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Examen online
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Online results submission
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Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design
Microwave filters
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The lossless line

1(2)= Yo gz Vo gi

Zy Zy

Vo +Vy
Vo =V

Zy

voltage reflection
coefficient

F_VO_ _ ZL_ZO

VS 72, +7Z,

: )
. Z Z, 4T~
|

A'\

Z, real



The lossless line

V(z)=V, -(e‘j'ﬂ'Z +T -ej'ﬁ'z) 1(z)= Vo -(e‘j'ﬂ'Z -T -ej'ﬂ'z)

0

time-average Power flow along the line

i :; Re {V( )-1(z )}:%’V;O‘ Re{l-T".e?7 4T.e21 ||

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



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




General theory

Microwave Network Analysis
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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] [Z]




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 parametersisin
lowercase (z, y, g, h)
In microwave analysis we prefer the notation in
uppercase to avoid confusion with the normalized

parameters
Zo Yo ]/Zo VA
le Y11
1= Y11 y 0 Y11

0



ABCD (transmission) matrix

v g

I, C DI,
A B
v |leell] v
! C D V,=A-V, +B-1,
V, 1 D -B| |V,
|, A D-B- C -C A I,
Vs 1,=0 F V,=0 Va 1,=0 F V,=0




ABCD (transmission) matrix

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

V, ARy A B V
C, D C, D, 3
A 4 \ 4

e ol




Library of ABCD matrices

TABLE 4.1 ABCD Parameters of Some Useful Two-Port Circuits

Circuit ABCD Parameters
@ Z g A=1 B=12Z
@=0 D 1
o o)
o I ‘o)
A=1 B=0
Y
Ci=¥ D=1
o | ’o)
o o)
Zo, B A = cos B¢ B = jZysin e
o - o C = jYysinBe D = cos Bt
& N:1 5
A=N B=0
€c=0 :L
N
o 'e)
Y. 1
o I Y3 I O A:l+—2 B = =~
2 1Y W %
Y Y,
! 2 E= ettt D=4
PP | — & Y3 Y3
Z Zy.Z
o—| Z | zZ, —o Ko D=t B= Zp 3Tk 142
1 % Z 3
zy Eimi D=1322
. Z3 Z3
o ‘o)

Table 4.1
© John Wiley & Sons, Inc. All rights reserved.



Scattering matrix-S

Scattering parameters

PR SV IV S S| |V
D J— — A Sp1 S Vz+
V V
s
2 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

d, d, |:bl:|:|:sll S12} |:a1:|
<b— —b—> b, Sy Sp | @
1 |
o [s1 [ X b
Sl]. - 822 — _2
a]_ 8.220 8.2 a1:0

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



Scattering matrix-S

S.,si S, aresignal amplitude gain when
the other port is matched



Scattering matrix-S

d
a, 2 |:bl:|:|:sll SIZ}.|:a1}
«— —> b, Sy S| &

S ‘2 _ PowerinZ, load
*''" Power from Z, 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



Even/Odd Mode Analysis



Even/Odd Mode Analysis

useful method, necessary even for multiple
ports

example, resistors, two port circuit
100 Q

50 Q 50 Q

® o ®




Even/Odd Mode Analysis

|
assume we want to computeY Yll:V_l
1=
E2 =0 V,=0
100 Q
50 Q
— — 100 Q
E)
) E)
=4 25 Q 50 Q
R, =100Q || (50Q+ 25Q2 || 50€2) = |

=0.025S5

V2 :0

~100Q || (50Q +16.67Q) =100Q2 || 66.67Q =40Q Y11= \71
1



Even/Odd Mode Analysis

Even/Odd mode analysis benefit from the
existence of symmetry planes in the circuit
existing or

created (forced) | symmetry plane

100 Q 50 Q 50 O

50 Q 50 Q 50 Q 50 Q

G e ®E

I
_
I
I
[

I
I
I



Even/Odd Mode Analysis

when exciting the ports with symmetric/anti-symmetric

sources the symmetry planes are transformed into:

R R
open circuit +V ech [ ch__ +V Sources have the

_ I same polarity
virtual ground > +

- 1=0 | _
' symmetry plane 6/) : VD 1 =0,vV,

() v [y v CD P=0,VV,
4 P:OV| \ symmetry plane

+ .
_0\y|rtual ground

200 ' 200 - ' — symmetry plane
open circuit
50 O I 500 o —— ' Y,

B Roy R
| +V, SR 2@ -V, Sources have

50 Q 50 Q | opposite polarities
I > > |-
i
[
I



Even/Odd Mode Analysis

the combination of any two sources is equivalent for
linear circuits with the superposition of:

a symmetric source and +
| - ‘— E, =E°+E°
a anti-symmetric source |, Ee 1
'symmetry plane (El  ___ : E,=E°-FE°
50 O 50 O -
alcY
50 O 50 Q < Ee_E1+E2

50 Q 50 Q

® =@ ek
- @)

+




Even/Odd Mode Analysis

In linear circuits the superposition principle is
always true

the response caused by two or more stimuli is the sum
of the responses that would have been caused by each
stimulus individually

Response ( Source1 + Source2 ) =
= Response (Source1 ) + Response ( Source2)

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

N S

We can benefit from existing symmetries !!



Even/Odd Mode Analysis

example 100

50 Q 50 Q

Il
&) E)
V, 25 Q

| symmetry plane

50 Q 50 Q
| 4+
Y11:_1 I-SOQ [ SOQ“
T g B G ' G
VQZEZZOD E2 ED 50 Q : 50 Q ED
Eo =L
2 0




Even/Odd Mode Analysis

Even/Odd mode analysis

iso ﬁ
50 O

e
I1

)
V, 50 Q

v

RE, =5002+50Q =100Q)
e_E_E/2_E

' RS 100 200Q

ech

EVEN - symmetry plane open circuit

50 Q

50 O

OF N

v

R®, =50Q|50Q = 250
o _ E° E/2 FE
' RS 25Q0 500

ech

ODD - symmetry plane virtual ground



Even/Odd Mode Analysis

superposition principle

100 Q
50 O | =15 +1°
500 1= Th
—_—
" V. =V.& +\.°
Q ® uw
V, 25 O
PR . W

L2000 i 50Q 400 Y, = l — 1 — 0.025S
V, =V +V,° =E, V, 40Q



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 !!



Power dividers and directional
couplers
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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 SlZ S13

[S]: Syi S S

] _8.31 832_ 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] Sj =Sji, V] #1
S12 = 8211 S13 — S311 S23 = S32

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

then the S matrix is:

0 S12 813_
[S]: S12 0 S23
_813 S23 0




Three-Port Networks

reciprocal, matched at all ports, S matrix:
| O S12 813—
[S]: S, 0 Sy
_813 S23 O

lossless network

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

ST -[S] =[1] kzski'S:j:5ij’Vi’j
-1

N N
k=1 k=1



Three-Port Networks

lossless network

N
I O S12 813— Z;‘_Sk Skl
[S]: Sz 0 Sy N o
S, S, O Zski 'Skj =0,Vi# ]
- k=1
6 equatlons [ 3 unknowns
S12 T 13‘ =1 S13823 =0
S| +[S,| =1 S.S,, =0
S, +[S,| =1 S.S,, =0
no solution is possible




Three-Port Networks

0 S12 813—
[S] — S12 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 s, S,
S]=]S,, 0 S,
Sy, S, O
6 equations [ 6 unknowns

Sl +[S =1 S3:85,=0

Sy +[Sy =1 S,S,,=0

Sy +[S,] =1 $,5,,=0




Nonreciprocal Three-Port Networks

two possible solutions
circulators

clockwise circulation

0
S1228232831:0 [S]:[l

0
‘821‘ — ‘532‘ — ‘813‘ =1

counterclockwise circulation

S212832 2813:0
0
[SI=[

Syo| = [Sz5| =S| =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 Sz O3 S1*3823 =0
[S]=|S, 0 S, S8, 4555, =0
S S S;3812 T 81:3813 =0
S13=5,=0 5122+ 313‘2 =1

‘813‘ = ‘523‘ i

S13 + S23‘2 +‘833‘2 =1

‘812‘ :‘533‘ =1



Mismatched Three-Port Networks

A lossless and reciprocal three-port network
0 S, 513_ S;3=95,3=0 ‘812‘:‘833‘21
[S]: Sz 0 Sy \ / S12 =e'’
S13 Sp3 O 0 e’ 0 _/ S,,=e’
[S]=|e” 0 ©
| | 0 0 e
I | - .
—— g ~— = Alossless and reciprocal three-
° E
i i
I I
| J

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 |

13 S14

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] Sj =Sj, Vj#i

S12 — 8211 S13 — S311 S23 — S32

matched at all ports
S, =0,Vi S,=0,8,,=0,5,=0,S,,=0

then the S matrix is:
I O S12 Sl3 Sl4_
S12 O S23 S24
Sl3 SZ3 O S34

s-




Four-Port Networks

reciprocal, matched at all ports, S matrix:
I O S12 S13 Sl4_
S12 O S23 S24
S13 S23 O S34
_Sl4 S24 S34 O
lossless network

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

N
ST -[S] =[1] kzski'S:j:5ij’Vi’j
-1

N N
k=1 k=1



Four-Port Networks

S;3'823+S;4'824:O /'824 S:2'523,'|'S1*4'834:O /'812
S;4'513+S;4'823:O /'81*3 S;4'512+S;4'823:O /'S:;
. 2 2 2 2
Sy ([8.d" (5.4 )=0 Sp0- ([ ~I8uf') =0
one solution: S, =S,,=0 0 S, S; 0

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

2

e > Sial =[Sz

= 0 S S 0
512 2 N 324‘2 _1 13 24 i 24 34 _
S1s "+ S34‘2 =1 \

‘812‘ :‘534‘
S, +|Sulf=1 =7




Four-Port Networks

0 S, S; O

S]= S 00005, S| =S4/ =2 13| =182/ = B
S;, 0 0 S, | .
0 S, S, O B — voltage coupling coefficient

We can choose the phase reference
S, =S, =a S,,=f-e’ S, =p-e
S.,-S,3+S,,-S,,=0 — O+¢=mt2:n-zx
S, +[S =1 o a?+pi=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)

St ([ (S )20 Syu-{[S.af ~[suif)=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 o B-el? 0
0 .al?

[S]: 05.8 0 ﬂ e

S-e’ 0 0 a

0 p-e? ¢ 0




Four-Port Networks

two particular choices commonly occurin

practice
A Symmetric Coupler (90°) 9=¢=x/2
0 a jB 0]
a 0 0 jp
B 0 0 «a
0 JB a 0
An Antisymmetric Coupler (180°) 6=0¢=7r
0 o B 0
a 0 0 -p
g 0 0 «a
0 a 0

[s]=

)=




Directional Coupler

Input ® @ Through 2 ) 5
~€ > S 2 L 2
Isolated @ © Coupled ‘ 13‘ o 'B
Coupling
P
Input ® @ Through ~C =10log —=-20-log (,B) [dB]
> > P3
>< Directivity
€ > P
[solated (7)) ©) Conpled 1y _ 10 log - =20-log (’Bj [dB]
o b Wi e, e AT, I:)4 ‘ S 14 ‘
Isolation

| =10l0g % — 20-log|S,,|[dB]

| =D+C, [dB] 4



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



Power dividers



Three-Port Networks

0 S12 813—
[S] — S12 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



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

Y. =] B+ 1 + 1.1
Zl ZZ 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:

Figure 7.6 I I
© John Wiley & Sons, Inc. All rights reserved.

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 lines

1 V.2 _EV_Z

Pin =—. b 2 Zl

‘o h LV

then: 275 Z,

P, =P +P, (lossless/input matching)
P, Z,  (powerdivision between
Fz - Z—l the two output lines)

R =Ryt PPy

Z,+7Z, Z,+7Z,

P=P % =R

1+« 1+«




Power division of the T-junction

S matrix
lossless (unitary matrix)
reciprocal (symmetrical matrix)

input port is matched S,;=0
a a
I32:P1.1+05 5212812_V1+a

1 / 1
3 11+0( 31 13 1+ o

the reflection coefficients seen looking
into the output ports

7 1Z,+2,  1+a
o~ _LlZ-Z, «
33_F2_ _

Z, 12, +Z, 1l+a

F_Zo”Zz_Zl_ 1

20 —




Power division of the T-junction

Unitary matrix, columns 1 and 2
1 o 1
0-—— |-% 4x. |7 =0
l+a Vl+a 1+«
Ja

823 — S32 :m

N A
1+« 1+ &

s)-| - L e

1+ o _1+a 1+«

1 Jg_ a

1+ 1+« 1+a_




Power division of the T-junction

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

111
V2 2 2
If we add A/4 transformers to match
outputs to Z, S matrix:
+
Zy |—> Vy | JB i 0 _i _i_
- 7z V2
| 1 1
Yin S — _i _ -
sl=l-% 3 3
_J 11
V2 2 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

5 1V {P1+P2=F’in h=gh
in — A 5 )

2 Z, P:P,=3:1 PZZ%'Pin

1V, 1 )
P==-2=>.B,  Z=4.Z,=1200
to2 Z, 4 . ° Input match check

2 — —

pzzi.v_o:ip. 7 —4.7,/3=400 Z. =40Q120Q=30Q

2 Z, 4 "

quarter-wave transformers Z(i =4 Z,
Zr=./7,-Z, =J120Q-30Q =60Q  Z2=.Z,-Z, =~J40Q-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=—tly=—r
o
Port 1 o AAAA, 3 3
s + The input line will be terminated with a
P—> Z, >V VZ P
! 0 1 Y Zo[3 resistor in series with two such
° lines Z in parallel
7.

mn

T3ty b

so it will be matched: S;; =0

Z, 14z, ,

Port 3

from symmetry: S;; = S,, = S35 =0



Resistive Divider

If a three-port divider contains lossy
components, it can be made to be :
reciprocal
matched at all ports S11=5;,=S5;=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, - =2,
Z/2+27,/3 ' 272,/3+Z,/3 3

The output voltages are, again by voltage

Port 1

Pi—> Z, division :
V,=V,=V. Zy :E.\/:l.\/1
ZO +ZO/3 4 2
1
S21 — S31 = 5

1

P; from symmetry: 821 — 831 — 523 — 5



Resistive Divider

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

reciprocal (S matrix is symmetrical) S,,=S,, =S, =%
matched at all ports  S11 =52, =55 =0
0 1 1]
S matrix [3]21. 1 0 1
2
11 0]
2
= Powers: P —i \i
Pi—> Z, 2 Z
2
P2=P3:3 Wav) 1V 1

2 z, 82z, 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,;=5;,#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?]Z — 7 if Z= \/E port 2 is matched Ziiz =1

_\/+ (a-iBx QX X=0 at port1
V(X)_V (e tl-e ) x=-\/4 at port 2
VEV(Aa)= VD)=V, g W VO)=Y )=
Ziny =1
I': reflection coefficient seen at port 1 looking toward the = 2— \/E VS =- jVo\/E
resistor of normalized value 2 from the transformer Z =+/2 2+ \/E




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

Zféz =1 = Vzo =Vq

V10 — (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

Li = %(\/5)2 =1 511 =0
Ziizzl Zi?m:l and Zif]:,,:l Zicr)13:1 SZZ:S33:O
s o_s, VeV

VAR VARND
and 8132831:_i

J2

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

S

V2o 42
0 0

o
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 o B-el? 0
0 .al?

[S]: 05.8 0 ﬂ e

S-e’ 0 0 a

0 p-e? ¢ 0




Directional Coupler

Input ® @ Through 2 ) 5
~€ > S 2 L 2
Isolated @ © Coupled ‘ 13‘ o 'B
Coupling
P
Input ® @ Through ~C =10log —=-20-log (,B) [dB]
> > P3
>< Directivity
€ > P
[solated (7)) ©) Conpled 1y _ 10 log - =20-log (’Bj [dB]
o b Wi e, e AT, I:)4 ‘ S 14 ‘
Isolation

| =10l0g % — 20-log|S,,|[dB]

| =D+C, [dB] 4



Four-Port Networks

two particular choices commonly occurin

practice
A Symmetric Coupler 9=¢=7/2
(0 a jB 0]
s] a 0 0 Jp
if 0 0 «a
0 JB a 0
An Antisymmetric Coupler 6=0,¢=xr
0 o B 0
[S]: a 0 0 -4
g 0 0 «
0 - a 0]




Hybrid Couplers

Hybrid Couplers are directional couplers with 3 dB coupling factor

a=,B=]/\E

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

(0=¢=7/2) (0=0.¢=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/ 0 0 1
211 0 0
01 ] 0]




Even/Odd Mode Analysis

A =1
— O vz 1 O
o o

B, B, |

| | %

B B- -




Even/Odd Mode Analysis

: ' E
@ | /1/\/5 T é)%l I ‘1/\/_ E

Line of symmetry = Open-circuited stubs
=0 (2 separate 2-ports)
V = max
(a)
+1/2 +1/2
—>®1A1/\/§A1@ — 1 N2
: l ?l :‘l> ltL ltLT %l
-12 f = =) _ET‘>_ LT
—_ —_ - 1 1
@ ! / /N2 1 QB % 1 V %
Line of antisymmetry = Short-circuited stubs =
V=0 (2 separate 2-ports)
[ = max
(b)
Figure 7.23

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

1 1 1 1
bl:%Fe_I_%rO bZZ%Te"'%To by=—Te—=T, b4:_re——ro



Library of ABCD matrices

TABLE 4.1 ABCD Parameters of Some Useful Two-Port Circuits

Circuit ABCD Parameters
o Z o A=1 R= 7
C=0 D |
o 0
o | 0
A=1 B=20
Y
C=Y D=1
0! I 0
0! o)
Zo. B A = cos Bt B = jZysin Bt
C = jYpsinBe D = cos B¢

AO




S parameters (from ABCD)

v.—) Yi  evenmode
* |-Y, oddmode

T
JYs JYs
a)

Ve _ -Y'sZ, 1Z, ) Vs
I - JYé Z,+JY, =Y'sZ, Is

.22 - '2 -
J=5—=Zy\=-)Y'sZ, +]Y , 2 . e . ) ,
s - Z, 0( 572 2) S, = 2|(—Y522) —JZZ(—JY§ZZ+1Y2)| F=Sy = 1(22—y2+y%22) =Sy,
1= Z . . s : 2,y
0 0
Z . ]
821 = 2 JZZ_ZO(_JY§ZZ+JY2)
Zs ) . S, = 0 2
-2Y'sZy+j=+Z (—jY' Zy +jY ) 2 , .Z . : T=Sy= : =S
STz, 70 572 ? _2Y822+JZZ+ZO(_JY§ZZ+JY2) Aoy, iz, Y, YR

0



Relation between two port S

parameters and ABCD parameters

_ Z01 (1+ 511_ S22 _AS)

A=
Zoz 2821
1+S,,+S,,+AS
B: 201202( 11 22 )
2S,,
c__ 1 1-8,-8,+4AS

\ ZOle2 2821
5 [Ze2 1=81,+8,,-4S
ZOl 2821

AS = 51152, = 512921

_ AZ,,+B-CZz,Z,,—~DZ,
" AZ,,+B+CZ,Z,,+DZ,,

~ 2(AD-BC){Z,,Z,,
* AZ,+B+CZ,Z,+DZ,,
S _ 2 \ ZOleZ
* AZ,,+B+CZ,Z,,+DZ,,
~-AZ,,+B-CZ,Z2,,+DZ,,

S22 =

AZ,,+B+CZ,Z,,+DZ,,



Matching and coupling factor

2
- j-(zz—y2+y1222) bl:Fe +Iy _ Z%‘(Y2—y1222)
e~ B 2 2
—ZY_122+J(Zz+y22—Y122) 2 (2y122)2+(22+y2—y12 2)
_ J\Zo=Y2t V1 2p Te +Tp —21(22+y2—y122
=5 2, + iz + Y2 - 225 bz = B 2
YiZo + N2+ Y2 = Y122 (2y122)2+(22+y2_y1222)
2
T, = _ _Te-To _ —4y12,
) —2y122+1'(22+Y2—Y1222) bs = 2 ’ 5
2 (2y122) +(22+Y2—Y122)2
TOZZyz +'-(z+ —yZ ) I, -T, -2j ( - 2 )
122+ )2t Y2 = Y122 by =80 _ WY122\Z2 = Y2 + Y122
2

2
(2y125)? +(22 +Yp — Y1222)

P
by =0=2p-yp +yf2, =0= 25 = —— y§=1+ y12 C =10log — = -20log|os| ,dB
L+yi P,
_ y2 1 .
by =00y =03 =-y125 by =—jz5 by=- Y27 p, =L
Y2 y2

bs =—C 0 — j¥v1-C? -C 0
b, =~jv1-C? 5]=|~IV-¢* 0 0 -C




The cuadrature (90°) hybrid

@ (Output)

@ (Output)

Yz

2_
C[dB]=—-20-log,, Y¥2 2

Y2

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

O5fo and 1.5 fo, where fO

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



Solution

A cuadrature (90°) hybrid has C = 3dB, then g =1//2
Y, = J2 and y, =1
Z, =50Q the characteristic impedances will be:
Z1=29=50Q Z;= 20 _3540 i e aeeesnsnc

J2
@i 50Q ° 35,4Q o 50Q i@

ﬂﬂﬂﬂﬂﬂ

50Q 50Q

DDDDD

@ 50Q 3540 50Q @ |
I - o |
O Te ol of o Ik Il i & & 1
FREQ




The cuadrature (90°) hybrid

P
¥

3
T
- iy

i TLTTIUT R
<= Eammipe

it
_

".:"':}: "
- (‘ ~ I.'

¥
-

e o

4

=
=
'




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

5. _ 322Ys+ 022 = i(Y2 + YeYsZa) = WeZa

iZ2Ys + jz2 + §(Y2 + YeYsZo)+ iYeZs
2

S1p =- - - -
j22Ys + j22 + (Y2 + YeYsZ2)+ WYeZz
Even mode:
Ye :_jyl
ys = Jyl
S, = Z,-Y,-YiZ, +2j2,y,
1le — )
Z,+Y,tY1Z,
~2j
SlZe =SZle = 5
Z,+Y,tY.4,
S, = Z,-Y,— Y12, —2j2,Y,
22e —

2
Z,+Y,tY1Z,

I I.

L Y.,m/2 S
Vcc‘{(0 ZOOVS

Y. Y;

Matching condition

yi+Yy; =1

0 0 —Jy, n
0 0  —Jy1 -1y,
-y, —n 0 0
Yy - 0Ys 0 0

2

Sy1 =- - - -
iZ2Ys + izo + (Y2 + YeYsZ2)+ iYeZ2

5. _—iz2Ys+ 72— j(y2 + YeYs22)+ JYeZ2

izoYs + izo + i(y2 + YeYsZ2)+ iYeZ2

Odd mode:
ye = Jyl
Ys = _jyl

Zp -Y>2 —y1222 —2jz3y1

S110 = 5
Z3 +Y2 tYi22

_2j
Z2+Y2 +Y1222
22— Y2 —Yiza +2jz5y;

Z2+Y2 +Y1222

S120 =S210 =

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]=—20log( y,)

J2Z, =70.7Q

0.5y fo 1.5/



The 180° ring hybrid

C [dB] =-20- |Oglo(y1) 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
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Coupled Lines
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Coupled Lines
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Matching in Coupled Line Coupler
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Directivity and Coupling factor
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Coupled Line Coupler
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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
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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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DS linecalc

In schematics: >Tools>LineCalc>Start

for Microstrip lines >Tools>LineCalc>Send to
Linecalc

.
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ADS linecalc

1. Define substrate (receive from schematic)
2. Insert frequency
3. Insert input data
Analyze: W,L = Zo,E or Ze,Zo,E | at f [GHZ]
Synthesis: Zo,E > W,L / at f [GHZ]
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K_Eff = 6.276

A_DB = 0.060
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ADS linecalc

Can be used for:
microstrip lines MLIN: W,L < Zo,E
microstrip coupled lines MCLIN: W,L,S < Ze,Zo,E
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ADS linecalc
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Values are consistent
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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
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dn
——C(6 =0,n=12
do 0=m/2
C= \\;—3 = 2sin e{c1 C0S 20 + %Cz} =Cy(sin30-sin8)+C,sin o
1
dC
— =[3C; cos30+(Cy —Cy)cosO]|,_ ,, =0
do 0=m/2 Z%e _ de x5 1.0122 _50.630
d%c . . '
—— =[-9C;sin30—(C, —Cy)sin 0]|,__,, =10C;—C» =0
462 O=r/2 75, = zgo — 50 /—2'3;3;: =49.38Q
C,-2C,;=0.1 TToE |
10C; —~C, =0 z&, :50‘/ﬁ =56.69Q)

Cy = C3 =0.0125 , _ [o875
{Cz —0.125 Lio = 50#@ =44.10Q



Simulare
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The Lange Coupler

allows achieving coupling factors of 3 or 6 dB
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The Lange Coupler
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Circuit model
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The Lange Coupler




Directional Couplers

Laboratory no. 2




Directional Coupler
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The cuadrature (90°) hybrid
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Quadrature coupler
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The 180° ring hybrid (rat-race)
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Ring coupler

Figure 7.43
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Coupled Line Coupler
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Coupled line coupler
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