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Electrical Length

Behavior (and
description) of any
circuit depends on
his electrical length selgraghe’
at the particular |

frequency of o 4 ? -

Interest T , B
Exo =2 Kirchhoff

E>o0 -2 wave
prOpagathn Maxwell’s Equations

(c)
27 |
& A (/1)

(a) KVL, KCL




Matching

Source matched to load ?

—_—

. impedance values ?
i existence of
V Z,  reflections?




Matching, example
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Reflection and power /| Model

z.P I:)L .PaPL
L) | |2 IR

Sadion] ot

The source has the ability to sent to the load a certain
maximum power (available power) P,

For a particular load the power sent to the load is less than
the maximum (mismatch) P, <P

The phenomenon is “as if” (modael) some of the power is
reflected P.=P_ - P

The power is a scalar!




TEM transmission lines




The lossless line

input impedance of a length [ of transmission
line with characteristicimpedance Z,, loaded

with an arbitrary impedance Z,
L

_______l;l_____..
S
N




The lossless line +/-




Short-circuited transmission line

purely imaginary for any

length | N3 A |

+/- = depending on [ value

Z. = j-Z,-tan B-I N /]
IN J 0 ﬁ 2 \/3_1_




Open-circuited transmission line

purely imaginary for any . /
length { AN A

+/- = depending on [ value

L =—]-Zy-cotp-| //\

Z

_7 Z +]-Zy-tan(B1) \i 4\ 4\
in 0 ZO—I—j.ZL.’[an(IB.|) i | ‘
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Impedance Matching with Impedance Transformers (Lab 1)

Impedance Matching




The quarter-wave transformer

—
* Term W # Term
Term1 T[1 Term2
a4 7=54.772 Ohm NUm=S
=100 Ohm =i Z=30 Ohm
1 F=3 GHz Kl
m2 m1 m3
P freq=2.699GHz freq=3.000GHz freq=3.302GHz
o || o FARVMEBTERS mag(S(1,1))=0.100| |mag(S(1,1))=4.669E-6| Imag(S(1,1))=0.100
S Param c 0.6
x e ]
Start=0.5 GHz
Stop=5.5 GHz
Step=0.001 GHz
23
(@)}
©
=
0.0 T T 1 T T

0.5 1.0 15 20 25 3.0 3.5 4.0 4.5 5.0 55
freq, GHz



Binomial multisection transformer

Term

Term1
Num=1
Z=100 Ohm

TLIN TLIN
TL1 TL2
Z=86.03 Ohm Z=54.77 Ohm
E=90 E=90
F=3 GHz F=3 GHz
r;.?,'ﬂ S-PARAMETERS
S_Param
SP1
Start=0.5 GHz
Stop=5.5 GHz

Step=0.001 GHz

TLIN t ferm
TL3 Term2
Z=34.87 Ohm e
=1 Z=30 Ohm
F=3 GHz

m2
freq=1.915GHz

m 1
freq=3.000GHz
mag(S(1,1))=3.449E-6

m3
freq=4.085GHz
mag(S(1,1))=0.100

mag(S(1,1))=0.100
0.5

A DS —
0.4—]
- 034
%3 ]
8 0.2
£
q 2 m
0.1—
| m1
A A
&0 | | | | | I | | |
05 10 1.5 20 25 30 35 40 45 50 55

freq, GHz



Chebyshev multisection transformer

t Term

Term1 TLIN TLIN TLIN
Num=1 LA T2 TL3 Termf
Z=100 Ohm Z=77.68 Ohm Z=54.77 Ohm Z=38.62 Ohm D=
= E=90 E=90 E=90 Z=30 Ohm
i F=3 GHz F=3 GHz F=3 GHz 1
- m?2 m1 m3
r".?,."' S-PARAMETERS freq=1.453GHz freq=2.301GHz freq=4.548GHz
mag(S(1,1))=0.100{ |mag(S(1,1))=0.099 mag(S(1,1))=0.100
S_Param 05
SP1 ADS N
Start=0.5 GHz -1
Stop=5.5 GHz i
Step=0.001 GHz 04—
- 03—
ZJ
8 02—
5
1 2 m1 m
0.1—
00 | | | | | | | | |
0.5 1.0 1.5 2.0 25 3.0 35 40 45 50 5.5

freq, GHz



Microwave Network Analysis



Network Analysis

We try to separate a complex circuit into
individual blocks

These are analyzed separately (decoupled from
the rest of the circuit) and are characterized only
by the port level signals (black box)
Network-level analysis allows you to put
together individual block results and get a total
result for the entire circuit

[Z] [ABCD] [S] [£]




Impedance matrix —Z

|1 2 |:V1:|:|:le le:|.|:|1:|
Vv, Ly Ly
v, [ /] v,
I V Vi=4y i+
Vo=2y - li+ 251,
V=2, , W Z11—in_put_impedance with
1= 4117 My, e open-circuited output
1,=0
V. V. Vv Vv
Z11:|_1 Z12:|—1 Z21:|_2 Z22:|_2
1h,=0 211,=0 11,=0 211,=0



Admittance matrix-Y

|1 2 |:|1:|:|:Y11 Y12:|.|:V1:|
Ll Yo Yool |V
v, [Y] v,
I | TR R PR
PIAPIRTEAPYRD
I, =Y,y .\/1|V o Y= h Y11 —input admittance with
& Vil,._.o short-circuited output
2
Y,=a  y,=l Yy, = 2 Yy, =2
11755 12 =, 21 = 2=
Vi V,=0 V; V;=0 Vi V,=0 V; V;=0




Hybrid matrices - H and G

— —— — «——
v, [H] V.| | Vs [G] v,
v vV v
{W}{Hn leHh} |:|1:|:|:Gll GleVl}
l, Hyr Hy | [ Vs V, Gy Gy |12

I
_ 12
H21_|
1

VZ =0sau H 22—)00

h,.r widely used for Bipolar Transistors,
common emitter topology (or B, h,,¢ >>)



Network Analysis

Each matrix is best suited for a particular mode of port
excitation (V, [)
matrix H in common emitter connection for TB: |5, V¢
matrices provide the associated quantities depending on
the “attack” ones
Traditional notation of Z,Y, G, H parameters is in
lowercase (z, y, g, h)
In microwave analysis we prefer the notation in
uppercase to avoid confusion with the normalized

paramEterS
Z, Y, Vz, Z
le Yll
11 Z, Y11 Y, 0 Y11



ABCD (transmission) matrix

bl e

| |c D1,
A B
W || v
C D _
v
v, 1 D -B] [V,
I,|_ A-D-B-C |-C A ||l
v 1,=0 F V,=0 V2 1,=0 F V,=0




ABCD (transmission) matrix

This 2X2 matrix characterizes the
“input”/"output” relation
Allows easy chaining of multiple two-ports

V, ABL Ly | B v,
c, D c, D,
v v

WRER




ABCD (transmission) matrix

1 2 3

— > —=> — >
B
V, ARy | B v,
c, D c, D,
v \ 4
,
—; 4’
V, A B Y
C D 3
v v

A Bl |A B||A B
L: D}{q Dlﬂc2 Dj



ABCD (transmission) matrix

suitable only for two-port networks (Z,Y can
be easily extended for multiport / n-ports)
allows easy coupling of multiple elements
allows the calculation of complex circuits with
one input and one output by breaking them
in individual component blocks
a library of ABCD matrices for elementary
two-port networks can be built up




Library of ABCD matrices

Series impedance

A=1 B=/
O 4 O
= D=1
1 Z
O O
A:ﬁ =1 B:ﬁ — Vi =7
V, 1,0 |, V=0 V,/Z
Vs 1,=0 l V,=0 l




Library of ABCD matrices

Shunt admittance

O O

O
I
O
I

Homework!



Library of ABCD matrices

Transmission line

© © A=cosf-|
“0- P B=j-Z,-sing-l
O o _
- / = C=j-Y,-sing-l
D=cosg-|
Homework! cosf-I j-Z,-sinB-l
J-Yy-sing-| cosf-|

Z +]-Zy-tan g1

7. =7,
" Zo+ -z, tan B




Library of ABCD matrices

Transformer
N:1
O O
A=N B=0
0 D=1
O O ) ) N
N O
0 L1
i N _

Homework!



Library of ABCD matrices

T network
Y
o T o A=1+Y—2
3
Y Y B=—
| 2 Y3
. = C=Y1+Y2+Y1°Y2
Y3
D :1+ﬁ
Y.

Homework!



Library of ABCD matrices

T network
Zl
o— Z, Z, —o A=l
3
Z, B:Zl+zz+zl'z2
3
O : O C:i
ZS
D=1+é
Z

Homework!



Example for ABCD matrix

Find the voltage V| across the load resistor in
the circuit shown below

50 Q l:2 =——9pf=——»

MW o
%g Z,=50Q 1 Z; =125Q

Q

@)



Example for ABCD matrix

3/0°

We break the circuit in elementary sections
Sources are left outside

If necessary, input and output ports are created (and left
open-circuited)

50 Q

e




Example for ABCD matrix

M., series impedance

50 O 1:2 =<~——90°—> =0

—>
AW ————

3&{\5 %é Zy=50Q ¥ ?ZLZSQ
7 -
O——)



Example for ABCD matrix

M, , 1:2 transformer

50 Q

—AWA
Wl

Q




Example for ABCD matrix

M, , series transmission line, E = 9o°

50 Q

Q




Example for ABCD matrix

M, , shuntimpedance/admittance

50 Q 1:2 ~<~—90° ,
O AYAVAVAY i
3&)@ %é §225Q
:

Q




Example for ABCD matrix




Scattering matrix-S

Scattering parameters

_\/1_> <_V2 Vl_ — Sll 812 . Vl+
«— — Vy | [S21 Sa2] [ Vo
V V
e |
2r— S11:L+ S21:_2+
Vi V, =0 Vi V, =0

V,; =0 meaning: port 2 is terminated in
matched load to avoid reflections towards

the port
[,=0->V, =0



Scattering matrix-S

g 3 V.
V1 [S] V2 Sll Z\ﬁ =F1‘F2:O
[ — N L lv;=0
Sy1 = x_2+| = 21‘r2=o
1 vS=0

Sa1is the reflection coefficient seen looking into
port 2 when port 2 is terminated in matched load
S21is the transmission coefficient from port 2
(second index) to port 2 (first index) when port 2 is
terminated in matched load



Scattering matrix-S

S matrix can be extended to multiple ports

i Vk+=0,Vk¢i ] Vk+=0,Vk¢j

S. is the reflection coefficient seen looking into
port / when all other ports are terminated in
matched loads

S; is the transmission coefficient from port
(second index) to port i (first index) when all
other ports are terminated in matched loads



Properties of S matrix

If portiis connectedtoa > 0-
n n u n 01
transmission line with [Z,]=| ¢ .
charateristicimpedance Z_, |0 - Zgy
Lecture 3 V(Z):Vo+e—j.lg.z +Vo—ej.lg.z I(Z)z\;—oej'ﬂ'z _\gej.ﬁ.z
0 0

In the port’s reference
plane, z=0

Relation to Z matrix 1Z] ]

2} [N=[z,] 2} V] -[z] 2k V=M
[z, [2) v [z 2l v = ] (2]-12
V-] =[s]-v] s|=(z]-[zo)-(2]+(Z,)"




A Shift in Reference Planes

| [
vi YU villU |
| | ort
vii <If vi <
; |
=1 g =1
N-port
network
[S]1, [S']
| [
| |
V;,+'l|||'-1->: ,TrUULE"
Port n
— | = |
|7 <—rl’ﬂp n «W
] I
| |
z, =1 2, =0
n Wile: I ights reserved. e_ Jel O O
0 e 0 0
[s']=] - o |ls]
O e_j'eN

0

0 0




Properties of S matrix

Reciprocal networks (no active circuits, no ferrites)
Sij =S, V] #I [s]=[s]
Lossless networks

11 N
Re } 0, Vi1, J Zski'S:i:]-
ZSKI Skj Vi,j k
ZSK, SkJ =0,Vi# j

[ST [s] =[] =




Generalized Scattering Parameters

The total voltage and current on a transmission
line in terms of the incident and reflected
voltage wave amplitudes

IRV _i. N/ In the port’'s reference
V =V, +V, | = Z, (VO Vo ) plane, z=0
We find the incident and reflected voltage wave
amplitudes
VAT v Y2l
2 2

The average power delivered to a load :
1 * 1 2 —% fpr— —12
P = sRe{VI }:ERe{;V(ﬂ — Ve 1 = [

= 5 (%P -1 ).



Generalized Scattering Parameters

We define the power wave amplitudesaand b

V +7Z . :
the incident powerwave 7. =R, + j- X,
2: V Any complex impedance,

V — Z named reference impedance
b = the reflected power wave

2. F
Total voltage and current in terms of the power
wave amplitudes

V:z;-a+zR-b
\/RR
a—b

IR



Reflection and power [ Model - L2

R |E|

p ;-

(Ri+RL)2 +(X i+XL)2

CED P F|_:ZL_Z0
r Z, +Z,

[ power reflection
+X, ¥ 1 POWE

i L)2 =P, -|rf° coefficient

+X,)

~—~
—m—
+
A
=
5
+
—~~
x—



Power waves

*

S
2R

R

e{ZE-

re) Zr-a+Z -b_[a—bJ

DA

Re VR

a\Z—ZE-a-b*+ZR-a*-b—ZR-\b\2}

1 1
P :g'\a\z—g'\b\z

b V-Zr1 Z,-Z;

r = — =




Power waves

Vo2, Vy _ Vo R

V = | =
Zg"_ZL Zg+ZL

If we choose Z,=27,
ZL ZL

+
_V_|_ZR.| V.Zg_l_ZL Zg-l‘ZL _v "/RL

a= — -\ .
2-JR, 2-JR, "Z,+2,
ZL . ZL
b—V_Z:"I v .Zg+ZL L,+Z, _

SRy 2R

2
L=l =

z,+2,[



Power waves

When the load is conjugately matched to the
generator

* _l 2_ V02
Lg=LL e =5 8-R,
Power reflection: L2
) _Z-Z,
ZL:Zi F)LmaxEI:)a F_Z+ZO

ZL-‘ﬁZi* PrZPa'|F|2 PL:Pa_Pr:Pa_Pa°|r|2:Pa.(1_|r|2)

Power reflection: L4

b V-2Z.-1 Z -Z.

1, 2 1,02 1, === R~ _ L R

PLmaxEPaZE"a‘ PL:E"a _E"b‘ P a V+27Z,-1 Z +7Z,
1,2 1, 2 2 > 1 ..
pLZE.‘a‘ _E"a‘ Ir,| PL:Pa.(l—\rp\) P, =P, [, =§-\b\




Power waves

To define the scattering matrix for power
waves for an N-port network

(Zmg - 0] _1/2 Ry, -+ 0
z]= ¢ . [Fl=| E :

0 e Zgy _ 0 ]7/2 /RRn_




Power waves for N ports

bl=[F1-(z]-z:] } (z]+ [z ) [FT*-[a]
The scattering matrix for power waves, [S ]
b]=ls,] -[al
s, |=[F1-(z]-z] ) (2] + [z D [FI
But:  [s]=(z]-[zo])-(2]+[z, )"

Typically
Loj =Lgi = Ro,Vi
Ry =500 [Sp]

= [S] EZ?Xcadem




Scattering matrix-S

a, d, |:bl:|:|:sll S12} |:a1:|
«— —> b, Sy Sz @
| 181 [
Sip = ﬁ Syy = b—2
) 2,=0 d, 2,20

S..and S, are reflection coefficients at ports
1 and 2 when the other port is mathed



Scattering matrix-S

S.,siS_, are signal amplitude gain when
the other port is matched



Scattering matrix-S

a, d, |:bl:|:|:sll 812:|.|:a1:|
«— —> b, Sy Sz @

S ‘2 _ PowerinZ, load
“I" Power fromZ, source
D
a,b
information about signal power AND signal phase
S.

]
network effect (gain) over signal power including
phase information



Measuring S parameters - VNA

Vector Network Analyzer

Agilent Techaologies

TRACE/CHANNEL 4
' @ @ : !
- PRTED e o1 te - 4 T -y o -
i i 4y
" I
|

RESPONSE ENTRY

SIS AN
=N N N
™ & (* ¢ ) tEAE
=) CICC A
=) GG

STIMULUS uTTY

e CaCNE
GG e

<

uoo0ouooou

Figure 4.7
Courtesy of Agilent Technologies



Relation between two port S

parameters and ABCD parameters

Z01 (l"' S11 B S22 _AS)

A=
Zoz 2521
1+S,, +S., +AS
B=.Z,Z,, ( 112S 22 )
21
Co 1  1-S5,,-S,,+AS

\ ZOleZ 2821
5 |[Ze 1-8,+S, —AS
ZOl 2821

AS = 5115, =S5

ALy +B-CZy 2y, —DZy,
" AZ,+B+CZ,Z,+DZ,

2(AD-BC)./Z,,Z,,
? AZ,+B+CZ,Z,+DZ,

2 \V ZOleZ

S.. =
* AZ,+B+CZ,Z,,+DZ,

_ -AZ,+B-CZ,Z,+DZ,
*  AZ,+B+CZ,Z,+DZ,

S



Power dividers and directional
couplers




Power dividers and couplers

Desired functionality:
division
combining

of signal power

DiVider = P2 = aP] P] - P2 + P3 DiVider <_P2

Py > or E or
coupler f——m9 Py=(1-a)P, coupler -~

(a) (b)

Figure 7.1
© John Wiley & Sons, Inc. All rights reserved.



Three-Port Networks

also known as T-Junctions

characterized by a 3x3 S matrix
Sll S12 S13

[S]: Sy Sy Sp

] _S_Bl S32 . S33_ . i

the device is reciprocal if it does not contain:
anisotropic materials (usually ferrites)

active circuits
to avoid power loss, we would like to have a
network that is:

lossless, and

matched at all ports
to avoid reflection power “loss”




Three-Port Networks

reciprocal

[s]=[s] Sij =S, V] #
S12 — S21’ S13 = S31’ S23 — S32

matched at all ports
S. =0, Vi S,,=0,S,,=0,S,,=0

then the S matrix is:

0 S12 S13 ]
[S] = S12 0 S23
i S13 S 23 0




Three-Port Networks

reciprocal, matched at all ports, S matrix:
i O S12 813_
[S]: S, 0 Sy
_813 823 O

lossless network

all the power injected in one port will be found
exiting the network on all ports

[ST-[s] =[] D Ski-Sy =6, Vi, )
k1

N N
k=1 k=1



Three-Port Networks

lossless network \

0 S, S| kZ;Ski S =1
[S]: S 0 Sy N . o
1S3 S 0 Zski Sy =0, VI # |
6 equatlons /3 unknowns
S12 T 13‘ =1 S13823 =0

2
Spp| + S23‘ =1 812813:O
2

Sia + 823‘2 =1 S;3812 =0
no solution is possible




Three-Port Networks

0 S, S,
[S ]: Slz 0 S23
_813 S23 0

6 equations / 3 unknowns
no solution is possible

A three-port network cannot be simultaneously:
reciprocal
lossless

matched at all ports
If any one of these three conditions is relaxed,

then a physically realizable device is possible



Nonreciprocal Three-Port Networks

usually containing anisotropic materials, ferrites
nonreciprocal, but matched at all ports and
lossless S, #S;

S matrix 0 0s, S,
S]=]S,, 0 S,
S, S, O
6 equations [ 3 unknowns

S| +[Su| =1 S3S5, =0

Syl +[Syl =1 S8, =0

Sal +[Sy| =1 S5S,=0




Nonreciprocal Three-Port Networks

two possible solutions
circulators
clockwise circulation

0
S122823283120 [S]:[l

0
Sa1] =[Sa| =[Sy =1

counterclockwise circulatiol

Spa| =[S =[Sy =1 ’

S21 :Ssz 2813 =0 5
[Sl=[
|

-

-



Mismatched Three-Port Networks

A lossless and reciprocal three-port network
can be matched only on two ports, eg. 1 and 2:

0 S1o 813_ S1*3823 =0
S]=|S, 0 S, S.,S,;+S,,S,, =0
-813 Sz 833- S:3812 + S;3813 =0
Si3 =955 =0 Sp, * 4 813‘2 =1
_ 2 2 2
‘813‘ N ‘823‘ Sis| + S23‘ +‘833‘ =1

‘512‘ :‘833‘ =1



Mismatched Three-Port Networks

A lossless and reciprocal three-port network
0 S12 813_ S13252320 ISlZI:IS?BI:1
S]=/s, 0 SN / S,, —e’

S1s Sy S 0 el 0 _/ S, =e'?

[S]=|e’ 0 0

| | 0 0 e¥

I | L . .
—— g ~— = Alossless and reciprocal three-
° E

I I

I I

| d

S N S S S S U — S —

port network degenerates into
two separate components:
a matched two-port line

“““ I;_é)“I““ a totally mismatched one-
port:




Four-Port Networks

characterized by a 4x4 S matrix
_Sll S12 S13 814_

5)-

the device is reciprocal if it does not contain:
anisotropic materials (usually ferrites)
active circuits
to avoid power loss, we would like to have a
network that is:
lossless, and

matched at all ports
to avoid reflection power “loss”



Four-Port Networks

reciprocal
[S]:[S]t Sij:Sji’vj'_'ti
S12 — S21’ S13 — S31’ S23 — S32

matched at all ports
S. =0,Vi S,,=0,8,,=0,S,,=0,S,, =0

then the S matrix is:

0 Sp S Sy
S 0 Syi Sy
Sz S5 0 Sy

S S Sy 0

s)-




Four-Port Networks

reciprocal, matched at all ports, S matrix:
I O S12 S13 Sl4_
S12 O S23 S24
S13 S23 O S34
_814 Sy Sy 0
lossless network

all the power injected in one port will be found
exiting the network on all ports

N
[ST-[s] =[] D Ski-Sy =6, Vi, )
k1

& i~

N N
k=1 k=1



Four-Port Networks

S1*3'823"'81*4'824:O /°S;4 S1*2'523"‘81*4'534:0 /'Slz
S1*4'513"'834'523:0 /'81*3 S1*4'512"'8;4'523:0 /'8;4
81*4'(‘813‘2_‘824‘2)20 823'(‘812‘2_‘834‘2)20
one solution: S;u=5,=0 0 S, S; 0]
resulting coupler is directional 5] S, 0 0 Sy
Sp, g 513‘2 =1 S; 0 0 S,
S13 : + S34‘2 =1 ‘ ‘ ‘ ‘
S.,|=IS
824‘2 +‘834‘2 :1 2 12 34




Four-Port Networks

(0 S, S; O]

[S]: S 00005, ‘512‘:‘534‘:“ ‘513‘:‘324‘2,3
S, 0 0 S, | -
0 S, S, O B — voltage coupling coefficient

We can choose the phase reference
8122834:a 813218'ej0 824:ﬁej¢
S,-S5+S,,-S,,=0 — O+p=x+2:n-x
Sp|” +(S,| =1 - a’+p=1
The other possible solution for previous equations offer either

essentially the same result (with a different phase reference) or
the degenerate case (2 separate two port networks side by side)

854'(‘813‘2_‘824‘2):0 323'(‘812‘2_‘834‘2):0



Four-Port Networks

A four-port network simultaneously:
matched at all ports
reciprocal

lossless
is always directional

the signal power injected into one port is transmitted
only towards two of the other three ports

0 a pBel? 0
nl?

[S]: 05_9 0 0 ﬁ e

e’ 0 0 o

0 gef g 0




Four-Port Networks

two particular choices commonly occur in

practice
A Symmetric Coupler 0=¢=r/2
(0 o jB 0]
s]=| 0 0 jB
f 0 0 «a
0 jf a O]
An Antisymmetric Coupler 6=0¢=x
0 a B 0]
5] a 0 0 -p
p 0 0 «
0 -8 a 0|




Directional Coupler

Input Through
> \ > >

< >
Isolated @ @ Coupled
Input @ @ Through
€ 3
Isolated @ Coupled

dB

S| =a?=1-p

‘813‘2 — 182
Coupling

C= 10log% =—20-log(B)[dB]
3
Directivity

D =10l0g-2 = 20-log £~ |[dB]
P, ‘814‘

Isolation

| :1Olog%=—20-log\814\[d8]

4



Directional Couplers

Laboratory no. 2




Directional Coupler

Input Through
> \ > >

< >
Isolated @ @ Coupled
Input @ @ Through
€ 3
Isolated @ Coupled

dB

S| =a?=1-p

‘813‘2 — 182
Cuplaj

C= 10log% =—20-log(B)[dB]
3
Directivitate

P 15
D =10log— =20-log — |[dB
o, gﬁsm)[ ]

Izolare

| :1Olog%=—20-log\814\[d8]

4



Quadrature coupler

@ (Output)

@ (Output)

C[dB]: —20-log,, 0.5f, £ 1.5f,



Quadrature coupler

3
-

3

L

-
Lo SSWEN

2
o,
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Ring coupler

= yl
C [dB] =-20-10g,,(Y,) 0o Jo L3/

Figure 7.46




Ring coupler

Figure 7.43
Courtesy of M. D. Abouzahra, MIT Lincoln Laboratory, Lexington, Mass.




Coupled line coupler

Zce —ZCO 60 | | | | | | | | | | | | | | | | | | |
C [dB] =—-20-log,, ~ 7 1.0 2.0 3.0 4.0 5.0

ce co

Frequency (GHz)

Figure 7.34
© John Wiley & Sons, Inc. All rights reserved.



Coupled line coupler
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