%510 S F ¥ M Vol. 50 No.10
2022 4£10 A ACTA ELECTRONICA SINICA Oct. 2022
e T Ee I AL R SRR ST )
TR T IR AL AR T 9T 0
RILAE FFE, IR B,0 F
CHUM L PRk K2 15 B Bt Wi A8 KRR R B 38T 3 SE 90 55, Wi T i 310018)
W OE: O YR S EES B NAS s REUE SCnt ORI SRR S R AR YT B SRR E T

) P 07 FH 5% . — R UG, TRl SR =A% SRR A AL S R Wl I R BT, 3 A TSR AT 3 Al A% S5 R A A A b 3R AR R o
AR SO SR T PR A% B A WO SR AT TR AN A 2538 . B JE B 4 T S S IR A% IR 40 28 AR AR SR g
FOCHEVEREFE bR , FIR LA B A5 B4 A B B RO R AR I ax 3 A R0 A8 55 S i Sl 18 P =2 e T 9 NI
B, Z A EIRDT TR AR LR ) SRR A A A RO IR AR A AL I T A T A N R SRR T i
P 2L BEES 14 & TR 5 LA B AFAE BRI

R ORISR B R ; REHLHE; MORLRAE; BRSSPSR

FESES: TN6I XEkARIZAD: A XEHRS: 0372-2112(2022)10-2530-12

FE F =2 3R URL:http://www.ejournal.org.cn DOI:10.12263/DZXB.20220124

A Review on Microwave Resonant Sensors

ZHAO Wen-sheng, FANG Yu-hao, WANG Da-wei, LIU Jun

(Zhejiang Provincial Key Laboratory of Large-Scale Integrated Circuit Design , School of Electronics and Information ,
Hangzhou Dianzi University , Hangzhow, Zhejiang 310018, China)

Abstract:

structive detection. They have broad application prospects in various fields including biological, medical, and environmen-

Microwave resonant sensors have the characteristics of low-cost, high-sensitivity, real-time and non-de-

tal. Generally speaking, microwave resonant sensor is composed of a resonant unit excited by transmission line. The quanti-
ty to be measured is obtained by the characteristic changes such as shift in resonant frequency. In this paper, the existing re-
search of microwave resonant sensors are reviewed in detail. Firstly, the classification, basic operating principle, and key
performance indicators of microwave resonant sensors are briefly introduced. Secondly, the current domestic and abroad re-
search progresses of microwave resonant sensors are summarized in three types of sensors, i.e., displacement sensors, dielec-
tric sensors, and liquid sensors. Then, the applications of optimization algorithms such as swarm intelligence algorithms and
machine learning on the optimal design of microwave resonant sensors are emphatically explored. Finally, the future devel-
opment prospects and existing challenges of microwave resonant sensors are discussed.
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rithm ; metamaterial resonator

1 5|5
I 25 15 S AL I 9 305, A H 6 A= 3 B AR A

PR R B PR B B (s, PIBROVILAR BRI R

ST 45 44 B4 Bl 1 AR A SRS T S B TS R L S
B FeASAS I, [] I 3 T2 A A R E R

RETR— 4, R AN SR A7 A R AN n] DY B . A H
T RGBS PG BME— B8 1, AR RS R T
Pl Bl Tl A 7 AN T 98 A U, 3 3l 2 2 7 MR
A IEAE R B R R SR, B £ S T
P A AR TR A e e . BT

WA H 191 :2022-01-29; &[] H 11 : 2022-05-26 ; 5T (T4 : INEE

— AL, W AR A S A T 2 3 v
AL G S A A R IR BT, L BV IR T L A
JF 1T 53 I8 4% (Split-Ring Resonator, SRR) HH £k
(Complementary SRR, CSRR) | H, LC (Electric-LC, ELC)
AR 25 % LC (Magnetic-LC, MLC) JE R 28 454, 5 it

F4TH  HE A REHEIL S (No.61934006, No.61874038) s WivT.44 7%t 7 4F 56 4 (No.LXR22F040001 )



%10 M

A SCAE PR R AR SR SRR T T 1 2531

AR A L o ) R () B ISR O 2R, AT S A
I ARl 8 I A e v S B AR e o =X ST | R
R, e PRy TLAE (IR ) 25 50 HL A B R 8 1 T Rip
S UL U N e S R VE R RENE S & N e a R R LS TR TE N
VeIt — AT A PREE A B T PR AR A
JEAE CSRR AT 25 H s PR 80700 5 A 34, i P
T2 FW AL s, SEB T (G A Bubhkl o i
PRSBSOS 7 s A5 BIF 9T 33 2o 78 36 A L
5 (Substrate Integrated Waveguide, SIW ) 5] A fix A XA
AL, AN A oA 7 A SR, AT S B R A it
PRSI (MU OC AR L TR0 T — D T A
Tl e U AR A TR A A ] T A 0 200 7 2 ROIR T L A
Al B ST A W A R T U e A

WP TR T HOR S TS B BT
T BEFE B A N3 AR ] JRAS | B3 A
MBI 2256 . BEE THIEALE S AR Wi T, LA R LA
o7 ) S RE T 198 M G, O AR R R A A B
Ao ] BT a7 Ak, DA T A 446 L DG A P ] F) Rt S B
SR A R R,

AT Se s AR R A e ) T AR T B R
WA HE B s Z 5 N TAE BN K, B 250 UL A T
R AL B B AL RS A BUM L RAAG I 25 51
BRI 5 2 B 5 I 5 TR T i A e 1) B AR X
LR, O e B R R i

2 TYEJRIE

T 1 PR X A% TR RS 3 2 AW A% i 4R B SRR,
CSRR S5 4R 50T , M N7 AR I -5 8 e A e ] i ke
PR . AR S BORAAE A G, B R iR =A% s T 4
LU 42604,

(U AR I . A3 AR i 1 R S 8 R T
R BT SRS, IR BOR IR SRS | 8
TS PRAT A B 2 0] A5 B BB S5 X AL RS
5y 5% PR35 N 2 T4 00 A2 31 28 SCRURE: 52 ) , DR 7E
{5 R R A T U

(2)FBA A I 3 o 2 T B R g i 831, A
WX AR A — Gt . R R FR M 5 T
IR BATEA S Wl , 224 068 R o T B 465 Bl 3 A
TG, M A A 2 107 fh 2 IR R i, HE MR AE 5 AN X R
B YIA G .

(3) 43 AUAL I . 38 P PR B A A — X i ) 4
Fa T IR 50T, DU RS A 4005 i il £k 1 A 1R
S AR BRI AR SO ER A e 1AM R PR TS X
PR T T 17 B 2 N, 3 3 2 N IR A o Y 22
fERNE B BEZ5L . 0 2 MR Z BAA A — R A Aok
T E R 2E

(4) 250 el ST ph 2 A ST O 1 B 45 1 W0
R 1A M TE LI IR B 1 A4 3
FEBBTRLR 45 SO AL M L BAR TR AT IS
55 1 25 % P e 5RO IR 3 (R RS il 2
AR 2122 T LAAY B BHRH R 2 T 400
FREEIR 4. (%A B 4 DU 11T, 5
FEISEH LB 03 IR A A

LIRSt I o 1, P 1 24t — i LI B et
T SRR 54 TG R % . 7R B P
F 5 0 248 4 o 8K L, SRR 4 867 11 4 24 o L
R MU L R C R, MO 2R 5 SRR IR A
JEIIAFAE TR M. S4BT, B b4 0 SRR 0
BEL, DA P BS 3RA5 5 5 = 12 /LG ) 2

B ) SRR R M0, H A SO0 B T
H SRR 5L 25 €, WA T BB B0 1 SRS it
T SC A RS L RGP AB G 5 4 o B0 B
0 S= (fo=1.) /[ fol e 1)) et e, Sy 05000 b A e

B, f, ISR SIS BRI

_ G % %R
1crostrip Line w s Ls S
|:| : T

(o

T
11 SRRH MO IR (A RS0 e

L
C/2—|: TC/Z

3 MAWRHERE

R S R ELAT R L 5 A A f
A= N W ) ARG (A N S S X A E BB LY B R s
PES B A R AR5 Bl LA A B S5 000 P i S BLISCR:
RE , PRI AE ol 4k 10 S5 s BT Rl o P i e . Ay
R4 1 FH 3 5 R Ik G A [] ] 229 23 B T U
HAGIRARAENL RS | (L) A BT R LA B AARAG I 7 T Y
3.1 futeRas

VTAER  WFIE N A B TR AL SRS 1 BT A
F B SE I 2l BA 52 T (B T (7 F% A%l .
P RN [ A 3R BLTT R S  55 — AR B TR
LW IR BT, i B AR AR (4 8% Bl BRSO FR
PR DA 5 1 7S F, 866 T 7 ) 728 Ak 5 55 — Tl 2 ARl £ S o
T HL A R ) TSR T 5 | S e N ) S A 48] 4
YRS J5 2 BOH 73 BT SOAE 5 585 =i U 2 {81 5565 i
P (Radio—Frequency [Dentification, RFID ) 3 A , 18 1+
RIS B A b St 1 A8 Tk ke I (37 B 4 ok B
S E e 1 R (F S 288 TR f 3 T S 43 1 3
] R T IG 23 HEREA L A ol




2532 H, +

EE 2022 4

DLER — B0 7% 12 I 8% S 1], PY PR F 235 55 T SRR
SRR, B 2L 5 (CoPlanar Waveguide, CPW)-F-
TS BETT T — 3 B R — R AL R s ot — 2
H, TS CPW 2548 & 24 TAE T [ 4R
(9 SRR BATC, S B T 4R 2R M L RS 2 ARG kA
AT T I B B B BE T IE iR 4548, it T —kaE i A
AR A S BRI % 2 B R A ARt A5 R, R
JE AT 3K 95.24% mm. B R AL LIS, 3245 0 B 0L 2 5%
RSB bz — " K 2(a) 4 T — 3 H A
TR A7 o A e atis I HL N ik i 7 it 4%, 2 % el Hy 11
FE SR LA B AR, a8 B 20 ik 43 JE 1Y 451 1Y
PCB M, 24 H 0 AE 58 1 3R 1004 20 4 T s iy 42 0%
K, I 2 RO LT B AR I 3 2 — P (A /4) 3
W& . Zh Tl B a0 IR R B K,
Xof 7 % B A A W7 U /N2 R — A, A 2(b) BT
IR B AR B A TP O R R A A [F B R
e AL BT 3 7 A Bl %A% T W 7 26
K 7 A T A 1) g AR A RS Bl ) 38 IR S 3 ) 6
A A, S R A B S VS B AT K 12 mm, R
B IK 147.7 MHz/mm.

z 0
L [T LTS
AR Aty B e el T
zo N DR AL i
R L S Y R T
o LIS PP
P LU e o
T o 'i At Lt
o 2 L W i
s . .
»n = I
i
1

15 20 25 4.0

- mﬁz/séHz '
(b) BRI
B2 RS 1 ek R H R i 28

A RE AL TR ) SR AR D B (07 3% AR AR 2R UL
H BRI T B A BN TE] . A, f B2 A Rl s
il B R 360, (EL SR B HT Hh 5yt B X R 485 4 5 B 3l
AV 32 RIS . i o P AR A2 1k 2R IR 55
J7 AT B E— 20 B A B2 AR S S A5 L, 0 Teng 55

PN U] e S AT R T S T L E A
TR S R AR T 2 A F S AL T AV
RO R o, L SR AR A 1.22 MHZ/(°) , AR AT 2238 5
LEA AL RS ARr 45 O Ut — 25 4 T RS I R
LM
3.2 NTRfEREES

To T B ml 52 PR R4 M S BOC G, X 1k e
WS ALK Ak B Tl A= 9 R 22 2545k A % T2
Mo FH IS L B A AL B b DI R BT R
HL R 30 5 A T AR AR T AT 3 3 5 A A e 1) A
RS AT B E S 8. TR E R, MR i RS H0E
WA R AR AL (HAR BT AR [ R b L 2 508 Ak e
BN

— B U, Bl A o A% S T R AT RE K L 3 R
ROk, AME S5 AR AR . 345 T —3ok
T CSRR 2544 1) A AL I , T LAE 31, H b 22
FRAETE -1 CSRR 4544 J&] 1], DRI I A2 D0 A4 AR it i
EAE CSRR 1 . FEIZ AL SR 5 AT WK A i, B
IR AR AL TIERARAS T, H R A e 2 i T LBty
LR A UE AR L OR 5 A g a3l ek o) — M A LIE
oo £ 15t A7 CSRR HR . S B il 5 0 2 A iy AL U
P2 0.8 VI E B, L Keysight N5257A L
MG s i o7 il 2 . 1T LS SIS TR) 37 0 R RHRE S 2%
S, VAR A 2R 0t B S A0 O, B0V S0 o A O A5 b e
I RS HL

AR T HL A TR, A A BB A — 2 A e
RN, [ HAT JEZRE TR, T 46 /Mo v i R
sk )2 i — i, A AL s — ik
TG A% T A TR R ARSI 33 2 R T o A5 Uk
R BT TC Bk L S ARG AT R OF BG4
PR B AR 110 I B S PR A P ORI R RS R
Bt 5% 33 — 0] {8, Muhammed Shafi 25 A58 33 75 SRR
| SEHE S5 K4 RS P 4544, o I B2 T L 37 R A 1 5
SERREE , SC IR A T R R BOR R 5 S i R
Saadat-Safa 25 A7 58 1 B 3 CSRR 2544 , e 1 Bif A TC
TR UL A TR AL 4516 2 85004 [ JE, DT S5 B0 A Joi
MRESE A FRAE . AR B FR P, 75 2240 BILKE I B4 e
s TBCEEAE 2 A4 D3, 42 58 5 e 20 S B U g R R
AR S TR ER 38 A S o e Iy
SR 2 4 TAE T AR IRA A CSRR 200, S8 T
BAYCRE I B 0T 5 4 AR REA TRATARE S 5 i — 20 3 5
XUt 1 2 4~ CSRR S5, 43 )38 3k 79 o 11 S 3 3R 2
FRBUA R BB BOMRE TR S8 T BB B RRS
TR REA ARSI Sh BE , IRTFEAR T I A,

SIW HL A 4 J8 I 5 5 i Jo0 R B | g T S 25 S
P, BL5) T 54 Fhog 15 IR 35 14 4 B mi A 75 22 oAt 2



%10 W RS A= AR T IR AR SR AT ok 2533
Gm(“:d . VB Viwe Vogiee VC
Inductorw‘ g B
Por g
<— CSRR

/ Port 2

(o) HHREA

Sensing
area

(¢) SEBREEIA]

— unloaded
- = TP composite 1
n — = TP composite 2

1.75 2.00

1.00 1.25

150
$E /GHz
(d) il 2k

3 A ot s Bl 2

SLEEAL . R 4 245 A STW 45+ Z1 nh e 7% CSRR 4549
BIREAY I A5 Jdt , CSRR 4548 Hh B T Al 28 X 3 F 37 3R
BEIX, I3 — Mk il 3 B A X, DT SIC R A b 52 A
FL BRI T S A I ) g ok — 4R R A R R
& AL IR P 5] A B B A, SR B Avago /A A E-
PHEMT ATF54143 A7 R AR TS0, SE56UE B i 52 [
O 183 1K 28 13 399, #51FE S K50k ) R BB 471 T 2~
3B .

HE—25 M, 5 TR A IS IR AR A B AN R R

(b) ARG N T
4 R fl s

Moraless-Lovera 55 N BE 11 SE BT 0] A6 0 4% [m] S M4 o
AR AR R A2 S g 2 s Su 2 N2V TN T 2 1 45 s
T AL RS , SePR T AR 42 I8 A bR BB RGN
Wi 7 R 2 Rp A0 il i iR 5 F AR R E 8
JEE A5 A e S B P SRR e T S 2 A AR i A%
SRR, Vivaldi 2 Y5 B 8 B TR 1B 1
1Y RFID AR 28 SE0 1 48 5l o Wl , — L3z iy acd 2 i
JIE A 1 R A, s R A R AT s AR A T S EObR 8 K
. AR, Lee 25 N5 i R X 24~ CSRR 454, B T £
RSB T AR BRE B, A SN T RS 7%
FAEAR AR .
3.3 Wik

0 S B I R A SR R LG 0 AR A i
B A Ak, o] B R VAR S A A ARG 0 S 4 S
AR T AL GG 75 =X, o T R 2 A% IR s LA oA
A5 34, R LA g A A 04 AR Aok 2 B — ot
A F A9 B B e TN — i, S A AL IR A
B, 3P A R 88 T e 498 e v 2 R A OB T YR 4G T
FRAE S 5, AR AT A X S,
S5 A SO A B AR AT B — D AR T A I R AR 1) n e
CSRR,MLC S IR &5/ 5| A Prilick , 255 % —
Ltk S (PDMS) S0 0 A i ARV B A 2R i o, 34 5
R 7 5 AR A B A LA O A, N R
L FE I FH SIW H A SR A T, 41 Chen %5 A2/ 35k
T3 A ST R R S TR AR A HL B 0, Roceo %6
NS 3D FTERSZIL T SIW fl i AL s

S 45 T — 3R TR CSRR 4574 1) 22 20 Tl
TR AL SRS 2 A5 B H PR TR A A5 SR e, o
I FE A 03 3 1 2 2 i L kg B S AN A TR T AN



2534 H, T

2% il 2022 4F

ia =S
‘\3 Q ((;ﬁas.\

resistor port \

—<— 50% Ethanol
40% Ethanol
—e— 30% Ethanol

—e— 100% Ethanol
—=— 90% Ethanol

6r —+— 80% Ethanol —— 20% Ethanol
—v— 70% Ethanol ——10% Ethanol
60% Ethanol —— 100% Water
_8 1 1 L L 1
1.0 1.2 14 1.6 1.8 2.0
5% /GHz
(c) M3 11 ) 17 Y 2%
0 ==
=5}

—e— 100% Ethanol
—=— 90% Ethanol
m —+— 80% Ethanol
B 10 ——70% Ethanol
S +—60% Ethanol
%) —<—50% Ethanol
_15F 40% Ethanol
—e— 30% Ethanol
—o— 20% Ethanol
~—+—10% Ethanol
—20+ —*— 100% Water
L

1.0 1.2

14 16 18 20
9% /GHz

(d) ZZ53m M2k

FEl5 2% 5 ORURU AR (5 I i 2 D st

R, 70 T 0] 5 | AL AT 5 i, [ FR U RT RE S A 1)
LT AR R SRS S A S BIEHE SHIE

HH A A 8% BT [ B 75 B AR A — 2 Y B P A BB R
W64 30 s (P BRI | DT SE B RE S B T B . 32 T
ELATIG K PDMS 900 3 18 78 25 76 CSRR 4544 T 2138
43, BIVRL 37 B A DXk . S Bt AR Pk K- L BER A
T2 T A B , o] LA 3, VR A 3 K e (L Bt
NG R R AT AN e L D VAITES RS SN
AR 3 A IR AR Ak R ] A5 B AR A LR RS
1B, [)RF 5 A ol 228 [0 4% 455 250 7 <7 R {45 400 RE S 580 Y
WS 56 2R, S 2 SEBRAAR S A v R B AR I . TR
B VARG A L BN S A7 TR S P 85 DR 25 T 1
TR 1 215 O i R X — HE B, Kazemi 25 A1
oft 22 T 245 A5 76 A Sy B 5 T 55 D SRR T 1 e SR S
Z, NI SE B AR TE SR MR T g . (X — =0k
BRI T B I 2 AR R, s R R 22, TR I
| TR AG I F 6 [k e i 22 4 Th R T T — 3K
I IR M (Y D AR e I

LA, Sl S A IR S B X R Rk
Jun 25 SR P e L 1 v B T 485 4 ) 20 DL v A
TR A, S BT R A0 36 15 TR AR A vl o BRI S G &R, O
Tt BHL 2 1T L 00 e RS T AR SE i TG
W 5 Cai 25 R FHN T 45 25 3oT B33 ml A A M
TR BB A5 B, 45 A TBOROE A B T I3 TRV Lwo
25 NPV T AR5 A8 B AT 4 AR S 1L A%
A A A IR B ST A ] R R A A 2 A R A%
RS
4 FHaeigit

T TR T N M e Ry B T A% R A
AR 8 R B AR A S H A TR, S
TR KPR 4 0, HAREMELLE 2 2 HirdH & 18
IR B K, Tovk 7o o0 RAEH AR TS J1 . Ak, Bl HL
i o) SR B PR R R, TR BB R N
P IR AR L R W] BE 32 M B A 2T 3,
4.1 BEFERHS

BEE BEFRIE I o0 40U0ek 32 0 2 P Ak < U A
BT RES T . 3K 2 RO kAR AL [ AR PR P
AT RSB AL TR, Herp R PR AL 5 frT o
Sy F OB, 08 H AR H O )2 B AR AL R
Saadat-Safa 25 N\ P SR BACAE M5 AL, 51 AR TRE
VRS T R G A A AR BT, DU R T TR A
RGP . Ryt — AR T A% R P B, 51 KL
FRE-IUEOL AL vk S BT 8 T B AR 1 A s T
([F16)"* . %Ak E AL TR T RE S AR 4, R F WU
SR T AL S, 3 2ok SO0 T SR Matlab T 2R
REA A, 6 FH 410 v 0 L3RR HFSS SR At J 3R [l 4%
JEPR R A AT SR AR L R Oy i B



%10

A SCAE PR R AR SR SRR T T 1 2535

AR, T AT 8505 L ARy BB dre DA . % AT
LIROBREEN I RS2 E 2 BT 2T R LR Rt a
LR LU CSRR 2544 LA K2 9008k LC 45 K i fiinl 1%

AW B Matlab R R AFHFSS
PRI SH
ti o] GREB R R
TR R A R A profitiey

e EE
TR B LA
SRR LA

S SRR

LB

=
it 4R

n I

Flo JETREE RO (L i 8 A St 75 4

7 45 WY T 1o 26 0 CSRIR &5 44 B4 I8t 1ol e 1%
JE N T P e € DX T it T DX, AR Y
PEARIX S8 A ke 2R AE PN T R . Ry R T - I AL B
5 A TS AR A3 (i A T 04 K, O 2 2 AR B i
50 LA IR BIRRE . SEue il 5 a5 uE AR AL F5 A 1 1%
50 BRI A ALK AT AT S B2 0.424 (14
XF AU  AHE T IR AR AR R , R R T T 80%. K1
M, B2 TR LC RO SO AR Bk A R
PETH T 55%. WA HER RE O AL S8kt ml T e B 2
SO, G55 T Rk SE e R UE TEE)
A PRI P e
4.2 WBJFIHEZE

R RS 1 ELAR B % A7 280 S BV 1 A5 ) B
Al AR YAk X i 28 SR 45 R s SRR fiff 4
i KoK T B S e Ty Al S ie 1 K R R L 15 4% TR
JEE i Ak 2 ST (R PR UK i, il 28 I 2K RS A 0 2T A
1Y s AE B RRAEAR S, AT TS R4S B B ik ik
TH7 20l Bl S8 At 2 0 CSRR 435 K4 A IR Bt Bl
IR , 25 FE B X FRE 4T CSRROIBHIR 544 1) —F A 7
AL . TR S A 2 T A FH e 2 T 28 A DA {1 e K
5 S B R R SR, 0 T BT R SR A A 4 2R
[‘ZI%([SE].

8 & Hh LAk et R v SR FH 008 68 2 P SR s s 32
(Deep Deterministic Policy Gradient, DDPG) HEEZE | iZAE
Bt — AR E Ab B % 25 B0 A 23 [A] [ Actor-Critic HE
28, Actor W28 AT S SR AR I 1 BEAL IR A5 DU £ 224
TEHYHRZRBE T , Critic P28 (8 A S MR SR , R ek Bl
VLIRS PR B A T Ak T . DDPGAEZRA AL ad f v, 24

Microfluidic

channel \4‘;/ CSRR
P1 I P2

o— . | Microstrip line —o

L]

(o) HHREA

0.48
Qg 0.46
_?E:i
B2 044
T
=
042
0.40
L s s L L L L
0 10 20 30 40 50 60 70 80
ERRE
Al ok
(b) PeAbssRE
0
<V
—10}
o
o
2
“ 20
— Simulated
—30} - - Measured
L
1 3 4
B /GHz
23 FE A E
(c)  ZSHMILHILL
g =TGR TR R S
DK IEY ,.--,',';‘.'%:”,": 7
Unloaded
10 - = Ethanol
- -+ 90% Ethanol
@ — + = 80% Ethanol
3 =+ -70% Ethanol
5 - - -+ 60% Ethanol
v _x 50% Ethanol
= = -40% Ethanol
— = 30% Ethanol
=+ =20% Ethanol
=+ -10% Ethanol
Af=0.424
=30 f - - -Water
L L

2 3 4
$E /GHz

(d) I
FT R ARSI L B B R B S G i

HIIE IR S50 S 0 MRS S, Actor 245 AR 48 4 ik
B S FENERBE BIEBETIRESIE 4, R IMESS R A
IR G AR S, BT AR S, , IF X530 45 4 R A7 4
B AR RE T 5 o e T AR E 22 50
YE4 Online P25 I 25 &4 48 | [ 3E 52 Q_online 2531
B BCFE WA, X policy_online [ 25 FE 4714 5 7]
M, Q_target ™ 453 55 AH I Q E VLR By Q_online [ 4% %
B, A bR 28 5 e A% B Q_online 945, #4451 2K bR AR
FEEAT AR YN Zr 5 AR IS 22 561t R AF 1Y Q_online X 25 Fl%%



2536 H, ¥

E 2022 4

T4, W FH 3R A FE Il 25 policy _online 45 , i )5 R
FH B BT 7 iR Target W 2% 2 AT SR . AR
s Ak 2 ) T DDPG AE S8 Xl ok ol i A5 g% i b A TR Ak
Wit Ia , WIAVEIEREAT T AR I, W 9 o . Ak
FEep WOARAR B3R 2.4 L, IS A 2l KRR i A
JERARARXT A R ik 0.632 , A R A 4 0.805%.

Up'dalg ot Upt_isté‘ﬂo
Actor Network Noise Critic Network
5 Policy_online a - Q_onling i
—_ Cy T 01 e e
el 5 o [T Q predict
Soft update 6 . Soft update 6% timizer
A B0 L =
T
|
A | Am | —— target
S”—‘—| Policy_target | ,| Qtarget Hiiats
| St
|
—_—
O ik N (Sp4;-RioSpe) |

B8 DDPGHEYE

S, /dB
1

—— Simulated
- - -+ Measured

20 25 3.0
¥ /GHz

(a)  ZERIMKHLR

0
———————
6|
W v —— Unloaded

g 12p e : - - Ethanol
= 10% Water
[%) — - 20% Water
-18 | = = 30% Water
=~ = 40% Water
50% Water
=== 60% Water
=24+ — -+ 70% Water
Af=0.632 — + - 80% Water
+ + 90% Water

= = Water

-30 L L

L L L L
08 12 1.6 20 24 28

S5 /GHz
(b) ImEI 2

P19 SR 2 DAL I OO 1% JE i S M s £

5 IENA

UTAF R, B N T 2RI A A H g% 4 TR 3ER
JE& , Dol A TR 15 T A1 T L B o) G PO A 5 A AR A
T R AI , Bl I8 1% SRR e A TR I ] 4B AT 2 15 K 14 g
PR . AR5 Tl U, O Ik 5T 5 807 RGT 4

L BT 2 RO BEAL R AR S . W IE Hydronix
N WY B S T A B A R, T T AR
I Chttps : //www. hydronix.com/) ; 8 [E hf sensor Gmbh 2>
AR T T 35 2 B 3 & 4t (hip : //hf-sensor.
de/) , 4 P B 28 N B3R T ot A A0 B ARG .
Hb WO P A% SRS B AR 5 ik | G 48 S R P 1 AR 2R
P fe o A 0 T LA DR R AR A 10 ()
e, B e i P XA A 15 5 i 1 o 4 5 7T S BRI
WS AR R A XA, 24 T I8 4% R IR 2540 |,
AL ARG B2 b BRI IR AT A 1 i B T LAAS B 1000
AEAR R R RAR T A BRI T IR TR B s R T A%
G A T7 S RLEZE R ). i 10(h) i, 26T
FAERRIBOH R OE IR A% Bn] 2 e 4, e i 4R A
5 6 AR Ak T Ay o 14 52 P e 0 e 4512, AL

Glucose
Sensing
Results

Processing
Machine

(b) T EERREON PR AN 5t 75

Scanning Drone Carrying the Chipless RFID Reader
L s -

T Raader Antennas

Tag Antennas

(¢) H:TF Chipless RFTD 44718 e i 46 e
10 Wi i e XS mr AR A A D 7 7 %8



%10

A SCAE PR R AR SR SRR T T 1 2537

AN T B A W 4L ZUREBE LR K ST AR
FAE B A B AR S A T 8 e G e AR o g et 1 7 fk
W R G0 AL 10 (e) FE7R , Sl AR =A% ke vl
P48 T8 U J2 S B R DS, B 588 i RFID 454
JR WA E R A, 2 AN B IR S 4 B IE b
JrEE R GHE ST R RFID il id 2N E R T ™
P I B A BV AT A5 30 A IR 2B BT Ay R b
AT £ it e R B I SRk K A PR
IR S I e A I LA K e r R TR e A
ARSI Bl A SRR EAT AR | S A A5
e, ATER A Tk Wik 0 ) B — B, Bk — 2B R T A

6 SREERE

T OIS R AL BB 0 A A T L AL R
P84T A AT R S M AR O S A L AR
Tt O FE 4RI O 5 R TE L S e G 0 76 A
o7 1 Tl R AT Hh 6 B0 . e BRI AL 2 A I, 3t
TR A HLAS S S e AL e AT Bk
T, AT A e b S RS T, ELOR S A T
S RGAS . SR, 75 SR A A o SR A A 2 —
S R 4 i D )AL

(1) R0 T4 A2 SRR 8 22 4 v 76 1 S A SRR 78
ZERETT R , T S HE— B 55 A T I ST e B AT B
e e, DT S BN FH 2 1T 52 7 P e 3 15 2R 45, 42
THEE ST 5

(2) A 0 5 7 S50 A0 ] 16 5 T0F 15 45 T8 S5 1 T 4
T, R A i 1 s R, RO IR A R
] AR T2

(3)BERY RE AL AL B AE EAR B8 O 5 b 5 it o
5 3 A e T8 e /NI T e LA M 0 ) e 2 O , X4 i g
R HEAT B R G I 2 AT 2 FAR PR R S T AL A
ELE

(4) 7l 28 000 2% )1 5 3o 2 v 50 A1 42 M i 1 B s )|
CHASCRE , THT A 0 A S ) 8 5 R a4 0 v
75 L, A% g Bl o R U, Gl bl v 3
KO AR, /e S B M B BT TR T R 4R SO 4R
FEHLEE T I AL RS 1 e

(5) B3 o8 VA% i 8 A 2 50 S 0 A0t A% R B 1 1
B 1 i AR T A TR — R AR

25 BT, B R 2L R B AR i R A
FEE A3, LSRR TR S RGN , DRI T 5 490 5% 9 A L
A7 15 TR A 3 . R SR e A2 S s T A A
F G4 S B 5 10 S SR B RO & 3 G R 4
3 A B8 I3t 9T SE LA BT IF S i LR R

PRJZ T, BEE LA RN W T, F 7 38R ok
b, T B — s R T G AR SRR AR b,
R 22 9 245 107 P = 225 TP L [RTR AR BRZ T, AR il
i PR AG R A 7 AU A T #h N2 A il 4
g LA T o R B R R AR IO £ T i R
LML — AT

S% 30k

(1] 5K, E5E, SR, % W RECREMA KB T

(K JEE ], HL 2441, 2021, 49(7): 1406-1416.
ZHANG M, WANG J J, MA J, et al. Discussion on the
new generation of vascular stent from the development of
implantable medical devices[J]. Acta Electronica Sinica,
2021, 49(7): 1406-1416. (in Chinese)

(2] ZhEAE, BRES, XURAR, 55 LT Rain THoR )
PR T SEHE R T]. HLT-2741, 2021, 49(6): 1228-1236.
LIDJ, CHEN HY, LIU CR, et al. A review on MEMS/
NEMS-based biosensor[J]. Acta Electronica Sinica, 2021,
49(6): 1228-1236. (in Chinese)

[3] KAZEMI N, ABDOLRAZZAGHI M, MUSILEK P, et al.
A temperature-compensated high-resolution microwave
sensor using artificial neural network[J]. IEEE Microwave
and Wireless Components Letters, 2020, 30(9): 919-922.

[4] NAQUI J, MARTIN F. Angular displacement and velocity
sensors based on electric-LC(ELC) loaded microstrip lines
[J]. IEEE Sensors Journal, 2014, 14(4): 939-940.

[5] WILTSHIRE B D, ZARIFI M H. 3-D printing microfluidic
channels with embedded planar microwave resonators for
RFID and liquid detection[J]. IEEE Microwave and Wire-
less Components Letters, 2019, 29(1): 65-67.

[6] JAVED A, ARIF A, ZUBAIR M, et al. A low-cost multi-
ple complementary split-ring resonator-based microwave
sensor for contactless dielectric characterization of liquids
[J]. IEEE Sensors Journal, 2020, 20(19): 11326-11334.

[7] GANH Y, ZHAO W S, HE L, et al. A CSRR-loaded pla-
nar sensor for simultaneously measuring permittivity and
permeability[J]. IEEE Microwave and Wireless Compo-
nents Letters, 2020, 30(2): 219-221.

[8] NGUYEN T K, TSENG C H. A new microwave humidity
sensor with near-field self-injection-locked technology[J].
IEEE Sensors Journal, 2021, 21(19): 21520-21528.

[9] MOHAMMADI S, NADARAJA A V, LUCKASAVITCH
K, et al. A label-free, non-intrusive, and rapid monitoring
of bacterial growth on solid medium using microwave bio-

sensor[J]. IEEE Transactions on Biomedical Circuits and



2538 H, ¥

g
==

il 2022 4F

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Systems, 2020, 14(1): 2-11.
GOVIND G, AKHTAR M J. Metamaterial-inspired mi-
crowave microfluidic sensor for glucose monitoring in
aqueous solutions[J]. IEEE Sensors Journal, 2019, 19
(24): 11900-11907.
ZARIFI M H, DEIF S, ABDOLRAZZAGHI M, et al. A
microwave ring resonator sensor for early detection of
breaches in pipeline coatings[J]. IEEE Transactions on In-
dustrial Electronics, 2018, 65(2): 1626-1635.
RIZZOLI V, COSTANZO A, MASOTTI D, et al. Com-
puter-aided optimization of nonlinear microwave circuits
with the aid of electromagnetic simulation[J]. IEEE
Transactions on Microwave Theory and Techniques,
2004, 52(1): 362-377.
ZHU H R, WANG ] B, SUN Y F, et al. A novel automati-
cally designed EBG structure by improved GA for ultra-
wideband SSN mitigation of system in package[J]. IEEE
Transactions on Components, Packaging and Manufactur-
ing Technology, 2020, 10(1): 123-133.
MUNOZ-ENANO J, VELEZ P, GIL M, et al. Planar mi-
crowave resonant sensors: A review and recent develop-
ments[J]. Applied Sciences, 2020, 10(7): 2615.
BAENA J D, BONACHE J, MARTIN F, et al. Equiva-
lent-circuit models for split-ring resonators and comple-
mentary split-ring resonators coupled to planar transmis-
sion lines[J]. IEEE Transactions on Microwave Theory
and Techniques, 2005, 53(4): 1451-1461.
HERROJO C, PAREDES F, BONACHE J, et al. 3-D-
printed high data-density electromagnetic encoders based
on permittivity contrast for motion control and chipless-
RFID[J]. IEEE Transactions on Microwave Theory and
Techniques, 2020, 68(5): 1839-1850.
NAQUI J, DURAN-SINDREU M, MARTIN F. Novel
sensors based on the symmetry properties of split ring res-
onators(SRRs) [J]. Sensors(Basel, Switzerland), 2011, 11
(8): 7545-7553.
NAQUI J, DURAN-SINDREU M, MARTIN F. Align-
ment and position sensors based on split ring resonators
[J]. Sensors(Basel), 2012, 12(9): 11790-11797.
MUNOZ-ENANO J, VELEZ P, SU L J, et al. A reflec-
tive-mode phase-variation displacement sensor[J]. IEEE
Access, 8: 189565-189575.
MATA-CONTRERAS J, HERROJO C, MARTIN F. De-

tecting the rotation direction in contactless angular veloci-

[22]

(23]

[25]

(28]

[29]

[30]

ty sensors implemented with rotors loaded with multiple
chains of resonators[J]. IEEE Sensors Journal, 2018, 18
(17): 7055-7065.

TENG C, CHIO C H, TAM K W, et al. An angular dis-
placement microwave sensor with 360° dynamic range us-
ing multi-mode resonator[J]. IEEE Sensors Journal, 2021,
21(3): 2899-2907.

ZHU P W, WANG X, ZHAO W §, et al. Design of H-
shaped planar displacement microwave sensors with wide
dynamic range[J]. Sensors and Actuators A: Physical,
2022, 333: 113311.

TENG C, CHIO C H, TAM K W, et al. An angular dis-
placement microwave sensor with 360° dynamic range us-
ing multi-mode resonator[J]. IEEE Sensors Journal, 2021,
21(3): 2899-2907.

GAN HY, ZHAO W S, WANG D W, et al. High-Q ac-
tive microwave sensor based on microstrip complementa-
ry split-ring resonator(MCSRR) structure for dielectric
characterization[J]. Applied Computational Electromag-
netics Society, 2021, 36(7): 922-927.

MOSALLAEI H, SARABANDI K. Magneto-dielectrics
in electromagnetics: Concept and applications[J]. IEEE
Transactions on Antennas and Propagation, 2004, 52(6):
1558-1567.

MUHAMMED SHAFI K T, JHA A K, AKHTAR M J.
Improved planar resonant RF sensor for retrieval of per-
mittivity and permeability of materials[J]. IEEE Sensors
Journal, 2017, 17(17): 5479-5486.

SAADAT-SAFA M, NAYYERI V, KHANJARIAN M,
et al. A CSRR-based sensor for full characterization of
magneto-dielectric materials[J]. IEEE Transactions on
Microwave 2019, 67(2):
806-814.

ZHAO W S, GAN H Y, HE L, et al. Microwave planar
sensors for fully characterizing magneto-dielectric materi-
als[J]. IEEE Access, 2020, 8: 41985-41999.

EREE, SRAEA, SRBE, A TR IR R AR SIW I
IR J 5 537 53 i KV 0], WL 27 4, 2017, 45(10):
2540-2548.

WANG S X, ZHANG D W, WU Y, et al. Guided-mode

Theory and Techniques,

field analysis of SIW resonator with different boundary
conditions and its applications[J]. Acta Electronica Sini-
ca, 2017, 45(10): 2540-2548. (in Chinese)

FAN L C,ZHAO W S, GAN H Y, et al. A high-Q active



% 10 I B O R A AR 0 2539
substrate integrated waveguide based sensor for fully sitivity microwave microfluidic sensors based on modi-
characterizing magneto-dielectric(MD) materials[J]. Sen- fied complementary electric-LC and split-ring resonator
sors and Actuators A: Physical, 2020, 301: 111778. structures[J]. IEEE Sensors Journal, 2021, 21(17): 18756-

[31] MORALES-LOVERA H N, OLVERA-CERVANTES ] 18763.

L, CORONA-CHAVEZ A, et al. Dielectric anisotropy [42] CHEN Y K, HUANG J, XIANG Y H, et al. A modified
sensor using coupled resonators[J]. IEEE Transactions on SIW re-entrant microfluidic microwave sensor for charac-
Microwave Theory and Techniques, 2020, 68(4): 1610- terizing complex permittivity of liquids[J]. IEEE Sensors
1616. Journal, 2021, 21(13): 14838-14846.

[32] SUPQ, YANG X Q, WANG J, et al. Method of defects [43] ROCCO G M, BOZZI M, SCHREURS D, et al. 3-D
detection in non-metallic composites based on liquid flow printed microfluidic sensor in SIW technology for lig-
controlled spoof surface plasmon polaritons[J]. IEEE Sen- uids” characterization[J]. IEEE Transactions on Micro-
sors Journal, 2021, 21(12): 13239-13246. wave Theory and Techniques, 2020, 68(3): 1175-1184.

[33] CHEN W T S, MANSOUR R R. Miniature gas sensor [44] GANH Y, ZHAO W S, LIU Q, et al. Differential micro-
and sensor array with single- and dual-mode RF dielectric wave microfluidic sensor based on microstrip comple-
resonators[J]. IEEE Transactions on Microwave Theory mentary split-ring resonator(MCSRR) structure[J]. IEEE
and Techniques, 2018, 66(8): 3697-3704. Sensors Journal, 2020, 20(11): 5876-5884.

[34] EYEBE G A, BIDEAU B, LORANGER E, et al. Printed [45] LIUQ, YU Y F, ZHAO W S, et al. Microfluidic tempera-
microwave frequency humidity sensor operating with ture sensor based on temperature-dependent dielectric
phase shifting schemel[J]. IEEE Sensors Journal, 2021, 21 property of liquid[J]. Chinese Physics B, 2020, 29(1):
(3): 2854-2863. 215-219.

[35] VIVALDIF, MELAI B, BONINI A, et al. A temperature- [46] KAZEMI N, ABDOLRAZZAGHI M, MUSILEK P.
sensitive RFID tag for the identification of cold chain fail- Comparative analysis of machine learning techniques for
ures[J]. Sensors and Actuators A: Physical, 2020, 313: temperature compensation in microwave sensors[J]. IEEE
112182. Transactions on Microwave Theory and Techniques,

[36] LEE C S, BAI B, SONG Q R, et al. Microwave resonator 2021, 69(9): 4223-4236.
for eye tracking[J]. IEEE Transactions on Microwave [47] WU W J,ZHAO W S, WANG D W, et al. A temperature-
Theory and Techniques, 2019, 67(12): 5417-5428. compensated differential microstrip sensor for microfluid-

[37] KIANI S, REZAEI P, FAKHR M. Dual-frequency micro- ic applications[J]. IEEE Sensors Journal, 2021, 21(21):
wave resonant sensor to detect noninvasive glucose-level 24075-24083.
changes through the fingertip[J]. IEEE Transactions on [48] JUN S Y, SANZ IZQUIERDO B, PARKER E A. Liquid
Instrumentation and Measurement, 2021, 70: 1-8. sensor/detector using an EBG structure[J]. IEEE Transac-

[38] MAO Y J, ZHANG Y J, CHEN Z R, et al. A noncontact tions on Antennas and Propagation, 2019, 67(5): 3366-
microwave sensor based on cylindrical resonator for de- 3373.
tecting concentration of liquid solutions[J]. IEEE Sensors [49] CAIJ, ZHOU Y J, ZHANG Y, et al. Gain-assisted ultra-
Journal, 2021, 21(2): 1208-1214. high-Q spoof plasmonic resonator for the sensing of polar

[39] MAYANI M G, HERRAIZ-MARTINEZ F J, DOMIN- liquids[J]. Optics Express, 2018, 26(19): 25460-25470.
GO J M, et al. A novel dielectric resonator-based passive [50] LUO Y, DONG N, PEI Y, et al. A sensitive glucose sen-
sensor for drop-volume binary mixtures classification[J]. sor based on active metamaterial with programmable
IEEE Sensors Journal, 2021, 21(18): 20156-20164. states[J]. IEEE Sensors Journal, 2021, 21(21): 24038-

[40] FAN L C, ZHAO W S, WANG D W, et al. An ultrahigh 24047.
sensitivity microwave sensor for microfluidic applications [51] Btges, FAL . i KL 204 BLe T 5 2228
[1]. IEEE Microwave and Wireless Components Letters, A IBFSE D). o274, 2013, 41(10): 2051-2060.
2020, 30(12): 1201-1204. DUAN B Y, WANG M. Research of the theoretical mod-

[41] WU W J,ZHAO W S, WANG D W, et al. Ultrahigh-sen- el of multi-field coupling and multidisciplinary optimiza-



2540 H, ¥

il 2022 4F

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

tion design on microwave antennas[J]. Acta Electronica
Sinica, 2013, 41(10): 2051-2060. (in Chinese)

WHEIL, T, WURE . R R RIS SV HI (0], T
%, 2003, 31(S1): 1982-1988.

PENG X Y, PENG Y, DAI Y F. Swarm intelligence theo-
ry and applications[J]. Acta Electronica Sinica, 2003, 31
(S1): 1982-1988. (in Chinese)

SAADAT-SAFA M, NAYYERI V, GHADIMI A, et al.
A pixelated microwave near-field sensor for precise char-
acterization of dielectric materials[J]. Scientific Reports,
2019, 9: 13310.

WANG B X, ZHAO W S, WANG D W, et al. Sensitivity
optimization of differential microwave sensors for micro-
fluidic applications[J]. Sensors and Actuators A: Physi-
cal, 2021, 330: 112866.

ZHAO W S, WANG B X, WANG D W, et al. Swarm in-
telligence algorithm-based optimal design of microwave
microfluidic sensors[J]. IEEE Transactions on Industrial
Electronics, 2022, 69(2): 2077-2087.

FANG Y H, ZHAO W S, LIN F K, et al. An AMC-based
liquid sensor optimized by particle-ant colony optimiza-
tion algorithms[J]. IEEE Sensors Journal, 2022, 22(3):
2083-2090.

e, EAW, R, 5T A IR )
RIWFFELERT]. HLT2741, 2021, 49(2): 372-379.

HAN C, WANG J L, WU Y X, et al. A review of deep
learning models based on neuroevolution[J]. Acta Elec-
tronica Sinica, 2021, 49(2): 372-379. (in Chinese)

WANG B X, ZHAO W S, WANG D W, et al. Optimal
design of planar microwave microfluidic sensors based
on deep reinforcement learning[J]. IEEE Sensors Journal,
2021, 21(24): 27441-27449.

A, S N B AN T R SRR 2 1 SO
A g I, A4, 2021, 51(S2): 1429-1433.

LI M, ZHOU Y. Application of microwave humidity me-
ter in detection of the moisture-proof layer in historic
buildings[J]. Building Structure, 2021, 51(S2): 1429-
1433. (in Chinese)

CEBEDIO M C, RABIOGLIO L A, GELOSI I E, et al.
Analysis and design of a microwave coplanar sensor for
non-invasive blood glucose measurements[J]. IEEE Sen-
sors Journal, 2020, 20(18): 10572-10581.

OMER A E, SHAKER G, SAFAVI-NAEINI S, et al.

Non-invasive real-time monitoring of glucose level using

[62]

[63]

[64]

[65]

[66]

[67]

[69]

[70]

novel microwave biosensor based on triple-pole CSRR
[J]. IEEE Transactions on Biomedical Circuits and Sys-
tems, 2020, 14(6): 1407-1420.

ASHYAP A Y I, DAHLAN S H B, ABIDIN Z Z, et al.
Robust and efficient integrated antenna with EBG-DGS
enabled wide bandwidth for wearable medical device ap-
plications[J]. IEEE Access, 8: 56346-56358.

MOHD SHAH S R, ASAN N B, VELANDER J, et al.
Analysis of thickness variation in biological tissues using
microwave sensors for health monitoring applications[J].
IEEE Access, 2019, 7: 156033-156043.

GARRETT D C, FEAR E C. Feasibility study of hydra-
tion monitoring using microwaves—part 1: A model of
microwave property changes with dehydration[J]. IEEE
Journal of Electromagnetics, RF and Microwaves in Med-
icine and Biology, 2019, 3(4): 292-299.

YUAN X M, TIAN H S, WANG H Y, et al. Edge-en-
abled WBANSs for efficient QoS provisioning healthcare
monitoring: A two-stage potential game-based computa-
tion offloading strategy[J]. IEEE Access, 2020, 8: 92718-
92730.

ATRASH M EL, ABDALGALIL O F, MAHMOUD I S,
et al. Wearable high gain low SAR antenna loaded with
backed all - textile EBG for WBAN applications[J]. IET
Microwaves, Antennas & Propagation, 2020, 14(8):
791-799.

DEIF S, DANESHMAND M. Multiresonant chipless
RFID array system for coating defect detection and corro-
sion prediction[J]. IEEE Transactions on Industrial Elec-
tronics, 2020, 67(10): 8868-8877.

VIVALDI F, MELAI B, BONINI A, et al. A temperature-
sensitive RFID tag for the identification of cold chain fail-
ures[J]. Sensors and Actuators A: Physical, 2020, 313:
112182.

JHA A K, LAMECKI A, MROZOWSKI M, et al. A mi-
crowave sensor with operating band selection to detect ro-
tation and proximity in the rapid prototyping industry[J].
IEEE Transactions on Industrial Electronics, 2021, 68(1):
683-693.

FRE, R, WA, 5 BT RORE AR A WRE o
Mr S0 B it 0] A Sh L3, 2021, 42(10): 17-
21, 26.

WANG K, XU L J, XIANG H Y, et al. Design of grain

characteristic analysis and detection device based on mi-



%10 # BRSO B IR A SRR A B 7 3 2541

crowave technology[J]. Process Automation Instrumenta-
tion, 2021, 42(10): 17-21, 26. (in Chinese)

(71] R, U5, 18 . SO bl i A R G A KA — A
AR HII]. MLHLAR L, 2021(25): 7-8.

EEEN

BE 5, 1986 4F A, BOR IL kT
A . 2008 £ELEN IR Tl K2 3R 20, 2013
AEAEWTTL R AR 2407 . DU BT B TR
FEEFZ AR R0 . BTy 17 SR A
B EGE AR R 2 0 B TR A
B S TE I
E-mail: wshzhao@hdu.edu.cn

FFEE 20004 A WAL L T
M F R R BB AR E . 20
X7 0] R B A AR e A T
E-mail: 19041507@hdu.edu.cn

FERME P, 1988 AF N A, 1l AR HE By
N 2010 4FFETF MR A G 4240, 2013 4R 78
o [ FL{E B R B S8 BE A0 2= 67, 2019 4F £ #i
LIEFAR AL BB TR I = B
FEOL WAL T . FBEESED5 T RTEREE
EZ27B 7k VR eliE tii Rt e
E-mail: davidw.zoeq@hdu.edu.cn

XE B 9T TR B
B TR R R R A S A
FLJ7 17 g AL B EDA FEA
E-mail: ljun77@hdu.edu.cn




