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2.3 Power Dividers

Power dividers are important in signal splitting and conridin An ideal power divider would be matched
at all ports, lossless, and reciprocal (so expensive ngmme@l materials would not be needed in its con-
struction). Is this possible? We can use S-parameters toeauthis question.

Port 2
Port 1 Divider/Coupler
Port 3

Figure 2.4: Three port microwave network for used as a pouwigtat or coupler (combiner).

Consider a 3-port device with S-matrix

St Sz Si3
[S]= | S21 S22 Sas (2.20)
S31 Sz S33

Suppose all three ports are matched so that= 0, and that the network is reciprocal so thiaf = S;;.
The most general possible S-matrix for a device with thespeaties is

0 Sz Si3
[S]=1] Si2 0  Sa3 (2.21)
S13 Saz 0

If the network is lossless, then this matrix must be unitéafging one of the relationships in Section 1.2.3
derived for lossless networks leads to

|S12f* + |S13]> = 1 S13835 =0 (2.22)
|S12|* + |S23® = 1 S128f5 =0 (2.23)
S15]% + [Sas* =1 512553 =0 (2.24)

The second column shows that at least two of the three uniepera&@neters must be zero. But if two of
them were zero, then one of the equations in the first columridie violated.

From this we can conclude that it is impossible to have adsssimatched, and reciprocal three port device.
Relaxing any one of these constraints makes it possiblehfoother two constraints to be satisfied. The
possibilities are a network that is

1. Lossless and reciprocal, but not matched;
2. Reciprocal and matched but lossy;

3. Matched and lossless using a nonreciprocal material.
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2.3.1 Tee Power Divider

Figure 2.5: Transmission line tee.

The transmission line tee is a three port device that isdssshnd reciprocal, but not matched on all ports.

From Fig. 2.5, the input admittance is
1 1

Y, = — + — 2.25
VAl + Zs ( )

If we require an input match at port 1, then we must have

1 1 1

—+ === 2.26

VAl * Zy  Z, ( )
If Z, = 50€2, and we choos&/; = Z, = 10092, Z, = 5012, then we will have an equal power split (3
dB) and the input will be matched. Because the lines of impeel@; andZ, at the other two ports both
see an input impedance &< in parallel with100€2, the tee is not matched at the output ports. If we want
the impedances of the output lines to be the samg,asve can replace them with impedance matching
networks that transforn¥,, to the impedances required by (2.26) at the junction. (Dbissnhbean that the
tee with matching networks is matched at all ports?)

We can also choosg, and Z; for an unequal power split. For example, if we want 5/6 of tbe/gr to go
down one line and the remaining 1/6 down the other, then whedivo output line impedances to obtain
the desired power ratio:

11]V,[2
Py, = _| O|
2 7,
LIV,2 5 51 |Vo|?
P = - =_-Pn=_5
27, 6 62 7,
LV2 1 11[V,|?
p o_ X _p 12 2.27
2 2 7, 6 ™ 62 Z, (2:27)
6
Zl = gZO
Zy = 62,

where we have assumed that the input is matched so that iereooltagel/, is the voltage at the junction.

This will result in .

Zi e e
5/6Z, 4+ 1/6Z,

Z, (2.28)
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which is matched. The input impedance seen looking in froerother lines is

1 6
Zin - -7 2.29
'l 1/Zy+1/6Z, 7T (2.29)

1 6
Zin -z 2.30
2 1/Z,+5/6Z, 11 (2:30)

which still represents a mismatch.
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2.3.2 Wilkinson Power Divider

The Wilkinson power divider shown in Fig. 2.6 is a three patwork that is matched on all ports, but is
lossy. The Wilkinson divider also provides output port &imn (So3 = S32 = 0).

Zo

ZO ? ‘
| <§ 22, 4
) |

A4

Figure 2.6: Wilkinson power divider in microstrip form. Tlebharacteristic impedance of the two quarter-
wavelength branches ig27,.

Analyzing this network directly to find its S-parameters Wbrequire the solution of many simultaneous
equations. The amount of work required to find the S-paramefehis and other similar networks is greatly
simplified by the use of the even/odd mode analysis technique

Finding the S-parameter%; with a source at port 1 is relatively straightforward. It isma difficult to find
the S-parameters with an input wave on port 2 or port 3. Wefirsll consider the case of a source at port
2. As we will have to redraw the network several times, we usk a single wire to represent transmission
lines to make the picture simpler, as shown in Fig. 2.7. Tarskme thought of as a microstrip circuit viewed
from the top, with the other conductor for the transmissioe being the ground plane.

Figure 2.7: Equivalent circuit for the Wilkinson power dlei.

To begin the even/odd mode analysis, we make the circuit gtnmvertically and break up the source into

a sum of even and odd sources on ports 2 and 3, as in Fig. 2.8g Ygperposition, we can analyze the
circuit with the first pair of sources and then with the secpail. If we add the results, we have the voltages
for the original single source. Because of the symmetry efriew network with even or odd sources, the
analysis is much easier than is the case for the originatsawm port 2.
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Zo 1T~

27 18 ::® 1

zzoé V22 Z, Ve Ve T
3 P2 }i 2
= Z, L

*— NN/
27,
27, é V2 Z,

Figure 2.8: Symmetric equivalent circuit for the Wilkinspawer divider.

Even Mode
For equal excitations on the output ports (2 and 3), the syimynoéthe system makes it such that we have

no current flowing between the upper and lower portions ottraiit. Therefore, we can treat only the top
portion, recognizing that the resistor is open-circuited.

We now analyze the simplified even mode network as follows:

1. FindZ¢,: Foré = \/4,
(V22,)* _ 273

Zin =" Z, 27 = Z, (2.31)
so that port 2 is matched.
2. FindVy: By voltage division,
3. The voltage on th&/4 length of line is
V(z) = Vte P f v—eif? (2.33)

4. Applying the reflection coefficient at the load (left eneiddls to

Vo 2Z,-v2Z, 2-\2
Vt 27,427, 2+V2
V() = vt (e—jﬁz +reﬂ'52) (2.35)

(2.34)
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5. This allows us to find’* in terms ofV/,, using

V(-)\/4) = v+ [ej“/2+re—j“/2 = VF[j —jT] = V(1 -T) (2.36)
Vs = % =V(=N\4) =jVT(1-T) (2.37)
v, 1
+ - _5;9_ -
vt o= ot (2.38)

6. Now we can get the votadg® at port 1 in terms of the source voltage:

V,1+T
Ve = V(O) =V +T) = —j— J_r T (2.39)
V2424212 V, 4 v
42+V2-2+2 4 22 2v2
Summarizing these results, we have for the even mode
V,
Ve = —j—L 2.41
Vy = % (2.42)
Vy = % (2.43)

where the value foVy results from the symmetry of the network.

Odd Mode

For equal but opposite excitations on ports 2 and 3, the lisgrmmetry through the middle of the network
must be an equipotential &/, so we can replace the nodes at the equipotential with gigun

We can now analyze the odd mode network:

1. FindZg,: Fort = \/4
27,)?
o WORE .24
which is an open circuit.
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2. The voltage at port 2 is
o_ Ve 2o _ VY

Y5 Z+Z, 4 (2.49)

3. Because of the short to ground at port 1, the voltage atlpisrzero. Because the sources at ports 2
and 3 are opposite in polarity, the voltage at port 3 is theatieg) of the voltage at port 2. This leads
to the port voltages

Ve =0 (2.46)
VY = % (2.47)
Vy = Y (2.48)
4
Superposition
We can now combine the voltages for the even and odd excitatising superposition:
i = V6+V°——'—‘/;’ (2.49)
1 = 1 1 = —J 2\/5 .
V
Vo = Vo@+V9 = 7‘] (2.50)
Vs = V&+V2=0 (2.51)

These are the voltages at each port with a source at port 2.

The input impedance at port 2 (and 3Yisfor both even and odd excitations. Therfore, the reflectdtdge
at port 2 is
Vo =V +Vy =0 (2.52)

This means that ports 2 and 3 are matched.

Input Match

When excited from port 1, power splits equally between hbinasc Therefore, no current flows in tB&,
resistor. On one branch:
(vV22,)* _

Zo

Since we see two such branches in parallg), = Z,, indicating an input match. Note that when excited
from port 1, there is no power loss since no current flows tincihe resistor.

zZl = 27, (2.53)
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S-Parameter Matrix

We now use the results of the even/odd mode analysis to detertine S-parameters of the Wilkinson
divider:

S11 = 523 =533=0
S5y = %:%:0 sinceVs = 0
2
Sy =0 by symmetry (2.54)
R T j
So1 = S31=513= —ﬁ
In matrix form,
j 01 1
Sl=—2 110 0 (2.55)
V2 1 00

If we send in signal$/," andV?:r on ports 2 and 3, the output wave at port 1 is

_ J J J
V= _ﬁvj - EVQ = _E(V; +V3h) (2.56)

Note that the sum is scaled in magnitude lo'/2. The circuit will therefore present the sum of the two
voltage signals at port 1, but with a 3 dB loss in powetr.
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2.4 Passive Filters

Filters are an important part of microwave engineering. feffils a two-port microwave network which
attenuates signal components at some frequencies and prbses. The basic filter types are low-pass,
high-pass, bandpass, and band-reject or notch filters. @p@ach to microwave filter design is to first
come up with a low frequency lumped element design, and thegnthe design to transmission line sections.

2.4.1 Insertion Loss Design

A common method for specifying a filter characteristic isotigh the insertion loss versus frequency, or
power loss ratio:

Power available from source 1
P = . = 2.57
Lr(w) Power delivered to load 1 — |[T'(w)]? (2:57)
wherel is the reflection coefficient looking into the input of thedilinetwork.
For a low pass filter, one standard form for this quantity is
Prp =1+ k*(w/w.)* Maximally Flat/Butterworth/Binomial (2.58)

The loss ratio grows as frequency increases, so that highdrey components are attenuated. At the band
edge (0 = w.), the power loss i$ + k2. This filter characteristic is called maximally flat becadseivatives

of the response vanish at= 0 up to order2V, so for a given value oN this function is as flat as possible
nearw = 0.

Another form for the insertion loss is
Prr =1+ k*Tn(w/w.) Equal Ripple/Chebychev (2.59)

where T (z) = cos(N cos~!z) is a Chebychev polynomial. In the rangel < x < 1, Chebychev
polynomials oscillate betweett1 ,which is where the name “equal ripple” comes from. The hedfh
the ripples for a Chebychev filter is+ k2. Both of these filter types have an integer or@&rwhich is
determined by the number of stages in the filter. The largeotder, the faster the rolloff of the frequency
response, but the filter also becomes more expensive tonmepie

Another property of a filter characteristic is linear phasbere the phase response of a filter is specified as
well as the magnitude. Why would linear phase be desirable?

2.4.2 Low Pass Filter Prototypes and Transformations

For various types of filter characteristics, such as thogengabove for the maximally flat and equal ripple
cases, lumped element values have been computed and ¢abulat save space, this is done for low pass
filters only, with a corner frequency aof. = 1 and a source impedance Bf = 1) (see Pozar, Section
8.3). If a different corner frequency or a high-pass or basddilter is desired, simple transformations can
be applied to the low pass prototype design to get the deSitedtype.

The tabulated lumped element values give capacitancesdndtances for LC sections. For Afth order
filter, V of these sections are cascaded to give the desired resp@hseresponse as a function of fre-
guency is also computed (Pozar, Section 8.3), so the rehjualee of N can be obtained from the desired
attenuation at the corner frequency.
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Impedance scaling. In order to scale the source impedanceitp we use the transformations
L' = RyL (2.60)
C'" = C/Ry (2.61)

Frequency scaling. To change the corner frequency of a low-pass filter from uoity., we replacev in
the impedances of the lumped elements with- w/w,. This leads to the transformations

L' = L'w. (2.62)
c’ = C'Jw, (2.63)

Low-pass to high-pass transformation. To change a low-pass filter prototype into a high-pass fitter,
make the replacement — —w,/w. This leads to

1
" = — 2.64
el (2.64)

1" 1
= — 2.65
¢ wel! (2.69)

Low-pass to bandpass transformation. To change a low-pass filter prototype into a band-pass filter,

use )
w wo

whereA = (ws — wq)/wp and the corners of the passband areandws. The center frequency is often
chosen to beyy = /wiws. Forthe bandpass filter, the element transformations aditeeanhore complicated.
A series inductancé’ is transformed into a series LC circuit with

L = AL(.;O (2.67)
A
c" = ol (2.68)
and a shunt capacitanc¥ is transformed into a shunt LC circuit with
A
L’ = el (2.69)
c" = ACLO (2.70)

This should be intuitive, because an inductor is a low-pdtes,fand an LC circuit is a bandpass filter with
the band center at the resonance frequency.

2.4.3 Implementation
The capacitors and inductors resulting from the low-passopype approach can be realized using either
lumped elements or transmission line sections.

Other methods for implementing microstrip filters are segppmnpedance filters, consisting of alternating
sections of low impedance and high impedance lines, andli@dlipe filters, which are sections of trans-
mission lines placed nearby with frequency dependent augipetween the lines.
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