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Scattering matrix-S

Scattering parameters

V, Vv, Vi _ St Si . V1+
«— — Vy | Sa Swl | V)
V V
e [ F
2> Sy ==+ Sy =%
Vi V, =0 Vi v, =0

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

the port
L=0->V,=0



Power waves for N ports

pl=[F]-(2]- 2] ) (2)+ [z ) [F ] L]
The scattering matrix for power waves, [S ]
b]=Is,] [a]
s, |=[F]-(2]-[z:T ) (2] + [z ) - [F T

But:  [s]=(1z]-1z,)-(Z]+]Z, )"

Typically

Lo =ZLp =Ry, Vi [S] _ (g thgy_
Ry =50Q pl [ ] coincide!!!




Scattering matrix-S

d, d, |:b1:|:|:S11 S12:| |:al}
<b— T) b, S Sn ||
1 |
o s, b
Sy =—+ Sy, =%
al a2:O CZ2 a1=0

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



Scattering matrix-S

d, d, |:b1:| :{Sn S12:|_|:a1:|
<b— T) b, S Sn | a4
1
[S] : b b
al a2=0 Cl2 a1=0

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



Scattering matrix-S

d d
1 2 |:b1:|:|:S11 S12:|_|:a1:|
«—— —_ b, S Sn | a4

‘S ‘z _ Powerin Z, load
1 Power from Z, source
—
a,b
information about signal power AND signal phase
S..

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



Even/Odd Mode Analysis



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 50 O 50 O

50 O 50 Q) 50 O

® [l OO .

50 Q




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




Course Topics

Transmission lines

Impedance matching and tuning
Directional couplers

Power dividers

Microwave amplifier design

Microwave filters
Vil Leni



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

£00) OUT (509Q)
SOQ \
50Q2

o

50()



Three-Port Networks

also known as T-Junctions

characterized by a 3x3 S matrix
Sll S12 S13

[S]: Sy Sy Sy

: —S?I S32. 53 | e :

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]t Sij :Sji»
S =883 =831,95 =5,

Vj#£i

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

then the S matrixis:

0 5, S13
[S] = Sl2 0 S23
_S13 Sz3 0




Three-Port Networks

reciprocal, matched at all ports, S matrix:

[ 0 APRVE
[S] — S12 0 S23
_Sl3 Sy 0

lossless network

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

ST -[sT =111 >SSy =6,,Yi,)
k=1

N * N *
k=1 k=1



Three-Port Networks

lossless network v

0 S, S, szki Sy =1
-
[S]: S, 0 5, N

Sl3 S23 0 ZSICZ Slg =O,Vl ¢]
- k=1

6 equatlons [ 3 unknowns
Slz T 13‘ =1 S13Sz3_0

2

Sy +S23‘ =1 128, =0

2

Sis| + 523‘2 =1 S;Slz =0
no solution is possible




Three-Port Networks

[ 0 S, i
[S] — S12 0 S23
_S13 Sy 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, 0
6 equations / 6 unknowns

Sol +[S,[[ =1  838,=0

Syl +Syu =1 85,8, =0

Syl +Su =1 $58,=0




Nonreciprocal Three-Port Networks

two possible solutions
circulators

clockwise circulation
[51{

0
512:S23:S31:O 1
0

‘Szl‘ :‘Ssz‘ :‘SB‘ =1

counterclockwise circulation

0

1

S21:S32:S13:O 5
‘Slz‘ :‘st‘ :\S31\ =1 R [

-

-



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 O3 S1*3523 =0
[S]=|S, 0 S, .S, +8558, =0
_S13 S23

S;Slz +S§3S13 =0
Si3 =55, =0 S122+S13‘2=1

‘SB‘ :‘st‘ i

Sis| + S23‘2 +‘S33‘2 =1

‘Slz‘ = ‘533‘ =1



Mismatched Three-Port Networks

A lossless and reciprocal three-port network

0

Sl2

Sis

0 S23\

53

S33_

. e e e e, s e e s . e’

0

0
e]

0

0
e]

0
0

S13 :S23 =0

'

‘Slz‘ - ‘Sss‘ =1
S, = e’

— /P

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 Sl3 Sl4_
S21 S22 S23 S24
S31 S32 S33 S34
S4l S42 S43 S44_

51-

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»
S =883 =831,95 =5,

Vj#£i

matched at all ports
5, =0,Vi 511 =0,5, =0,5;; =0,5, =0

then the S matrix is:

O S12 Sl3 Sl4
SlZ O S23 S24
S13 S23 O S34

_S14 S24 S34 O

51-




Four-Port Networks

reciprocal, matched at all ports, S matrix:
I 0 S12 S13 S14_
[S]: S12 O S23 S24

S13 S23 O S34
S S Sy 0

lossless network

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

N
ST -[sT =11] D Si Sy =8;,Yi,j
k=1

N * N *
k=1 k=1



Four-Port Networks

S1*3 'Sz3 + S1*4 8,5, =0 /'S; S1*2 'S23 + 51*4 'S34 =0 / Si
S1*4 'S13 + S; 'Sz3 =0 / S1*3 S1*4 Sy, + S; 'Sz3 =0 / S;
St (1suf =[5 )0 S+ (I5af” =[5 )0

0 S, S§; O
S, 0 0 5y
S 0 0 5y
0 5 & O

one solution: S,,=S5,,=0

resulting coupler is directional 5]

Su| +[Ss| =

122 ) 2 > ‘SB‘:‘S%‘
S12 +S24‘ —

S132+S34\2:1 \

‘Slz‘ - ‘534‘
S FHlsf=1—7




Four-Port Networks

I O SlZ S13 O |
[S]: S 0 0 5 ‘Slz‘ = ‘S34‘ = ‘SB‘ = ‘524‘ =p
S, 0 0 §,,
0 S, S, O B — voltage coupling coefficient
We can choose the phase reference

Ca
S, =5y =a Sy=p" e’ Su=p e’
S1*2~S13+S;4-S34=O —> O+d=nt2-n-x
S| +]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)

Sy '(‘Sls‘z _‘524‘2): 0 52 '(‘512‘2 _‘534‘2):



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 p-e’ 0
0 0 e’
[S]: 05.0 ﬂe
p-e’ 0 0 a
0 B «a 0 |




Four-Port Networks

two particular choices commonly occur in

practice
A Symmetric Coupler (90°) 9=¢=72/2
(0 a jB 0]
a 0 0 jp
jp 0 0 «a
0 g a 0]
An Antisymmetric Coupler (180°) 60=0,¢=x
(0 o B 0
a 0 0 —-p
g 0 0 «
0 a 0 |

51-

[s]=




Directional Coupler

Input @ @ Through

2

> \ > . ‘Slz‘ :052:]—,32
. - S ‘2 2
Isolated @ @ Coupled ‘ 13] IB

Coupling
B
Input ® @ Through ~ C =10log I =-20- log(,b’) [dB]
- > 3
>< Directivity
?solated @ @ Couple; P3 ,B
D= IOIOgF =20-log m [dB]
i B, f 14
Isolation

I =10log 2 = ~20. log|S,,| [dB]

[=D+C, |dB] 2



Power dividers



Three-Port Networks

0 S, S,
[S] = S12 0 Sz3
_S13 Sz3 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
line Z,
outputs (unmatched, Z, and
Z,) can be, if needed,
matchedto Z, (A/4,
binomial, Chebyshev)



Power division of the T-junction

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

Zl Z2 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 vy
1V =

in :E Z— 2 Z1

’ _L

then 275 Z,

P =F+P, (lossless/input matching)
B Z,  (powerdivision between
E Z — ¥ the two output lines)

Z Z

R=F, —— P=F, —

Z,+72, Z,+7Z,
1
R=P,-——  P=P —
l+a 1+«

lezo-(nlj Z,=2,-(1+a)
04



Power division of the T-junction

S matrix
lossless (unitary matrix)
reciprocal (symmetrical matrix)
input port is matched 5,,=0

l+a 7 Vl+a

1 |1
P:P'— S :S = _—
3 1 1+ 31 13 1+«

the reflection coefficients seen looking
into the output ports

Z Nz, -7 1
S22:F1:Z0 : F=-

o Z,+Z, 1+«

Z N\ Z -7 a
S33:F2_ 0 1 2

“ZZ+Z, l+a



Power division of the T-junction

l+o
1

1+«

o b
l+«a l+«a
1
- X
l+«o

Unitary matrix, columns 1 and 2

0-— : N < +xWW—L—=O
l+o V1l+«o l+o
Ja

S23 :S32 :E
0

NE -

l+o

L

i l+a

\/ a
|+«

\/ 1
| 1

1 Ja
_1+a 1+«
Ja a
T

1+a_



Power division of the T-junction

3dB divider i 0 1 1
equal splitting of the power NN
between the two outputs 5] 111
Z, =7,=27,,0=1 J2 2 2

I
V22 2
If we add A/4 transformers to match
outputs to Z, S matrix:
+
%0 |_> Vo | /5 i 0 A _L_
- RN
' 1 1
Yin S — _L _ -
sl=l-7 37
g 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
1 vy R+P,=P h=74
])in:_‘—o . - X
2 Z, F:P =31 Pzzépm
1 V2 o1 L4
R:_.—:_'Bn 21:4‘ZOZIZOQ
2 7 4 Input match check
PFLV_&_;‘ Z,=4.7, /32400 Z. =40Q1120Q=30Q
2 Z, 4 "

quarter-wave transformers Z. =+/Z,-Z,
7'=Z -7, =120Q-30Q =60Q  Z*=./Z,-Z, =/40Q-30Q =34.64Q




Resistive Divider

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

reciprocal
matched at all ports

Bortd p, Theimpedance Z, seenlookinginto the

Zo/3 resistor followed by a terminated
output line:

Z 47
Zy/3 Z=—"rtZy=—>
Port | R '\/\0/\/\/ 3 3
i + The input line will be terminated with a
P 2 ™% re Zo[3 resistor in series with two such
© lines Z in parallel
7
n Z 1 4Z
Zin =—" T "= ZO
3 2 3

so it will be matched: §;, =0

from symmetry: S;; =8, =85, =0



Resistive Divider

If a three-port divider contains lossy
components, it can be made to be:
reciprocal
matched at all ports S;; =5, =53;=0

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

Z/2 B 27,/3 B %
Z/2+27,/3 ' 27,/3+Z,/3 3
The output voltages are, again by voltage
division :
V=V =V

|
S21 :Ssl :5

V="

1

Port 1

Pi—> 2,

2y _3
Z,+Z,/3 4

V==V

_1
2

1
2

P from symmetry: S, =S85, =85, =



Resistive Divider

If a three-port divider contains lossy components,
it can be made to be:
reciprocal (S matrix is symmetrical) S, =S, =5, ;
matched at all ports 5,1 =5,,=5;;=0

0O 1 1
S matrix: [S]zl-l 0 1
2
_1 1 O_
il Powers: P — l V_
Py—> Z, 2 Z
pop=L U2 LW 1,
2 Z, 8 Z. 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 §,;=5;,#0

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

it also has the useful ,_
property of appearing , V% /fs
lossless when the output i % ll //
ports are matched AR 22,

only reflected power /_A\_>/é s

from the output ports is
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
/— 22—/
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
J =
2 +V§ NA 2 C“’ ¥y

= 0.C. 0.C. =3

(a)

Port 2

+V5 / 1
Port 1
Z Cf\, 2V
) 0/ 7\\& 12 0
+V]

(b)



The Wilkinson power divider

even mode, symmetry plane is open circuit
Port 2

+V5& / 1

Port 1

ol

= 0.C. 0.C. =

lookingintoport2, A/s, _ Z? _ B _ ,
transformer with 2 load Zmz — 7 if 2= \/E port 2 is matched Zmz =1

V(x)=V" (e +T ") ii?ﬁi“;i’ﬁf;m .
_I_

ve=v(-1/4)=jv*-(1-T)=V, X W=V(O)=V+'(1+F)=J'Vo'—_1
AN

in2

I': reflection coefficient seen at port 1 looking toward the T = 2-2 Ve = _jVO\/E
resistor of normalized value 2 from the transformer 7 =+/2 2442




The Wilkinson power divider

odd mode, symmetry plane is grounded
Port 2

+V3 / I

Q

o

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

Zyy =1 =V} =V,

V=0 |in the odd mode all the power is dissipated in the r/2 resistor

Z,=rl2 if =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

Zmlzé(\/i)zzl S =0
Z.,=1 Z,,=1 and Zy=1 Z,,=1 Sy =8;=0
Ve+re j
S, =8, = le 10 =T =
Ve+vy o 2
J
and S13 = S31 — _ﬁ

due to short or open at bisection, both eliminate transfer between
the ports + reciprocal circuit

S23 :S32 =0



The Wilkinson power divider

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

0

V2o 2
0 0

0

J

J

0

0

N

1.5,



The Wilkinson power divider

3 XWilkinson =
4L-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 p-e’ 0
0 0 e’
[S]: 05.0 ﬂe
p-e’ 0 0 a
0 B «a 0 |




Directional Coupler

Input @ @ Through

2

> \ > . ‘Slz‘ :052:]—,32
. - S ‘2 2
Isolated @ @ Coupled ‘ 13] IB

Coupling
B
Input ® @ Through ~ C =10log I =-20- log(,b’) [dB]
- > 3
>< Directivity
?solated @ @ Couple; P3 ,B
D= IOIOgF =20-log m [dB]
i B, f 14
Isolation

I =10log 2 = ~20. log|S,,| [dB]

[=D+C, |dB] 2



Four-Port Networks

two particular choices commonly occur in

practice
A Symmetric Coupler 0=¢=r/2
0 a jB 0]
s]=| 0 0 jp
jp 0 0 «
0 g a 0]
An Antisymmetric Coupler 6=0,¢=7x
(0 o B 0
[S]: a 0 0 -p
p 0 0 «a
0 - a 0




Hybrid Couplers

Hybrid Couplers are directional couplers with 3 dB coupling factor

a:ﬂzl/ﬁ

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

(0=¢=r/2) (0=0.4=7)

01 j 0 0 1 1 0

1100 ({1 0 o -1
[S]:ﬁ‘OOI [S]ZT

J 211 0 0 1

0 ;10 0 -1 1 0



The cuadrature (90°) hybrid

A
|
(Isolated) @ Y @ (Output)
Zy .
Zo/N2
© John V;Iiley & Sons, Inc. All rights reserved. B O ] 1 O ]
117 0 0 1
[s1=—|"
J2[1 0 0
0 1 ;5 0]




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 !!



Even/Odd Mode Analysis

A =]
SO 1/v2 . ©
-~ —

B, B, I

| | %

B B, -




Even/Odd Mode Analysis

@ | / N2 1 Q) % |
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
b=—T,+-T, by==T,+—T,
2 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
—

1 1 1 1
b =T ——T b :—F _—F
3 7 e 5 0 4 9 e 0]



Library of ABCD matrices

TABLE 4.1 ABCD Parameters of Some Useful Two-Port Circuits

Circuit ABCD Parameters
o Z o A= 1 B=Z
C=0 D |
o 0
o | 0
A ] B=20
Y
C=Y D=1
o | 0
o 0
Zo. B A = cos B¢ B = jZgsinBe
C = jYpsin e D = cos B¢

VO




S parameters (from ABCD)

v = Y, even mode
STy, odd mode

7T
Y,.Z, Zy, 2 Yo,Z,
jYs jYs
a)

V,] [t o][o jz,J[ 1 0][Vs
L [jY's 1], 0 ||jYs 1|1

jé_zo(_jY'é Z, +jY2)

Vel | —YsZ, iZ, Vs
L] [-iYSZ+iY, -YsZ,] |

, 2. < . ) '

S Zo Sy, = 2|(_YSZ2) _JZZ(‘JY522+JY2)| r=s, = J(Zz—yZ +y?922) _ S5,
= Z . . RSP , 2,y
—2Y'Szz+j;2+zo(—jY'§+jY2) —2Y'SZ2+_]22+ZO(—]Y'§Z2+JY2) —2y'szy+j (22 +y2 = V'5 22)

0 0
Z o :
S, = 2 JZZ—ZO(—JY§ZZ+JY2)
Z — 0
—2Y'Szz+j—2+ZO(—jY'§Zz+jY2) S _ 2 S,

, Z con . T=S, = . =
Zy _2Y322+J22+Zo(_JY§ZZ+JY2) ! —2y's2y+j (2, + Y, — Y5 2,)
0



Relation between two port S

parameters and ABCD parameters

Zm (1+S11 _Szz _AS)

A =
Zoz 2Szl
I+S5,+S, +AS
B: Zolzoz( 11 22 )
28,
oo L 1-5,-S,+AS
\/201202 2S21

b |Zn =8, +8, -AS
ZOl 2S21

AS = S11S22 _S12S21

Sll

12

S21

S22 o

_ AZoz + B - CZmZoz _DZm
AZ, +B+CZ,Z,, +DZ,,

~ 2(4D-BC)\Z,Z,
- AZ, +B+CZ,Z,, +DZ,,

2 \ Z(nZoz
AZ,+B+CZ,Z,, +DZ,
 -AZ,+B-CZ,Z,, +DZ,

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




Matching and coupling factor

. 2 2
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The cuadrature (90°) hybrid

@ (Output)

@ (Output)

C[d ] =—-20-log,, 0.5/, £ 1.5,




Example

Design a cuadrature (90°) hybrid working on 50 2, and
plot the S parameters between

0.5 fy and 1.5 f, where

1s the frequency at which the length of the branches 1s K/ 4



Solution

A cuadrature (90°) hybrid has C = 3dB, then /= 1/ V2
Y, = \/Z and Y, =1

Z,=50Q the characteristic impedances will be:

Z
Z1 =2y =50Q Z,==2=3540

J2
@i 50Q . 35,4Q o 50Q i@

50Q 50Q

@ 500 3540 500 @ ]
i ® @ |
O Te ol of o Ik Il i & & 1
FRE




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




Datasheet

TYPE SMA
STAINLESS STEEL
FEMALE CONNECTOR
TYP.

—»| 25 |e— _.I 25 |-

LA i .

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

’ sscesertl B L R (@)  BclCpldPwr  Te  (dBmin) PrimaryLine Secondam
.!UME[ u '/075 T }:ﬂmﬂ] s MDC6223-6 0.5-1.0 6 £1.00 +0.60 0.20 1.80 25 1.15 115
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 1.15 115
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 22 115 115
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 +1.25 *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 splitinto 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

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 !!



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, = 220 ¥ — 2+ versza) = Jvezs
jZZys +Jjz2 +j(y2 +yeysZZ)+jyeZZ
2

S12 = : : .
Jzays + jza + j(va + Yeysza )+ jveza
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Ye =-JYi
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g = Z,—Y, —Y12Z2 +2jz,y,
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Example

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

frequency.

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

J2Z =70.7Q

0.5y fo 1.5/



The 180° ring hybrid

C [dB]=-20-log,,(,) 0.5f fo 1.5

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



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 !!



Coupled Lines

<
(a) (b)
%74 S %4
- C—— > C—>
A
d €,

Y

N N R N
(c)

Figure 7.26
© John Wiley & Sons, Inc. All rights reserved.



Coupled Lines
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Figure 7.27 +V

& /
© John Wiley & Sons, Inc. All rights r / // /
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Matching in Coupled Line Coupler

o —~ 4 4
— | —

\ Vﬁ) Zo v 7
E/2 E/2 0




Directivity and Coupling factor

1 jCsin(0)
by=—(,-T,)=
| oY cos(@)\/l—C2 + jsin(0)
b E(Te T,)=0
by l(T T,)= -
2Z ~ 7 cos(OW1=C2 + jsin(0)
ce




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




Coupled Line Coupler

10
A .
740 wo T C
Input Through . ;‘ 20 | | |
Q
2 30
2 - ]
ZceZco = ZO %D 40 —
=
= -
‘ﬁ‘_zce_zco 8 50 D
Zce T Zco ﬂ/ \
C[dB]ZO] Zce_ZCO6O|||l|||||||||||||||
= 010 7 7. 1.0 24 3.0 4.0 2.0
Frequency (GHz)

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



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 50€2,
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

File Edit “iew Structure

Window Help

D|2R] & =] &l 7S & s | ] ) m ) EEELs =) 2]

M Edge-coupled Symmetric Stripline (CPL)1

C=10"2%20 -

Zoo =50 % = 45.230Q

1.1
Zoo =50,[—= =55.280Q
0.9

—Dimensions —Electrical —Inits
W |1.14072 W s, W zo |50
0 Dimension
8 [0.51747 \: K |20 I—_|
hidiiy] -
= EE E =]n]
= k Frequency
E E————
g Er 7q [45.2267 GHz -
p [15.5142 ikt .
7a [55.2771
Impedance
Fregquency Frequenoy Ohrn
B |analysis| | AutoCalculate Off || Y Reset an Y | [Eynthesis] |5
Electrical
—oubstrate = —Metallization Length
Required Layers Metal MName Code Besistivity Thickness
De
E 1.38 ER 2.36 BEottom |*N0ne“‘ j| | | &
Resistivity
midate [moner S| | |
uchn * S
) I | [ ey
RGH |D |Add hew met.al|
For Help, press F1 LI

A

ce

Z

1+C

—— 7
1-C

co

1-C
1+C
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Simulation

11121199 Ansoft Corporation - Harmonica ® v8.0 16:28:24
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DS linecalc

In schematics: >Tools>LineCalc>Start

for Microstrip lines >Tools>LineCalc>Send to
Linecalc

.
. LineCalc/untitled

' = D
D) E el &
Component
Type |MLIN v | D |MLIN: TL25 v
Substrate Parameters
Physical /‘\ ,_2_,
— Y D (57 ///
ol liia w 13.660 mi v // L/ //
— L 386.030 (mi  ~] 74 ( /
H 15.000 | mil > = / ’1&(}{/
Er 9,600 N/A 3 ¢ e+
Mur 1.000 N/A [ = ‘
Cond 5.96E47 TA Synthesize Analyze
Hu 3.9e4034 i M ‘ ‘ ‘ E ‘ T:t:fla_te; :;e:u'ts
T 1.400 mi ] Electrical A_DB = 0.060
oo + 8004 20 50.098%00  [Ohm _v| |SkinDepth=0025
Component Parameters E_Eff 294.984000 \die;fiv}‘
Freq 10.000 |GHz v A
Wall1 1.0E+30 |mi v A
wall2 L.0E+30 |mi > A
Values are consistent




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]

2

nnnnnnnnn

aaaaaaaaaaaaaaa

K_Eff = 6.276

A_DB = 0.060
v | SkinDepth = 0.025




ADS linecalc

Can be used for:
microstrip lines MLIN: W,L <> Zo,E
microstrip coupled lines MCLIN: W,L,S < Ze,Zo,E

2o LineCalc/untitled

File Simulation Options Help
<] F <] F
N H& N H&
Component Component
Type [MLIN v | o [Mun: TL2s v | Type [MCLIN v | 0 [McLN: McLIN_DEFAULT v |
Substrate Parameters Substrate Parameters
4 3
Physical Physical
D Aumna v w 13.660 i~ s w s52201  [mi_v]
- _— L 386.030 [mi  ~ - s 7.993661  |mil
H 15.000 {mil =) 4 - H 15.000 — (/e
= : L 121714173 [mi_ v (==t
Er 9,600 3 Er 9,600 — [ sl S wle+|
£ —_—
Mur 1.000 Mur 1.000
Cond 5.96E+7 SYnthe=s (- A0S Cond 5.96E+7 Synlhesx Ay
‘ |Z| | Calculated Results IZ‘ Calculated Results
Hu 3.9e+034 mil Hu 3.9e+034
——— K_Eff = 6.276 KE = 6.978
T 1.400 (mi_ v Electrical A_DB = 0.060 T 1.400 Electrical KO = 4.870
EN 1 00044 ‘ 20 50.098900 [Ohm v | |SkinDepth=0025 Tann 1 A00a 4 7 20.040 AE_DB = 0018
Component Parameters | = 3| Component Parameters AQDE=00:2
P E_Eff 294.984000 wliggiv\ P 0 39.370 SkinDepth = 0.025
Freq 10.000 ‘Qﬂz al Freq 10.000 0 52.511663
Wwall1 1.0E+30 ‘mll > | C_DB -11.046865
Wwall2 1.0E+30 ‘mll ] E_Eff 90.000
Values are consistent Values are consistent




ADS linecalc

, _

Values are consistent

File Simulation Options Help
' < i)
D E &
Component
Type |MCLIN v | ID |MCLIN: MCLIN_DEFAULT v

Substrate Parameters
Physical

N e & w 9.924201  [mi  ~|

: - : 5 7.993661  |mi v/

- 15.000 | mil A b :
L 121.714173  |mi v |

Er 9.600 N/A |

Mur 1.000 N/A

Coad 5 O6E+7 N/A Synthesize Analyze

Hu 3.9e4034  |mil v ‘ EI l | }

T 1.400 ' mil v| Electrical

Tanh 1 N0Na_A Y ZE 70.040 I’Ohm v !

Component Parameters 70 39.370 l'Ohm v |

Freq 10.000 GHz v 20 52.511663  [Ohm ¥ |
C_DB -11.046865
E_Eff 90.000 deg  ~|

v
E o\ e S
t

Calculated Results

KE = 6.978

KO = 4.870

AE_DB =0.018
AO_DB =0.032
SkinDepth = 0.025




Multisection Coupled Line Couplers
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Figure 7.35
© John Wiley & Sons, Inc. All rights reserved.
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Example

Design a three sections coupled line coupler with 20 dB coupling
factor, binomial characteristic (maximum flat), working on 50€2,
at the design frequency of 3 GHz. Plot the coupling and
directivity between 1 and 5 GHz



Solution

dnc(e =0,n=1,2
b 0=m/2
C= % = 2sin9[Cl cos29+%C2} = Cl(sin39—sin9)+ C,sin®
1
dC
—=[3C100339+(C2—Cl)cose]| _»,=0 10125
do O=ri2 Zhe =23, =50 "0 =2 = 50.630
d*C ‘
~—— =[-9C;sin30—(C, - C; )sin0]|,__,, =10C; =C, =0
d9? 6=r/2 Z(l)o — zgo =50 (1).(??;: =49.380
C, —2C; =0.1 s '
10C; —Cy =0 z3, :50,/m =56.690

Cy =C3 =0.0125 2> .. |0.875
{Czom zé, _50‘/ﬁ_44'109



Simulare
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The Lange Coupler

allows achieving coupling factors of 3 0r 6 dB
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Figure 7.38
© 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

! Z0eZ00(Z0o + Zoe )
Zog = 7= 7 7 = 0e“00\*~00 Oe
’ VC04 0 edstod (3200 +ZOe )(3206 +ZOO)
Lo, + 2
Coy = C3C. +C,) A Zoy 2 322, - 22
e4 — C +C 3200 + Zoe C=2e4 " %04 _ 0e — %00
e %o Zea +Zo4 3(22 +7¢ )+ZZOeZOO
7 +ZO Oe 0o
0
c _C,(3¢, +C,) Zo4 =20, 328 +ZO
04 Ce +CO Oe 00
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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)

C [dB]=-20-log,,(,) 0.5f fo 1.5

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



Coupled line coupler




Contact

Microwave and Optoelectronics Laboratory
https://rf-opto.etti.tuiasi.ro
rdamian@etti.tuiasi.ro
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