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Important



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

rr V(z)=Vye 177 yv, el#?

1(2)= Yo g-ip2 \;_emz
0

|

! Z,

|

: 7 VO Z
A T ()] RVANRVE R
|

|

! voltage reflection
|

L . coefficient
X Vo _Z-7,
V, Z_ +Z,

Z, real



The lossless line

V(z)=V, .(e_j-,b’-z +F.ej-,8.z) 1(2)= V" _(e_j.ﬂ.z r _e,-.ﬂ.z)

0

time-average Power flow along the line

4 2
P.., =1-Re{v(z)- |(z)*}= 1-’\/0 ‘ -Re{l—r* e 2P L T.e?1P? —|r|2}
2 2 Z,
» _1 M -(1—|F|2) (z—z* = Im
2 Z,

Total power delivered to the load = Incident
power — “Reflected” power
Return “Loss” [dB] RL=-20-log|l] [dB]



Reflection and power [ Model

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

Sadio; alox L

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 poweris a scalar!




Matching, from the point of view of

power transmission

If we choose a real Zo *

ZL:ZI* -7, FLZF

complex numbers
in the complex plane
>Re [




Scattering matrix-S

a, d, |:bl:|:|:811 812]{31}
«— —> b, Sy S| | @&

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



Power dividers and directional
couplers




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design

Microwave filters
Yecill i



Introduction



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.



Balanced amplifiers

0°, -9 dB
3 an 40 dB
. -3 -3 dB
0%, -6 dB 0°, +31 dB
AW
. >< 90°, +31 dB ><
LYWW 90°, -9 dB
40 dB
0°, -3 dB _3a8 80°, +34 dB —3dB
A
>< 180°, +34 dB ><
_—
LW 90°, -9 dB
40 dB
90°, -6 0B _3a8 90°, +31 dB —3d8
WA
" >< 180°, +31 dB ><
LW | 180°, -9 dB
40 dB
Signal in -3 dB 180°, +37 dB —3dB
(s \l“.l’\"'vl
>< 270°, +37 dB ><
DWW 90°, -9 dB -
40 dB 270°, +40 dB
90°,-6 dB —3d8 90°, +31 dB _3d8
W
>< 180°, +31 dB ><
—ENW | 180°, -9 dB
40 dB
80°, -3 dB 348 1809, +34 0B —3dB
AN
>< 270°, +34 0B ><
DWW 180°, -9 B
40 dB
180°, -6 dB L 180°, +31 dB “3dB
"v"‘u‘\f\r:‘_
>< 270°, +31 dB ><
=il | 270" 308
40 dB



feedback amplifier

IN (50Q)

5002

5002

500 OUT (5090
SOQ \
50Q2

o

50()



Three-Port Networks

also known as T-Junctions

characterized by a 3x3 S matrix
Sll S12 S13

[S]: Sy Sy S23

] _S.Sl S32 _ S33_ L ]

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] S;; =S;i, Vj =1
S12 — S211 S13 = S31’ S23 = S32

matched at all ports
S, =0,Vi S,,=0,S,=0,S,,=0
then the S matrixis:

0 Si 813_
[S]: S12 0 S23




Three-Port Networks

reciprocal, matched at all ports, S matrix:
I O SlZ 813_
[S]: S 0 Sy
_813 S23 O _l

lossless network

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

[ST-[S] =[1] ZSK. Sk = Gy Vi, ]

Zskl Skl_l ZSkl S:J:O,Vl;tj
k=1



Three-Port Networks

lossless network N
005, s, 2.SaSa=1
[S]=]S, 0 S, ‘N
Sy S, O lekl SkJ 0,Vi= |
6 equatlons [ 3 unknowns
S, |+ 13\ =1 S;.S,, =0

2

S| +[S| =1 S5 =0

2

S S23‘2 =1 523312 =0
no solution is possible




Three-Port Networks

0 S, S
[S ] = S12 0 S23
i S13 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 S, S
S]=|S,, 0 S,
S, S, O
6 equations [ 6 unknowns

Sp| +/Su =1 SS; =0

Syl ]Sy =1 S;,S,,=0

Syl +[Ss| =1  $5S,=0




Nonreciprocal Three-Port Networks

two possible solutions
circulators
clockwise circulation

0
S12 2823283120 [SI:[I

0
‘821‘ :‘832‘ — ‘313‘ =1

counterclockwise circulation

S212832 2813 =0
0
[SI=[

Siz| =[Sas| =Sz =1 (1)

-

-



Nonreciprocal Three-Port Networks

circulator often found in duplexer
=D

enna

5} -

Transmitter Antenna




Mismatched Three-Port Networks

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

0 S, S13 S1*3823 =0

[S]: S, 0 S, 5:2813 + 523533 =0
813 823 S;3812 + S;3813 =0

S13 = 9p3 =0 8122+ 513‘2 =1

2 2
Pt YN
_ 2 2 2
‘813‘ = ‘523‘ S| + 323‘ +‘333‘ =1

‘512‘ = ‘533‘ =1



Mismatched Three-Port Networks

A lossless and reciprocal three-port network

0 S,
S, O

~

5-

S N S S S S U — S —

€

0

jo

0

el?

0
0

S13 — S23 =0

'

‘512‘ - ‘833‘ =1
S, =el’

S3 =g’

A lossless and reciprocal three-
port network degenerates into
two separate components:

a matched two-port line

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

[3]:[5]t Sij = Sji»
S12 — S211 S13 = S31’ S23 = S32

V] #I

matched at all ports

S. =0, Vi s,=0,S,,=0,5,,=0,S,, =0
then the S matrix is:
I O S12 S13 814—
[S]: S12 O S23 S24
S13 S23 O S34
_514 Sy Sy 0 i




Four-Port Networks

reciprocal, matched at all ports, S matrix:
O S12 S13 14

S
S12 O S23 S24
Sz S5 0 S
_Sl4 S24 S34 O

lossless network

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

[ST-[S] =[1] ZSK. Sk = Gy Vi, ]

Zskl Skl_l ZSkl S:J:O,Vl;tj
k=1



Four-Port Networks

S:3‘823+S;4'824:O /‘824 S:2’823+S;4’834:O /'812
S:4’813+S;4’823:O /'st S:4’812+S;4’823:O /'824

N 2 2 2 2
SM'QSB“WSM‘)ZO SB'USH“WS%‘):O

one solution: S, =5,,=0 0 S, S; 0]

resulting coupler is directional 5] S, 0 0 S,

2

S +S\2:1
o 3 Isyl=sud 0 s, s, O
Sp, +824‘ =1 ) }

2

S,.I° +[S.,|° =1
; 2 34‘2 I ‘812‘ :‘834‘
S, +|Sa| =1




Four-Port Networks

I O S12 S13 O ]
[S]: 512 O 0 824 ‘812‘:‘834‘20( ‘813‘:‘524‘:ﬁ
S, 0 0 S, | B
0 S, S, O B — voltage coupling coefficient

We can choose the phase reference
S,=S, =« S,, =f3-el? S,, =-e
S;,-S:+S,,-S,, =0 — O+¢=nt2-n-zx
Sul +[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)

S (IS <1847 )=0 S5+ ([Sul” —[Se”)=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 pe? 0
.ald

[S]: 0(_0 0 0 ﬂ e

S-e’ 0 0 a

0 £-el? o 0




Four-Port Networks

two particular choices commonly occurin

practice
A Symmetric Coupler 6=¢=7/2
0 a jp 0]
s]=| @ 0 0 jp
B 0 0 «a
0 JB a O
An Antisymmetric Coupler 6=0¢=x
0 a S 0
[S]: a 0 0 -—-p
f 0 0 «a
0 - a 0




Directional Coupler

Input @ @ Through
npu> \ > ‘812‘2 :az zl—ﬂz
~€ > S 2 . 2
Isolated @ ©) Coupled ‘ 13‘ o 'B
Coupling
P
Input ® @ Through C =10 log El =—-20-log (ﬁ) [dB]
== = 3
>< Directivity
— o
Isolated @ @ Coupled D=10 Iog % —20. Iog(sﬂ] [d B]
o b Wi e, e AT, 4 14
Isolation

| =10Iog%:—20-log\814\[d8]

|=D+C, |dB] .



Power dividers



Three-Port Networks

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



Power division of the T-junction

consists in splitting an input line into two
separate output lines
available in various technologies for the lines

(@) (b)

(©)



Power division of the T-junction

if the lines are lossless, the network is reciprocal,
so it cannot be matched at all ports

simultaneously

there may be fringing fields and
higher order modes associated
with the discontinuity at such a
junction
the stored energy can be
accounted for by a lumped
susceptance: B
Designing the power divider
targets matching to the input
lineZ,
outputs (unmatched, Z, and
Z,) can be, if needed,
matchedto Z, (A/4,
binomial, Chebyshev)



Power division of the T-junction

1 1 1

Y. =]-B+
Z, Z ZO

If the transmission lines are
assumed to be lossless, then
the characteristic
impedances are real

the matching condition can
be met only if B = o thus the
matching condition is:

1 1 1
+ =
Zl ZZ ZO
In practice, if B is not negligible, some type of discontinuity

compensation or a reactive tuning element can usually be used to
cancel this susceptance, at least over a narrow frequency range.




Power division of the T-junction

if V, is the voltage at the junction, we can compute how
the input power is divided between the two output lin

es ,
1V
1V P==.-0
in :E Z— 2 Z1
’ p 1V
then: 2 =5 Z,
P, =P +P, (lossless/input matching)
P _ Z, B (power division between
p 7z thetwooutputlines)
2 1
Z
Pl = I:)in ) 2 P2 = Pin . Zl
Z, +Z, Z +2Z,
P=P o R=R
l+a 1+a

Z,-1+a)

N
I
N
(@]
/.ﬁ\
H
_|_
Q|+
N
N
I



Power division of the T-junction

S matrix
lossless (unitary matrix)

reciprocal (symmetrical matrix)

input port is matched S;; =0

o
P,=P -—— S, =S, =.]—
1+a SR [
1 1
P,=F -—— =S,.=
1+« S = 51 1+«

the reflection coefficients seen looking
into the output ports

- _ZlZ,-Z 1
2 ZZ,+Z2, 1+«
_ZOHZl_ZZ_ (04

33 — 1o — -

Z12,+Z, l+a




Power division of the T-junction

Unitary matrix, columns 1 and 2

0-— 1 . @ 1 X- izo
1+a Vl+a V14«
Ja

5232532=m
_ O 3 i_
1+« 1+
5 L - L e
1+ l+a l+a
1 Ja o
lta l+a l+a




Power division of the T-junction

3C|B divider [ 0 1 1]
equal splitting of the power J2 2
between the two outputs 5] 1 11
Z,=2,=27,,0=1 J2. 2 2

111
V2 2 2
If we add A/4 transformers to match
outputs to Z, S matrix:
+
“ |_> Vo /B _ 0 1 _i_
- 7z V2
' 1 1
Yin S — _i _ -
sl=-% 3 3
g 11
V22 2|




Example

Design a lossless T-junction divider with a 30Q source
impedance to give a 3:1 power split. Design quarter-wave
matching transformers to convert the impedances of the
output lines to 30Q). (Pozar problem)

-

1
I:):_°Pin
Pin:l.v_o2 {P1+P2:Pin — <1 4
fh R g 2p
1 V2 1 '
R=>-=7P  2,=47,=1200
2z, 4 Input match check
2 p— —_
p_1Vo_35p Z,=4-7,/3=400 Zi, =40Q[120 Q2 =30
2 2 Z2 4 in

quarter-wave transformers Z; =4 Z,
7t =/7,-7, =4J1200-300 =60Q  Z2=.,/Z,-Z, =/40Q-30Q =34.640)




Resistive Divider

If a three-port divider contains lossy components,
it can be made to be:

reciprocal

matched at all ports | o
Port 2 p, Theimpedance Z, seenlookinginto the

Zo/3 resistor followed by a terminated
output line:

Z, 47,
Z./3 L=—"Hly=—7
¥
Port 1 — AAA, 3 3
s + The input line will be terminated with a
P> 4 =V re Zo/3 resistor in series with two such
° lines Z in parallel
&7
n Z 1 4Z
2. =—2+=.—0=7

Port 3

"3 2 3 °

so it will be matched: S;; =0

from symmetry: Sy = Sg =933 =0



Resistive Divider

If a three-port divider contains lossy
components, it can be made to be :
reciprocal
matched at all ports Si =52 =55 =0

P, If the voltage at port 1is V1, then by voltage
division the voltage V at the junction is:

Z/2 27,/3 2
=V, - =V, - =2y,
Z/2+2,/3 ' 2Z,/3+Z,/3 3

The output voltages are, again by voltage

Port 1

Pi—> Z, division :
v,=v,=v.— % _3Sy_ly
Z,+Z,/3 4 2
1
S21 — S31 — E

1

P, from symmetry: S, =S5 =S, =—



Resistive Divider

If a three-port divider contains lossy components,
it can be made to be:

. . . 1
reciprocal (S matrix is symmetrical) S, =S;,=S,,==
matched at all ports  Si; =5, =55 =0

011

S matrix: [S]:l. 1 0 1
2

11 0]
2
il Powers: P _E VL
P\—> 2, 2 ZO

2
PZZPBZE (]/2\/) 1V lp

2 z, 81z, 4 "
Half of the supplied power is dissipated in

the 3 resistors. The output powers are 6 dB
below the input power level




The Wilkinson power divider

Previous power dividers suffer from a major
drawback, there is not isolation between the two
output ports S, =95;,#0

this requirement is important in some applications
The Wilkinson power divider solves this problem

it also has the useful )
property of appearing . V272 Zo
lossless when the output ik 2 f //
ports are matched AN 22,

only reflected power /_A\_,/é /

from the output portsiis
dissipated




The Wilkinson power divider

one input line
two A/4 transformers
one resistor between the output lines

Zy
/ ”
, V22, Z
0 A Zy 27,
S 27,
O
/— 2 —/
Zy

(a) (b)

Figure 7.8
© John Wiley & Sons, Inc. All rights reserved.



Even/Odd Mode Analysis

In linear circuits we can use the superposition
principle
advantages

reduction of the circuit complexity

decrease of the number of ports (main advantage)

Response (ODD + EVEN ) = Response (ODD ) + Response (EVEN )

N

We can benefit from existing symmetries !!



The Wilkinson power divider

the circuit in normalized and symmetric form

Figure 7.9
© John Wiley & Sons, Inc. All rights reserved.



The Wilkinson power divider

Even/Odd Mode Analysis

Port 2

+V5§ / 1

Port 1
/ =
2 4Vt NA 12 Yo

= 0.C. 0.C. =

(a)

(b)



The Wilkinson power divider

even mode, symmetry plane is open circuit
Port 2

+V5& / 1

Port 1

Q

(m 2V,

= 0.C: 0.C. =

looking into port 2, A/4 7?2 _ B _
transformer with 2 load Zi?mz — A if Z= \/E port 2 is matched Ziiz =1

V)=V e )

I': reflection coefficient seen at port 1 looking toward the T = 2— \/E Vle = _jVo\/E
resistor of normalized value 2 from the transformer Z =+/2 2442



The Wilkinson power divider

odd mode, symmetry plane is grounded
Port 2

+V?2 / 1

Q

oL

looking from port 2 the A/4 line is short-
circuited, impedance seen from port 2 is

Zi(r)lz =1 =3 Vzo :Vo

Vlo — (0 inthe odd mode all the power is dissipated in the r/2 resistor

Zi(r’]2 =r/2 if r=2 port2ismatched



The Wilkinson power divider

input impedance in port 1

two A/4 transformers with load 1 in parallel




The Wilkinson power divider

S parameters

Liy = %(ﬁ)z =1 51 =0
Zi,=1 Z;,=1 and 7 .=1 Z;;=1 Spp =933 =0
S,, =S R

21 = =
VARV ARING
J
and 5,3 =5 = _ﬁ
due to short or open at bisection, both eliminate transfer between
the ports + reciprocal circuit

S23 — 832 =0



The Wilkinson power divider

at design frequency (length of the transformer equal to
A /4) we have isolation between the two output ports

J

J2
0

o

i

V2
0

o

0

N

1.5,



The Wilkinson power divider

3 XWilkinson =
4-Way power
divider

Figure 7.15
Courtesy of M. D. Abouzahra, MIT Lincoln Laboratory, Lexington, Mass.



The Wilkinson power divider




Directional couplers




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 pe? 0
.ald

[S]: 0(_0 0 0 ﬂ e

S-e’ 0 0 a

0 £-el? o 0




Directional Coupler

Input @ @ Through
npu> \ > ‘812‘2 :az zl—ﬂz
~€ > S 2 . 2
Isolated @ ©) Coupled ‘ 13‘ o 'B
Coupling
P
Input ® @ Through C =10 log El =—-20-log (ﬁ) [dB]
== = 3
>< Directivity
— o
Isolated @ @ Coupled D=10 Iog % —20. Iog(sﬂ] [d B]
o b Wi e, e AT, 4 14
Isolation

| =10Iog%:—20-log\814\[d8]

|=D+C, |dB] .



Four-Port Networks

two particular choices commonly occurin

practice
A Symmetric Coupler 6=¢=7/2
0 a jp 0]
s]=| @ 0 0 jp
B 0 0 «a
0 JB a O
An Antisymmetric Coupler 6=0¢=x
0 a S 0
[S]: a 0 0 -—-p
f 0 0 «a
0 - a 0




Hybrid Couplers

Hybrid Couplers are directional couplers with 3 dB coupling factor

a=L£=1/2

The cuadrature (90°) hybrid The 180° ring hybrid (rat-race)

(0=¢=n/2) (0=0.4=7)

01 j O 0 1 1 0
[S]:iloOj [S]:iloO—l
J21j 0 0 1 J211 0 0 1
0 j 1 0] 0 -1 1 0]



The cuadrature (90°) hybrid

A
|
(Isolated) @ Y @ (Output)
X y
Z Z
0 ZyN2 ’
© John \I;Iiley & Sons, Inc. All rights reserved. B O J 1 O_
“1]j 0 0 1
[S]:T
211 0 0
0 1 J 0




Even/Odd Mode Analysis

A =1
— O vz 1 O
o o

B, B, |

| | %

B B- -




Even/Odd Mode Analysis

@ ! / /2 L @ % |
Line of symmetry =
=0
V = max
(a)
+1/2
— @ 1 1/v2 _ 1 @

1 1 ?‘ S
=112 f -
—

@ ! / /42 1 QB % |
Line of antisymmetry =
V=0
[ = max
(b)
Figure 7.23
© John Wiley & Sons, Inc. All rights reserved.
1 1 1 1
2 2 2

| ‘ 1/\/‘

Open- ur(.uucd stubs
(2 separate 2-ports)

+1/2
— | /N2 1

o N S
3 W

Short-circuited stubs —
(2 separate 2-ports)

=1/2
—

by=-Te—=Ty



Library of ABCD matrices

TABLE 4.1

ABCD Parameters of Some Useful Two-Port Circuits

Circuit ABCD Parameters
A 7 | a
- | £ 1 - = B=127

C=0 D= ]

l i A=1 B=0

‘ g C=Y D=1
o | O
o 0

Zo. B A = cos St B = jZysin Bt
O [ 0 C = jYosing¢ D = cos Bt




S parameters (from ABCD)

v - Y even mode
-y, odd mode

Y0.,Zg

LVSH,?-S mnof %ZH;-S mﬂ

Z o .
sz—zo(—JY g Z, +JY2)
811: ZO 7 S12
oY Z,+ j22+zo(— Y24y, )
0

Ve _ -Y'sZ, iz, ' Vs
I —jY'§ZZ+jY2 -Y'sZ, Is

_ 2|(_Y's Zz)z—jzz(—leé Zz+jY2)| =Sy = i (22 ~Y2+Y'% Z2)

. . > =57
—2Y's 2o+ (22 +Y2 —VY's Z)

, Z — .
—2Y522+jZZ+ZO(—jY§ZZ+jY2)
0
Z . .
2 122 -2y Y22, 41Y,)
0 2

' Z /1 . T:S = - :S
—2Y522+J;+Zo(_JY§ZZ+JY2) “ —2Y'sZ,+j(z, +Y2—ylézz) 2
0

So1 =

Z -
—2Y's Z, +jz—2+z0 (—jY'g Z, +jY2) S22
0



Relation between two port S

parameters and ABCD parameters

Z01 (1"' S11 B S22 B AS)

A =
ZOZ 2821
1+S,. +S., +AS
B=.Z,Z, ( 11 7 Y2 )
2S,,
C— 1 1-S,,—S,, +AS

VZwuo 255
D - /ZO2 1-S,,+S,, —AS
ZOl 2821

AS = S11522 — S12821

_ ALy +B-CZyZy, —DZy
" AZ,+B+CZ,Z,+DZ,

~ 2(AD-BC)y/Zy,Z,,
?  AZ,+B+CZ,Z,+DZ,

2\/ ZOlZOZ

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

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

S



Matching and coupling factor

2
2
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The cuadrature (90°) hybrid

@ (Output)

@ (Output)

Y, =1+Vyp

VY: -1

A= Yo

2_
C[dB]=—20-log,, ¥Y2

2

0.5/ Jo L5/

une 7.
Jotin Wiley & Sons, Inc. All rights reserved




Example

Design a cuadrature (90°) hybrid working on 50 €, and
plot the S parameters between

0.5fp and 1.5y, where fg

is the frequency at which the length of the branches is /4



Solution

A cuadrature (90°) hybrid has C = 3dB, then S =]/\/§

y,=~2 and Yi=1

Zy =30Q the characteristic impedances will be:
Z, MDJ___ . . —
2Z1 = ZZO = Ex)gz 212 = :]E? :::35,11§2 1 ] 1

<2000

-40.00~

50Q 35,4Q 50Q2
O] ' ' i(4)

1

50Q 500 5000

@ 50Q 354Q 50Q @ ]
I Y i .
¢ B oEm ol o o kb il iZ id .

FREQ [GHz]




The cuadrature (90°) hybrid
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The cuadrature (90°) hybrid

eight-way microstrip power divider with six
quadrature hybrids in a Bailey configuration

i O [ I fr L

Figure 7.24
Courtesy of ProSensing, Inc.,, Amherst, Mass.



Datasheet

TYPE SMA
STAINLESS STEEL
FEMALE CONNECTOR
TYP.

—»| 25 |e— _.I 25 |-

LA i .

s % .002 " l Vodel N Fr;quency Coupling©  Freq. Sens. Insertion Loss (dB) Directivity VSWR max.

’ sscesertl B L A (@)  BclCpldPwr  Tue  (Bmin) PrimaryLine Secondam
.!UME[ u '/075 T }:ﬂmﬂ] s MDC6223-6 0.5-1.0 6 £1.00 +0.60 0.20 1.80 25 115 115
2 o ie) @) v MDC6223-10 0.5-1.0 10 £1.25 *0.75 0.20 0.80 25 1.10 110
¢ “_c_.].;ﬁ D_,] L_’ o  MDC6223-20 0.5-1.0 20 £1.25 *0.75 0.15 0.20 25 1.10 1.10

S «—» s MDC6223-30 0.5-1.0 30 £1.25 *0.75 0.15 0.20 25 1.10 1.10
< A - MDC6224-6 1.0-2.0 6 £1.00 +0.60 0.20 1.80 25 115 1.15
MDC6224-10 1.0-2.0 10 £1.25 *0.75 0.20 0.80 25 1.10 1.10
MDC6224-20 1.0-2.0 20 £1.25 *0.75 0.15 0.20 25 110 1.10
MDC6224-30 1.0-2.0 30 £1.25 *075 0.15 0.20 25 110 1.10
MDC6225-6 2.0-4.0 6 £1.00 +0.60 0.20 1.80 22 115 115
MDC6225-10 2.0-4.0 10 £1.25 *0.75 0.20 0.80 22 1.15 115
MDC6225-20 2.0-4.0 20 £1.25 *0.75 0.15 0.20 22 1.15 115
MDC6225-30 2.0-4.0 30 £1.25 *0.75 0.15 0.20 22 1.15 115
MDC6266-6 2.6-5.2 6 £1.00 +0.60 0.20 1.80 20 1.25 1.25
MDC6266-10 26-5.2 10 £1.25 *0.75 0.20 0.80 20 1.25 1.25
MDC6266-20 26-5.2 20 £1.25 *0.75 0.20 0.25 20 1.25 1.25
MDC6266-30 2652 30 125 *0.75 0.20 0.20 20 1.25 1.25
MDC6226-6 4.0-8.0 6 £1.00 +0.60 0.25 1.90 20 1.25 1.25
MDC6226-10 4.0-8.0 10 £1.25 *0.75 0.25 0.90 20 1.25 1.25
MDC6226-20 4.0-8.0 20 £1.25 *0.75 0.25 0.30 20 1.25 1.25
MDC6226-30 4.0-8.0 30 £1.25 *0.75 0.25 0.25 20 1.25 1.25
MDC6227-6 7.0-124 6 £1.00 *0.50 0.30 2.00 17 1.30 1.30
MDC6227-10 70-124 10 +£1.00 £0.50 0.30 1.00 17 1.30 1.30

MDC6227-20 7.0-124 20 £1.00 =0.50 0.30 0.35 17 1.30 1.30




The 180° ring hybrid (rat-race)




The 180° ring hybrid
= @ @ _,

180°
(A) hybrid

@ ®

The 180° ring hybrid can be operated in different modes:

a signal applied to port 1 will be evenly split into two in-phase
components at ports 2 and 3

input applied to port 4 it will be equally split into two
components with a 180° phase difference at ports 2 and 3
input signals applied at ports 2 and 3, the sum of the inputs

will be formed at port 1, while the difference will be formed at
port 4 (power combiner)




Even/Odd Mode Analysis

c.d.

plan de simetrie circuit deschis (c.d.)
a) b) C)
Even Mode
3. L
8 'SC.
Y,

' sc.
plan de simetrie scurtcircuit (sc.)

a) b)
Odd Mode



Even/Odd Mode Analysis

_ J22Ys + jzp — j(YZ + ersZZ)_ 1Ye2)

S11=- : : :
jz2ys + jz2 + (V2 + Yeysza)+ ez2 VO
2
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ye = Jyl
Ys =—1Y1

Z; -y —y1222 - 2jz2y1

S110 = 5
Z3 +¥Y2 tYi22

—Zj
Z2+Y2 +Y1222
22— Y2 —Yiza +2izoy1

Z2+Y2 +Yf22

S120 25210 =

Sp20 =



=
g
O
>~
i
(@)
C
g
(o)
O
o0
i
v
L
—




Example

Design a ring (180°) hybrid working on 50 Q, and plot
the S parameters between 0.5 and 1.5 of the design

frequency.

C [dB] =-201log(y,)

J2Z5 =70.70

0.5y fo 1.5/



The 180° ring hybrid

‘,B‘ =Y
C [d B] =-20- |Og10 (yl) 0.5fo fo L5/

Figure 7.46




The 180° ring hybrid

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




Coupled Line Coupler




Coupled Lines

E,

_ —— =
/Q_Vf\

IEEEET

b} EVEN MODE ELECTRIC FIELD PATTERN {SCHEMATIC)

Even mode - characterizes A

the common mode signal on | |

the two lines
IS INIIIY OIS INTIINIIII SOOI IIIINY.

&)

Odd mode - characterizes
the differential mode signal
between the two lines

Each of the two modes is c) ODD MODE ELECTRIC FIELD PATTERN (SCHEMATIC)
characterized by different

characteristic impedances



Coupled Lines
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(a) (b)
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Figure 7.26
© John Wiley & Sons, Inc. All rights reserved.



Coupled Lines
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Matching in Coupled Line Coupler

4 il
—o —e
F Vi Zo [V yi
E/2 ?BZ 0
Zo -Iglg Z Zo I£> Z 3




Directivity and Coupling factor

modul par modul impar

d=qp+dy=1,ap=az3=a, =0
L
b,==([,+1,)=0
1 JCsin(0
by ==([,—Ty)=
2 cosON1-C? + jsin(6

b, = ;(T ~T,)=0

1 V1-C?
by ==(Te +Tp)
2 cos(OVl C? + jsin(0
_ Zee—Zeo

Lee +Zco



Coupled Line Coupler

Input @ @ Through
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Normalized even- and odd-mode characteristic

iImpedance design data for edge-coupled striplines.
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Even- and odd-mode characteristic impedance design data

for coupled microstrip lines on a substrate with ¢, = 10.
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Coupled Line Coupler
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Coupled Line Coupler

7%

ZceZco — Z(?
_ Zce B Zco

‘IB‘ B Zce + Zco

ce

C [dB] = —20- Iogm(;—

ce

R 10 —
9§ _
=2 C
;? 20 — = i
Q
£ 30
= i
50
S 40—
=t
=) -
8 50 D
ﬂ/ \
_ZCO 60 | | | | | | | | | | | | | | |
~ 1.0 2.0 3.0 4.0 5.0

Figure 7.34

© John Wiley & Sons, Inc. All rights reserved.
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Example

Design a coupled line coupler with 20 dB coupling factor, using
stripline technology, with a distance between ground planes of
0.158 cm and an electrical permittivity of 2.56, working on 5092,
at the design frequency of 3 GHz. Plot the coupling and
directivity between 1 and 5 GHz.



Solution

#i TRL - Edge-coupled Symmetric Stripline  (CPL)1
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Simulation
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Multisection Coupled Line Couplers
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Example

Design a three sections coupled line coupler with 20 dB coupling
factor, binomial characteristic (maximum flat), working on 50€,
at the design frequency of 3 GHz. Plot the coupling and
directivity between 1 and 5 GHz



Solution

n
d—c(e =0,n=12
do” 0=m/2
C= \\$—3 = 2sin 9[C1c0329+%cz} = Cy(sin30—sin6)+C, sin 0
1
dc
. [3C1 cos30+(C, —C;)coso] 6=r/2 =0 7L 23 s 10125 ., o,
e~ “0e ~ = o
987
d’C . .
—— =[-9C;sin30—(C, -C;)sin®]|, . =10C;-C, =0
do? O=n/2 28, =23 =50, /% = 49.380)
C,-2C; =0.1 |
{1001 ~C, =0 78, =50, /% =56.690)
C; =C3=0.0125 2 0.875 _
{Cz 0195 Z5, =50 1195 - 44.10Q



Simulare
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The Lange Coupler

allows achieving coupling factors of 3 or 6 dB
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© John Wiley & Sons, Inc. All rights reserved.



The Lange Coupler
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Figure 7.39
© John Wiley & Sons, Inc. All rights reserved.



Circuit model
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The Lange Coupler




Directional Couplers

Laboratory no. 2




Directional Coupler
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The cuadrature (90°) hybrid

@ (Output)

@ (Output)
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Quadrature coupler
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The 180° ring hybrid (rat-race)

‘,B‘ =Y
C [d B] =-20- |Og10 (yl) 0.5fo fo L5/

Figure 7.46




Ring coupler

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




Coupled Line Coupler
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Coupled line coupler
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Contact

Microwave and Optoelectronics Laboratory
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