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Broad-Band Design of Lumped-Element
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ABSTRACT A broad-band design method of a lumped-element 3 dB quadrature hybrid without magnetic coupling
is proposed and discussed, where techniques of cascading fundamental hybrids via second-order delay equalizers and
adding matching sections are adopted. It is shown that the designed broad-band lumped-element 3dB quadrature hy-
brid can be easily constructed and its bandwidth reaches up to 54%. Furthermore, the experiments have been carried
out, the results of which agree with the theoretical ones, and hence, the validity of the broad-band design method
proposed here was confirmed.

I Introduction modulator, image rejection mixer, variable phase

shifter, or small sized VHF transmission circuits

A lumped-element quadrature hybrid which for satellites. In VHF range, it is preferable to

has the capability of dividing the input signal use a lumped-element hybrid since it usually is
equally into two ports is widely used for SSB very large in size.

There are two types of conventional lumped-

element 90° hybrids, one of which is with magne-

¢ WREEGEE PR FlE T tic couplings between coils and the other is with-
Dept. of Electronics and communication Engineer- out magnetic couplings. The former usuauy uses
ing, Korea Maritime University Busan, 606 Korea. twisted wires for tight magnetic couplings betwee
B LN 1F [y N TR TRy =P . S ag ?0 pir 'gS etween
Dept. of Nautical Science, Busan, 606, Korea coils. The concept of using twisted wires wrapp-
i CEYR 85— 38 (JEE1985. 10, 18) ed upon ferrite toroids to form compact, asym-
317

www.dbpia.co.kr



WBEGHEREE '85-12 Vo 10 No 6

meteric, 180°-hybrids was firstly introduced by
Ruthroffl!] - It has also been found that twisted-
wire structures can be made to function as sym-
metric 3dB quadrature hybrids!2!!?! a5 shown
in Fig. 1. This hybrid operates at

Zo=v'L/C (1)
and the operating frequency ¢, is given by

w,=v LC {2)

Such hybrid is a very narrow-band network,
since equal power division occurs at one frequen-
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cy. It has been described in(3) that a cascade of
two symmetric 3dB 90° hybrids, consisting
chiedly of a bifilar pair of twisted wires, can achie-
ve an octave bandwidth with a 0.7 dB coupling
error & as shown in Fig. 2. Here, ports 3 and 4 of
the first hybrid are connected, respectively, to
the ports I’ and 2’ of the second identical hybrid
via sections Z, coaxial cable each having an
electrical length 6 at W,. A disadvantage of this
cascade technique is that the coaxial connecting
cables become prohibitively long as the hybrid
operating frequency is lowered. Furthermore, the
lumped-element quadrature hybrids with mag-
netic couplings between coils have defect in dif-
ficulty of construction since tight coupling bet-
ween coils are needed.

On the other hand, a lumped-element quad-
rature hybrid equivalent to the branch-guide
coupler in a distributed-element the quarter-
wave sections of which are substituted into lump-
ed-element 90° phase shifters as shown in Fig.
3(a) has been proposed in(4). This hybrid has
no magnetic couplings between coils, and so,
it can be easily fabricated. But, its bandwidth
is also very narrow as shown in Fig. 3(b) so that
it extends to 8% only.

To resolve these problems, we thus, broaden
the band-width of the hybrid shown in Fig. 3(a),

J8 3 (@ @ERSG S #A% XAme gy i 90 6t
ol ¥ 2L

Fundamental Lumped-Element Sﬁ’ Hybrid without
Magnetic Couplings (L, Z,/v 2@, L,=Z,/ w,,

C(1+V/ 21/ @, 2Z,)
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Frequency Characteristics of the Fundamental
Quadrature Hybrid shown in Fig. 3(a).

which is referred to as the fundamental hybrid,
by optimization using CAD after cascading the
two sections via delay equalizers (phase shifters)
and adding the matching sections to each port.
Furthermore, the comparison with the multi-
stage branch-guide type hybrid which is simply
cascaded by the fundamental type hybrid(51:16]
which is simply cascaded by the fundamental
hybrid is made in frequency characteristic and
bandwidth.

Throughout this paper, we take the tolerance
limits of +0.43 dB for coupling deviations (Ap-
pendix Al) and of 20 dB for the maximum
reflection and isolation.

2. Broadbanding the 3dB Quadrature Hybrid
without Magnetic Couplings

In general, the scattering matrix [S] of the
four-port symmetrical and reciprocal hybrid direc-
tional coupler is given by

For an ideal 3dB quadrature hybrid, the follow-
ing scattering parameters are required in broad
frequency band;

Su=0, S,,=1/v72.
Su"':jj/x/bzh, S..=0

or, Su=0, S.=1/V72, @

Slz: 0, Su:t]./\/—é_

However, the above scattering parameters over
a broad frequency band cannot be realized general-
ly and are valid only at certain point frequencies.
Thus, Thus, it is generally required
in actual characteristics of a hybrid circuit, a
power divider, or a circulator that the couplings,
matching, and isolation are to be within certain
tolerance limits over a broad frequency band
even though the circuit may not be perfectly
matched and isolated at the center frequency.
Considering the required characteristics of the
3dB quadrature hybrid including broad-banding,
we define an evaluation function F as follows;

N .
F= {(111|Su |2+an ]Su|z+

J=1
, 1
ass ( |SIZ "”"7—5"") 2+
1

2 ( 1Sy I""~7—2:—>) s (5)

where N is the number of sampling points, fj’s are
the sampled frequencies, and aji’s are the weight-
ing coefficients for broadbanding.

The values of the circuit constants can be
obtained numerically so as to minimize F and
broaden the bandwidth widely as much as pos-
sible where the responses are within the range
of the prescribed tolerance limits. Powell’s mini-
mizing method !7! was used for this optimiza-
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tion. This optimization method was proposed in
(8], [9], and [10], by which excellent design
of directional couplers, power dividers, and five-
port circuits were obtained. The circuit con-
stants obtained by the above method are not
unique. They depend on the choice of aji’s
and f.’s.  Thus, the weighting coefficients aji’s
and the sampling frequencies fj’s have great signi-
ficance in computations of the optimum circuit
constants. As for the optimum circuit constants,
we select the values of parameters which make
the bandwidth widest within the extent of the
tolerance limits for all responses by adjusting
aji’s and fj’s.

In practice, we performed optimization for
the hybrids which are simply cascaded in multi-
stage with the fundamental hybrid, and for the
hybrid which constructed by cascading two
fundamental hybrids via delay equalizers and
adding matching sections at all ports. The for-
mer is termed as the branch guide type 3dB
quadrature hybrid, and the latter is termed as
the broadband 3dB quadrature hybrid since this
is much broadened in bandwidth in comparison

with the branch-guide type one.

3. Numerical Results

We took 5 or 7 sampling points of frequencies
at appropriate intervals and proper weighting
coefficients, and computed the optimum circuit
constants for the branch-guide type 3dB 90°
hybrids and the broadband one by Powell’s
minimizing method, while the design center fre-
quency is fixed at 140 MHz and the characteristic
impedance Z, to the external line is 50€2.

First, we performed optimization for the
branch-guide type hybrids as shown in Fig. 2.4.
Here the circuit is named n-stage branch-guide
hybrid after the n of La,. For a 90° directional
coupler, the two-fold symmetry is needed in the

320

circuit shown in Fig. 4;i.e.,

Lar= Loy ;.\
Lyr= Log.,

i
Cr=1, 2. 3, n  16)
Cr”'Cn—ru ‘

For the n-stage branch-guide hybrids (n=2, 3, 4,
5, 6, and 7), we performed optimization by the
method described in Section II after scattering
parameters were calculated and substituted into
eq.:5). Then, we calculated the frequency charac-
teristics and the bandwidth for the circuits with
the optimized circuit constants. Figure 2.5 shows
the bandwidths for the optimized n-stage branch-
guide hybrids when n takes 2 through 7. We can
see from Fig. 5 that the higher n takes, the broader
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the bandwidth becomes. However, it is scarcely
effective to increase n when n is greater than §,
while the bandwidth of the optimized 5-stage
branch-guide hybrid is about 40%. When n be-
comes greater than S, the bandwidth for the re-
turn loss and isolation becomes broader but the
couplings are scarcely improved in bandwidth

as shown in Fig. 6.
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Next, we consider the lumped-element 3dB
90° hybrid which is constructed by cascading two
fundamental hybrids via delay equalizer and ad-
ding matching sections, since it is recognized
from the above investigation that there exist
limits of bandwidth for the multi-stage branch-
guids type hybrid when n is simply increased.
Therefore, we performed optimization for the
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circuit shown in Fig. 7, where the delay equali-
zers [11] inserted are of second order as des-
cribed in Appendix A2. In the same manner as
the above, the optimized values of the circuit
constants and the frequency characteristics with

the optimized circuit constants are shown in Fig.
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The bandwidth of the optimized hybrid in
this form extends to 54%, while the bandwidth
of the 7-stage branch-guide hybrid, the number
of which is nearly equal to that of the broadband
3dB 90° hybrid, does not exceed 42%. This is
the teason why the optimized 3dB 90° hybrid
of this form is referred to as the broadband lump-
ed-element 3dB quadrature hybrid. Therefore, it
is extremely broadened in bandwidth in compari-
son with the simply cascaded branch-guide hy-
brids. Thus, it was clearly proven that cascading
two fundamental hybrids via delay equalizer and
adding matching section to each port is very ef-
fective for broadbanding.

Furthermore, value of Ls’
in the delay equalizer shown in Fig. A4 is found
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the optimum

to be zero since Ls’ always converges to zero in
the optimization. In consequence, the delay
equalizer adopted in the broadband 3dB quadra-
ture hybrid results in the form as was shown in

Fig. 7.
4. Experimental Results

To confirm that the design method of the
broadband lumped-element 3dB 90° hybrid is
valid, we have constructed the circuit at the center
frequency of 35 MHz and tested its frequency
characteristics.  In experiments, all the coils
were made of polyurethane wire of 0.4 mm in
diameter, and all the capacitors were ceramic
condensors made by Murata Electronic Co., Ltd in

In Fig. 9 photographs of measuring setup

Japan.

219 (a) b
Photograph of Measuring Setup.
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The Constructed Broadband 3dB 90° Hybrid.
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and the constructed broadband 3dB 90° hybrid
are shown.

Figure 10 shows the measured frequency
characteristics for the fabricated circuit including
the optimized circuit constants, while the theore-
tical frequency responses were shown in Fig. 8.
Here we can see that the measured frequency
characteristics for the couplings, reflection, and
isolation agree reasonably with the theoretical
ones in tendency. However, the insertion loss is
about 0.7dB, and the reflection and isolation
characteristics are worse than the theoretical
ones. In our experience, it is expected that the
performance of the broadband lumped-element
3dB quadrature hybrid would be improved by
using the condensors and coils with high Q and
constructing elaborately.

Frequency( MHz)
20 24 28 32 36 40 44 48

N .
I\ S1e

Reflection & Isolation in dB
Couplings in dB

Vo R
Lo 11 L2

Normalized Frequency

40 10

0.6 0.7 0.8 0.9 13 14

210 BERAE90° shol M o] Hph BUER it (BE,
LB 35MHz)
Measured Frequency Characteristics for the Bro-
adband Lumped-Element 90° Hybrid ( Center Fre-
quency; 35MHz).

5. Conclusion

A design method of the broadband lumped-
element 3dB quadrature hybrid without magnetic
couplings between coils by CAD was demonst-
rated, where techniques of cascading fundamental
hybrids via second-order delay equalizers and

adding matching sections were used. Thus, the
proposed broad-band lumped-element 3dB qua-
drature hybrid can be easily constructed since
tight magnetic couplings between coils are not
needed, and its bandwidth reaches up to 54%.
Furthermore, the broadband lumped-element 3dB
90° hybrid is compared with the n-stage branch-
guide type hybrids in terms of the frequency
characteristics and bandwidth. It was proven that
the former has better characteristics than the lat-
ter.

The experiment for the fabricated broadband
lumped-element 3dB 90° hybrid was carried out,
the results of which agree with the theoretical
ones as a tendency, and, hence, the broadband
design method proposed was verified. To improve,
moreover, the insertion loss, return loss, and
isolation, it is believed to be required to use the
condensors and the coils with high Q.
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Appendix Al Tolerance Limits for Couplings of

3dB Directional Couplers

Although tolerance limits for couplings,
matching and isolation depend upon the degree
of required performance, e.g., #0.5dB for coupling
deviations and 20dB for maximum reflection and
isolation in the case of a balanced amplifier,
the tolerance limits of *0.43dB for the coupling
deviations were taken, here, for the following
reason.

Consider a lossless and matched directional
coupler for simplicity as shown in Fig. Al, in ports
2 and 4 of which the loads with the reflection
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Lossless and Matched Directional Coupler.
constant 7~ are connected. Then, the following
relations are satisfied;

I Ty 1%+ 1T, |I*=1 (A1)

IRI=CIHT 12— 1T, 1" ] (A2),

where R indicates the reflection coefficients at
port 1 due to mismatches at ports 2 and 4, and
T, and T, indicate the transmission coefficients.
If we let [I"|be 1 as the worst case, then

IRI= [T, 1>~ 1T, {* | (A3)
Substituting eq. (A 1).into eq.(A3),

Here, if the tolerance limit of R is taken by
-20dB, we can get the following tolerance limits
of couplings from eqs. (A4) and (A1),

T, =-3.467dB, T,=-2.596 dB
Therefore, the tolerance limits of couplings are
given by £0.43 dB in this case.

Appendix A2 Delay Equalizer

The input impedance Z; for the lattice net-
work shown in Fig. A2 is given by

2, +Zy)Rot 22,2,

Zin= - ; -
: IRt 7t 7, (A5)
It is satisfied that Zin =R, if
Zl szRoz (A 6)
324

Then, this lattice network becomes a phase shifter
the phase shift of which depends upon X; and
X, are pure reactive. In this case, the phase con-
stant § and the phase delay 8 are given by the fol-
lowing relations;

] d71+ ler/RD

1-jX./ R, (A7)

B=2tan"' (X,/R,)

and the circuit like phase shifter or all-pass net-
work is called the delay equalizer because it
changes the phase only without insertion loss. The
delay equalizers are classified into first- and
second-order delay equalizers according to the
orderof Z,.

O 7,

Q

DEA2 K Flolga

L.attice Network.
(1) First-Order Delay Equalizer

Figure A3 shows a first-order delay equalizer
when Z,; is composed of pure inductor. If, for
this circuit, 7, 7,=L/C = R2, it becomes an all-
pass network.

{2) Second-Order Delay Equalizer

Since the center frequency of the first-
order delay equalizer is zero, it is required to
change the center frequency of zero for an arbit-
rary one. It can be realized by substituting L and
C in Fig. A3 into a series resonating circuit and a

www.dbpia.co.kr
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