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Figure 12 Simulated and measured results of insertion loss and isola-
tion of PIN diode SPDT switch

isolation path loss of 51-36 dB over a wide frequency range (2—
18 GHz) have been measured. The close agreement obtained
between the measured and simulated data is also shown. The
total DC power consumption for this design is only around 1.2
mW for this switch.

4. CONCLUSIONS

Low insertion loss broadband PIN diode RF switches are imple-
mented using a standard 0.18-um SiGe process. By using the
minimum ACD and octagonal geometry, the 50 um> PIN diode
can achieve 0.65 dB insertion loss, which is the best value
reported for a standard 0.18-pum SiGe PIN diode with the same
anode size. The measured OIP; of 23.4 dBm is well suited to
the switching applications in phase array communication sys-
tems. The broadband (2-18 GHz) PIN diode SPDT switch
through path demonstrated an insertion loss of 1.21-1.85 dB,
while its isolation path shows an isolation of 51-36 dB while
only consuming 1.2 mW of DC power. Integration of the devel-
oped PIN diode switches with other RF components is an attrac-
tive option for achieving highly integrated low cost SoC T/R
modules in satellite and mobile applications.
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ABSTRACT: Rectangular and circular waveguide evanescent-mode
filters with polarization-preserving properties are presented. The filters
are formed by inserting quadruple-ridged resonators in a square or
circular waveguide operated below cutoff. They are especially suited in
applications requiring short and compact components. The numerical
technique that facilitates eigenvalue and scattering parameter
computations is verified against measurements. Basic design
considerations are discussed, and structural dimensions are provided for
two 9.5 GH: filters with 500 MHz bandwidth. Performances are
validated by independent and commercially available electromagnetic
software packages. Sensitivity issues for fabrication are addressed by a
tolerance analysis. Fabrication accuracy is acceptable for operation in
dual vertical and horizontal polarizations but is considerably more
stringent for circularly polarized applications. © 2011 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 53:1435-1439, 2011; View
this article online at wileyonlinelibrary.com. DOI 10.1002/mop.26016

Key words: polarization; evanescent-mode filters, ridged waveguide
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1. INTRODUCTION

The demands for modern microwave filters are manifold and
include properties such as wide bandwidth, improved out-of-
band performance, the ability to generate transmission zeros,
and preservation of all polarizations.

To preserve the polarization of signals, two approaches are
commonly applied: first, the entire waveguide circuit is rotation-
ally symmetric, e.g. Refs. 1 and 2; secondly, components require
a common center axis, and every cross-section must be two-
plane symmetric. Examples of the second class are wideband or-
thogonal-mode horn applications [3, 4] and quadruple-ridged
waveguide components [5, 6]. Both approaches benefit from
extended bandwidth, e.g., Refs. 1 and 3, as only those modes
that satisfy structural symmetry along with that of the incoming
signal are excited.

A polarization-preserving quadruple-ridged waveguide quasi-
lowpass filter is presented in Ref. 6 for millimeter-wave applica-
tions. As structural dimensions are small in that frequency
range, the request for two additional quadruple-ridged wave-
guide impedance transformers for matching purposes does not
significantly increase the size of the overall component. How-
ever, in the 10 GHz range, waveguide filters need to be compact
to comply with small overall system requirements.
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Figure 1
mode filter. (c) Longitudinal view

Therefore, this article focuses on polarization-preserving filter
designs using an evanescent-mode technique which is well known
for its compactness compared to regular waveguide filters, e.g.
Refs. 7-9. Two such designs are presented for 9.5 GHz applica-
tions, one in square and one in circular waveguide technology [10].

2. DESIGN GUIDELINES

Figure 1 shows the cross-sections of the polarization-preserving
evanescent-mode filters in square [Fig. 1(a)] and circular [Fig.
1(b)] waveguide technologies along with their longitudinal view
[Fig. 1(c)]. Note that the ridges in the circular structure are of a
shape that is defined in the circular coordinate system. This is a
common approach in circular waveguide technology [10-12].
For the computations of scattering parameters, the mode-
matching technique (MMT) is used to characterize individual
discontinuities. The quadruple-ridged waveguide sections, which
act as filter resonators, are solved by a recently developed eigen-
value mode-spectrum analysis (EMA) [13] that determines the
cutoff frequencies and coupling matrix to the adjacent evanes-
cent-mode waveguide. Although an arbitrary number of ridges
and ridge placements are allowed within this technique [13],
they are set here to produce quadruple-ridged sections to comply
with the polarization-preserving properties of the filters. In the
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(a) Cross-sections of square polarization-preserving evanescent-mode filter. (b) Cross sections of circular polarization-preserving evanescent-

absence of such a numerical technique, the design engineer can
resort to using commercially available electromagnetic field
solvers that include or can be linked to an optimization scheme.

The design of the polarization-preserving evanescent-mode
filters proceeds as follows:

1. Select square or circular input/output ports that are in ac-
cordance with the frequency range of operation. For the
9.5 GHz examples shown in this article, we chose a
square WR75 and a circular WC94 waveguide (Table 1).

TABLE 1 Dimensions (in mm) of Polarization-Preserving
Evanescent-Mode Filters According to Figure 1

Figure 4 Figure 5
ap 19.050 11.9126
a 10.000 7.000
Ridges w=4.02,1r=1.0 r=255,¢=9.0°
Ly=Lg 0.000 1.231
Li=1, 1.810 1.446
L= Lg 9.141 10.720
Ly=Ls 4.100 3.181
Ly 9.275 11.571
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Figure 2 Validation of EMA-MMT code in Cartesian coordinates;
performance of a three-pole 9 GHz T-septum evanescent-mode filter pre-
sented in Ref. 9. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]

2. Design the evanescent-mode waveguide and the thickness
and extension (gap width) of ridges. The evanescent-mode
guide must operate below cutoff over the bandwidth of
the filter. The ridges are chosen such that the fundamen-
tal-mode cutoff frequency is in close to that of the input/
output guides. This step requires an iterative process as a
compromise must be reached between the difference of
the sizes of the two hollow guides, the gap width, and the
thickness of the ridges. The minimum housing dimensions
of the evanescent-mode waveguide is that for which the
optimization (in step 4) produces zero lengths for L, and
Ly 4 1 [Fig. 1©)].

3. Select the number N of resonators and initial lengths L, to
Ly . 1. This can be achieved by a rigorous technique, e.g.
Ref. 14, or by selecting values from previously published
(not necessarily polarization-preserving) evanescent-mode
filters, e.g. Refs. 7-9, and 11.

4. Fine-optimize (e.g., Ref. 15) the section lengths in Fig.
1(c) to yield a filter performance within a prescribed mar-
gin of return and insertion loss. Note that all cross-sec-
tions remain identical in this step and, therefore, need to
be solved only once. The number of optimization parame-
ters is reduced by the symmetry of section lengths (c.f.
Table 1).

3. VALIDATION

This section serves to validate the computed results obtained
from the electromagnetic software codes [13]. The first example
is a three-pole evanescent-mode T-septum filter presented in
Ref. 9. This model fits the general prescription of four ridges in
a rectangular waveguide operated below cutoff although it is not
a polarization-preserving filter. Figure 2 shows the results
obtained with the combination of the EMA-MMT when com-
pared to measurements [9]. Very good agreement is observed
except for the poor measured return loss as explained in Ref. 9.
Note also that in this example, the input/output ports support the
TE;p mode beyond 20 GHz, but it does not influence the filter
behavior until 28 GHz where both the fundamental TE;, and the
TE3( modes create the next passband (c.f. Ref. 9).

DOI' 10.1002/mop

0 R
E ——  EMA-MMT
-203
3 R [ all-MMT
: S 11| measured [10
403 A sal [10]
E O |S21| measured [10
m E
i =
- -60;
g 3
= 803
a E
1003
120
1403

26 27 28 29 30 31 32 33 34 35 36 37 38 39 44
T/IGHz

Figure 3 Validation of EMA-MMT code in circular—cylindrical coor-
dinates; performance of a five-pole 30 GHz dual-ridge evanescent-mode
filter presented in Ref. 10. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

The second example is a five-pole dual-ridged circular wave-
guide evanescent-mode filter presented in Ref. 10 with structural
dimensions obtained from Ref. 11. Figure 3 shows a comparison
between the eigenvalue technique used here, an all-radial MMT
analysis and measurements from Refs. 10 and 11. Very good
agreement is again observed, with the reduction in measured
bandwidth attributed to the manufacturing process as outlined in
Ref. 10.

4. RESULTS

Following the guidelines presented in Section 2, we introduce
two design examples of polarization-preserving evanescent-
mode filters. The specifications were set for a fourth-order filter
with a midband frequency of 9.5 GHz, a bandwidth of 500
MHz, and 20 dB return loss.

Figure 4 (solid lines) shows the performance of the first
example using square waveguide technology. The dimensions
are specified in Table 1. It is noted that the first and last section

]

v b bevvre g b b b

20
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Figure 4 Performance of a polarization-preserving evanescent-mode
filter in square waveguide technology (dimension; c.f., Fig. 1 and Table
1) and comparison with results of yWave Wizard. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 5 Performance of a polarization-preserving evanescent-mode
filter in circular waveguide technology (dimension; c.f., Fig. 1 and
Table 1) and comparison with results of an all-MMT code and uWave
Wizard (* note that yWave Wizard uses rectangular ridges of cross-sec-
tion 1.098 x 5.075 mm?>). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

lengths vanish, thus indicating that the aperture of the evanes-
cent-mode guide is enough to facilitate coupling from the input
guide to the first quadruple-ridge resonator. For comparison, we
show the results obtained with the commercial software package
uWave Wizard as dotted lines in Figure 4. Excellent agreement
is obtained, thus verifying the design parameters specified in Ta-
ble 1. Note that the little dip in the two curves at 17.6 GHz
(and in subsequent figures) signals the cutoff frequency of the
next higher-order mode excited in the feeding waveguide.

The same specifications are used for the design of a polariza-
tion-preserving evanescent-mode filter in circular waveguide
technology. The performance is shown in Figure 5 as solid lines
and shows excellent agreement with the results of the all-MMT
code (dotted lines) used in Figure 3. The third set of curves is
that obtained with the yWave Wizard. The differences are attrib-
uted to the fact that the conical ridge sections are replaced by
rectangular ones. Following the conversion given in Ref. 16, the
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Figure 6 Tolerance analysis (100 trials) of the filter in Figure 5 with
+25 pm variations in structural dimensions. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]
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Figure 7 Performance of the filter in Figure 5 if the vertical and hori-
zontal gap widths of ridges [c.f., Fig. 1(b)] differ by 50 um. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

ridge thickness is 1.098 mm, and parameter r in Table 1 is
adjusted to 5.075 mm.

One of the controversial issues related to evanescent-mode
filters is their perceived sensitivity to tolerances in the manufac-
turing process, especially so as they are more compact than tra-
ditional direct-coupled waveguide filters. Therefore, Figure 6
shows a tolerance analysis of the filter presented in Figure 5.
(For details on filter tolerances, the reader is referred to Ref.
17.) One hundred trials with manufacturing tolerances of *25
um, which is usually accepted in waveguide-based circuits, are
shown as thin grey lines together with the thick solid lines indi-
cating the optimized values. The nearly horizontal lines are
caused by the trace back from the last point of trial i to the first
point of trial i + 1. The tolerances include all (asymmetric) sec-
tion lengths, the radius of the evanescent-mode waveguide, and
the thickness and gap width of the ridges. Only the two-plane
symmetry in the cross-section is maintained. Compared to the
sensitivity of other waveguide filters [17], the behavior dis-
played in Figure 6 is normal and thus should not raise concerns
of fabrication sensitivity. It is noted that the frequency shift is
due to variations in the cross-section whereas section-length
changes mostly influence the return loss.

Another issue of practical importance is a possible deviation
from the two-plane symmetry. Therefore, Figure 7 shows per-
formances for the two polarizations under the assumption that
the horizontal gap width (2¢ — 2r) in Figure 1(b) is 50 um
larger than the vertical one. Obviously, the influence on the
transmission coefficients is negligible. However, due to the
slight frequency shift, the overall bandwidth covering both verti-
cal (VP) and horizontal (HP) polarizations is reduced by approx-
imately 50 MHz, which is acceptable for dual linear polarization
if the filter design takes such a bandwidth reduction into
consideration.

The situation changes completely, although, if the filter is
operated in circular polarization. The two transmission coeffi-
cients shown in Figure 7 come with a difference of almost 20°
in their phases (not shown here) due to the 50 um differences in
vertical and horizontal gap widths. This leads to an axial ratio
of approximately 3 dB which is unacceptable in most applica-
tions. After specifying a maximum axial ratio of 0.5 dB, a
reverse calculation of tolerances leads to a maximum difference
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of 8 um between the vertical and horizontal gap widths. Thus
the compactness of the filte—if indeed applied for circular
polarization—comes at the price of high manufacturing
accuracy.

5. CONCLUSIONS

Evanescent-mode filters formed by quadruple ridge sections in
rectangular and circular waveguides provide a compact solution
for applications involving both filtering and polarization preser-
vation of input signals. Design guidelines are provided and
require availability of a commercial (or other) electromagnetic
field solver. The method used in this work is validated by meas-
urements. Performances and dimensions of square and circular
waveguide filters operating at 9.5 GHz are presented and vali-
dated. A sensitivity analysis performed for the circular filter
reveals normal dependence on manufacturing tolerances if dual
linear, i.e., horizontal and vertical polarization is envisaged.
However, due to sensitivity on the transmission phases, toleran-
ces for circular polarization are tighter.
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ABSTRACT: A time-domain augmented electric field integral equation
(TDAEFIE) and its marching-on-in-degree (MOD) solution are
presented for analysis of transient electromagentic responses from three-
dimensional closed conducting bodies of arbitrary shape. By enforcing a
condition on the normal component of the electric flux density, the
TDAEFIE eliminates the potential internal resonance problem of the
time-domain electric field integral equation (TDEFIE) algorithm. With
the use of weighted Laguerre polynomials as entire-domain temporal
basis functions, the MOD solution overcomes the late-time instability
problem that often occurs in the marching-on-in-time (MOT) approach.
Compared with the MOD solution of the time-domain combined field
integral equation (TDCFIE), the MOD solution of the TDAEFIE is more
efficient because it takes less computational time for calculating the
matrix elements and the matrix-vector multiplications related to the
excitation at the right-hand side of the matrix equation. Numerical
results are presented to illustrate the good performance of the TDAEFIE
algorithm. © 2011 Wiley Periodicals, Inc. Microwave Opt Technol Lett
53:1439-1444, 2011; View this article online at wileyonlinelibrary.com.
DOI 10.1002/mop.26015

Key words: time-domain augmented electric field integral equation;
marching-on-in-degree; marching-on-in-time; time-domain combined
field integral equation

1. INTRODUCTION

Analysis of transient electromagnetic phenomena has received
increased attention because of various engineering applications
such as design of broadband antennas, analysis of nonlinear cir-
cuits, and simulation of electromagnetic interference problems.
Numerical techniques for analyzing transient problems can be
classified into time-domain techniques based on integral and dif-
ferential equations. Because of the use of spatial volume discre-
tization, differential equation-based techniques are preferred for
transient electromagnetic simulation of inhomogeneous struc-
tures. However, integral equation-based techniques are more ef-
ficient for analysis of problems consisting of perfect electrical
conductors and piecewise homogeneous media.
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