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Abstract. This paper deals with the basic electrical proper-2 Basics of dual networks

ties of dual networks and with their application in broadband

matched filter structures. Dual networks are the basis for the implementation of broad-
Starting with the main characteristics and different realiza-band matched filters, which are presented in the follow-
tion methods of dual networks, a filter structure is presenteding. The special features of dual networks are their identi-
which is based on a combination of dual networks and whichcal transfer characteristics concerning the magnitude and the
provides a broadband matched input and two decoupled oufhase and their reciprocal input impedances. Expressed by
put ports. This filter synthesis focuses on the design of highthe scattering parameters of two dual netwakkand this

pass filters, which are suitable to be used as differentiatingeads to the following relationdMatsumoto 197Q Zverey,
stages in electrical pulse generators as a part of the so-calletP67):

pulse shaping network. In order to achieve a proper pulse P P
shape and for the prevention of multiple reflections betweenSZl(S) = 521(5) and S11(s) = =51(s), (1)
the switching circuit and the differentiating network, a broad- where S1, S»1 are the forward transmission coefficients of
band matched filter is a basic requirement. the networksV, N, respectively and11, S11 are the reflec-
tion coefficients. The relations in equatidériead to the re-
ciprocal input impedance®;,, (s) and Wi, (s):

14+811(s)

N _1 1-811(s)
1—S11(5) and Win(s)=Win(s)

1+811(s)
The transmission and reflection characteristics of dual netThe Egs. {) and @) are valid for all complex frequencies
works offer the possibility to build filter structures, which s=jw.
are matched frequency-independently or at least over a broaBurther properties of dual networks can be evaluated by re-
band with respect to the input. These filters structuresgarding the two basic dual filter structures, which consist of
contain a parallel connection of two dual networks, usingLC-cascade circuits as it is illustrated in Fig.
their frequency-independent reciprocal input impedances to Comparing the dual structures a) and b) it is obvious, that a
achieve the broadband input matching of the resulting filterseries element and a parallel element in one structure resultin
circuit. The decoupling of both output ports of the resulting a parallel element and a series element, respectively, with the
filter structure is an additional feature of these structures. Allreciprocal impedance in the dual structure. This results in the
this basic features are independent of the chosen filter charad¢ellowing reciprocal element-pairs according to the example
teristics of the dual networks and of their realization method.in Fig. 1:
They can be realized by using concentrated elements, as well ,
as planar transmission line elements. Even a mixture of botHf-0C1 =
techniques is possible, without influencing their duality. Es-The reactances or the so calleeb-terminal-element§T TE)
pecially for the use as a differentiating stage in pulse shapingan pe built with concentrated elements as well as with
networks, a high-pass filter structure is presented, which igyjanar transmission line elements. In correspondence to the
based on coupled line structures. Beside the basic propertiggo-wire equivalent circuits in Fig2 an inductance can be
of a broadband matched input and the two decoupled Outreglized as a shorted stub line with the electrical length of
puts, this structure additionally provides two identical pulse g; and the wave impedancg;, (Fig. 2a) and a capacitance

1 Introduction Win(s)=

@)

L1 , Z%Ca=Ly , ZiC3=La. ©)

signals with opposite polarities at their outputs. can be realized as an open ended stub line with the elec-
trical length of 8/ and the wave impedancg. (Fig. 2b),
Correspondence tavl. Gerding respectively. This effects a change of the dependency of

(michael.gerding@ruhr-uni-bochum.de) the complex frequency ta=jtanpgl. Even a mixture
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Fig. 1. Dual high-pass filters realized as LC-cascade circuits (n is aFig. 4. Additionally inserted transmission-line-elements.
positive integer, including=0).
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Fig. 2. Two wire equivalent circuits of a shorted stub lit@ and
an open ended stub lir{p).

1/Z

Fig. 5. Additionally inserted reactance®) and two-terminal-
blocks(b).
b) filter-circuits is not affected. This behavior concerning the

duality of the filter networks can be explained as illustrated
in Fig. 4. From now on, for convenience, the impedances
Fig. 3. Expanding dual filter circuits by using additionally inserted 7z W, and X are normalized to the reference impedance
transmission-line-elements. Zo. Starting with the load impedancé®, (s) and Wo(s) of
two dual network structures and their reciprocal relationship
. L . . W1(s)=Wa(s)~1 and their reflection coefficients;=—po,
of both techniques within one dual network is permitted, respectively, the resulting reflection coeﬁiciem'@ and P/z

without ha.vmg.any influences on t_he dual behavpr as Io.ngof the expanded circuits can be calculated as follows. By use
as the reciprocity of each two-terminal-element pair remains

X . . of the conditions above, the resulting reflection coefficients
frequency-independent. In order to keep the reciprocity of
each element-pair frequency-independent the realization
techniques should not be mixed up within one pair. A mixed 5, — eJ2Pl1,  and py = eI 2Bl2, — oJ2Bl2(_ 1) (4)
realization of concentrated reactances and stub line elements
would at least decrease the bandwidth of the dual behavioBecause of the identical electrical length of both inserted
of the whole network. Furthermore, the stub lines have to befransmission-line-elementgli=pl>=p!, the exponential
commensurable in the electrical length in order to obtain aterms in equatiod become equal which leads to the expres-
reciprocal frequency-independent behavior. sion p;=—p,. This again complies with the conditions of

dual circuits and with, =1/ W,

Beside the use of stub lines as reciprocal two-terminal-When realizing the two-terminal-elements in F&jas stub
elements, additional inserted lines can be used as so calldihes in combination with additionally inserted transmission-
transmission-line-elemen{3LE). In some applications this line-elements of the same electrical length, the use of Kuroda
expansion of dual networks is just a means for optimizing theidentities becomes possibl&élherbe 1979, which may
circuit layout with respect to practical aspects. FigBiiéus- lead to a variety of different circuit structures.
trates an exemplary expansion of the dual high-pass filters in
Fig. 1 by inserting transmission-line-elements at an arbitrary ~According to the example of the dual filter structures in
position. As long as the inserted transmission-line-elements-ig. 1, the statement in EQ can be generalized.
are lossless and with impedances equal to the reference Starting with any dual network, represented by its recipro-
impedanceZy and of the same electrical length within calinputimpedance®;(s) andWa(s) in Fig.5 a), the inser-
pairs of dual networks, the dual behavior of the expandedion of any reciprocal two-terminal-element, eXj.or 1/ X
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Fig. 6. Broadband matched filter structur@) in principle, (b) realization with concentrated elements.
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Fig. 7. Measurement results of the filter structure in Fig.
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Fig. 8. Coupled line structures with their corresponding equivalent
circuits.

in parallel or in series, respectively, will again lead to dual
networks, which can be evaluated by calculating the input
impedancesV; andW.,, which are reciprocal, as is expected.

, 11 R
und W) = Z+% = (Wl(s)) (5)

Wi(s) =

>

+

N[~

In a further generalization the two-terminal-elemekitand
1/ X can be represented by the input impedances of complex
dual networks, the so callesvo-terminal-blockgTTB) in

Fig. 5b, as well.

3 The realization of broadband matched filter struc-
tures

In some applications an input mismatch in the stop band
of a filter network is not tolerable. Therefore frequency-
independent or at least broadband matched filters are nec-
essary. The following description is focused on a broadband
matched filter structure, especially for the use as a differenti-
ating stage in electrical pulse generators.
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Fig. 9. Realization of a broadband matching filter structure, based
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on dual coupled line pairs.
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Fig. 10. Measurement results of the filter structure in FEg.

3.1 Broadband matched filters based on dual networks

Dual structures and especially their reciprocal
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Fig. 11. Measurement of the output signals of the dual coupled line
filter structure in Fig9 (The signal delay is caused by different line
length in the measurement setup.).

the structure is frequency-independently matched at its input.
Z:0:(s) can be calculated as:

Z 1ot (5)=(14+ Wi ()| (LW, (5))

1 1 -
= —|— 7 :1
<1+Wi,,(s) 1+w. (s))

mn

with Wi, (9)=1/W, (s). (6)

Beside the broadband input matching, the decoupling of
the two filters is a second main characteristic of this struc-
ture. Because of the reciprocal input impedaniégss) and

Wl.'n (s) and the resulting reflection coefficients with opposite

signs of the dual networkl and H', point A in Fig.6 can

be interpreted as a virtual ground. The circuit shows an ad-
ditional signal attenuation of 6 dB.

Figure6b shows an implementation of a broadband matched
high-pass filter network, including the dual networks, which
are realized with concentrated reactances and transmission-
line-elements for expanding the structure. The correspond-
ing measurement results are illustrated in FigThe magni-
tude and the phase of the scattering parametgrand S3;

are nearly equal, in correspondence to Egvhich leads to
nearly identical output signals at the ports 2 and 3 and fur-
thermore the input matching versus frequency at port 1 is
better than —25 dB, as expected.

3.2 Signal inverting broadband matched filters

Based on the network principle of Fifa the filter network
can also be implemented by using proper coupled line struc-
tures instead of the conventional dual networksand H'.
With the use of the corresponding equivalent circuits and the

input Kuroda identities alherbe 1979 in Fig. 8 it can be shown

impedances are the basis for the broadband matched filterthat an open ended coupled line structure a) and a shorted
which are presented in the following. An exemplary broad-ended coupled line structure b) can behave like dual net-

band matched filter structure is shown in Fag.in principle,
which basically consists of two dual networls(s) and
H'(s) in parallel combined by a signal divider circuit. By
evaluating the input impedan,, (s) it can be shown that

works, considering the properties of dual circuits mentioned
above. According to this the inductances and capacitances
of the equivalent circuits must be reciprocal to each other,
which can be achieved by choosing the width of the coupled
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domain of the two output signals of the high-pass filter struc-

ture, working as a differentiating stage in a pulse generator.

To achieve a still better equality of both transfer functions

and of the pulse shapes, respectively, a fine tuning with an

additional numerical circuit optimization is necessary, in or-

der to optimize the behavior of the coupled line circuits in

Fig. 9.

4 Conclusion

Starting with the basic principles of dual circuits the synthe-
sis of broadband matched filters based on dual networks is
presented in this paper. The resulting 3-port filter structures
are a kind of parallel connection of two dual networks, us-
ing their frequency-independent reciprocal input impedances
as a key component for achieving a broadband input match-
ing and providing two decoupled output ports, which pre-
vents multiple reflections and crosstalk between the two fil-
ter paths. Beside an identical transfer characteristic of each
filter path, resulting in two identical output signals, it is even
possible to design dual networks which cause a phase shift
of 180 between the two output signals. Especially for the
use as a differentiating stage in electrical pulse generators,
this solution gives the opportunity of generating two iden-
tical electrical pulses with opposite polarities with passive
circuits and only one active pulse generator network.



