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Fig. 2.1. Right handed transmission line (RH-TL). (a) Equivalent circuit,

(b) dispersion diagram and (c) relation between the wave vector and the Poynting vector.

13



14

G
o—1I| o
||
L
O O
(a)
Y E
LH mode
Vp = o 60) k S
/ 0B < >
H
> f3

(b) (c)
Fig. 2.2. Left handed transmission line (LH-TL). (a) Equivalent circuit,

(b) dispersion diagram and (c) relation between the wave vector and the Poynting vector.
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Fig. 3.1. Field distribution of the modes related to the proposed waveguide.
(a) TEM mode, (b) TE;; mode, (c) TMy; mode and (d) dominant TE mode with the conductor wall.
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Fig. 3.2. Dispersion characteristics f/k;.
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Fig. 3.3. Dispersion characteristics f/ky of the dominant TE modes on the N-divided sector

waveguide with » = 10.12[mm)].
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(@)

(b)
Fig. 3.4. Field distribution of ridge-loaded waveguides.
(a) TE,p mode (rectangular waveguide), (b) dominant TE mode

(sector waveguide divided into 4 parts) and (¢) dominant TE mode (4-division).
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Fig. 3.5. Dispersion diagrams of the dominant TE mode for various
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(a) ridge height £, (b) ridge width w and (c) wall thickness d.
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Fig. 3.6. Structure of the proposed CRLH cylindrical waveguide unit cell.



28

332 HEULILEBEET S E/\TA—2(C& AR E

KETIL, B ENVEMERT 58 /37 A —2 2B SR TZREORIZONT
wAD. TE £B— FEREE L TM T— FMERELZENEN [ = 1.0lmm]& [, =
10.0[mm] & L7256, Vv Y OES h #Z8b SE7= RO 8% Fig. 3.7 127K
. KK REEANZ W T FRED W DAL, & BT R8N
bihd. Fio, ZOMmEEEME CHIEFR TH L F¥ v v 7RHERTE 5.
Wiz, Uy VOEmEEEbEE D Z LT TE T — FERE OB 2 21 b &
BDHZEICLD, ARRGMEREE AT REEERN/BITL TS Z &N
MEVERTE S, I5ITh=47mm]DO%E, 112GHZ IZBWT A KXy v
TINIRNWRT ARG EMTIZ LTS IR HRTES. &6, 20D h =
47[mm]D & & D S /T A —Z it & EAEAENTIZ X 5 0 4 Fig. 3.8 (TR
T W OMATICB W TAAHEROMHEIZT—H L TCWD ZERbd. TDONRT
VAN BT LT E OB B L & 12 OV E RIS L 72 B O 58 % Fig.
39107, ZOFRMFITBWTlEm A RO £ FREIT 8.67GHz 72 HAAE W A F
REHAMEFEABHZ R RR LB ONTHNDNTWVWD ZENRKNEDLND. i
kv, Vo PoEE&EET S Z L T TE &— NEE OMEW RS A LS
HIEMWTE, RTUAGMEmETERERAMT LN TE L. ZZTRE
L7e MRS E DA F/IEFRESEERE E LTEEL TS Z & 2R T 5
72T, AFREBTHIER, £FRERTRIBENAFEAEL TNWDHZ & Z2HH
HeRe L0 R8T 5. Fig. 3.10(2)-(DIZ/R” 9 & 9 72 Fig. 3.9 THW IR THERE N
HTD 10.5GHz D & EDOEROMAAHER 2R L TRV, (2D 30deg T8
DEDLS TWDLEEFRRTEND. FTHMOANNG EEOHT)~ERiEL Tn
T, AHDBBITI T2 EAEBRBHEBE L WD Enbnsn, ELE
JVERSY TIE AN RS L1 T o B b T~ BERBHEB L TS, 2
10.5GHz 23 2 TR BEIC BV T 12 2 /VEBIES] L T2 MRS E B L TR 5
BRI E L THRIBENRBAEL TWDA ZENKI VR TE S, 72, ATRMHE
W To 5 12.0GHz IZB W T B[RO E R OAMAHHERE & Fig. 3.11(a)-() THERRN T
X 5. ZOWATIIATFREBROBEE TH 5720 12 BV E MRS L 7= &
BB IINEST R A~ATER B EL TWD Z ERNbnb.

WIZ, TEE— FEEEL TM T— NEEEORIOMREEZ ) v ORI h =
3.5[mmCERE Loy it 2 R4, £, TE £— FEEEOES [, 0%
Rz M E— FEREOR S L = 10.0[mm)IZ[EHE L 72RO 5 HUR % Fig. 3.12
IZRT. [ ORESBHEINT S L & BT 1 = 1.0[mm] DR T35 & 00 & 3 £
TMy; E— ROERE I TH S 11.2GHz [T F - T2 b O DMEFE A~ &



29

1TL, S DOIZHFRWEmERBOEEEAA~BITT 52 & TR RE Y v 7T
JKDYY, EFRMEERFER L T E EFREEIIHR 2%, —J7, [ = 1.0[mm]
IZHEE LTS C L ORI 22 LRyt % Fig. 3.13 12”9, Fig.
311 ERIERIZ, LT DL EHITNy Ry v 7OMRIIHRS 7o TnE, £
TR TR B ~EIT LT & &b FREIIRS 720, 72,
B FRIG D DER LA FREEDI RS 25, ZADLDOHEKEEDOREIIZLD,
T o ARG D JE A F e FREDIE 2 22 2 DD 2 & D33 HURHE D
BN ST,

SEAREEE (K D ERAIRBRIZ DWW CGR AR D . Sk D CRLH-TL IZ8 W CTHfL &
WRITH— DR TH D DIZK L TREFIRIL TE £ — FNERE L TM £ — &
BEODRIOFEONT A= PNBEAELVRICEEND. ZHUICLVESE
B LUT-SNEIE A Fig. 3.14 (9. ik A L0, H—OHfELEERFD
CRLH-TL “CIXAEWTE B 11, o, fi, fo (VT AL B VR OB T 72y, KLY
2 BB AR LT A= TENTN,

Lrre =Lprg*l (3.1)
Crre = Crrp *l (3.2)
Lyt = LILZ'ITE (3.3)
Lrry = Lrrm * L3 (3.4)
Crrm = Crrm * 1y (3.5)
Crrm = Cil':M (3.6)

EBLZENTED. EBIT, T bDKHEFZEHEIE f, HIRAL-E
DL LD,
( 1
i
2”\/ LrrE*CLTE "‘fL;a,TM +Cl T

ﬁs=< 1 (3.7

/ I l1,1 /
&2” LRrm*CRTM Y, LLTM*CRTE

ZoOXQBHELEY, MEEEO#EOR S ITEREREICEET 5 Z Enbnrs.
WRTEIE B DO ENICH D ENENOHED EH bR LERNZ R 502K LT
W5, Fig.3.13 XV, Uy I TE £— FEEE CTIEAT2EETH Y 515 v
INUH VR CRigge ERTZEITED Y » DO S hIT K 2B e 0% RS AT



30

BECHDHZERHALNIRoT2. ZTHIZEVFEMEBEIKIZEL LK /NT A—FDR)
RAEEBRTDHIENTET.

WIZ, NT o AGMEZT-T X 912 TE B— FERE & TM £— NEHEDOE
X DOBHRIZOWTIRRD. Fig. 3.5 TR T L IIZ, NT U AR EZRMIZT 1 & 1
DOERIZ—EDLTEE L TWD Z ERbnd. ZNENOIL h=3.0[mm] T
L1:L=1:8h=50mm]T/l;:L=3:4,h=70mm]Tl:L=1:2&725TW5.
TR KV EREMENELTHY v UOE S CEBEERZEBIEL AT
AT T2 T N TEDZ L AR LT,

3 _
—h=3.0mm
—h=4.0mm
§ —h=4.7mm
= —h=6.0mm
= 2 —h=6.5mm
<
S
w
c
<
51
21
=
ol
0 I

12 14 16
Frequency[GHz]

10

Fig. 3.7. Dispersion diagrams for various heights of the ridge 4.
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Fig. 3.11. Electric field distributions of the waveguide at 12.0GHz for phase with 30deg.
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Fig. 3.12. Dispersion diagrams for various lengths /; of TE mode section.
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Fig. 3.13. Dispersion diagrams for various lengths /, of TM mode section.
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Fig. 3.14. Equivalent circuit of the proposed structure.
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Agilent Technologies E8361C
Vector Network Analyzer

«— coaxial-line

(a) (b)
Fig. 3.16. (a) Measurement system for coaxial line and DUT and (b) its photograph.
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copper 2mm | 10.12mm

40mm

(b) (c)
Fig. 3.17. (a) Photograph of the 12 unit cells structure including coaxial line exciters,

(b) cross section of the TE waveguide and (c) longitudinal section of excitatory.
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Fig. 3.18. Comparison of transmission characteristics between the calculated result and

the measured ones. S;; and (b) S»;.
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(b) ©

Fig. 3.19. (a) Photograph of the 13 unit cells structure including coaxial exciters,

(b) Cross section of the TE waveguide and (c) longitudinal section of exciters.
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Fig. 3.20. Comparison of transmission characteristics between the calculated result and the measured

ones for 7, = 8.2[mm] and /, = 13.6[mm]. (a) 12 unit cells and (b) 30 unit cells.
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Fig. 3.21. Comparison of transmission characteristics between the calculated result and the measured

ones for 7, = 8.4[mm] and /, = 13.0[mm]. (a) 12 unit cells and (b) 30 unit cells.
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Fig. 4.1. Structure of the proposed CRLH waveguide unit cell with opened slots.

Fig. 4.2. Photograph of the TM waveguide with 4 opened slots.
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Fig. 4.7. Photograph of the proposed antenna. (a) 12 unit cells and (b) 30 unit cells.
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Fig. 4.8. Calculated and measured radiation patterns with 1 slot opened

for 12 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].
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Fig. 4.9. Comparison between calculation and analysis and measured in Table 4.1.

(a) Radiation angle and (b) gain.

Table 4.1. Frequency characteristics for peak gains and radiation angle with 1 slot opened

for 12 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].

Frequency 0,, (Calculation) 6,,(Analysis) Gain(Analysis) 6,,(measured) Gain(measured)
9.0 GHz -70.9 deg. -63 deg. -2.61dB -61 deg. -6.1 dB

9.5 GHz -36.0 deg. -36 deg. -0.06 dB -37 deg. -2.53dB
10.0 GHz -20.6 deg. -20 deg. 1.45dB -22 deg. 4.76 dB
10.5 GHz -10.1 deg. -9 deg. 3.77dB -10 deg. 4.05 dB
11.2 GHz 0.4 deg. 0 deg. 2.43 dB 3 deg. 4.46 dB
12.0 GHz 10.0 deg. 11 deg. 7.34dB 10 deg. 9.58 dB
13.0 GHz 19.0 deg. 20 deg. 11.23dB 20 deg. 9.64 dB
14.0 GHz 26.0 deg. 28 deg. 14.38 dB 28 deg. 10.4 dB
15.0 GHz 31.9 deg. 31 deg. 15.3dB 32 deg. 18.3dB
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Fig. 4.10. Calculated and measured radiation patterns with 1 slot opened

for 12 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm].
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Fig. 4.11. Comparison between calculation and analysis and measured in Table 4.2.

(a) Radiation angle and (b) gain.

Table 4.2. Frequency characteristics for peak gains and radiation angle with 1 slot opened

for 12 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -64 deg. -2.55dB -66 deg. -6.6 dB

9.5 GHz -36.0 deg. -36 deg. -0.1dB -36 deg. -1.63 dB
10.0 GHz -20.6 deg. -20 deg. 1.4 dB -21 deg. 4.45 dB
10.5 GHz -10.1 deg. -9 deg. 3.73dB -10 deg. 3.9dB
11.2 GHz 0.4 deg. 0 deg. 249 dB 3 deg. 4.46 dB
12.0 GHz 10.0 deg. 11 deg. 7.37dB 11 deg. 9.74 dB
13.0 GHz 19.0 deg. 20 deg. 11.22 dB 21 deg. 9.75 dB
14.0 GHz 26.0 deg. 27 deg. 14.31dB 28 deg. 11.13dB
15.0 GHz 31.9 deg. 31 deg. 15.21dB 32 deg. 19.1 dB
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Fig. 4.12. Calculated and measured radiation patterns with 1 slot opened

for 12 unit cells and input exciter ¢, = 10.6[mm], /, = 13.6[mm].
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Fig. 4.13. Comparison between calculation and analysis and measured in Table 4.3.

(a) Radiation angle and (b) gain.

Table 4.3. Frequency characteristics for peak gains and radiation angle with 1 slot opened

for 12 unit cells and input exciter ¢, = 10.6[mm], /, = 13.6[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -65 deg. -2.49 dB -61 deg. -5.49 dB
9.5 GHz -36.0 deg. -36 deg. 0.28 dB -31 deg. -3.00 dB
10.0 GHz -20.6 deg. -20 deg. 1.49 dB -18 deg. 3.77 dB
10.5 GHz -10.1 deg. -9 deg. 3.86 dB -7 deg. 4.37dB
11.2 GHz 0.4 deg. 0 deg. 2.14dB 5 deg. 4.62 dB
12.0 GHz 10.0 deg. 11 deg. 7.43 dB 10 deg. 9.04 dB
13.0 GHz 19.0 deg. 20 deg. 11.3dB 22 deg. 9.60 dB
14.0 GHz 26.0 deg. 27 deg. 14.32 dB 28 deg. 10.90 dB
15.0 GHz 31.9 deg. 31 deg. 15.12dB 31 deg. 18.63 dB
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Fig. 4.14. Calculated and measured radiation patterns with 1 slot opened
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for 30 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].
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. 4.15. Comparison between calculation and analysis and measured in Table 4.4.

Table 4.4. Frequency characteristics for peak gains and radiation angle with 1 slot opened

for 30 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -69 deg. 5.56 dB -64 deg. -0.98 dB
9.5 GHz -36.0 deg. -35 deg. 8.2dB -38 deg. 5.93dB
10.0 GHz -20.6 deg. -20 deg. 9.53dB -23 deg. 9.1dB
10.5 GHz -10.1 deg. -9 deg. 11.89dB -13 deg. 11.3dB
11.2 GHz 0.4 deg. 0 deg. 5.15dB -1 deg. 10.6 dB
12.0 GHz 10.0 deg. 11 deg. 15.25 dB 8 deg. 15.46 dB
13.0 GHz 19.0 deg. 20 deg. 18.04 dB 19 deg. 16.86 dB
14.0 GHz 26.0 deg. 27 deg. 19.29 dB 24 deg. 12.91 dB
15.0 GHz 31.9 deg. 32 deg. 17.74 dB 28 deg. 19.3dB
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for 30 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm

b
=
T

[=
—T—

Radiation angle [deg]
5 b D
S S
T T T

(=2}
=]

—0—{(),,, (Calculation)
—4—0, (Analysis)
-0, (Measured)

L 1 n 1 n 1 n
10 11 12
Frequency[GHz]

(a)

n L n
14 15

o g P

Calculated
—90.0GHz
—9.5GHz
T—10.0GHz
—10.5GHz
——11.2GHz
——12.0GHz
——13.0GHz
———14.0GHz

15.0GHz

Measured

--=-9.0GHz
*{----9.5GHz
----10.0GHz
----10.5GHz
-~ =-11.2GHz
4----12.0GHz
-~~-13.0GHz
. F==-14.0G11z
r+----15.0GHz

Fig. 4.16. Calculated and measured radiation patterns with 1 slot opened
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Fig. 4.17. Comparison between calculation and analysis and measured in Table 4.5.

(a) Radiation angle and (b) gain.

Table 4.5. Frequency characteristics for peak gains and radiation angle with 1 slot opened

for 30 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm

]

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. =70 deg. 5.15dB -65 deg. -0.07 dB
9.5 GHz -36.0 deg. -36 deg. 7.95 dB -37 deg. 6.72 dB
10.0 GHz -20.6 deg. -20 deg. 9.25dB -22 deg. 11.63 dB
10.5 GHz -10.1 deg. -9 deg. 11.6 dB -11 deg. 11.97 dB
11.2 GHz 0.4 deg. 0 deg. 5.00 dB -1 deg. 13.84 dB
12.0 GHz 10.0 deg. 11 deg. 15.59 dB 10 deg. 16.83 dB
13.0 GHz 19.0 deg. 20 deg. 18.24 dB 20 deg. 15.45 dB
14.0 GHz 26.0 deg. 27 deg. 19.21 dB 27 deg. 13.00 dB
15.0 GHz 31.9 deg. 32 deg. 17.36 dB 32 deg. 17.58 dB
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Fig. 4.18. Calculated and measured radiation patterns with 1 slot opened

for 30 unit cells and input exciter ¢, = 10.6[mm)], /, = 13.6[mm].
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. 4.19. Comparison between calculation and analysis and measured in Table 4.6.

Table 4.6. Frequency characteristics for peak gains and radiation angle with 1 slot opened

for 30 unit cells and input exciter ¢, = 10.6[mm)], /, = 13.6[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. =70 deg. 5.52 dB -65 deg. -0.29 dB
9.5 GHz -36.0 deg. -36 deg. 7.75 dB -37 deg. 6.73 dB
10.0 GHz -20.6 deg. -20 deg. 9.24 dB -22 deg. 10.64 dB
10.5 GHz -10.1 deg. -9 deg. 11.70 dB -11 deg. 12.91 dB
11.2 GHz 0.4 deg. 0 deg. 491 dB -1 deg. 14.26 dB
12.0 GHz 10.0 deg. 11 deg. 15.35dB 9 deg. 16.99 dB
13.0 GHz 19.0 deg. 20 deg. 18.26 dB 20 deg. 15.85dB
14.0 GHz 26.0 deg. 27 deg. 19.48 dB 27 deg. 14.00 dB
15.0 GHz 31.9 deg. 32 deg. 17.90 dB 31 deg. 21.60 dB
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Fig. 4.20. Calculated and measured radiation patterns with 2 slots opened

for 12 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].
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Fig. 4.21. Comparison between calculation and analysis and measured in Table 4.7.

(a) Radiation angle and (b) gain.

Table 4.7. Frequency characteristics for peak gains and radiation angle with 2 slots opened

for 12 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -60 deg. 2.03 dB -58 deg. -4.51 dB
9.5 GHz -36.0 deg. -35 deg. 2.07dB -33 deg. -0.48 dB
10.0 GHz -20.6 deg. -19 deg. 3.44 dB -20 deg. 3.87 dB
10.5 GHz -10.1 deg. -8 deg. 5.74 dB -7 deg. 7.14 dB
11.2 GHz 0.4 deg. 0 deg. 1.48 dB 3 deg. 5.16 dB
12.0 GHz 10.0 deg. 12 deg. 7.90 dB 13 deg. 9.78 dB
13.0 GHz 19.0 deg. 21 deg. 11.10dB 22 deg. 9.39dB
14.0 GHz 26.0 deg. 28 deg. 12.34 dB 29 deg. 8.80 dB
15.0 GHz 31.9 deg. 32 deg. 12.32 dB 31 deg. 10.22 dB
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Fig. 4.22. Calculated and measured radiation patterns with 2 slots opened

for 12 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm].
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Fig. 4.23. Comparison between calculation and analysis and measured in Table 4.8.

(a) Radiation angle and (b) gain.

Table 4.8. Frequency characteristics for peak gains and radiation angle with 2 slots opened

for 12 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -60 deg. 1.93 dB -63 deg. 3.44 dB
9.5 GHz -36.0 deg. -35 deg. 1.80 dB -35 deg. 0.083 dB
10.0 GHz -20.6 deg. -19 deg. 3.20dB -20 deg. 3.55dB
10.5 GHz -10.1 deg. -8 deg. 5.48 dB -7 deg. 6.78 dB
11.2 GHz 0.4 deg. 0 deg. 1.28 dB 3 deg. 4.64 dB
12.0 GHz 10.0 deg. 12 deg. 7.88 dB 12 deg. 9.29 dB
13.0 GHz 19.0 deg. 21 deg. 11.30dB 22 deg. 9.08 dB
14.0 GHz 26.0 deg. 28 deg. 12.49 dB 28 deg. 8.35dB
15.0 GHz 31.9 deg. 31 deg. 12.22 dB 32 deg. 12.11 dB
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Fig. 4.24. Calculated and measured radiation patterns with 2 slots opened

for 12 unit cells and input exciter ¢, = 10.6[mm], /, = 13.6[mm].
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. 4.25. Comparison between calculation and analysis and measured in Table 4.9.

(a) Radiation angle and (b) gain.

Table 4.9. Frequency characteristics for peak gains and radiation angle with 2 slots opened

for 12 unit cells and input exciter ¢, = 10.6[mm], /, = 13.6[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -61 deg. 1.67 dB -59 deg. -4.37 dB
9.5 GHz -36.0 deg. -35 deg. 2.22dB -35 deg. -1.07 dB
10.0 GHz -20.6 deg. -19 deg. 3.62dB -20 deg. 3.54dB
10.5 GHz -10.1 deg. -8 deg. 5.52dB -6 deg. 7.79 dB
11.2 GHz 0.4 deg. 0 deg. 1.50 dB 3 deg. 4.97 dB
12.0 GHz 10.0 deg. 12 deg. 7.80 dB 11 deg. 9.76 dB
13.0 GHz 19.0 deg. 21 deg. 11.02 dB 22 deg. 9.25dB
14.0 GHz 26.0 deg. 28 deg. 12.14 dB 29 deg. 8.30 dB
15.0 GHz 31.9 deg. 31 deg. 12.55dB 31 deg. 16.33 dB
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Fig. 4.26. Calculated and measured radiation patterns with 2 slots opened

for 30 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].
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Fig. 4.27. Comparison between calculation and analysis and measured in Table 4.10.

(a) Radiation angle and (b) gain.

Table 4.10. Frequency characteristics for peak gains and radiation angle with 2 slots opened

for 30 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -65 deg. 9.39 dB -61 deg. 3.44 dB
9.5 GHz -36.0 deg. -34 deg. 10.12dB -35 deg. 7.34 dB
10.0 GHz -20.6 deg. -19 deg. 11.64 dB -20 deg. 10.42 dB
10.5 GHz -10.1 deg. -8 deg. 13.84 dB -9 deg. 12.97 dB
11.2 GHz 0.4 deg. 0 deg. 3.17dB -1 deg. 9.84 dB
12.0 GHz 10.0 deg. 12 deg. 15.52dB 11 deg. 15.00 dB
13.0 GHz 19.0 deg. 21 deg. 17.23 dB 21 deg. 14.14 dB
14.0 GHz 26.0 deg. 29 deg. 15.73 dB 27 deg. 8.20 dB
15.0 GHz 31.9 deg. 33 deg. 12.83 dB 30 deg. 14.98 dB
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Fig. 4.28. Calculated and measured radiation patterns with 2 slots opened
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for 30 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm].
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Fig. 4.29. Comparison between calculation and analysis and measured in Table 4.11.

(a) Radiation angle and (b) gain.

Table 4.11. Frequency characteristics for peak gains and radiation angle with 2 slots opened

for 30 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -67 deg. 9.34 dB -60 deg. 3.59 dB
9.5 GHz -36.0 deg. -34 deg. 9.94 dB -34 deg. 9.13dB
10.0 GHz -20.6 deg. -19 deg. 11.52dB -19 deg. 12.96 dB
10.5 GHz -10.1 deg. -8 deg. 13.73 dB -8 deg. 14.00 dB
11.2 GHz 0.4 deg. 0 deg. 2.63dB 3 deg. 14.08 dB
12.0 GHz 10.0 deg. 11 deg. 15.34 dB 13 deg. 16.64 dB
13.0 GHz 19.0 deg. 21 deg. 16.90 dB 22 deg. 13.35dB
14.0 GHz 26.0 deg. 28 deg. 15.40 dB 30 deg. 9.37dB
15.0 GHz 31.9 deg. 32 deg. 12.61 dB 32 deg. 12.86 dB
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Fig. 4.30. Calculated and measured radiation patterns with 2 slots opened

for 30 unit cells and input exciter ¢, = 10.6[mm)], /, = 13.6[mm].
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Fig. 4.31. Comparison between calculation and analysis and measured in Table 4.12.

(a) Radiation angle and (b) gain.

Table 4.12. Frequency characteristics for peak gains and radiation angle with 2 slots opened

for 30 unit cells and input exciter ¢, = 10.6[mm)], /, = 13.6[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -66 deg. 9.48 dB -62 deg. 2.51 dB
9.5 GHz -36.0 deg. -34 deg. 10.26 dB -34 deg. 6.78 dB
10.0 GHz -20.6 deg. -19 deg. 11.53dB -21 deg. 12.36 dB
10.5 GHz -10.1 deg. -8 deg. 13.63 dB -9 deg. 14.00 dB
11.2 GHz 0.4 deg. 0 deg. 3.35dB 0 deg. 13.59 dB
12.0 GHz 10.0 deg. 12 deg. 15.53 dB 12 deg. 16.50 dB
13.0 GHz 19.0 deg. 21 deg. 17.30 dB 21 deg. 13.07 dB
14.0 GHz 26.0 deg. 28 deg. 15.91 dB 29 deg. 9.56 dB
15.0 GHz 31.9 deg. 32 deg. 12.90 dB 30 deg. 17.05 dB
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Fig. 4.32. Calculated and measured radiation patterns with 4 slots opened

for 12 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].
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4.33. Comparison between calculation and analysis and measured in Table 4.13.

(a) Radiation angle and (b) gain.

Table 4.13. Frequency characteristics for peak gains and radiation angle with 4 slots opened

for 12 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -68 deg. -1.36 dB -54 deg. 5.20 dB
9.5 GHz -36.0 deg. -31 deg. 2.97 dB -33 deg. 1.48 dB
10.0 GHz -20.6 deg. -17 deg. 4.03 dB -13 deg. 3.59dB
10.5 GHz -10.1 deg. -4 deg. 7.53dB -2 deg. 4.95 dB
11.2 GHz 0.4 deg. 0 deg. -1.93 dB 4 deg. 3.00 dB
12.0 GHz 10.0 deg. 13 deg. 6.22 dB 17 deg. 8.02 dB
13.0 GHz 19.0 deg. 24 deg. 8.71 dB 24 deg. 6.06 dB
14.0 GHz 26.0 deg. 32 deg. 8.68 dB 32 deg. 5.48 dB
15.0 GHz 31.9 deg. 30 deg. 7.32dB 34 deg. 11.83 dB
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Fig. 4.34. Calculated and measured radiation patterns with 4 slots opened

for 12 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm].
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Fig. 4.35. Comparison between calculation and analysis and measured in Table 4.14.

(a) Radiation angle and (b) gain.

Table 4.14. Frequency characteristics for peak gains and radiation angle with 4 slots opened

for 12 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -67 deg. -1.44 dB -52 deg. -6.20 dB
9.5 GHz -36.0 deg. -31 deg. 2.99 dB -32 deg. 0.14 dB
10.0 GHz -20.6 deg. -16 deg. 3.97dB -16 deg. 3.16 dB
10.5 GHz -10.1 deg. -4 deg. 7.72 dB -5 deg. 5.20dB
11.2 GHz 0.4 deg. 0 deg. -1.44 dB 4 deg. 2.54 dB
12.0 GHz 10.0 deg. 14 deg. 6.93 dB 13 deg. 7.24 dB
13.0 GHz 19.0 deg. 24 deg. 9.37dB 24 deg. 6.09 dB
14.0 GHz 26.0 deg. 33 deg. 9.03 dB 31 deg. 4.79 dB
15.0 GHz 31.9 deg. 30 deg. 7.55dB 32 deg. 6.15dB
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Fig. 4.36. Calculated and measured radiation patterns with 4 slots opened

for 12 unit cells and input exciter ¢, = 10.6[mm], /, = 13.6[mm].
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Fig. 4.37. Comparison between calculation and analysis and measured in Table 4.15.

(a) Radiation angle and (b) gain.

Table 4.15. Frequency characteristics for peak gains and radiation angle with 4 slots opened

for 12 unit cells and input exciter ¢, = 10.6[mm)], /, = 13.6[mm].

Frequency | 6, (Calculation) | 6,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -68 deg. -6.44 dB -54 deg. -5.40 dB
9.5 GHz -36.0 deg. -31 deg. 2.76 dB -34 deg. 0.19dB
10.0 GHz -20.6 deg. -16 deg. 4.13dB -16 deg. 3.04dB
10.5 GHz -10.1 deg. -3 deg. 8.4 dB -2 deg. 4.57 dB
11.2 GHz 0.4 deg. 0 deg. -1.29dB 4 deg. 3.14dB
12.0 GHz 10.0 deg. 13 deg. 7.12 dB 15 deg. 7.76 dB
13.0 GHz 19.0 deg. 30 deg. 9.28 dB 24 deg. 5.79 dB
14.0 GHz 26.0 deg. 32 deg. 8.7dB 31 deg. 533dB
15.0 GHz 31.9 deg. 32 deg. 7.48 dB 32 deg. 11.88 dB
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Fig. 4.38. Calculated and measured radiation patterns with 4 slots opened

for 30 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].
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Fig. 4.39. Comparison between calculation and analysis and measured in Table 4.16.

(a) Radiation angle and (b) gain.

Table 4.16. Frequency characteristics for peak gains and radiation angle with 4 slots opened

for 30 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -58 deg. 6.34 dB -60 deg. 2.68 dB
9.5 GHz -36.0 deg. -31 deg. 10.24 dB -34 deg. 8.10 dB
10.0 GHz -20.6 deg. -16 deg. 12.03 dB -19 deg. 11.46 dB
10.5 GHz -10.1 deg. -5 deg. 14.82 dB -7 deg. 8.00 dB
11.2 GHz 0.4 deg. 0 deg. -0.41 dB 0 deg. 8.13dB
12.0 GHz 10.0 deg. 13 deg. 14.39 dB 10 deg. 12.70 dB
13.0 GHz 19.0 deg. 23 deg. 14.08 dB 21 deg. 10.45 dB
14.0 GHz 26.0 deg. 31 deg. 10.58 dB 25 deg. 2.75 dB
15.0 GHz 31.9 deg. 32 deg. 7.03 dB 27 deg. 2.78 dB
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Fig. 4.40. Calculated and measured radiation patterns with 4 slots opened

for 30 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm].
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Fig. 4.41. Comparison between calculation and analysis and measured in Table 4.17.

(a) Radiation angle and (b) gain.

Table 4.17. Frequency characteristics for peak gains and radiation angle with 4 slots opened

for 30 unit cells and input exciter ¢, = 8.4[mm], /, = 13.0[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -58 deg. 6.22 dB -57 deg. 2.11 dB
9.5 GHz -36.0 deg. -31 deg. 10.32dB -32 deg. 9.02 dB
10.0 GHz -20.6 deg. -16 deg. 12.12dB -17 deg. 12.78 dB
10.5 GHz -10.1 deg. -5 deg. 14.79 dB -5 deg. 9.28 dB
11.2 GHz 0.4 deg. 0 deg. -0.68 dB 2 deg. 11.93 dB
12.0 GHz 10.0 deg. 13 deg. 14.13 dB 14 deg. 14.04 dB
13.0 GHz 19.0 deg. 23 deg. 14.00 dB 23 deg. 8.64 dB
14.0 GHz 26.0 deg. 31 deg. 11.01 dB 29 deg. 4.21 dB
15.0 GHz 31.9 deg. 33 deg. 7.89 dB 32 deg. 6.92 dB
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(a) Radiation angle and (b) gain.

Table 4.18. Frequency characteristics for peak gains and radiation angle with 4 slots opened

for 30 unit cells and input exciter ¢, = 10.6[mm)], /, = 13.6[mm].

Frequency | 6, (Calculation) | &,(Analysis) Gain(Analysis) | 6,(measured) | Gain(measured)
9.0 GHz -70.9 deg. -60 deg. 5.27 dB -57 deg. 1.45 dB
9.5 GHz -36.0 deg. -31 deg. 10.60 dB -34 deg. 8.35dB
10.0 GHz -20.6 deg. -16 deg. 12.05dB -18 deg. 12.66 dB
10.5 GHz -10.1 deg. -5 deg. 14.77 dB -6 deg. 9.10dB
11.2 GHz 0.4 deg. 0 deg. -0.48 dB 0 deg. 12.37 dB
12.0 GHz 10.0 deg. 13 deg. 14.13 dB 13 deg. 14.49 dB
13.0 GHz 19.0 deg. 23 deg. 14.02 dB 22 deg. 8.84 dB
14.0 GHz 26.0 deg. 31 deg. 10.36 dB 28 deg. 5.09 dB
15.0 GHz 31.9 deg. 32 deg. 7.39 dB 29 deg. 11.57 dB




70

= ¢ (degree)
0

330 |20

- (dB)\;

300 l, B ‘\ ‘ 60

ok
SRS

18

90

1 slot

—=—=4slots

Fig. 4.44. Comparison between each slots at 11.2GHz

for 30 unit cells and input exciter ¢, = 8.2[mm], /, = 13.6[mm].

4.3 R

HREFRESHEEREM ATy N7 VT T E2REL, Oz
WTRR72. 3 3 B CHHILHIRD 70\ T o ARG 2 7- L, BRI
D — LERITHE LA FAEFRES MEERRE 2 FH T TM S5 B 12
A0y NERITHZEICEIDIRRE T 7 E LTREFL, Ay b Ok
A FE SO Ji B R B DB ARAT 72 & NS R E DR RN B 7 > 7 T O R &
oMLz, £, 2y 7 o7 EREL, SUE S L7 FfE S R =
2y N7 T FRERIZBWTLENET 52 L 2R L, BB ToOE— L4
AT XA TREED S LT REIRICB W T DO BT ~DOBH AIHETH
D EDEND DI, BEMAT & EBRIZ XV, Aey MK DIRRBLES % F
HALIEAEFRIETFRECHBEREN Ay N7 o7 OFRAMEEZHAG L.



71

EE X

(4-1)

(4-2)

(4-3)

(4-4)

(4-5)

(4-6)

(4-7)

(4-8)

(4-9)

(4-10)

C. Caloz and T. Itoh, “Application of the Transmission Line Theory of Left-Handed (LH)
Materials to the Realization of a Microstrip LH Transmission Line,” IEEE Int. Ant. Propagat.,
vol. 2, pp. 412-415, Jun. 2002.

A. A. Chaudhry, J. K. Arif, Z. Ahmed, M. A. Chaudhary and M. B. Ihsan, “Parameter
extraction of composite right / left handed (CRLH) transmission line unit cell using off
resonance method,”Int. Bhurban Conf. Appl. Sci. Tech., pp. 779-781, Jan. 2017.

A. Sanada, C. Caloz, and T. Itoh, “Novel zeroth-order resonance in composite right/left-handed
transmission line resonators,” Asia-Pacific Microw. Conf., pp. 1588-1592, Nov. 2003.

A. Sanada, M. Kimura, I. Awai, C. Caloz, and T. Itoh, “A planar zeroth-order resonator
antenna using a left-handed transmission line,” Eur. Microw. Conf-, vol. 3, pp. 1341-1344, Oct.
2004.

T. Ueda, N. Michishita, M. Akiyama, and T. Itoh, ‘“Anisotropic 3-D composite
right/left-handed metamaterial structures using dielectric resonators and conductive mesh
plates,” IEEE Trans. Microw. Theory Tech., vol. 58, no. 7, pp. 1766-1773, Jul. 2010.

C. Caloz and T. Itoh, “Application of the transmission line theory on left-handed (LH)
materials to the realization of a microstrip LH line,” IEEE Ant. Propagat. Soc. Int. Symp., vol.
2, pp. 412-415, Jun. 2002.

HHEE, A Er—, BRAEER, ARE, SR <7 zlnin~esf 7o 2 bl y
TRIG T/ T RE AR, 15580, ED2003-195, vol. 103, no. 558, pp. 7—12, Jan. 2004.
R. Marques, J. Marte, F. Mesa and F. Menina, “Left-handed-media simulation and transmission
of EM waves in subwavelength split-ring-resonator metallic waveguide,” Phys. Rev. Lett., vol.
89, n0.18, pp. 183901-1-183901-4, Oct. 2002.

I. A. Eshrah, A. A. Kishk, A. B. Yakovlev and A. W. Glisson, “Rectangular waveguide with
dielectric-filled corrugations supporting backward waves,” IEEE Trans. Microw. Theory Tech.,
vol. 53, no. 11, pp. 3298-3304, Nov. 2005.

T. Tkeda, K. Sakakibara and H. Hirayama, “Beam-scanning performance of leaky-wave
slot-array antenna on variable stub-loaded left-handed waveguide,” IEEE Trans. Ant.

Propagat.., vol. 56, no. 12, pp. 3611-3618, Dec. 2008.



72

(4-11)

(4-12)

(4-13)

(4-14)

(4-15)

(4-16)

(4-17)

(4-18)

(4-19)

(4-20)

(4-21)

(4-22)

(4-23)

Q. Yang, X. Zhao, Y. Zhang and Y. Zhang, “High performance CRLH waveguide leaky-wave
antenna with optimized sidelobe level,” IEEE Int. Symp. Ant. Propagat. U. S. N. Comitte. Int.
Union Radio Sci. N. Radio. Sci. Mtg., pp. 1175-1176, Jul. 2017.

F. Siaka, J. J. Laurin and R. Deban, “New broad angle frequency scanning antenna with narrow
bandwidth based on a CRLH structure,” IET Microw. Ant. Propagat., vol. 11, no. 11, pp.
1644-1650, Sep. 2017.

Q. Yang, X. Zhao and Y. Zhang, “Leaky-wave radiation analysis for CRLH waveguide with
long slot on its broadwall,” Eur. Conf. Ant. Propagat., pp. 1-5, Apr. 2016.

Y. J. Cheng, W. Hong and K. Wu, “Millimeter-wave half mode substrate integrated waveguide
frequency scanning antenna with quadri-polarization,” IEEFE Trans. Ant. Propagat., vol. 58, no.
6, pp. 1848-1855, Jun. 2010.

Y. Geng, J. Wang, Y. Li, Z. Li, M. Chen and Z. Zhang, “Leaky-wave antenna array with a
power-recycling feeding network for radiation efficiency improvement,” IEEE Trans. Ant.
Propagat., vol. 65, no. 5, pp. 2689-2694, May 2017.

K. J. Nicholson, J. Clough and K. Ghorbani, “Electronically tunable coaxial right / left handed
transmission line for carbon fibre reinforced polymer waveguides,” Eur. Microw. Conf., pp.
1104-1107, Sep. 2015.

M. Mujumdar, A. Alphones and Nasimuddin, “Compact leaky wave antenna with periodical
slots on half mode substrate integrated waveguide,” IEEE Int. Symp. Ant. Propagat. U. S. N.
Comiitte. Int. Union Radio Sci. N. Radio. Sci. Mtg., pp. 1740-1741, Jul. 2015.

C. Ben-xiao, L. Xun-gen and D. Ling-xi, “SIW U shape dual-polarized slot antenna,” Int. Conf.
Comp. Applic. Sys. Modeling, pp. V9-407-V9-409, Oct. 2010.

D. K. Karmokar and K. P. Esselle, “Periodic U-slot-loaded dual-band half-width microstrip
leaky-wave antennas for forward and backward beam scanning,” IEEE Trans. Ant. Propagat.,
vol. 63, no. 12, pp. 5372-5381, Dec. 2015.

K. J. Nicholson, W. S. T. Rowe, P. J. Callus and K. Ghorbani, “Electronically tunable
composite right/left handed transmission line for the Slotted Waveguide Antenna Stiffened
Structure,” Int. Cong. Adv. EM. Matls. Microw. Opt., pp. 109-111, Sep. 2013.

Nasimuddin, X. Qing and Z. N. Chen, “A tapered leaky-wave slot antenna with wideband
boresight radiation,” Prog. In EM. Rsrch. Symp. Fall, pp. 2936-2939, Nov. 2017.

C. Zhang, J. Wang, M. Chen and Z. Zhang, “A new kind of leaky circular waveguide with
periodic slots and wire ridge,” Proc. Cross Strait Quad-Regional Radio Sci. Wirel. Tech. Conf.,
pp. 479-482, Jul. 2011.

C. Liu, Z. Li and J. Wang, “A new kind of circularly polarized leaky-wave antenna based on
corrugated substrate integrated waveguide,” [EEE Int. Symp. Microw. Ant. Propagat. EMC
Tech. Wirel. Communic., pp. 383-387, Oct. 2013.



(4-24)

(4-25)

(4-26)

(4-27)

(4-28)

(4-29)

(4-30)

(4-31)

(4-32)

73

W. Cao, Z. N. Chen, W. Hong, B. Zhang and A. Liu, “A beam scanning leaky-wave slot
antenna with enhanced scanning angle range and flat gain characteristic using composite
phase-shifting transmission line,” IEEE Trans. Ant. Propagat., vol. 62, no. 11, pp. 5871-5875,
Nov. 2014.

M. H. Rahmani and D. Deslandes, “A novel periodic microstrip leaky-wave antenna with
backward to forward scanning,” IEEE-APS Topical Conf. Ant. Propagat. Wirel. Communic., pp.
650-653, Sep. 2015.

A. J. Martinez-Ros, M. Bozzi and M. Pasian, “Double-sided SIW leaky-wave antenna with
increased directivity in the E -plane,” IEEE Trans. Ant. Propagat., vol. 66, no. 6, pp.
3130-3135, Jun. 2018.

S. Nishimura, J. Nakajima, H. Deguchi and M. Tsuji, “Leaky-wave antennas using composite
right/left-handed cylindrical waveguides,” Prog. In EM. Rsrch. M, vol. 72, pp. 89-96, Aug.
2018.

J. Nakajima, S. Nishimura, H. Deguchi and M. Tsuji, “Leaky-wave antennas of CRLH
waveguide using the cutoff TMy; mode and the sector-shaped cutoff TE mode,” Asia-Pacific
Microw. Conf., Nov. 2018.

gy &, PaffRsE, Hofe, i, <V v D& BEIRY LA F/EFRES T
ISR DRl BURFRE ORIV, 154/, B-1-52, Mar. 2018.

A. Chittora, S. Singh, A. Sharma and J. Mukherjee, “Design of wideband coaxial-TEM to
circular waveguide TMy; mode transducer,” Eur. Conf. Ant. Propagat., pp. 1-4, Apr. 2016.

S. Otto, A. Al-Bassam, A. Rennings, K. Solbach and C. Caloz, “Radiation efficiency of
longitudinally symmetric and asymmetric periodic leaky-wave antennas,” I[EEE Ant. Wirel.
Propagat. Lett., vol. 11, pp. 612-615, Jun. 2012.

S. Otto, A. Al-Bassam, A. Rennings, K. Solbach and C. Caloz, “Transversal asymmetry in
periodic leaky-wave antennas for bloch impedance and radiation efficiency equalization

through broadside,” IEEE Trans. Ant. Propagat., vol. 62, no. 10, pp. 5037-5054, Jul. 2014.



74

EHE
BEARERE OElREFE

HEWTE I ELLL T O TE « TM &— R & AW T/ FREAR T8 E O3
AT TS, B 3 B TOREFRMEERE OMAIE & RO R 7 5
BIZOWTHEATEDHRBERERE L TV, ZOBROMEHRDOGEIC
b, MRS & R RS O TEM & — R & AW TEIRE— FORIRED A
REZR b D TH 5. MW TE T — FIZ-OW Tl H BUERRREE & J5 JEER 4 (2 f A3
L2 ETHROLND. INEWVERE ZEEIE L 2RO b L1 TE) g E— F& 3
ESHTEY, ZOBEBADAALERN TM £— FOZIZITWE— R3S LN
TW5b. 2L T, 20 H ABEKRIGEEAZ TS 5 Z LI L0 BRIEFHRD v Z
VAR LT ERENEBTEL L ERLTNS. I, KEEED
HHR SR B BEE L OBMRICOVWT O ERT S, £, it L
BEBIEL, ERICBWTHEREH L HERE A T/ TR E ARG L
LCEET D Z LR L, ARGHEOFEHAMEEZRIEL TV 5.

5.1 #&

RETIE, HEEEICBWT TE T— FERAESE 572010V & 5
IZ TE BB % 2 BrER DD TlEe<, H @%ﬁgﬁl’ﬁ%*ﬁ%ﬁﬁj—é ZEiT .
ZDFER, 4 DD TEjyT— RBFHAEDLEN, TM T— R EOBEENREY) T
WTE E— RORAENAREL 70D, Lo T, Wmﬂ&ﬁuF BWTTME—F
INFERNNCADOFEES, TE E— RPREINCAOFERZRTLICLD, Z
DWH % & HAZHERE T 5 2 & T TR IVE %%ﬁ?é“m“)i% i E— RO
TEWT S 2 — B S BRI D 72 RN T o R R TSR A N AT LT

H BUERREEER 2 AT 5 2 & T, HDWVIEEE— ROBERHEE DX OFE
EEFBETH L TERATELZLEZHLMILTWVSY, FKIZ, EEIC
CRLH 5 & 3 E USRS SR & EBRAS RO i 217 5 Z & ¢, CRLH HE



75

W E OREBEOA R ZA LN Lz, B, BEFFITAREREICHES
BRI 2 L—3 3 Y7 h HFSS15.0(ANSYS #1) & W T{T> T\ 5.

52 HEMITE - TM T— RFICKBEFRAVEREDIER
5.2.1 EMERHBLITTO TE - TM ®— KOS

AETlE, HBERE TM £— & H BBEKEEER 24505 L 72 TE £— RO
BRSO WNTORRS . Ei a=30.0[mm], %4 b=15.0[mm]?D 7 TEE k&
IZB W CHERT RO, T CEIMICADBEREZ T TM, T— RERAESES.
L2 LilE, FEEE Z RS2 & RIRKE— FToh 5 Fig. 5.1(a) DE/I
DA% H D TRy E— RBFHESNTCLE Y. £2C, FEEEEICBWTEE
— F& L TFig S.AOICRTERA DM Z SO TM) T— FERESE L7201,
TR A DFEM & 72D TMy B— NI WERI 54 % D Fig. 5.1(e)lird
HLLDER D 28 v, O FIE IR RS (KA 22) OFAR TEM £ — RIZ X b
RERHWSZ LT 5. ZHICE Y FIEERE ORIEKE— N THD TE)E—
Rl &, ™M E— 2 EE L TUBET 2 &N TE 5.

AT, R E L T CEIDICADFEER L RT TE T— FOFRAEIZONT
WRARD . T RS 7 T2 72 DI TM |, & — R & B3 208
Wr TEy o & — FIXH OB oMM 2 ERRIC L, XESERE CARES 258
EZERNVTEDIIKINEZ/NESL THMLERH L. D=8, Ml TE €— FOE
WEIITZENE R C-NEOHFIBPERE ZEEH WD Z ENTET, HBERE
PNICIE S uw O H B OBRREENR 2 5% 1T 5 Z & T, Fig. 5.1(AIZRT 4 DD TEy
F— FPMAEDINT L ) RE MR M EZGEDLZ LN TE S, Fig 5.1(b)(d) £
D, TMy 8 X H BBERIFERER 2 -\ 2 TE & — ROEBADMAICB O TER
DHF RN F LB ~EE, WRDEWEE CTHEZ#< LML TEY,
T — ROBBR AN ENDND. F72, Fig 521 FNEo0ikRek
ot 2T, 4 DICX Y5 THET TE g B— B I132 1023 OHE T & 3
BNELLRDEICk=bEt LTS, KLY, 455 L= FBERE D TE),
T N OMEWTE A 7 TEERE O TM, & — R ORI E ST 2 2 &2
AREZR Z b D.



76

—>E
—>H

(d)
Fig. 5.1. Field distribution of the modes related to the proposed waveguide.
(a) TE o mode, (b) TM;; mode, (c) TEM mode and (d) TE mode using H-shaped conductor partition.
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Fig. 5.3. Structure of the proposed CRLH rectangular waveguide unit cell.
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(a) Dispersion diagram and (b) transmission characteristics for 12 unit cells.
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Fig. 5.5. Dispersion diagram of the TM;; mode calculated from the coaxial-line excitation.

79



80

E Field[Y_per_n

3. SEg0e+0E3
3. ZB57e+0B3
3.@714e+@A3

2,857 1e+083
2. 6429e+0A3
2. 4286e+0A3
2, 2143e+003
2, AAAAE+AAS
1. 7857e+003
1. 571%e+083
1. 3571e+AA3
1. 1429e+@A5
9. 2857+AA2
7. 1429e+002
5. DE00e+02

Fig. 5.6. Electric field distributions of the waveguide at 8.5GHz for phase with 30deg.
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Fig. 5.7. Electric field distributions of the waveguide at 12.5GHz for phase with 30deg.
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Fig. 5.12. Transmission characteristics for £’ = 11.3[mm].
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Fig. 5.16. Characteristics for /; = 4.0[mm] and /, = 4.0[mm].

(a) Dispersion diagram and (b) transmission characteristics for 12 unit cells.
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Fig. 5.18. Photograph of the 12 unit cells including coaxial line exciter.
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Fig. 5.19. Exciter for measurement.
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Fig. 5.22. Electric field distributions of (a) ideal model and (b) air-gap model.
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Fig. 6.2. Structure of the antenna constructed by the proposed CRLH waveguide.
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Table 6.1. Frequency characteristics for peak gains and radiation angle for 12 unit cells.

Frequency Gain 6,,(Analysis) 6,, (Calculation)
8.0 GHz 8.69 dB -45 deg. -46.2 deg.
9.0 GHz 5.84 dB -11 deg. -11.2 deg.
10.0 GHz 4.92 dB 5 deg. 5.72 deg.
11.0 GHz 10.12 dB 18 deg. 17.7 deg.
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Table 6.2. Frequency characteristics for peak gains and radiation angle for 30 unit cells.

Frequency Gain 6,, (Analysis) 6,, (Calculation)
8.0 GHz 10.72 dB -46 deg. -45.3 deg.
9.0 GHz 15.29 dB -11 deg. -12.7 deg.
10.0 GHz 13.72 dB 11 deg. 5.5 deg.
11.0 GHz 15.69 dB 17 deg. 16.1 deg.
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