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Abstract :

The polarisation properties of fused tapered fibre couplers have been
investigated experimentally. It becomes evident from the experimental results
that the coupling coefficient difference between x- and y-polarised lights changes
from positive to negative with decreasing the coupler’s degree of fusion and the
polarisation effect is relatively large for weakly fused couplers. Polarising
beamsplitters with the high and the low degrees of fusion are fabricated, and the
spectral characteristics are compared with each other.

_ I. INTRODUCTION

Single-mode fibre couplers are key components in many sensor and
communication applications, including optical power splitting, optical filtering,
optical reflecting, wavelength ‘multiplexing/demultiplexing, and optical
polarisation selective splitting. There is a great interest in the polarisation
properties of fused single-mode tapered fibre couplers. The polarisation behaviour
of fused fibre couplers has been reported experimentally [1]-[4] and theoretically
[51-[9]. In the measurements and theoretical results, output power exhibits a rapid
sinusoidal variation and displays a slow modulation. The reason for the
modulation is that the orthogonal polarised modes experience different coupling
strengths. The difference of coupling strengths between x- and y-polarised lights
has been calculated for the elliptic and the dumbbell cross sections [8][9]. They
indicate that the difference changes from positive to negative. However the
difference has not been examined for actual fused taper couplers yet. _

In this paper the polarisation properties of fused tapered fibre couplers are
investigated experimentally by changing cross sectional shapes at the coupler
waist. The coupling coefficient difference between x- and y-polarised lights is
studied for many test fused fibre couplers with various cross sectional shapes. On
the basis of these experimental data, polarising beamsplitters are fabricated and
compared with each other to demonstrate the characteristics difference caused by
coupler cross sections.



I1. DEPENDENCE OF POLARISATION PROPERTIES
ON COUPLER CROSS SECTIONAL SHAPE ' ,
In order to investigate the polarisation properties of fused single-mode fibre
couplers, couplers are fabricated and adjusted the coupler’s degree of fusion by
éhange of flame position and temperature. While the flame is scanning back and
forth, fused fibres are tapered slowly by pulling the fibres. The width of the
heating zone is controlled by moving the flame. The scan length is 5 mm. Butane
and oxygen gas flows are less than 3 ml/min and 4—10 ml/min, respectively. The
pull speed is 15 nm/s. During coupler formation, the optical output power from the
coupled port is monitored in real time. We use a laser diode operating at 1.3 ym
wavelength to launch the light into the input fibre. The fibre employed in the
couplers (SS10A, Mitsubishi Cable Industries, Ltd.) is conventional one with mode
 field diameter of 9.5 pm at 1.3 nm wavelength and fibre diameter of 125 ym. The
spectral characteristics of manufactured couplers are measured using a tungsten
halogen lamp for monochrometor illumination and a germanium photodiode to
detect the chopped optical power. After being characterized, couplers are cleaved
at the taper waist and the cross sectional shape is observed.
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Fig.1 Spectral power transfer difference between x- and y-polarised lights. The

height and width at the coupler waist are d and I. ‘P, is the power transfered

from the input fibre to the coupled fibre, and the change of Py with wavelength A
is indicated schematically.

Fig.1 shows the spectral power transfer difference between x- and y-polarised

lights. The coupled power P schematically indicated varies with wavelength A.
Both polarised lights have the similar pattern of the spectral power transfer. The

-2.



wavelength difference between their patterns is indicated by At. In case of At> 0,
the coupling coefficient for the x-polarised mode is larger than for the y-polarised
mode. The aspect ratio l/d is defined by the width [ and the height d of the cross
section at the coupler waist. The cross sections with the aspect ratios of 1.0, less
than about 1.5, and more than about 1.5 take the shapes of a circle, an ellipse, and
a dumbbell, respectively. Elongation and fusion of fibres are stopped at 10 power
transfer cycles to get the observable polarisation difference At at the same strength
of CL¢fr. The factor C is the coupling coefficient, and Lefr is the effective coupler
length. The polarisation difference At has the following proportional relation.

At=K(C,~C)L, . &)

where K is a proportional constant depending on the cross sectional shape, and C,
and Cj are the coupling coefficients for the x- and the y-polarised fundamental
modes, respectively. Well fused couplers whose aspect ratio is less than about 1.4
have the positive At, and Cy is greater than Cy. However At is negative for weakly
fused couplers with smaller aspect ratio than about 1.4, and C; is less than Cy.
Fig.1 proves an interesting feature that the coupling coefficient difference Cy— Cy
changes from positive to negative when the aspect ratio is about 1.4. The fused
" coupler with the aspect ratio of about 1.4 is isotropic, and its cross section is
elliptical at this point. This experimental result differs from the theoretical
calculations [8][9]. The computations suggest that couplers with an elliptical and a
dumbbell cross sections are isotropic when the aspect ratios are about 1.93 [8] and
1.8 [9], respectively. This discrepancy between theoretical and experimental
results may be caused by the change of cross section along fabricated couplers and
different sizes of cross section between both results.

Fig.2 shows the period of spectral power transfer against the aspect ratio. The
coupled power P2 changes sinusoidally with wavelength A, The period T is very
nearly same for x- and y-polarised lights, and decreases with aspect ratio except for
a few points. The exceptions probably arise from ununiformity of fusion and
cleaving couplers at some distance from the coupler waist. Since the power
transfer cycles are 10 for all fabricated couplers, the strength of CL,fris same at 1.3
pm wavelength, The change of CL.gragainst wavelength for well fused couplers is
smaller than that for weakly fused ones.

Fig.3 shows the ratio of polarisation difference At to spectral power transfer
period T. Since Atis T/2 at (Cy—Cy)L,fr =n/2, the proportional constant in (1) is
K=T/2n and we can get a equation as follows: ‘
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Fig.2 Period of spectral power transfer against aspect ratio. The coupled power
Pg with wavelength A and the period T are shown schematically.
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Fused couplers become polarising beamsplitters when the polarisation difference
ratio A#/T'is £0.5. In order to make a polarising beamsplitter with fewer power



transfer cycles, the aspect ratio should be large, i.e. the degree of fusion should be
weak. |
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Fig4 Elongatmn length L for fused couplers with 10 power transfer cycles at
1.3 pm wavelength.

Fig.4 shows the elongation length L for couplers with 10 power transfer cycles
at 1.3 nm wavelength. The strength of CL.fris same at 1.3 pm for all test couplers.
The elongation length L is thought to be proportional to the effective coupler
length Lg. The length L becomes shorter for well fused couplers with less aspect

“ratio because coupling coefficient C for well fused couplers is larger than that for
weakly fused couplers.

Fig.5 shows the tapered fibre diameter d at the taper waist for couplers with 10
power transfer cycles. Since couplers with large aspect ratio are weakly fused and
the coupling is weak, the couplers are extended long to get the same power transfer
cycles, and the constituent fibres come to be thin. The fibre diameter for the
coupler with the aspect ratio of about 1.48 is relatively thick because the coupler is
cut away from the coupler’s waist. The aspect ratio, therefore, is presumably
smaller than 1.48.

Fig.6 shows the polarisation difference ratio A#/T per the elongation length L.
Since the elongation length is probably proportional to effective coupler length
Leff, it can be concluded from (2) that the polarisation difference ratio per
elongation length A#/T/L is in proportion to the coupling coefficient dlﬁ'erence
between x- and y-polarised lights as follows.
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Fig.5 Fibre diameter d at the coupler waist for couplers with 10 power
transfer cycles at 1.3 pm wavelength.
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The difference of coupling coefficients between the x- and the y-polarised modes is

comparatively large at aspect ratio of about 1.0 and more than 1.7. The sign of the
difference at both aspect ratios is opposite to each other. The tendency of the



coupling coefficient difference is similar to the theoretical analysis for fused
couplers modelled by a dumbbell cross section [9]. However the experiment
presented here differs quantitatively from the analysis, and the polarisation
difference ratio per length A#/T/L shown in Fig.6, i.e. Cx—Cy, is very large above
the aspect ratio of 1.7 contrary to the theoretical computations.

III. POLARISING BEAMSPLITTERS
On the basis of experimental results shown in the previous section, polarising
beamsplitters are manufactured. We can fabricate polarising beamsplitters with
few power transfer cycles by adjusting the degree of fusion so that the aspect ratio
- is about 1.0 and more than 1.7 because the polarisation difference ratio A#/T shown
_in Fig.3 is relatively large at the aspect ratio of about 1.0 and more than 1.7. We
stop elongation and fusion of couplers when fluctuation of output power monitored
at coupling port becomes smallest. The scan length of the flame is 10 mm to
achieve the thick coupler’s waist.

30 T T T T T
——t— X-polarised T =45nm
8 ——0—— Y-polarised L =48.5mm
o 20 —e— unpolarised tid=1.1 .
< A
0
pow)
o 10
0 d
(9)]
c  0g
=
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-20 4 1 1 1 1

1.2 1.5

1.3 1.4
Wavelength (um)

Fig.7 Splitting ratios of a polarising beamsplitter with the aspect ratio of 1.1
for x-, y-polarised and unpolarised lights.

Fig.7 shows splitting ratios of a polarising beamsplitter with the aspect ratio of
1.1 for x-, y-polarised, and unpolarised lights. The cross sectional shape is almost
circular. The loss is less than 0.6 dB in the region of 1.2 to 1.5 pm wavelength. The
power transfer cycle is 28, the elongation length L is 48.5 mm, the period of
spectral splitting ratio T is 45 nm, and the splitting ratios are 17.6 dB and —16.1
dB at 1.33 pm for x- and y-polarised lights, respectively. Considering
~monochromatic light with the theoretical spectral width of about 2.5 nm and the

-7-



observation wavelength interval of 5 nm, it appears that polarisation selective
splitting of the beamsplitter is better than the measured values of 17.6 dB and

—16.1dB.
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Fig.8 Splitting ratios of a polarising beamsplitter with the aspect ratio of 1.8
for x-, y-polarised and unpolarised lights.

Fig.8 shows splitting ratios of a polarising beamsplitter whose aspect ratio is
1.8. The degree of fusion is considerably weak. The loss is less than 0.3 dB in the
wavelength region of 1.1 to 1.35 pm. The elongation length L is 57.6 mm and the
splitting ratios at 1.295 pm are —12.7 dB and 11.7 dB for x- and y-polarised lights.
The power transfer cycle is 17 which is less than that of the former polarising
beamsplitter because the absolute polarising difference ratio |A¢/T| for the aspect
ratio of 1.8 is greater than for the aspect ratio of 1.1 as shown in Fig.3. The spectral
period T is 72 nm and longer comparing with the well fused polarising
beamsplitter shown in Fig.7. Wavelengths where couplers serve as polarising
beamsplitters are discrete, and their spaces for weakly fused polarising
beamsplitters are greater than for well fused ones.

IV. CONCLUSIONS

The polarisation properties of fused tapered fibre couplers are examined
experimentally. The wavelength difference of spectral splitting ratio between -
and y-polarised lights depends dramatically on the cross sectional shape of fused
couplers. The shape changes from a dumbbell to an ellipse and a circle with
increasing the degree of fusion. The difference of coupling coefficients between x-
and y-polarised lights is relatively large for the aspect ratio of about 1.0 and more
than 1.7. The coupling coefficient of the x-polarised mode is greater and smaller



than that of the y-polarised mode for the aspect ratio of less and more than about
- 1.4, respectively. The couplers with the aspect ratio of about 1.4 is isotropic and
insensitive to polarisation state.

On the basis of the experimental results, two polarising beamsplitters with the
aspect ratio of 1.1 and 1.8 are produced, and their chromatic characteristics are
measured. It turned evident that the aspect ratio should be more than 1.7 to
-manufacture polarising beamsplitters with few power transfer cycles, i.e. long
- spectral period. Splitting ratios of polarising beamsplitters with the aspect ratio of
1.1 and 1.8 are 17.6 dB and —12.7 dB for x-polarised light and —16.1 dB and 11.7
dB for y-polarised light, respectively. Their losses are less than 0.6 dB and 0.3 dB.
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DIDTHE. 2 -2 -9IER/EN 12.5 ¥ OROBXHRD
ANT MIVERT., Th&Dh 8% (FHE# 8.5%) OXFENES
nNTna,
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3. 335~F-PHAZRABLAWZRABKER |
EEDOF - PRHAEHBL2HOI 5 —THRL = FBHARC
MEZHARABALELOTH 30, EHESARTERS W2 MR
BRSREABOHN MDA 5FANMIcbHEIEhS, -7
F-PHRAZARTERINBMBEHRI L TR THASA TV
W, 22T, HEHRSEZDELCHATSED, B3 -1-11
RTEIBRIIS—F-PHEXERABEEZS. 57—, % &
F-PTHiaMs 2. 4, cOTHHE—2DIF—LaRL,

--.U---H - HEERASB |-- -Uv*
M1 M2

M3-1 335—~F-PHEXEHAR

FHHOIS—HBEEXAZLIZED, ZOIT—ICHEBRAR
Bicn U TS RETRE, MEHEEKIIHL TIIRREEE
bEES. Zhickd, ZABATERZI W EMBHRFRSEH DR
LB eMnT &Y, MEHRIOFBHENNLXhBLER
bh3a. 22T, #83I9-%2AWE3 I~ F -PREHNIC
DWTHEZE— FEREZE-> TR 2175, COBIEITIOCH
%ZoT, MERIREEICEHIHAIMNDOIS—LERLTWEHOLT
3, FRMEEERAEELTWS D, F-PHREBATIIHRE
B RU 1 ROFMBEERZOAPEELTWEHOLER S, %
CT, BXBRSBLUAMBEERIEENER, ae, at ik
. EERMTIE, ae, atiDE—FAMBALRHELZ, 20
ANF—-O—BEHEERXTRL, BRAB/EL -T2 EEA—-0OF
—Rafas, at R oRFNIRERW, -7, HARMZS
—DF SEITIR, BAAHITHLT,
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ae=aaspsp(v)exp (-idzx v (L/c)-26) —AB8/2(a.i-a-1)
xpsp(vdexp (~idm v (L/c)-28) -A6/2 { p(v+f)
X aaexp (-idn (v+£)(L/c)-26)
~p(v-Da-rexp (-idz (v+)(L/c)-28) } pa
+T7(v)exp (-i2z v (L/c)-68)

G-
atizat,psp(vxiexp (-idn(v+)(L/c)-27)
t (A6/2) aepsp(v 1) exp (~idn (v+£)(L/c)-28)
* (A6/2) asps p(v)exp (-idm(v)(L/c)-4)
‘ (3-2)
MEILT B, EL, —ROMHEEHIZ

exp(i2A Osin2zft)~1+ A0 {exp(i2zft)- exp(-i2xft)}
‘ (3-3)

THEHMERTWS, £Z23To(v), psl3BEIS—RUIS—
Ms OBBEEHRE, 7(v), T:RBRBEIS-BIUIS— U O
HABBRK, L BEHABOIS—ME, olFEDXHEEE,
A6, f RUMHEEROGERCEHRERTSH 3.

iy

exp(-T)=| p(v)psexp(-28) 1, (3-4)

0e=27 v(L/c)-argp(v)ps, (3-5)
Ayp=2xf(L/c)-nz (n: %K) (3-6)

e, RG-D—-HXE-6)&D, aolk



T(v)exp(-i0e-8) (1- (p(v+)/p(V)) -
x exp (-r-2i(@e+td9p) J (1- (p(v-£)/p(V))
x exp (-r-2i(8e-4%)) )

[ (1-exp(-r-2i84)) (1- (p(v)/p(Vv))

X exp (-r-2i(6etd¥)) ) (1- (p(v-£)/p(Vv))

x exp (-r-2i(8e-4¥)) )

+ ((A6)2/4) exp(-2r-4i6,.))

xC(Cp(vD)/ p(v))exp(-2id 9 )+1) 2

x(1- Cp(v+D)/p(v)) exp (-r-2i(6etd¥w)) )
-+ ((p(v-1)/p(v))exp(2id 9 )+1) 2

Xx(1- Cp(v)/p(v))

x exp (-r-2i(6e+td4%)) )]
A (3-7)
RN, gkat ik

£ (A6/2) (p(vEf)/p(V))
X exp(£2idy)+l) exp(-r-2i6a)
at; = ae
(1-Cp(vf)/p(v)) exp (-r-2i(8etd49)) ]

(3-8)

k3. ZhED, EHASMSMDHE NS 1 ROMEHRRS DR
MEA + 1

Atl=| Tsa |2
&0, kRAXeR3,
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l7s12(A6/2)2
x exp(-2r) {1+ (p(v ££)/p(v)) 2
t2(p(vEf)/p(v)) cos 24p}

Atl= laol?
1-2 (p(v ££)/p(v)) exp(-2T)
x cos2(8etdp)t ( (p(v L)/ p(Vv))

x exp(-r))?2
’ (3-9)
----- 235—-HF - PE;
0.3 XHB
— 335-%F-PXHADB
h
0.2 .. -
b I-lc—l
“ .
0.1} .
0 0.1 : 0.2 0.3

It Z L’ [rad]
H3~-2 335—F-PERXEHBOLTHHE

M3 -2 LIRORITEREYD, WLLZNSXA—F5HAWT, 3
I59—F-PEXEHABOETRUELHBLAEABOTHS, 22T
TRHLITOHERD & AHRORAERRBELOKTH 2. B
3-20FEMII IS —HALABLAVWESS, ARIEXOF
-PEXZHABLAVWEBSOBRMELTT. ThiD, 335
—EXEHABLEAVWDICLITED, ERpEIH2EL2 52N
SM5. ERD3 25 —FF - PREFADBIIADMI S —Ic ASDE
(i) LMBRHORERIIH LT RERORWE S EH £,
RICHHMI T — I RUEDBNED R EBSICOWTER S,
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U- --| trtgz@AE |-- D~U -
M1 M2

B3-3 33x5—-KF-PREHE

M3 -3RHNMHESS—2AWE3 IS —KF -PXEH
BOBRETY., COHE, F-PEXEASOEHMI S —HA
HEAORBERIH U TR WREE, MEHRSORERICHLTE
L2REARERERIZIILICLD, HAMCRBRBEORIHE %
hY, $EERGBOM LTI LNERONS. 22T, HHH
KHEEI 79— 2BELABRICOWTERS. HHR (22Tl
BI5—) IT—OHEFMTIE, BIAHICHLT

ae=aesp1 p(v)exp (-idx v (L/c)-28)
A8 p1 {a.p(v+) x exp (-id7 v (L/c)
-28-12xf(L/c)) -p(v-fa-,
X exp (-idzm(v+i)(L/c)-28+i2m f(L/c) }
+71(v)exp (-i27 v (L/c)-6) }
(3-10)

atizaztipip(vtf)
x exp (-idm (v ££)(L/c)-26)
tABaspip(yv) x exp (-idm (v+f)(L/c)-26
ti2zf(L/c)) | (3-11)
ki3, '



HU, p1p(VIRIS—- 1 RUBMEIS—DHRRIMEY, 717
(MBI F-1RUEAIS—DHABRRK T OBOTKITE
HMOBELRELTHS. 22T,

exp(-1)=| p1p(Vdexp(-28) |,  (3-12)
6e=27 v (L/c)-argp (v)pl, - (3-13)
Ayv=2nf(L/c)-nm (n: %) (3-14)

B, RGE-10D)-KG-1)&D, aold

T1exp(-i60-6) (1- (p(v+E)/ p(Vv))
x exp (-r-2i(8etd®)) ) (1- (p(v-£)/p(Vv))
x exp (-r-2i(8a-4 %))
ae = '

[ (l-exp(-r-2160e)) C1- (p(v+i)/p(V))
X exp (-r-2i(8etd9)) J (1- (p(v-£)/p(v))
X exp (-r-2i(6e-4¥)) I +(A8)2 exp(-2r-4i6q)
xC ((p(vif)/ p(v))exp(-2149)) )
x(1- Cp(v+£)/p(v)) exp (-r-2i(Ba -49))
-+ ((a(yv-D)/p(v)exp(2idw)
X(1- Cp(v#f)/ p(v)) exp (-r-2i(Bo+dp)] ]
o (3-15)
A0 xexp(xidy) (exp(-r-2i6a))
at; = ' ae
1- (p(vE£)/p(v)) exp (-T-2i(0at Ap))
(3-16)

- TERARPOHEAZIN S 1 XOWMBEHEOMEIREA + 1
Axl=| t(vtfHat, |2 ' (3-17)
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&0, kAens.

| T(v££)12(A6) 2 exp(-2T)
A%l = S : lael?
1-2 (p(v 2£)/p(v)) exp(-T)
x cos 2(8et AWp)
t (p(v )/ p(v)) exp(-r)] 2

05 3=I5—-EF-PEXHB
0.4} D ﬂ ﬂ
;:g ,
= 0.3r1
=]
0.2
0.1 ¢
o 1 1 1 .
0 0.05 0.1 0.15 0.2

fIEE{LE [rad]
K3-3 33I5—F-PEXEHABOLHMGE

B3 -3k LICORITERED, BUBENFA—-F2HANT, 33
7—F -PEXAEFAROERYELHBELABOTHS. H3-3
&0, AHMICHAIS—2BAWEBS LERICERYTOH LY
Hohb. £, HHMERBERAVEERATWERWED, Bk
BERBLLTZOERABEAVWIBARER LR 3.



4 F-PHESSBRERBEAVWZAREEH

4-1 SSBEHABOMRLFME

ERDESIZF -PREAERABIGHETSH 20, BEHARICH
RERVBROBEERSPEC 5720, BRABLHAL THEK
ERETIHE, TEIETHRBRUALERMBEHERS 2EL
BWITENFEFE LW, Buhrer®FV BEHARR, #RiEEcHBHE%
RWwaZkickD, BEFNRICHRABRD RU RO MRS
EURWSSBEARZRRLERETo T3, H4-1-11%
BHEOMNERRICLS L IXOMEHEHESSBERHICL-THES
NAMEHENEOUBRERLEZBOTH 2. EHIZSSBEHES
X, BRRBEYOMBAERAFNERLEDBOTHS. cheh, B
HOMHEEH 10

08p

Jﬁ-

0Ar

EHALIH D

Y&¥-FT =32 (rad]

H4-1-1 BEOMHEERIED 1 XOMBHFEHHILSSB
BHick-TRONBMEHHEL & OHE

FRTREHEES L CSRONBERINRET 520, 52l
Y7 MLERBREERSABAZLIITEARW. LML, H4-1 -
LENHBIRE S, BEOMMEEI KT REHRS %
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I IE ‘93H U

wetWwn wetwn

/AR SSBEHERT AR WK
H4-1-2 BEEEEDEMANESSBEEROMNK

PR ERD IR RICERT A ENTES, ZOBS, © rad O
Y¥—F—vavBpBELiR23. FARXRTORBERERICZOEH
BEFOETZIOHMETAWA L RELREFACTENSLEL RS, £C
T, BREFOEEL 25 5=DS SBEHABEF - PFHAIC
MALEF-PESSBEAMBAEREL =,

¥, S SBZEHRAROHEEREIZONWTHERS, EHEELTWB¥
COEEIR (A/28H) CASLERREORERIZ A/ 2 ROEEE
BEO22EEFIY 7SR ENAGRTWS., COREET 31/
2IRORREIE, AULAHELETIERINFERICELT/AES
eATES. HXIEIS, LiNb0s #EREZBWEXRABEEY 7 4R
EXNTWS, 10.6um#ETY Cdle EREBWTERNTDOIT
W39, E4-1-2RERNEEEEENWES S BEASOMK
21T, TOFETH, %aaal:@ﬁiﬁﬁ’&t?ﬂﬂﬂby%ﬁﬁﬁibé
HBEHROEHOEGLZFAT 2. FREBEEEER CEHMI N,
RARKEEFARBEELETLES, 2R THCY 7ML, BHE
WEH (SSBEH) Malgie 2 3.

CdTe #&1E 10.6umBETERTEZ DB, FAZEFICHWIER
REZRZL LTED-BBLIOT, REHAHKET 480 BT

5. COEREAVWTRRERY 7 MCRBEREET 51210
KEBAESICIEE4-1 -3 IR LE S ICEREAERET 3.
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Wo P

EmCOSw-f
W4-1-3 SSBEXHAECATeES

m4-1—3tﬁ?i5m3mﬁﬁ%ﬁfﬁa[111]%&%@
BEAWE (z8) 2L, COMEELHIC—CRBONEGER %
Ex%, BEBEER%21/B32DIH4 -1 -3 2RTLIICHMER

% .

Fxl=ﬁm{f@ ””t]= En Rele:] (4-1-1)
Ey sin wat )
) 1
CREL e;=L] exp(jwnat) (4-1-2)
tTae, BIRrEHHEO ZHicEEL2EEIIM4 -1 -4 2573
ol 3, y y/
\\\%i N2
—
S
Ny X’

B4-1-4 FFEHAE
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CSITIRRBBEIIL TS, COLE, AR CERT IR
THEEHRELN.,n :BETZDEHOEGAIRKRRTE LR S.

1
n,= na + 7_6741na3Em (4-1-3)
: F (4-1-0)
= neg - — no®En -1-
N,= Na ./-67“ 2
B=wat/2 _ (4-1-5)

She0RXED, TEHEN, n. BHMLIZEBF—2THD,
EHOEGHHO BARBE w.t/2 T ONEEERHE S 1E
BET5ILNME. B L ORGHAGRT L SEF5Y
—TF—vavaglk

Age L 2T syl B (4-1-6)
- fs l ] 41 ‘

R0, EEROUHICESF—2T5 3.
RIS, TO&SZBEHOEHN 0. t/2T —BIZEEEL T 550

y oy
Ey E y/

Ex' 'CU,mt / 2

Bl4-1-5 RAEEEEHN 0at/2 TEET S L ZOME
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BT, ZEARICHRE e MABRLEL SO e 2E2 3.
TITASARE e 2RATET.

%=

it

=L e;=tj] exp(jwaot) : (4-1-7)

IIT, wo BAMKOARMEETRYT. LROEKEI % &L,
Ay AADEDITEY, XEAD, TOFLD v RS OREDEE
255, HhkERDBIZIZ :
1) 6=wat/2 OEEERETS. BT 3E8HAN (X,
YH) CARRORS £ 21T 3. | |
C2) X ALY RS L OMICIER(4-1-6) TRERAY ¥ —F
1Y avhER6h3. |
3) HAETHY 0=-wat/2 OEEERET .y HICE
FTIeRRE-oTHAIReld '

_ cos(wnat/2) sin(wat/2)
o -sin(wat/2) cos(wat/2)

. exp(jA ¢ /2) 0
0 exp(-jA ¢ /2)

cos(wnt/2) -sin(wat/2) N
“|sin(wat/2) cos(wat/2)

= cos(A¢/2){_;J exp(jwat)
+sin(A¢/2)[_1.] expli(wa + wa)t]
» ! (4-1-8)

25, RU-1-8)&D, Ad=n Li5 ¥ i A RORERELIL
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waB(ws + W)IZEEICY T MT B, T TRASEEHEER
OFEHOMEAFMER—FARE LAY, FhozEWHEFHEIZH
HT2LED R NEROAEK Two» b (wa - w)iY T T3
Jkichd, EE A= DRETLEVWRSIZBEBERSIZEL 3.
LML L /4BRERERAREZAWTRDBR LA TE B,

COFEERW, 0.6 mFIIT3RBERERKEELS L
THRERBRLEY 7 b 2175 (Ad=xn) IZIZEE L L TH68KY
PDERZ, 2IT, HMBEEDERLEH 2 2DMEBETRREF
-PREERBHREZITOANWIZLEER B, ¥¥235—F
-PESSBEHN KIK3Z5—-F-PHESSBEASHELA
WEBSIZDOWTRRS.

4-2 F-PHlSSBZEHSE

M1 Mg%#ﬁ £

-
- e L

1 P1 T2 P2

M4-2-112235~F-PHKSSBEHABVOMK

B4-2-1122395—~F-PESSBEABOHKETT., =
STHRROBE LARIC, CRRECEERARIERLERT S
MicEHBROMEN L2V HOLEL, X5 EARSI—I2
BRELTWAHOLT 5. EFMNTOA T 2RITHERNERIZIE
BB S DEMHEHESIEL TS, PhEROFRIEE
Ec, Es 5<. EERETIX B, Ec DE— RHEHESY, 2
DIFNF—O—FEHELKTHRL, TABE—-CT2L, £2H
—~DE— FATEC, B2 M BRI RIER BN, EERBAE 2,
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FROERMTOREDE~ FOHa’ %

1 - o
as Ec[ ,Jexp(jwat)w* Es[ J] eXp (J(wattwa)t) (4-2-1)
.17 1
EEL

Re{a] = {EX} (4-2-2)
Ey |
8L, X512,

cos(wat/2)  sin(wat/2)] |expiaw 0
A= .
h—sin(wm’_c/Z) cos(wmt/Z)] [ 0 expj/_\.z/;l

eos(wat/2) -sin(wmt/Zﬂ

h'S].n(&)mt/Z) COS(w:nt/Z) (4_2_3)

L, BRERATIE, REVEREEELARATOE-FS
fia” X

1
a”= EcpaAL_]exp(jwat)

EspaA[gj} exp {j(wottwa)t}
1
(4-2-4)
E23,
HNU-2-)DOEFEMD, WRFERD L MRS ICFITT, x
RADHAERTERR LR S,

a”x= p2 {Ec cos(A®)-Es sin(Ay)} 'exp(jwat)
p2 {Ec sin(Ay)+Es sin(A )} exp (j(wetwa)t)
(4-2-5)



E—Fa” x OERRIVRBOBEOXBF LB 5. yRABE
RICKDEND =D, SRXBBIZOVWTOAER, FEXLEH
T3, AU--DEERLT, HHNIS—0ERZZRITE, X
BEHERZ2-EET M, WRBORIEDN Ec 15 '

Ec cos(ay)-Es sin(Aw)iz, RIBHIERIE Es 6

Ec sin(Ap)+Es sin(Ap)IcEHAEThIZL2EHKT 3, 360

E—Fa” PMERML T, BUROERHNHEICES, EEREBTI,

ChizdbeneE—Fa’ I2ELw. ko

?

a’ = exp(-r) {Ec cos(A®p)-Es sin(Ap)} exp(jwaet-260)
+ exp(-r) {Ec sin(Ay)+Es sin(ap)}
x exp (j(wetwa)t-2(0e+tAB6))

+71exp (-8 +(jwat-00))

(4-2-5)

ER%. 2T, —Aok%zexp(-28)2L
exp(-r)=p1p: exp(-24) (4-2-6)
fe =wal/c-(1/2)arg(p 1 pc) (4-2-T)
Af=wal/c-pn (p I38B%) (4-2-8)
AB<L<7n/2 (4-2-9)

ELTWA, BLU A1 BAOAI S —DOREREERT. X5,

O ol XNENA T AT, A6 RREHNERBE-EET M
EU3ZRABEFONHOTHhERT. EARESv=ws/(Q2r)LF
-PREAEHBOKE— FBEOREEq(c/2LLDThEAT L
TarAaGeaf OMIciE

Af=f-qc/(2L)=(A 6 / 7 )(c/L) _
Af <c/(4L) (4-2-10)

25MENH S, R(4-2-D e R(4-2-5) 2 B T, EREMNTO
WX IR B U B O IR G



T1exp(-8) [1- exp {-r-j2(00+28)} cos(Ap/2)
Ec =

( [1-exp(-r-j28e)cos(Ap)]
[1-exp {-T-j2(8e+28)} cos(AWp)]
texp 2 {-r-j2(6e+A0)) sin2(Aap))
(4-2-11)
T1exp(-&) [1+ exp {-r-j2(0e+A0)} sin(Ap/2)
Es =

( [1-exp(-1T-j283s)cos(Aap)]
[1-exp {-r-j2(0etAB)} cos(Ap)]
texp 2 {-r-j2(0:+A0)} sin2(Ap)) (4-2-12)

BB, BRERGS—EERAEALEE, AN oM
HERBZOT, HWHXOBEBRS Ec0), RO MBEHEIE0)
%9

Ec(0)=72 {cos(A®»/2)Ec -sin(A® /2)Es}
Es(B)=72 {sin(A ¥ /2)Ec +cos(Ayp /2)Es}

(4-2-13)
23, ThEhlHhkiz

T172eXp(-5) [1- exp {-1r-j2(0etA0))} cos(AP/2)
Ec =
( [1-exp(-r-j28e)cos(Ap)]
[1-exp {-r-j2(8e+t26)} cos(Ap)]
texp 2 {-r-j2(8e+tA0)} sin2(Ap))
(4-2-14)



T1T2exp(-8) [1+ exp {-r-j2(8e+A6)} sin(Ayp/2)

Es =
( [1-exp(~-T-j2683)cos(Ayp)]
[l-exp‘{-r-j2(9a+.f_\8)} cos(Ap)]
texp 2 {-r-j2(0a+tA6)} sin2(Aay))
(4-2-15)
i3,
%$N47%60=0TF—P%%%%%03550&H$&N
1
Rh:%ﬁ
0By ﬁ§1% Rs=0%
=2 40
= 06t
R
20
02}

g 01 02 03 o4
Dy -F-vay

CH4-2-2 Y¥—F—vayrREMEREDEEORE

TA=FLLT, V¥—T—yav t AEREREHRL OIS
Bl4-2-2cR7. BRFERTRIESIC2I5—~F-PHESS
BAZRABOBE, HNMCRERERILHAENE. Z0BL,
WA EMIRICZ 1/ 4 BER L BREERRIE L.

CORERADEETBEFAULAF -Py o vichRTEWE
BRTER OS2 TV ED, RERBIELTSI LA TE3. H4
—2-3REXOF -PHEAETBL XUF - PHREHAL%5H
L2WS SBEH (HFHM) LOBERT. Chid, Voy—
TV a v FERBNSWEETIZF - PKS SBREABEANWT
RRGERETILFHRTEH 22 LHFN 5.
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3

R=75%

R B

-
——
el

\.\‘
~.
.....

P Rt il T PO,

0 01 02 03 04
NP =F=va> [rai]
Bl4-2-3 EHOF-PHARALL LUF - PHLTHSE
ZRALZ2WS SBEH (HH@E) L O#

4=-3 355-F-PHSSB¥LHES
CCTIRAMLARIZ3 IS —HREHWAF -PHS SBRE
AR/ICONTHARS, F-PHSSBREFHRILELDF -~ Pk
RRABICERTHRL  BERERAT S 2 LA TE 305, HHN
REREERASDEENS. 22T, WBDO33I5—F -PRRTH
[EFARIC, HAMS S —1CHAIT— %AV THEERSY 205
THERIC, REMERSRET BHEICOWTRARS,

M MOD.M2 M3

C_"*mig EM
14 g
—~em—ea J;--._-_,é Ts Ps
101 TcPe
) #Hezs-

H4-3-1 335—F-PHESSBERAROHEE



H4-3-112335—~F-PHKSSBEHBOMBALTT. AIm
CEARICSSBERRTIZHEL, HANIS—1BELTWS
bDLT 5.

BRBORIE Ec, WHERIORBEsL B L, EERTEN
- ORBEOE—-FHalRRRATHRIh 2.

as EcLl_Iexp(jwatﬂ Esﬁlexp (J(wettwa)t) (4-3-1)
REL

Rela] = [Exx | (4-3-2)
TH 5. !

RIBD2I5—AREZLRY, WHNSS—1HASS—4H
WTWBED, HEIT—ORMREMEHRS & BLBHE o5
UTRZ - 2RO 2D, ThERORS Y 5 HRRMEY
kpapc LB BIT, RENEHRTAEAL, HAWIS—
DEMTORBORIE " 1

a=EcAL1.] exp(jwat)+ ESA[-H exp (J(wottwa)t)
! (4-3-3)
R(4-3-) 2 MBHRD L WA BRI I/, xBIOATTE

ax’ = (Ec cos(Ayp/2)-Es sin(A®/2)) exp(wat)
+ {Ec sinAy/2)-Es cos(A%/2) exp {j(wottwa)t}
= {Ec-Es} exp(wat)+ {Ec+Es} exp {j(wettwa)t}
(4-3-4)

&2, T-Fafia.’ OREEFRBEOREOXEA LR S,
YRALARICRDEN B 20, SRXBIOHMEL, HExEE
BT 3.



RicE—-Fafia’ RESII-TRETHh, BORELERT
2. MBHEMRBEIINTIITI—ORNEHNRRZLIZERL,
HRERROE—FOfa” &

li

a”=(pcEc cos(Aw/2)-psEs sin(Ap/2)) exp(jwat)
t (psEc sin(Aw/2)-psEs cos(Aw/2)) exp {j(wattwn)t]
(4-3-5)

E2%, CTTHEHMF -PHIERE—ET M-S 28%%
exp(-8) &L,

exp(-T)=p1pc exp(-28) (4-3-6)
Be =wal/c-(1/2)arg(pi1p.) (4-3-7)
Af=wal/c-prm (p IZBXK) (4-3-8)
AB<7m/2 (4-3-9)

EB<. B-Fofa” REBBHLERL, S5IAHMIS—
KRS, BUERRRFOEMCRTEOE—FAa’ I2BL<
2%. Zh&n,

~a’=[ {Ec cos(A®/2) - Es sin(Ap/2)}
X cos(Ayp/2)exp(-r-j260a)
-(ps/pc) {Ec sin(Aap/2) + Es cos(Ap/2)}
X sin(Au /2)exp(-r-j26 )
+7T1exp(-d-jwael/c)] exp(jwet)

+ [ {Ec sin(Ap/2)-Es sin(A % /2)}

X sin(Ap/2)exp (-r-j(26 0+2A6))
+(ps/p:) {Ec sin(Aay/2)+Es cos(Aap/2)}

x cos(Ayp/2)exp (-r-j(2600+240)) ]

X exp ((Jwetwa)t) (4-3-10)
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[1-exp(~r=~j26e)x (1+ps/p c)cos(A_w)

t(ps/pe) exp(-2r-jdfe)]
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T1eXp(-8) [1+ exp {-r-j2(0e)} sin(Aa®/2)
x cos(Au/2) {1+(p1/p2)}

Es

[1-exp(-r-j26e)
X(1+ps/pc)cos(Ap)
."]'(ps/pc)EXP("ZF'.Moﬁ)] ) (4‘3"12)
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Ec(0)='z'2 {cos(Ap /2)Ec ~sin(Ap /2)Es} (4-3-13)
Es(0)=72 {sin(Ap /2)Ec +cos(Ap /2)Es} (4-3-14)
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