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Tongji University Master of Engineering Abstract

ABSTRACT

In the structural health monitoring, strain sensor, displacement sensor and crack
sensor are widely used to collect the stress and deformation state of the structure and
to evaluate the health status of the structure. Traditional structural health monitoring
sensors require power supply and data transmission by power cord and data cable. If
the sensors are deployed on a large scale, the workload of sensor cable installation
and monitoring cost will be increased.And when the power line or data line damage,
the sensor will fail. Therefore, in order to solve the drawbacks of wire in traditional
sensors, this paper proposes two new antenna forms: the displacement sensor based
on the circular patch antenna and the displacement sensor based on the separated
inverted F antenna, so as to realize passive wireless displacement monitoring in
structural health monitoring.The research contents of this paper are as follows:

(1) The electrical length of the antenna is negatively correlated with the
resonance frequency of the antenna. In this paper, a displacement sensor based on the
circular patch antenna is designed based on the formula of resonant frequency
calculation and the antenna bottom patch is designed as an aluminum plate with chute.
When relative displacement occurs, the upper patch and substrate will be driven to
change along the chute length, so that the electrical length of the antenna will change,
and the antenna resonance frequency will change. According to the design size, the
model is built in HFSS to calculate the linearity and sensitivity coefficient of relative
displacement and resonant frequency to verify the accuracy of the theory.

(2) According to the optimized sensor size, three antenna sensors with different
slope sizes of chute were processed and the relationship between resonant frequency
and relative displacement of the antenna was measured by using vector network
analyzer. The experimental results show that the deviation of antenna resonant
frequency and the change of relative displacement are linear, and the ratio of slope of
aluminum chute is equal to the ratio of sensitivity coefficient of antenna sensor, and
the range of antenna sensor is large and adjustable, which is consistent with the
theoretical and simulation results.

(3) If the distance between the two antennas is close, the electromagnetic
coupling effect will be generated. When the relative displacement between two

antennas changes, the electromagnetic field and resonant frequency will also change.



Tongji University Master of Science Abstract

In this paper, the concept of separate type is introduced to eliminate the defect that the
integrated antenna sensor is damaged due to the large force when deformation occurs.
In this paper, a displacement sensor based on a separated inverted F antenna is
designed. When relative displacement occurs, the feeder of the separated inverted F
antenna will change along the length of the upper patch, causing the coupling feeding
position and the coupling electromagnetic field of the antenna to change, thus causing
the resonant frequency of the upper patch to change. According to the design formula
of rectangular patch antenna, the size of antenna sensor is preliminarily designed, and
the model is built in HFSS software to calculate the relative relation between relative
displacement and resonant frequency.

(4) The antenna sensor was processed according to the design drawing of the
separated inverted F antenna, and the relationship between relative displacement and
the change of antenna resonance frequency was measured by using the network
analyzer. The experimental results show that, in the range of measurement, the
resonant frequency of the substrate with FR4 and RT5880 shows a relative linear
change with the relative displacement.

Key Word: circular patch antenna, separated inverted F antenna, resonant frequency,

displacement sensor
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i(z) =i, cosh yz—%sinh 24 (2.30)

0

(2) =& kU R 1 CAnH,

U, =U'e”"+U¢" (2.31)
H 1 +4-71 -7l
L =—U"e"+U¢e") (2.32)
ZO
CIES:
U(2) = IEL[(ZL +2,)e"%) +(Z, —Z,)e 70D (2.33)
: _ iL r(1-2) -r(1-2)
i(2)=7-[(Z +2,)e"" " —(Z, - Z,)e 7" ] (2.34)

27,

(3) HPIRmENAEy . WIEHLZ, LR STZ, TR,

I Z -7, o711
U(z) = o0 Lt 2 (2.35)
Zg +ZO (1_ Zg _ZO Z|_ _Zo e—27l) .
Z,+Z,Z +Z,
e [e700) _ Z -2, e 700
) E Z +Z
i(z) =—2 L0 (2.36)
Zg +ZO (1_ Zg _ZO Z|_ _Zo e—27l)

Z,+2,Z +Z,

FEARR AT T, DRI A REALN — 70 22— AR fan 2k, s T
T E P AL 23 A

2.2 IR R

R Fr R TR e T R PEas, FHPT. IEIRIR S RS B
Sttt BELRTEMT, JeRe B O REAL AR RO 12k 1. WIRA R ING K2
(I BT I B2 0K A Tk s IO BT HR S ERE S8 o TH SRR NG 7 R R vl
Fli R AN BRI AR 73 B 75 3 DA ] B 810 52 20 2 AT T B ) AR 2R AT U5 0 ) s £
R AR | P AR T AR R R AR S o T TR DA TR B A fs A A R
R FEIE Fr RECAEFIREAT 704, FExE R H A PSS RS Btk AT 1H 5

R REL BT g I s 1) B S 22— A2 K R 4 1) RS T B 2 T R i 2 e
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WEAH . REEFFFNERE IR AT, REM AR R AT 5] R
HIERIR A A R AL, IR R AR IR Tt 1 264 IRIEAS
TEMER L], IR B IR IR (] K R

2.2.1 fE R PR R EY

PG Fr R 26 B P s AR N I A F e AEFEAR NS, 37T TR R A R
Az, KW EEARG x m Y m. ByhzhT Ay, Frbliigiz ik
INANAE o TR BTG R e B o, TG A2 vy J7 o) BRI T3, Bl
LEGAONR TR BRI T % . S5 ERTIE, AR EEIG Fr R e A E
FEREAR, FEETNERT Oy rEE, M AmEEE . BRI, R AR I TG e R R i ] e
AR AN A PR i

FEVESRIE N TCIR XI5, BT R .

(V?+K*)E=0 (2.37)
o,
k=w\ue (2.38)
P I A AR
E=ZE,(xY) (2.39)
o, ) Rz A i B R
RE B AT
%p_a =0 (2.40)
PRI, AR B AR AR s T R B -
E, =E,J, (kp)cosng (2.41)
R, I, (ko) B UEE/R L. BT E RAG 200, BB & A
"za)_jy%%_%:_wj—; E,J, (kp)sinng (2.42)
H, =w—LZ—E¢; =—a‘;—'; E,J, (kp)cosng (2.43)

E =E.=H =0 (2.44)

¥ BN s, R REL T EN 0, R
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K,(p=a)=H,(p=a)=0 (2.45)
B EASARANH, H, 15
3, (ka)=0 (2.46)
X TR, R AT DL B — AN A IR A G Fr R 2 i) 4% B D
FEIRBRBHIE o JUAMR IS AR % o (B K HIUFE B1AE T
% 2.1 R AR

g(mn) | 01| (1) (2.1) (0.2) 3.1)
fika | O |184118 |3.05424 | 3.83171 | 4.20119

MFEEMBER, fEn=m=11, BPEE/, IR ER . ERK
7 I R s M as L /AS W R

E, = E,J; (kp)cos¢ (2.47)

j 10E j :
oo 1% 0 50 2.48
" woupdp  oup 1(kp)eing @4

j ok, _ k..

- :_a)_yEOJl (kp)cosg (2.49)

BT R TM oy BRI A% 1T =

K

f, = ——mC (2.50)

o 27[8.9\/;
Horr, K, (=ka) Jyn B IZE /R B0 SRR E m AT, k.
a, NHEFERLING ISR, T ARN:

1

2

a —a| 142" (ln”—a+1.7726j (2.51)
rag, \ 2h

2.2.2 [RGB R Hy s N\ PR

PRI, 2R s N BET S8, AN BB R AT R s A v s e Th % Py
_v:
20

Horr, SIFEThR R R TIER R . T B 8 AR IR SR B Th &4
KPPy B AN ARBARR SR I DR AR By, Bl

R (2.52)
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R =R+R+R (2:53)
[P IS S e S Tl 3w el Y F A e BT 55, B
11
:EE{Reg(ExH)-ds} (2.54)

ﬁ%%ﬂﬁi%%@%%,ﬁﬁ%%u%:s%%ﬁﬁﬂoiﬁﬂ%ﬁﬁ=

1

ZReL[ ds
L1 (2.55)
:ZFQﬂEA+mAy%mww¢

S, 7 E I, HAE512000
HE, E A LR, 7

:(hEan(ka)ako)2 | (2.56)
' 1920 !

X,

AR kasin@)—\]n_l(koasina)}2 _

:I , |sinado (2.57)
o| +cos’ 0{J,, (keasing)-1J,, (k,asin6)}

IR BTG Py R 2R AR — 55 (00, 0) AL H, RIS AT ) R FH -

VZ 960

R=—o-= > (2.58)
2P, (ak,)’l,
2 SR RPN R, £E B Jy R rh B FE D -
=22 (647 o
REOZOa , (2.59)
__ I g2 kp)+k?J ?(kp }pdp
A o keyeazten
A SR TR M ka=1.8412 1, EAEN:
P, =1.68x107" f *?E? (2.60)

AL, SRR 7 KBS B, TS5 AR R R
I ARFE ] R AR A R v B SR A4S
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a:fﬁ%fﬂéﬂjaEw (2.61)

Herb tan & N EMOP BRI H5AE A 1RV
EATHA -

a

2
:EE@iiﬂléEzﬂthj(kp)pdp (2.62)
0

P, >
% E A (ka=1.8412), MRAWRN, EaUAfELA:

_ 0.805x10*htan SE; (2.63)
f

A, Bk S h Ktans BUEEE, SR T . @R IR, |
PRBRFETH AN JFAFETH AN, B AT A RAEAT AL B F % N FHT .

P

2.2.3 Kk K

& R LG MR, REGHI I L s RERR B 2 R AR o . flln, RZRM
KA SRR AR AR O, BDBEE R 2 K S, ISR PR,
WERFPE R RGBT AR B AR T 2% A . TEfRAZHh, 8% T F MK Sk &
AL S . LRSI, MBS T 2585, M RIS B i i
FRFVESAFAEZE S o AP FRL LS DB A AR F) EL A SR PEAR IR, AR R DL
K FEE A [ 5 T 224 794 P 0 PR P B8R P A R0 7 P SRR AR [RT T S 7 L 3 1) P AR TR
DAL sk TT A A R PR R o ke s g L5 ) f SRR I

FELKC B2 (15 SN AR 2R i B 2 Tfe DL F M5 5 BB S 7EN T — e K
PN AR S 8] 5% A5 5 16 B pR 2 () o ok A (R R I T 75 R i e (g Lo B

a
Le:LxB (2.64)

X, L BB, LMK E, a hiE SEHBME S EN
Jit— s KL PRI AR I 8], b D9 ids 5 £ i 2o 18] P s I A (R BE I i 5 22 (Y I
). Hor,

L
Ve (2.65)
L
C

e, v, =6/ o FRE S ERMBS SEEN TP RS, o N L
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.
zefefar, 15

L=Lx [ey (2.66)

BRI, AR BB A R, RSB B AT 2K
%%ﬁﬁ% 1175 BT A AR To ok o X+ — %ﬁﬁ Mme, LHEKESRZ
REHLAEARSE, BlnfeFsZerh, hTAampl. 5. BRIaE, T

A = AR .
R R 28 R 7 0 A, B B B A n] LR O

C =& /18In(D/d) (2.67)

Hrf, D AFRBHELAIMNT RN d AN SIS
5IRER TE 5% B TRl e B4 0 9

-2 (2.68)
o d
EE LS
Je = %ZwCe (2.69)
AT B 2 P LK FE RN AT B 2 43 )R -
L=->zclL=>z7cC, (2.70)
10 10
3
—=2.CL=—=12.C, (2.71)
Rty

Hrr, C, =CL NIRIHIZ H 1% L2 o
#7 H 3(2.68) =R A 0 I BEPT, BT PAf € (K1 3% D/d Fl &, [PIANH 8 PEAPALE,
R AN FTAT I . SRR, Z FTH T Kk e
Z =2, +AJT (2.72)
Hrb, ANFBEARGRIZSEG Lo NFEFISFHPUR SIS, T HIERENS . H
ARN:
Zen =N/AC, (2.73)
Hi, nNBRTS, fA5n XN NFERME,
RER(2.71), HUWTFRHR:
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AL AJe, AZ, AC
— == o e (2.74)
L J&  Z. G

WRIEA(2.72) MK (2.73), FUWFRAR:
AZ, 2 AC, Zy—AI2|F Af (2.75)
Z z, C Z f

o0 0 e 0

T ANFRIEA S RITERES L, L, BRI Rifeoy:

© e 20 (2.76)

W ER(2.74), 15

AL A& AT (2.77)

MTRKE, 15

(2.78)

BRI, KRR SIERIEARA R 2k &, BB ARSI,
TEIRAA RN o [R1 2R I PR VE AR AE — SRR S 5 R Z AL, it st oI A
REBT AL AL AR SR AR ST

2.3 T HEfE F BIRZRVIEIR

ST 5] F A K28 (Planar Inverted F Antenna) f@i i PIFA K4k, B HER., 45
PRI FEST R E . AT 2 ABEAT TAR SR AL, KREEH T FHL. BT %W
Rk ana i i NS R DA i ST N SRR A R U Ry T L S NS At B g eR i
YSRGS R —E AR R, NP HE] F BRI R At iR d
AL T AT RE.

TR F AR 28 AR T R, B R H nT A I R R, PRk
ARG R & IR 5 RS o0 Z 3, R T8 F B OR 26 AR J 28 RS
BATHIZ R

2.3.1 FHEE FBRELHELT

P R] F AR OR 2 AR S R R T A D B R i AR T R, AT LA A
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RSl I P RE IR R

(1) MR 7 RESIF R F ARG AR

X AB AR TR, E R, AR AR, ARy 2 — I
KER T RE . BT RAL MR, EHAKRT A ERSTRK, Bt
BEy I B Rl L R pkoy “fR) L R ER . “f8] L RUREL” MAL AR 7 REK
Yo, HRIAR NN, TR 7 5 T R S R, SR AR I, B ARE
P, AEHEA S ILES 50 Q M A FHST. PRIEoy 7B s N BT, R isal 1
B, RN AR IR R, DAKMES F S A L B (S M3t AT BHPTUL T - R L AMB SRR,
PR AR DY “ R M8 F RUREE ™. AR T REBILORME F AR Z AR
B N 2.3 B

Az 2l

()l R (b)f#] L ARk (C)ff F RREL

K 2.3 {8 F AR Z AR I

ZRAB] F R RZR ) B 0B N, (B AR S e 22, TR oK L 2R 14 4 A
AR NP 4 R R AR, T “OPTE F RORZR”, B PIFA. PIFA R£kun T K
2.4 FiroR.

24 PIFA R&REH

(2) Bl b R Rl R
Tl AR T W e RN =0 2 — KR &, (RN, rPREAETEIG R
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LAY e 9T, FETRING R SRR N FEUBE 2 5, 25 i A 37 22 A 5 0 A
e FERLPRIE A — DB AL BAKIRE I N E . 5 AEBT FALHR R
2 B Py B3R e g, B RS R ZR RS I RCR

2.3.2 SFEE F B RERIE AT

BpCrmE F ARG SEEINE 2.5 Fos:

%ﬁﬁ %é m

K 2.5 BARASFHE F AR 2R =

PR FRREG K S B A S A A% i L AN O L R A i T B¢ AR S 2 K
ZH o e F AR S T B A 2 P <5 28 L FELART R R A K, A i REL 6 ) A% i 2l AR
NEEROE BT LR B K o AE R BT, RERIVIEIRKEL . REMREH A
REHIBHL S REAH B ] BE R S e 1 RERIEIRIR . REH A FLETA
REHH 58 5 S KL

KR AR R, L REMPERER MOy EA% . HREAIIEIRK
FELIEINI, REHIEIRMR TG, REGABEPURAD, 2B k2, BK
LRI IR RE LI, R IRIR | Th, RS R, 2HEE.
SRS H S X E F IR RGHRIERIZR . BB S TR
K 2.2 Pin:

*® 2.2 PR F Y REEHIS HON BRIk o 2R

PEST EER BRI PN T
Hh S I I

L ) T T P
Hh S T I

H ) T A P
Hh T I o

S ) I T I

EERAIAR, LN SARKIN, REGIEIRIURIIIE R, st T8 F
TRURZ NI AR TSR Bt g . DL, RIS AR AR T, kit LI
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H%Kﬁﬁﬁﬁ%ﬂﬂ%ﬁﬁ,%%MI%ﬁfLﬂ B2 5 R 2R IR et £ )
S 73 G RN, 2 51V PR AT B A1
FERL LR TAEBCU, WE AT 256 o 8 AT A6 -

L+H~— T (2.79)
4Ja+e)12

Horb, 2, WA HEEEA, g, IR

2.3.3 RERIETRINETE LR

FoT 2.3.2 P F AR &R AR AR A, ARG A R R T IR

B J RSP TR A S TP i F AR &R H— PR AR
_ C

2(L+2AL)fe,

HA, c=3x10°m/is, AL NEREERERKE, ¢ NAMNMHEER, HAay
A

(2.80)

AL — 0,410k (& +03)W/h+0.264) (281)
(¢, —0.258)(w/h+0.8)
g =&t a1y )2 (2.82)
2 2 w

#

b, hONFEIENG F REG T, wOARERDESE, &, NFEARIIAR A A

2.4 REINE

ARES G T R E o BAR SR TG e R SR v R 0 #r 5
%, EESERMCT LU AR 1 LAE:

(1) fal 2Nl 1 AP R s i RE BRI R 2k () PR LAl
FEA T o TR R A A A T

(2) FEAR BTG Fr R 2 10 167 B s (AR R By, 43 HH R UG R R RS 1t
BT FEREDEIG A R 2 i AN BT A A5 s 2 Hadt AT b, 2k T3
TERE IR AL AR SR LR S

(3) R3] F BRI AR A, I A fn i A5 L P T 3] F Y
REHIEIRIR G ROF TR A, BT P e F RO LR AL s e (B ig
SCHE.
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B3E  ETEEMAXEMABERFNZT SR

MRS — PR ZR S AR Ko (2.78) AT A, RGN A BN, R
LRVE IR PR o BETE BT AT AE R S/ N BT TR BB HY 38 5 E R
IR BT G P 2 e LR R IR I LT R AR, DR BRI R
2R ER H e R AT B T R e LR AR AR T

ey (2.78)

78 3.1 7, ARABETEN i RE RS st a2, AR ot 78T BB A
RGN FAL BEEE R o BRI F R 1) BELAT UL T m] DA SE 4 (1) 5 AL S 2k 12k 47 UL
Be, DAIS/N Bl A0AE, DR R 2 i RS AE FURE 1 LA HFSS g ST B 1 [ B
Wi Fr R R (R AT TR AR, S e [ TR G v RZG IR 4256 RS, DLSE A A% A% I
AWt

7 3.2 iy, FERH HFSS AT BTG Fr R S A% s 1 B AR 18 30 4T 0
EAEA . BTN R R B EIR R, SR B M A E I ORI, R E IR 2 95
/No BTG, EALRETENG R E HFSS IR A, K R & 1 — P iE iRAnZexs
R 26 F i B EAT 07 3, AR FUAEAR b RO R 2R Ea i R B sz . 1
B EING e REGAEA R IRE T REFNETRMEE, FFTLMENE, AR
RTINS REEIRMZFB )RR, N EEE NS

EA 2= F 3 T A TR o BG4 B B HFSS(High Frequency  Structure
Simulator), BlIEAias/IBHLES, B2 Ansoft AFIA, AIAHMER =4k KL
LGRS0 AT . ERDENG B RZ et i FR4A ARME N R4 1%
o FRA RIIAEIIGATE M, Jy— s WA N EL, AN AR H

3.1 BFEMMH R4 B

FBOGREEAR IR N ARG AR M B AR . NARSEIN 5, A% (AR B vl i
i 10cm UL L, J& T KRERHE, FAIF LGS T E AR BRI LS )
e M T REAA SRR RS BAR G A AR BRI, WU AT K&
FERIOLAL R R X o HRIE SR Sl A, I Fr R A B AR T i R 25
IR B PRIt ST REe, $RM BN Rk, I T2
IR
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Fh - ) 52 % 3 I TG 26 i) 34 1) 7 S RAT R e ) T R A3 AR A AN T R
LAY, N TE AR 1A% GoA IR St I 1Y) 75 245 5 (e a2 B i 2adt AT Kt e v
REAE R IRIBR o R R A5 X 22 BT SO AT 212, SR AT 2RIl ) v i ml e
REAESRMR A AL AT RN A7 LRI 45 RAZ SN/, B2 i
fIfalfE Sy AR, ASE TR PP Brat i SR, A SCR A Lty 5 2T It

ARSOR R 28 53 B SR B [ FE U e R EeTE D3 1 Ol B IR AR
REGEIRAARIT , KRR 5 EERAE I 28 70 A A B 0 R R 2o, W45 70
A LA 3 e [ 2 ) R 2k fanis DA< 08 B, (F) RO H R, BB 00 H A s
MR 1 [ 2 2 12 21 o) 2% 3 AT A, DR B (1) o SRR RIS
BSu () HRAThE B (F) F St By (F) A2, 1 ARA:

S,.(f)=10Ig { FF:f ((ff))} (3.1)

9 268 7 BT ASCRT DAFE AR T8 AR Bl A AT s 003 N R e 1) e e B it 22 8, O
W12 AT R BB P 4D TR0 R R 2R A% A 2, B A R 2 1 e S A0 S B A 1 [ 9 e S
FEHI 2 . REAE FLE PRI fl i L [RI A AR SR/, B[Rl S i 28 20l 2 i
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(a)FE A AR AL I
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VIR

K] 3.4 WIAGHL BN Ea AR SRR A B S R on B A
R B P R B AR AN AR AR 20 S5 RGP AR 1 o AERTRG DL B, A
28 53 M ASCGE I [R) b 20 BRI P R i N LR A LRI PR D T, Rk B
WG v R A ) 3R T 2 7 A s T AT ORI BN, FLR o AE IR — BT i R AR
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HEHF | vt
<= = . <= E— <=
RIS .
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AL, RIS IR B S S AN AL ax RIEHGIR R KAMIALEE ax )5
) — BB i L I 1) ST aa r EAR R, 7509 AARHRE 8 — s e RS AL 1) K
2em 51—, 4k 3.5(0) B .
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AL, =2sh=22% (3.3)
n
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Loy
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e
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FEAEFH B 1552 28 X R 2 A% Tk g 34T IR JC R i FEL R 2 B S A B B 4 1)
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Irez ISR M 0.5~6GHz Hy [l FEth Ze . — BB IRAZRI,  F I 5 1)
SR HIR E AL I A S, TR e, W TR RS E, B
DR G B RS =B USRI I T, R A — IR A R AL R AR A
RS HL
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6.2 I IuLER 7T
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