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ABSTRACT

In this paper we will present our recent advanceE-plane filters with advanced performance charastics. In
particular, we are proposing different configuratip that produce size reduction, dispersion congi&ms and
transmission zeros at finite frequencies. E-plaimet filters, can produce finite transmission aewithout any
further fabrication complexity. The concept is lthem simultaneous series and parallel couplindhefresonators
in a triplet. A single triplet has been demonstidte produce a finite transmission zero, which baremployed for
sharp roll-off. Larger order filters are proposede fabricated as series cascade of tripletsakepliilters with slow
wave periodically loaded resonators have also Ipeeduced. The structure maintains the fabricatiorpkcity of
all-metal split-block housing but the periodic laaglwith ridges can reduce the length of the resmm&ollowing a
proof of concept filter with two resonators, a Sewator prototype filter has been successfullygiesi, fabricated
and measured. Numerical techniques for the dedignistype of filter will be presented.

INTRODUCTION

E-plane filters configurations have received insezh attention in the recent past. Adding metaliiseits
centred in the E-plane of a split block waveguidesding is a well-established technique for reajdiow-cost and
mass producible microwave configurations, such asdpass filters and low-pass filters [1-1B].this paper we
summarise our recent activity in the area of E-plfiiters. In particular we present analysis ofeaigdically loaded
E-plane waveguide and its applications in lowpader$, dispersion compensated waveguides as well
miniaturised bandpass filters. Moreover, we presecgnt results on novel E-plane bandpass filslogies that
allow selective location of transmission zerosiratd frequencies.

PERIODICALLY LOADED E-PLANE FILTERS

Electromagnetic Band Gap (EBG) structures haveiveddncreased attention in recent years. EBG siras
have a frequency band in which no electromagnetidercan propagate. Furthermore, at other frequenEirG
structures have the property of reducing the pheecity of EM modes, according to the slow wavéeet
Typically, the EBG property emerges by virtue ofipéic reactive loading of the guiding structure.the general
case, adopting an equivalent circuit approach, lgrngads can be inductive (L), capacitive (C) samant (both L
and C), in either series or shunt topology [1bl&nre split-block housing topology offers a suieaplatform for the
realisation of waveguide loaded with periodic resarioads, in the form of thin ridges (Fig. 1).



Fig. 1. Layout of the E-pane EBG waveguide.

Propagation in this type of electromagnetic bang gaveguides is conveniently studied by an eiganeva
analysis of the unit cell, which assumes a transionisline of infinite length. A method involvingraode-mathcing
full wave model and application of Floquet theorfemthe boundary conditions at the two ends ofithie cell was
described in [1], A simple transformation that lgsnthe eigenvalue problem into its canonical fosnplioposed;
allowing for fast and efficient calculation of theigenvalues. Moreover, this technique directly dselthe
decomposition of the Floquet modal solutions irdoMard and backward propagating TE and TM modethén
hollow waveguide.

A. LOWPASS FILTERS

Electromagnetic band gap waveguides can be employprbduce a lowpass filters. The band gap coordp
to the stopband, provided that matching with thgutrand output is achieved. In order to achievechiag, in [1]
the length of the first and last ridge waveguidetisa was empirically adjusted for an example dbwapass filter
with cutoff at 11.5GHz. A simple optimisation usiagull-wave mode matching model for the finiteusture was
obtained. The full-wave response is reproducedgn Z It was demonstrated that a transmission izenttroduced
as a result of the periodic loading resonance. iBhidentified in Fig. 3, as the sharp minimum labat 14.2GHz. In
the eigenvalue solution, the transmission zeradléstified by a sharp peak in the attenuation coieffit, , in the
band gap. The theoretical attenuation as calcullayed * is compared in Fig. 3. It is interesting to ndtattthe
attenuation coefficient derived for the infinitewstture predicts to a good extend the respongeediiniite structure.
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To demonstrate an application of the proposed wadeg this lowpass filter has been integrated \aithE-
plane bandpass filter in order to suppress theimirharmonic resonance of the latter. A prototijas been
fabricated and tested. The measured response phadtegraph of the prototype are shown in Fig. 4e $topband
of the E-plane filter, which originally extended tg about 12.5GHz, now extends to about 15GHz, mitlany
associated increase in the fabrication complexity.
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Fig. 4, Measured response and photograph of thizéaed ¥ order E-plane filter integrated with the lowpasacture for
suppression of spurious passband.

B. DISPERSION COMPENSATION

Due to the strongly dispersive nature of hollow egwides, individual frequency components traveliférent
phase velocities. Hence the profile of short pulseshe time domain with associated rich frequecontents
undergoes distortion as they propagate along tiveseguides. This typically results in broadening tluration of
the pulse and can be a limiting factor in casesrasbort pulses are required, in e.g. radar agjita for high
resolution sensing. With the introduction of per@ldading in the waveguide it is possible to preglan equivalent
transmission line with significantly reduced disgien within a frequency range. The ‘linearizatioof the
dispersion relation suggests reduced distortiosigrials with broad spectral characteristics. Heyemeans of an
example involving a 400ps gaussian pulse modulatingarrier at 9GHz and propagating along 80cm, we
demonstrate how a carefully designed EBG wavegoidthe type discussed in [2] can reduce these utedlan
effects.

The dispersion relation for the TE10 mode of anaxdis plotted in Fig. 5, where for comparisonliphbt line

is also shown. The nonlinearity of the dispersmmvident, especially towards the cutoff. The disioa of an E-
plane EBG waveguide of the type discussed in [2fh\in mm) D= 4.0, s= 3.0, t= 0.1 and Lr= 2.0 iscakhown in
Fig. 5. Due to the introduction of the ridge wavielgusections, the cutoff frequency drops to 5.5 @Hthis case.
Nevertheless, due to the slow wave effect the dispe experienced is significantly more linear le t7-11 GHz
bandwidth compared to the hollow waveguide casg. ishows a time domain representation of theepatshe
input and output of 80cm long rectangular holloweguides and the EBG waveguide with dispersiortiogia
shown in Fig. 5.
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Fig 6: Time domain plot of the input pulse (dashed) and the output pulse (solid line) throughhes80 cm long transmission
line supporting (a) X-band TE10 mode (b) the EBG/@guide.

An alternative method to achieve matching of theqokic structure is by gradually increasing the gapveen
the two ridges towards the rectangular waveguigatiand output ports. A tapered matching sectios eesigned,
for a waveguide consisting of 8 unit cells matcla¢doth input and output. To validate the perforoganf the
tapered matching, Fig. 7 shows the reflection aadsimission coefficient from the finite structuteown in the
inset consisting. As shown, a reflection coeffitiah the level of 20dB is achieved. Experimentakitey on this
prototype is currently ongoing and will be reporstbrtly.



S-parameters (dB)

-20 -

-40 A

-60

Frequency (GHz)
11 125

14

x s11 (HFSS)

—s11 (MM)
— 512 (MM)

s12 (HFSS)

Fig 7: Schematic layout of a tapered periodic wanddg section and simulated reflection and transonsesponse.

C. BANDPASS FILTERS

The slow wave region of the periodically loaded egwide can be employed to produce miniaturised
resonators, In [3] was reported a 50% miniaturisefor a 2¢ order filter, together with an improvement in the
stopband performance. To demonstrate the vergatire an example, a fifth-order X-band bandpitss has
been designed. In this example, the passbandusebat8.5GHz and 9.0GHz and a Chebyshev responseipgle
0.5dB has been selected. The exact dimension® afekigned prototype are given in Table 1.

Table 1: Dimensions (in mm) of the conventional aedodic E-plane waveguide filters.

Ls1=Ls6 Ls2=Ls5 Ls3=Ls4 Lrl=Lr5 Lr2=r4 Lr3 Total
13.2 13.2 13.2
L. s=3.15 s=2.94 s=2.94
Periodic 2.00 6.65 7.55 Lw= 1.2 Lw= 1.2 Lw= 1.2 98.40
Lr=1.2 Lr=1.2 Lr=1.2
Conventional 1.25 4.96 5.85 19.86 20.38 20.38 B9.9

The length of each EBG resonator is 13.2mm antheftotal filter is 98.4mm. The simulated respoase
obtained from a combination of the generalisedsvarse resonance technique and the mode-matchitipadngt]
is shown in Fig. 8. For comparison of the perforo@nthe response of a conventional E-plane filsealso
superimposed. The dimensions of latter are alsaislum Table 1. The length of the conventional resonis about
20.0mm and the one of the total filter 130mm. Tvasidates the estimated length reduction as obdafram the
equivalent permittivity, although some adjustmearts required to optimize the passband responss.wWilibe the

topic of a following publication. The superior sbamd performance of the periodic filter is in gagteement with
the nature of the ridge waveguide filters [4].
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Fig. 8, Solid/dashed lines: simulated response@periodic/  Fig. 9, Measured response of the periodic filtetqiype.
conventional E-plane filter with dimensions showrTable 1.

In order to validate the design, the filter hasrbéabricated and measured. Brass has been millethéo
waveguide housing and the E-plane circuit was botea copper foil of thickness 0.1mm. The meastgédction
and transmission coefficients are shown in Fig/&€y good agreement between the simulated andxerienental
results is observed. The noise level of the measemé equipment was about -60dB. The insertion Insthe
passband at a frequency point of low reflectiodd8, with about 0.5dB the loss of the empty wavdguiThat
suggests that near the midband frequency the olusées are of the order to 0.5dB, which can bénéurteduced
with a selection of higher conductivity metals.

E-PLANE FILTERS WITH TRANSMISSION ZEROS

Despite of their favourable characteristics, E-pléilters suffer from bulky size and stopband perfance that
may often be too low for many applications, suchrasgtiplexers. Furthermore, many multi-channel gleker
applications require filters with sharp cutoff, ander to accommodate for closely spaced frequehaymrels and
avoid cross-talk. The requirement of steep attéomatopes is very conveniently addressed withsimg@esion zeros
positioned close to the cutoff of the filter, rathigan increasing the order of the filter, whichtimn would increase
the size and the losses. Similarly, the out-of-begjdction performance can be locally improved blestively
positioning transmission zeros. To address thisirement, Ofly et. Al. recently proposed a foldezhfiguration
that allows cross-coupling between the resonatowder to produce a pseudo-elliptic responsedbihe cost of
fabrication simplicity.

In [3] a 3¢ order E-plane filter compatible with the thin adetal insert split-block housing E-plane topology
was demonstrated to produce sharp higher frequerlegff implementing a transmission zero. The tlogy in [6]
involved both series and parallel coupled resosatod it was argued that the transmission zero gesedue to
cross coupling between the three resonators. Eciaimggnin size and complexity, the possibility tolesgively
position transmission zeros in a bandpass filtergua pair of parallel coupled resonators compatibith the low-
cost and mass-producible characteristics of thiamatal insert-block E-plane topology has been mdge
successfully reported.
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Fig. 10 Schematic layout of the open ended oveceamn

In this case, the resonators are etched as haKlemgth slots in the all-metal E-plane insert aredlaranged
symmetrically in the waveguide as shown in the swtee of Fig. 10. This coupling arrangement produee
transmission zero at finite frequencies. Moreoitallows two free variables in controlling the gbing coefficient
in the passband, namely the overlap length (hotépris12, and the vertical separation. Differeombinations of
the two parameters allow for selective positionifighe transmission zero. Basically, by increasimg overlap the
transmission zero drops down. It is feasible argly@¢a produce both low and upper TZ prototypes lBans of
accurately setting the dimensions and locatinge¢ksenators.
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Fig 11, Second order filters with passband cenae8.9GHz Fig 12, Second order filters with passband centred

and transmission zeros located in the upper stapba approximately at 8.9GHz and transmission zerostéatan
Dimensions (in mm) (a),;= L,,= 16,5,=s,= 2.1,5= 1.7 the lower atopband. Varying dimensions (see main
document).

In order to verify this idea, two second orderefitt with approximately the same passband respomseed at
8.9 GHz and 0.35 GHz passband width) has beenmsigee Fig 13a and 13b; further simulations Witlsoft
HFSS commercial software, fabrication and measunérh@s been successfully carried out. Good agreemen
between simulations and measurements has been sBewfrig 13c, 13d.
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Figl3. Simulated transmission response (a) of wepghotographed (b) designed prototypes. (Lowempiatotype on right hand
side). Comparison between the simulated and meagtaasmission and reflection response for the (ovand upper (d) TZ

prototypes. Dimensions in mm: Lower TZ prototype lag= L,= 16,5,= s,= 2.1,5= 1.5~ 11.4 Upper TZ prototype atg,=
L,=16,5=5,=2.1,51.7,L5;~8.4



CONCLUSION

E-plane technology offers possibilities to realfffleers and other waveguide components with superio
performance maintaining low cost, mass producibditd good fabrication tolerances. In this contidouwe have
demonstrated lowpass periodic E-plane waveguideshwiave successfully employed as lowpass filters/all as
to miniaturise the resonators of Bandpass filtelsteover, periodic E-plane inserts can be useddonpensation of
the dispersion during waveguide propagation, wisih be particularly useful for transmission of pslsvith short
time domain profile along considerable lengthsatidition we have demonstrated that all metal siftgigane
insert technology allows for the realisation of Bpass filters with selectively located transmissioeros.
Numerical and experimental results have been pted¢hroughout to validate the performance.
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