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How to evaluate students’ performance?

® No mid-term and final exams.

® Term-paper: Return a term-paper of six pages in IEEE-MTTs
template (doc format). The topic of the term-paper is open.
Any subject that related to this course is acceptable.

® Grading policy: The final score will be normalized to reflect
an average consistency with other courses. It also depends on
your attendance and participation.

® High attendance rate and active participation are highly
encouraged. Total number of attendance: 15

152>100%, 13>95%, 11->90%, 9>85%, 7>80%

» (final score) = (term paper) x (attendance & participation)

Others

® The contents of this course are designed for senior and
graduate level students. Only passive devices are addressed.

® This book shows that microwave circuits and devices can be
explained through the use of circuit theory, Maxwell’s
equations, and related concepts.

® [f you have any question, do not hesitate to raise your hand.

® Any comment on improving the pedagogy is more than
welcome and is highly appreciated.

Chapter 1 Electromagnetic Theory: Introduction

The electromagnetic spectrum: Frequency (Hz)
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General Form of Time-Varying Maxwell Equations

vxA=22 47 (1.1a-d)

£ is the electric field intensity, in V/m.

H is the magnetic field intensity, in A/m.

D is the electric flux density, in Coul/m?.

B is the magnetic flux density, in Wb/m?.

M is the (fictitious) magnetic current density, in V/m?.
J is the electric current density, in A/m?.

p is the electric charge density, in Coul/m~.

Maxwell’s Equations in Phasor Form

Phasors : In linear equations, harmonic quantities can be represented
by complex variables as follows:

E(x,t) E(X)
D(x,t) D(x)
B(x,t) R B(x) plot It is assumed that the LHS is
=Re
H(x,t) H(x) given by the real part of the RHS.
J(X,t) J(X)
p(X,t) LX) ]
real Phasors

Assume an e/ time dependence. E(X, Y, x,t)=Re[E(x, Y, Z)ejwt]
VxE=-joB-M
VxH = ja)D+.J free
V-D=prree
V-B=0

Boundary Conditions

Medium 2 f ”’I'\/._\\
i ]
{(Dz_Dl)‘n:O—free [ U ——

(E2 — El) xn=0 Mediam | 4o,

(BZ - Bl) : n = 0 , h o Medium 2
Nx(Hy —Hp) =K f:'; by ré%‘ ponoaa'l

Medium |

ADp Py _;Li-»-

Medium 2: €, u,

\Bnl Medium 1: €},

More Boundary Conditions

Dielectric interface {(Dz ~-Dy)-n=0 {(Bz —-By)-n=0

(E,-E)xn=0 nx(H,-H;)=0
Electric wall (tangential ' D, -N=0ee B, -n=0
components of D must vanish, nxH. =K
e.g. perfect conductor.) E,xn=0 2™ ree
Magnetic wall (tangential D,-n=0 B, -n=0
components of H must vanish) E, xn=-M nxH, =0

Radiation condition
(Absorbing boundary condition, no reflection)
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Chapter 2 Transmission Line Theory

What is a transmission line?
http://www.wikipedia.org/wiki/Transmission_line

A transmission line is the material medium or structure that
forms all or part of a path from one place to another for
directing the transmission of energy, such as electric currents,
magnetic fields, acoustic waves, or electromagnetic waves.

Examples of transmission lines include wires, microstrip lines,
coplanar waveguides, optical fibers, coaxial cables, circular or
rectangular closed waveguides, and dielectric slabs.
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Transmission Line Examples

Siripline Crosssection
L

Stripline

Microstrip Cross-section

rgiw T

Microstrip Line
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Lumped Element Circuit Model

iz, n iz +4z, 1)

iz 0

vz, N

L = Series inductance per unit length, for both conductors, H/m

C = Shunt capacitance per unit length , F/m

R = Series resistance per unit length , for both conductors, /m

G = Shunt conductance per unit length , Q~'/m or S/m

(1) Az must be electrically small, i.e. smaller than a guided wavelength.

(2) Within Az, it is also possible to use shunt GC followed by the series RL.
(3) Also possible to use n- or T-networks. See problems in textbook.

(4) The parameters RLCG are required for describing a transmission line.
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Time-Domain Transmission Line Equations

ilz+Az, N
— e

+ V(z+Az,t) =Vv(z,1) —[RAzi(z,t) + LAzdgi(z,t)}
CAz  viz+ Azl t
5 z+Azt)=i(z,1) —[Gsz(z,t) + CAz%v(z,t)}

Az >

1 . d.
E[v(z +Az,t)—v(z,1)] = —|:RI(Z,I) + Lal(z,t)}

1. . d
E[I(Z +Az,t)—i(z,0)] = —[Gv(z,t) + Cav(z,t)}

0 . 0.
KVL azv(z,t)——[Rl(z,t)+Latl(z,t)} Telegrapher's

Az—0 Telear

t
KCL gi(Z,t) = _[GV(Z,I)+Cav(z,t)} qguations
Az—(0 oz a2t
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Frequency-Domain Transmission Line Equations

v(z,t) =V (z)e]?
i(2,t) = 1(2)e )t

Time-Harmonic assumption:
(Sinusoidal Steady-State)

0 . 0. 0 .
EV(Z’D = —[RI(Z,'{) + Lgl(z,t)} = EV(Z) =—(R+ jLw)I(2)

0 . 0 0 .
EI(Z,I)——|:GV(Z,'{)+CEV(Z,'[):| = EI(Z)__(CH- JoC)V (2)

(Voltage and Current) Wave Equations:

2
—(j 3 V(z)=(R+ joL)(G+ joCV (2) = }/2V(Z)
z
o? ) . 2
— 1(2)=(R+ jJoL)G + joC)I(2) = y°1(2)
oz

Wave Propagation on a Transmission Line
d> :
——V(2)-yV(2)=0
e (2)-r V(@)

2

d 2
5 1@-r1@=0

y=a+if =R+ joL)G+ joC)

y=(Complex) propagation constant
oa=Attenuation constant
p=Phase constant

Solution:
V(z)=V,/e7* +V,e’* V, =forward(+ z) propaating(voltge) wave

I(2)=1; e7*+1;, e’ V, =reflected( - z) propaating(voltge) wave

A A\

Characteristic Impedance Zo

Solution of Wave Equations:
2

d o
EV(z)—ﬁV(z) =0 ——V(2)=V,/e7?+V, e’

2

%I(z)—yzl(z)zo —1()=1e7" +1,e"

i J— i N — 7 +a~YZ _\/ -Vl
V@O =-R+jol)1(2) 1(2) R+ja)L[V°e Ve’

:\/_O*—e*}/z _\£e72
ZO ZO

:VO :_\/_O and Z, = R+ja)L: R+ joL

ZO + — N
I I, ¥ G+ joC

20




Lossless Transmission Line

iz iz
R=G=0, a=0 Tz,
Proagation Constat y =a + jf = jovLC

+z
Characteristic impendance: Z, = \/g

Wavelength : 4 = 2z

1
Phase velocity : V., = —
' p Lc . . e!_xﬂ e-_;ﬁ:
Total voltage: V(z) =V, e ¥ +V, e/* "¢ 'z

AYARSNINE Vi . .
(2)= Z—Oe"ﬁ * 0 el”  What is the difference between
0 0

Total currnt

the above two waves? why?
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Voltage Waves on Lossless Line

T
3

2

2

2.2 Transmission Line Parameters

éﬁ?g =

mﬁ

Time-average stored magnetic energy

. * . . L
Field W, =< [H - Hds, Circuit =W, =—|[I,[ = L= jH Heds
4 4 |
Time-average stored electric energy
Field W, = [ E-E'ds, Circuit =W, ==V, " —_[E-E'ds
4 4 |V |
Conductor loss — Finite Conductivity,o or R
. R : o R
Field P, =— I H-H dl,ClI‘Clllt:>PC=—S||0|2:>
cl+C2 2 ‘ 0‘ cl+C2

Dielectric loss — Lossy dielectric
=" [E-E'ds, Circuit=P, = i
2 2

VO

Field P, I

IVO
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d

Some examples:

L C G
u. b 2re' 2re"
—In— b b
2z a In— In—
D a, a

. . Y cosh! (Z_Da) did s C

Radius =a T COSh_l(B) &
2a

W W we"

W
= u—
=

W>>d
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Example 2.1
Transmission Line Parameters of a Coaxial Line

If no direlectric and no condutor loss

ﬂ=(ox/E=a)x/E

b
\/f ln(g) \/U
Z,=,== —
C 2z \e

let a=1mm, b=3mm, & =2.8,then

) b u
A u._b L= @) =L inG3) = 2In3x107 (H/m)
=g££?pdpd¢:Eln(g) (H/m) 2; a ) 27 y
c g TT L dod 278’ E/m) C= ﬁg :lﬂi -3 '1 3><10'° (F/m)
= [ = m X
fn®/a)F 33 57 77 " nb/a) In() n3) n
R, /fa b Ry, 1 1 1 c
= { 7d¢+ 7d¢:75(7+7)} =—=—=1. 8
@y .([az !bz S Vo= = g =1 793X
a)g”
=2c 7 - £:1n3\/g:601n3:39'39g
C T \Ne \/ﬁ
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Summary and Some Concepts

Time-domain and frequency-domain transmission line equations
Fundamental transmission line parameters: R,L,C,G

Lossless lines:(a) L and C, (b) # and Z,

B and Z,, are determined by the cross sectional line geometry.
(What if the cross section of a line is not uniform?)

Voltage and current waves on a line share the same ordinary
differential equation but have different boundary condition, which
are usually specified at the source and load ends

The phase velocity and wavelength are determined solely by S

Is a rectangular waveguide a tranmission line? if yes, what are its
R,L,G,and C?

All transmission lines must have two conductors?

Only the TEM mode can propagate on a transmission line?

2.3 Terminated Lossless Transmission Lines
V(z) =V, e +V, el

Al Vv,
_ 0 p-ifr _T0 [ipz
Wiz diz) I(Z)_ e e

—_— ___}"a Z, Z,
Z4. B v, (2]
U i 2, =V(O) ~z7, V0+ +V07 - - Z -7, v,
! 0 ) 1(0) Ve =V, Z,+Z,
Fzﬁziz'-_zo
vV, Z,+Z,

Total Voltage Wave :V (z) =V, (e ** +Te/*)

Vo
Total Current Wave : | (z) = Z—‘)(e"ﬂZ —Tel?)
0

2 (1=

Time-average power flow P,, = % Re[V(2)l'(2)]= %‘V (Z)‘ >

0
Return Loss: RL=-20 10g|F| (dB)
http://education.tm.agilent.com/

If |F|:0, RL = —oo dB, called matched load. ~ Index.cgi?CONTENT_ID=22
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Reflection Coefficient at Arbitrary Position

- -Alfz £:r“‘) {J
Fin(Z)EF(Z)=V+(Z) _ V(i e_jﬁz = -
Vi(z) Ve Z,B Vo Z,p 134
— _
z=—f :=0
At ZZO, Vf(z):vof’ V+(Z):V0+
) ) Zur(z)‘ rm(z)
Atz=1,V (2)=V,e ", V'(z)=V, e
- —a-ifl .
Fin(_I):v ( I)=V°e<. _ (o) 1
Vil Ve

The reflection coefficient along the line is a periodic complex function
with a constant magnitude

28




Standing Wave Ratio, SWR or VSWR

e’ ilers2p)

V.. 1+ 1+[r

SWR=_—mx __ 'l
Vi 1T

| ALT+2pz

WhatareV_,and V_ along line?
V(2)=V, (e +Te"?)
V(@) =V, |[1+Te”

— Vo = ’VJ

S E A L G i
o 1 2 3 4 5 cin

(- BEEEL

+
SRV

ort
cuit

(1+|T)) SN

tknown

Jouwd
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Input Impedance at Any z of a Line

SLRVENT ;
V@) _, Vye"+Vpe —
0\/+a-1B _\/-alh? =

1(2) Ve "=V, e

Zin (Z)

‘{.l’
ol
Z.p o Z,.p v, % z,

:=.—|f z=0

Z,(2). T2
Z -2y i

ot A\ o 1 e
V(z)| _7 Ve 1y e 1+Te™! Z,+Z,
=1 —

1(2) B

Z,(-h= _ = ___
n() OV(;'EJ'JﬁI -V, e *1-Te " OI_ZL_ZO g2

Z +Z,
_, (242" +(Z,-Z,)e" _ ; ZicosPl+jZ,sinfl _, Z, +jZ,tan

T2 428" (2, -2, T Z,cos fl+ jZ, sinfl T Z,+ jZ, tan

One can verify that T(—1) = M
Zin (_I ) + Zo

30

Special Terminations

(1) Short Circuit: Z, =0 1(z) I
r)y=-L2,=jZ,tanpl; VvV, =-V,"; — T
Vf(z):_v(;rejﬁz’ V+(Z):V0+efj/iz .i-i +

Z,p N2 Z,p 24

(2) Open Circuit: Z, =0 " _

ro0)y=12z,=-jZ,cospl; V, =V,"; : z
V= (z)=V'e¥ Vi(z)=V e ¥ E
@)=V, (2)=V, ., iy
(3) Matched Load: Z, =Z, ) ;
L0)=0; 2, = Z,; Vy =0, Zl@: L)
V7 (2)=0, V(2)=V,'e " atraveling wave .
2) @)=Y, & 7 (y—z Lt iZinp
in — %~ .
(4) Transmission Lines of Special Length Z,+jZ tan jl
A A z? :
al==,z,=2 bl==,2,==2 (= g
( ) 25 in L ( ) 4, in ZL I_(_I):V ( I)_Voe :l—-(O)eJJﬂI

1 V+(_|) _V0+e+jﬂl
A section of 1 line will invert the load impedance

31

Short-Circuited Transmission Line

1z) 1 Total voltage and current at arbitrary z:

— L
- - - 1L
Z. B s Z.P 1 % Z

—

V(z)=V, e " +V, el

—_—
i ] Vo o Voo
R -0 I(2) =g /" -2 gl
ZO ZO
Z(2), T (=)
Reflection coefficient at z = 0 (Load):
When Z, =0. - z,-2,
0
. Z +Z,
(12, =Y D7 DR _ 7 0 o
1(-1) Z,+ jZ, tan pl
@ V() =Vyel +V e =2V, sin B, 1(—l)= et Yo goin _oYo o0 g
ZO ZO ZO
Z -7
G)LO)=2E"20 =1, Vo =V, or V) +V, =0
ZL +ZU 0 0 0 0

AT =T =—" |I(-)|=|l,|=1forall |

32




Example: Input Impedance

For a short-circuited line of 10 cm, compute the magnitude of the input

Open-Circuit Transmission Line

impedance for 1 < f <4 GHz. Let L=209.4nH/m and C=119.5pF/m 1 g Total voltage ?I{d Surrel}t atz arbitrary Z:
T )’ V(z)=V, e +Vv, e”
i‘? il Z, B _J'i:: Z. B ij Z 1(2) :Ee,jﬁz _\iejﬂz
+i + .
7.8 1o Z,p v l z : . Lz Z, Z,
ot ! % ' Z,(-D)=jZ,tan pl = jZ, tan 7 f e o0 Reflection coefficient at z = 0 (Load):
- i i Z -7
e 500 Z,(3.T,) r,= —ZL N ZO
z=—f z=0 L 0
When Z, = oo,
Zm(:)‘ rm(:) 400 i t _ i
1) 2, (=YD _z ZHIL A __ 7 o pi
L . 300F (=D Z,+ jZ, tan fl
ZO=\/;=41.86 Q g
Vel 510° ms N 200 Q@) V(- =V, e +V e =2V cos fl, I(—I):Ee“" Yo goin =2jvisinﬂ|
P JLC 100 | Z, Z, Z,
greff=(£)2=2'25 Z —Z
, 0 . : : G)(O)=2"%0 -1, v =V,
10° 1 15 2 25 3 35 4 Z,+17,
Pl=oLC x1=27 f x T x0.1=rx f Frequency (GHz)
* @) T(-h) =T e =—e |r(-1)|=|T,| =1 forall I
Input Impedance of An Open-Circuit Transmission 2.4 The Smith Chart
Line (I =10 cm)
_Lch nl 4, + jx
1) I, Z,= /%:41.86 0 Z,+z, z,+1 -z, - F
i a3t L 5x10° m/ :|F|ej0:Fr+jFi
o r V_= =4 X m/s . -
Zb Vo 2,5 :,%z,_ - JLc 1+T 14T, + T, 14T, + I,
—~ - —( Ly Z = = — =t X = I
- Sreff—(v—) =2.25 1-I" 1-T, - T} 1-T", — I,

p

I ::=0 l_ZXIOS_Q cm
f f GHz
Zm(:)‘ rm(:)
10°
Bl=oJLC xI=27f x x0.1=xf
2x10

Z.(-h=—jZ,cot fl =—jZ cotxf

Rearranging the above equation, one can obtain

(T, ——) + T =(

; )> called the constant -I circles
I+r, I+r,

(T, =1)* +(T, —L)2 = (L)2 called the constant -x circles
XL L




Derivation (optional)

1+ 14T, + T . 1+T, + jT;
I =——=——"—"—">Sn+jXx =
1-T  1-T, - jT; 1-T, — jT;
h o+ _(+Tr + 0T + ) A+ +jIA =T + jT5)
(=T = A=y + jIy) (1-T,)? +T;
1-I,> -T 2T
I’L—

= , XL =
(-Tp)* +T7 (A-Tp)* +17

2 2
] -T2 -T;

| = A =S (=2 T 7+ T +T7 4T +1=0
-2y +I',7)+T

Reflection Coefficient and Load Impedance

Along a transmission line, the magnitude of the reflection coefficient is not

changed. It is called the constant-|T" | circle

V(=D v, e
Vil v e

T, (-1 =T(0)e " (See section 2.3)

The constant-r,constant-X, constant-|I" | circle are defined on a plane
called I'-plane, of which the horizontal and vertical axes are I'; and I';,

(4107 =260, +(1+ )0 =1-1_ respectively.
2o o opp
1+ n 1- n
o2, ~2_1-n n 2 1 5 n 2, r2 1 5
r, - r? = = r, - =
@ 1+r,_) i 1+rL+(1+r,_) (1+r|_) - @ 1+r,_) T (1+r,_)
X, = 22Fi - - - (I, —1)? +(T ,L)Z - (L)Z http://education.tm.agilent.com/index.cgi?CONTENT _ID=22
1-2T° +T,7 +T; XL X
37 38
Review of Smith Chart Input Impedance (z, =r+jx) and

Constant-|I'| circles
Constant-r circles

Constant-v circles
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Reflection Coefficient (I'=T",+I;)

1z) 1

L H

? 1Y Zin(_l):ZO s !ZO tan fl

K . Z,+ jZ, tanpl

Znslg "z) Zmﬁ e . — —ijpl
= T oren=2 Ch_Vee " IN(O

; A Vi v, e

z=—f z=0
ZJH(:)‘ Fn’!l(:)

(a) Constant-I" circle:
-(_ oIt
1—‘in(_l):V ( I) :VO ¢ iAl
Vi) Ve

=I(0)e™”, [T, (2)| =[T(0)| <1 for any z.

40




Load Impedance (z,,=r+jX) and
Reflection Coefficient (I'= I',+j[;)
Any point inside the unit circle in I'-plane corresponds to a normalized
impedance value:
Z, _1+0(0) _1+[re™"
Z, 1-T(0) 1-|r[e™

Z =

Z. (=) 14T 140 " 14+T(0)e!“ 2
Zin = = = — — _ -
Z, 1-T(-) 1-T()e " 1-1(0)e!“ 2"

o . . . A
(1) I';, and z, are periodic functions on the chart with a period =—

(2) There are two scales, angle in degree and "wavelength" along the
peripheral of the Smith chart

(3) To locate z,, (-I) and/or ", (—1), first find z, , then go along the
constant —|I'| circle clockwise with 231 degree.

(4) Counter-clockwise toward load, and clockwise toward generator.
41

Admittance Smith Chart (optional)

z, and I' have one-on-one correspondence, i.e. a value of z| will
map to a unique [" value, and vice versa, on thel'-plane
:ZL—ZO _z -1 , _1+T
Z +Zy z +1 " 1-T

r y -1 1-y, yL -1 1-T 1+Tel”
= = = — , L: = -
y o+ THyr oy +l 1+ 1-Tel”

The admittance chart or y-chart is the z-chart rotated by 180°

The admittance of yj, =g + jb = Zin_l = (r+ jxlis Zj, rotated by 180°
in a y-chart, the value of r and x are actually those of g and b

Yin and zj, are symmetric about the origin, I'=I", +jI"; =0, and have the
same constant—|I"| circle

One may use a combined yz-chart to avoid successive rotations
42

Shunt Connection of R and L

z
Find the input admittance of a resistor with g = ?0 =0.3,0.5,0.7,and 1 in

parallel with an inductor L =10nH for frequencies ranging from 5S00MHz
to 4 GHz Characteristic impedance of the line Z, = 50Q

/=0.5GHz

/=4GHz
Ajh=-402

Sometimes admittance
iS more convenient than
impedance.
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Summary of Impedance and Reflection

Z ()= V() - V0+e+j,dl _}_Vofefjﬂl B 1—|—l"(0)e*12ﬂ'
in (=1 OV et _y e ) "T-T(0)e

2.5 The Quarter-Wave Transformer

A quarter-wave transformer is an impedance matching circuit

r
Ry T TR 7 S
142 g ¥
7 .
= ZO ZL +§0 = ZO —ZL + JZO tan ﬁl Zy Z Ry
1 fL " %0 g-i2 ZO+JZLtanﬁI
L+ 2, || -
Vol Ve Z“‘
r (= +( ) =0 o= r(0)e 2 _y R+izinpl] 7
V(=) Ve " ' Z+jRotanpl], - R
) Zin (=) — Zo 7 _7 IfT", =0isrequired, Z,, =Z,, then Z, = \/Z R,
=" roy=—-—"+--—->= How good is the performance of the impedance transformer?
Z,(-Dh+Z, Z +Z, : P P
Example 2.5

Examine the frequency response of a quarter-wave transformer.
R, =100€2, Z,=50€2. Find Z,.

r

-y A4 -
Z, =~/50x100 =70.7Q P 5 };,_
Vv Vv
|:i@f0 or|:_p.ﬂ|:ﬂx_pzﬁl
4 4f, v, 4f, 2f, |
FA

in

i

_7 R, + JZ, tan fl
'Z, + jR_tan Sl
0.2 |F| Z _Z

03 in

in 0

"Z.+27,

. L7
Z,(fl==)=—"-=50Q
2R

0.0 L
0.0 1.0 20 3.0 4.0

a7

The Multiple Reflection Viewpoint

- Fl:zl—zo - 2Z,
UU[ Z,+7Z, Z,+7Z,
£y — r,=%"4_ p 1o 24
By - B P Z,+Z, P z,+2,
R -Z
MN=—"%r r-= ]-—‘3:;
R +Z

. The total reflection coefficient in the
frequency domain is the sum of time
series of the reflection coefficient

=T, -TT,0+TT,0,0% -TT,I° 7, +—
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The Multiple Reflection Viewpoint (Cont’d) 2.6 Generator and Load Mismatches
“p r o - 7 _7 Z, +jZ,tan fl
Lt » AR — "7, 4z, tan Sl
., . =T —T1T2F3Z;(—F2F3)“ Q) = v 708 14T e 14T
— T n= . =Z, = =
, - - 1-T,e?# 1-r
i | sl =T, - T _ L+ 0L -TTL B ' -
1+01,T, 1+T,1,
. Forward and backward propagation voltage waves:
1 TI . .
[I.._’-‘_‘_“_—r\‘ Numerator=... = 2Z°-Z,R) V(2) :V0+(e_wz +Fejﬂz)
(A ‘,-‘ T:______r:\ (Z,+Z,)(Z,+R) 7 " _ip
: . ‘_/ in g
—jpl
+ Zin _ Vg _ Vi =..... — ZO € v i
b Z,+Z, e wTe M 97 47 1-T e
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' Power Delivered to the Load (cont’d)
Power Delivered to the Load 2 h
Z, i» i v -
+ + T . VK i;-” Zm /5) vV L Z
V % 7 ,6 v 7 Zin = Rin + JXin — — 7’\/ ‘
g in (e L L 7 R + JX (R, +R ) +(X + X )
— ¢ ¢ g Zp'- l:q—l r}rlr’ rm l_}!.‘ r}'.
l:—| |_.Zm’ F I_}!,’ F.f. . =0
1 .= _1{ 5 (1) Load matched to line:Z| =Z,, T| =0—>P = Wg\ m
* 2
P:fR[V-I-}:f- Re[Z 7y |- _Zin_ Re[ 2"y | . » R
L ) € Vinl in 2 Nln‘ ’Vg Z 4 Z ¢ in (2) Generator matched to loaded line: Zjy =Z4, Riy =Ry, Xj =Xy >R :E’Vg‘ 4(R273X2)
2
+ X Ri . P P
— ’Vg ‘ m In > In 5 (3) Conjungate matching: Z, =Z4, Riy =Ry, Xjn =—Xg, %\2‘75=%\2_75 =0—> 2E/QR‘
(R,n+R) +(Xjn + Xy ) R%n + X%in in in
IV Fg, and I may be non-zero.
- ’\/g ‘ Rm It 2 =74 =2y, I'| =Ty =0, only half the power produced by the generator is delivered to
(Rjp +R ) +(Xjp + X ) the load. The other half is lost in Z,.
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