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Recently the number and weight of equipment loaded into space satellites have increased owing to
the complexity of space missions. The increasing number and weight are serious issues in terms of
space and costs, respectively. On the other hand, there are a lot of facilities which are necessary for
safe and reliable space missions. Thus, new technologies are strongly required to address this issue.
Since environmental monitoring sensors, such as temperature, vibration, and fuel leakage, are fixed at
several locations into space satellites, the wires are long and contribute to the heavy weight of space
satellites. Thus, the integration of all-wireless sensor network systems will effectively reduce the
weight and free up space.

Radio frequency (RF) energy harvesting technology is available for supplying the driving power to
the wireless sensors. The RF energy harvesting is a green-eco technology that can be used to extract
some of the electromagnetic power for wireless communications and convert the power to direct
current (dc). As wireless communication systems have already been developed and loaded into space
satellites, the all-wireless sensor network systems will be realized only by adding RF harvesters. One
of the important circuits for the RF energy harvesting technology is a rectifier that converts the
electromagnetic power to dc power. In summary there is a need to develop light-weight and high-
performance rectifiers for space applications.

In this work, a small-size, light-weight, and high-performance rectifier at C band was developed as
a RF energy harvester for all-wireless space satellites. The rectifier converts 100 mW class dc power
that can drive eight temperature sensors. Thus, using the rectifier, a RF energy harvester, whose output
power is used to drive low power consumption sensors in space satellits, is available.

A newly proposed hybrid semiconductor integrated circuit (HySIC) technology was adopted. A
HySIC rectifier is an integrated circuit using gallium nitride (GaN) for power rectification from
electromagnetic power to dc and silicon (Si) for power propagation. While GaN is a new
semiconductor with high resistivity to cosmic rays and high speed operation, Si is well known for the
advanced circuit integration technique and low cost. The purpose of this research is to realize a light-
weight, high-performance, and low-cost HySIC rectifier by combining the advantages of the two



semiconductors.

The research was conducted in five steps. In all the steps, electromagnetic measurements are the
common factors. | have focused on performing precise measurements and realized a HySIC rectifier
using the results. The five steps are follows;

1) Selection of measurement method for GaN diodes.

2) Measurements and modeling of GaN diodes.

3) Fabrication and characterization of HySIC rectifier.

4) Improvement and feedback of HySIC rectifier based on experimental results.

5) RF energy harvesting experiments using HySIC rectifier.

First, a measurement method for the GaN diodes at C band was selected. | fabricated some devices
for calibration using printed circuit boards and measured them. The results shown that the coplanar
line for measurement jigs and OSL calibration were suitable at C band. In this work, a process of
selecting a measurement method from the perspective of devices under measurement and operating
frequency was proposed.

Next, | fabricated a connection jig between the GaN diode and a measurement instrument and the
devices for the OSL calibration using the coplanar lines, and measured the GaN diodes from dc to C
band. By correcting the effects of the connector, coplanar line, and bonding wires step by step on the
complex plane, the characteristics of the GaN diodes were obtained. Based on the measurement results,
a nonlinear equivalent circuit model of the GaN diode was developed. By performing precise
measurements, the diode model was precisely constructed.

In the following step, a Si matching circuit was designed using the GaN diode nonlinear equivalent
circuit model and a HySIC rectifier was fabricated with the GaN diode and Si circuit. The size of the
developed HySIC rectifier was 3.9 mm x 9.5 mm. The RF to dc conversion efficiency and output dc
power were 10.3 % and 1825 mW, respectively. This is the first time that a HySIC rectifier has been
developed. The object of this research has been achieved. In addition, a power harvesting experiment
was performed using the HySIC rectifier in a far-field system.

By measuring the RF and dc power flow of the HySIC rectifier, it was found that the propagation
loss was the most serious factor. Hence, minuturization of a Si matching circuit is effective to improve
the HySIC recitifier. Based on the analysis, | resigned a Si matching circuit whose input port was
shortened and the RF-dc conversion efficiency of 21.7 % was developed. Moreover, by using
capacitors and mounting a connector derectly to a Si substrate, the RF-dc conversion efficiency of
approxuately 45 % will be realized. These efficiencies are beyond that of general solar power
generation systems. This result indicated that the HySIC rectifier was promising as a RF energy
harvester.

A simuation method for HySIC rectifiers was proposed by analyzing the fabricated rectifier. While



simulation of a Si matching circuit is conducted using components instolled in a simulator, simulation
of a input port, output port, characteristics of a Si substrate, manufacturing precision, and wire
bondings, which are difficult to simulate, must be conducted using measurement data. The difference
between measured and simulated RF-dc conversion efficiency is approximately 2.5 % with the
simulation method. Moreover, by adding a linear resistor of 0.9 Q in simulation, the difference between
measurement and simulation is approximately 1 %. Although | independently analyzed the effects of
the effects of the ports, Si circuit, manufacturing precision, and bonding wires, it is important to
consider the effects of the connections on each other when simulating the HySIC rectifier in its entirety.

The significant outcomes of this research includes the development of the world’s first HySIC
rectifier with a GaN diode and Si matching circuit, and the precise RF measurements that are necessary

for the HySIC rectifier. Based on this research, all-wireless space satellites will be realize in the future.
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SHOERE LT, RFEANR— MIaxs ¥ e E#EER T 2EEO TR, dchy b7 41
BETIOTNAB T Xy NRUBIERTHTRICED, I HIT 45 %FEE D RF-de ZH#i%)
EAHRF T & D HySIC B[Rl ORI & 242 L 7=

BT, ARFFECTEER L7z HySIC BRI O R %2, [RF TR /L F—n—_ R MM
AW HmENOREE=2 ) v 72Xy NT =T VAT A~DOEREI T —Dffs) &
WHBLENDELZE LT, RFZRALF—N—_R I, TRAX—BHRE L O %
v =27 2T K EOBRMMRLHEEOBLE NG, o= F—n—~_2 ML
L THRBRRE W, RFFEORFIZ LY | RFZR AL F—n—_2 FFRIZ L D' P
Yy NU—=27DUA T L AUIE, A% OMERELZED TV ERPRENWI LEZRT &
MTET,

Stk O & LTI, HySIC BRI O R UL b B AAD Z & ERRIZINT 72 BA %
ERHMBASEE 72 5, HySIC BRI 125t U CRITR-CIRBI S OBRETRBR 21T\, FHH &
LCENTREE RS2 L 2T OMNERD D, £ HENE Xy hU—7 V2T
LA~DHEMEEE LT, KEMR—Z T — 9 OMERE, HHAZEMEEICE D RF ST —
DK, ZET T T OMESED T, HySIC BRI IEDBRE 21T 9 LR H 5,
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BA%E L7255 1 A 1ED HySIC #&5i[a1# 2 FH\ T, 5.8GHz ® RF = R /L —/"—~_ A fDHE
BraiTo7lz, /4 TETIL, VA Y TOEE T —ANNTI Y HySIC HiilalEg & L CoRHE
P ZAT o728, RE T, 7o 7T EfAabE T, HREMEZERET S RF /XU —%[H]
XL T dec /8T —~ZEHad 5 RF TR LF—n—_2H L L TCOIMEFEIEEZTITH, KERT
WX, D 2 Sx1To 7,

> RF ZR/LF——_Z kDER
> RF =R /L F— —_Z kD ERRZDOFAH

IXUBIZ, B 13 ED HySIC iRl 4 VT RF =R L F—n—_Z NDOEBREIT-
7o TOFERIL, AMMROBEENTHLHENOTIA YL ALY Ry NT—T VAT A
(28T 2 BEEh ST — IS0 A AR L 7SR 2SS L. HySIC BRI OB EA B35 2
LY T 5, RIS, AEHE LI ERROFHMI ATV, EERR 2R D RF-de Z84#2h 3 24 31 L
77

RFTR/LF —n—_ 2 DR

[X] 5-1 : HySIC &[0l # % AV 7= RF =R L ¥ — — 2 s D FEERR

5—1 RF = R/LF—n—_Z FDEEZA

RF = R — N—_X R D EBRROWME A X 5-1, BENX 52 THDH, SG THRAL.
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HEREIE I L 0 R T — UL BF BTz 5.8 GHz OBRGE L, A—2 T 7 b HH%E
M~ S s, 0%, HRZEMEZRIE LB, 2X2 0o~y F7 7 CTHIEE
WZHEUD A E AL, HySIC BEREIFRIZ L 0 de X7 —28EE S 4, 150 Q O AP CIHE S
e DAY VALY Ry hU—T VAT A LRSS L, SG, BRI, m—rT T
FIER—=AAT = g AOEBIEKIZIR D, Ny FT o7& HySIC BiilEiit o —
RITY A ¥ L A G #EE M OERE 2 [ LT o~ BRE T — 245925 RF =%
NF—N—_R2Z LRl 5, AREREUL, B HCkIST 5 [6-1], HIREEEK, m—r 7
YT Ny FT T I, HySIC BRI, AAHRIUTERRE SIS E Lz, SG, Afdr
P FNBEHE L o~ v T A — X X, EERFEOIMIGRE LT,

ZOEBRIZBN T, AREIIC» DD EBEIXY LT A—F THGETHZENTE D, L
72T, REBRTIE, SG AN LIZREZ, AMHRPUCERE Lo~ /LT A — X OELEH
2T, RFZRAF—N—_RZA MK L2 L2 BT 5,
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(b)
52 : RF ZH /L F—n—_2A hOEBRFZROLR (a) 32BN O 1 3A1E HySIC Bl
(b)

5—2 RF = R/LF—n—_Z FDOEEREE

RV T U TFF LRy FT T O 0.2m 2o SG % —17 dBm T4 12 L7 .
150 Q OEAMHEHIZ 0.28 V DEEN -T2, = OFRZEFE S do ST —1E. LLFoOR
LV, 052mW Thab LR TEs, AR TEESMNShZZLicky, 4 1 #1E
HySIC T3 4 1\ V7= 5.8 GHz 0 RF R L —n—2 b OEBRICHS LTz,

% = 52X 107* [W] (5-1)
AFZETHWZFEER R TIE, 5.8 GHz IZBW T, 0.093 m M HiE R &g s, Lk
5T, KERTIEZ., BHFROFMHICB N TR —EIEEBRICKII LIZZ ik b,
ZODRF ZRLF— =R FNEROFERE 47 THLNZT A Y TOEE ST —AS
2 X DEEFFEBRORA LB T2 T 75 53 Th 5. 052 mW D de Hi/87 =735
2O, HYSIC iR ~D RF AJ1/3T —73 26 dBm AL DRFTH 5, HYSIC BT
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5—3 RF T R/L¥—n—~2 b OER RO

RF =R F—n—_2 s DEBRRBREZFE L, B HZZHOIRE S & DT ARFERRBHE
? RF-dc ZB#ashRZ2HRE L1z, REAEO RF-dc BHNREE 2 D54, EOMICBIT S RF
N —% 0/ LTEZDINEHTL L2 TE b0, 22Tl sEMA—r7 77
D2 37 X DEFRHICAFTT D RF RT —Z RO L L CRAEZIT- 72 (X 5-
4), BHNRDSA L7025 do ST —1FAHEIIO ALy Vi L <V F A —HZ (2 L 5 EEH
ERERBEHE LT,
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RE A /X7 — i

T UDIC, EBWD SG NHA—r T T T OMRBEOEHREE COFMEEIT>7= (X 5-
4), SG TIXMH 1\ U—% —17dBm LR E L7=D, AWMOA LV E—F U AZL 0 EEOH N
X725, I, HMIBEEK & 7 —T NV ORE LRI TH D, LIcBi> T, JIEICEY ., &
— 27 T I AR % 5.8 GHz OFEmMNE &M L 7=,

5-5 MHIEDOHINEX TH D, B 7T % FAVT SG & BRI 2> HASRE 5 Bl O —&6
ZEROH LT, FORYVH LR =2 U —% B TRIE LTz, ZDORFIZHWZ T —4)
DT 77D ST A—=4%VNA TEANIHET 52 L T A—r 77 FICAS L
RF XU —Z 3+ 5 Z LN AREIC A2 D, 22T, XEMTHR—T T2, 2
OOICH LT 7 7 HE TR SN B A NI T a7 E4D1F 52 LI2T 5,
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FST e 2
N — A —H

[X] 5-5 : RF Ad 3T — DR %

58GHz IZB W T, 7 vy 7 D S/NT XA —ZFiFE S ORIEfEIL 51.28dB T -7z,
F7-. SG O N1FERE —17 dBm & L7ZFEED AT —+& B D FKIRfEILZ—15.66 dBm T -
Too ISR L7277 a v 7 OREFRER L HDED L K55 ORI R LIZR—2 7T 7
DOHEIZAFT 2 RF /XU —(% 35.62dBm (3647.54 mW) TH 5,

FER R AR O Tl

R—=U T T T O AR X OREREIZAST T DEMIEE RF ORI —LE X R—r
TrTFERYyTFT T FTRIOBHZEMLEDT RF T R)LF —n—_XZ N EROREK
O RF-dc ZZHh =R & 3l L=, AR — 2 7 > 7 FIC AS % 5.8 GHz O BRI D37 —|% 35.62
dBm (3647.54mW) Tk v, ZEMOAMESUICIIT S dc /XU —12052mW TH 5, L7
Mo T, EERAREKRO RF-dc ZH#i%h31X 0.014 % ThH o7,

5—4 RF TX/LE—n—_RZNDOEBRDE LD

%5 I, B L7281 3AE HySIC Bi[al# & F\ V7= 5.8 GHz (2851 % RF =R /L%
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— =R NEROFEREBEE T LD, ZOFEBRIL, HySIC #iE & FF ok ml i 2 v
72 RF R L F—n—_Z L & L IR OERTH S, £ZET o7 T HOEREEN 0.2
m O3 AT, 052 mW @ de /XU —DHIIZE B LT, FEBRR 2RO RF-dc Z#i5h3
1 0.014%TH -7,
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AR TR, MENOREE=Z ) 7Py NU—F VAT LOF— LT A
YL AbE B LI GaN & A A — FZ W2 RF TR L X —n—_2Z DR E £ L DT,
4 B OFHBEFICE T 2MEO—ON, HEOEROHENTH D, 2 v a v OEE/ICK
0 R FEET D BRI T 5 — . AL AMEO HE CHIEAR AR e e b 2 HUT
£ %, FREOBEEOWMIFTH EiF a2 X MEMOFKO—> L 7o THEY | FHARK L H
W2 7 OITRER LT e DR Wi ThH D, £ 2T, HENICEHEE S D BRET
=BV T ETA Y LA L, BELICE 2D B 22 NOHE, A T ) Ak
ol EE B LK,

BEE=F ) 2Py U= DF—1LTA YL ZUITH TV e e i,
BV AT AT U ATERE Y =245+ 2 HETH L, £2 T RFZRLF—/n—~2R
M ZEHA L, X—2A2TF—varitvr¥/— FEOUA Y L RAEREE THEA SN
% REBREE O— &L L, & o OBRE T — & UCTHAT 5 2 & & Lic, ABFZETIE,
RF =R /LF—N—_2ZXDOFHERPETHY | RF /XU —% dc /3T — TS 2 H iR O
BT 21T -7, BRI C# T, 100 mW 25 900 mW O de /ST —3E b b =
xR LT,

ZOFHHERER ZER T 212H 720 . WIHRERERHEN & L QEEREE > T
% HySIC Z M L7z, HySIC &ITEEFHOFEARZ RN S T—2oDRE 2 /ERT 54
i, H— EK CIIEB AR R 5 2 L2 HNE LT 5, HySIC 3&jiln]
B TlE, RF 2D de ~D /R —EFRD 728D GaN X A A — K& | RU—DBEEDT-D D Si
AR AR S B o, FHMMMERE <. A RT =i EEEEICERL D GaN OFl
ML BN e AEMIC L0 B O/ - RE(ESFRET, K2 A M Si ORI RO
HrBEfEL,

AWFZETIE, Sz GaN XA A — K&V 5720, TOREE B HHIE L, Bl
FETORITUER L2, 22T, B 3FE T, GaN ¥ A 4 — ROHIE T kE e Lz,
GaN & A A — N O Worhi )@ B RIS ORI ELRT A MR — b & EHEER CE Rz,
W BT D27 DDOT TR ETH D, T0=H, BIEMRIZIT GaN XA 4 — ROFE
PCR T ORBELEEND, WEMEICK L TY 7 ORBOMENLEI D725, #f
ENEGRBHEY 7O L X v ) T L— g L HEOREEITo T2, AIFFETIE, #5550
T ERERRT DR & LTI MSL & CPW &, v U 7 L— 3 ks LTk OSL,
OSLT, TRL Z#imt L7z, ZTOfER, CHICBIT D GaN # 1 4 — FOWPE TIL, CPW THE
Y7 EERL, ZORBEMIETH1-0DIIX0SL v U 7 L—y a VEASDED 2
ENEY)TH D Z & EERITR LT,

WO 4 FTIE, GaN ¥ A A4 — FOWE & 2 ORPIEREF 2 V7o HySIC TR O B 5%
BE LD AXLDIT, GaN ¥ A A — R ERERRZ BT 572D CPW D 7 % LT OSL
Xy VT L—2a VTS REER LT, 85t 7 2 02 7 3 ZREIZEB N TR, &

109



ZIXFREZR RV /NS HERL SN D LA R Z N, ZhUT, V7S K D ERIE O K &AM O
HRE/NS L, V7 OREBZBHT A0 THDH, —FH, /hNSWTTEHNWD & EBRIED
B 7N 7RV OAERER TAE L D Eaii s, EREICREZ KIET /REER® 5,
L7238 > T, AFFRIZIR W TR, BRI OERBEDORE SO Y 7 2/F-_L, 7Dk
WAEAERMOICHET S Z & & L, do fECIHEHIEZ . RF G CIISCRH RN E &
— AT IVEZIT> 70, FFIC RFSEIROWPETIE, 217 % & CPW OFEILOSL ¥ V7
L—3 a2 280 CPW & GaN ¥ A A — REHR T 2R T 1 v 70 A v OB L IEI%S
Tz O TR E L7z, 5.8GHZ IZHB W\ T, SAHMRER ORI R L OMNLAH O E &l
1.1f%, 6139 FECTh o7z,

WIZ, de IEFLRIE & RF SCAREGHIE OFER DD GaN & A 4 — ROIERIEEAN R €7
NEREE L, Si AR ORGT 21T o 72, SiEREIEKIZ, RF AR — b6 RIS DAL
DO EDICEREF L2, S, RFY—A7NVAIERERBIEAT5 2 L T, SiEAREL
GaN # A A — R OIS Z LB L, Si ARG GaN ¥ A 4 — R~Zh=iIZ RF /X
T—IANT DL Uiz, £z, AT T @i oflE 17V, @ehEE KA
fBL7-,

L7z SIEARIBE O A XL 3.9 mm X 9.5mm T, CHIZH W TR AT 10.3 %D RF-
dec ZBHhHEE L V1825 mW D de /8T — &R L7, 512, JEICE Y, RF AR
— B B2 HEE. RF AJ128T —28 36 dBm DEfC GaN # 1 4 — K & Si AR OM D
HAHEE RO Lo TN D & ARl Lo, 4]0 HySIC #& i [a1#% O P58 HAE Cd > 72 100
mW #% o de /1787 — RF A 1230 —73 30 dBm 7> 5 40 dBm O FEIK T O i #h{E & 25
L7,

Z @ HySIC #im# % T, RF 2R X —— R hDOEBREIT T, #H R & A7
5 02m DOEZEYT 7 FHEERHI BT, B ORI & BEIRICHKI LTz, Zhb DRk
BT, ARFZEICEBIT D CHIZET D 100 mW f&H 71 HySIC Z i [aIE OB & RF =L
F—n—_X NEBLE W) BEZWETHHDTHD, /2, GaN ¥ A 4 — K& Si Al
B A IR S H 72 HySIC 38Rl & L. AR OEMEICRTI LT,

TERLL 72 HySIC BEREIE ORHEIT IO Ay 7 Zjii & L7z b DD, RF-dc ZH#izh=R D
MEMREE I a2 b—a URRICERD D Z LB bhoTz, BAEMIZIE, RF-dc #5035
DIRAMETIL 9.9 WIEE, 2 H BNV D RF AU —TIL 13 dBm BEDENH -T2, %
T, VR a L— X TR BB INEE 2R do AR — b RF AR — b, Si 25RO %
RS, GaN &' A A — R & SiEARIBMEZ BT 2R T 4 7 U A YORli %
11572, de 1R — k& RF AJJAR— M, &EBEH > O A A B U 7= 3T R 4 (R
L. EBEOWEIZ L 0 FEZRHE L7z, RIZ, Si RO FRHE & A0 O ERUE FE & FE 5
BT, Si AR D Y — A GHREICBI L€, B E v 2 b— 3 VEDEN RF-
dec ZBHh I RITTHBEZFE L7, 2D ORI X Y | RF-dc BHRED T I 2 L—v
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g LHERRICE LT b BB IHIEE B L EOET 25WRE L 2o T, IR,
RUT 4 704V LT, FEFROIZESSEDBBNRTELEZ VA VYORES %
03 mm AR L7ZGADY I ab—rvar&{iol, VA4 YDIEHL DXLV, RF-dec £
P RITILTRRREDIZLOENAEL, ZORMREBR L THRIIEKETZ1TO LN H
BHTHLZ ENbhrol,

E BT, de AR =~ RF ASR— b, Si FBOFE, Si AR O VERUEE 2 571 L
7= BT - 72 RF-dc ZHSROMERE R LV I 2 b—2 a UEERDZEL . HySIC 35k R 1%
RAt~T7 4 — Ky 7 L7z, 09 Q ORJERHIAESIEMNT 5 & RF-dc Z2#h =R OHE
> alb—a VEDZEITRKT L WREIZ/R D Z L BNboolz, BEIIOBIIREIL,
B IKPLO SRS T L & Ao D, 2 2 F TTHBEIE S— Y 2 TRl L C & 7223,
0.9 Q DML E Z D D= BB LT AE U D AHKHT & 270 LT=854 . HySIC ik
R RIRD T I 2 b— 3 Y &2IT O GAEITITMNL L2 RIS — Y Rtk & 2 b 28 Lo
FEDOEEOWM T EEBETHENEETHLZ LERLTND,

%5 1 31F HySIC BRI OIREHTHER LV . 5B O I b2 5 @O0, RF AT
R—bOT 7 OFETEENFET L L L Si BIKEBEZHIHT L2 NG THDL b
ST, & 2T, 5 1 FME HySIC Zi[aI#E D RF A SR — NIRRT DALz &R R,
Si [EIEE R 2 /s L7256 2 B4F HySIC R 2 /F R U 72, 25 2 3UED Si A A1 O hifg
1L 3.9 mm X 81 mm T, RF-dc NI AT 217 x ek L, 5 1 RIEL iR LT
11.4 %DOYGEIZEEI LTz, S 62, A%OEME LT, Ajax7 ¥ % Si AR ~EHE
it 2 TR, 7A4NBETTOT VAL T X "2 ZESHZ TSI mEZ T2 T
RIZED | 45 %REED RF-de AP WIFF TE DRIBHIELRE LT,

WIZ, GaN ¥ A A — K~D 7 4 — RN 7 & LT, RF-dc ZHHENLH ERDH RF AT
WU =% TFF DD, ENV M URT Uy Vv E FFDZ L Z2RE LT, AR TER L
72 2 FEFE D HySIC BEiIEIEE 4 el 95 &, 10.3 %2> 5 21.7 % & RF-dc AR OUEITIT
L7zt DD, Sib ERD R — T 855 25dBm FEE L WETE TRV, GaN & A
F—=RDOEN M AT X VETT5HIET, RN T — L~V TOREZ BET X
XTHhHD, ZHICky, EFBAOR—2ZART—v g VEEOAREMZ D Z LN T, EH
fb~E25< &EFEZX NS,

AWFFECEER L7 HySIC HEURRIEE OREEIL, D =R — —_Z MR & g LT
BRI RR L, K EFEDO — AR B WL 20 REETH Y . ABFE TIER L 72
HySIC # i [al B8 1 X R DS R A4 Rk L7, flllZ b, RF =L F—n—_2 F AT
X, VA Y L AEHREER L O Y EKIC RF TRV F—n—_ 2 Z & LT ORI A
BT LT TA—NIALT LAY Ry NU—T VAT LIRDENDI AT v b2 B
B BWNEOFFEL VAT LOBFMETA Y v FB3®H 5 RF =R /LF—/—_Z MK, U
AVYLAEUH XY N =T VAT LOBEINT —JRE L THERGATHY . 5% b
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JeRHEET A ERPRE VI LRI TRENT,

AWFFETIE, HHRYIO HySIC BREFEOIER, 2 A Ve RF =3 /LF— n—~_Z |
DR, FEHEE R HIEOWE, S LRI FA~DREE VW IRENE LN,
NHIE, RFZRAF—N—_ZX NFRIZLHA— N TA VL REVY Ry hT—F VAT
LDOEBUCEERT 2B HMTTH Y | FEROFHMBEA~DLRN DL LALRHRTHL LT
25,
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WEL: D75OFX YT L—a Vv DI-DDRF Ry
kU — 7 T

ARFFETlE, GaN & A A4 — R OEMHEED VNA O[FET A bR — MBS CE 2
ZEmb, MAOERHY ZEERI LT, LR -> T, VNAIZ X 2HEMIL, #E x5
ThbH GaN ¥ A A — ROFE L V7 DR ENRGR S NI b DI b, VITBHFET D L
WXL B ORI EMAEEZNEZ D VNAIZL D EONDT—HX & GaN ¥ A 4 — KD
FRPEIZ—E L7220, 22Tl D7 OREBEZMIEST 27200y N — 7 fiiima £ L0
Do 1T U DI 1A — FOBFAORIBEMNT 21TV, BIEET V28T 5, KIS, 18— kA
BOMEHFETHD OSL X+ ) 7 L—a v oMHGHRAOEEEZ1T5 [al-1]-[al-5].

Al—1:1KR—bxy NT—7 OfFENT LT 114k

X al-1 |Zx L7z 1 AR — MEHIEM ORERIEEZZ 25, Efem 11X VNAND L —
fZFT, ERA LICBIT A ASEORIEIEZ ar. SR OKIERZ b, #REIEYMN 2 R,
T HHR S E T EEFRT D, 2D OREMRIL,
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m a,

(a1-1)

Th D, [FRICL T, FMEMOEREZ 2 L4, ZOERFRM 2 1282 AFEB LW
HIHR OB IRIEZ a2, by LERT D, F7o, HEVORI R Z T LERT L L UT
DADHLY S,
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r (a1-2)

%I, FEIRORIEH OWIRIEL ac. EFRMH 1 26BN Z R E T LR
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A AL TFICEH T 5,

ERH L E2DMD ST A= ELUTFTOLICERT DA TIL, 217 ¥ & CPW
WY 280 CTh D,

(e ) (@1-4)

5L, ST A=K LPIRIED N LI T O R 370,

b1 = eq11aq + €120, (al-5)

b2 = €e10aq + €,,0, (a1‘6)
UEOXFELY, WIRIEZHETHZ LT, T & T OFRE S NTA—FTRTZ &
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Lo T, HEEOEIRES N D,
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Al—2:1KR—KOSLF¥ V7T L — 3

X (a1-9) IZESE 3O T —F—LZRETLHHEL LT, OSLX Y T L— g
NHD, ZOFETE, WIESNK Tn 220 T 2HET KN ELESINDTT—F—A
. NN B S A — T v Ya— b, B— FFEAL 22 HWCEET 5,

F—T7r, a—h B— ROTNA ZADERFD O RICKGHREE To, Ts. It & L,

Bz ORFHREEE Z Tinos Dmss U'mi &9 25 &, X (@1-9) #5881+ 5L, LTFD3
8 D ER AL Y S0,

ex1e12l,

[ = +— al-10
mo = €11 1— eyl ( )
ey1€121s
[ = +— al-11
ms = €11 1— eyl ( )
ex1e12]
[ = al-12
ml = €11 1—enl ( )

A (@1-10) 75 (al-12) O HFREXEZHE &, 3HO= T —%— A e, enen. exn %
HETLIZLENTED,

€11

_ l—‘01—‘m,o(l—‘sl—‘m,l - l—‘11—‘m,s) + l—‘sl—‘m,s (Flrm,o - l—‘01—‘m,l) + 1—‘ll—‘m,l(l—‘ol—‘m,s - 1—‘sl—‘m,o) (a1-13)
l—‘01—‘m,o(l—‘s - Fl) + l—‘sl—‘m,s(l—‘l - Fo) + 1—‘ll—‘m,l(l—‘o - Fs)

e = 1—‘m,o (Fs - Fl) + l—‘m,s (Fl - l—‘o) + 1—‘m,l(l—‘o - 1—‘s) (a1_14)
22 Tolmo(Ts = ) + T s (N — Tp) + LTy (T — T)

€21€12

l—‘01—‘m,0 (Fm,s - l—‘m,l) + 1—‘sl—‘m,s(l—‘m,l - l—‘m,o) + l—‘11—‘m,l(1—‘m,o - 1—‘m,s) (a1-15)

= eqq1€e
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