CHAPTER

9

COUPLERS, COMBINERS AND DIVIDERS

9.1 DIRECTIONAL COUPLERS

Directional couplers are an important category for passive microwave circuits. They are
implemented in a variety of ways resulting in a range of capabilities and constraints. Directional couplers
are used to sample propagating microwave energy for the purpose of monitoring or measuring. Also
directional couplers are used to divide signals from a single channel into multiple channels in both small
signal and large signal applications.

The most general definition for a directional coupler describes it as a multi-port (usually 4 port)
matched, lossless, reciprocal circuit that has an isolated port which depends upon the incident signal port.
Four port directional couplers are usualy represented schematically by two single line representations of
transmission lines with a crossed line between them to represent the coupling between the lines, as shown in
Figure 1. We will see that this coupling between lines can occur by providing an electrical connection
between the lines (branch line or Wilkinson's coupler) or by bringing two lines close together so that their
magnetic and electric fieldsinteract (parallel line or Lange couplers).

4 o 0 3 4 3
1 2
1o o 2 O O
Figurel. Schematics of four port directional coupler.

The above definition of a directional coupler requires that a number of the s-parameters be equal to
zero. These are shown together with the part of the definition that requires that they vanish.

Matched P S,=S5,=5S53=5,=0
Isolated Output P S =S3=0
Reciprocal =) S; =S;
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9-2 MICROWAVE & RF CIRCUITS: Analysis, Design, Fabrication, & Measurement

A passive lossless circuit implies that the matrix of s-parameters must be a unitary matrix. This
means that the matrix when multiplied by its transposed complex conjugate results in the identity matrix
(i.e. ones on the diagonal and zeros otherwise). This is a mathematical condition which results from
requiring that the total power exiting the circuit exactly equals the total power entering the circuit regardless
of the load or source configurations. Such a product is

20 Sp S; 090 S, Sz 00 @ 00 0g
€S53 0 0 Sul¢gs; 0 0 S,L S0 01 07
§o Su Su 0z&0 S, Sy oggooog,j

Carrying out the matrix multiplication results in a set of equations for the various s-parameters. Two such
equations are shown

S1,So = - $13S5, A0S, S = - S5,y

with the first resulting from the top row multiplied with the last column and the second resulting from the
second row multiplied with the third column. Division of the two equations resultsin

% =%p SuShu = S3SiP |524| =|513|

Similarly, another pair of equation can be obtained to show that

|S1a| =[S
S| +[Sl* =1
1S/ +]Sa|* =1

This latter equation shows that the power into port 1 equals the power out of ports2 and 3. Notethat in this
case the power out of port 4 is zero, i.e., port 4 isthe isolated port when power is incident into port 1. The
port designation of afour port directional coupler with port 1 as the input port is shown below.

Isolated Port 4 © O 3 Coupled Port
Input Port 1 © O 2 Direct Port
Figure2. Port designation of a four port directional coupler.

PERFORMANCE MEASURES
Coupler performance is characterized by five parameters defined below.

Return Loss = - 20log| S|
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COUPLERS, COMBINERSAND DIVIDERS 9-3

Insertion Loss = - 20log| S|
Coupling = - 20log Sy|
Isolation = - 20l0g| S|

Directivity = - 20log

1

Su ‘

Return Loss is a measure of the input impedance match. The term loss is somewhat anomalous. |f
the input match is good then the input reflection coefficient is small and only a small amount of incident
power is reflected back. Abstractly, the power which passes into the circuit can be thought of as power lost
to the feeding circuit. If the reflection coefficient islow then the lossis high. If the reflection coefficient is

high (i.e., | G | » 1) then thereturn lossis low.

Insertion Loss is a measure of the amount of power which enters the coupler but fails to make it
out of the direct port. A large fraction of the power coupled away would represent a large loss of power to
the direct port. When couplers are inserted into a circuit for the purpose of measuring the propagating
energy, a low insertion loss is desired to insure that the original circuit is not modified by the measuring
system.

The Coupling coefficient is a measure of the amount of power coupled away from the direct port.
This coefficient is often used alone to identify a coupler. A 3 dB coupler is one in which half the power is
coupled away from the direct port, i.e., the power is split between the coupled and direct port. A 20 dB
coupler is one in which one hundredth of the power is coupled away.

The Isolation is a measure of how well the coupler prevents power from exiting the isolated port.
For anideal coupler the isolation would equal - ¥ .

Directivity is a measure of the fraction of coupled power which exits from the coupled port when
compared to that which exits from the isolated port.

COUPLER SCATTERING MATRIX

Since |S;,| =|Sy| then sections of transmission lines can be added to ports 2 and 4, as shown in
Figure 3, so that these s-parameters are equal in phase as well as magnitude.

N
t/.\\
// \\
2
Figure3. Transmission lines added to ports 2 and 4.

In fact, by adding the right length lines the phase can be made equal to zero, i.e., the s-parameters are real
numbers. Therefore,
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9-4 MICROWAVE & RF CIRCUITS: Analysis, Design, Fabrication, & Measurement

Si» = Sy = positivereal number

We now assume that the original coupler had been modified so that this is true and the prime
notation is therefore dropped. S, is represented as a postive real number C; and S5 is then represented
as a complex number with magnitude C, and phase g. All of the other s-parameters are then determined in
terms of C;, C,, and g. C, is called the coupling coefficient and | Cl|2 +| C2|2 =1. The
general coupler scattering matrix is therefore

20 C,  Cnel 0 9
¢ C 0 0 CellP=
“c,el 0 0 c, -
0 CzeJ(P-Q) o) 0 a

TWO TYPES OF 4-PORT COUPLERS

If g=-p/2 and C, =C, :iz, then the resulting coupler is caled a 3dB hybrid. The

magnitude of the direct and coupled output are equal but the phase of the coupled output lags behind the
direct port by 90 degrees. The output contains an in-phase and quadrature channel. The scattering matrix,
aswell as the schematic showing the incident and exiting voltages at each port, are shown below.

1 - j-L O
go 7 i 00
ch 0 0 -ig
S:(;_jA 0 0 1
¢ 12 V2 T
- L 1 T
o -ig F 05
4 3 .,
0 <{Jo o> j 5
1o o> %
1 2

Ifg=p and C =C, :]/\/E then a sum and difference coupler results. Incident power in port 1
splitswitha + phase. However, incident power in the isolated port splits evenly with both outputs having a
+ phase.

PP
g0 5 -5 09
1 1+

A

S Q_A 0 0 1.
¢ 12 V27

1 1 X
§o & 4 o3
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4 3
a o o> 75 (% &)
a |:>‘£ <2’|::>%(a4+a1)

EXAMPLESOF COUPLER APPLICATIONS

Couplers are used in circuits to generate separate signal channels with desirable characteristics.
Several examples serve to illustrate such applications.

A sum and difference coupler can be used in a monopulse receiver/direction finding system. The
input and isolated ports are connected to two identical antennas. A received signal then produces a sum S
and difference D signal which depends upon the angle of incidence of the receive signal. If the signa is
incident from anormal direction, for example, the D signal would be zero.

SUM & DIFF COUPLER : MONOPULSE SYSTEM
A
>

A 3dB hybrid isimportant in the application of negative resistance amplifiers. Negative resistance

devices have areflection coefficient which is greater than one, i.e., the reflected power exceeds the incident
power. The 3dB hybrid can be used to separate the input and the output channels for such devices.

3 dB HYBIRD : NEGATIVE RESISTANCE AMPLIFIER

ouT O AMP [l > 1

IN O AMPI['l >1

Two 3dB hybrids can be used to build a balanced amplifier. Such circuits combine two identical

amplifying elements with couplers at the input and output. Mismatches at the input or output of the
amplifying elements cancel after passing through the couplers. The couplers alow one to design the
amplifying elements to maximize performance of gain, noise figure, or bandwidth without having to be
constrained by matching requirements. Reflected signals resulting from mismatches of the amplifying
elements are absorbed by the matched loads at the input and output couplers.

3 dB HYBIRD : BALANCED AMPLIFIER

50(%

IN o

OouUT

VY
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9-6 MICROWAVE & RF CIRCUITS: Analysis, Design, Fabrication, & Measurement

Loosely coupled direction coupler can be cascaded to increase the overall coupling coefficient as
shown below. This arrangement is useful if tight coupling is difficult to achieve with a single coupler, e.g.
parallel line coupler.

CASCADED DIRECTIONAL COUPLERS

3 4 3
4 O O O O
1 O O—0O O
2 1 E
Sg; = a  Sgp = —jb
§21 = af_ LR = 1 2 a = —68 dB
Sy, = —jab = —j 1/V2 b = -8.34 dB

TWO CASCADED 8.34 dB COUPLERS = 3 dB COUPLER

9.2 EVEN& ODD MODE ANALYSIS

Another analysis technique which is often useful in the analysis of multi-port circuits is the use of
even and odd modes. Since s-parameters are determined by feeding an incident signal (analytically this is
usually taken as 1) into a port and look at the signals that come out of all ports (assumed to be matched), the
approach consists of decomposing the input signal into a set of mode signals where the superposition of the
modes equals the original incident signal at the input port and equals zero at al other ports. Usually this
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COUPLERS, COMBINERSAND DIVIDERS 9-7

decomposition results in modes having the same sign (+) for the incident port and opposite signs (+) for al
other ports. Thus, the set of signals for one mode all have the same sign (+) and the set of signals for the
other mode have a mixture of (+) and (-). Thefirst set isreferred to as the even mode while the second set
is called the odd mode.

The circuit is then analyzed by looking at each of the modes. Usually, the circuit can be
immediately simplified on the basis of symmetry. That is, for the even mode (input signals have same sign)
points in the circuit can be identified where the current must go to zero. These circuit points can be
replaced with open circuits. Likewise for the odd mode circuit points can be identified where the current
must vanish. These points can be replaced by short circuits to ground.

The output for each of the modes is then determined with the subscript "EV" and "OD" indicating
that the output signal results from the even and odd mode sources, respectively. The output from the
original problem is then the combined output of the even and odd modes. The combined output equals the
various s-parameters if the input was specified to be equal to 1.

The analysis of the individual circuits associated with the modes often requires the determination
of s-parameters which can be facilitated by the Kirchhoff's Law approach described earlier.

EVEN AND ODD MODE ANALYSIS

APPLICATION
Symmetric Circuits
Multi-port Circuits

APPROACH
Decompose Voltage signal (Sum & Difference)
Solve via Superposition
Use symmetry to simplify individual circuits
Combined Output Signal = S-paraemters

NOTE
Kirchhoff Law Approach Useful to Compute S-Parameters

EVEN & ODD MODE ANALYSIS (EXAMPLE)

The even and odd mode analysis technique is illustrated first by solving a simple circuit consisting
of a configuration of resistors. To find the s-parameters of the circuit we must assume an incident signal
equal to 1 with all ports matched and determine the reflected (b;) and transmitted signal (b,) which will

equateto the S, and S,,, respectively.

Thus, we start with an incident signal of 1 into port 1 and an incident signal of O into port 2. This
is equivalent to the superposition of even and odd modes consisting of +1/2 , +1/2 , and +1/2 , -1/2 signals
into ports1 and 2, respectively.
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9-8 MICROWAVE & RF CIRCUITS: Analysis, Design, Fabrication, & Measurement

1 1
50 50 5=> % =+
(EVEN)
1=> 25 50 ~

(ODD)

o~

The 25W shunt resistor can be divided into two 50W parallel resistors. When we do that we see
that for the even mode the current in the middle of the circuit must vanish since the even inputs would
exactly oppose each other. The two ports are then separated and the output for each port is independent.
However, the circuits are seen to be the same so only one circuit needs to be solved. The even output will
always be seen to be equal.

EVEN MODE ANALYSIS

50 I 50

%% 1
%:> 50 50 <= 3
50
1_ - L
277 50% % <2
1

1Pz =5 ==Y

b

o=

For the odd mode the voltage at the circuit center is seen to be zero since the odd inputs are equal
magnitude but opposite sign. This point in the circuit can be replaced with a short circuit. When this is
done two independent (but identical) circuits result. The reflection coefficient can be obtained by finding
the input impedance and the output signals obtained. For the odd modes the output signals will always be
the negative of each other.

ODD MODE ANALYSIS

V5 =o(GROUNDED)

The s-parameters for the original circuit are then found by combining the even and odd output for
the respective ports.
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9.3 BRANCHLINE COUPLER

A branchline coupler is afour port circuit consisting to two quarter wave lines coupled together by
means of two quarter wave branch lines connected at the ends. In the case that we will consider the branch
lines have a characteristic impedance Z, = b while the other pair have a characteristic impedance Z, =a.
After computing the s-parameters as a function of aand b we will see that we can adjust the performance of
the coupler by selection of these values.

EVEN AND ODD MODE DECOMPOSITION

The s-parameters are found by assuming that al ports are matched and that a signal of 1 isincident
upon port 1. The s-parameters are equivalent to the resulting signals exiting from the respective ports. The
exiting signals are determined by decomposing the incident signal into even and odd modes similar to the
previous example.

BRANCHLINE COUPLER
EVEN AND ODD MODE DECOMPOSITION

INCIDENT SIGNAL
a; = 1

The even mode consists of signals of +1/2 and +1/2 incident upon ports 1 and 4. The odd mode
consists of signals of +1/2 and -1/2 incident upon ports 1 and 4, respectively. The exiting signals are
denoted by and additional subscript "€" or "0" to designate, respectively, the even or odd mode from which
they were produced.

EVEN MODE
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9-10 MICROWAVE & RF CIRCUITS: Analysis, Design, Fabrication, & Measurement

ODD MODE

This procedure determines S;;, S;», Si3, and S,. From the symmetry of the circuit one can see that all

other s-parameters are equal to one of these. Therefore this procedure will determine all of the s-parameters
associated with the branchline coupler.

EVEN MODE ANALYSIS

For the even mode analysis we see that two center points exist where the line of symmetry
intersects the circuit. The current at these two points must be zero. Consequently, the circuit can be opened
at these points without changing the circuit performance. The even mode circuit results in two independent
and identical circuits (as seen in the earlier examples) referred to as reduced circuits. The reduced circuits
consist of two shunt | /8 open stubs connected at the ends of | /4 lines. From symmetry we see that the
exiting signals from ports 1, 4, and 2, 3 are respectively, equal.

ZERO
CURRENT

EVEN MODE

S =by = by +by
Sy =by =bye +by,
Sg1 = by =bge + by,

Sy = by = bye +byg

- OPEN CIRCUIT
Zo=bE=45 <=

~
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COUPLERS, COMBINERSAND DIVIDERS 9-11

Zo=b Z0=b
E=45 E=45

b3e = bZe

We look first at the input side of the coupler, i.e., we will determine the s-parameters S;; and Sy,
first. This means we need to determine b, (since b,, =b;;) with all ports matched. We do this by
determining the input reflection coefficient using the Kirchhoff's Law approach described earlier.

Zo=b Zo=b
=45 E=45
1/2::> @ﬂ {20 = a E = 90} ﬂ B
le bZe

The shunt open circuit | /8 lines appear as capacitances across the | /4 line. This results from the fact that
the input impedance of a open circuit transmission lineis givenby Z., =- jZ, cotq .

Agjjgannﬁnnlgi[—
1/2 —> L —ib
T T

e

where q = electrical length of the open line. In our case q = 45 degrees since the open circuit line length is
[/8and Z, =b.

The combined load consisting of the parallel combination of aresistor of value Z, and a capacitor

with reactance - jb must be found. This is done by first connecting aload Z, =Z, and finding Z,'_ and
then Z,y -

—jb| ., —Jb|

Ly /= = 71=> Zo
O — O

¢= 'jbzo

- Z,-jb
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9-12 MICROWAVE & RF CIRCUITS: Analysis, Design, Fabrication, & Measurement

The input impedance looking into the /4 line is found using the impedance transforming properties
of quarter wave lines.

, a , s
Zin = — E— 7 L= JbZo
Zo—jb

The input impedance looking into the circuit can then be found by combining that result with a shunt

capacitance.
e o

The reflection coefficent is found from the input impedance Z,, using the formula

ZN-Z

GN - Z|N " ZO
IN o

and the exiting signal b, is then found by multiplying the reflection coefficient by the incident signal which

is1/2.

\

b= j(azb% +a%z2 - bzzg)
® " 4z,a%b+2j(a%z2 - b2Z2 - a?b?

ODD MODE ANALYSIS

The odd mode analysis of the input side of the circuit is performed in a similar manner. Two
symmetric points exist on the circuit where the voltage must be zero. A short to ground can be inserted in
the circuit at these points without affecting the performance of the circuit.
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GROUNDED

Zero
Voltage

b1o 20

This results in two independent identical circuit each consisting of a | /4 line with shunt short
circuited | /8 stubs at each end.

zZin=> < +]b +jb EZO

From symmetry we see that b,, = - b, sincethe port 4 circuit is the same but the incident signal is negative
(i.e., - 1/2). A similar relationship exists for the output side of the circuit.

The input impedance for the odd mode two port circuit can be found using the same technique
described for the even mode. However, a short cut can be taken to obtain the final answer by recognizing
that the input impedance for the odd mode circuit must equal the expression obtained for the even mode
circuit with -j substituted for j (i.e., the shunt capacitance is substituted for a shunt inductance).

|:)lo :%G\N

by, = j(a2b2,+azz§- bzzg) ‘
° 4z,a%b- 2j(a?z2 - b?22 - a%b?)

The input reflection coefficient §; can now be found by adding the even and odd exiting signals from port

1 (bye +Dy,).
Su = by =By +byg
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AB

= alz,a%f +B?

A=a’b? +a’z¢ - b%z¢

B=a’b? - a’z¢ +b?z¢

If we reguire that the input be matched i.e., S;; =0 then either A or B must be zero. For thisto be
true (which we shall require) then aand b can not be independently specified but must be related as shown.

Casel(A=0)a® = b*z§
b? + 22

a’z?
a’- z¢

Case2(B = 0)p? =

We will examine the Case 1 where A=0. The other case results ultimately in the same coupler, but the
port identifications are permuted.

We now look at the output side of the circuit, starting with the even mode circuit. The exiting

signal can be found using the Kirchhoff's Law approach. Since we are assuming the case 1 condition then A
=0. Thismeansthat

2 bzzg
a‘c =
b2+Z§

Substitution of thisinto the expression for by, resultsin

bye =0

Thus, the condition for matching S;; =0 means that the even mode circuit is also matched. The same
result follows for the odd circuit.

Thetotal input signal, therefore, equals 1/2 since there is no reflection.

TOTAL=1/2+b1e
O Zo = a E = 90 O

/2=
— T ijOb% N

The signal at the output can then be found by using the voltage transfer relationship for al /4 line.

P P 2
Htbe X a
bZz,ee 1 0
bZe_'_O =
2a gZy - jby
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Analysis of the odd mode circuit followsin a similar manner.

TOTAL=1/2+b1o

O [zo = a E = 0] O b
20
1/2
/ :> EJb EJb > 7.0
<:b10:0 o _

The short-cut substitution of -j for j does not apply to this case because the voltage transfer relationship
includes"-j". Thel /4 voltage transfer relationship gives

b20 — b20 — ZL

Potbo  J a
_bZye 1 6

20 = 51 T
2a 87y + jby

The signal exiting port 2 is found by adding the exiting even and odd mode signals b, + b, , or

Sy =D, =by, +hye

_bzye 1 1 6 . b%z,
SZl T oL & —+ I=- = 2
2§ Zo- jb Zo+jby  alzg +b?)
Substitution of the case 1 (A=0) expression
b? +2z¢
resultsin the following expression
b a
Sn=-1] =-lz-
b2+z2 %o

S-PARAMETER SUMMARY

The other s-parameters can be found by adding the even and odd exiting signals from ports 3 and
4. The even mode signals are the same as those exiting ports 1 and 2 while the odd mode signals are the
negative of those exiting ports1 and 2. Weseethat S,; = 0. Port 4 istheisolated port.

With the incident signal into port 1 we see that port 2 is the direct port, port 3 is the coupled port,
and port 4 isthe isolated port.

The output from port 2 has a 90 degree phase lag from the input while the output from port 3 has a

phase lag of 180 degrees. Therefore port 3 is 90 degrees behind port 2. If the branch line characteristic
impedance equals 50 W and the direct line characteristic impedance equals 35.4 W then the power is split
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9-16 MICROWAVE & RF CIRCUITS: Analysis, Design, Fabrication, & Measurement

equally between ports 2 and 3, i.e., the outputs are each down 3 dB. Thisresultsin a3 dB hybrid coupler or

what is called a branchline hybrid.

BRANCHLINE HYBRID % Ideal Transmission lines

BRANCHLINE COUPLER
S—PARAMETER SUMMARY

4@ S

(@)

)

(@)

3 — dB HYBIRD RESULTS WHEN b = Zo
S;y = O
521 = 7‘]] 707
Sg1 = — 707
S41 = 0
2
1
L]
L

Z

3 dB HYBRID (BRANCHL INE)
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0. 50
) | e .
EJEZ%F o Vbline_ tb
pclic -1 40 . Dl?EGT
S[2,1] pe oc
JB OUT_EQN
dB
-2. /)/JKN\\ 20.
bline_tb 5, ] s 0.0
S31
pcldc P §
S[3,1] 4o —20.0
dB
~5.0 53 g —40.0
Frequency 0.2 GHz/DIV
0.0
bline_tb - s & -
ST
pcliec S N Z
S[1,1] ) F
dB -20.0
bline_tb _55,
S41
pclic
5[4’1] -40.0
dB
—50.0 577 1.6
Frequency 0.2 GHz/DIV
BRANCHLINE HYBRID % Bandwidth Enhancement
2
120
3

WIDE BAND BRANCHL INE
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-10.0

Fregquency 0.2 GHz/DIV

Frequency 0.2 GHz/DIV

94  PARALLEL LINE COUPLER

A paralel line coupler is created when two transmission lines are brought close together so that
their field lines interact. In looking at paralel line couplers we will consider strip line and microstrip
configurations. In strip line a center conductor is surrounded by a dielectric and two ground planes. A pure
transverse electromagnetic (TEM) wave can propagate in such a structure. We shall also consider
microstrip structures. In microstrip a quasi-TEM wave can propagate. A pure TEM wave has a
propagation velocity which is independent of the conductor geometry. A quasi-TEM on the other hand has

field lines which are approximately the same as a TEM wave, but the propagation velocity depends upon
the conductor geometry.

MAGNETIC & ELECTRIC
FIELDS INTERACT WITH
NARROW SECOND LINE, LE.
SPACING MUTUAL INDUCTANCE &
CAPACITANCE + 0

z (TEM WAVE)

INPUT
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The nature of the coupling can be observed qualitatively by looking at the field lines. A cross-
sectional view of a strip line structure is shown on the left with a single center conductor. Electric and
magnetic field lines are shown for awave propagating into the paper.

To the right the field lines are shown as a secondary conductor is brought near the original line.
Some the electric field lines now terminate on the new conductor. Also, currents are induced in the
secondary conductor. The magnetic field lines associated with the induced current circle the secondary
conductor in the same direction as the original magnetic field lines circle the primary conductor.

ELECTRIC ELECTRIC FIELD
FIELD LINES LINES 1 WITH SECOND
SINGE LINE LINE ADDED

That the energy is propagating into the page for the single transmission line to the left can be seen
by looking at the Poynting vector. An examination of the Poynting vector associated with the secondary
fields reveals that the induced signal is propagating out of the paper. A parallel coupler resultsin a coupled
signal which propagates opposite of the incident signal. For this reason a parallel line coupler is sometimes
referred to as a backward wave coupler.

==—— | ==— |
==— | ==— |
MAGNETIC MAGNETIC
FIELD LINES FIELD LINES
FOR SINGLE LINE WITH SECOND LINE
ADDED

S-PARAMETER DETERMINATION

A pardlél line coupler is afour port circuit. To determine the s-parameters we assume all ports are
matched and that a signal equal to 1 isincident upon port 1. As usual the exiting signal will be equal to the
respective s-parameters. The s-parameters of S;;, Sy, S, and S, are sufficient to describe the

behavior of the coupler since all of the other coupler s-parameters are equal to one of them.

(TOP VIEW)
b S11 = b
ORI P b
+l=> ' \ <l= P2
\ |
- s =@3) S41= by
by b g
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Sgp = 533 = Saa-= S
SYMMETRY => S34 = S43 = S12 = Sg|
S4z = S24 = S13 = S31
Sge = Se23 =S4 =S4

b]l b2 1b3 b4 DETERMINES ALL S—PARAMETERS

MODE DECOMPOSITION

The incident signal of 1 into port 1 can be decomposed into an even mode and odd mode.

(TOP VIEW)
bl bR
D < —c)
1 => | |
[ ]
Ve =9
ble b2e b10 b20
+i=>1 | +i=> 1 |
+5=> \ —3=> | ‘
Voo = e o
EVEN MODE ODD MODE

We examine each of the modes separately.

EVEN MODE

Electric field lines for the even mode are shown. Since a signal of +1/2 and +1/2 are incident upon
ports 1 and 4 then the field lines associated with each center conductor are the same. Also, no electric field
lines can terminate on the opposite conductor. Electric field lines do not cross the center plane between the
two conductors.

EVEN MODE
S M (o
FARRRYAREE NS E AR AR

I
CROSS — SECTIONAL VIEW SCLIN

I
CROSS—SECTIONAL VIEW MCLIN

A perfect magnetic conductor (PMC) is a hypothetical surface in which the tangential H field are

required to vanish. The tangential H field vanishing is equivalent to requiring that the normal E field be
zero. A perfect electric conductor (PEC) is a surface in which the tangential electric field is required to
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vanish. The normal H field must go to zero on a perfect electric conductor. A perfect magnetic conductor
isthe dual of a perfect electric conductor.

The second conductor can be replaced if aPMC isinserted in the center perpendicular to the ground plane.

EQ.DIEL
K ev
GND ) PMC
J /
E Ar//;fPMC S —
1 ar' .
GND GND

Even mode propagation results in two independent circuits separated by aPMC. (Thisissimilar to
the open circuit separation in the earlier analyses) The characteristic impedance of the even mode
transmission line is given by

_ e

- cCgy

e, = relativedilectricconstant
¢ = speedof light

Cgy = evenmodecapacitance

EV

In the case of microstrip the inhomogenous dielectric is replaced with an equivalent homogeneous
dielectric with an effective dielectric constant k. This constant k depends upon the specific geometry of the
conductors.

v fr (SCLIN)
€. = EVEN MODE CAPACITANCE cCov
Zey = EVEN MODE CHARACTERISTIC IMPEDANCE =

J Kev (mcLv)

cCov

ODD MODE

For the odd mode and plus voltage and minus voltage exists on the separate center conductors.
The electric field lines on the positive conductor originate there and terminate on either the ground plane or
the negative conductor. On the other hand the field lines on the negative conductor all terminate there and
originate from the positive conductor or the ground plane.

ODD MODE
TANGENTIAL E-FLD=0
¢ ’ > GND

STREE =R S

I
f T
I
| |
CROSS—SECTIONAL VIEW SCLIN CROSS—SECTIONAL VIEW MCLIN

(
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The two lines can be separated by a perfect electric conductor. The characteristic impedance of the odd
transmission line can now be found from the capacitance including the PEC.

.
e e/

Con = ODD MODE CAPACITANCE
Zop = ODD MODE CHARACTERISTIC IMPEDANCE

e, = relativedilectricconstant
¢ = speedoflight
Cop = oddmodecapacitance

In the case of microstrip e, would be replaced with the effective dielectric constant. Z5 for stripline is
independent of the conductor geometry while Z,5 for microstrip depends upon the geometry since k does.

OBSERVATIONS

Noticethat Cop > Cp, since the presence of the PEC represents a capacitor with more surfaces.
Also, the even mode effective dielectric constant kg, >kgp , the odd mode effective dielectric constant
since in the even mode more field lines are forced into the dielectric, e,. Therefore, Zg, > Zp .

EQUIV HOMOGENEOUS DIEL

MLIN 7//

For a strip line the even mode velocity equals the odd mode velocity. However, for microstrip the
even mode velocity is less than the odd mode velocity, Vg, <Vqp -

[> K IS WEIGHTED AVERAGE OF € = €r (SUBSTRATE)
AND € (AIR) 1 < K < Er

[> MORE E—FLD LINES IN SUBSTRATE => K CLOSER TO ¢t
[> EVEN MODE E — FLD FORCED INTO SUBSTRATE

[> ODD MODE SOME E - FLD LINES NOW GO THRU

AIR TO SECOND CONDUCTOR, HENCE Kev > Kobp

[> FOR MICROSTRIP COUPLER LINE
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Cev < Cop
Vev — £ < —== Vop
N ]KGV N KOD
_ 1 1 _
Zev - Vevcev> VODCOD B ZC)D

EVEN MODE
The s-parameters for the coupled line can now be found by computing the exiting signals from

each of the modes. We need only compute the reflected and transmitted signal for a transmission line with
characteristic impedance Z, and electrical length qg, .

(EVEN MODE)

Dae b3, z
= _ o
+z=> ] e +5 O A UNCOUPLED
+%:>I:I +1§I?I DUE TO PMC
- — Z,
ble bze
b
Ple Loy Re
1 - —
+ 5 => |
@ev
., Zev Z, .
b - J( Zo  Zev )Sl]ﬂ Oev
le — 2 DeV
b, - L
2e Dev
D — 2 o o ZLey Z, .
oy = 2cos O, +( z, +Tev)51n@ev
bBe - bZe
b4e - ble

ODD MODE

The reflected and transmitted signal for a transmission line with characteristic impedance Zqp
determines by and b,,. Qgp is the electrical length of the odd mode transmission line. For strip line
Jgy =0op » however, for microstrip, dgy, <Jop -

(ODD MODE)

b4o b3

+ |
o= o=
Il Il
\% \%
+ |
o= o=
.N/@ H\QN
@)

z
Q
(@)

c
o
=
s3]

e}

DUE TO PEC

Pio bz2o
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bio 7 b boo

! - op _—~2
+ §:>\ \
Sop =
 Zg vA .
LB 2 ysinew
lo 2 Doy
1
boy = Dos
zZ Z
Do = 2cos Ow +j( Z°: +T;)sm@on
bge = —bzo
bso = — bio

PURE TEM CASE

The s-parameters are found by adding the respective exiting signals. For TEM propagation such as
instripline ggy =qgp =q . If

ZeyZop = Zg

then theinput ismatched, i.e., S;; =0.

SPARAMTER SUMMARY

S1p0= Pre * Pyo
Sp1= Poe * b3
Sg1= Pge t Pgyp = Pge — Py
S41= Pye v Pyg = P —byg

FOR PURE TEM CASE | Oay = Ogyy = ©

IF WIDTH "W’ & SPACING "S” CHOSEN SUCH THAT Zev Zop = Zo
THEN

(Zeoy—Zop)sine
7b1 _ ev oD

by 0 RZycos8+ |(Zey+Zgp)sine

o=
- _ RZo
bge = boo ” 275c086 + J(Zgy+ Zop) sind

S;; =0
_ 220
S = o . .
0 C0Sq + J(ZEV +ZOD)qu
S5 =0
j(ZEV - ZOD)Si”CI
Su

) 2Z,cosq + j(ZEV +ZOD)Sinq

If g =90°, i.e, thelines are a quarter wave length long then
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S, =0
_ -jez
Sa = +Z°
EV oD
$3 =0
Zey - Zop . -
S, = ————— = CouplingCoefficient

B Zey *Zop

S;; =0 indicating that the coupled wave is propagating backwards and that port 3 is the isolated

port. The maximum coupling occurs when q =p /2 or odd multiples thereof. For that case the s
parameters simplify as shown. The coupling coefficient is S,; and is given by

Zey - Zop
Zey tZop

As the coupled lines are brought close together Zp, >>Z,, and the coupling coefficient
increases. For line separated by at least a dielectric substrate thickness Zg, » Zoy and the coupling
coefficient decreases.

PERFORMANCE COMPARISON

Ideal Parallel Line Coupler:

Performance
idealc|i ib idealc!| tb Videalcl ib Aidealcl ib
S11 521 531 541
idealc|i idealc!| idealc| idealcl|
s[1.1] s[2,1] s[3.1] s[4.1]
dB dB dB dB
100.0
\.(\
0.0
I —
-50.0
—100.0
y/l—v, —
-150.0 5
Frequency 0.5 GHz/DIV
Schematic Test Setup
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s e s
value=SWEEP 0.50 3.50 2.00e-02

Stripline Parallel Line Coupler:

Performance

Schematic

SSUB
ER=6.15
B=100
T=0.67
RHO=0.73
TAND

TAND=2.70e-03

100.

50.

-50.

FREQUENCY

S

wn
LY < m
- [

o —

Directivity=(S41/531)~2

Microstrip Parallel Line Coupler:

Performance

=1 | =
J=1  J=
CLIN
JE=74 83 OUTPUT
B : EQUAT ION
Z0=33 .41 ! OUT_EQN
E=90 idealclin
F=2
splcplr_tb Vspleplr_ib Asplcplr_tb spleplr_ib
s21 531 s41 Directivity
Splcpln e Splcpln spleplt
s[2.1] 5[3.11 S[4.1] QUT_EQN
dB dB dB dB
O -
| [
p———— .| | T
0.5 3.5

Frequency 0.5 GHz/DIV

Layout
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—-100.0

Frequency 0.5 GHz/DIV

Comment: The isolation is degraded over that of stripline because of the difference in propagation
velocities for the even and odd modes. This is reflected in the plot of directivity where
microstrip achieves approximately 10 dB.

Schematic Layout

7

Directivity Enhancement Techniquesfor Microstrip Parallel Line Couplers:

TAND=2.70e-03

1. Adding inter-line capacitance to slow down odd mode:

Performance
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Analysis

With small coupling (C) assumed, the s-parameters and signal flow graph of an ideal parallel line
coupler can be approximated as below.

i S, =0
3 a4 Sy »eld

—q— =0

S, » jCsinge’ Ia

The coupling coefficient C, (at center band) of the cascaded three section coupler as shown above can be
found by using the signal flow graph analysis.

ja i
e e
a o
O Yicaned “Yicaned CVicanged ©
jCising e jCysing e jCising e
b y - o)
4 eJq elq
@) o @) o)

& =jC,singe 9 + jC,singe /¥ + jC, singe ¥
= jsinge 19 (C,e"1% +C, +Cie 1M)
= jsinge 1¥ (2C, cos2g +C,)

|§%l| =|sinq(2C, cos2g +C, )
q= %p |§41(p/2)| =Gy =Cy- 2GC

Design Procedure

1. Deterministic: Equate |§41| to the appropriate function for the desired behavior, e.g. Butterworth for
maximally flat coupling or Chebyshev for even larger bandwidth with some coupling ripples.

2. |Iterative: Alternatively choose valuesfor C, then calculate C, and repest the process until the desired
coupler performance is achieved.

Performance

The following graph compares the performance of a single parallel line coupler and a three section
tandem parallel line coupler both with -20 dB coupling at the center frequency.
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Lang Couplers
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Sy =- j2CV1- C?
154 =[Su P 8c* - 8C? +1=0

C =0.383=-8.34dB

cpleplr
541

|
cpleplr
s[4,1]
dB

Frequency 0.5 GHz/DIV

For a single paralléel line coupler, the spacing between the coupled lines reduces as the coupling
coefficient goes up. At a certain point, the spacing becomes narrow enough to cause difficulties in the
fabrication process. By adding extra parallel lines to the coupler structure as shown below, tighter coupling
can be achieved with increased spacing between the lines.

Chap_09r.doc

one extraline

A\ R

7 7
4 ; : 3
two extralines

NN

J/ J/
s
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In the two extralines case above, there exist some difficulties in wire bonding the lines. By cleverly folding
the lines as shown below, the difficulties can be resolved. Note that the ports have also been rearranged.

d 3
[+ | \
\ | \
| 2N |
] \ ]
/ | 4
4 2

A more typical layout of the Lange coupler is shown below. Thisoneisa2 GHz, -10 dB coupler on the 50
mil Duroid 6006 substrate (See the MSUB statement in page 11). Note that the width of the finger is much
smaller than the line width at the ports due to the impedance matching. A table that compares the physical
dimensions of this Lang coupler and a-10 dB parallel line coupler on the same substrate follows the layout
below.

Input Isolated

/]
7N

Coupled Direct
2 GHz, -10 dB Coupler Width Spacing Length
on 50 mil, Duroid 6006 (mils) (mils) (mils)
Lang Coupler 13 35 734
Parallel Line Coupler 60 13 721

Performance

There is a common misconception that the bandwidth of the Lange Coupler comes about because
of the folding structure. In fact, the coupling mechanism of the Lang Coupler is really the same as that of
the Parallel Line Coupler. Therefore, the Lang Coupler exhibits the same bandwidth as a Parallel Line
Coupler with comparable performance . As a demonstration, the following plots compare the s-parameters
of the -10 dB couplerslisted in the table above.
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lcpirio_to langeplr10_tb Vplcplrio_tb A langeplr10_to
s21 s21 541 S41
pleplrl0 lanacplr10 plcplr10 langcp il
S[2,11 s[2.1] S[4.1 sf4,1]
48 dB a8 B
0.0 I .0
-0.5 -5.0
-1.0 g -10.
A SN
p N
P \\\§$§
-1. -15
-2.0 5 5 -20.0
Frequency 0.5 GHz/DIV
ploplri0_tb langcp I r10_tb Velcplrlo_ib Alangeplri10_th
S11 s11 S31 $31
pleplri0 langcp i pleplrl0 lanacplr10
S[1,1] s[1.1] S[3.1] S[3.1]
48 1 13 B
-10.0
-15.0 =
//////v/ —
—-20.0
///x/////////
//
—25.0
=
Z
~30.0
~35.0
—40
¢ 0.

9.5 WILKINSON DIVIDER

Frequency 0.5 GHz/DIV

9-33

Another type of coupler isthe Wilkinson's divider. This three port circuit has the property that it is
matched, and the power in the input port splits between the two output ports, and the two output ports are
isolated. We note that such a circuit could be made from a 3dB branchline hybrid with port 4 terminated in

amatched load. However, we will look at an alternative configuration.

Such circuits are useful where it is desired to split an input signal into two channels for further
processing, e.g., amplification, etc. The fact that the output ports are isolated means that any mismatch in
one output channel will not affect the other output port.

Chap_09r.doc
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WILKINSON'S DIVIDER
CONCEPT

0 (PORT 2)
INPUT  (PORT 1) O———— OUTPUT
|———o (PORT 3)

» ALL PORTS MATCHED | SM\:\SZQ\: 18331 =0
_ L
» OUTPUT POWER SPLIT ‘521‘:‘531‘747

» OUTPUT PORTS ISOLATED  ISpgl=ISgol=0

INPUT CONSIDERATIONS

The configuration which we will consider consists of an input which splits into two transmission
lines each with a characteristic impedance of Z; and length L. The output ports are connected by a

resistor R. We will attempt to determine the circuit parameters which will result in the desired s-parameters

VOLTAGE . .
POWER SPLIT => | ACROSS R =la. = a.
EQUALS ZERO 2 3

We look first at the input reflection coefficient S;. If we assume all ports are matched then an
incident signal into port a; would be split with a5 =a£. Thismeans that no current can flow in the resistor

since the voltage at each end isthe samei.e., there is no voltage drop across the resistor and consequently it
can be eliminated in consideration of Sy, effects.

INPUT

INPUT MATCH => bl =0 50

NO REFLECTIONS AT INPUT =>
R1 Rl1= 100 A

If the input is matched then the input impedance to each of the two lines must equal 100 W. Thus, the two
input impedances when combined in parallel will result in a Wilkinson's input impedance of 50 W. Thus a
50 W load must transform to a 100 W input. This will occur if the line is | /4 in length and has a
characteristic impedance equal to the geometrical mean, i.e., Zy =70.7W.
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OUTPUT

Zin = 100 =>
50

‘Lzéq; Zp =[(50)(10V)="70.7.A

The requirement that the input be matched has determined two of the circuit parameters: Z; and L. Note
also that the lines could be any integer multiple of | /4.

MODE DECOMPOSITION

In order to look at the output implication we assume an incident signal of 1 into port 2.

The s-parameters of S;, and S,, will equate to the exiting signals. We can then represent this
situation in terms of even and odd modes. The even mode consists of +1/2, +1/2 signalsinto ports 2 and
3 while the odd mode consists of +1/2, - 1/2 signals into ports 2 and 3, respectively. Additionaly, it is
helpful to replace the resistance R with two series resistors each having a value of R/2. From symmetry,
the other s-parametersareknown, i.e., S;3 =S,, and S = S;,.

EVEN MODE ODD MODE
Sy =bye by
S3p =bge + g,

SYMMETRY P  §;=S, & S$,5=S;
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Even Mode

In analyzing the even mode the circuit point between the two R/2 resistors has zero current and

the circuit can be opened at that point and not affect the performance. This leaves two resistors each
connected at only one end and therefore they can be eliminated. The input port is terminated in a 50 W
resistance.

The resulting circuit consists of two | /4 lines with a shunt resistance in the middle. The 50W shunt
resistance can be replaced with two 100\ parallel resistors. From symmetry the current between the
resistors equals zero and the circuit can be open at that point.

bZe@ ® bze
{07 /A ——A 707 /4—=
+1/2=> %MA <=+1/2

ZERO CURRENT

— 0.7~ /4 707 /4 F——
+1/2:> 100 100 n <:+1/2

The two resulting circuits consist of a 70.7W | /4 line terminated in 200W. The input impedance
therefore equals 50\ and the reflection coefficient equals zero. Asaresult, b,, = bs, .

+1/2=> <=+1/2
bEe 100 100 bge
+1/2=> <=+1/2

boe =0 5011% §50ﬂ b3e=0

b2e=b3e=0
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Odd Mode

In the odd mode analysis a zero voltage exists between the two R/2 resistors. The resulting
circuit consists of two | /4 lines with a 50\ shunt resistor in the middle and two shunt R/2 resistors at
each end.

<=+1/2

— 7 To|

R/2
ZERO :>
CURRENT

b30

[
R/2

The voltage across the center resistor is zero and that point in the circuit can be replaced with a short to
ground resulting in two independent circuits.

ZERO VOLTAGE

The individual circuits consists of a short circuited | /4 line with ashunt resitor R/2 at theinput.

+1/2=>

70ROV 70RO 4 =+1/2
R/2 R/2

SHORT CIRCUIT TRANSFORMS TO OPEN CIRCUIT

The short transforms into an open leaving the input equal to only the R/2 resistance. Since the even mode

was matched the total exiting signal can equal zero if and only if the odd mode exiting signals equal zero.
Thiswill occur only if R/2=50W or R =100W and the last parameter is determined.

+1/2=> <=-1/2

O
bgo % % boe

D =50 => bpg=bgg=0

R=100,b2g=b3p=0

SUMMARY AND LAYOUT
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The S matrix is shown. Two microstrip layouts are shown. Topologies have to be chosen such
that it is easy to connect the 100 Wresistor.

MLIN /SLIN
POTENTIAL LAYOUT

DESIGN EXAMPLES

Wilkinson's Divider

Frequency Domain Simulation

_40.0 —1 -20.0
Frequency 2.0 GHz/DIV
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A Wilkinson's divider is simulated in the circuit file and the performance is shown as a function of
frequency. The 3 dB split of power is fairly broad band. The isolation between the output ports is
considerably more narrow band.

Broad Band Wilkinson's Divider

pm—
21=82W R1:98W

S
1 :@i R,=241W

Z,=61W

~~—33

Multiple sections can be used to increase the bandwidth of a Wilkinson's divider.

Frequency Domain Simulation

Frequency 2.0 GHz/DIV

Chap_09r doc All Rights Reserved -- M. L. Edwards, 7 September, 2001



