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’ 21, = Zre
Sy = AL T Aref —1
ZL + Zref Z1, =00
v
AT
g ref —1
P ZL + Zref 71, =00
FEEEAD
YSHORT @ f 5% %K
"7, =0
° ZL - Zref — 1
1= - 7 - =
ZL + Zref =0

EERDZNS

Sp11 DIESHE L R



v

o~ ALl et
P11 — —
ZL + Zref Z1,=0 Zref

°Z.; NMEFREUE S5 SHORT D REIREAY -1 U % 72 L)
efC?’I’jL ‘Spll‘ =11Zld%E->Tnw3

"3.Z,e=Z, I UTHIERERIBDSATIIOMNBERBOICBS BV (Z, BERK
DIHH)

(€]

IR BRI VYE—Y VR (=1 E—YVR) EHEERIVE—SY Y
2lF—LHEVWHS

1
5P (Zur) = (22 + Z2;) tanh(70) + 22, Zyet
" { (Z2 — | Zret|*) tanh(y€) + 1225 S(Zrer) 22, R(Zyet) | cosh(yL)
27, R(Zyet)/ cosh(L) (22 — | Zvet |?) tanh(y0) + j22,(Zrer)
"2E [ @E DS
(C] S _ 1
Fret) = (72 1+ 72 ) tanh(70) + 22y Zvet
y (Z2 — Z2;) tanh(y0) 22y Zyet/ cosh(vyL)
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CEFNICHUTERAI VY E—F VR (=1 Y E—F VU R) [FIREBOREIC
A URANA

"4.Sp WIA—F ZEEHNET B5HAERRHSNTHEW
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V() =R(VTe " +V )
I(z) =R (Y, (VTe ™ —V™e™))

“nz
V(z)=Vte " £V e
I(z) =Y, (Vte " = V™)
LIERLT 5 2 L%,

VIGHREEL
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YZ175
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VR(Zres2) |Zrer1| 225 Zre
ey (7ot ot (2 = Zren Zuoa) tenh o+ 2y (Zuotr = Zier2)

"VWEH (R—hSEDEEASVE—FT VIADESHE)

"T175

(€]

T 1 (Z2 + Z;) sinh(yl) + 2Zy Zyes cosh(L) ;(2Z>2< — QZrQefQ siglh(*yf)
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Fret) = (72 4 Z2.) tanh (y0) + 22y Zret
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% (Z>2< - ‘Zref|2) tanh(vf) + j22,3(Zet) 22, R(Zyet) | cosh(yf)
27, R(Zset)/ cosh(~0) (72 = | Zees]?) tanh (76) + 225 3(Zrer)
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a 2Z>2<[1 + tanh(v4)] 2Z,R(Z,,)/ cosh(~£) Z(Zy, — Z;) tanh(y¢) +j22,3(Zy)
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B Zy R(Zy) e iS(Zy)
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"BOWBZRTESDSEBEIIARIES ZEIE VL
"BED (AFR) BREGZSEVERHETIEL>0
o “FAHIREED unwrapping

v = —1n (e_w)
= ol +jp¢

(S}

al = R(yf) (in Nepers)

20 :
al = R(~l) x w1 = R(v¢) x 8.686 (in dB)
VBl =S3(vf) (in rad)
360

Bl =(yf) x — (in degrees)
2m
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De-embedding & unterminating

VHEIESSR (device under test, DUT) HRETAR Y kT —72 (embedding

network) DOHICEHAFEFNTWT, embedding network ;A& TUMNEIET
=RWET S

° TDe-embedding; &, AIEHRERICEHATNTWSDUTOREZR THLD
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________

| De-embedded
, , device

________

(€]

Embedding
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CRIERORER De-embed# O EXEE
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(:P— 1 n+1 —¢—

é— 2 n+ 2 —0—

: . : Embedded

o— Embedding —o— n-port

o 2n-port i (DUT)
-1 —1

TAIUNY RT3 ESTIEREDEEMNADUTERICHE S

“Bauer & Penfield (1974) Ic& % &

"De-embedding is the process of deducing the impedance of a device
under test from measurements made at a distance, when the
electrical properties of the intervening structure are known.
°The de-embedding procedure is straightforward, provided the

embedding network is known.

YUnterminating is the process of deducing the electrical properties of
the intervening structure from a series of measurements with known

embedded devices.
°D%xbh, DUTTH#IEm (terminate) St TLWL\% embedding network Hh5

DUTZYID B L CZ DR FHEZRET 5 Z &.
. . Embedding network @
( Untermmatmg > characterization

l

( De-embedding ) DUT DFFEZERD S

CCDRDICARIF2EEDFHRELEH, BEIEHWAZO><3HT Tde-
embedding; EMATULES ZEAZW

"EEOFEVAIKDOVT



° "TDe-embed; DXFEEDEKIE Tembed (EHRAL) 1 DRTFDIRE,
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VINIEESEDEKRNS Wo THLSMCERARED, REDXMTIEUVIFULIFRER
lT5nd
" : Tpad de-embedding,

° TUnterminate; [FFRIEDXETIEHEDHKBICHNSBRLLBE>TETWS
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o °R.F. Bauer and P. Penfield, Jr., "De-embedding and
unterminating," IEEE Trans. Microwave Theory and Techniques,
vol. 22, no. 3, pp. 282—288, March 1974.
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Embedding 4-port
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2-port
o— O O —O
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CCDEZHDIFONEEDEEEL A7 T K EDIITAH LI
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YEmbedding network D" TR D &R E
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YEmbedding 4-port © "M—k1=mR—K31 TR—K2=R—K4, &L
EICHEHE L, B embedding network (& 2/R— k

Embedding 4-port
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vZ de-embedding (short de-embedding)
°[E U < embedding network (& 2-port T, Y de-embedding & 3w 7B %

I B
°DUT & embedding network »* "B, T3

CHERE  Zx = Zembed + ZDUT

Y Vi | Z1+ 7 Z3
embed - Z3 Z2 _I_ Z3
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o— }—o o— }—o
Zs — Zs
Z,/2 W 2,)2
o— }—o0 o o

0 0
HIETIUE Zopnped ZIRETE 5,
eZDUT = ZX — Zembed T'?/f SRV }‘%T

DUT %% a— b Zy s — [ 00 ] Gl R R

TREER
"EBED SHORT IFEMZRI DT, INHREER LD, BEREHLEL
2% ERENBLLIRS
YOA4 X

"1. WDUT & embedding network DIEHE R ?
”2. WVEmbedding 4-port I &k % —#xBV7 50 & DX ISR 7

Y - Z de-embedding IcBI9 3 E
7Y de-embedding & Z de-embedding A&t 5 &, open-short de-

embedding ¥ short-open de-embedding (C7& 5.
Y%l 1 Y-Z-Y de-embedding
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YCascade de-embedding
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ZEICHEET S

v S Si2
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°Linear fractional transformation (—X#Z k)
°Bilinear transformation (W—XxZsith)
°Linear transformation (—XxZih)
°Bilinear fractional transformation
°Mobius transformation
®Homographic transformation
°Projective transformation
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°expz = exp x expjy
=expxrcosy +jexprsiny
= (coshx + sinh x) cosy + j(cosh x 4 sinh x) sin y
= (coshz cosy + jsinh z siny) + (sinh z cos y + j cosh z sin y)
= cosh z 4 sinh 2z

Cexpz [ZFH 2 O IR

" expjz = expjz exp(—y)
= (coshy — sinhy) exp jzx
= (coshy — sinh y) cos x + j(coshy — sinh y) sin
= (cosx + jsinz) coshy — (cosz + jsinx) sinhy
= (cos z coshy — jsin z sinh y) 4 j(sin z coshy + j cos z sinh )
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’ 1
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sin 2

° cosh(jz) = cos z
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sinh(jz) = jsinz
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tanh(jz) = jtan z
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sinh(z1 4 25) = sinh z1 cosh z5 + cosh 21 sinh 25
cos(z1 & 2z2) = coS 21 COS 23 F sin 21 sin 2y

sin(z1 £ 29) = sin 21 cos 23 £ cos 27 sin 2y
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cosh 21 cosh zo = 3 [cosh(z1 + 22) + cosh(z; — 22)]
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1
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sin z1 cos zg = 3 [sin(z1 + 22) + sin(z1 — 22)]

COS 21 8in zg = 3 [sin(z1 + 2z2) — sin(z1 — 29)]
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o fTEIDANEZ
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-1 0][a b][-1 0] _
0 1]|c d] 0 1|
T-10)[a d][1 0]
0 1||lec d]|O0 —-1]
"ERE
(AB)" = BTAT

"EREH®E (conjugate transpose, adjoint, Hermitian conjugate)

Al £ (AT) = (A7)

YRL—R (X3AT0)
TAEuxn OfTHET S

etI‘A: EA”

b L —RIEEBEBRICT UL TRE

135130
A BZnxn Ol T

“det(AB) = det(A) det(B) = det(BA)
" IERITTHY
T EFDEAITIO &

" AT
(AB) ' =BIA!
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"X AT
YXHZ =175
THATIOEREDITING TRAZ—1751 EHEN3
W sy=Eaplilopetadl

e_a 0__1_ al 0

0 d_ a 0 d!

Xt AT [E L (& Pl
e_aO__eO_an_eO a 0
| 0 d__O h|l | 0 dh| |0 h 0 d

TEDSXATIEDMNF L STIChDD

e_

a 0][e f B [ ae af ]

0 d||g h| |[dg dh
YEISHATIIZNNSE5FITHHI B

Ta b][e 0] [ae bh]

c d||0 h]| |ce dh

T & 2 ORI TR 6 &

Ta 0] e f a 0] [atea a7 lfd]
0 d g h 0 d]| | d'ga d'hd |

e a lfd |

a 0 e f a 0 _1__aea_1 afd=t ]
0 d g h 0 d ~ | dgat dhd™! |

e afd™t ]

"33#7975 (symmetric matrix)

CAE uxn OfTHET A
AT = A B 513 A INERTA,

RS A DMERITIN 613 A 1FEFENTR TS,
XTI A & B O AB (F, MIREIFRSARWL. A & B NS SICE

D AB H XN
PR MATIIZERITI THAELE NS
TEERMTTIIERERTII THALE NS

"IZILE— K175 (Hermitian, self-adjoint)
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A=A L5 A RIS — T

VIEK?T | (orthogonal matrix)
AZnxn @%ﬁ?ﬂ&*f%
CATA=AAT =1 o1 A IBERS AT = A

"2Z=4'J—175 (unitary matrix)
Araxn® (BE) LT

TATA=AAT =1, BOIE A 2= ) —FF AT = A
VEFREX{TI (complex-orthogonal matrix)
Araxn® (BE) LT

CATA=AAT =1, B 513 A IREEERI, AT = AL

"HEAER
A= [z 2] DL

A —(a+d)A+ (ad—bc) =0
YCayley-Hamilton OEIE

c d
A% — (a + d)A + (ad — bc)ly = 0,

A:[a b]@a%

o "4 % (polar decomposition) (1)
Y1ZH Y =175 TV S — MTAIC K BB AE
CHIC B, EWofkebahhZ &
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YA=UP &35, 7L

U & unitary (UUT = 1,,).
P % positive semidefinite Hermitian (P = P).

CUNOlEE - IR, PHAVMEUEAZRT
"A=PU HEIT 2B,
P’ =UPU™!

"4 % (polar decomposition) (2)
TERERITI EERMNIRITIIC L BBDHE
CA%Znxn ODEETIET
TA=QG L#HIFB. KL

Q & complex orthogonal (QQT =1,).
G 1% complex symmetric (G' = G).

TA=GQ LbHEIT B,
G/ — QGQ—I

vec BHEF ((TADNRY ML)
el o] s

azr G22
YColumn stacking IC &5 X7 ML

e
a1l

a21
vec(A) = a1
az?2

YRow stacking IC &2~X7 ~MLE
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ail

vec (AT) = Z;i

a9
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a21B  azB a1b11  a21b12  azbir  azzbi

ag1b21  a21b22  aobar  azzbaa

Yvec & Kronecker EZfIHUXZER
! vec(A-B-C) = (C' ®A) - vec(B)

THLIFITIEMNT MLDTE
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