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Variable Beamforming Antennas
for Wireless Secret Key Agreement Systems

ABSTRACT

This paper presents a three-element dipole ESPAR antenna and a USB stick ESPAR an-
tenna for variable beamforming in wireless secret key agreement system. Wireless communi-
cation exchanges data in safety by cryptography technologies. The modern field of cryptog-
raphy technologies is divided into two areas of symmetric-key cryptography and public-key
cryptography. In the symmetric-key cryptography, a regular terminal needs to exchange a se-
cret key with its party terminal for applying the secret key to encryption and decryption. This
exchange must be done in secret from eavesdroppers. However, that is difficult in wireless
communication systems. This is because, if the regular terminal transmits the key on a radio
wave, it is easily intercepted by eavesdroppers. This is called key distribution problem. As a
solution of this problem, a wireless secret key agreement system was proposed. The system
generates and shares the key by making full use of wave fluctuations in space and time. The
wave fluctuations are generated by changing the radio propagation environment around the
terminals or varying the directivity of a variable beamforming antenna. However, the system
has a problem. This problem is that a part of the key is estimated to intercept wave fluctua-
tions by eavesdropper under some propagation property or antenna performance conditions.
As degree of the key that isn’t estimated by eavesdropper, secrecy of the key is defined. As
a solution to achieve high secrecy of the key, we design and prototype variable beamforming
antennas. This is because, secrecy of the key depends on wave fluctuations, and wave fluctua-
tion is generated directivity fluctuation formed by the antenna. We expect to improve secrecy
of the key when the antenna is designed by FoMs to indicate its performance. However, there
are no FoMs that correlate with the secrecy of the key. Therefore, there is not a report on an
antenna design and prototype for the system.

This paper aims to establish a variable beamforming antenna technology that improves the
performance of wireless secret key agreement systems. We propose five FoMs for antenna
directivity that correlate with the secrecy of the key to generate. The FoMs are defined from

relation between the directivity and the wave fluctuations made by controlling the directivity.



We show the validity of the proposed FoMs by computer simulation. This is done by showing
the cross correlation coefficient between secrecy of the key and the FoMs. Based on the
FoMs, we design and prototype two kinds of variable beamforming antennas.

First, we define five antenna FoMs. These FoMs are classified into two categories: (1)
FoM of directivity complexity and (2) FoM of directivity diversity. The FoM of directivity
complexity shows fluctuation quantity of directivity. As the FoM, Endfire to Broadside Ratio
(EBR), Locus Line Length (LLL), and Cumulative Beam Width (CBW) are proposed. The
FoM of directivity diversity shows directivity fluctuation independence of space and time. As
the FoM, Parameter Domain Correlation coefficient (PDC) and Azimuth Domain Correlation
coefficient (ADC) are proposed.

Next, we describe about the validity of the five FoOMs. We investigate two characteristics
by the system simulation. First characteristic is percentage of improving secrecy of the key
by the FoMs. Second characteristic is a cross correlation coefficient between secrecy of
the key and the FoMs. RS profile correlation coefficient between regular terminals and an
eavesdropper is defined as secrecy of the key. RS profile is values before quantizing the key.
Simulation model of wave propagation is Transmit-Receive Beamlet Correspondence model.
As results, validity of PDC is highest compared with other the FoMs. The cross correlation
coefficient between PDC and secrecy of the key shows above 0.77 at RNR over -10 dB and
K factor below 3 dB. And, the percentage of improving secrecy of the key gets up to 40%.
RNR and K factor are wave propagation properties. RNR is Received signal to Noise Ratio.
K factor is Direct wave to Reflection wave Ratio.

Then, we design and prototype variable beamforming antennas based on PDC. The system
employs an ESPAR antenna. This is because, features of an ESPAR antenna conforms with
feature of a antenna desired by the system. The system is expected to apply mobile com-
munication required very little computational resource. Therefore the system desires antenna
features of compact size, low power consumption, and low cost. The ESPAR antenna has the
same antenna features as ones. We investigate optimal element space of 3-element ESPAR
antenna for the system by PDC in analysis and measurement of directivity. As the result,
optimal element space is sixteenth-wavelength.

Finally, we prototype a USB stick ESPAR antenna by utilizing the previous results. The
antenna shows downsizing of one-eighth and the slightly better value of PDC in comparison

with the 3-element dipole ESPAR antenna having quarter-wavelength element space.
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B ZIER7 BV AZ, fRAE ST v A %2 Alice 525 L Alice & Bob TEI % 1 [A[3%3Z
BLLED, KEDPRELRS DEFZERI PV THS, K23 kD, #AERIEETFIH
FEIZ2O9D7 2=ATHFoN%, F 72— T, K22 OFIEIHECTERE Y >~
BT 2IGICEIEORZEZBEDIKET Z & Tl IEHA (Alice & Bob) & RS B % &
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<——> Beamlet of Alice and Bob
<—> Beamlet of Bob and Eve

RS (Received Slgnal) profile of Alice

2.1 Secret key generation with wave propagation

B - AT 2, ERROXRE & ZE ORI, FIUBREOZIEZ % X ) ok
Ry, 72— X T, MIEHRIZ RS JEEOE L, 30 ETIE [33] &2 T
FHRZERT 5, o T, ZOMEROWIEML, B—7 2 — XD RS BEEDOALIMLH
ik BLXOE 72— TEHLEBRDITIED L O 223N,
KSCE7 v 7 F OIRAEPHFEOMENEICEH 2 2E 2L Z LHNTH S, O
¥0, F—72—ADRS BEOERLGICE A 2HELHINL L LEMTHS. HF
7 2= RGO WEROWEE L 7 v T FORAEOREFNS Z L1k, BEEPH
DETIEDOFRIZK > TEFERIED 28N DD 5. 2 2 TR, 7¥ 7 FofEmkEd
H—7 22— XD RSBREOARICHELZE 25 L6, XOAZMDH 2 RS BEOE
R T N

2.3 WERIWFE

AR T 2 B OB TED FIEIZOWTRR S | S @I 1357 B g L
BEENIKEEE D 2 O3Z Z 5 LT\ 5 [3R][43][2K]. ZEIVEED: & 1%, &HERD & EH
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>

Alice space

é”’l” T
< bob
e/’/’G‘In
—

radlatlon pattern A

radlatlon pattern B
V radiation pattern C

™l J 1

Q RS profile Q A RS profile QA RS profile
A A
A B B
s> disagree — = agree . >
[ €===- > / [ €===-= > / I
B C C C

2.2 Secret key generation and eavesdropping procedure

JTx LA & DB 2T 2 2 L, ErICHZBEIT 2 TETHE. 200D
IERRNICIERE T H 2 HHR DU S WRER 2 RfD, BEEIVIEREE & 13, hﬁ%ﬁ%b)%IE
BRI ﬂbﬁ%#@&m%ﬁﬁié LT, #EHWT 2 TETH S, HlER» o KER
T 2 7200, WEHEMERE X Z B EEGE ICHRE ., 2 oM, [ERRICERDTH 2 5
ZROPNLRNDD 5, MT®¢%T%h%ﬂ®hW%®E¢W DWTHIHT 5,

2.3.1 REBNEEE

ZENNBEEE DO —2IC, [ERREHE T 282 2E L, KRS IEAR & FfkC
JEIE % R, ZNa#E L § 5 TSR [38][43] TR STV S, %%x@&?%l
2008, FHZK 22087, K20 &0, AIZERAET v T - 28T 5 Alice 206 D&
WDARZEET %, iz 51F, Alice DERICITIEAME VY v B X OEIREHEE O H#
DEEFNTED, BHEREZOMGOEREZER T2 I EXEELLLTHS, RELN
{EEREEIC B\ T, IR G M IERS Z2 5 STEMR LICEE T 5 [47]. 20U, FGELNE
WEREL I B CEER oM IERE OERR ELE X, L EOWE#OHEEDHIRTE %
DoTHD, 5BITIOBIGRE NEEEMNE, LS, EEEMEIC O LT 21 2w
THMAEMWICEHHT %,

AR 7 v 7 &2 F o 7 R s AR R A T s B W T, RS IFKI 21 ITH R E
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R 3
23 TEBEEET IR
Eve with Alice with Bob with
omni-directional antenna a phased array omni-directional antenna
Permit generation of > Require generation of
a secret key < a secret key
g g i
Set radiation pattern
v
T -
Measure RS < ransmit a packet for > Measure RS .
RS measurement Tteration for
Phase 1 1) ¥ - tlll(e times of
Transmit a packet for ey length
Measure RS
RS measurement
v v
""""" N 2 2
Make a RS profile Make a RS profile Make a RS profile
X v v v
Make a RSSI profile Make a RSSI profile Make a RSSI profile
¥ v v
Quantize a RSSI Quantize a RSSI Quantize a RSSI
profile profile profile
Phase 2 - - -
Key disagreement Key disagreement > Key disagreement
correction < correction correction
Generate a secret key Generate a secret key Generate a secret key

2.3 Flowchart of secret key generation and eavesdropping

NTVREHIIKERZE LADLEYTHD, RS BREIIERZFEOKMZEZE L&D
M THL EBF A5, EHREIRET 28R PO T, 79 2ADERBHMAAD 6
ERERPRBIRIEPREVEFT A5, o7, %??‘(EZO)H%FE'?IZME%ELé\bﬁﬁ%éh%
RS FERE X, IRIEDORD KEVEEZKICHEWEEZZIT L LW 5, FiEL NERERE I
BT, R Bve (ZIEARBOEER 252 T 2 EoMERZHET 5 LTRO AR
FRD1IOTH2EZZ D, HL[30]-[38], [43] 125\ TZE VI H 5 O Fb e 1 31
il b HO N TV 7280, R TIEZENNETE 2 F O T OMEME 2 5l $ 5.

2.3.2 HEENKVEREEE

HEENIREEYE & LT, IEBRMOZ RO —> 2 M3 25, BHELEL =5 5Tk
DREINTVS K], K24 2HWT, BBEINEREEDFEEIZOWTHEXRS, Eve lZ1E
HREHTHONIREDOHDO D% MIET 2, ZOMIEIN7-EW% & O RS B IZAERK
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<—> Beamlet of Alice and Bob
<€—> Beamlet of Bob and Eve

RS (Received Signal) profile of Eve '
Fvo |

. - : :-'. 1 :
i Y A H H [ H i
Y Y R
I ER . [ R
1 1 - 1 B L/ BC 1
i ERE § S e N
" ! -
D / G
0 / /] . / 4 A y
7 E 7 time v,/ /4 / time
A ar
£

RS (Received Signal) profile of Alice

Bidirectional
Active Repeater

pord

#3

Bob RS (Received Signal) profile of Bob

2.4 Active eavesdropping scheme by Duplex Amplifier Repeater

EN%. ZDORE, Eve IR L 72 B DMb O FIKICHLAIRIELS T2 K E WA, ERED
3% RS JEFE X, Bve IR T 2 LR OZKORHZ LI 5, 2L C, Eve l3H
SOMEIE L AL BER 2523 20T, #iE2iT%). $LO5 L, ORBIINEIEE
132 BN IEIEE T B R 7 EREREO R 2 G L 7 5Bk Th 5. EEIISIEE O RF
R L LT, ERE2E LAOBRESE O E, BRI EERRETE 0] 2w
BEICEBVWTYH, KELTHAHETE 2 TIETH 5. KL TOH ORI B\
T, BEISIEEZ W EEE, Mo E O#OBEIED HEEH L V-0, K#HCT
IR TOMNDALT 2,

2.4 WEEOMWEEFMIEE

ASH 3 MR AR A FE A A 77 TR U 7 B O BB E 2 Bl 9 2 FE 1,  BhFE SRR
SHAMHE (Imac) &ZEFED (RS) BEIEMBIREZHMT 5. Imac 1 RS JEIEZ
HfiE & U CHEME 2Bl 2 5RTH D, AR OBEMER NI\ 5015, RS E
JEAHBE (R % RS JEIE 2 i & LT, RMREVEZGHES 2968 CH D, HOMELERHME &
LTEdEVHGS A, AGwsE RS JBEEO ML CRENEZ I d 2 720, RSE
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Imac: I(Alice; Bob |Eve)

H(Alice) ¢ H(Bob)

g

H(Eve)

2.5 Information mutual on anti-tapping condition (Imac)

JEMBIRE Z H\ %, ZD7-%, Imac & RS JEFEMHBIRE DR Z ML, RS EREMHE
RED> S TEIKIZ Imac DMHEETE S L H 12T 5,

241 HERGNZHERRE

IRt AR A S X D 1R o s M B O M MERHIlIEAR & LTV & 2 fakE
I, FBEE LA Z M AR (Information mutual on anti-tapping condition: Imac) [35] %
PSR 3R][A] FEBDH B, EB S5 BERIE HEEFICEENTLARVIEREMO A TIE
TECV LR Ths, ok E LT, # 1bit 7 DMl bit OWEWMAEIEG I £
NTICERRETEATE TR 202 R HEETH S, FARIIERETAVSHD, Imac
KD EE MBSO 2 B 5. A EO BR - TR 03 M Eos, B, T
B, Imac (ZIZIF—3T 5 [22]. 2 LT, #EED 0.3 K & 75 2 BRELIZHE D A LA HE D
KW IEERANTH S, T2bb, EANKET CIHEARL Imac 13T 570,
fEHAL D 72 121 Imac TOFHIiIANEYS TH % .

Imac (22T, 1EHE Alice & Bob £ X iR Eve 3R> HEZ R VTR L%
219 ZHWTHBHT %, Imac (FX VO b ICXWIGT 2 {HFRETH 5. Imac 13X
RTHZLNS,

Imac = I(Alice; Bob|Eve) (2.1)
=b
=(b+a)—a

= H(Alice|Eve) — H(Alice|Bob, Eve) (2.2)
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72 2.1 definition of key combination probability

Alice Ojo0ojO0| 1071 1 1
Bob Ojo0}(1 0 1]0]1 1
Eve Ol 1]0]0]1 1101

probabililty | py | p2 | p3 | Pa | P5 | P6 | P7 | P8

IERERE, H I3y e E—RB%E2ELT. ;) & AND (I(x;y) HAE®RR), §
X OR (H(x,y) iz buv—), T, 13%&F (H(zly) &y brE—) 2%
T, b B LOEEMHE Y o v —BBUZ

H(X) == pl(w;)logy p(w:) (2.3)

1=1

HY|X)= Zp xi)H(Y|z;)

=— Z ZP(% y;j) logy p(y;lz:) (2.4)
i=1 j=1
H(Y |z;) = Zp yjl7;:) logy p(y;|z:) (2.5)
Jj=1
mwuo:pﬁf@ (2.6)

LERT S, X, YV IIHEREEZERLTEY, o y; 13, HERLE X, YV B ) 5
2RT (G, jI3EE). n B IV m IZHEREEDMDY ) 2HOBZET. £, HEOHE
SElEhT 1, r,J >0y > Ty E—NicED SN Tw 3
%2 HwT H(Alice|Eve) 8 £ U H(Alice|Bob, Eve) ZE 19 %, Alice, Bob ¥ X
O Eve 3 DHOMAR IR 21 TRTBHEH TH 2. ZNoilAEHIID ) 2HMERITHR
2R p1,po,..yps TH D, HTHEHMI N TR Alice 23RO E#HE H(Alice|Eve)
ZEH T 5, HERZER (Alice|Eve) 23D ) 21H, B XUV Z DRz, £ 21 2Tl
T D174 P(Alice|Eve) TET.
P (Alice|Eve)
p(Alice = 0|Eve = 0) p(Alice = 0|Eve = 1)

p1+p3 P2 + ps
B p1+p3+ps+pr p2+ ps+ ps+ ps 08
Pa 1 7 P6 + Ps '

P1+pP3+ps+p7r P2+ P5+ P+ Ps
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NzFEEMNE Y brE—BEHOX 25 IfAT 3 &,

H (Alice|Eve)
= —p(Eve = 0)H(Alice|Eve = 0) — p(Eve = 1)H(Alice|Eve = 1) (2.9)

p1 + D3 p1 + D3
:=m+m+m+m( )bg( )
( )pﬁmﬁmﬁm7 2\ p1 +ps+pa+pr

P4+ p7 Pa + p7
+(P1 +Dp3 +pa+pr ( >log (
( ) p1+p3+ps+pr >\ p1+ps+pstpr

+ +
+(p2 + ps + ps + ps) ( P2 7 P ) log, ( P2 7 Ps )

P2 + Ps5 + Pe + Ps p2 + ps + pe + D8
Pe + Ps >1O ( Ps + Ps
P2 + ps + Pe + Ps

(2.10)

+(P2 +ps +ps+p (
(P2 ° 0 s) P2 + ps + Pe + P8

DS N D, RICHERZEH (AliceBob, Eve) 2D 9 2 Mf, ¥ k02 DR %, 741
P(Alice|Bob, Eve) T#{ &,

P (Alice|Bob, Eve)

1p(1]0,0)  p(1]0,1) p(1]1,0) p(1]1,1)
- D1 D2 b3 D5
P1+DPs P2+DPs P3+Pr P5+DPs
— (2.12)
yZ DPe b7 Ds
[ p1+DP4s P2+DPs P3+Pr P5+DPs

b, IhvEFE Yy bu =B 2 S IRAT S L,

H (Alice|Bob, Eve) (2.13)

(p1 + pa)

(i) o (5 )+ e (525, o
e (2 Yo (225 ) 0o (25 e (525
(s ) ome (5 5 )+ o (525 o

(p3 +p7)

Ds D5 Ds Ds
+ (ps +p ( >log< )+p+p ( )log< )
(s s) Ps + D8 >\ ps + ps (s s) Ps + D8 >\ ps + ps

BEonsd, 2T, X210, 210 % Imac DX 22 ITRAT 25T Imac 28T 2 2

ETE S, A3 RS BIEDMEMEZ G L 72\, L2 L4ad36, 1§l Imac DEH

A& D, Imac IFHERMETH 2 MEROMEEZ IS 2 2 LI TE %23, HifiETH 2

RS BIEDMENEZ R 2 2 L I13#EL v, 22T, #fiETd 5 RS BEREOMENEZ R
DI ZAEE 5 BIEHBIREZ v %
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2.4.2 RISESEEHEBEREK
W IERBURHSHATC & 2 SR /R 1B & U CIERBURIM RS IIEHBIIREL pas

Pab = p(Raa Rb)

p(z,y) =
|Elry*] — E[z]Ely*]|

V(E[z?] = [El])(Elly?] - |E[Y]?)
E[R] = % > Ry

ZERT S, ¥ FEELBETHS. R, 3B hFHOZEBZOMEZRLTED, 203
BE5%5% R £33, F#aid Alice & Bob @ RS JBIE R,, R, D EMBHRE D
SHETH 5. 22 AFRCTIEHICHEMABGRE &8, B[R] 1 RS OBV, m ik
REE2RT.

IERBED RO O#EHRON, EHERIHEE TS RERZ RN THE L L BB
RS JEEEMHBIGREL pe

(2.14)

pe = max(p(Rq, Re), p(Ry, Re)) (2.15)

ZEHRT 5. Bl Alice & Eve @ RS JEFHBIRE p(Ra, R.), &£ Bob & Eve ®
RS BIEMBERE p(Ry, R.) DWW, & 0% CHIERMBE ST, D0, HBIREDE
Wi & IEHEEERR RS BB RE L L 7.

EF L 72 RS BIEMHBIRECE Imac DRETRICOWTHEE T %, Imac (38 1bit H 72 D fi
bit DIFMBERERICHEENTICIEHBER TG TCETw Iz R THETH L, 2L T,
219 DRV KD, KREITEFE L 72 pop 1FFHIE bre %2, pe 135K d+e or f+e Z EMER
WCRL TS, 5T, pap & pe ZMGFRIKHCER T 2FICK D, EWHEMIC Imac 28T
e TES, BAEFIE LT, RS EREZBRAET 2 fECALEE L BB S 2 AR L 72356012
BT, RS JEFEMABGREE Imac DBIRZX 2 6 1ITRT. 26 X0, pap MREL, pe
DYNZ WA Imac 280 BT 2 H0300 5. Uk, XUX%2 MW7z RS BEMHBIRE
& Imac DEENBIR 25\ & —3T 3,

2.5 ERIREBEETIL

AL 4 HOMBMERERIL KDY T 2L —v a ry THO 2 {EBREE TV 2E
£I2. HHTZ2ETIVE 25 HIOERZRBENIEETIVE 2572 DL A FL— v 7k
2O RGICHEGREREEE TV TH 5. EZRPNIEE 7V ED & 5 (ol
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Imac

0 0.2 0.4 0.6 0.8 1
Pap

2.6 Relationship of Imac and RS profile correlation

EFNLTHY, FamcHEonsfimichEt: 2520 H0E, L FL—> Vv
T o BB ERERE T 7 VIE, RBZEEINE 7L TE S L fE R o 72
DIT, kD EBEOEMEEIOEVWETILE LT,

2.5.1 ERREMMCIHREREETIV

BT O 'MW 2 BB %2 2 93X Z FZ W XS (Transmit-Receive Beamlet Corre-
spondence: TRBC) {ailtBR¥E€ 7L 2184, #iP§ 5. TRBC mERELE 7IVIEM 27 (12
ANT 2 RounEREE 2 RE L, Alice 23§ 2R &, BB D& %2217 Bob 12
KT 2EWEH 11 ORIFRICH 5. Bob ~NDFRIEIZHLELSC KA DR EEA 3Z 1) 72 iR
Wk, WEEZHKEHED 2 RIS, KA OEREE ISR [14]-[77] 25
ZiZ, RIEE—E, AT 7 b ¢ AL E 75, i EX 27 ISR TREDFESTTH 5.
Dl E%BF Z Alice 8K X Bob D RS ZLL D R TET,

R = )\dD(Oéo)Eiso(Pt)l
A €X i
T Z DU D) Bl P
+ ny + Jjng (2.16)
[ x,_[1
S VEK+1 7T VK41
P

Py
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4 Bob .~
~~~~~~~ k’ # 1
N~A < ----------
> el
—————————— AR R
/'/ \\\ \w -
yd #M-1
#M-1 A S
e % Eve
V4 A Y
| '\ #0 <
\\ ! \\
™ N \ e
j\\ TV \~(_:9_HEEI\CX directivity: D, (o)
’ \
/ y. - > )
< '/' '|_l{ #1 ,’
“ a . \\ 7
.\x' ” Ahffz —_—
s ’ #2 \\
“ ~ - rd \a
v

2.7 TRBC propagation model

I X7 v T TAEME, D) & alrad] RO 7 v 7 A 8RO 7 v 57 F LS5
TYTFOERY) 2ET. Eio(P) BREEN P, 252 E0FEHTET VT 0 0
B S s, ZEMAOBRZEREL TS, N\, A\ FEEE &N Z N2 OBt
Mﬂ@ﬁ%m%%ﬁ%%tfm%.&iﬁﬁﬁwﬁw SR RLTED, PdEED
WA K> TBRIN D LAY =D PHENZRLTWwE, 2L T, Pyt P.DlK
Z KKFESR, X C16) oA 1 fTHIREZEKOZEESZRLTws, A (2.160) D
FA2THIZETORFEOZEEZOMERLTED, M ZFEEOHEERT. H3
fTHIX, ZEROAGT Y ZAMEEZRLTED, nr, ng &0, S o2 OIERELET
b5, ERXXY, BWBRBEOWEZRET 27 A =2 IZ KHTE L OHEE 02 T
b5,

252 LAML—2VT&

FEDOGEIBEE L VE T V2R =2 & LT, ERMERHERIEEF R0y 2L —
Sa Vi TR ) 1, BIEIENTS S 2L -9 THBLA FL—v v PEREAT
% [16]-[¥7]. LA P L=y RIEEBEZ AN LA O6f) L LTEB R, ERRE
RN & 2 BB O E 2, EEE, RO, BETE» S 25 LA L L GERIICE
TUEL, ZOERE L TREESEZRDLZFETHL, LA bL—v v 7EEHViZ
BET2HE 2 P
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transmitting point [

\_“"\ Ve

S . - receiving area -
. 7’
receiving point | image of [o] e
receiving point receving pomt L
(a) imaging method (b) launching method

2.8 Ray tracing model

step 1 A~ HD < ARIRFERS D HEE

step 2 JSKHTRL, BIFTRUIC B 2 KRS, RIPTREDGHE

step3 ZNHRMB L7 ) ZADEHARIC L DEH L 22 TOL A DERIC & 332EE
O

%%, DTFTIRZENZEFNDAT v 712250, ftEAGEICOWTEHMZABERS, 2 DR,
RESCTRRNTARR &3 2B T T VIE, 2 RGREAEEREREZHEL Tw 579,
M BRIFEITREN RN LT 5,

REEPOZEBEETOLA ZRMFAIHESS HEELT, A XAV rkta—rF
YITENDH DL, FNFNOMRERK 2R ITRT.

AR =YV EIZREGR, RERBIUOFIET 22 ToORSH, HITHOMEE 26,
B AN KB R ERIPT R 2RO 5, BARFIE LT 2 8) £ D, REMREZEREZ
KA CRES L A DR EARIREERE 2 E T 5, IEHORZER %, KT 282 A TR
N DOOEIC TR DO ZE R ZBLE L, EROXRER L HROZER 2 EETHS., KET
HEELEMD D B RDS, RNRER D, 7, BEMROREIMEMEERICZR 5. il
Toru—rvF U rEL R, EREREC N R Z A IR B N TES, LeL, &
fEr, ZEM, £ COREH, FImHOMATITH LT, LA 2R TIHEBH 270,
ME 72 (B IRES & T VIS B WL TR 25 SH B 230302 5

u—rF 7k, K2Rb) IRT X I ISEFRD S ~EDOHERICERRINICL A 25
W4, 2Oz EIGEH L CRERICEIET LA Z2HKRT L. 0L E, HEmNZ
AETLA2RRT240, ZEMRL &I EOBEBEICLADEETI2HIAETD .
o T, ZERORAIZEL) 7T2ERL, ZOZY 7THICERELLLA Z2ZELL
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A ERZT. COMEREMLEREREICE W TOEEICL A Z2REBT S5 LTE S,
L Lo, e, ¥, BIrAFEIcREZna$nsMENH 25, pndicdb »
55912, NTNRE T 2EMBREE TV 2 OCRGTGHEREECH 5720, K
ARX=T vy 7NN T, BHFEBOMEZTR ).

SRR DR A2, SR [7%] &0, BEH 1 (u1,e,01) DOBE 2 (42, €2,02)
NEEDBAH T 256D KHRE R 13

R M2 sinf — py4/n3, — cos? 6

p2 sin @ + g1 4/n2, — cos2 0

€9 —]Uz/w

nio = .
€1 —jO’l/u)

ERE S, 0 F AR [rad], w FASPEDMEHPEL [rad/sec] TH 5. nq 2 ITHE 1 1<%
T 2 OWEBRITETH 2. KL TlE, 2 REREEZHEL Twi o, ik
G IEERIE D A EEE L 7R R ORXZFA L Tw3, Lo L, 3 X2 e T
57012, WHEOMEEZZBRBLIRT FIVEHEBNETH 5,

BBIC, REHMREE L OERIEMERZZER L - &L 1 DREETE L0206 ES
ZHHT 5 [19]. 9@1.3 R o SN BB WT, REERD S A ayfrad), FHEE
d[m] B 7z 528 2 ER E[Vim] X

B, = Dt(at)dEO(Pt)e—jkd

Ey = /30P, (2.17)

ThH5D, kKIFEE, D 3RET VT FOEEFERAETDHD, RET VT FHIBNT 2%
i yalive /T%a)ﬁﬂzﬁj ERTIERL L 72 TH 5. Eo(P) 33X EHHEN PIW],
HE 1m BN 72 UC BT B, FHMET VT T OBEERTH 5. KEND SR d iz
fERICER B 75)751&% apfrad] »SFRL 7L E, ZET VYT TP ILENTELR
BfE5 v [V] X

vy = Eile(ay)

2

A
= 1/2D(a, 2.1
l . (a) (2.18)

TH2, lm]E7 T FHEE, D, 3ZET7 v T FroEERERETH S, LEoxic
KEMREIR #E5 8T 252 EI2k D, REEBN P 1B 32%ZERES v, ZUTOAIEE
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725,

ZElz atz arz)

V30P; Dy (vt ;) il —ikd

)\2
4mr
M BFEBEDETH Y, NIFHKFRED I CTHRA L 725 TH 5.

le(ar,z’) = DT(O‘T‘,’L’)

2.6 AIZXERYE7ZVTFEFTIV

A2 4 HEOMBAERERIE RO T 2L —v a vy THO 2 EREEE T L%
TET 5, HT2ET VIR 26 §iOERGE 7Y TFETLE 260D DT 2—AF7
L—EFNTH5. EHREET YT FEFVIIEEED S 0L AET v 7 FEFILT
Hy, HBaBECHONAERICEELEZE - 57-0ICHVWE, 72—AF7L—FEFI)I
i, BB T 7 7 T TR O NUIRERBGEED 72 010, FERORZRIANE T 7 )€
TN ELTHK).

2.6.1 IEHEBFZVTFETI

fliZ T O L 25T v T R TV RERT 5. @E, 7V T OB

ZIREEANS E7 VT OMEIKEFELTL £ ). S, EREOT7 vy T eEEL, 15
2R 2 FRIZ, HEEND 2 EEF I, /6> T, BB iRmME 8~
DRHE IR L 2 W ERRRIRRE RS VM3 65 & 9, WIEREET v 7 FE TV D
REIPE= RS

Dp(a;) = xhi + jyn.i (2.19)

é:i%?‘ Thir Yni EEOITHNZ 20, 50 1 OIERELECH 5. IERELEZHV 5

&0, BRI OWTIRIER D 2 VA ) —HEREESM L, MHRS %2 iRl &
%&ﬁ_&%??%.hihﬁﬁﬂ&/®4/fv7x%mﬁ.ﬁkwfﬁem%hﬁ
MRy vy MEEICH 5 1 ORI RYET v 7 F € 7LD AT RE 2 45 1P
FrvEWZL, BRaERY vy b ERREZERT S L ZICHNWS, 2 NI fR A
NRE Y ABCOHELEZRL TS, ZOLEEDOHRLNLIFEAEARY DXy MIZOWT,
BRI Y VIR E N OZE 2 &, BERHENIOZE)E, AR v T ofb
YD BEZICE DAL 28R & DRERBZEE 227,
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A: wavelength

#0 #1 #k

0, 0, 0,

_______

#0#2  #l

2.9 Configuration of Alice’s phased array

26.2 Zz—XR7ZL—FFI

FEREDH B AEEEAET Y 7 E LT, KalE7 = — AP 7L —%2ET 5. HE
T27x2—RAR7L—0EZK 29 ZHOTHWAT 2, 77 P& RER TREEE
ER2MOBLE XOMEEIEEES A R—VETZ2RHELLZLDOTH S, ZhoHET
DD EHHRFE A IZEBE L v, 2L T, ERTOANA v E—FV AZ2BRONTA ~
E—8 v Ar, EFAILEL, EFTOBMHBOEICK ST, Wi v E=F v RAELEN
BN<TwsEds HEETLET7YTFOEFRICEYHEEDY A R —VFEF % %,
BliEd 5.

2.7 FEDWGH

AREILH 4 BTHO 2 s Bt T OBERIEEY S 21— 9 —2HET 2
72 O DIEARHFRICOWTEIA L 72,

200 fiTCI, AR T v T 2 o 2 SRR AR A AR A T o EEA P & Fab L
7o, ARV TEBUEMOMRYE (BB ) TV F A7 2 =2 v 7 TEE B2
MEATE) © 3 D OEREMOIHIZ BT 2 2 & T, IERIZ A WICELEMEZ RO R
U RS B2 L2 G TE 5, £/, BIREMRDEH EERME Y v OZLOMHFER)E
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THOMENER X OEBEIRDm LT 5, 20 fiTid, AAGXZ2HCTHEBETRbNLS
MBS ER I O FIRICOWTHA L 72, #AEREEDOFIHIZE —7 = — XD RS EED
AEEEEE 7 2= ADEBFHUIICKREL T L 2 ENTE, KX TEHE—~7=2—X
D RS BEDERIEAETE L, 23 fiild, oLtz iMid 3 LcEELRHERD
WHEF IR 2B L 72, W32 STEE & BB IEIRE D O, ARG Z B
xR oZeEHliZ A L7z, 24 i, 27 §icidil L 7z RS BIEARIEA 1B
LT, ZOMEMEZIHET 2HEICOWTER LA, 25 B8 X0 26 ik, 54 =t
DRBFENERHL D 72 & O AR BTG RO AERILEY T 2L —v a VIV 3 (R
WERBEE TV EREBIAET v T FET NI OWTERL .
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WEMEZESHS0ZERERAE7>VTF
DEEEHEIZED

'ﬁ'hh
M

ARE TR R BRI T A OROMENLEZ &0 5 7 v 7 F 238G 58812, 20
et w22 RET 5. WMo E LTE, AIERAET v 7 F DRz b 2 5
REHWVA 5, MRBERARIA I 2 A ZiRatkr v 73, Rk sy v %
ZALSHZFRTHPDOOL I 2RI T I E2HINE LTlibn s, BAENIZIZERTEDT
f7fIC X 2 2B E L OESN ST A —FIC X 2B L D ICEZOWS IR 5, fHiAlE
DILAIC & 2 L8 L, HROWS T 2IVRT 2 KR WOXEMO S SICHEL2 525, 15
FEPEDES ST A —F I X 2K8)F, FRPORHD S FITWEL2 5, 2%, WL
fRIAEY > 7 FIARREDS A B K VEXR S 7 A —FfBIc BT, SRICZLT %
HPHEHBETH L EEA 5.

AR Z 2RI L LT, REC 2 HEOMEREZE T 5. 31 i
TI&, S, B5o87 X — sk (RAatkz U0 B2 2 EAN 7 X — 5 DFH ex.
B, AA v F v 7HFF) KB TRAEVPEILICEATW 2 2 2R dikELZ, fHA
TEDEMEMERHIRIR & L CTIRET 2. 5 30 8T, A, 7 X —F3kics e
THIAESEER (ML) TH 2 L2n Tz, BRMEOSRIEFHEHER & L TRER
ER-F

3.1 BRIt DEMIEHMEIHRTR

TR X OEA ST X — YIS B W T, REENZEICEATHRS 2L 2R T
AL LT, MIAatko MM 2 8% 3 5. S ASHIKIC I 1 2 SRR IR 1A
MRy voRgEZMHL TR EbEI6NE, ZRWZFAEASY v 22LSE 5%
DD, REEEGNNT A=Y 2REE» S BT 23T 5, LX) GfiAtEECE
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H3E REMEZED S RN VT - OERGEHEREDRE

\F B BEEE R, SRR o 7 DFHiFERE & kST X — ¥ DD 2 8
D DREDWIFTE 5. HE> TR TIFRFIC T A ATIKIC 3 1 2 15 AP O BEVER A
RefeEd 5.

311 IYRZ7747-70O—KY1KRE (EBR)

Bratko Afifasmz B RIHELE LT, 2V F7747 - 7u—F¥ A Flk
(Endfire to Broadside Ratio: EBR) %#%E# 7 %. EBRIZL Y F7 7 A 7 /51 (Jififi Odeg
& 180deg @ 2 Jila % HulsC £45deg D#IH) DHE L, 7u— FHA P (Oih;
4 90deg & 270deg D 2 FilA % il ic £45deg DEIPH) OMBEBE IO EZRL 72 TH
%. EBR IZXA TIN5,

/4 /4
f—7{/4 ID(¢) |2d¢+f5ﬂ//4 ¢)[*d¢

3r/4 — /4
f7r/4/ |D ¢ |2d¢+f 37r//4 )|2d¢
(=0 < EBR < o0)

D(¢) 1375071 ¢ DEFRFAEZERL T3, EBR < 0dB @ & EfFAEiE 7a— Py A
FZNL—71CEL, EBR>0ABDEEZV F 77477V —7IC@T 5.

3.1.2 #ErR (LLL)

Jififaz 0 76 360 2L S ¥ 7oK NE FEHE P O 4RIE & AL o 28 biE z2 78§ 45
EEE L TpfR (Locus Line Length: LLL) Z/EET 5. X 3.1 (R THEREOHZ 6
W2 LLL Z3H9 %, &R 7 >~ 7 F K 3 1(a) 1R S ity v 2 BT %,
iz 3 1(b) I2dH pEFIRAED I 2 i, FEEZHehh & 32 1-Q Pl iz, #R1E
25, Z2LT, K3 1(b) dsrEnENORS 2 LLL LELRL 5. Az

DITITRT,
dD(¢) }
do
LLL—{0 ¢

= _ 3.1)
JEZT|D(p)[2deb

LLL 37K PN E I TIER kI N Tw 3
UL@@ﬁ%O%@%%%gOmT,HLﬁOKﬁwﬁE%ﬁ%N&V@ﬁA:%%
Thsd., REVIZERAMEARY VIZEHLRTPIRTH 2. BAEMNICIE, ¥4 Fe— 780K
VIR Y v, BIMEEDOTHICHWE —AZ AT 28AME 2 > O LLL 13K
lIC 72 %,
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3.

Q =Im{D(¢)}

i

098 T=Re{D(¢)}

"|0deg

270

(a) Directivity pattern. (b) Directivity on I-Q plane.
3.1 Directivity locus example.

1.3 REE—LE (CBW)

Jififi % 0 225 360 AL S € 7 KIS IR R TE O IRIE & A2 O 77z 728 9 151

&

&
5
L

1)

2)

3)

L CEBY —A0E (Cumulative Beam Width: CBW) 2 E#&T 3. E&%T % CBW
(D(9))|?
CBW = 27 2 \OV/1
"D@)?)
_1Jy" D(9)dg?

[rad]

JTID(g)[2do
(0 < CBW < 27)

5. (D(¢)) FPFHEFRBAETH 5. FgHI3EREBEAEOSE#HTH D, FHRutEoK
BHTIERMLL TV, 2r 2FHE T2 L CHREZEBHEALLTE D, HEHEAMA rad &
7=,

CBW DD DB ERIC O WTEHT 2, M 32 ZHWTEHHT 5,

B 3.2(a) DIRFMEDIRIFEIC B\ TZ DZLDIKE V, HIZIXIEIAMEDFEE — 4
27 > 7 F 12 E CBW Dl 0 rad 1200 <,

3.2(b) DIRHAEDMAICE T, ¢ 250 5 21 £ TE(LL RFICRIE—E, A7
FA30 225 20 T—RRICEALT 2 7> 5 F Tl CBW DffilZ Orad TH 3,
BrAtEBE M —ED 7 v 7 F Tk CBW Dffil 2rrad TH 3.
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180F
= |
_ ,.g I
S| =
o % L
Q = |
s N
. . . . . , , -180t ]
-180 sldeg] 180 -180 pldeg] 180
(a) Magnitude of directivity (b) Phased of directivity

3.2 Directivity magnitude and phased example

3.2 iEMEMEDZSERIEFMmIER

fRIAE sl E X OEK S 7 A =SB TRLD Skt (aitk) 2md
AR, Atk SRR 2 52589 5. sifliofRAEO SN x, HRkoZ Lokt
JEIZOWTERMNISR T TH > 7. AEHIOFHAEDSRRIER, FHATEDZLDEIZO W
TERMNIIRTHEPHNTH 5. 2D MOV T, BRI IEHR OBtk Zo—
Mzfs l EMWTELLEEZOLNS, 20O, LEBRBICHEAEZZLIELAICE
W, BRI LR RS a2 H 5. R, Ratko 2o —h
SR TCOBAMEDZAL ZHEE S, BICITEKROWS TZ2HERI N2 BNDDH 5. B
I, BREDOZID—Er 6 2 TORMEEDZLZHEE S N LK), BRIELDOREID
5 &, EEINW S EDIH SN E 72 &) LIRAEDZL 2 ERIVICEHE§ 5.

3.2.1 /T X —% sEiRiEAEMAERERE (PDC)

BRI XA —FHIBIC BT 21RO ZRRE (BaZk) 2R3 Th 2l X —
% e I B 62 5 (Parameter Domain Correlation: PDC) (22 \WCailH$ 5,

PDC 3 REM DN TH 2 KEWOWw S FICHEHT 2. Fi L, HER>» oL %
AR I NZEBE DI S, H5 1 DOEMKZE> TRERIFRT 2BEOHETH
D, BEXZ bLTH2E, BHEODS E L IE, Alice DIFRE Y v FH 2 Z ki
L 2FWDZATH 5. EREIRDO RS BEIX, SFEEOWRSEDXRT FAUVAITH 5,
—77, BRI, ERUREDRET 2RO ) BERD 1 220, 8 T35 L0 TES
LK) BPCiERAEE2ET 2 LIRET 5. ERREPRZET 2, 2TOIESH 6 DFEIED
W& EDVH LI (RAHBAE) < H 2854, IEBUSO RS JBEE & £REOW & FI3KAH
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BATh 2. ft->7C, BHERIZ 1 2OFRREDOW L E2HEZ LT, EXED RS BEZH#EE
T2 LIENEETHD, F, BRBZERRE L2 TUEZT S EIIRETH S, I
7% o I TEW B O ZHNRIME LD, £ToEWNEZ 1 BOEBRNZET 2 7-0I2FIE
B EHUMECHRICEREZ2ZET 2088H 228, ZIUIBHEWICHETH S, £
I, BEEOBERZIEHRORIICEEL, 2R 1 DORWEEHEZTHEVIE
[R3] bEZ 6N DD, INOHENHETHD L\ VW22, —HTIERREPZET 28%
WD o EOMBIEIE GG, BHERIZIEREN 1 222 Tz fETE 2. ©
ZITHRAEAR Y 3P0 o 5 2 LTk > TR O N A KR IEDIRFRIZBEI DS B IV TH
PUS SIS | T HEHEE S & 7 %,
z27T, REWAERAE? v T FTHE72—AFT7L—EBLUFAL v F FE=L4D
2 FEFIZFHIINR E L, BRKEOQ S EOMNEEED S 720D 7 v T F OIfEAES R
fBEEPDC #E#% T 5. 7xz—AF7L—0PDC iHliicoWnT, #HlZ3ET7 -2
F7L— (BMHE?22) ZXRE L, ZOBMHEOMWREIAHHIHL 0 226 21, HZAHA
AN /180 £ T2, ftoT, 3FET 72 —A 7L =K 2IRAME Y DB N I3,
N = (BBAHE A% gy (PHFOR)
= 3602
= 129600

E5, Z2LC 3FF72—ARF7L=—2IWKTE 25MEE Dy(h=1,2,...,129600)
LERLLEE, BR2 A oEFEE YO LHBIRE %

1C(¢i, ;)|
VC(4, 9:)C(d5,0;)

ppd(¢i7 ¢3) =

C(oi, ¢5) =

1 N 1 N N

5 LZ{@(@M@)*}— 2D} ) (D}
=1 h=1 h=1

(3.2)

LEET D, ¢ B3I BHORWDHMATH S, C(pi,d;) 1& Dil(ds) & Di(¢p;) DIk
THTH2, A4 v F FE—LIZOWT, YDEZIRTE 215AME Y D8z N L
EHRTHI LD, RGN DS ppg ZENTZIEDTES, F7, MOBHOAL
k7 v 7 FIcB8 Ty, BRTE 2L Y > 2 N EOREM Y v LI
EFRTDHIEITED, ppg TIHETE 5,

ppd V& 2 THAIZNR E LGHETIRTH 5. Lo L, HREDODS FOMVIEZRTIC
%, TYTIHBBET 3 REOEHTAICENT, ppg ERTRLENH L. 22T, HNRE
T2HRBDOB M DRTOMABBEDED ppg 2R T

1 M M
Elppal = 713 > > Poa(®i: 6;) (3.3)

i=1 j=1
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H3E REMEZED S RN VT - OERGEHEREDRE

ZiEET S, TNz PDC £ T 5. Elpy PEPENIZE, 7y 7 FEEERLETH
0, SRR T OBELE 2 &0 5 2 EBHRETE 5,

3.2.2 iEmE/INY VHEEFRE (ADC)

TV T T IR ATRE AR N Y v DRI R THREE T H AR Ry L HHBIRE
(ADC: Azimuth Domain Correlation) (22 TR %, Hiffioo PDC 2MEED 2 KD f
MAICB T 2EAMED ST X —F SIS B 1T 2B LT, ADC IXTEED 2 D&
K87 XA —=Z BT MO R Rt~y ) oMBEETSH 3.

ADC AR DIETH 2515 v DEMITEH T 5. MR #E A7
Bty v 20022 2 L TEKOW S T2 AR L, WEHREAENT S, UV
LAY VBB RWIBIRTH - 2 5E, BHEOWS EWVNI RS, 2L T,
HEOWS TAVNI VI L, Brako—ilrs, hofEmtkz#Hl L PTvwEEIon
2. HEoT, YIDEZ ZIEE Y VIZEWGICHBIMEDME LT E E L b,

Z 2T, PDC FkE, REWUERAMET VT FTHE3 72— A FT7L—BLUOAAL v
FRE—L0 2 LMK E L, Hrtk 8y v oMz EHiifEE: ADC DE&RX % E
£75., TE2HEEOELR T A=Y ITB T 3EAN Y~ D), D, DHAMEREI,

| JT D1(8) D3 (¢)do|?
JZT Dy (9)|2do [T | Da(8)[2ded

|Paai2)|” = (3.4)
b,

ECARIEE 2 FEEE 1 ot 8y v MR T 5. SRR S AR AT 5 o
THEEWS 2RI T2, NEOERAgEZiERE (Y v 6 M Eofmt 5~
BIEIRT 2, EIRL 7= MEDIRAM Y VSHWICHN TH 5 2 & 2T

min max/||paql] (3.5)
— i e { el < )]
= r@i?[max{lpad(lﬂ) ’, ’pad(l,?)) ’7 ooy ‘pad(l,n)|a |pad(2,3)‘a ooy |pad(2,n) |7 ) ‘pad(n—l,n)|}]

(i,j = directivity index)

E% %, iz ADC £ ¥ 5%, Eadilix, M HofEIAE S v offlEGE o, kbibA
HoR% v DMHBIMEDE IR NS ¥ RXT D |poq| D3RANE T D K912, NAEDIE RS
& Do MEORRRME Y v Z2iER L 72K, max{ |Pad(i 31 < } DfEZRT.
ADC 2MEWER, 7 v 7 F R TR R 5k R ¥ Y Id SR ThHh B L F R 5.
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3.3 FEDIGH

AT R A R I VT OB M 2 17 L HSIRE© & 2 IRtk 7 v 7 oGt
EZRE L. BREL7 v 7 FRGHAEI AR E <00 T HRATE O BHEMERT 5
& HRIAPED LRI, o 2 B e L,

TR OB RFAIAE R, 7RSI 3 W TR E S 2L L T 5 2 L 2R
JiEt e LC, EBR, LLL, CBW @ 3 % #2% L 7=, EBR (3R AITED 507 504 2 7
TR E LOER L . LLL 3G MASEICE W T, ERIEREDIRIE & Ao 2R
ZARTHERE LCER L 2. CBW BFMABIRICE T, EREAEDOIRIE & A5
We R L TERL .

TR 1 D ZARVERTAR £ 8213 75 6 A SISk s & VAL 7 X — & IS 3 W TR S 1R
(Hh37) TH2 I L2MTIEL LT, PDC, ADC 0 2 iz 4% L7z, PDC I3&ES <
7 X —FHIRICE T 2 IRAEO SRk (7)) 2R3 e LCE®L . ADC 1377
RrASRIc B 1 2 e (RAE Ry v) OSRRIEZ RS E L TER L .






B4E
7T FEREHRIR EHEEDRER

AL 3 ETRE L MELEZ G0 ) 2 W Z5HEY v 7 F OGHEEDS, M4 2is
WEE T ICB W THHTHS Z L 2WohIcT 5,

41 fiCIIRER L BRI Y v 7 F ORGHER DO ZALDS, MR e A At 75 X
D RS JEIEDMENEIC G Z 25808260006 %, 42 HiCIRIRE L LRt ? » 7
DIEHEEDS, RS BREOMENZ M L3 ¥ 2 o 0251t 7 v 7 F ORkEHEERIC
HHTH 2 02HGEET 5. BRGEEIC ;t2%H@?‘/%“)’ia’J:U\fz:ﬁﬁ%@iﬁ%Tw%Fﬁb), CIE-XGs

k7 v 7 F OikGHE# & RS JBEOMEMEOHBINEZ I 5 261

4.1 7Y TFEREHERICK S ROMEMER LR OHFFE

A AR AT > 7 7 23 RS EREDOWENEDIERERER R IG5 2 2 &2 TR 25,
oI RS BIEDMEN: & EREREEREDOBfR 2 TRBC mifEEE€ 7L 2 v TR,
(GBS ST X — 8 Th 5 THEHEPOSREEN L (KKWT)) & TERFTEN NS
/1t (Received signal to Noise Ratio: RNR) | 2% RS JBIEDIENEIC 5 2 2528 % X
%, % LT, TRBC {G#EREE€ 7V % 72 RS IR OREN: & ZHERES <9 X — 2 DB
ROEEMIZDIEL W L2 HERT 2

RIATLHRIME 7 > 7 12 & % RS EEORELER LRIRICO T, RS BEME D
{EWBRBERE & AT R 7 v 7 F ORGP S EERT 5. mBICAIZERAYET v 7 O
REDE\IT X % RS JEEED BN ERIR & ZHEREER 2 R 9 IS, 9 s O L
T BT v 7 FEGHEEE O BEER EAIRIC O W TS 22T 5,

Fon s Z4EAET v 7 I & 5 RS BEOMENER ERIR & ARMRBREREDOBIfR I
WM Z R 5720, Aot 7 v 770 E X OB 7 VI
MobsETNERATSE., 77 FETVIE 260 HiTERLZIEHIE? v 7 €T
N s, BEREE TV 250 BiCER L RZRENIGET V25, RS E
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HA4E T FikaHEEE & EMEOBIR

JEE DR M 13 IE AR RS EFEMHEI (R % & & OV IEALEEER R RS JE FEARBI (R £ 01 /5 % F
W3,

RS BEOA A E X CEEIXX 22 OFMISHES . F 72 BRI 207 128§ 1ER
JRT] % A STEAR B ICFLE LB O A 2 5% 5. MRS E AL A 7o RS J@IEA:
WS S 2L —32 3 VORI DWW,

Stepl) K KT & X ORZEESTHEINMESEILL RNR 20ET 5,
Step2) HEEMMEA o & AR a,(=1...M -1 %, [0,2r;,....2r2=L] @
6 E % S 0 K9 ICIEEREIT 5
) RO 7 b ¢ 2 —HREHB TR 3,
) 500 DO RZARAETY v T 56 1 DES
Step5) RS EHEZAERIEET 3.
) REEHONLIRIME T v 7+ O RS JE@IEZ LK T 5 F T Stepd ICHR S,
) IEBRSAT DL HEREL T, Step2 ICR S,

£9 5%,

RS JEFELEFFIC BT 2 ZEEF5EN L 1Z, Alice DIFAME S Y U b 212 X b IEH
JhG 2 ZERETENOBIEZ L fETH L, 41Dy Ial—vaVifmk),
MET 2 ZIRIAET v 7 713 8 DO AR IR NS v 2 b > AL v F FE—L4
TYTFFTH S, ERARELIRAMEAS Y VI EREE T v T FETMICED G AN,
ZLC, METIAEERET V7% 500 EEHET 2. #E, EAREITEEREIE
RS JEFEMH AAHBARE DAED o7 IR § 2 AR L L7, REOBIZHO VT, FEREDE
RO EFART7 2 =2 v JTEWEREEZ HBLT 5 X ) FBEOEZ 18 LT 5 [15]. ZERF
FAHEE /I (Signal to Noise Ratio) DREFRIZ—#IZ SNR 2 v 523, A D 4.7
fiiCxR(EE IS E /1 (Transmited signal to Noise Ratio: TNR) #2728, Z#
EDXRT 27 RNR LT3,

RS JEREDOSENE & ARMERGEREDORR 2 X 41 12R T, fitHhD Elpw] B & O Elpe]
1%, 500 fiHD 2 AR AME T T F 23D D) B pap, pe 2V L MEZ RS, X4 1(a)
DMLY, Elpay] 12 RNR 2K W2 5T, ZhUd, RNR ASAEC &S0 L
723\, M OIRIEMESIERE O RS BIEOIRIFME XL W /NS ot EZO6NS,
Elpay) 1 K H TR LB Z E b b5, Tk, RNRBELLAVESIE, KET
12 59, RSIBEDIRIEMEIZZLL Rz EFHHTE S, X 4.1(0b) DEER LD, Elp.]
IZ RNR %K EWREEWEZ /R T, Z4UE, RNR AR EL L2 L72050, HEEOIRIE
fili’s RS BEOIRIEE L W /NS K olclcd b BEZ NS, Elp] 13 KIKHTFHKE LS
WiEZ R T, KERF2IRE O, EEED RS BEOERICHOEEL2 52528, 2L
USRS A B2 L T B 2k, BLEDS Elp] O LB 57 L EZ 5B, bl
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2 4.1 Simulation parameter of the system in Clarke’s model

NI R—H Eiya) il Hif7
T D 18
ZAEEZTEINHEEEI | RNR -10 ~ 40 dB
B0 S e 7 L K | -20,-10,-3,0,3,10,20 | dB
fBHE 8 v DK 8
AR v 7 5 o8 500
RS @R 8 x 103
IEHUR T D 28 B R4 3000

1r P & & & 1-

K=-20dB
— — — K=-10dB

------ K=-3dB
L - — K=0dB O
0.8 0.8 o Keads X o
—+— K=10dB a
—a—k=20dB T
0.6 ——K=-20dB 0.6
‘B - - -K=-10dB L A
oA K=-3dB w
0.4f 0.4¢
- - K=0dB
—e—K=3dB
0.2- —+—K=10dB 0.2+
4 —&—K=20dB 1%
O L L L L Il 0 - L L L L Il
-10 0 10 20 30 40 -10 0 10 20 30 40
Rceiver power to Noise Ratio [dB] Rceiver power to Noise Ratio [dB]
(a)RNR characteristic of pgp. (b)RNR characteristic of p.

4.1 Relation of the system security to propagation properties.

bkZ2F w3 L, TRBC iR € 7L %2 72 RS BFEEDREN: & GiEREEEE o B
1, EHERICHIELWEWR S, £, BIREREED /ST X =812 X D R4 7% RS BIE O
EEZRBTE 2 2 Lo b, TRBC BB T 7L 2 v 7 i A ks S 2
L—ravidEHTHE EFR 5.

Kz, R ESRICOWT, K42 @ K K128 0dB RO R EfR 7 » 7 F D
HEIRIZ X % RS JBIEME OGRS &%/ T2, K42 kb, 500 fgdH 2 0%
BEET T F B2 NZFNHD 9 % pap ICDWT, A% max|pe), /D% minfpg] &
5. MR, pe DIAZ max[p.], &/N%Z minfp,] &T 5,

42() £ 0, BrAE AT v OEIRIZE D, Elpw) 206 max|pw] D pep DF LD
TIMRFTE L. 2D pyy, HEEIRZE

Pab,p—m = (Max[pap] — Elpab])/Elpab) (4.1)
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Vo = N L [ i S Y .
B4 T T T ikGHER L EEDBfR
17 B 1
9%
e
N A A A
0.8 »Y 0.8 Lantt
v [
/@ o . Gy vy v
0.61 5 0.6 AsY
9 N ° /v
Q N Q A/v
~ A /
0.4 0.4 a4
’ - - Hl paJ <
84 _ _El pJ
Max[ p, ~
02 & “ i ) 0.2 , » Max(p]
in[ p o .
¥ v atJ - A o Min[ pe]
0 : ‘ : ‘ of ] ‘ ‘ ‘ ‘
-10 0 10 20 30 40 -10 0 10 20 30 40
Rceiver power to Noise Ratio [dB] Rceiver power to Noise Ratio [dB]
(a)RNR characteristic of pgp. (b)RNR characteristic of pe

4.2 Relation of the system security to propagation for selecting a variable directivity antenna.

LEERT D, pappom FREOR, BEEOE EESAE V. K 42(0b) X1, Mk
& v DFERIZK % Elpe] 2*5 min[pe] ~D p DX, RNR BPRZWIZEREZ W, ZD
pe WEIHENR %2

min|pe] — Elp]

P = T (“2)

LEET B, peyom WSO, BB LHRDAF O,

41.1 EREOEMERERICS 2ROMWEER LHR

B DGR IC X 5 RS BIEOME R AR & ASMBREREZ R . Hako
MR, B3 1 CEHKR L2 EBR, LLL, CBW O3 ffiTh2,. > Ial—>av
B LU Zo7u—F r— M, AET % 500 @EHOMELE AT v 7 F 2R, Hi
fitmRCYEHCS,

HET AALEAET v T HICOWTHAT 2. R, AIZHERE7 v 7F0b 28
P DM FR 278 RS B ORBE MM FICs R H 2 2 L 2SI T 2 2 EHNT
H5, ZoOLE, HakoEEEROBNA» S, ka7 v 7+ % 500
AR L7254, Bratko @ R X 2 EER LIRIZE S kv, E-oT, Tk
DEMEEARIEOB S S, SRR 7 v 7% 500 MEAET 3. La»L, HA
YD BHMEVEREE %2 2 0  FRERIAET v 7 F Ol W84, 1 ORERH 5.

Far oLk, WEERAET VT FIE 8 DR NRY LV EERT S, 2000
ZRIAME T v 7 2RO BENE TR 2 54, 1 QORI RET v T HIc LT
8 DM DEMMIREAEH S, Bk Es kv, 22T, AR T
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4.3 Relation of the system security improvement to propagation properties for select-
ing a variable directivity antenna with AEBR.
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4.4 Relation of the system security improvement to propagation properties for select-
ing a variable directivity antenna with ALLL.
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4.5 Relation of the system security improvement to propagation properties for select-
ing a variable directivity antenna with ACBW.
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4.6 Relation of the system security improvement to propagation properties for select-
ing a directivity set with pqq.
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4.7 Relation of the system security improvement to propagation properties for select-
ing a directivity set with ppq.
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4.9 Correlation coefficient between ALLL and the system security.
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4.10 Correlation coefficient between ACBW and the system security.
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4.11 Correlation coefficient between p,q and the system security.
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4.12 Correlation coefficient between p,q and the system security.
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4.14 Characteristic of p. on TNR
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5.1 3-element ESPAR antenna configuration
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5.2 Far-field of dipole antenna

RREIDER E 72D, FFBHENTH S, /> 7T, flHAFENTIZAR7? VT Ok
2RSS I EWEETH D, AHIZ, FMiY = A PR PVIEEZEEGAA 28 AT
LD 2 IOV CHIAT %,

521 FEvxA MRIMIVE

AFT )Y IRY b (FRTFORIULED & ATEN O ¢lrad] 716 035 14
NDOBGHEZRE B A2 EHE L T 237 F L) EEAERY PV (FEFoismaE2EE L T
57 bv) OWET, TART7 YT FOMANEE KD 257 4 b2 P A ERE
INT 3 [63].

BET (FAE—LTYTFF) OO WTR S ZHOTHET 2. ¥4 £—1L
7Y 7 OFET EOBUNEI dr 1A S i i(2)[A] ANEAT RIS G 2 2 B % dEp(V/m]
LLEEE, Y4 R—LT YT FOERII,

+1/2 ki —jkr .
By = / BT G perakeeonty, (5.1)
—1/2 Ay

TRIND, ZOLE, FAFR—NT VT TOEFEWEERETHL ETEE, KS1IC
R HFRT OB i(2) 13 i(2) ~i(0) cos (F2) DRTEBITE 2, Z0EPAERK
G HITfRAT B L,

[V/m] 5.2)

~4(0)e Ik | cos (Z cos O
gy — i) [ (5 cos)

27r sin 6

DRAERDZL Z ENBTE S,
R (50) B EWHE LRI 2 bV By GRFENIEAER DT 0 = T) %M
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T, WMAHEEE (r = 1m) BANEZANST YT FOBRIIUTORTEINS.

Eesp(0) = a(¢)TEy, a(p) = (1,6, e %7 (5.3)
B eIk
0 =Jn o 3
i = [i0(0),1(0),i2(0)]T = v (Y ' + 2.U0 + jXuar) " o
2md
¢=%%w%yzmzﬂﬂﬂf7[%:ﬁ@@Qm

Xypar = diagl0,z1,22], Y = |[y10 Y11 Y12

Y20 Y21 Y22

Yoo Yo1 ym]

Y B7RFIZ2AITH Y, ZDER y;; 137 v T FHRT#i, jHEOBEBRN LG ZR
LCWw3, £oT, 7RIZVAfTINET v T FOREIC X > T—RICIRE D, 7503
RIFEWIRT 21T 2L TROZIENTES., DFD, Fliv = A F X7 MLt 1[0
DEWFIGNT 2T LT T, TART YT FOBEBREZHEBITIERTRD 2 2 LT
E5.

IR S Nl 2 28T v T OER D S IR IC & < v S 0 2 BfERISE 2 ko
%, @WW%G@ﬂi,kﬁideW] BIBIZANRT VT FOBEREE 7 A Y b
nty 7yt (RtfEEatET v 7 ) oEEEokTH 5, X653 LD, =
AT VT F OISR U (@) [W/sr] 13

1
Wrad(gb) = 5%[Eesp(¢) H:sp(d))]
_ 1By (@) (5.4)
2 n
U(p) = r*Wyaa(0) (5.5

Lh D, Wiea(o) XBURTENHE [W/m?) ©h 3, LAATYFFOANEN Py L
FEHEHCETAY FOEY 27V T FOBEERBEEN FoRTRaN,

1

P, = 53?[11 . z*] (5.6)
1 v Vg *
Sy g, ]
1 ’US|2
§ - 5.7)
Pin

Uiso - (58)
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LB D, BEAIS Gus(0) 13,

Gaps(6) = 1010g U(,J(‘ffb) (5.9)
= 10log (47r [;((b)) (5.10)

E#E 5, Hifrl3 [dBi] TH 5.

522 ZEMAHAIFVATIE

FMiY = A4 b XY P VIEE, ZART T FOEAEEEEICER TSI ENTELK
i, ¥4 XA —NVHEFFLOBRIMIGEMRXZ G2 TWE 720, BT 28 EICHAEE
UC%. Kz, ¥4 X —VETOME d 2K 72 21, ERMINELAL 61330, 55
MEDOFHEBRAEDIRE S 25 2 L3R [61] THRRSNTW S, AffiTlE, Hratkofil
REZEZ 5T M, KISV IR ERTA i(2) ZHE GRS 5 2 LT, fRattogt
AR 2 70 T2 AA 8 v ATHREIC D W CHIHT 5.

Hiffi L O, BRIAAOEMZITRORDSLGAEDT A R—=VT7 v T T DR IE

k —jkr +l/2
By = jns sme/ )etikzcost g, (5.11)
1/2

oD, BonARAERY bV Ey OKFHAFRAEZOTHAE 6 = 5) 2w,
HAZPEEE (r = 1m) BB 287 v T FDEFRIZ,

Eeop(9) = (@) By, a(¢) =[1,e/,e7Y|" (5.12)
eIk
Ey = ]nﬁzint
+1/2 +1/2
Tint :/ [io(z),il(z),iz(z)]sz :/ i(z)dz
—1/2 —1/2

= Us (Y@_nlt + ZSUO + jXUar)_l Uo

2rd
Y= L cos P, up = [17 0, O]Tv Uy = dzag[l,0,0]

+1/2
Xoar = dzag[O, T, $2], Yint = / Y(Z)dZ,

—1/2
Yoo(2) wo1(2) wo2(2)
[ym(z) y11(Z) y12(z)
yzo(Z) y21(Z) y22(2)

ERTIEDTED, Y(z) 3A I ATHNEELL, 4 7V ANET 7 F Dl
BIZE D —RICRE S, A 28 ¥ 2T DOYBIIERIC O W THEAIZER S, K511
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HHT7 VR FERZEE LV 3 TNFRIPREEE E T I LN TES, DFD,
FT LD i(2) = [ig(2),i1(2),i2(2)]T bR —FDATEE v = [vg, vy, v0]T 1K
L CRIBIEDISE D e 728, BHi A i(2) & ANEE v = [vg, v1,v0]T OBIR%EERTAT
FELTA SV ARITHI Y (2) ZER L TED,

i(z) =Y(2)v (5.13)

LRTIEDTES, A28 v 2 TR 5 55% yoo(2), y10(2), y20(2) EE—1F0
IV, bR —FiZ> a— b+ LEGAEDT7 v T FETFEBEBRIMHTH Y, yoo(z) = io(2),
y10(2) = i1(2), ya0(z) = i2(z) ERE S, MOERITOWT S FIROYIEE 2+ .
EESAA 2 5 v AR W 2 A7 v T S OEIEEE 7 v 7T L OFEIE AR
ACHEE 3.

5.3 FEODEM

AR ER ARG T A Do DALARAME T » 7 F OFGHEAMEDOH L 25, ©
AT VT FIZOWTCRIR L 7,

ST, ZAART? YT FOEEFEME X2 DRI OWTEE L 72, BRI,
IANRT VT HIZINKFL 7 v 7 - O HETH 2 22 M E RS HRS & 2 B I FH L <
NS 2T WY v T Thos I E, 2L T, RNI7HA MEFOBELAE
Z2HlHS 2 2 L TRIOBER TE » TR KUV B2 5tlAaTHs L%
ALl L7, T ANR7 7 F IR OGRS Z D F F#EH TE R WHENDEH 5720,
KX T, MM EREREE T RO ODZ AT v T F2#EIT 5 LT, AN
IANRT V7 G ERREREOBIRZ 7R, 7T S oG W ERfT R ) 2 &
& L7,

ST, T ANRT YT FORAERHTRICOWTEHM L 2. FHRICIEEMY =
A FRT VR EZEEGAA 28 v AATHED 2 WS D, AaXiE, X0 IRRER EE
ICHH 2 2 ETE BRI 25 v ZATHNEZ R L 72,



B 6E

BHRFIAR=IVITANRTVTFD
axat, AR & U

AR ARG T R DD DL 27 v F F &2 KEE, RET 3 720 O RTHEf
ELT, ZART VT TORAMETH S, 3FFIAR—NVNIART VYT FTOT VT
Mg e 7 v 7 FGHEEOBRICOWTRET 2. AETEH T 27 v T HGERE 7Y 7
FETHEE T 5. Wil 51, =287 ¥ 5 F DIRRMHERICE TR O BRSSO D58
(Bb-oTED, 7rvrFoETHREIEZ OB TSRO ELZ 5257 VT
THEZ D6 TH D, Eh, HATRED, WRET 27 V7 FakaHEER, Bratko4rk
H%2RTPDC TH2S, TANXT YT FOREAEDOEKRELZBRT 27201, 1) 7V T
DIFAMWENLIRE 220 77 5 v AP OB, 2) T A7 VT T OBRA%ENSERE &
27T TREEDHESE, 2 ODFEICED s,

Ml 11, 57T FRTHEBEICE T 2 EMERIPROBRAE RS v &4 L =Tk
DIIAMENRY 2735700 ) 77 8V AFHEZHS2IZT 5, MAT, Y778V AD
EEIPIRIAME RS v OEBCRE B EL 522 ) 777 v AHBEZHO T 5, #f
2Tk, E1 RN ) Ty v AFANICE W TR AR R R IaEs SRk L 72 %
7T EFREEERT S,

1

6.1 IERAEDOEMIEFTMBIRDO) 7V 5 AESLURFHERE
e

KT AT VT F DR AR AR SR E %2 ) 72 8 v AR E KT 5

flirs 51, 27 27 F ORI AR E BALT 31018, ) 77 8 ¥ A%

IR L 23U 7Ze o w0, BIENICIINEETH 5. AT, V77 % v ZDHNED KRG
ICRE VGG, RI73A FEFICHRNZBRVIER ITNS S RD, 20DV 775V

53



54

FHOoE 3FEFIAR—NIZANT VT OGN, SUER K OEH

%< 6.1 Parameter of directivity analysis

il Hifiz

5 S IR N DT 50 0
FTFE:h 1/2 A

FTEE 1/100 A

FTHIbE: d 1/32,1/16,1/8,1/4,1/2 | A
Tififa: ¢ 0~360 deg

A3 H I ZER R

DEIZ X BIRAMEDOEIZIE EA ERRE v, E- T, KAt <y v 28R
¥RV T7 78 AHHEZED D Z EVEETH 5,

Z 2T, 30 fiTER L Rt o @RGSR 2 H o TRtk ) 7 2 & v ARHE
ZHSHIZL, ZOfMEEZHCCY) 72y v AHBZED 5, AHiTld 47 THS MK
WS, MRS E R OB LIS DRI H B LEZ S0 E
MEVERHGFEAE & LC, LLL 2832, V77 ¥ v AHHEZHS T2 LT, D2
DDOBED S LLL DY 77 % v ARtk 2R 3. 1) b EMLRTBROERM Y v L4 L
IR REARY v 2B 20D ) 77y ARHEHS T 570, LLL DY 7
28 v AEEEEE R T, 2) VT 2y v ALk BiERAE Y v ORIEBEIERNTSH B )
T8 AHMEHOPICT 570, V7 7Y AFHED LLL DfHEDV 77 5 v R
R 2R Y. V7 2y v 2 Eo LLL O & 13

6.1)

grad[LLL (1, z2)] = min { dLLL(21, x2) | dLLL(z1, x2) }

dz, dzo

LEHT D,

fRREMRITE O 2 6 IR T, AR 52 Bl L 2 2=2Ma6A 2 8 v 24T
k% B, BRI A S8 Y 2 THETHW S A S ¥ Y 275 E— X v b EE R —
A& LI EBRHESENTY 7 & NEC2[%6] THIE T 5.

LLL Y 778 v ARt~y 7% 6.1 12, grad[LLL] Y 77 % v AkE~ v 7% X 6.
RS, Ko kb, U7 s ey AEH-2000 25 200Q OEIFHICE T, &2 TOE M
TV 727 % > AfE (200, 200) ® & ¥ LLL I3/MEIC 2 %, FRAME & B0 O BIR
o, V778 VAP KREVIEERAKEIA LIRS EEZON, ZICLLL IZY 7T
78 AMEPRECIZERNI LD EEZ SN,

LLL OF/MEE X ORKEIMES NS ) 77 & v AHPHICOWT, mMEL 22 77
8 v AMEGRAMED 0.1 £50 LLL M3 6 26 £ 8K T 5. 6> T LLL OR/IMEE X O
BRAEPMSF SN 77 5 v AL, FRE N/32 T2~7Q, A/16 T-10~10Q, \/8
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LLL

x,[Q]

-200  -100

X ﬁ?] 100 200

(a) Space between elements: \/32

200, 18

100

x,[€]

-200

-200 -100 0

XlR)] 100 200

(c) Space between elements: \/8

200

LLL

200 20

100

x,[Q]

200

- 0
=200  -100 XIRQ] 100 200

(b) Space between elements: \/16

i]ﬁ-
0

(d) Space between elements: \/4

200

100

x,[€)]

-100

-200
-200 -100 P 100 200
X, Q]

x9l

-100;

-200

6

0
100 200

(e) Space between elements: \/2

6.1 LLL map on reactancec plane
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Ol

grad[LLL]
30 33 14
20
10
&
-10
20
-30 4 0 5 0
0y 20 - T 250 50
%n 20 -10 leQ] 10 20 30 leQ]
(a) Space between elements: \/32 (b) Space between elements: \/16

200 0.1

100
Yo Y
X

100,

x,[€)]

-50 -100 ‘ .
-100 0
=100 -50 XlPQ] 50 100 -100 1
(c) Space between elements: \/8 (d) Space between elements: \/4
200 0.02

X [Q]

e l
i &

-200

0

(e) Space between elements: A /2

6.2 grad[LLL] map on reactancec plane ( white line: grad[LLL]=0.05)
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T-25~25Q, A\/4 T-65~75Q, \/2 T-70~150Q 2351 %,

62 XD, grad[LLL] 25K & WL, fRAEARY 23 77 8 v ZMED A BUR I G
9%, DFDRFETORETHBICETY 7278 v AlEh 0 mdIdii ks v 230 7
78 AEICHRIIBET ) 778 v AHTH 5 EFZ 5. B, Hrat s o)
V778 v ADZALICHIRTH 2 L HIWT T 2 B %2 grad[LLL]=0.05 (77 7HDHD
FA4YV) ETBE, VTR EBIEAMEARY ORIHIRNTH L) T F VA
HipH X, FRHIRE A\/32 T-23~28Q, A\/16 T-40~40Q, )\/8 T-80~508, /4 T-130~
30Q HF5 1D, N2 EESHENESE RS,

DEofERZF D5 L, ZFHREIHES 221, V775 v AHHIZHE & 2 HAH
Bons, &7 7 rEFHERECE T 2RERY 7275 v Z#FIE, N\/32 T-23~284Q,
A/16 T-40~409, A\/8 T-80~500, A\/4 T-130~300 \/2 T-70~150Q TH 3. I
1, BT 2 2 IR TRIOERARE OGRS 2D, ZORBI T2 5 AN
B G Z D EPRKRES holkldtEZoNnS,

6.2 IEREDSHFIEFMEBIRORFHEBKREFE

AENTFRIATE D LM TR & R FRIROBRZ W 6 010§ 5. etk SMMEHilifE
R 40 Fiokiims &, SRR RIS Ao B PR R _ERDR DR S WIRE T & 2 HH1A
MO L REMFHIGTERE PDC 2 W T2 A 87 v 7 F OEFRIRK A2 R T 5.

U705 > s REHEERE (RDC)

PDC 1352 W I 287 X — 8 OEIBIC BT 28O LM (k) 2%
THETH 205, FHENRICZ A7 v T F2B-ELTwAw, 22 TPDC ZIEHL,
V708 v AEBICE W TRIMES R Z R TR S LT, V77 8 v AR e
%% (Reactance Domain Correlation coefficient: RDC) %ZE#T 5.

WRETLIFETIAR—NIART YT FIZOWT, YT IF VA x, 10 DEBHIC
K AR 2 I ¢1, o DEFBIAMEDZE O LR (Hnzik) 2

pra($1, ¢2) = p(D(é1), D($2)) (6.2)

p(xay) =
|E[zy*] — E[z]Ely*]|
V(E[|z]2] = |E[z]2)(Ey2] — |EW]?)
_ ffD((b,xl,l’z)d:I;lde
E[D(¢)] = T dmdr,

EREERT S, ple,y) BIMHAMHBREOMNETH S, 2 LT, &AoERREDS

(6.3)




FHOoE 3FEFIAR—NIZANT VT OGN, SUER K OEH

0.1 0.2 03 0.4 05
d[A]

6.3 Charactaristic of RDC on the elements space

el %
1
Elpra] = 4—7T2/ / pra( @i, ¢j)dpadpy (6.4)

LEET S, ShERDC LT3, Elpg pMEGIZE, WA SHTH D, M
BRI TR O REEE % 50 B

RDC D%FHkEiFE

RDC O F FHIbER Mz T3 2. FFHRIE N32 2026 M2 £ TAIZEIES. YT 70
8 v ADHIPHIZ 6.1 fiDFER LD, RTOEFRIFEDY 77 & > AHiH % W51 5-200~
200 &9 5, fhofidbritni: 6.1 fiEF U &35,

63 D RDC OFTHEREL D, AIET28AENSREE % 2 Z T, Flprd
D3R BAR e 2 TG V16 TH 5. T OfEHRIE LLL OENTHE R 2%E FERE M16 DIk,
RAMEZERT I & E—3T 3,

flisk iz s L, RSEEOWMELZFEDZ 3 EFIANT VT FORT
A —%1%, RDC DR L D fFE2r %8k & 7% 2 FFHRE V16 £ 5. 20ROV 77 %
v AHPHIZ-40~40Q £ T 3,

6.3 FPrTFTDHEERLUHEREREE

AHiZ 6.1 ik X 6.2 BT NI BITRIROIGERER 21774 ) . FEEEEBR 217749
ICH7 ) FZFHREPET 2 3HFFIAR— NIRRT T F 2l L7,
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[] metal pole

DC bias cable

varactor :

/' . \ !

// resmtance\ i

' £ ! zx E

£ vi4© v ;

‘ & . o E

................. o._.-.----.-..‘

. 10mm
Printed-
Circuit
Board i

6.4 Prototyped variable reactance circuit configuration

6.3.1 HEULIE3IRFIANTVTFH

MELZZ3BTIA R NI AT T FOBRAKXZX 6.4 12, BEZX 6.5 IR
T, MERTICE 50Q Fihr — 7 V2, MEEERTICEY 77 7 v AN S T
W3, GRS 24GHZ E 55, ) 7 7 ¥ v ARIEESCHR [59] 1S3 7 TR
HlrZEY) 77 & v ANl 2 5B IET 5. N9 7 213 HVD368B 2 W5, GdfEL %
)77y v AR D AP IZ-68~T70Q TH % [~1]. ZIUIRIFITHWAY 778 v A
HPH X e, L Lads, BT A XOMEMOBEPS NS 27 DB %E 4 L L,
N2 7 ORIENE T Y Z v T a 2N (DAC) Tfi-> Tk D, ZoMEizHiIE
- 0~5V, JrfifRE 8bit TH 5.,

RIET v T FOETFHREBRDICETHT 5720, 727 VUK THRER T LERELET%
PAiAAH, FTZEELTw 5, FTHFETEIFEHIE V12 226 V4 OHiHTH 5.

6.3.2 (EMtHLCRIHREAES KV 7 > 7 FEREFHE

TYTTOWERZR 66 ICRT, 3RTFIARNT VT FOEIAR—NVHRT LA
R—7 7 P—HR LESRICEEL, Znz/ififiodeg L35, ¥4 RX—1LT
YT P ROMREER T2 #1, Ol 242 &9 %, Rk LRE & e BRI
%, [l — 7 vk DC/NA 7 R7 — 7VIEJ5hef 270deg JT1AI~NG] & HiT.
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Parasite Element Feed Element

RF coaxial cable DC bias cable

6.5 Prototyped 3-element dipole ESPAR antenna

%2 6.2 3-element dipole ESPAR antenna maximum gain on a horizontal plane [dBi]

3-element dipole USB
varactor voltage d=N4| d=M8 | d=N12

v1 =0V,ue =2.25V -0.69 -0.75 0.65 -2.26
v1 =2.94V,u5=4.02V | -0.93 -3.90 -6.85 | -13.1
v1=3.73V,u5=4.02V | -0.72 -3.31 -3.79 | -8.25

FAIRE A /4, A8, N121C81F 3% 3FETFIA K-V Z A7 v 7+ OFEEIES X
(' LLL, RDC %Z{§Hlid %, L&D 3 D /N7 7 ¥ EHEIZOWTORE (EIFESLA
BEHHEEZED) 2L 602 IR T, LLLONZ 7 ¥ EEFH~y 72K 6712, KE T
®D RDC 2% 63 12T,

b/ kD, LLL OMEDIEE L OFEFRIRZAIC X 2 BEOHEE Y S 2L —> 3
VIRNTE BT 5. £ 63 XD, Elpg BFETFHEE N4 DL ERAKE R BRITE 3K
T5. Lol, FTFHEE NS DEEHRNEMITERL S, ZOFERAICOVT, FF R
A/16 & X\/8 ® RDC fi#fiE L HIERERIZ, ZDAED30.01 EEWEZRLTWSE I &
LEIGRETH DL EEZ NS,

PDEXD, 3FBFHAFR—NZ A7 77D LLL 8 X U RDC DT & JlER S IE X
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Anechoic Chamber

NA : Network Analyzer
PC : Personal Computer
TC : Turntable Controller

dc bias cable

RF coaxial cable NA
|\ Portl Port2
! [ PC
1sam | 77 2M4m o=

1
| turntable — GPIB cable
1
v TC

1;

control cable

6.6 Measurement system of ESPAR antenna directivity

# 6.3 Relation between measured RDC and space between elements

TYTT 3-element dipole USB

FTHE | d=X/12 | d=X/8 | d=)\/4 | d=)\/16
E[prd) 0.626 0.611 0.674 0.670
P i 0.617 0.630 0.669 -

{—HLTwn3,

6.4 FAEDIGH

ARZEFZIETIAR—NIART YT TOT7 YT THEEE 7 v 7 FikEHEEOBERICD
WTERZE L 7. BRI, RRIAERSRRICEN T 2 ) 77 & v A DESR, BXUZ
DI DRI D L ERIEFEE RDC 235N e %2 %, 7y 7 DOFEFHEEZ R L 7-.

6.1 fiTix, FHATEOEMEEFMAEE LLL 2 W<, &7 v 7 FHETRECE ) 2R
)70y AEMZ R LT, KR, FBFHERESES R, m#kY 7o 8 v AR
Wl A S N, ZOROET VT FRTHRBICE ) 2R ) 77 % v AHiH
I, \/32 T-23~28Q, \/16 T-40~40Q, \/8 T-80~50Q, /4 T-130~30§2 \/2 T-70
~150Q Zm L7,

60 fiClE, B SERMESHEITEE RDC 2 T, RDC /N b7 v 7+ %1
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Hom 3FEFIAR—NIARNTVTFFD

BEIP

AEE K OEHif

v,[V]

3 2
v,[V]

(a) Space between elements: \/12

v,[V]

fis

55 4 1 0

3 2
v,[V]

(b) Space between elements: \/8

2 1 0
v[V]

0

vVl
N [

w

iy

5
5 4 3

(c) Space between elements: \/4

6.7 LLL map on varactor voltage plane
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RIFEZBH S 2 U7z, S, Z7RE M6 DL X2 RDCAROELS kB L 2RI,
o T, 3FTIAR—INIANRNT YT FIZEB VT, WHEME#EAREE D70
DT VT &, ETREIRE N6, V)T 7y v AFF-40~40Q, MEMTH B I L BN
L7,






BT7TE

USB AT v IBIT AN >VTF
DFHIEH &K U 84

ARFITE 0 FCRL, WRMEREREERCEL 23R TFZART YT FDY 7
& v AHiH, FTEEZEEIC, USB AT 4 v 7B 287 v 5 F %ilfE, FHlid 5. GfE
T2 USB A7 4 v VBRI A7 VT FIE, WWERESEES AT 627777V F
TVLATEDLLHIMET 5.

71 HEULREUSB ATy IBIRANTZVTFDEE

EARTHONIIRTFIART VT TR ARSI E R T 77 v
AP, BT ERIC, USB AT 4 v 7RI 27 v 7 F2ifET %, MEEK 111
AT, BET S USB AT 4y V7RI A7y T FHIE 1KY v PR EIc7 75, RF
E5RME, N7 7 ZHIfHEEE, USB a7 ¥ 2532 2LC, AVavic7r7 74
VI BHETT, EEWERERLEE AR T v T LTS, TV TS ORI
FTEE/ A=V ETE, Z2LC HeoHEOMRLD, FrkEEN/16 T2, AIZY
778 AL 3 FEFIAR— VI AT VT F ERAKOEEEZHNTEY, 207
78 v AHiPHIZ-68~T00 TH 5., ZOHiFHIZX, HeBETHoNLY 77 & v AHFE-40~
40Q Z iz, Y 7o & v ANzl d % DAC 12 USB 2 %27 87— 7V
CEESR SNy avic kDT 5,

7.2 1RRAEINY Y ORES LU 7 VT F e

USB 25 4 v 7RI 287 v 57 FOIRBEEHIEES X O 7 v 7 F RGN 2179 . 3(E
L7 v 7 FTOHlESRZX 66 TRY., 2V 87— 7F 74 FDKR—1F 2 1%, USB &

65
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W78 USB AT 4 v Z7HRI 27 v 5 FOilEE X O

T4 v IRIZNT VT T OERFICEM I SMT a7 Z Ik 5.

HIE L 22 iRk o b TR R TR 2 R iR 8 > 3EEZX 12 1SR, 2015
FEDFIE (BRI A EAEEZEGT) 2R 62 1R T, FBREXUYLLL ONT 7 ¥
JEf~y 72K 1312, RDC OHIEMZZ 6.3 1287,

B/ kb, fEL77 v T S RERAERY V2R TETHWS I LR
5. LL, £62 0008177 5DMH&->TiF-13.1dBi LK\, Tk, A% RF
EENE» S HEINLEE5%2, WERTIE SMT 2278 ZH0BEICUIV L
IS X B REHER, BRI R ZIcE bR ) AL v E—F v AEEIC X B KAHEK,
W DFEARIBLR, BHRER, BLXONT 7Y ONTIRGHENFEKEEZ 5N,
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DIFRFIAR—NIART YT FEEUCEZRT. 2o 3EFFIA RV ERL D
RO T v 7 FIRDIES T TH 2 2 &, MEINE) 2 LENEZ NS,

R, fEL Ty T HIZ o Ty T FEGHERE L 7 v T T OREE DR Z R
T, OCHR [43] SCHR [44] SCHR [S1] THOW SN TV BHERD 3 HZTF I A R—IVZ AT VT
7, RDC /& & 2% 7k (V16) 3 FFT A7y 57 ), USB AT 4 v /7Rlx
ART VT F, ZNEFNnEH O GE IR ERENRILE S X T 403 5415 Imac D
—Hl %™ 74 1CRT. 14 DD 77 71%, TRBC {EH#E 712 E T RNR 2% 20dB
Dbkt Eo7y 7 GHEE PDC &I EEERR RS EEMHEBRE p. ORGREERT.
77 71, RS EEZ I 2 LB cHER L 728560, EREERE RS JEEHB
PRI pe EHEDTBENE Imac DRIRZRT. K74 XD, #ERD3FETFIAR—NVZART
YL, BoEFE TR 3 E T A7 7 Fid Imac 58 0.04 KA > bk, USB
AT 4 v 7RI 287 5 F 1% Imac 230.01 KA >~ b BT 3,
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7.1 USB stick ESPAR antenna prototype
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90 deg

S  mmar

570 5 dB/div

(@v1 =0V, vg = 2.25V
9Q deg

180

270 5dB/div

(byvy =294V, vy =4.02V
90 deg

oD

270 5 dB/div

(C)Ul =3.73V, Vg = 4.02V

7.2 USB stick ESPAR antenna directivity pattern examples (normalized)
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7.3 USB stick ESPAR antenna LLL map on varactor voltage plane
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08 - 08 yrisipapiva b et K=0dB
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xiEZTFRER@0.91 ! L B % TR @0.611
02 USB@0.88 i | 02 el USB@0.670
kR FHR@0.87 | | | | RERET IR @0.674
0(] 02 04 0.6 08 1 (()]2 04 0.6 038
Imac E[ l)pd]

7.4 Imac of the wireless secret key agreement system with USB stick ESPAR antenna
(TRBC propagation model, RNR=0dB)

FLst, USBAT 4 v 7RI 27T 1%, {ERDOETRHINE NG D3 ETFYA
K=V IZ 27T+ XD 18 /UL 7212 b BH 53, RDC 1ZETRkE M4 D 3 EF
A R—IWVIZNRT v 7 HIIERISECE (G%) 2 #7) 233607z, TRBC [mitk€ 7 v
(RNR=0dB, K H¥=-10dB) DEHEERELICH\>C Imac 1 0.01 £A >~ b i) 19 3 AfagdE:
L, LoL, BAaETOBZICL b4 ) KEHBRLREWI L2, S%IZAENA
VE=F Y RAEAN L EOFENEETH B,
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7.3 FEODIGH

AKFINTUSB AT 4y VBT AT 7 Z2afEL, FHliL 7. 8WEL7 USB A7 4 v
PRI ZNRT YT HIE 1LY v FEKR EIC 7> FF, REEERRBIE, N5 27 2
¥, USB 2373 %2FELTED, XV avic 7l 7 4§50 T, MRS
HHADH AL 7 v T+ E L.

AfEL7USB AT 4 v 7Bz 27 v T %, FTHE ML D 3FEFFAF—ILTA
NR7vTF &) US/MNLL 7212 B 53, RDC IZHE T M4 D 3 H T4 =L
AT VT HICIEFISENE (B8 2 1) 233607, TRBC {a#iti%€ 71 (RNR=0dB,
K K¥=-10dB) DE#BREZIC BT Imac 1% 0.01 XA > b B3 20882 R L 72,
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AR R RE L 2, REL L7 v 7 FiGHEEIE R E <40 T TR mik o @Rl
B & TR SRR, o 2 e L. Brtko @ Eirmis e, 5
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8 M D L R R I 5 D A IS & CEA ST X — g B TSk (il
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VHBIRE (ADC) o 2 FEZIRE L 72,

B A BIIEE s HCREL 7 v T FEHER, EBR, LLL, CBW, PDC, ADC %'RS
JEEDREER FIcHHTH 5 2 & ZMGEL 72, RS BREDOIEIHIZ poy B X pe D
2 0% FARHCERE L 72, §58, TRBC iR ICE VT, 7y 7 FikaHEEIC X 5 poy D
A BB R I T E R wEEENE SN, po 13, ZERSENINMEEENHL (RNR) 28
0dB DA I, MRS AR E I (K KT 23 10dB 2L T TRBC mifEREiicE T, 7
YT OFGHEEEIC X 2O HRNTH 2HEHESE S N7, K2 PDC 12X % p. D
IR KR E <, KT 40% DR %Z R L 7. F72, RNR 23-10dB DL L2 K A
F233dB DA T DEERE T p. & PDC OMHBEIM:X 0.77 L ER S 7z, HE-> T, Afilk
REL 77 v 7 FRGHEEOH T d RS EIEOME MR IG5 PDC TH D,
Z DA EEHRIERTH % nifBREE 13 RNR 23 0dB BLE2»D K KT233dB IF Ew) 2
LRSI L7z, {313 RNR 28 0dB MO EIERE CfT b, Fal L NENERELIC
BWT, KEFIZ3dBRETHZ Z Lo, —BINRENEREOERE ICH % MR
BERIAE > 2 5 A oM iz Hﬂﬁﬁ%f%%&gz%

S BIZEEMERER G AR o0 EBiFE T v T E LTI E R B AT
YTFIZOWTEB L7, BOICZ AT VT F OEEFEME X N2 ORI O W TR
L7z, RICZAXR7 VT FORAEEHEFERICOWTHHL 2. BEHECEEMmY = 1 b
R7 PR E BRI AEA 25 v ATHNED 2 S D, A, £ IEREE R ICH
T2 ENTELZEMDHMA I8 v ATIERRA L 7.



73

oI IELIAR—NIZART YT FDO7 v FHEE L RREOHIEEEE X O
7 VT PG HEEEOBIRICO VTR L 2. M EHEREE Do D 3 F T4
R—=IVIZ A7 v T FIdHET RIS RDC M bIES 22 R/IN6 THEH L, V77U ¥
v AHPHH-40~40Q), U TH DL I EERLT,

BRI USB AT 4 v 7R 27y 7 2alffL, i L%, fFL 7% USB A
FTAYIRIZART YT FREAY AT I IA T BETT, ML RIE
KBFHTRER 7T FE L, 7y 7 Fo&EE3ETE/ A= Ee L, ETHEIX
%6 G5 N7 RDC S bIEC % 200E/16 & L7z, ETRMRESEEML O3 F54
R=IVZ ATy T FEHEL, ELZZUSB A7 4 v 7R 277 FI, 4 X
i 1/8 /NRAL L, RDC IZIEH ST\ E (%) 2 #i) %3EW L 7. TRBC BitBEi€ 71
(RNR=0dB, K A ¥=-10dB) D{n#fEisiic 3> T Imac (Z 0.01 KA > b1 k3 2 Afagd:
L7z,

DLlbE% XD, R st e e 5 Ao MEEZ & %5 7 v 7 FikEHEE PDC
ZMHohTwoTIRE, ZoAWMZ2R L%, PDC % H\» TS E R A 5 o
72ODUSB XEV AT 4 v 7RI 27 v 5 F %2t MEL. SRBROMEHEIZ,
BratYI DV EZIC L 2 AL v E=F v Z0EFMIFEIKIC & 2 KEHBROIERK, 77
REHREE D HRIE D EBEHRERIC X B, 7o T FOE R B/, b U IR
wal, HEEzZoNnD.,






[1] Ross Anderson (), bt 7222 A (), L ¥ 2V 7« Bifika FEHTE
TS AT LREED 7= I2-, pp.73-113, HFEBP #, HuL, 2002,

[2] e, g, ElRe X2V 74, A —2o%k, #E, 2003,

3] it HEY, WEHE, “FMHES~OX A ¥ v R, " F%5H (A) , volJ82-A, no.8,
pp-1200-1211, Aug. 1999.

[4] P.W. Shor, “Polynomial-Time Algorithms for Prime Factorization and Discrete Loga-
rithms on a Quantum Computer,” Society for Industrial and Applied Mathematics Jour-
nal on Computing, vol.26, no.5, pp.1484-1509, Oct. 1997.

[5]1 VEEFETR, B avEa—% LEFIES, GIENE, 3a 2002,

[6] IAHE, “GaEfERy b7 —2 LRI, " B85 (B) , vol.J87-B, no.4, pp.478-486,
Apr. 2004.

[7] /INSRfESE, B pAs 5 DL WE, ” F545 (A) , vol.J90-A, no.5, pp.367-375,
May 2007.

[8] J.E. Hershey, A.A. Hassan, and R. Yarlagadda, “Unconventional Cryptographic Keying
Variable Management,” IEEE Trans. Communications, vol.43, no.1, pp.3-6, Jan. 1995.

[9] H. Koorapaty, A.A. Hassan, and S. Chennakeshu, “Secure Information Transmission
for Mobile Radio,” IEEE Communications Letters, vol.4, no.2, pp.52-55, Feb. 2000.

[10] A.O. Here, “Secure Space-Time Communication,” IEEE Trans. Information Theory,
vol.49, no.12, pp.3235-3249, Dec. 2003.

[11] dGWHA, #ERFH—, “PE EBENEE 2B 1T 5 OFDM DG XEEEEIC KD Mt
HEHA, 7 E¥% (A) , volJ87-A, no.10, pp.1320-1328, Oct. 2004.

[12] Z. Li, W. Xu, R. Miller, and W. Trappe, “Securing Wireless Systems via Lower Layer
Enforcements,” ACM Workshop on Wireless Security, WiSe2006, California, USA,
Sep. 2006.

[13] R. Wilson, D. Tse, and R.A. Scholtz, “Channel Identification: Secret Sharing Using

Reciprocity in Ultrawideband Channels,” IEEE Trans. Inform. Forensics and Security,

75



76

2 3Lk

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

vol.2, no.3, pp.364-375, Sep. 2007.

EHFRON, TR —, “BIUSHREIEZ I L e 03X - AR, S50
(B) , vol.J90-B, no.9, pp.770-783, Sep. 2007.

J. Wallace, “Secure Physical Layer Key Generation Schemes: Performance and Infor-
mation Theoretic Limits,” IEEE International Conference on Communications 2009,
pp-1-5, Dresden, Germany, Jun. 2009.

LINEMN, HSHA, BT —, “OFDM DOimkigFiik ic 5o < st A e s
\F 2 ICRMERRE L OMEEIIRE,  F5%% (B) |, volJ92-B, no.10, pp.1708-1711, Oct.
2009.

N. Patwari, J. Croft, S. Jana, and S.K. Kasera, “High-Rate Uncorrelated Bit Extraction
for Shared Secret Key Generation from Channel Measurements,” IEEE Trans. Mobile
Computing, vol.9, no.1, pp.17-30, Jan. 2010.

C. Ye, S. Mathur, A. Reznik, Y. Shah, W. Trappe, and N.B. Mandayam, “Information-
Theoretically Secret Key Generation for Fading Wireless Channels,” IEEE Trans. In-
form. Forensic and Security, vol.5, no.2, pp.240-254, Jun. 2010.

C.C. Chang, H.C. Tsai, “An Anonymous and Self-Verified Mobile Authentication with
Authenticated Key Agreement for Large-Scale Wireless Networks,” IEEE Trans. Wire-
less Communications, vol.9, no.11, pp.3346-3353, Nov. 2010.

T. Shimizu, H. Iwai, H. Sasaoka, and A. Paulraj, “Secret Key Agreement Based on
Radio Propagation Characteristics in Two-Way Relaying Systems,” IEEE Global Com-
munications Conference 2010, GLOBECOM 2010, pp.1-6, Florida, USA, Dec. 2010.
C. Chen, and M.A. Jensen, “Secret Key Establishment Using Temporally and Spatially
Correlated Wireless Channel Coefficients,” IEEE Trans. Mobile Computing, vol.10,
no.2, pp.205-215, Feb. 2011.

Q. Wang, H. Su, K. Ren, and K. Kim, “Fast and Scalable Secret Key Generation Exploit-
ing Channel Phase Randomness in Wireless Networks,” IEEE International Conference
on Computer Communications 2011, INFOCOM2011, pp.1422-1430, Shanghai, China,
Apr. 2011.

K. Ren, H. Su, and Q. Wang, “Secret Key Generation Exploiting Channel Characteris-
tics in Wireless Communications,” IEEE Wireless Communications, vol.18, no.4, pp.6-
12, Aug. 2011.

A. Agrawal, Z. Rezki, A.J. Khisti, and M. Alouini, “Noncoherent Capacity of Secret-
Key Agreement with Public Discussion,” IEEE Trans. Inform. Forensic and Security,
vol.6, no.3, pp.565-574, Sep. 2011.

T. Shimizu, H. Iwai, and H. Sasaoka, “Physical-Layer Secret Key Agreement in Two-



S5 3k

77

Way Wireless Relaying Systems,” IEEE Trans. Inform. Forensic and Security, vol.6,
no.3, pp.650-660, Sep. 2011.

[26] A. Khisti, S.N. Diggavi, and G.W. Wornell, “Secret-Key Agreement with Channel State
Information at the Transmitter,” IEEE Trans. Inform. Forensic and Security, vol.6, no.3,
pp.672-681, Sep. 2011.

[27] Y.E.H. Shehadeh, O. Alfandi, and D. Hogrefe, “Towards Robust Key Extraction from
Multipath Wireless Channels,” Journal of Communications and Networks, vol.14, no.4,
pp-385-395, Aug. 2012.

[28] T. Shimizu, H. Iwai, and H. Sasaoka, “Group Secret Key Agreement Based on Radio
Propagation Characteristics in Wireless Relaying Systems,” IEICE Trans. Communica-
tions, vol.E95-B, no.7, Jul. 2012.

[29] ARitt, fRFH—, KV, “ZEE5MEDZ2MMEBICIED < 3 HAE B ICE L 72
T YT NS — v ORGY, 7 F5ECHR, AP2003-188, pp.47-52, Nov. 2003.

[30] BEEES Y, HERZ, RVE, EEE—, “T 277 F 2 o7 s e f
FRICEB T 2 A WEROEMMBIRMEY S 2 v —> a v, " E%EE], AP2004-42,
pp.7-12, Jul. 2004.

[31] HEEZ, f@IEN, RV, Ne i, HEE—, “2 237 v 7T rzHvk
IEEE802.15.4 &b mstt G2 2 7 &, ” 5% (B) , vol.J88-B, no.9, pp.1801-1812,
Sep. 2005.

[32] /NNEE, BB —, FHKG, BHEY, ZiFE— KEDE—, “XZmfllcht
Hllf# % 17 > 72 MIMO-OFDM > A 7 A2 B 3 F v 2 VT DA A B 2 5D <
WEHILE T A oE, B (B) |, volJ88-B, no.9, pp.1789-1800, Sep. 2005.

[33] T. Aono, K. Higuchi, T. Ohira, B. Komiyama, H. Sasaoka, “Wireless Secret Key Gen-
eration Exploiting Reactance-Domain Scalar Response of Multipath Fading Channels,”
IEEE Trans. Antenna and Propagation, vol.53, no.11, pp.3776-3784, Nov. 2005.

[34] dLHIA, EHERA, fERFE—, “BE LBEaEEIcEk )2 7 v 7 FURic X 3 %EE
SR L2 L mEat G55, " F545 (B) |, vol.J90-B, no.3, pp.315-317,
Mar. 2007.

[35] &R, BHEE, bBEF», KPFE, ‘MR 3 R A7y 7 F 2 e
TMEHIE S AT LICE T 3 MESEMN SR, ~ 55508, RCS2008-3,
pp-13-18, May. 2008.

[36] Bwll#h, MHE ", LEFRE, KFE, “T27 07+ 2o sEiiig s 2
T LB W THESAMHAEHE Imac Z2&9 5 7200w v FERE, 7 F
22 B, SIP2008-151, pp.161-166, Jan. 2009.

[37] KvufFah, ALEPRERE, ‘GIFERA, fHEFE—, “T A7 v 7 F 2 e 7 R i



78

2 3Lk

AT T 2 THETRE D < SRR Bk, ~ S35, AP2009-54,
pp-59-64, Jul. 2009.

[38] WEKkGZ, FBIHMA, HHFH—, “Z 27T FEHOLRE#RLE BT S
WHEMHME DS OHERRE, ” E%5m (B) , volJ92-B, no.9, pp.1348-1361, Sep. 2009.

[39] K. Zeng, D. Wu, An Chan, and P. Mohapatra, “Exploiting Multiple-Antenna Diversity
for Shared Secret Key Generation in Wireless Networks,” IEEE International Confer-
ence on Computer Communications 2010, INFOCOM2010, pp.1-9, California, USA,
Mar. 2010.

[40] J.W. Wallace, R.K. Sharma, “Automatic Secret Keys From Reciprocal MIMO Wireless
Channels: Measurement and Analysis,” IEEE Trans. Information Forensics and Secu-
rity, vol.5, no.3, pp.381-392, Sep. 2010.

[41] T. Saito, K. Uematsu, T. Hasegawa, H. Uehara, and T. Ohira, “A New Scheme
for Anti-Tapping Tolerance Enhancement in Wireless Secret Key Generator Utilizing
Horizontally-Polarized ESPAR Antennas,” 2010 Asia-Pasific Radio Science Confer-
ence, AP-RASC2010, 1 page, Toyama, Japan, Sep. 2010.

[42] V. Korzhik, V. Yakovlev, G. Morales-Luna, D. Ovechkin, and Y. Kovajkin, “Wireless
Secret Key Sharing Based on the Use of a Variable-Directional Antenna Over Multipath
Channels,” International Symposium ELMAR 2010, pp.277-279, Zadar, Croatia, Sep.
2010.

[43] £, Ak, MARE, R, bBEFEE KRPE, 2277+ %2[H
> 7 RS R IR T A O MEE T & I 2 e 2 R rRER, C EvEe (B)
vol.J94-B, no.2, pp.214-225, Feb. 2011.

[44] RERARIIE, ZoBRRESE, BEFESE, RV, “T 237 v 7 F % Ao 7o i o st Af ik
AT LDIHGEER,  F7 ), AP2010-186, pp.77-82, Mar. 2011.

[45] ALEPRERE, HHFRA, FERFE—, “MIMO [EH E— A 22581 % BIZRIC B T 2%
TERIZE, " E%m (B) , vol.J94-B, no.2, pp.85-93, Jun. 2011.

[46] PEHIFS, THKEGRZ, AIRRA, % —, “FDTDRICL 27V —7 v 7 F 2wk
b A 7 S o BEREIRH R, (5450, AP2011-35, pp.47-50, Jul. 2011.

[47] T. Yoshida, T. Saito, K. Fujiki, K. Uematsu, H. Uehara, and T. Ohira, “Impact of Direct-
Path Wave on Imac in Secret Key Agreement System Using ESPAR Antennas,” URSI
General Assembly, URSI-GA 2011, 4 pages, Istanbul, Turkey, Aug. 2011.

(48] HIHIEE, ‘&fbd, DA, MR, “7Lv—7 v 7 F 2 e iEsERic s
% PR R EEAL BN O AR, 2% (B) . vol.J94-B, no.11, pp.1494-1497,
Nov. 2011.

[49] BEARHKER, &AL, AgelEsl, S, LGS, RV F, “MRiE g 2



S5 3k

79

T LITHT 2 HEEI VIR O R4 L LR, 7 BB, MW2012-207, pp.43-48, Mar.
2012.

[50] M.G. Madiseh, W. Neville, and M.L. McGuire, “Applying Beamforming to Address
Temporal Correlation in Wireless Channel Characterization Based Secret Key Genera-
tion,” IEEE Trans. Information Forensics and Security, vol.7, no.4, pp.1278-1287, Aug.
2012.

[51]1 R&%RBmAv, SHAR, RIbHE, LEF, RPFE, mimasitgrtics
WTHRAR E SIS ANST T F 2GS 2 LIk 2 B E, 7 SRR,
MW2012-103, pp.125-128, Oct. 2012.

[52] SIFwE, ANHEY, 7Y v by, BEFSE, RVE, MR E A 7 ot
FEMEZ2 o 5 AILTRIAME 7 v 7 FHRAESARIEIEIR DR R, ” (F°A58H, AP2012-125,
pp-19-24, Jan. 2013.

[53] T. Yoshida, Y. Omori, N. Sakai, T. Ohira, “Imac Enhancement Exploiting the Eigen-
value of RadioWave Fluctuation in Secret Key Agreement System,” 2013 Asia-Pacific
Radio Science Conference AP-RASC2013, 1 page, Taipei, Taiwan, Sep. 2013.

[54] C.A. Balanis, Antenna Theory -Analysis and Design- Third Edition, John Wiley and
Sons, Inc., New Jersey, 2005.

[55] &ikEA, M- 77+, BrEREEES, Al 1995.

[56] B&EEMIA, T T IR LBHIZEFy 71, A —otk, WA, 2005.

[57] R. Harrington, “Reactively Controlled Directive Arrays,” IEEE Trans. Antenna and
Propagation, vol.26, no.3, pp.390-395, May. 1978.

[58] T. Ohira and K. Gyoda, “Electronically Steerable Passive Array Radiator Antennas for
Low-Cost Analog Adaptive Beamforming,” IEEE International Conference on Phased
Array Systems and Technology 2000, pp.101-104, California, USA, May 2000.

[59] Q. Han, K. Inagaki, K. ligusa, R. Schlub, T. Ohira, and M. Akaike, “Harmonic Distor-
tion Suppression Technique for Varactor-Loaded Parasitic Radiator Antennas,” IEICE
Trans. Electronics, vol.E85-C, no.12, pp.2015-2021, Dec. 2002.

[60] BKILE, fTH5A—, KV, LEE, “T AT V7T DOE— L KO X VIBKEEIIC
B9 28> S 2L —> 3y, " B4 (B) , volJ85-B, no.12, pp.2234-2244, Dec.
2002.

[61] fFAS—, “T AT VT FOME T X =7 2@ iR X Dt 2751k, 7 F58
), AP2003-35, pp.53-60, May 2003.

[62] R. Schlub, J. Lu, and T. Ohira, “Seven-Element Ground Skirt Monopole ESPAR An-
tenna Design from a Genetic Algorithm and the Finite Element Method,” IEEE Trans.
Antenna and Propagation, vol.51, no.11, pp.3033-3039, Nov. 2003.



80

2 3Lk

[63] KV, fREA—, “BEEEGESBTLV—T7 77, " &% (C) , volJ87-C, no.1,
pp-12-31, Jan. 2004.

[64] J.Lu, D. Ireland, and R. Schlub, “Development of ESPAR Antenna Array Using Numer-
ical Modeling Techniques,” International Conference on Computational Electromagnet-
ics and Its Applications 2004, ICCEA 2004, pp.182-185, Beijing, China, Nov. 2004.

[65] H. Kawakami and T. Ohira, “Electrically Steerable Passive Array Radiator (ESPAR)
Antennas,” IEEE Antennas Propagation Magazine, vol.47, no.2, pp.43-50, Apr. 2005.

[66] J. Lu, D. Ireland and R. Schlub, “Dielectric Embedded ESPAR (DE-ESPAR) Antenna
Array for Wireless Communications,” IEEE Trans. Antenna and Propagation, vol.53,
no.8, pp.2437-2443, Aug. 2005.

[67] FHwtE, LEF=w, KPE, 3R A7 v 7 OflfE & EgiHiisEs, ~ F5
£, AP2008-66, pp.165-170, Jul. 2008.

[68] S.A. Mitilineos, K.S. Mougiakos, and S.C.A. Thomopoulos, “Design and Optimization
of ESPAR Antennas via Impedance Measurements and a Genetic Algorithm,” IEEE
Antennas and Propagation Magazine, vol.51, no.2, pp.118-123, Apr. 2009.

[69] B. Alshami, H. Aboulnour, and M. Did, “Design of a Broadband ESPAR Antenna,”
Mediterranean Microwave Symposium 2009, MMS 2009, pp.1-6, Tangiers, Morocco,
Nov. 20009.

[70] N. Sakai, H. Uehara, and T. Ohira, “Variable Beamforming Characterization of a 3-
Element Dipole ESPAR Antenna from a Complexity-of-Directivity Viewpoint,” Asia-
Pacific Microwave Conference 2009 APMC2009, 4 pages, Suntec City, Singapore, Dec.
2009.

[71] T. Hassan, A. Kausar, H. Umair, and M.A. Anis, “Gain Optimization of a Seven Ele-
ment ESPAR Antenna Using Quasi-Newton Method,” IEEE International Conference
on Microwave Technology and Computational Electromagnetics 2011, ICMTCE2011,
pp-293-296, Beijing, China, May 2011.

[72] H.T. Liu, S. Gao, and T.H. Loh, “Electrically Small and Low Cost Smart Antenna
for Wireless Communication,” IEEE Trans. Antenna and Propagation, vol.60, no.3,
pp-1540-1549, Mar. 2012.

[73] 1.J. Luther, S. Ebadi, and X. Gong, “A Microstrip Patch Electronically Steerable Para-
sitic Array Radiator (ESPAR) Antenna with Reactance-Tuned Coupling and Maintained
Resonance,” IEEE Trans. Antenna and Propagation, vol.60, no.4, pp.1803-1813, Apr.
2012.

[74] R.H. Clarke, “A Statistical Theory of Mobile-Radio Reception,” Bell Syst. Tech. Jour-
nal, vol.47, pp.957-1000, 1968.



S5 3k

81

[75] EHSCHE, 74 ¥ & VIRRLES AP, pp.143-174, K5 JEAH, 35, 2002.

[76] T.K. Sarkar, Z. Ji, K. Kim, A. Medouri, and M.S.-Palma, “A Survey of Various Propaga-
tion Models for Mobile Communication,” IEEE Antennas and Propagation Magazine,
vol.45, no.3, pp.51-82, Jun. 2003.

[77] H.Hashemi, “The Indoor Radio Propagation Channel,” Proceedings of the IEEE, vol.81,
no.7, pp.943-968, Jul. 1993.

[78] ‘AR, BENEEICE 1T 2 RS -EREE S S 2 L — a Y D7 DILEER
-, pp.132-142, 20 F 4k, AT, 2012.

[79] J.W. McKown and R.L. Hamilton, “Ray Tracing as a Design Tool for Radio Networks,”
IEEE Network Magazine, vol.5, no.6, pp.27-30, Nov. 1991.

[80] SHEH], “LA FL—> v 7RI X 2GR S 2L —vay, " EEE (B)
vol.J92-B, no.9, pp.1333-1347, Sep. 2009.

[81] I —, KJEHE, “BEABIOT7A YL AEEICET 2L HIIEMHS 21—
YaveA7ueVBREICEB 2L A L —REOEH, CEEEER, A 7k
S 2 L —# W94, 7 pages, Mar. 2003.

[82] Z. Blazevic, I. Zanchi, and 1. Marinovic, “Scaled Measurements and Ray-Tracing Simu-
lations of Multipath Propagation Radio Channels,” International Conference on Applied
Electromagnetics and Communications 2005, ICECom 2005, pp.1-5, Dubrovnik, Croa-
tia, Oct. 2005.

[83] i L&, FHRERZ, ‘SRR, TR —, M BiHlE 125D < miksht
ELEDOREMRNT, » B2 E5H, AP2007-74, pp.1-6, Aug. 2007.

[84] Y. Lustmann and D. Porrat, “Indoor Channel Spectral Statistics, K-Factor and Reverber-
ation Distance,” IEEE Trans. Antenna and Propagation, vol.58, no.11, pp.3685-3692,
Nov. 2010.

[85] V. Nikolopoulos, M. Fiacco, S. Stavrou, and S.R. Saunders, ‘“Narrowband Fading Anal-
ysis of Indoor Distributed Antenna Systems,” IEEE Antenna and Wireless Propagation
Letters, vol.2, no.1, pp.89-92, Feb. 2003.

[86] D. Fedorov, “NEC-2 for MMANA by UA3AVR,” http://www.gsl.net/ua3avr/, Jul. 2013.






4 B

AEHR LR EEDRITHD, HLOHFOTIREL 2B, %BRT B LT
EFE L7 WIEBEEICMAT, HEHOFZ IR EWEE L L TEE T iz 4tk
ACHEZE L7, BEEMEIARFER - EFER LR KPR, FRFB2E, A
Bk THBEHEMER 7 ) v F VIEERZIC O S B LET. 2D 3 1ch -
D, T - ABE LR NS R HEZ, AYES - BT HER LA S — B EES
CHEAZBGD L, ZZRBEHCLET. BAE, SUREAMEY S TR0 JEE D
WEZ THE £ L7z, FEMREIE TS LR 7S —8d%, SHASIE, R
SR T AR SR TR IR B IR B L B 9. =27 v 77
DEFEHAMEE T 2ICh D, WET 7 = WRRXSHAEFRERMHEE L » ¥ — Rik—ERkIC
e onBMERcE D F LA EOEH L 7. AIFRORETICH 2 ) GRS
B a—N)LCOE 707 7Lk ) %Rk XELZZTE LI, HABANETHE LG
SWIRICE S T, WETEMIRE, 74 YL DBEMEED#HLLE S, [H2E, BHE—M
B DS ZEEELZ, HOPEITIVET, HoWIMTEEZLIZL, LD
KAt o TN, KA—RICIRE#HORICEZ A, BB, KRPERTZRFEN,
FHIIC AT RIS, ELE#HoE2ERL 7.

83






HRFER &

ST (EZ:HD)

(A1) BJbEE, AHEEY, v v b, BEFE ORVE, MR R A o0
SR 2 5 2 IR IAE 7 v 7 HREESARIERRES, 5745 (B) |, vol.J96-B,
n0.9, pp.936-944, Sep. 2013.

(A2) S, ANHEEH, 7 v Y, REFE, KPR, MR st 75 0
USB A7 4 v 7Bz 2777, " fE%5 (B) , vol.J96-B, no.9, pp.1057-1066,
Sep. 2013.

EfRFSRR (BEFHD)

(A3) T. Yoshida, Y. Omori, N. Sakai, and T. Ohira, “Imac Enhancement Exploiting the
Eigenvalue of RadioWave Fluctuation in Secret Key Agreement System,” 2013 Asia-
Pacific Radio Science Conference, AP-RASC2013, 1 page, Taipei, Taiwan, Sep. 2013.

(A4) Y. Suzuki, T. Sugiura, N. Sakai, M.Hanazawa, and T. Ohira, “Dielectric Coupling
from Electrified Roadway to Steel-Belt Tires Characterized for Miniature Model Car
Running Demonstration,” IEEE MTT-S International MicrowaveWorkshop Series on
Innovative Wireless Power Transmission, IMWS-IWPT2012, pp.35-38, Kyoto, Japan,
May 2012.

(A5) M. Hanazawa, N. Sakai, and T. Ohira, “SUPRA: Supply Underground Power to Run-
ning Automobiles,” IEEE International Electric Vehicle Conference, IEVC2012, pp.1-
4, Greenville, SC, Mar. 2012.

(AB) N. Sakai, H. Uehara, and T. Ohira, “Variable Beamforming Characterization of a 3-
Element Dipole ESPAR Antenna from a Complexity-of-Directivity Viewpoint,” Asia-
Pacific Microwave Conference 2009, APMC2009, pp.751-754, Suntec City, Singa-
pore, Dec. 2009.

85



86

IFFE S H S

ERFER (EHGUL)

(A7) Naoki Sakai, “Performance Estimation of Secret Key Agreement System Using ES-
PAR Antennas,” IEEE AP/MTT-S Midland Student Express 2012 Autumn, Kanazawa,
Japan, Nov. 2012.

(A8) Naoki Sakai, “Power Feed to Running Electric Vehicles via Road-to-Tire Capac-
itive Coupling,” IEEE AP/MTT-S Midland Student Express 2011 Autumn, S2-2,
Kanazawa, Japan, Nov. 2011.

(A9) Naoki Sakai, “Antenna Design Criteria to Enhance Privacy for Wireless Secret Key
Schemes,” IEEE AP/MTT-S Midland Student Express 2011 Spring, S1-6, Nagoya,
Japan, Nov. 2011.

ENZFRFER

(A10) 1 Fl—, KA, Bt HE, K-, <Y 784 LAt v E—5 v 2 H
A ORE, ” FAEEHR, MW2013-92, pp.23-28, Sep. 2013.

(A11) SR EBE, IR, BOFME, RP, “BLEREXHBEH EVER O %EGEE
B, "7AYVR-FT7/0Y =7 PTAHATIT7 70T T AL, FiE May 2013.

(A12) el —, /AR, SOFME, LEF=, KPP, PR3 EF X707
F DI AME LR O E TR, 7 [E29%K, B-1-124, page 124, Mar. 2013.

(A13) BHEa s, ANHEE, Y > by, REFS, KVPE, SR E It a7
ADOWBENEZ E 0 2 AIERIAET v 7 FHRAESRIETREORSE, ” [EAE0H,
AP2012-125, pp.19-24, Jan. 2013.

(A14) ZIHEDG, SeRRBE, WM E, vV v by, KPP, “E(LEKES S — F EVER
FHEER AT, B 22550, WPT, pp.7-12, Dec. 2012.

(A15) RFRBG/v, dEHASE, BobmE, LEF, KPE, EHEmsEtahics
WK & DICZ ATy T F 2 WS 2 L X 2 dEEE A L, 5 RR,
MW2012-103, pp.125-128, Oct. 2012.

(A16) B REMH, BIHMRE, AKaE, Bt SofMmE, BEFE KF F, “Hiljy
AxicksE¥uaX vy 7HENEE, "IA VLA -T2 0Y - =07 PhT
7 7u T L K, July 2012.

(A17) 2V > b, MEE, REHHE, SOFME, K, “REimER FET &R
P BT B IRAEAH Q 7 7 7 ¥ MAQ i, ~ f5%85cH, MW2012-18, pp.1-4, Jun.
2012.

(A18) HEARHMENR, &AL, Ak, BobmE, LEFS=, RVE, “miisits
AT LAY B REBI IR D FR S & FEEE, ” FEGR, MW2012-207, pp.43-48,



87

Mar. 2012.

(A19) s, /NHEED, Fgitshilsl, & AR, BOFME, BEF=, KVE, “HiR)
FRIAMEY] D& Z HIE A7 v 7 5, 7 E¥EEHR, MW2012-207, pp.49-54, Mar.
2012.

(A20) /NHERRA, sgitlthited, mafEdn, RN, &y v —, BEME, BERAE,
KVE, BETIARNT VT FOHEFT LERIMOBNE T AL, ~ BERA,
B-1-133, 1 page, Mar. 2011.

(A21) FRAIK, Hibdilt, SR, ¥ vy o8vr—, WHME, REFE, KFE,
QETZART VT T ORAMEAIEEROR TR - BTRREANE, ~ E2E0H,
AP2010-111, pp.113-118, Dec. 2010.

(A22) AN, sitthilsd, &>y v —, B, BEEE REE, PR 2
AT T F OFREER R, 7 EEEE, MW2010-26, pp.1-6, Jun. 2010.

(A23) sgitthited, ARAK, &>V 3y —, BbME, bBEFw, RPE 22707
- DR A 2 EE D DA I EHRS 2 2R A A 2 7 v AATHIE, 7 BYERR,
B-1-126, 1 page, Mar. 2010.

(A24) WMAREGHE, BFME, VU v Ry, BEFESE, RFE, F— bV -RICRY TR
2fif L 72 FET IRMIBE O FEAGEGE, ~ F2A5EH, MW2009-29, pp.57-62, Jun. 2009.

(A25) SdbE, =AKE, bEFw, KRVE, 3ETIAAT VT FOKFHEINTERTE
DOME F kK NE— X v FMEfENT, B8R, SPS2008-23, pp.25-30, Mar. 2009.

(A26) bR, BRFw, KRFE, BRTIAAT YT FORME & EREHESER, 3
£, AP2008-66, pp.165-170, Jul. 2008.

(A27) e, bERF, RV, PRI AT VT TR 2 L3 TE 2 AR
MR ORICE, " (S5E88R, AP2008-33, pp.23-28, Jun. 2008.

(A28) Badtiats, LEAE AP 3HELI AT YT IR L5 EA o
B, 7 EHRAK, B-1-90, 1 page, Mar. 2008.

(A29) b, LIEFE, RV, “B3RFIARNT VT oAk 775 v 2 Lk
THIRREAAE,  F9E8H, AP2007-120, pp.29-34, Dec. 2007.

FFET

(A30) A1 2, SIFMEE, BEARMER, 7rmkbes, 5HAs, MEBLR, Ml i s
A7 L ROZ DTk, REFHIF 2011-203862, 2011.9.16.

(A31) R, w Vv bY, SbMe, seARREE Kk, THEAERR  FFFhE
2013-107987, 2013.5.22.

=
XE



88

IFFE S H S

(A32) XIHERA / R—>avXx—F77/u il #7571, CEATEC2012, 2012 4
10 H.

(A33) RFERNEFHFELRE, Microwave Workshop and Exhibition 2011, 2011 4F 12 H.

(A34) e v 77 —%7 7 MEFEEH, SEEINRIEERY, 2011 43 H.

(A35) Excellent Student Award, IEEE Nagoya section, 2010 4F 3 H.

(A36) “FELEME, 777 - BREIIREHMEZ RS, 2008 4 12 H.

(A37) “AENMERENE, ENE NEFEEEE L2 RIESSE, 2008 46 H.

ZDfth

(A38) HFhmiE, « T1G:A K 2G : Fi 3G : &ithy 1<Hi < 5 4 HRE B, "NE ¥ v 3
YIAX VR T /uY— 77— F 2013 il sonEERERY, HA,
2013 45 H.

(A39) BfEH i Rl2E K/ m— )L COE RRAY —arv X5 4 ¥ a v ifREEs,
2011 4.

(A40) B FHEHEEFRREGE  BEEMBERY: 24877 v FRE, 2011 4.

(A41) BAGE AR 2 K% 7 0 — )L COE 987 €% - B Y55 o 8L Ih R 2 1S,
2010 4.

(A42) BB RIS R/ 0 — L COE kv vy - 7—F 527 b v RSP LEfT
FH, 2010 4.



fTEx

FTgA ITANFZ>TF7075L4

G S §E Matlab %ﬁﬁbbflz/\?/T%ODhrﬁll@’EﬁHﬂ“% a £ FFETD
VP28 Y ZE[Q] DR RV TPyvec, %8I8, {5IATE~Z b Tdirec) % ‘ Dfﬁ&ﬁ‘%

function direc=DirectivityOfPAA (Pvec)

%Calculate input voltage

global vs;$ TRANFPVTFTFDERERE

global rs;$ TRINFYTF+DERIEHR

global Im;$% E# 1

global umat;$ BE{IfT5l

global Ymat;$ ZL—7YTFFDZR—NABADT KI5 > X175

global intYmat;$ PL—7P YT} OBRMUBRSGZES L TKDET R H > X175,
global ita;$ fEAIvE—YV R

global waveNum; $ HE

global alpha;$7L—77%9%

expPvec=[1l;exp (ImxPvec)];

s ANBENY MLOFE

Vvec=vs*inv (rs+inv (Ymat) +umat) rexpPvec;

s BRAWOBEMERT MLOFTE
Ivec=invYmatxVvec;

s BRFODEAR (v/m] OEHE

Eele = itaxImxwaveNum*exp (-ImxwaveNum) .* (Ivec./ (4d*pi));
s EREDHE

direc = alphax*Eele;%[V/m]
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BUEFHE S35 Matlab 2 LT 2 RIGL A b L — REIC & B EHEH R DGR %
MterminalT;, IEFIZZER DA EERE MterminalR; % 5|

B 2. IEALEAE RO A7 E A

B, SRS Tdirec), AFWOBSANE TphiTy, KW D AGFHEE TphiRy, %

FIDREIZ X A MEHES: TsumRefCoef), EI D% "numPath

function [ distance, phiT,

global Im; $EH 1

phiR,

global omega; /%H:&'& rad]
global roomSize; “BE@"T‘(Z’\'7 ML (fE B (m)

global numRef; %¥)§§‘J@§I

sumRefCoef, numPath

global numRoom; % ERED#HEGEEFVINY VI UIEREZRHERLRITH

global mu0; % EZEODEHSE
global eps0; $BEZEDFEXR

global sigma0; $ EZEQEESR

s AVIU—hDBRINFA—F
mul=mul;

epsl = 6.76*xeps0;

sigmal = 0.023;

% BING X —5 DEEAL

numPath = numRefx (numRef+1) x2+1;
distance = zeros (numPath, 2);

phiT = zeros( numPath, 1)

phiR = zeros( numPath, 1);

2

12

sumRefCoef = zeros( numPath, 1);

%% LA hL—REIC KL B EGIRBOIEHOHE

sx B RO

distance(:,1) = (numRoom(:,1)==0)
(numRoom (:,1)>0)
(numRoom (:,1)<0) .

sy B E O RERE

distance(:,2) = (numRoom(:,2)==0)
(numRoom (:,2)>0)
(numRoom (:, 2)<0)

%% REROBPADHE

phiT = atan2 (distance(:,

3% RIERBDAHADEE
phiR = (numRoom (:
(numRoom ( :
(numRoom ( :
( (:

4
4
4
numRoom ( :,

phiR = phiR + ((phiR>pi) *

53 BEORFHEKRHE
s BOAGH
phiRefX=( (phiT>=(-pi/2))

o Kk

ox

(
(
o
(
* (0 (
(
(
(

mod (numRoom ( :

(
t
(- mod (numRoom ( :
mo
(

abs (numRoom ( :

2),distance(:,1));

* (phiT-pi) +

(
* (
(
(

-phiT) +
phiT) +

* (pi-phiT) ;

(=2xpi))

* (phiT<=
" ((phiT>=(=pi/2)) . * (phiT<=(pi/2)))

+ ((phiR<-pi) = (2%pi));

(pi/2))) .xabs (phiT)
* (pi-abs (phiT) ) ;

]

.+ ( terminalR(1l)-terminalT (1)
roomSize (1) -terminalT (1))+...
mod (numRoom (:,1),2) *
;1)

abs (numRoom (:, 1

)

erminalT (1)) +...
, 1
d (numRoom (:,1),

;1)

.x( terminalR(2)-terminalT (2)
roomSize (2)-terminalT (2))+...
mod (numRoom (:,2),2) *

)
)

, 2

(

(

("mod (numRoom (:, 2

( (abs (numRoom (:, 2
(terminalT (2)) +...
( ("mod (numRoom ( :
(mod (numRoom (:,2),
( (abs (numRoom (:,2)

+.o..

ZIRDEE T 2.

=RayTrace( terminalT,

(roomSize (1) -terminalR (1))
) *terminalR(1))+...

) xroomSize (1)

* (roomSize (1)
)*term1nalR(1))+
1) xroomSize (1

(roomSize (2) —terminalR(2))
) *terminalR(2))+...

) *roomSize (2))

)*termlnalR(
1) *xroomSize (2

terminalR )

+...

—-terminalR (1)) +...

+...

—terminalR(2)) +...
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phiRefY=(-1)." (" ((phiT>=(-pi/2)) .x (phiT<=(pi/2)))) .x (pi/2-abs (phiT)) ;
s BORSHEREHE
gammaSpace=Imromega*sqrt (epsO+mul* (1-Im*sigmal/ (omegaxeps0))) ;
gammaWall=Imxomegax*sqrt (epsl+mul* (1-Im+«sigmal/ (omega*epsl)));

gammaX= ( (mul/gammaWall) .*cos (phiRefX) —...
(mu0/gammaSpace) . *sqrt (1- (imag (gammaSpace) /. ..

imag (gammaWall)) "2.xsin (phiRefX) ."2)) ./ ((mul/gammaWall) .*cos (phiRefX)
(mu0/gammaSpace) .*sqrt (1- (imag (gammaSpace) /. . .

imag (gammaWall)) "2.*sin (phiRefX) ."2));

gammaY= ( (mul/gammaWall) .*cos (phiRefY) —...
(mu0/gammaSpace) . *sqrt (1- (imag (gammaSpace) /. ..

imag (gammaWall)) "2.*sin (phiRefY)."2)) ./ ((mul/gammaWall) .*cos (phiRefY)
(mu0/gammaSpace) . *sqrt (1- (imag (gammaSpace) /. ..

imag (gammaWall)) "2.*sin (phiRefY)."2));

sumRefCoef = gammaX. abs (numRoom(:, 1)) .+gammaY. abs (numRoom(:,2));

+...

+...
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BT S 58 Matlab 2 W TRERVBZE T 2 EKOZEETHERIEZ AT T 5.
IAN7 T FRAEZENT 270D ) 778 AMEX7 P LDy b TsetPvec, %
ik O EEEE Tdistance s, EEROBEA Tphiy, BEDHHEKL TsumRefCoef; % 54,
%’1’?’?@%% Mrssiy, TEEZRILENE TdirectPathRSSIy, SHPEHRIEERE TrefPathRSSI

iR 5.

function [rssi directPathRSSI refPathRSSI] = calculateRSSI( setPvec, distance, phi, sumRefCoef )

global Pt; s REMEREN

global vs;$ XERIEREE

global rs;$% XERAIERATIER

global Im;$ E¥i

global umat;$% {75l

global Ymat;$ ZL—7YTFDEKR— L EEHEOT KI5 > X751
global ita;% fFlEIYE—F VR

global waveNum; $ ¥

global Eiso; $ FEAMTVTFDEAR

global keyLength;$ #R

global lambda;$ EER

global elementSpace;$ ¥ R—ILEFHRE
global numElements;$ ¥ R—ILEFEH
global theta;$ KIEA

global numDirectpath;$ EFEDIYTFTYIR

SPYVTFDFPL—T 709 %&5HE
dis=elementSpacex*lambda;
alpha = ones (length(phi), numElements) ;

for i = 1:1: (numElements-1)
alpha(:,1i+1) = exp (ImxwaveNum+disxcos (theta)cos (phi + 2 (i-1)*pi/ (numElements-1)));
end

s A4 IR—IL7 T+ DEREHE
DirecDipole=1.28;

$RSSI BEFIE7OI S L
for p=l:keyLength
Pvec=[1l;exp (ImxsetPvec(:,p))];

s PL—FPYTFFDANEEE

Vvec=vs+inv (rs*inv (Ymat) +umat) xPvec;

t ANBAEHE

Ivec=2*Ymat*Vvec;

s BRFOESAREHE

Eele = itaxImxwaveNumxexp (-ImxwaveNum) . (Ivec./ (4xpi));
s ERFMET T FOEARHE

Eiso = mean (abs (DirectivityOfPAA (setPvec(:,p))));

s BRRTOBALZHE

direc = alpha*Eele/Eiso;

$RSSI DETHE
rssi(p)=(lambda/ (4*pi) *...
sum ( (DirecDipolexdirec. xexp (ImxwaveNum+distance) ./distance) . xsumRefCoef) ) xsqgrt (Pt) ;

directPathRSSI (p)=(lambda/ (4*pi) *sum((DirecDipole*direc (numDirectpath) .*x...
exp (Im+waveNumrdistance (numDirectpath)) ./distance (numDirectpath)) .*...

sumRefCoef (numDirectpath))) xsqrt (Pt) ;

refPathRSSI (p)=rssi (p)-directPathRSSI (p);
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