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If the passive components are
terminated in arbitrary impedances
(asymmetric passive components),
any advantage to reduce total size
of microwave integrated circuits
can be expected.
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However, since only the symmetric passive compo-
nents have been developed, the theory has not been
well known [4]. In this article, three different scatter-
ing matrices are introduced and compared, and a nor-
malized scattering matrix is derived in a practical
case of a two-port network terminated in arbitrary
impedances. As one of its applications, design equa-
tions of impedance-transforming directional couplers
are derived.

The first directional coupler was reported in 1922 [5]
and significant progress was made during the 1940s
and 1950s [6]-[7]. In the 1960s and 1970s, numerous
papers [8]-[18] extended the theory, and their applica-
tion and development have continued [19]. However,
all the conventional theories and developments can be
applied only for equal termination impedances even
with asymmetric structures [9], [10], [18], [19]. Very
recently, design equations of impedance-transforming
directional couplers symmetrically terminated in arbi-
trary impedances were derived [20].

hy //

9‘ ﬂ | )
v (1) D2 Pczy o
A B DL2 E S
D1 180°+0, G
Error Amp.
rr%2 mp ,4/
E

bLT |, & /
oo oo~ ]
(0)
Figure 1. An impedance-transforming directional coupler

and its application to a feedforward amplifier. (a) Directional
coupler. (b) Feedforward amplifier.

IEEE MICrowave magazine

The study of asymmetric passive components first
started with asymmetric ring hybrids in 1994 [21] and
other asymmetric components including branch-line
hybrids, three-port power dividers, phase shifters, atten-
uators, and impedance transformers were investigated
during the last ten years [22]-[26]. If the passive compo-
nents are terminated in arbitrary impedances (asymmet-
ric passive components), any advantage to reduce total
size of microwave integrated circuits can be expected. In
this article, impedance-transforming directional cou-
plers and their application to a feedforward amplifier
are explained as an example of the advantages.

Impedance-Transforming Directional
Couplers and Their Application to a
Feedforward Amplifier
An impedance-transforming directional coupler and a
feedforward amplifier [27], [28] are illustrated in
Figure 1(a) and Figure 1(b), respectively. When a unity
power is fed into port (D and its length of ® is 90° in
Figure 1(a), some part of the power is coupling into
port @ and the remainder is transmitted to port @.
The coupling power is expressed as C2 and its square
root C is defined as a coupling coefficient. Theo-
retically, no power is delivered to port 3), which is
called an isolation port. The feedforward amplifier
shown in Figure 1(b) is used to reduce harmonics pro-
duced by a high-power amplifier and consists of a
main amplifier, an error amplifier, and passive compo-
nents; directional couplers (D1 and D2), delay lines
(DL1 and DL2), and power combiners (PC1 and PC2).
The feedforward amplifier has two cancellation loops,
which are called a signal cancellation loop (the first
loop) and an error cancellation loop (the second loop).
In the first loop in the feedforward amplifier in Figure
1(b), it is assumed an input signal vs(t) has two carrier
frequencies f1 and f, and that most of the input signal is
fed into the main amplifier. The output signal of the
main amplifier contains not only the amplified input sig-
nal but also harmonics /1 and Ky due to its nonlinear
characteristics. Several types of harmonics are generated
but only two located close to the carrier frequencies are
considered because the two harmonics can not be
removed easily. At point A in Figure 1(b), the remainder
of the input signal is coupled into the delay line (DL1)
and its output signal has only carrier frequencies. If it is
assumed that the phase delay of the main amplifier is
©1, the total phase delay at point Bis 90° + ©1 from the
point A. If the phase difference between two points C
and D is 180° and the output spectrum of the main
amplifier is assumed to be directed upward as shown,
then the output spectrum of the delay line (DL1) is
directed downward. Therefore, the resulting output sig-
nal of the power combiner (PC1) has only harmonics
and 90° out of phase with respect to the point C or D.
In the second loop in Figure 1(b), the error amplifier
is a linear amplifier and thus its output signal contains
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only the harmonics. In a similar way, if the phase dif-
ference between two points E and F is 180°, the final
output v,(f) contains only the amplified input signal
without any harmonic.

In the feedforward amplifier in Figure 1(b), the input
impedance of the main amplifier is generally complex
and not equal to that at point A. Therefore, any matching
process is needed for the best performance, and if the D1
directional coupler can transform a real impedance into
another one, only a single stub is needed more for the
imaginary part of the input impedance of the main
amplifier. Similarly, when adding a single stub to the
output stage of the main amplifier, its output impedance
becomes a real impedance of a few ohms, which should
be transformed into the final output stage at point G.

The delay lines are a kind of phase shifter and if they
can be terminated in arbitrary impedances [26], the
DL1 can transform the impedance at point A into that
at point D. The power combiner PC1 also has an
impedance transforming function [25] and transforms
the impedance at point C or D into a real impedance of
the input impedance of the error amplifier. In this way,
no complex matching network is needed for the best
performance of the feedforward amplifier.

If the termination impedances of the directional cou-
plers, the delay lines, and the power combiners are fixed
at50 , additional input and output matching networks
between the directional couplers, the main amplifier,
the error amplifier, and the power combiners are need-
ed and its resulting circuit becomes more complex.

Two-Port Scattering Parameters

To analyze the impedance-transforming directional cou-
plers, a normalized scattering matrix, which was first
introduced in 1965 [3], is needed. However, since only
symmetric passive components have been developed
during the last several decades, the theory has not been
well known. The scattering matrices are classified in
voltage-basis, current-basis, and normalized scattering
parameters and dependent on termination impedances.
The three different scattering matrices are the same in
the case of equal termination impedances but only the
normalized scattering matrix is correct in the case of
arbitrary termination impedances. Therefore, normal-
ized scattering matrix should be considered in the case
of the impedance-transforming directional couplers.

Voltage- and Current-Basis

Scattering Matrices

A two-port network with impedance or admittance
parameters is illustrated in Figure 2 where V.V,
If' , I;' are incident voltages and currents, V",V , I}, I
are reflected ones, and the subscript number indicates
each port. The incident waves are defined under the
assumption that the two-port network is perfectly
matched and the reflected waves are the difference
between actual quantities and incident quantities. The
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scattering matrix relating the ratio of the reflected volt-
age waves to the incident voltage waves is called the
voltage-basis scattering matrix and expressed as

Vo
S‘;qzv—’i V;:O for k+#gq, @))
q

where p and g are the port number.

In other words, (1) explains that S"fq is found by dri-
ving port g with an incident wave of voltage V;‘, and
measuring the reflected wave amplitude, V,,; coming
out of port p. The incident waves on all ports except the
g port are set to zero, which means that all ports should
be terminated in matched loads to avoid reflections.
Thus, S"fp is the reflection coefficient seen looking into
port p when all other ports are terminated in matched
loads, and S‘;q is the transmission coefficient from port
g to port p, when all other ports are terminated in
matched loads.

The scattering matrix relating the ratio of the reflect-
ed-current waves to the incident-current waves is called
the current-basis scattering matrix and expressed as

I
Sllﬂizé IZ:O for k#q. 2)

In the case of a two-port network terminated in arbi-

trary impedances in Figure 2, the voltage-basis scatter-
ing parameters are written as

[(Y11 =Y (Yoo + Y1) — Y12Y21]

4

1

S =5 YL +Y)), (3b)
y
1

Sh =5 Ya(Yr+Y)), (30)
y
Y Y )(Yoo — Y¥) — Yo Y

& = O+ YN —Y]) — Yo 21]7 (3d)

Ay

where Ay = (Y11 + Yy) (Yoo + Y1) + Y12 Y21, Yy = 1/Z;,
YL =1/Zp and Y} and Y] are complex conjugates of
Y;and Y;.

Vi, l1+ V2+, 12+
N> €« N

2] @ @i~
<« N>
Vim, =1 Voo, —b~

Figure 2. A two-port network with impedance or admit-
tance parameters.
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In a similar way, the current-basis scattering para-
meters are

_ [(Z1n = Z)(Zn + Z1) — Z12Z201]

sh A (4a)
1

S = 7L+ 7)), (4b)
z
1

Sh = +7Zp), (40)
z
Z1 +2Zy)(Zop — ZF) — Z10 7

s = [(Z1n+Z)(Zo2 = Z7) — Z12 21]’ (4d)

Az

where A; = (Z11 + Zy) (Zop + Z1) + Z12221.

Normalized Scattering Matrix

The voltage- and current-basis scattering matrices exist
for one two-port network and are correct only with the
equal termination impedances. In the case of arbitrary
termination impedances, a (complex) normalized scat-
tering matrix is needed for the correct analyses and can
be obtained from either current- or voltage-basis quan-
tities. To introduce the normalization by which the nor-
malized scattering matrix becomes basis independent,
a definition of paraconjugate Hermitian impedance and
admittance matrices r and g are first defined as

r= %(z—l—z*) =hh", (5a)
1 % *
g=§(y+y)=kk, (5b)

where (z + z*) = [Zr +Z 0 ] and

0 ZL+ 7

o [YtYr 0
(y+y)_[ 0 YL+y;]

and where z and y are reference impedance and admit-
tance matrices in Figure 2. For the normalized scatter-

AN 3 U
by« U > by
Z @ ® Z

Figure 3. A two-port network with ABCD parameters.
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ing parameters, normalized incident-wave vector a and
normalized reflected-wave vector b are defined as

a=hI"=KkVv"t (6a)
b=hlI"=kV". (6b)

The equations in (6) mean that the normalized wave
vectors are found under the assumption that the two-
port network is terminated in square roots of the real
impedances of the termination impedances. The nor-
malized scattering matrix is defined to relate the inci-
dent and reflected waves as

b=Sa. (7)

The elements of S are called the (complex) normalized
scattering parameters and can be expressed in terms of
the impedance (admittance) matrix and the reference
termination impedance (admittance) matrix as

S=h[Z+z]"'[Z - z*]|[h*]! (8a)
S=—k[Y+y] 'Y -yl ] (8b)

In more detail for the case of the two-port network in
Figure 2, the normalized scattering parameters and
their relation to the voltage- basis and current-basis
scattering parameters are written as

511 = 5‘1/1 = 5{1, (93)
Re(Yy) Re(Zy)
_ Dol
S12 = S1p Re(Y)) 512 ReZ)’ (9b)
Re(Y7) Re(Zy)
_ _dl
= Rery) M Rzt
S22 = Sy, = Shy- (9d)

As shown in (9), the reflection scattering parameters
are the same independently of the bases but trans-
mission coefficients are dependent on the termina-
tion impedances (admittances). The formulas deter-
mining the normalized scattering parameters in (8)
look simple but the calculations are sometimes quite
complicated. For a simpler alternative, ABCD para-
meters can be used for the calculation of the normal-
ized scattering parameters.

Figure 3 shows a two-port network terminated in
arbitrary complex impedances Z, and Z; where
a1, @, by, and by are incident and reflected power
waves and V1, Vy, I, and I; are voltages and currents
at each port. Referring to (2.31) in [4] and (1) in [29],
a1, a2, by, and by are expressed as
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(V1 +Zsh) _ Vi—Zh)

A - 1

N= Ry 2Rezy 0
o V2t ZLh) a4+ Z7h) (10b)
2T O Rezy | 2T 2 ReZn

The input and output reflection coefficients are S1; and
Sy and the transmission coefficient is S1p = Sp1. The
reflection and transmission scattering parameters are
expressed in terms of ABCD parameters as

bhh Vi-ZL
Sn=—=—"2—+
o Vi+Zi
AZ; +B—CZ:Z; — DZ* 1a)
= s a
AZ; + B+ CZ,Z; + DZ,
by Vo + ZZIZ
Spp=—="7"—
m Vo+Zh
—AZj + B—-CZ,Z] + DZ, (11b)
~ AZ; +B+CZ,Z; +DZ,’
bz 24/ Re(Z,)VRe(ZL)

m  AZ,+B+CZZ +DZ,’

Symmetric Four-Port Networks

To derive design equations of the impedance-
transforming directional couplers, the even- and odd-
mode equivalent circuits are needed. The even- and odd-
mode excitation analyses were first introduced by J.
Reed and G. J, Wheeler [30] and have been used in vari-
ous symmetrical three- and four-port power dividers
such as Wilkinson power dividers, ring hybrids, branch-
line hybrids, directional couplers, and so on.

A four-port network, being symmetric with
respect to a symmetric line S— ', is depicted in
Figure 4(a) where a voltage source V¢ is fed into port
@. If two signals of amplitude V¢/2 and in phase
(even-mode excitation) are applied at ports (D and
@ as shown in Figure 4(b), by symmetry a voltage
maximum occurs at every point on the symmetry
plane. That is, these points are all Z=e and Y = e.
This is equivalent to an open circuit, as illustrated in
Figure 4(b). Similarly, if two signals of amplitude
V¢/2 and 180° out of phase (odd-mode excitation)
are applied at ports (D and Q) as shown in Figure
4(c), a voltage minimum occurs at every point on the
plane of symmetry. That is, these points are all Z = o
and Y = e. This is equivalent to a short circuit, as
indicated in Figure 4(c). In each case, the problem is
reduced to that of two-port equivalent networks.
For the even-mode excitation, a reflection coefficient
I', and a transmission coefficient T, are determined
at port (D. Similarly, for the odd-mode excitation, a
reflection I'y and a transmission coefficient T, are
also determined at port (. By superposition, the
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sum of the two cases is a signal V¢ amplitude at port
(. The resulting signals out of the four ports are a
superposition of those obtained from the even- and
odd-mode excitations.

Thus, the vector amplitudes of the signals emerging
from the four ports are

1

S = 5T+ To), (12a)
1

S21 = E(Fe - F0)7 (12b)
1

S31 = E(Te —Tb), (12c)
1

541 = E (Te + To)- (12d)

e ==
S S’
Ak
? (@) :
U | ___ Magnetic Wall
(Open Circuit)
_VQT z, ;Li)
° =

Electric Wall
(Short Circuit)

Figure 4. Symmetric four-port network. (a) Symmetric
four-port network. (b) Even-mode excitation. (c) Odd-mode
excitation.
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(a) (b)

Figure 5. Coupled-transmission lines. (a) Coupled-
transmission lines. (b) Equivalent capacitance network.

Impedance-Transforming Directional Couplers
Symmetric coupled transmission lines are shown in
Figure 5 where coupled transmission lines are in
Figure 5(a) and the equivalent capacitance network is
shown in Figure 5(b). If a TEM (transverse electro-
magnetic) propagation of the two coupled transmis-
sion lines is assumed, then the characteristics of the
coupled lines can be completely determined from the
capacitances and the propagation velocity on the
lines. In the equivalent capacitance network in Figure
5(b), C12 represents the capacitance between the two
conductor lines in the absence of the ground conduc-
tor, while Cy; and Cp denote the capacitances
between each conductor and ground, in the absence of
the other conductor line. If the coupled transmission
lines are identical in size, then C11 = Cps.

For the even-mode excitation, no current flows
between the two transmission lines, which leads to

How to Derive Equations (15) and (17)

C12 =0. The resulting capacitance of either line to
ground is C, = Cq1 = Cp and its characteristic imped-
ance for the even-mode excitation, Zy, is

Zoe = (13)

vC,’

where v is a propagation velocity on the line.

For the odd-mode excitation, the electric field
lines have an odd symmetry about the center line
and a voltage null exists between the two trans-
mission lines, which leads to the effective capaci-
tance between either conductor and ground
Co = C11 + 2Cqy. Its characteristic impedance for the
odd-mode excitation is

1
vCy’

Zoo = (14)

For the impedance-transforming directional couplers
with Z, and Z| in Figure 1(a), the even- and odd-
mode equivalent circuits are depicted as those in
Figure 6. For the analyses, the (normalized) scatter-
ing parameters of the even- and odd-mode equiva-
lent circuits need to be known. The reflection and
transmission scattering parameters I';, and T, can
be calculated from either impedance, admittance, or
ABCD parameters, but the simplest way is from the
ABCD parameters.

The ABCD parameters of the two equivalent circuits in Figure 6 are

¢ o).
< o],

where the even- and odd-mode electrical lengths are assumed to be the same for simplicity.
Substituting the even- and odd- mode ABCD parameters into (11a) and (11c) gives

@

@ —Z;)cos® + j (ZOe - Z%ZLZ,) sin®

(Zy +Zr)cos® + j (ZOe + Z%ZLZ, sin®

o — 5
(Z, +2Zr)cos® + j (ZOO + Z‘EZLZ, sin ®

Te=

)
@i —Z)cos® + j (z(,o _ Z‘EZLZ,> sin®
)
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(\/%+\/§>—Z)cos®+j(

JZoe Sin O B
cos ® } ’ (Al-a)
JZoo SIN O
Al-b
cos© ] ’ ( )
(A2—a)
(A2—b)
3 (A2—0)
j;LLZ + ZIE*/ZLZF> sin®
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If the termination impedances Z, and Zj are
assumed to be real, with reference to (11) and (12), 511
is computed as

1 Re + i Im(N
Si1 = S (T4 Ty) = RO AJIMA) =5
2 D
where
_ 2 2 2
Re(N) = (7 - 72) cos?©
1
1 Z0eZoo — VAYA 2)]sin2®,
|:( 0e4-00 ZOeZOO( L r)
(15b)

m(N) = [(Zofz + Z00)Z1 — 717y (Zi + L) zr]

0e 2o
X cos®sin O, (15¢)

and D is a product of denominators of the even- and
odd-mode reflection coefficients at port (. (Also
see “How to Derive Equations (15) and (17)”.)

For a matched directional coupler at (D in Figure
1(a), both Re(N) and Im(N) in (15) should be zero. In
(15b), cos ® and sin ® cannot be zero at the same time
and the termination impedances Z; and Z, are, in
principle, different. Thus, the condition for the
matched directional coupler is

Figure 6. Even- and odd-mode equivalent circuits of the
directional coupler symmetrically terminated in arbitrary
impedances.

© =90° (16a)
Zoe Zoo = Z1 Zy. (16b)

For a fixed design frequency, the length of ® is 90° but
the electrical length is dependent on the operating

2+ /&) cosO+ (2 + L 7,7, Sin®
D B 2)

(A2—d)

where the subscripts e and o denote the even- and odd-mode excitations. Thus, the scattering parameter of Sy;

is computed as (15).

Substituting a matching condition of Zge Zoo = Z;Z; into (A2) results in

(Zy —Zr) cos © + j(Zoe — Zpo) SINn O

e =

o=

- , A3—
(Z; +Z;)cos ® + j(Zoe +Zoo) Sin O (A3-a)
(Zy —Zr)cos© — j(Zoe — Zpo) SIN O (A3_b)
(Zy +2Zr)cos® + j(Zoe +Zoo)SINO °
(A3—0c)

B 2
To = (\/?_i+\/§)cos®+j(\/%+\/%)5in®

It is noted that the even- and odd-mode reflection coefficients are same in magnitude but 180° out of phase,
while the even- and odd-mode transmission scattering parameters are the same with each other. Using (12), the
scattering parameters contributed by port (@ are derived as those in (17).
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frequencies. Therefore, for an arbitrary length of ®,
scattering parameters are obtained as

Zp — Zy)cos ®

S = - - , 17a
u (Z1, + Zy) cos © + j (Zoe + Zpo) sin © (172)
j (Zoe + Zpo) sin ©

Sy = - —, 17b

2 (ZL +Zy) cos © + j (Zoe + Zpo) sin © (17b)

S31 =0, (17¢)
S 2

41 = .

V4 Z, : Z e Z o 3
(‘/Z_’; +,/Z—L)cos®+ j <,/Z—go +‘/Z—‘3L))sm®
(17d)

(Also see “How to Derive Equations (15) and (17)”.)
When © = 90°, the scattering parameters are

S11 =0, (18a)
ZOe_ZOo

So1=———=0C, 18b

o Zoe+Zoo (18b)

S31 =0, (18¢)
12/ 20 02,

541:_w:_]'/1_cz, (18d)
Z00+Z0€

which prove that the power excited at port () is deliv-
ered to ports @ and @, and no power appears at
port ® in Figure 1(a). Using the passive properties
(unitary and reciprocity properties), the scattering
parameters characterizing the directional coupler with
® =90° are

How to Derive Equation (21)
a) Impedance transformation IR = Z;/Z; is
first defined.
2¢in? @
b) 1Sl = Gz o (Q(ZSLZOV sin? ©
is calculated from (17a).

©) If the length of ® is /2 (90°) at a design
center frequency fo, then it varies with an
operating frequency f. So, ® is substituted
with /2 - f/ fo.

d) To express |S1; 12 containing the coupling
coefficient of C, (Zoe +Zoo)? = (4Z,Z;)/
(1 — C?) is calculated using (20) and sub-
stituted.

e) To express |S11]2 as a function of IR, divide
both denominator and nominator by Z; .
Then the form of |S11/? is obtained and
the others are derived in a similar way.
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[S1=
0 o 0 —jiy1-c?
C 0 —jv1-¢2 0
0 —jV1i-¢? 0 c
NG 0 C 0

19

With real termination impedances Z,, Z, and the cou-
pling coefficient C specified, the required even- and
odd-mode impedances are given as

_/A+0

Zye = 1-0 Z1Zy, (20a)
_1A=-0

Zoo = 130 Z1Zy, (20b)

which are design equations of the impedance-
transforming directional couplers. If Z; = Z, = Zy in
(20), they are well known design equations of direc-
tional couplers terminated in equal impedances, Zy [6],
[9], [19], [31}-[33].

When © = 7/2 at a center frequency fp and unity
power is fed into port (D in Figure 1(a), the powers
appearing at each port are obtained as

Sl - IR? cos” (5 )
ISul” = 1+ IR2cos? (54 ) +4IR (1 ) sin? (34 )

(21a)

2711 aip2 f
5 4C#IR sin (%fo)
[S21]°=

(14 IR2(1 = 02 cos?(3 £ )+ 4IRsin® (3 £ )

(21b)
131> =0, (21c)
4
Sl = 1\? f 4 2(x f)
(\/m + ﬁ) COS2 (% %) + e s’ (% %)
(21d)

where IR = Z,/Z,and C and f are coupling coefficient
and operating frequency, respectively. (Also see “How
to Derive Equation (21)”.) Based on the derived equa-
tions in (21), two types of calculations have been car-
ried out using a mathematical program (Matlab 6). The
first type is fixing a coupling coefficient at -3 dB and
varying the impedance transformation ratio IR. The
second is fixing an impedance transformation ratio IR
at 1.5 and varying the coupling coefficients. The first
and second types of calculation results are plotted in
Figure 7 and Figure 8, respectively, where operating
frequencies are normalized to a center frequency fp.
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Matching performances are in Figure 7(a) and
Figure 8(a), coupling powers in Figure 7(b) and
Figure 8(b) and through powers (|S4 12) in Figure 7(c)
and Figure 8(c). Figure 7(a) shows that a practical
bandwidth decreases as the impedance transforma-
tion ratios increase. On the other hand, the band-
width in Figure 8(a) is constant regardless of the
coupling coefficients, when the impedance transfor-
mation ratio is fixed. In any case, perfect matching
appears at the design center frequency, independent-
ly of the coupling coefficients and the impedance
transformation ratios.

L Coupling Coefficient

Matching [dB]

W
Coupling Coefficient |
-3dB

Coupling [dB]

m'
ic)
£=
(o]
3 L
= Coupling Coefficient
= i -3dB

_6 L L L L L 1 1

0 0.5 1 1.5 2

Freq. (f/fo)
(©)

Figure 7. Calculation results with a fixed coupling
coefficient of —3 dB and different impedance ratios:
(a) matching, (b) coupling, and (c) through.
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The three different scattering matrices
are the same in the case of equal
termination impedances but only the
normalized scattering matrix is
correct in the case of arbitrary
termination impedances.

When the coupling coefficient is fixed, the coupling
power is almost constant around a center frequency,

Matching [dB]

Coupling [dB]

— C=-12dB
& C=-9dB
= C=-6dB
5> _3 C=-3dB
3
o
=
'_
IR=1.5
-6
0 0.5 1 1.5 2

Freq. (f/fo)
(c)
Figure 8. Calculation results with a fixed impedance

transformation ratio IR = 1.5 and different coupling
coefficients: (a) matching, (b) coupling, and (c) through.
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If one can have any choice of the
termination impedances of the
directional couplers as shown in this
article, the total size of a microwave
integrated circuit can be reduced.
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independently of the impedance transformation ratios
as shown in Figure 7(b), while the coupling powers are
directly dependent on the coupling coefficients with a
fixed impedance transformation ratio of IR =1.5 as
shown in Figure 8(b). The through power is defined as
1 —C? and dependent on the coupling coefficients as
shown in Figure 8(c) but independent of the impedance
transformation ratios as shown in Figure 7(c). From the
calculation results in Figure 7 and Figure 8, we can con-
clude that the matching performances are dependent

on only the impedance transformation ratios.

Power Loss Ratio

The power loss ratio L of a directional coupler is

defined as

" Directional

Coupler

(a)

Measured =======- Simulated
dB
o L
I Through (S44)

Coupling(Sy4)

.
»
*
e

e s G
-30 > # Isolation(S3)

Matching(S1 1)

-50 L i L 1 L 1 L 1 L 1 L
1.4 1.6 1.8 2 2.2 2.4 2.6

Freq. [GHz]
(b)

Figure 9. A microstrip directional coupler from [20]. (a) A
fabricated directional coupler. (b) Results measured and
simulated are compared.
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_ L (22)
1Sal? Tl

and a positive quantity that is always greater than or

equal to unity. In terms of ABCD parameters, the

power loss ratio L of the impedance transforming

directional coupler with real termination imped-

ances Z, and Z; is given as

2
1 |7, |7,
L=1+-> “La,— 2D
*1 ( Z, ¢ 7L ")

2
- cm/szr) } . (23)

(27
ZLZy
In the case of equal termination impedances
Z1 = Z, = Zy, the power loss ratio [9] is given as

1 B 2
Lo=1+~| (A0 —De0)® — (=2 —Co0Z0) |. (%)
4 7y

Comparing the two power loss ratios in (23) and (24),
the following relation is obtained:

|7
Apg — Ap. [ 2L, (25a)
Zy

BeO B

- , 25b
Zy 212y (25b)
Ce0Zo — Cev/Z1Zy, (250)

z
Deo — De, | Z—; (25d)

where A, Be, C,, and D, are even-mode ABCD para-
meters with arbitrary termination impedances, and
Ae0, Beo, Ceo and D,q are those with equal termination
impedances.

Measurements

Based on the design equations in (20), a microstrip
directional coupler with Z; =50 and Z, = 30 2 was
designed at a center frequency of 2 GHz, fabricated on
a substrate (¢, =3.5, H=30 mil, tan § = 0.04), and
measured. To adjust a coupling gap to 0.5 mm, the
coupling coefficient was set to —-16.6 dB. The corre-
sponding Zgp, and Zy, were 44.95Q and 33.3 Q,
respectively. Instead of the electrical length ©, an
average value of the even- and odd-mode electrical
lengths was used [34]. Figure 9(a) shows the fabricat-
ed directional coupler where a dotted rectangle indi-
cates the directional coupler and two impedance
transformers are shown for the 30 Q termination
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impedances. Measured results are compared with
simulated ones in Figure 9(b) where solid and dotted
lines indicate measured and simulated results, respec-
tively. The simulated matching, through, coupling,
and isolation powers at 2 GHz are -34.7 dB, -0.63 dB,
-17.1 dB, and -23 dB, respectively, and show good
agreement with the measured ones.

Conclusions

Voltage-basis, current-basis, and normalized scattering
matrices were introduced and it was shown that three
different scattering matrices are the same only with
equal termination impedances but only the normalized
scattering matrix is correct with arbitrary termination
impedances. The scattering matrices can be calculated
from impedance, admittance, or ABCD matrices char-
acterizing a network. However, if the network has
more than three ports, the calculation process from the
admittance or impedance matrices is not simple. For
this, conversion formulas of the ABCD parameters into
the normalized scattering parameters were presented
for the impedance-transforming directional couplers.
The directional couplers have been used and studied
for more than 80 years, but all the theories and devel-
opments have been limited to equal termination
impedances. Therefore, if one can have any choice of
the termination impedances of the directional couplers
as shown in this article, the total size of a microwave
integrated circuit can be reduced.
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