, 2009, 21(2): 171 - 176. (in Chi-

nese)

(21]

[22]

(23]

[24]

[25]

X & et R i A HRRE 37 016 5 AR AL B 20 A R
[J]. 627243, 2014, 34(11): 1 - 7.

Liu M. Distribution characteristics of intensity and phase
of speckle field formed by vortex beams|]J]. Acta Optica
Sinica, 2014, 34(11): 1 — 7. (in Chinese)

Hu Y Z, Tonder K. Simulation of 3-D random surface by
2-D digital filter and fourier analysis[J]. Int J] Mach Tools
Manuf, 1992, 32(1): 83 - 90.

Wu J J. Simulation of rough surfaces with FFT[J]. Tribol-
ogy International, 2000, 33: 47 — 58.

Bakolas V. Numerical generation of arbitrarily oriented

non-gaussian three-dimensional rough surfaces[J]. Wear,
2003, 254: 546 — 554.

Wang D D, Wang F M, Zou H, et al. Analysis of diffrac-
tion wavefront in visible-light point-diffraction interfer-
ometer[]J]. Applied Optics, 2013, 52(31): 7602 — 7608.
EEE T

8 & U, 1975F 4, s, Bl
PG Tlb R L TR e i) 4% , 25T
T7 A BOE R A S IR AR

E-mail : Ivhong@xatu.edu.cn

% O® D196 HA BRI E A, BN
PG %2 Tl K= AL - T A=, ST 1)
S JCERGE A SRR
E-mail : 810446385@qq.com

BWOBGREEE) L, 199744, Btk
PR, A PG 2 Tl R~ A AR L oA, 2
W57 8 e e i S v
E-mail :2279443946@qq.com



