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Recent Advances in Filter Topologies and Realizations for
Satellite Communications

Mohamed M. Fahmi, Jorge A. Ruiz-Cruz, Rafaat R. Mansour, and Kawthar A. Zaki

Abstract: This paper presents an overview of recent advances in
radio frequency and microwave filter topologies for satellite com-
munication systems. Many types of filters have been developed dur-
ing the last years in order to satisfy the demands of modern appli-
cations in both terrestrial systems and onboard spacecrafts, lead-
ing to a great variety of aspects such as transfer functions, res-
onator implementations or coupling structures. This paper revisits
some of the last advances in this area, including the modeling and
full-wave simulation. Some recent designs using dual-mode cavities
along with other novel implementations in ridge waveguide will be
shown.

Index Terms: Full-wave simulators, radio frequency (RF) and mi-
crowave filters, waveguide technologies.

I. INTRODUCTION

Recent advances in modern telecommunication services have
yielded an ever increasing demand on radio frequency (RF)
and microwave components for both terrestrial and space sys-
tems. High mobility, global connectivity and broadband applica-
tions have resulted in more and more stringent requirements and
specifications for all the RF hardware and, in particular, for the
filter components [1]; they are key components for an efficient
utilization of the electromagnetic spectrum. In this way, sophis-
ticated filter transfer functions are being employed with an ever
increasing pace, along with structures showing low losses, high
power handling capabilities and very sharp rejection skirts with
controlled transmission zeros.

In this context, this paper presents a review of some filter
topologies used in the RF hardware in satellite communications,
showing the general guidelines for their design and the results
of some practical recent implementations in waveguide technol-
ogy. The background of the RF and microwave filter design for
satellite systems is discussed in the next section. Then, the main
tasks involved in the design are discussed. The experimental re-
sults are presented afterwards.
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1I. BACKGROUND

Hardware for space applications is very dependent on the
transmission system used for implementing the device [2], [3].
In a general application, the selection depends on many fac-
tors such as bandwidth, physical size, losses, power handling
capability, and cost. For filter components [4], the waveguide
technology is the preferred solution for onboard filters, in com-
parison with other common microwave technologies as planar
circuits. This last technology is very easy to integrate with mi-
crowave integrated circuits (MIC) and monolithic microwave in-
tegrated circuits (MMIC), with small size and simple manufac-
turing (basically a metallic pattern printed over a dielectric sub-
strate). On the other hand, waveguide devices are constructed on
metallic pipes that may have many forms. In contrast to planar
devices, they are more cumbersome and bulkier (especially at
L-, S-, and C-bands). Their main advantage is their high power
handling capabilities and high quality factor (), which leads to
filters with electric responses with lower insertion losses than
planar technology components. This is essential for RF equip-
ment onboard satellites, where the frequency of operation can
reach till 40 GHz in some systems. For this type of applications,
the waveguide robustness is an additional advantage.

With respect to the design, one aspect that has significantly
modified the design of advanced microwave components during
the last decades has been the evolution of software modeling
and computer aided design (CAD) tools [S], [6]. Traditionally,
the analysis of waveguide devices and filters was based on ap-
proximate equivalent circuits made up of transmission lines to
represent wave guiding regions and lumped elements (inductors,
capacitors, transformers, resistors, etc.) to model dissipative ef-
fects and discontinuities between different transmission media.
Most of the equivalent circuits [7], [8] for waveguide problems
were developed at the MIT Radiation Laboratory. These mod-
els, together with the advances in synthesis circuit theory [1],
have brought about the design of many filters.

Nevertheless, the equivalent circuit approach has a number of
limitations. The most significant is that equivalent circuits are
focused on modeling the fundamental mode response of the el-
ements in the structure; the higher-order mode interactions be-
tween the different elements and other electromagnetic effects
are not taken into account. Thus, this approach leads to discrep-
ancies between the theoretical predicted response of the device
and its actual measurement. The designed prototypes follow-
ing this approach hence need a relevant experimental effort and
manual tuning. However, in satellite communication systems, it
is very important to avoid the tuning elements, since they reduce
the power-handling capability of the filter (for instance, high
electric field density can be found close to the tuning screws)
and the adjustment delays the design cycle. Therefore, accurate
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Fig. 1. General cross-coupled network.

CAD tools have been developed during last years in order to

complement the classical design procedures.

With the so-called full-wave methods, Maxwell’s equations
can be solved taking into account many effects in the filters
that could not be considered before (rounded corners, radiation
losses, probes, misalignments in the filter parts, undesired cou-
plings, etc.), obtaining predictions that agree substantially with
the actual measurements of the device. In satellite filters this is
very important, since they are usually extremely narrow band
and very sensitive to any perturbation. In actual satellite sys-
tems, circuits and full-wave simulation are combined:

(a) The equivalent circuits provide physical insight into the de-
vice under investigation. They are simple, fast to analyze and
their background is all the classic circuit theory. They are
used at the first stage to understand the device and to obtain
some approximate initial dimensions. Its degree of approxi-
mation can be refined. In advanced microwave filter design,
circuit synthesis techniques are fundamental to achieve so-
phisticated transfer functions. This will be shown later with
some designs.

(b) The full-wave methods are used to predict precisely the re-
sponse of the device. The final dimensions of the physical
prototype are obtained by checking its electromagnetic full-
wave response. If a numerical optimization is involved in
this process, the full-wave analysis must be efficient enough.
The theoretical response obtained in this last stage agrees
significantly or even reproduces the actual measurement of
the device.

There is a great variety of methods to deal with the full-wave
analysis of modern microwave filters. Among the different al-
ternatives, two are the basic aspects to take into account: (a)
The efficiency in the use of computer resources (random ac-
cess memory (RAM) memory, speed, etc.) to provide the per-
formance of the component with a prescribed accuracy and (b)
the types of geometries and materials that can be handled.

The methods vary from general numeric techniques (such
as the finite element method, finite differences, etc.) to quasi-
analytical techniques (such as mode-matching method) [9].
There are also hybrid techniques combining different ap-
proaches [10], [11]. Nowadays there is a wide variety of com-

mercial software based on these techniques which can be used
for modern filter design [12]. Besides the electromagnetic ca-
pabilities, they also offer to the design engineer the opportu-
nity to reduce or even eliminate some traditional risks in the
industry. They usually allow exporting data in formats com-
patible with mechanical CAD and computer numerical control
{CNC) machines, increasing the reliability and saving prototyp-
ing time. This has been very useful especially in narrow band
filters, where any discrepancy between the CAD model and the
manufactured device may lead to significant perturbation in the
measured response.

III. FILTER DESIGN AND REALIZATION

The following sections summarize the main steps in the de-
sign of microwave filters, starting with the ideal circuit to fulfill
with the required specifications, and ending with the dimensions
of the waveguide structure which will be manufactured. For the
integration in a satellite system, a careful selection of the filter
topology and the type of resonators will be shown to be very im-
portant, since some filter topologies are better suited to specific
resonators shapes.

A. Ideal Circuit Design

The generalized ideal lossless circuit used to model the net-
work characteristics of the filter network is shown in Fig. 1. It
consists of n (where n is the order of the filter) lumped LC res-
onators (later realized by a distributed element). Each resonator
is coupled through a mutual inductance/capacitance M to ad-
jacent resonators as well as non adjacent resonators. To model
this complex network mathematically, the impedance matrix of
the network is written and from it, a so-called normalized cou-
pling matrix evolves to represent the network and the physical
structure [13]. The off-diagonal elements of the coupling matrix
correspond directly to couplings between resonators while diag-
onal elements correspond to shifts in the resonant frequencies
of individual resonators from the centre frequency of the whole
filter network. The analysis of such structure is straightforward,
using the (1)—(5), where the voltages and currents are collected



FAHMI et al.: RECENT ADVANCES IN FILTER TOPOLOGIES AND REALIZATIONS...

in column vectors:

[V] = [Z]]J], (1

V=10 0vy]", @)

=gz dner dal” 3)

[Z] = J(dlag(A) 27 f[M] 4
_ i__

New network topologies were introduced recently where
some of the resonators are so much off resonance such that they
can be modeled as a constant reactance within the band of the
filter; they are called non-resonating nodes (NRN) [14]. They
allow the realization of a variety of transfer functions with ar-
bitrarily placed transmission zeros to correspond to more strin-
gent requirements. In fact, this is the starting point for design-
ing waveguide filters. In general, the process starts with a given
set of requirements. Given those specifications, a filter network
coupling matrix can be synthesized such that its electrical per-
formance satisfies the original requirements and a suitable real-
ization is then sought to realize the filter network [1], [15], [16].
This is briefly commented now.

B. Realization in Waveguide
B.1 Realization of Resonators

The resonators are usually realized using sections of uniform
waveguide such that the length of the section is approximately
Ag/2 at the centre frequency of the filter [1], [2]. The cross sec-
tion of the waveguide is usually chosen such that the cut-off
frequency of the fundamental mode is suitably placed below the
lower frequency edge of the pass band. For satellite filters, the
trade-off between power handling capability, quality factor, and
size is extremely important. Several types of waveguides such as
rectangular, circular, elliptical or ridge waveguide provide dif-
ferent features, as it will be seen with some examples in the
section of results.

B.2 Realization of Non-Resonating Nodes (NRN’s)

The non resonating nodes are usually realized using sections
of the same uniform waveguide used for resonators [14], with a
clear difference in the length: The length of the NRN sections is
chosen to give a predetermined reactance at the filter pass band.

B.3 Realization of Coupling Structures

The coupling elements used in the filter range from irises,
in the cases of rectangular/circular or elliptical waveguides, to
sections of empty sections of rectangular waveguides or narrow
ridges in the case of ridge waveguide filters. Input and output
couplings can be realized either through probes or irises [2].

The main task after obtaining the coupling matrix model is to
use the available CAD tools and the available approximate mod-
els to arrive at an initial set of dimensions for the elements of the
circuits whether resonators, non-resonating nodes, input/output
couplings, or inter-cavity coupling elements. This process is de-
tailed in many available publications (for instance, [1], [2], and
[5]). The general advantage offered in such methodology is that
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the electromagnetic interactions in the structure, including the
interactions of the higher order modes, are fully captured in this
early stage of the realization. This results in a very good initial
response which, in turn, reduces the final optimization burden.

C. Optimization

With good initial response obtained in the previous steps, a fi-
nal full-wave optimization is required to fine tune the structure.
Final full wave optimization is used to optimize the whole struc-
ture to get the response that resembles the ideal circuit response.

To have an efficient optimization given the usual complex-
ity of the structure, an optimization goal function is carefully
constructed. The filter response is optimized to match the ideal
circuit response (the goal) basically at the poles and zeros of
the transfer function. Additional points might be included to
drive the optimization (in general N points for the S;; and M
points for the So1) with weights Wi, and Ws; introduced to
better scale the goal function. The goal function to minimize as
a function of the filter dimensions (vector X) can be expressed
as

N
=2 Wi A(SE(X, ). 88 ()

M (6)
+ Z War,; A(SENX, £7), S5 (£3))
i=1

with A(z,y) = (jz| - y])”.

In this function, superscript EM refers to the S-parameters of
the actual waveguide structure obtained by the electromagnetic
full-wave analysis. Superscript CIR refers to the S-parameters
of the circuit in Fig. 1, whose elements are obtained in step A for
each specific design. The weights W14 ; and Wy ; are usually 1,
but they may be increased to further adjust the response at some
selected points (for instance, Woq ; = 10 at the transmission
Zeros).

With the use of full-wave analysis tools that capture accu-
rately the electromagnetic behavior of the structures, impressive
results are obtained. Some theoretical and experimental results
will be seen in the next section. In fact, with this methodol-
ogy, the tuning screws and experimental adjustment (when nec-
essary) are only used to compensate for the mechanical toler-
ances in the manufacturing. And in some instances, depending
on the frequency band and the manufacturing process, no post-
manufacturing tuning is required. This approach is very inter-
esting for the RF design in satellite systems, reducing the exper-
imental effort in both cost and time.

IV. RESULTS

Here some filter structures are presented, designed using the
approach outlined before. The first two main designs are dual
mode filters realized either in elliptical or rectangular cavities.
The key idea in these filters is to implement two resonators in a
single cavity, reducing the volume and mass to a half of conven-
tional filters.

Designs realized in ridge waveguide cavities are presented af-
terwards as another mean to address the issue of compactness in
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waveguide filters. Ridge waveguides offer a much smaller cross
section that other waveguides (rectangular waveguide in partic-
ular) for the same operating frequency. In addition, they provide
a very wide band of single mode operation, which translates to
superb spurious-free performance in some topologies.

A. Dual-Mode Filters with Elliptical and Rectangular Cavities

Some examples of dual-mode filters in waveguide technology
are in [13], [17]-[21]. These filters are commonly implemented
for onboard satellite spacecrafts for their compact size and lower
mass in comparison with single-mode standard filters. In a dual-
mode cavity, there are two independent modes resonating at the
same frequency. If the structure permits to control the coupling
of each mode independently, two resonators are implemented
with a single physical cavity. Thus, the size and mass of these
filters is divided by two. Furthermore, if the resonators can be
cross-coupled, also elliptical function responses with high selec-
tivity can be obtained. They hence provide a very good solution
to cope with demanding electric and mechanical specifications.
Its main disadvantage is the sensitivity, since two resonators are
controlled by the dimensions of the same physical cavity.

The first configuration illustrated now was introduced in [17],
where elliptical cavities coupled by rectangular irises were pro-
posed to implement dual-mode filters. The filter configuration
is shown in the inset of Fig. 2. It is made up of two cavities
with elliptical cross section coupled by rectangular irises. The
two cavities are identical, except by a relative rotation between
them. In each cavity there are two resonant modes.

With this configuration, the obtained quality factor @ is as
high as for circular cavities and the coupling and tuning screws
are substituted by the axial ratio and the inter-cavity rotation; the
filter does not need screws for its dual-mode operation, which is
the classical mean to introduce cross-coupling. This is very in-
teresting because the power-handling and the spurious response
improve. In addition, its full-wave analysis is very efficient,
since the structure is amenable to be analyzed as the cascad-
ing of uniform analytical waveguides (rectangular and elliptical)
along the longitudinal direction.

The response to achieve in the filter example shown now has
the coupling matrix given by Mis = M3y = 0.80382, Moz =
0.86843, M14 = —0.42705, and Rin, = Rous = 1.0710. The
pass band is centered at 11.8 GHz with a bandwidth of 100 MHz
(0.85%). 1t has return loss of 21 dB in the pass band and the
rejection lobes are at 17 dB.

The prototype was manufactured in brass by wire electro-
eroding in five parts: Three irises and two cavities that are as-
sembled by cascading. As any elliptical response filter, the struc-
ture is highly sensitive. This effect is more stressed in dual-mode
filters. For this design, manufacture tolerances of 0.05 mm af-
fect considerably the response. To compensate for this effect,
the built prototype includes tuning screws in the cavities. How-
ever, it is remarked that they are not needed for the dual-mode
operation.

The predicted response is compared with the measurements in
Fig. 2 showing a good agreement. The controlled transmissions
zeros have been used to increase the filter selectivity close to
the pass-band. The measured insertion loss is 0.4 dB (the detail
is shown in the inset of Fig. 2) due to the brass and 50% Q
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Fig. 2. Simulated and measured response (insertion and return loss) of
the four-order dual-mode filter with two elliptical cavities.

efficiency.

Filter for satellite systems can be also done with rectangu-
lar waveguides, more simple from the analysis point of view.
The simple manufacturing can also be an advantage for some
H-plane structures as that shown in Fig. 3. It is a single-mode
rectangular waveguide filter tested and manufactured for the
Hispasat 1C satellite. The couplings are done by inductive full-
height irises.

Dual-mode filters in rectangular waveguide are also very
common in satellite systems. Their full-wave analysis is sim-
pler that for circular based dual-mode structures. There are also
filter topologies which avoid the coupling screws [21]. A six-
order filter with this type of implementation is shown in Fig. 4
(same order as Fig. 3, but half the cavities). In this case, the in-
put and output waveguide have a relative rotation imposed for
the coupling scheme used in the filter, with provides two trans-
mission zeros. The cavities are coupled by rectangular irises.
The intra-cavity coupling is obtained by the double-step discon-
tinuity placed in the middle of the cavity.

B. Filters with Non-Resonating Nodes in Ridge Waveguide

A different type of filters is addressed now, with one mode
per cavity, but using ridge waveguide resonators (a rectangular
waveguide enclosure with a metal ridge). An interesting real-
ization of very compact ridge waveguide filters with arbitrarily
placed transmission zeros (TZs) by using the NRN concept is
presented now [14]. In comparison with cross-coupling (used in
the designs of Figs. 2-4), the NRN allows an independent con-
trol of the TZs, which provides more flexibility in achieving the
desired transfer function.

The filter to illustrate the structure has a center frequency of
4 GHz and a 6% fractional bandwidth. It has a maximum in-
band return loss of 20 dB and a prescribed zero of transmission
located at 3.84 GHz. An ideal circuit satisfying these require-
ments was obtained according to [22]. The resulting normalized
coupling matrix is given in (7) where node 3 is a non-resonating
node. The configuration of the filter is given in Figs. 5-7.
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Fig. 4. Simulated response (insertion and return loss) of a six-order
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Following the design procedure outlined earlier the filter was
obtained. In this configuration, the NRN and the attached TZ
generating cavity are realized by sections of ridge waveguide.
They are arranged in a side-by-side configuration where the cou-
pling mechanism consists of another section of ridge waveguide
attaching both the NRN and the attached TZ generating cav-
ity. Other resonators of the filter are also realized by sections
of ridge waveguide. The resonators are coupled by sections of
evanescent rectangular waveguides which have the same outer
dimensions as the ridge waveguide sections. There is a well es-
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Fig. 5. (a) Front view of the filter showing the tap-in arrangement and (b)
top view of the filter with dimension convention.

[Sul, [Sy] (dB)

_.St1 HFSS
...__...S12 HF3S 1
....-..S” ideal circuit [

=rmea 8, ideal circuit i

| R PP Y ST 1)

-60 . 2 I 1
36 36 37 38 39

Frequency (GHz)

42 43 44 45

~
Ell
a

Fig. 6. Full-wave response of the filter shown in Fig. 7 vs. ideal circuit
response according to (7) from [14].

tablished procedure for the synthesis of inline filters using this
realization [23], (24].

The design uses a standard subminiature version A (SMA)
input tapped in to the input and output ridge waveguide res-
onators. This is a very convenient solution to avoid extra rect-
angular to coaxial transitions. At the end, the response of the
designed filter matches the ideal circuit perfectly as seen in
Fig. 6. An experimental prototype was built and tested. It agrees
well with the simulation (see Fig. 7) given that no post manu-
facturing tuning was done at all.

Another example is a filter with center frequency of 4 GHz
and a 6% fractional bandwidth. It has a maximum in-band return
loss of 20 dB and a prescribed zero of transmission located at
4.16 GHz. The ideal circuit given in (7) can be used to produce
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a filter satisfying these requirements with the sole modification
of reversing the signs of the diagonal elements in the matrix
M,,. The whole filter was modeled using mode-matching as the
full-wave analysis tool. The optimized final response is shown
in Fig. 8 compared with the ideal circuit response. Dimensions
can be found in [14].

C. Elliptic Function Filters in H-Plane Ridge Waveguide

Ridge waveguide resonators can be also cross-coupled. In this
way, a waveguide filter realized in ridge waveguide is shown
now, without using NRNs. The goal here is to realize a filter with
an elliptic function response using a folded topology. The cross
couplings are placed in canonical configuration [25]. To obtain
the elliptic function response, positive and negative couplings
between the resonators are required.

The proposed filter is made up of ridge waveguide cavities
(shown in Fig. 9(a)) arranged in two rows and coupled by dif-
ferent mechanisms. The filter is symmetric and, therefore, cou-
plings M1, and M3, are equal. Adjacent cavities are coupled
by sections of evanescent rectangular waveguides as in standard
evanescent mode filters. Cavities in different rows are coupled
through windows opened at the intermediate wall, whose thick-
ness is fixed. These couplings (M4 and Ma3) must have dif-
ferent sign, since the goal is to design elliptic filter responses.
The positive coupling Mss is obtained by using magnetic cou-
pling as for M. In this case, since the separation between the
resonators 2 and 3 is fixed, the window width is controlled to
achieve the desired M3 value. The negative coupling M4 is
synthesized by placing a metallic strip under the ridge metals.

The topology, which can be visualized in Fig. 9(a), has been
used to design a filter that satisfies the following specifica-
tions: The filter has a 4 GHz center frequency, 160 MHz band-
width, 21 dB return loss, and out-of-band rejection greater than
23 dB. Given the specifications, the ideal circuit response that
fits the prescribed requirements has normalized input/output re-
sistance Rin, = Ry = 1.0831, adjacent couplings Myp, =
Ms4 = 0.8598, and side-by-side couplings My3 = 0.8186 and
Mi4 = —0.2812. Other couplings are zero.

The design of the filter followed the same outlined procedure
elicited earlier. Good agreement between simulation results and
ideal circuit response can be observed in Fig. 9(b). The shown
ridge waveguide filter configuration utilizing narrow-wall cou-
pling mechanisms provides an attractive alternative to achieve
elliptic responses with compact sizes in metallic ridge waveg-
vides. The dimensions can be found in [25]. An example of a
six order filter is also shown in Fig. 9(c).

V. CONCLUSIONS

In the design of all these structures, the CAD tool has been
fundamental to cope with the stringent specifications required
in new satellite filters. Moreover, the CAD tools used nowa-
days are usually oriented to the electrical response of the de-
vice. The analysis of the power handling capabilities of the fil-
ter and the thermal analysis are done in subsequent stages, usu-
ally with other software packages. Additionally, the experimen-
tal validation of these simulations requires very careful mea-
surement campaigns. For modern satellite systems, the trend in
the industry is to incorporate in an integrated package all the
aforementioned analyzes, not only the simulation of the elec-
trical response. The challenge in the design of future filters for
satellite systems will be to have a design environment where
all these inter-related aspects are taken into account in all the
design stages, including the final computer optimization of the
filter dimensions.
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Fig. 9. (a) H-plane ridge waveguide cross-coupled filter, (b) full-wave
response of the filter vs. ideal circuit response [25], and (c) full-wave
response of a six-order filter.

This paper has shown some recent filter topologies and re-
alizations proposed for microwave filters, with special empha-
sis on satellite communications. The CAD of the structures has
been outlined, where the role of the full-wave method and the

numeric optimization has to be complemented with a detailed
understanding of the structure under analysis (couplings, res-
onator modes, etc.). Implementations using dual-mode cavities
have been shown, with elliptical and rectangular cavities. The
non-resonating node concept has been seen with a ridge waveg-
uide filter. This type of waveguide resonator, which provides
very compact structures, has been also used in a canonical filter
with folded topology and cross-couplings.
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