Chapter 7. Power divider and directional coupler

ePower dividers and directional couplers: Passive (or active) microwave
circuits used for power division or power combining.

Divider [——> P,=aP, P, =P, + P;| Divider |*——P,
P — or B A or
coupler — 5 Py=(1-a)P, coupler ~——P,

(a) I (b)

Figure 7.1 Power division and combining. (a) Power division. (b) Power combining.

v Divided into two (or more paths) signals of lesser power
Ex.] 3-port networks: T-junction, Wilkinson divider, etc.
4-port networks: directional couplers, hybrids, etc.
v Equal-division (-3 dB) or unequal power division

v 90" (quadrature) or a 180° phase shift between the output ports.
7.1 BASIC PROPERTIES OF DIVIDERS

eThree-Port Networks (T-Junctions)
v Simplest type of power divider

v Three-port network with two inputs and one output (or with one
input and two outputs)

v Scattering matrix of an arbitrary three-port network:
Sll S12 Sl3
[S]: Sy Su Sy (7.0
S31 S32 S33



v In case of passive and no anisotropic materials, [S] matrix must be
reciprocal and symmetric (S;= Sji)

v If all ports are matched and lossless network, then S;i =

v Revised scattering matrix:

0 S12 813
[S]=|s, 0 s, (7.2)
S13 S23 O

v By the unitary property of the scattering parameter
(< energy conservation: [S]* [S]'=[U]),
0 S, S,|[0 S, Sg 1 00
S, 0 S.|lS, 0 S,|=|0 10
S, S, O01S; S, O 0 0 1

S| +[S,[ =1 (7.3a)
S| +[S, =1 (7.3b)
Syl +|S, =1 (7.3¢)
555, =0 (7.3d)
S5, =0 (7.3¢)
55,5, =0 (7.3f)

v Equations (7.3d-f) can’t be satisfied simultaneously.
=>» At least two of the three parameters Si,, Si3, S23 must be zero.
=>» Inconsistent with one of equations (7.3a-c) that implying a
three-port network cannot be lossless, reciprocal, and matched

at all ports.

v If the three-port network is nonreciprocal, then S; = S; and the
conditions of input matching at all ports and energy conservation

can be satisfied. =» Circulator



v The [S] matrix of a matched three-port network has the following
form: (« Nonreciprocal)

0 SlZ S13
[S]=|s, 0 S, (7.4)
S31 S32 0

If network is lossless, [S] must be unitary ([S]*[S]'=[U]),
0 S, S,|[0 S, S, 1 00

S, 0 SillSs, 0 S,|=/0 1 0

* *

S;, S, O01S; S, 0| |00 1
$.5,,=0, S.,S,=0 (7.5a) X
$,.5,=0, $,5,=0 (7.5b) X
S,,S,=0, S,S,=0 (7.5¢c) X
S| +[Sw| =1 (7.5d)

S, +[Sx| =1 (7.5€)

Sl +[Ss| =1 (7.5f)

These equations can be satisfied in one of two ways. Either

S;; =Sy =5; =0, |821| = |832| = |813| =1, (7.6a)
or Sy =Sz =5,;=0, |812| = |st| = |S31| =1, (7.6b)

> S; #S; for i=j, : Nonreciprocal.

@ @
0o 0 | | 01 0 @D
[S]=|1 0 © @ (s1=| 0 o0 1
0 1 0 1 0 O

©) ©)

(a) (b)

FIGURE 7.2 The two types of circulators and their [S] matrices. (The phase references for the ports are

arbitrary.) (a) Clockwise circulation. (b) Counterclockwise circulation.




v Alternatively, a lossless and reciprocal three-port network can be
physically realized if only two of its ports are matched. If ports 1
and 2 are these matched ports,

O S12 S13
[s]=|s, 0 S, (7.7)
Sl3 S23 833

To be lossless, the following unitary conditions must be satisfied:
0 S, S,|[0 S, Sg 1 00

S, 0 S.l|lS, 0 Su|=/0 1 0

* * *

S, S» Su|[Ss S S| |0 0 1
$:.S,, =0 (7.8a)
S5,S,; + S2;S5, =0 (7.8b)
S35, + 555, =0 (7.8¢)
S| +[Sw| =1 (7.8d)
S| +[Sx| =1 (7.8€)
Sua|” +[Sa| +[Sss| =1 (7.81)

> [Sy;|=[S,| due to Eq.(7.8d -e),

S;3=5,3=0 (—Eq.(7.83)), and [S,|=|S;|=1 («Eq.(7.8d) and .(7.8f))

: |
|
| S :eﬁ |
o4 2 L
0 ef 0 ] i ,
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: Syy=e/?
|
|

FIGURE 7.3 Areciprocal, lossless three-port network matched at ports 1 and 2.



oFOUR-PORT Networks (Directional Couplers)

v The [S] matrix of a reciprocal four-port network is matched at all
ports:

0 S12 S13

S 0 S

[S]: 12 23 24 (79)

13 S23 0 34

_Sl4 S24 S34 0

14

w v w;m

v From the unitarity, or energy conservation, consider the
multiplication of row 1 (of 1% matrix) and column 2 (of 2"
matrix), and the multiplication of row 4 (of 1% matrix) and
column 3(of 2" matrix):

6—S,—S-—5-|[0 $, S5 S.| [1 0 0 O]
S1*2 0 st 824 S, [0 2 S _ 0100
8:3 823 0 8;4 Sz 9 Sy 0010
_81*4 Sor—S4 O[S, 3 3a ] [0 0 0 1]
S48, + 55,5, =0, (7.10a)
S14S15 4525, =0, (7.10b)
v [EQ.(7.10b)xS1s™ - EQ.(7.10a) x Sz4’]:
x 2 2
S14(513| _|Sz4| )=0. (7.11)

v Multiplication of row 1 (of 1%t matrix) and column 3 (of 2"
matrix), and the multiplication of row 4 (of 15" matrix) and row 2
(of 2" matrix):

S;,S,5 + 51455, =0 (7.12a)
S1451 + 53455 =0 (7.12Db)

v [Eq.(7.12a)x S12 - EQ.(7.12b) x S34]:
S,(1Sw| —[Sa) =0 (7.13)



v One way for (7.11) and (7.13) to be satisfied is S14 = Sp3 = 0.
=> (Isolation of) Directional coupler

v Self-products of the rows of the unitary [S] matrix of (7.9):

S| +[Su[ =1, (7.14a)
S| +[S,| =1 (7.14b)
Syl +[Su| =1, (7.14c)
S, +[Sal =1, (7.14d)

> [Si3] =S5 dueto Eq.(7.14a) and Eq.(7.14b)
|S121=1Ss4| due to Eq.(7.14b) and Eq.(7.14d)
=>» (Coupling and through of) Directional coupler

v Further simplification can be made by choosing the phase references
on three of the four ports.

S12 = Sas = &, S13= )%, and Sy = e,
where «, f: real,
6, ¢ . phase constants to be determined

v Dot product of row 2 (of 1%t matrix) and column 3 (of 2"
matrix):

S1*2813 + S;4834 =0, (7-15)

afel’ +afe ¥ =0
O+p=r+2nrz (7.16)

v If we ignore integer multiples of 2z, there are two particular
choices that commonly occur in practice:

1. Symmetrical coupler: 6= ¢ = 7/2

=>The phases of the terms having amplitude g are chosen
equal.



0 a B O
0 0 j
Bk}} 0 o f (7.17)
0 B a O]

2. Anti-symmetrical coupler: =0, o=«
=> The phases of the terms having amplitude g are chosen to
be 180° apart.

0 a p 0
0O 0 -
[S]=; 0 o aﬂ (7.18)
0 -8 a 0]

v Basic operation of a directional coupler:
Incident port: port 1
Coupling port: port 3
Through port: port 2
Isolation port: port 4

(Coupling coefficient |S;3]2= 32
(Delivering coefficient | S12|2= a2=1- B?)
(No power is delivered)

Coupling=C :1OIog%=—20Iog,B [dB] (7.20a)
3
o P B
Directivity =D = 10IogF = —20IogW [dB] (7.20b)
4 14
Isolation= 1 = lolog% =—20log|S,,| [dB] (7.20c)
4
= 10Iogﬂi = 10Iogﬂ+1OIog&
P, P, P, P,
=C + D [dB] (7.21)
Input @ @ Through

— W »

I:nlaled @ ©) Coupled T1GURE 7.4 Two commonly used
symbols for directional
couplers, and power

Inpul_‘ @ @ Thmu%h flow conventions.

XL

Isolated (:‘4) (D Coupled



v Hybrid couplers: special cases of directional couplers

Coupling factor: 3dB < a:ﬂzllﬁ,

1. Type 1: quadrature hybri

d

90° phase shift between ports 2 and 3 (6= ¢= #2)

0 1 j O

[s]- g

—_ O O

1 0
i 0 1
0 10

(7.22)

2. Type 2: magic-T hybrid or rat-race hybrid
180° phase difference between ports 2 and 3 when fed at port 4

[s]- jg

o L L O
o o -
, O O K

0

-1

(7.23)



7.2 THE T-JUNCTION POWER DIVIDER

oA simple three-port network that can be used for power division or
power combining

eAssume ideal transmission line and lossless junctions

FIGURE 7.5 Various T-junction power dividers. (a) E plane waveguide T. (b) H plane waveguide T.

(c) Microstrip T-junction.
e | ossless Divider

v The lossless T-junctions can all be modeled as a junction of three
transmission lines.

FIGURE 7.6 Transmission line model of a

lossless T-junction.




v Fringing fields and higher order modes associated with the discontinuity

at such a junction =» stored energy =2 accounted for by a lumped
susceptance, B.

Jv1In order for the divider to be matched to the input line of characteristic

Impedance Z,,
Yin:jB+i+i=i (7.24)
Zl ZZ ZO
vIf we also assume B =0,
ESE (7.25)
Zl ZZ ZO

vIn practice, jB can be not negligible. =» Need reactive tuning element !

EXAMPLE 7.1 T-junction Power Divider
vZo =50 Q

JFor 2 : 1 power dividing ratio, Z; and Z; = ?
J Reflection coefficients seen looking into the output ports?

Sol.) Input power to the matched divider:
_1ve
"2z,

While the output powers are

2 2

p 1V 1, 1VP

27, 3" 32z,
o LV 2, 2V Vg

72z, 3" 32z, 3Z,
These results yield the characteristic impedances as
Z, =32,=150Q

Z,=(32,)12=75Q

_10_



Then the input impedance to the junction is
Z. =75||150=50 Q, & Matched!!

Looking into the 150 Q output line, we see an impedance of (50 //
75) = 30 Q, whereas (50 // 150) = 37.5 Q seen at 75 Q output line.

[ _30-150

L= =—0.666
30+150

, = 371.5-75 =-0.333
37.5+75

=>» Output matchings are not good!!

e Resistive Divider
vy Contains lossy components
v Matched at all ports

v Two output ports may not be isolated.

v An equal-split (-3 dB) divider and unequal power division ratios are
also possible.

FIGURE 7.7 An equal-split three-

port resistive power divider.

_11_



vAssuming that all ports are terminated with Z,, the impedance Z, seen
looking into the Zo/3 resistor followed by the output line, is
Z 47

/=

v Input impedance of the divider:
Z. =é+(£// 420) Z, (7.27)
3 3
=> Input matched
=>» Since the network is symmetric from all three ports,
the output ports are also matched (Si1 = Sy = S33 = 0).

J If the voltage at port 1 is Vi, the voltage V at the center of the
junction is

=V, 22,13 =EV1 (7.28)
Z,13+22,/3 3
The output voltages are
Z 3 1
V,=V,=V—"72>—=-V=2V, (729
2% 7,424,013 4 2 (7.29)
J Scattering matrix: symmetric
. 0 11
[S]"EE 1 (7.30)
110

v Power delivered to the input of the divider:
2
. (7.31)

27,

Output powers are
_1Vy _1(M/2)° 1V 1

- _ = -=P 7.32
* ' 22, 2 z, 8z, 4" (7.32)

=>» The half of the supplied power is dissipated in the resistors (Pin/2).

_12_



7.3 THE WILKINSON POWER DIVIDER

e The Wilkinson power divider can be made to give arbitrary power
division, but we will first consider the equal-split (3 dB) case.

e This "even-odd" mode analysis technique will also be useful for other
networks that we will analyze in later sections.

FIGURE 7.8 The Wilkinson power divider. (a) An equal-split Wilkinson power divider in microstrip

form. (b) Equivalent transmission line circuit.

eEven-Odd Mode Analysis

vNormalize all impedances to the characteristic impedance Z.

FIGURE 7.9 The Wilkinson power divider circuit in normalized and symmetric form.

_13_



vSymmetric across the mid-plane

vEven mode.
‘ng = Vg3 = 2V
‘ Vze =V38

=> No current flow through the r/2 resistors
=>» Bisect the network of Figure 7.9 with open circuits
¢ Impedance looking into port 2
ZZ

Z; =5 (7.33) €Quarter-wave transformer

If Z=+72, port 2 will be matched for even mode excitation.

2V, =V (since Z; =1 and Vg =2V).

¢ Let x =0atport 1 and x =-4/4 at port 2, the voltage on the
transmission line section can be written as

V(X)=V ' (e + el

Then,
j2mA_2md
V, =V(-A/4)=V'(e **+Te **)
=jV'1-T)=V (7.34)
=V = jL
-1
+1

V=V =V "1+ = jV—=
1 (0) ( )=1] -1

¢ Reflection coefficient (I') seen at port 1, looking toward
termination resistor of normalized value 2:

_14_



2+\/§’
2-2
2+\/§+1 4 5
Vei=jVEYEe = jV——=-jJ2V 7.35
112_ﬁ_11_2ﬁ1 (7.35)
2+\/§

FIGURE 7.10 Bisection of the circuit of Figure 7.9. (a) For even-mode excitation. (b) For odd-mode excitation.

vOdd mode.
‘ng = 'Vgg = 2V
‘VZO — —V3O

¢ Impedance seen from port 2 to port 1 is like an open circuit.
If port2 will be matched for odd mode excitation,

we selectr=2. 9 V, =V and V,"=0;

_15_



¢ Input impedance at port 1 of the Wilkinson divider when

ports 2 and 3 are terminated in matched loads.

Z. :{(f)z}//{(‘/?z}zg(ﬁ)z =1 (7.36)

Port 2

1

o

/
Port 3 -

(a)

Port 2
N

Vi
Port 3 -
(b)

FIGURE 7.11 Analysis of the Wilkinson divider to find Sy1. (2) The terminated Wilkinson divider. (b) Bisection

of the circuit in (a).

¢ S-parameters characteristics for the Wilkinson divider:

S11=0 (Zin = 1 at port 1)
S22 =S33=0 (Ports 2 and 3 are matched for even and
odd modes)

VA, _—Jv\/§+0:_j/\/§

S =S. =
SRR VAR VA V+V

(Symmetry due to reciprocity)

S,=S,=—j/2 (Symmetry of ports 2 and 3)

S,;=S,;=0 (Due to short or open at bisection)

_16_



EXAMPLE 7.2 Design and Performance of a Wilkinson Divider

v Design an equal-split Wilkinson power divider for a 50 Q2 system
iImpedance at frequency f,

Sol.) Characteristic impedance of A/4 transmission line:
Z=+22,=707Q,

Value of shunt resistor:

R =2Z,=100 O
0
1S, |S2l
-10f Ny o
ISU| 0k ISH'
dB
-30+
-40 | | | ‘
0.5 fy fo 1.5 fo

FIGURE 7.12 Frequency response of an equal-split Wilkinson power divider. Port 1 is the input port;

ports 2 and 3 are the output ports.

e Unequal Power Division and N-Way Wilkinson Dividers
v Unequal power splits; a microstrip version is shown in Figure 7.13.

v If the power ratio between ports 2 and 3 is K? = P3 / Py,

_17_



2
22K oo
Z,=K?Z,=Z,KQA+K?)  (7.37b)

R= ZO(K +%j (7.37¢)

v The output lines are matched to the impedances R, = ZyK and
Rg = Zo/ K.

3=Zy/K

ul}—«/\yf—

FIGURE 7.13 A Wilkinson power divider in microstrip form having unequal power

division.
Z,NN
o — » 7
Z, NN
O ! - ZU
Z,N —ww—{ ,
Zy—> o s ; 7
I
’ Zy/NN
1 O : , - Z{}

- A —

FIGURE 7.14 An N-way, equal-split Wilkinson power divider.
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MICROSTRIP CIRCUIT '
B! A. /4!

" DIELECTRIC 7
0
BACK~.y FRONT
COAXIAL P{JoINT B
LINE /
zc,&‘
JoINT/}}
A HOLE 7
LA
/-'r/R SR SR
‘/"'/R R $R
3
PR R R
%
4
‘/"'{R f:R ZR
/“'ﬁ /IER
(a) (b) ©

Fig. 5. The arrangements of the isolation resistors for the Wilkinson
(), radial (b), and fork (c) n-way hybrids.
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7.5 QUADRATURE (90°) HYBRID (or Branch line hybrid)

e Quadrature hybrids are 3 dB directional couplers with a 90° phase
difference inthe outputs of the through and coupled arms.

e Made with microstrip or stripline forms

Z(] Vi N ‘ZU
(Input) (1) ' 1 @ (Output)
A
Zy 4\ Z
4
| -
(Isolated) (@) Y () (Output)
7 \ / z
0 ZyN2

FIGURE 7.21 Geometry of a branch-line coupler.

e All ports are matched.

e Input port #: 1
Output ports #: 2 (through), 3 (coupling) with a 90° phase shift
Isolation port #: 4

e [S] matrix:
0 j 1 0
1fj o o1
[3]—ﬁ 100 | (761) ¢ty Eq. (7.22)
01 j 0]

e High degree of symmetry

_20_



e Even-Odd Mode Analysis
v The branch-line coupler in normalized form that is normalized to Z,

v Unit amplitude of input wave: A; =1

A]=I

— (D Wi o1 @

o >
B, B, |

| 1

B -

@ 2 . 0

/2 1

1

FIGURE 7.22 Circuit of the branch-line hybrid coupler in normalized form.

v Decomposed into the superposition of an even-mode excitation and
an odd-mode excitation.
=» The actual response (the scattered waves) can be obtained from
the sum of the responses to the even and odd-mode excitations.

=> (4-port network) — (2-port network)
+1/2

@ e

1 1/V32 I
) W Ot

[ S N

12 f
— J
T
@ 1 |2 i @%1 ! |w’§ ! %
= Open-circuited stubs =
(2 separate 2-ports)

Line of symmetry

=0
V' = max
(i)

+1/2 _ +1/2
RG-S O 2 1/V2 @ — | 112 1
%1 % !] T, %{
- —_ :> ¢ / ’

1 1
-1 f 12 5=/ _EL’ =
— | —_— =1 /= 1
@ | /’ 112 Q@ %l | /N2 I %l
— Short-circuited stubs =
(2 separate 2-ports)

Line of antisymmetry
V=0
1= max
(b)

FIGURE 7.23 Decomposition of the branch-line coupler into even- and odd-mode excitations. (a)

Even mode (e). (b) Odd mode (0).
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v Since the amplitudes of the incident waves for these two-ports are
+1/2, the amplitudes of the emerging wave at each port of the
branch-line hybrid can be expressed as;

B, =T,
2
B, = %Te
B, = %Te
5,-1r

+£F

0

2
+£To
2
i

2
Lr
2

0

(7.62a)
(7.62b)
(7.62¢)

(7.62d)

where T'ep, and T.,: even- and odd-mode reflections and
transmission coefficients

v Even-mode ABCD matrices of each cascade component:

1 0]
.1_

A B

2 o)

i

0
V2

jl2
0

I

J

1(-1
L] s

Shunt
Y=j

A4
Transmission
line

Shunt
Y=j

where admittance of shunt open-circuited A/8 normalized

stubs:

Y =jtangl =] tan(27/A-A/8) = |

v Using conversion from ABCD- to S-parameter with Z, = 1 and Table
4.2, the reflection and transmission coefficients are below;

. A+B/ZO—CZO—D_(—1+j—j+1)/\/§_0

* T A+B/Z,+CZ,+D (<1+j+j-DIV2
2

2

(7.64a)

Te: = . . =
A+B/Z,+CZ,+D (-1+j+j-1)/~2

_22_
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v Odd-mode ABCD matrix:
{A B} {1_ o} _o j/ﬁ{l. 0}=i{1. j:| (7,65
C DJ |-j 1]jv2 o |-i 1] 2[j 1

=>» Reflection and transmission coefficients:
- _A+B/Z,-CZ,-D _ (L+j-j-10/V2 _
° A+B/Z,+CZ,+D (I+j+j+1)/V2
T - 2 _ 2 _ 1
° A+B/Z,+CZ,+D (1+j+j+D)/V2 2

0 (7.66a)

1-j) (7.66b)

vUsing (7.64) and (7.66) in (7.62),
B,=0 (port 1is matched) (7.67a)

B, = —iz (half - power, -90° phase shift from port1to2) (7.67b)

B, = _ L (half - power, -180° phase shift from port1to 3) (7.67¢)

N

B,=0 (no power to port 4) (7.67d)

=>» Agree with the first row and column of the [S] matrix given in
(7.61)

v Due to the quarter-wave length requirement, the bandwidth of a
branchline hybrid is limited to 10 - 20%.
=>» Multisection branch-line hybrid fpr more boad bandwidth

2 g T - g

FIGURE 7.24 Photograph of a microstrip
quadrature gybrid prototype.
Courtesy of M. D. Abouzahra,
MIT Lincoln Laboratory, Lexington,

Mass.
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EXAMPLE 7.5 Design and Performance of a Quadrature Hybrid
v Design a 502 branch-line quadrature hybrid junction.
v Plot the S parameter magnitudes from 0.5f, to 1.5f,, where fy is the

design frequency.

Sol.) Branch-line impedance:

Z, 50
S0 23540
V2 2
0
-10
|5, -20
=30
40 !
0.5/ o 1.5/,

FIGURE 7.25 S parameter magnitudes versus frequency for the branch-line coupler of Example 7.5.
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7.6 COUPLED LINE DIRECTIONAL COUPLERS

e Coupled transmission lines: Power can be coupled between the lines
due to the interaction of the electromagnetic fields of each line.

FIGURE 7.26 Various coupled transmission line geometries. (a) Coupled stripline (planar. or edge-coupled).

(b) Coupled stripline (stacked, or broadside-coupled). (c) Coupled microstrip

e TEM mode operation: Stripline
Quasi-TEM mode operation: Microstrip structures.

e Coupled Line Theory

Vv Three-wire line

v TEM propagation: The electrical characteristics of the coupled lines
can be completely determined from the effective capacitances
between the lines and the velocity of propagation on the line.

[

FIGURE 7.27 A three-wire coupled transmission line and its equivalent capacitance network.

Cyny

lll—(
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v Cip: capacitance the two strip conductors in the absence of the
ground conductor

v Cy1 and Cy,: capacitances between one strip conductor and ground, in
the absence of the other strip conductor.
=> If the strip conductors are identical in size and location relative
to the ground conductor, then Cy; = Ca,.

v Even mode excitation: The currents in the strip conductors are equal
in amplitude and in the same direction
=> Even symmetry about the center line, and no current flows
between the two strip conductors (C1, = 0)

C.,=C,=C, (7.68)

=>» Characteristic impedance for the even mode:

JLC
S e N (7.69)
C., C, \C,

where v: velocity of propagation on the line.

/_ \,:./l\ﬂ_, > G : T ¢

'I[—u.all

(a)

\:~Jf L S Y
’E wall ‘L-!-_J

(b)

FIGURE 7.28 Even- and odd-mode excitations for a coupled line, and the resulting equivalent capacitance

networks. (a) Even-mode excitation. (h) Odd-mode excitation
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v Odd mode excitation: The currents in the strip conductors are equal in
amplitude but in opposite directions.
= Odd symmetry about the center line, and a voltage null exists
between the two strip conductors.

C,=C,+2C,=C,,+2C, (7.70)

=» Characteristic impedance for the odd mode

Zpo =— (7.70)

180
160

140

100 =

[ L1 | |
200 40 60 VR0 1000 1200 140 160 0 i 60 R

\-'r__.-Z.;_ . Z
FIGURE 7.29 Normalized even- and odd-mode FIGURE 7.30 Even- and odd-mode characteristic
characteristic impedance design data impedance design data for
for edge coupled striplines. for coupled microstrip lines.

EXAMPLE 7.6 Impedance of a Simple Coupled Line
v For figure 7.26b (W >> S, W << b), determine the even- and odd-
mode characteristic impedances.
Sol.) v Since the line is symmetric, C1; = Cys.

v Capacitance of a parallel plate capacitor with plate area, A, and
plate separation, d:
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A
d ]

where & permittivity of the material between the plates.

C=

v Capacitance per unit length:
Cuu = & eW N & &W
(b-s)/12 | _(b=9)
2
g, W s eW  4bg g W
= +
(b-S)/2 (b+S)/2 h?-5?

[Fd/m]

J Capacitance between the strips per unit length:
Cur = £ regymy
v Even- and odd-mode capacitances:

4b6‘ go

Ce=Cu= [Fd/m]

S — — 2b 1
CO = Cll + 2C12 = ZSrSOW (W + gj [Fd/m]

v Phase velocity on the line:

v=1/\/e.&,1,

v Characteristic impedances:

b? —52 b% —
Ly, = vC =\ Eboly

SZ
4be e W go 4bw\/’ 4bWJE ’
Zyo =—

0 T\C, Vet ZgrgOW[Zb/(bz ~5?)11/S]

Hy 1 1
=27,
& 2W /g [2b/(b* —S?)+1/S] 2W«/8r[2b/(b2—52)+1/5]
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e Design of Coupled Line Couplers
v Four-port network is terminated in the impedance Zo.

v Driven with a voltage generator of 2V at port 1

v A ground conductor is understood to be common to both strip
conductors.

v By superposition, the excitation at port 1 can be treated as the sum of
the even- and odd-mode excitations.
v From symmetry,
IF=1;,1,=1,,V/=V,, and V,; =V, foreven-mode

I =—1;, 1, =-1,,V,"=-V,;, and V, =-V,; forodd-mode

v Input impedance at port 1:

e 0
:ﬁzvl +V,
e 0

l, I+

(7.72)

in

Coupled

/4/ \\\@

Input Through
(a)
\ a ]
™~ 1
; I
z, i, L 2o
I-_J\NV\f-Oﬁ’ 3 4 /—O-\JVVVj
= +Vy . +Vy =
I Z(Jr' Z(),. I,
Zu —Ib - Zu
] 2/ W
v +V +V, =

(b)
FIGURE 7.31 A single-section coupled line coupler. (a) Geometry and port designations.
(b) The schematic circuit.
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v Z%,: input impedance at port 1 for the even mode,
Z%,: input impedance at port 1 for the odd mode,

Zy 3, - Zy
+ 3 4 /LO—’VW\/:‘_
v Vi +V§ -
- L Zy.

I 15

Zy B > D — Z“,
+ 1 2 AN
1% +Vf TV =

Z ’
- 3 4 /Lo—'\/\/\/\,:_
v vy +Vy =
+ == 2y,

- Iy 15

[n I- - P E—— ZU
* 1 2 fo—AM

Ve =

FIGURE 7.32 Decomposition of the coupled line coupler circuit of Figure 7.31 into even- and

odd-mode excitations. (a) Even mode. (b) Odd mode.

Z,+ JZ, tané

78 = 7.73a
"z, +jZ,tand (7.732)
20 -7, Z,+ j.Z00 tan @ (7.73b)
Ly, +1Z,tand
v By voltage division
V) = Vi (7.74a)
Zp+2,
e Z;
Vo=V _—"— (7.74b)
Z +Z,
ooV (7.74¢)
Z2+Z,
I/ = v (7.74d)
Z;+2,
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v Input impedance using Eq. (7.72):

. . V eZin +V Ozin
3 V) +V, 3 Z,+Z, Z,+Z,
" Vv Y

Z:+Z, " Z2+Z,
_Za(Za+Z0)+Z5(Zn+2Z,) 22075 +Z,(Z5 +Z5) + 225 - 27
B 78 +7°+27, - 78 +7°+27,
Z(Zicr:Zi?w — Zoz)
Z:+7, +2Z,

=Z,+

(7.76)

If we let

Zo =4 ZOeZOO (7-77) ,

then (7.73a, b) reduce to
7t 7. VZg, + j Z, tand
NZge + jAZy, tan o
70 _7 NZge + JaJZy, tan @

" [Zoo + iNZ,e tan @

9 Z'e Z'O = ZOeZOo = ZO2

In=in

Z. =7, (7.78) € Eq.(7.76)

v As long as (7.77) is satisfied, port 1 (and, by symmetry, all other
ports) will be matched.
Z Z,

V,=—"-2V-= 2V =V
Z,+7Z, Z,+2Z,

The voltage at port 3:

Z: z

V,=V:.+V2=V°-\V° =V
e o [Zii +Z, Z;+Z,

] (7.79)
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v From (7.73) and (7.77),
Z,+ jZ, tané
ze " Z,+jZ tand 25, (Z, + jZ,, tan 6)

78 +2, - Z, Z,+ jZ, tan @ ‘2, - 27,2, + jZZ tan @+ jZZ tan @
°Z,. +jZ,tan @
_ Z,.(Z,+ ]Z,, tan ) _ Z,+]Z, tan @
270,20+ JZ0,(Zoo +Zys)taN 0 2Z,+ j(Z,, + Z,,) tan &
Z,+ JZ,, tan6
Zo U Zy+iZgtand  Zy+jZ,tand
Z2 +7Z, 7 Zy+ Zy,tan o n 22, + (Zye +Zyo) tan @
®Z,, +JZ,tané

Zy

So that (7.79) reduces to

v, =V~ 3G = Zu)tand (7.80)
22, + j(Zye + Zy,)tan @

v C : coupling ratio at the midband voltage (= V3/V)
ZOe _ZOO
ZOe + ZOo

C

(7.81)

Then

1—C?2 :\/(ZOe +ZOO)2 _(ZOeZ_ ZOo)2 _ / 4ZOeZOO - = 2ZO
(ZOe + ZOo) (ZOe + ZOo) ZOe + ZOO

- J (ZOe — ZOo) tan @
— J(ZOe — ZOo) tan 0 — V (ZOe + ZOo)
P27+ j(Zy, + 2y, ) tan @

LWL jtano
(ZOe + Z00)

jCtand

V1-C? + jtan @

=V (7.82)
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With another method, V, =V° +V,°,
V, =V} +V2,
VARSVASVAS
V, =V, -V,,

v Even excitation + Odd excitation:

17 ] [ Yeesing  cosé 5
VO] [ cosf®  jZysing ]|V
12| | jYesing@  cos@ || 1S
Terminal conditions: V, =Z1.,

Ve +ZylE =V,

V) =c0s8-V, + jZ,.sin6-1,
|1 =Yy Sin@-V; +cosf-1;

V)’ =c0s0-V, + jZ,,sin6-1,
|10 = [Yy,8in6-V, +cosb- 1,

Vo] [ coso jZOesinH}{V;}

_qe )
__1e 0
L,=1,+1,
18 _1o°
IS_Il Il

_ 1 _ o0

Ve =Z,12
VO +Z,10 =V

W, =c0S0-Z 1% + jZ,.sin0-1¢ = (Z,c050+ jZ,,sin )1

17 =Y sin@-Z15 +cosO-1; = (JZ,Y, sind+cosO)l;  (*)
V,° =c080-Z, 12 + jZ,,sin0-1° = (Z,c050 + jZ,, sinO)1?

|10 = ]YooSING-Z1; +cosO-1; = (jZ,Y,, Sin G +cosO)l;

IRV Z, cos¢9.+ 1Z,, s_in@
cos@+ JZ,Y,. SIin6
N Z,c080+ jZ,,sin@ o
cosO+ jZ,Y, sin6 *

e
Il
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e _ C0SO+ jZOYOEsinHVe
' Z,c080+ jZ,,sin0
_ Cosf+ jZoYoOsinHV0

Z,C080+ jZ,, sinf *




- 2 -
VE4Z 15 =V {1+ Z,C080+ JZ;Y,, sIn 0}

Z,c080+ jZ,.sSind

e _ Z,cos0+ jZ, sind Vo ZoZeCOSO+ jZ2,siné
Y 2Z,c0s0+ jSinO(Z2Y,, +2Z,)  2Z,Z,,c0sO+ j(ZZ+Z2)sind
242, C0S0+ jZg,sin0
- D
where D=2Z,Z, cos@+ j(ZZ+ZZ)sing

\%

e cosd + jZOYOesinHV _COSO+ JZY sind  Z, (Z,C080+ jZ,,Sin0)

b Z,0080+ jZ,,sin0 ° Z,c080+ jZ,,5in0 2Z,Z,, cosO+ j(ZZ+Z2)sind
_ Z,,C0SO+ jZ,sin@ Vo Z,,C0S8+ jZ,sind
22,Z,,€0s0+ j(ZZ +Z2)sin@
I _ Zy,C086+ jZ,sind V- Z,

\%

5 .

2" ZY,.sin6+cosf  (cosO+ JZ,Y,,sin@)-D D

V=215 = ZOBZO Vv

In the same manner for the odd mode,

0 _ Z,cos0+ jZ, sind Vo ZoZeC0s0+ jz2, sin@
b2Z,c080+ jSinO(ZY, +Z,)  2Z,Z,,c080+ j(ZZ+Z2)sind
_ Z,Z,,¢080+ jZ¢2 sin@
- .
where D'=2Z,Z, cosO+ j(ZZ+ZZ2)sing

\%

o 2Ly, COSO+ JZ,sind o Lo
I} =—2 V, |, =—2
D' D'
A :—202?0 \Y,
D
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Ve Z,Z,, COSO+ jZ¢2 sin@ v Z,Z,,C0s0+ jZ% sin@

YT 27,7,, 0050+ J(ZE+Z2)sinG - 2Z,Z,, C0SO+ [(Zg,Zo, + Z2)SING

B Z,c080+ JZ,,sin@ V= Z,c080+ jZ,,sin@
2Z2,c080+ j(Zy, +Z,,)SINE D"
where D"=2Z,c080+ j(Z,, +Z,,)sin@

\%

V) = %, \%
Dll
Ve = Z,cosd + Ij'ZOO sin@ v
D
V,) = = \%
Dll
v As results,
V, =V, +V, =V, -V, =0 (7.83)
V, =V, +V, = _220 —V
2Z,c080+ j(Zy, +Z,,)SINE
27,
Zoo +Zo, V1-C?
= V= \Y, (7.84)
ACOSQ_FJ'S"]Q V1-C? cos@+ jsin@
ZOe + ZOo
A

FIGURE7.33 coupled and through port voltages (squared) versus frequency for the coupled line

coupler of Figure 7.31.
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v At very low frequencies (8 << z), virtually all power is transmitted
through port 2, with none being coupled to port 3.

For 8= /2, the coupling to port 3 is at its first maximum

=>This is where the coupler is generally operated, for small size
and minimum line loss.

v The response is periodic, with maxima in V3 for 0=4/2, 342, --

vO=m2 < The coupler is A/4 long.

-C (7.85) <« (7.82)

<< <I<

= —jy/1-C? (7.86) <« (7.84)

vInput Power: B, = (1/2)]\/\ 1Z,

Output power: P, = (L/2)V,[*/Z, = @1/ 2)A-CAV/[ 1 Z,
P, =@/ 2|C[NM[ Iz,
P,=0

> P, =P, +P,+P, :Power conservation

v90° phase shift between the two output port voltages
=>» Quadrature hybrid.

vBy EQ.(7.77) and (7.81):

/1+ C
Z,, =2, 7.87a
Oe 1 C ( )

1-C

Z
0 1+C

=7,

(0]

(7.87b)
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vFor a coupled microstrip (quasi-TEM operation), or other non-TEM
line, this condition will generally not be satisfied, and the coupler will
have poor_directivity because of unequal even- and odd-mode
phase velocities.
=>» Techniques for compensating coupled microstrip lines to achieve
equal even- and odd-mode phase velocities include the use of
dielectric overlays and anistropic substrates.

EXAMPLE 7.7 Single-Section Coupler Design and Performance
vDesign a 20 dB single-section coupled line coupler in stripline with
a 0.158 cm ground plane spacing (b = 0.158).
V& =2.56,Z0=50 Q, fo =3 GHz.
JPlot the coupling and directivity from 1 to 5 GHz.

Sol.) v Voltage coupling factor: C = 10220 = 0.1
v Even- and odd-mode characteristic impedances are

2, =2, =S _50 |21 _ 55080,
1-C 0.9

Zo = Zoi[F22 = 50,22 — 45230
1+C 1.1

v To use Figure 7.29,
J&: Zo, =88.4,
J& 2o, =724,

SoW/b=0.72=> W =0.72b = 0.114 cm
S/b=0.34 = S=0.34b = 0.054 cm

=>» These lines are quite close together, which may make
fabrication difficult.
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10—
D> 100 dB

30

Coupling (dB)

3 4 5

Frequency (GHz)

40
1

[ ]

FIGURE 7.34 Coupling versus frequency for the single-section coupler of example 7.7

eDesign of Multi-section Coupled Line Couplers

v Broad bandwidth

JGenerally made with an odd number (N) of sections.
vWeak coupling (C < 10 dB)

vEach section is 4/4 long (@ = #/2) at the center frequency.
JFor a single coupled line section, with C << 1,

jCtané@ _ jCtan®  jCsind
J1-C?+ jtan@ 1+ jtan@ cosé+ jsind

V1-C? 1 o i0

J1-C?cos6+ jsing cos@+jsind

= jCsinGe™1? (7.88a)

(7.88b)

Vs
Vl
Vs
Vl

=>For 0= 72, V3/V, = Cand Vo/V; = -j.

= No power is lost on the through path from one section to the
next.

=1t is a good assumption for small C, even though power
conservation violation
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Isolated  VYa

Vi ‘Q)Upi(:d /
x_ﬁ_& '] f
D¢ TDO6 -

-‘j C.’V | +—:> (-.‘N

1 2
/pul—/—ﬁ Th roug}‘
Vy

FIGURE 7.35 An N —section coupled line coupler.

Vi

v Total voltage at the coupled port (port 3) of the cascaded
coupler:

V3 = (jClSin &_je)vl + (ch sin 6E—j9)vle_2j9
+---+(jC, sine™1?),g 2 INDe (7.89)

where C,: voltage coupling coefficient of the n'" section

v If we assume that the coupler is symmetric,
C1=Cn, C2=Cnuy, -

Then (7.89) can be simplified to

V3 = JVl sin ge—ja[cl(l_'_e—Zi(N—l)O)+C2 (e—2jt9 +e—2j(N_z)9)
+---+C,, e "]
= 2jvlsin Qe—jNa[Cl(ej(N—l)H +e—i(N—l)é’)/2+C2(ej(N—3)0 +e—j(N—3)0)/2
+---+C,, /2]
=2jV,sin@e ™°[C, cos(N -1)8 +C, cos(N —=3)@ +---+C,, /2] (7.90)

where M = (N+1) / 2.

vCo: Voltage coupling factor at the center frequency
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Vs

C =
0 \G

(7.91)

O=rxl2
=» Obtainable wideband coupling characteristic by choosing
the coupling coefficients, C,.

v Multisection couplers of this form can achieve decade
bandwidths, but coupling levels must be low.

v Because of the longer electrical length, it is more critical to have
equal even- and odd-mode phase velocities than it is for the single-
section coupler. =» Stripline is the preferred medium for good coupler

directivity

FIGURE 7.36 Photograph of a single-section
microstrip coupled line coupler.
Courtesy of M. D. Abouzahra, MIT

Lincoln Laboratory, Lexington, Mass.
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EXAMPLE 7.8 Multisection Coupler Design and Performance
v Three-section 20 dB coupler with a maximally flat response
v System impedance of 50 Q
v Center frequency: 3 GHz.
v Plot the coupling and directivity from 1 to 5 GHz.

Sol.) v For a mamximally flat response for a three-section (N = 3) coupler,
d n
de"

C(0) =0 for n=1,2

O=rl2

v From (7.90),

Vs

C=
V.

1
=C,(sin36 —sind) +C,sind
=C,sin36 + (C, - C,)sinéd

= 2sin 6?[C10032¢9+%C2] =2C,sin@dcos26 + C,sind

So ac =[3C,c0s30 +(C, —C,)cosd] =0,
dg 7l2
d’C : :
7 =[-9C,sin30 - (C, -C,)sind] =10C,-C,=0
7l2

v At midband, = 22 and C, = 20 dB.
C=10""*=0.1=C,-2C,
10C,-C, =0

= C; =C3=0.0125,C,=0.125

>

v Even- and odd-mode characteristic impedances for each section:

1+C, _ g, [1.0125

2t =73 =27
T T 1-C, 0.9875

=50.63 Q,
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2t =78 =7, 1= _50 [9985 _ 493500
1+C, 1.0125

22 =50, 2122 _56690,
0.875

Z; =50 9875 _ 44100
1.125

10— D >100dB

L TN

30—

Coupling (dB)
ICJ

I l |
1 2 3 - 5

Frequency (GHz)

40

FIGURE 3.37 Coupling versus frequency for the three-section binomial coupler of Example 7.8.

=>» compare Fig. 3.37 with Fig. 7.34
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7.7 THE LANGE COUPLER

e Four coupled lines are used with interconnections to provide tight
coupling.

e Easily achieve 3 dB coupling ratios, with an octave or more
bandwidth.

¢ 90° phase difference between the output lines (ports 2 and 3)
=>» Quadrature coupler

e The practical disadvantages:
vVery narrow lines and closing line gap
v Difficult to fabricate the necessary bonding wires across the lines.

e The unfolded Lange coupler operates essentlally the same as the

original Lange coupler, butise: | e S |
SRS ; f‘r_/" | T\i—_‘_
L
‘ :),1_,?\} I»‘ i W
1IN T «
LT
LU
PR L]
p a1
=~ ) e -
Input — ___ o = = r
‘:1;,‘!1 T Wl I 5 = i.w
o (1™ ‘

FIGURE 7.38 The Lange coupler.

(a) Layout in microstrip form.

|
(b) The unfolded Lange coupler. = ’
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e The unfolded Lange coupler
v Four-wire coupled line structure
v The same width and spacing
v The reasonable assumption: Each line couples only to its nearest
neighbor, and ignore more distant couplings.
v Zes: The even-mode characteristic impedances of the four-wire
circuit
Zos. The odd-mode characteristic impedances of the four-wire
circuit

Coupled Isolated
—— Q" - —

—
@
@
——r
Zea Loa Through
(a)
Coupled [solated
- - 90 - —_—
J— ; D
©) @
) Lo
r &)
0 @
> —_—

Input Through
(b)

FIGURE 7.39 Equivalent circuits for the unfolded Lange coupler. (2) Four-wire coupled line model.

(b) Approximate two-wire coupled line model.

v The effective capacitances between the conductors of the four wire
coupled line

C

+
m

T T

(a) (b)

FIGURE 7.40 Effective capacitance networks for the unfolded Lange coupler equivalent circuits of Figure 7.39. (a)

Effective capacitance for the four-wire model. (b) Effective capacitance for the two-wire model.
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The capacitances of the four lines to ground are different depending

on whether the line is on the outside (1 and 4), or on the inside (2
and 3)

C- — C Ceme

——em 7.92
In ex Cex +Cm ( )

v For an even-mode excitation, all four conductors are at the same
potential, C, has no effect.

The total capacitance of any line to ground:
C.,=C,+C, (7.93a)

v For an odd-mode excitation, electric walls effectively exist through the
middle of each C,.

The capacitance of any line to ground:

C,, =C, +C, +6C,_ (7.93b)

v The even- and odd-mode characteristic impedances:

1
Z, = 7.94a
e4 VCe4 ( )
1
L, = 7.94b
" (7.94)

where v is the velocity of propagation on the line.

v Consider any isolated pair of adjacent conductors in the four-line

model: the effective capacitances are as shown in Figure 7.40b. The
even- and odd-mode capacitances are

C,=C, (7.95a)
C,=C, +2C, (7.95b)

9 Cexz(Ce + Co = 2Cm)/2
Cm:(Co = Ce ) /2
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v Substituting into (7.93) with the aid of (7.92) gives the even-odd mode
capacitances of the four-wire line in terms of a two-wire coupled line:

C, = L8+ Co) (7.96a)
C.+C,

C,y = Zol8Ca ¥ Ce) (7.96b)
C.+C,

v Since Zy=1/vC (or C=1/vZ;), the even/odd mode -characteristic
Impedances of the Lange coupler are

= LetZe (7.97a)
3Zoy + 2y
= Lwtle g (7.97b)

04 — 0o
32, +Z,,

where Zge, Zoo: The even- and odd-mode characteristic impedances
of the two-conductor pair.

vSince z,=./2,2, , characteristic impedance:

2
ZO — m :\/ ZOeZOO (ZOo + ZOe) (798)

(3205 +Z0e)(3Zge +Z45)

The voltage coupling coefficient:

— Ze4 — Z04 — 3(202e B Z(?o) (799) «C= ZOe B ZOo
Ze4 + Zo4 3(Z§e + Z(fo) + 2ZOeZOO ZOe + ZOo

v For design purposes, it is useful to invert these results to give the

necessary even- and odd-mode impedances for a desirable characteristic
impedance and coupling coefficient:

_ 4C-3+49-8C"

= 7.100a

* 2cy@-cyie+c) ( )
_ _ 2

_4c+3 V9-8C* (7.1000)

- 2c/a+c)/a-c) "’
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7.8 THE 180° HYBRID

¢ Four-port network with 180° and 0° phase shift between the two output ports
according to operation

@ O @ __,

180°
(A) hybrid

@ ®

FIGURE 741 Symbol fora 180° hybrid junction

e Input port 1 =» 1) Evenly split into two in-phase components at ports 2 and 3
2) Isolation port 4
Input port 4 =» 1) Evenly split into two out-of-phase components at ports 2
and 3
2) Isolation port 1
Input port 2, 3 (as a combiner) =» Summation at port 1
Difference at port 4

e Scattering parameter:

0 1 1 0]
[S]:__jl 0 0 -1
J2/1 0 0 1

0 -1 1 0|

FIGURE 7.42 Photograph of a microstrip ring
hybrid. Courtesy of M. D.
Abouzahra, MIT Lincoln

Laboratory. Lexington. Mass.




FIGURE 7.43 Hybrid junctions. (a) A ring hybrid, or rat-race, in microstrip or stripline form. (b) A tapered

coupled line hybrid. (c) A waveguide hybrid junction, or magic-T.

eEven-Odd Mode Analysis of the Ring Hybrid

v Unit amplitude wave incident at port 1 (the sum port) of the ring

hybrid of Figure 7.43a.

>
LSO A4 @

Fc -13 \/5
V2| A 5

o
0

3A/8

(b)

FIGURE 7.44 Even- and odd-mode decomposition of the ring hybrid when port | is excited with a unit

amplitude incident wave. (a) Even mode. (b) Odd mode
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vAmplitudes of the scattered waves from the ring hybrid:

B -ir+ir (7.102a)
2 2
B i1 1t (7.102b)
2 2
1 1
B,.==I,6 —=T, 7.102c
3 2 e 2 0 ( )
1 1
B,==T,—=T 7.102d
4 2 e 2 0 ( )

v ABCD matrix for the even- and odd- mode two-port circuits

i 1T [ 1 o0 i 1 o] [ i/2 ]
ABLL } 0 J‘/E{ | L V2 0
C DY [ilN2 1[j/iv2 o |[-i/lV2 1] |jW2 -1
i 1 [ 1 o0 ' 1 0] [ 1 jv2
ABLL } 0 ’ﬁ{_ |2 (7.103b)
(C Dy, |-i/N2 1) jiv2 o JlilN2 1] [jv2 1 |
v With the aid Table 4.2
]
I =— 7.104a) « (7.64a
=7 ( ) < (7.64a)
—]
T =1» 7.104b) <« (7.64b
=7 ( ) <« (7.64b)
j
[ =— 7.104c) « (7.66b
=2 ( ) « (7.66b)
]
T =—1»2 7.104d) <« (7.66b
=7, ( ) <« (7.66b)

v Using these results in (7.102),
B,=0 (7.105a)

(7.105b)

-

V2

.y =>Input is matched, port 4 is isolated.
B3 :ﬁ (7105C)

0

(7.105d)
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v Consider a unit amplitude wave incident at port 4 (the difference
port) of the ring hybrid.

+1/2
—

/ ©
= O > = O wu @ M2
——————————————— 0.C.
1 @ A T,
@ V2|38
L 0.C.
n
+l oc.
12 m
1 ® :
= @ > :}> (D Ald @ ---L
_______________ SC.
1 @ T V2 |As8 L
@ V2|38
= sC

(b)
FIGURE 7.45 Even- and odd-mode decomposition of the ring hybrid when port 4 is excited with a unit

amplitude incident wave. (a) Even mode. (b) Odd mode.

vAmplitudes of the scattered waves:

1 1
B=—T ——T 7.106a
1 2 e 2 0 ( )
1 1
B.==T1. —-=T 7.106b
2 2 e 2 0 ( )
B =11 41t (7.106c)
2 2
1 1
B ==I.+=T 7.106d
4 2 e 2 0 ( )

v ABCD matrix for the even- and odd- mode two-port circuits

‘A Bl [ 1 o] o V2] 1 o] |- jVv2I

_ _ 7.107
[C DJ, [-j/V2 JL‘/& 0 }L/ﬁ 1 V2 1 _( ?
‘A Bl [ 1 0l o V2| v o] [ 1 V2]

_ - 7.107b
c bl [z JL/ﬁ 0 L/ﬁ 17 |
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v With the aid Table 4.2

I,= % (7.108a)
T, = _sz (7.108b)
I = _TZJ (7.108c)
():if% (7.108d)
v Using these results in (7.106),
B, =0 (7.109a)
B, = % (7.109Db)
B, = _TZJ (7.109a)
B,=0 (7.109a)

=> The input port is matched, port 1 is isolated, and the input power is
evenly divided into ports 2 and 3 with a 180° phase difference.

v Bandwidth of the ring hybrid: 20 - 30%. (limited by the frequency
dependence of the ring lengths)

EXAMPLE 7.9 Design and check performance of a ring hybrid
v Design a 180° ring hybrid for a 50 Q system impedance
J Plot the magnitude of the S-parameters (S;;) from 0.5fy to 1.5f, where
fo is the design frequency

Sol.) v Characteristic impedance of the ring transmission line:

V22, =70.70
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v Feedline impedances: 50Q

|5i;1

dB

—40
0.5/ fo 1.5,

FIGURE 7.46 S parameter magnitudes versus frequency for the ring hybrid of Example 7.9.

Even-Odd Mode Analysis of the Tapered Coupled Line Hybrid

e The tapered coupled line 180° hybrid
=> Klopfenstein taper

e Any power division ratio with a bandwidth of a decade or more.

e The schematic circuit

v Two coupled lines with tapering characteristic impedances over
the length 0 <z < L.

v At z=0, the lines are very weakly coupled so that Zo(0)=2Z0,(0) =
Zo

v At z=L, the coupling coefficient is Zoe(L)=Zo/k, Zoo(L)= kZo, Where
0< k <1 : Coupling factor

v At L <z < 2L, the lines are uncoupled, and both have a characteristic
Impedance Zo;
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Output Sum input

@ Zy %
—\J 5 AWV

Zo.(2). Zpo(2)
Difference ©)
input 0) A 9_’\/\5/:/\/:[7_
Output

(a)

(b)

FIGURE 7.47 (a) Schematic diagram of the tapered coupled line hybrid. (b) The variation of characteristic

impedances

v The even mode of the coupled line thus matches a load impedance
of Zo/k (at z=L) to Zy, while the odd mode matches a load of kZ,
to Zo.

> Z,.(2)Z,,(2) = Z¢ for all z

v Consider an incident voltage wave of amplitude V applied to port 4 (the
difference input).
=>» The superposition of an even-mode excitation and an odd-mode
excitation:
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FIGURE 7.48 Excitation of the tapered coupled line hybrid. (a) Even-mode excitation. (b) Odd-mode excitation.

v At the junctions of the coupled and uncoupled lines (z=L), the
reflection coefficients seen by the even or odd modes of the tapered
lines are

- Z -7,k _ k-1
*Z,+Z,0k k+1
- Z, —kZ, zl—k
° Z,+kzZ, 1+k

(7.110a)

(7.110b)

At z=0,
I =Te?" BLSERE (7.111a)
k+1
r=Te? =1=Kg2i0 (7110)
1+k

v The scattering parameters of ports 2 and 4 due to superposition:

1

S, =§(re +I,)=0 (7.112a)
1 k—1 .- =By symmetry, S;,=0,
S =5 (0 -T0) = g2l (7.112b) S4r=S0a.

k+1

_54_



v ABCD parameters for the equivalent circuits of the tapered
matching sections is equivalent to ABCD matrix of the

transformer:
\/E 0 : even mode
0 14k
1/\/E 0 - odd mode
0 k|

§<{:7«,®

- —
—

(a) T.

1:vVk
- ) ———— -——-H-—av
—_—
T,

(b)

FIGURE 7.49 Equivalent circuits for the tapered coupled line hybrid, for transmission from port 4 to port

3. (a) Even-mode case. (b) Odd-mode case.

v The even- and odd-mode transmission coefficients:

T,=T ——Zﬁe-”

= 7.113
=To=e (1119

€T =2/(A+B/Z,+CZ, +D) =2k I(k +1)

-2jo

e : The phase delay of the two transmission line sections.

J S- parameters:

1 2Jk .
S, ==(T.+T.)=—"—¢g2V 7.114a
34 2( e o) k+1 ( )
2 =%(Te -T,)=0 (7.114b)
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v The voltage coupling factor from port 4 to port 2:

B =S, I=&, 0<p<1  (7.115a)
k+1

The voltage coupling factor from port 4 to port2:

k-1

a=Sy,I= k11

O<axl (7.115b)
v Power conservation is verified.

|824 |2 +|S34 |2:a2+,32 =1

o If we now apply even- and odd-mode excitations at ports 1 and 3, so

that superposition yields an incident voltage wave at port 1, we can
derive the remaining scattering parameters.

v With a phase reference at the input ports, the even- and odd-mode
reflection coefficients at portl will be

I, = 1=K g2 (7.116a)
1+k
I, _ k=l o2ie (7.116b)
k+1
V S- parameters:
S,, = %(re +T)=0 (7.117a)

S, =1(re -T) _1mK gm0 peie (7.117b)
2 1+Kk

-> S33=0, S13=S31, S14=S32, S12=S34 (Symmetric property)
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v S- parameters of the tapered coupled line 180° hybrid:

[s]=

0 p
g 0
a O
0 -«

Waveguide Magic-T

e Scattering matrix is similar in form to (7.101).

0
1
J2 11
0

1 1
0 O
0 O
-1 1

a

0
0
B

0_
-1

1
0_

e TE;p) mode incident

0

-a
p
O_

FIGURE 7.51 The Moreno crossed-guide coupler.

-2j6
e J

(7.101)

®

-~ (D
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