The tuning approach proposed to adjust the poles’ positions
consists in slightly varying the length of only one resonator. Figure
10 illustrates its effect on the resonance frequencies. It can be seen
from Figure 10 that if the length of only one resonator varies
slightly, the corresponding resonance peak shifts by a considerable
amount, as compared to the smaller shift in the other resonance
peak. In this case, it is possible to enhance a given performance of
the ﬁlter without considerably affecting the others since only one
pole is shifted. In such conditions, the poles’ positions can be
easily corrected to enhance ﬁlter performance. This technique
allows the improvement of results in terms of frequency response
for both the return loss and the ripple level. By using this tuning
technique, the ﬁrst prototype was optimized. The dimensions of
the optimized prototype can be found in Table 1 (see second line).
It can be noted from Table 1 that two resonators have been
extended by 0.1 mm and two others by 0.2 mm, while the spacing
between the different resonators have been kept unchanged. Figure
11 gives the simulated frequency responses. As predicted, this
tuning technique provides a high potential for redressing various
ﬁlter performances. It is noted from the curve shown in Figure 11
that a very considerable enhancement in terms of the return loss is
achieved by using this tuning technique. The maximum S 11 obtained along the entire passband is ⫺20 dB, which represents more
than 10-dB enhancement. The ripple level has also been improved
and the variation of 10⫺2 dB represents an enhancement of 1 dB.
To validate our approach, the ﬁlter has been implemented and
tested.

5. EXPERIMENTAL RESULTS

The optimized ﬁlter has been designed and constructed on a duroid
substrate with a dielectric constant  r of 3.38 and thickness of 0.81
mm. Figure 12 shows the photograph of the fabricated ﬁlter.
After tuning, the fabricated ﬁlter was measured using an
HP8719 network analyzer. Figure 13 plots the measured frequency
responses of the tuned ﬁlter. The ﬁlter has a center frequency of
2.14 GHz and a passband from 2.11 GHz to 2.17 GHz. It is
important to mention that the choice of the ﬁlter passband was
made so that this ﬁlter could be used for wireless applications such
as PCS systems of the third generation. It can be noted form these
curves that the experimental results give a good agreement with
the numerical ones. The maximum measured value of S 11 along
the entire passband is ⫺15 dB, which represents a sufﬁcient match
performance. However, the simulations do not include conductor
loss, and a difference of 3 dB in the insertion loss is seen between
the numerical and experimental results. The measured bandwidth
and the ripple level correspond well to simulation results.
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6. CONCLUSION

The design of a miniaturized microstrip cross-coupled resonator
ﬁlter has been developed. A high level of miniaturization was
achieved by considering the problem at the overall ﬁlter level and
the resonator level. To solve the problem of ﬁlter mismatch, a new
tuning technique to redress return loss without deteriorating the
overall ﬁlter performance has also been introduced. This approach
requires only a slight modiﬁcation of the length of some resonators. With this technique, even if the ﬁlter is printed on the
substrate, it still possible to be tuned. Simulations and measurements were performed and the results indicated that this ﬁlter
design is simple, practical, and effective for achieving excellent
performance. The proposed ﬁlter design is suitable for wireless and
mobile communications applications.

ABSTRACT: Design of broadband printed antennas, including the ﬁnite arrays of interacting patch, U-strip, U-slot, and meander slot antennas, are presented for applications in waveguide-based spatial power
combiners operating at X-band. The effect of several antenna design
parameters on antenna bandwidth performance is investigated in this
paper. The antenna designs presented show signiﬁcant advantages in
their scattering characteristics compared to rectangular patch and slot
antennas traditionally used in spatial power combiners. © 2003 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 36: 411– 415, 2003;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.10778
Key words: spatial power combining; meander-slot antenna; U-slot
antenna; antenna array
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1. INTRODUCTION

To exploit the advantages of solid-state technology for high power
levels at microwave and millimeter-wave frequencies, the power
from many individual devices must be combined because of the
fundamental limits of semiconductor devices’ power-handling capability at these frequencies [1]. Spatial power combining (SPC)
techniques provide high combining efﬁciency for high power
levels in microwave and millimeter-wave regimes, using free
space rather than waveguide and transmission line junctions originally introduced in circuit-combining structures. These techniques
have been applied to oscillators, ampliﬁers, mixers, phase-shifters,
switches, frequency multipliers, and modulators. Recently, a review of quasi-optical array systems operating in the microwave
and millimeter-wave regime, with a focus on power ampliﬁers,
was presented in [1].
From the modeling point of view, spatial power combiners are
very complex systems and cannot be entirely modeled and designed using any of the commercially available general-purpose
electromagnetic (EM) CAD tools. Instead, a customized EM analysis needs to be developed for their characterization and design
[2–9]. A method of moments (MoM) based generalized scattering
matrix (GSM) modeling environment for efﬁcient simulation of
large waveguide EM and quasi-optical systems for SPC has been
developed in [5–9]. The EM modeling scheme is based on the
decomposition of the system into individual modules (blocks) and
calculation of the GSM of each module using the most convenient
technique. The GSMs of each block are then cascaded to obtain the
overall system characterization. The work presented in [5] focuses
on efﬁcient formulation of the GSM for a single arbitrarily shaped
planar conductive layer in a shielded guided-wave structure. The
MoM formulation implemented in [7] enables the incorporation of
the EM model of a microwave structure into a nonlinear microwave-circuit simulator as required in global CAD. In [8], a fullwave integral-equation formulation is developed for the EM modeling of waveguide-based, closely-spaced electric and magnetic
discontinuities. A full-wave analysis and experimental validation
of a waveguide-based aperture-coupled patch ampliﬁer array is
presented in [9]. Here, a GSM for an N-port waveguide transition
containing an aperture-coupled patch array is developed using the
procedure presented in [8] for the two-port waveguide transition.
In this paper, we present a waveguide transition consisting of
several interacting printed antenna arrays placed at dielectric interfaces of an oversized multilayered waveguide (Fig. 1). This
passive antenna module serves as an integral part of waveguidebased ampliﬁer arrays (for example, the aperture-coupled patch

Figure 1 Multilayered waveguide transition containing interacting
printed antenna arrays
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Figure 2 Interacting single-patch and meander-slot antennas in a rectangular waveguide transition

antenna array presented in [9]). Narrowband resonant rectangular
patch and slot antennas used in earlier designs [8, 9] are replaced
by meander-slot antennas and their modiﬁcations [10, 11], in order
to increase the frequency bandwidth and efﬁciency of the system.
Numerical results are presented for the interacting single patch and
meander slot antennas as well as ﬁnite arrays of interacting U-strip,
U-slot, and meander slot antennas, illustrating advantages of their
utilization in a waveguide-based power combining system.
2. THEORY

The multilayered waveguide transition containing electric and
magnetic-type antennas, as shown in Figure 1, is modeled by
applying the integral equation formulation developed in [8, 9],
resulting in the GSM of the waveguide transition. Speciﬁcally, a
coupled set of integral equations for induced electric and magnetic
surface current densities is obtained, and discretized via the MoM
by a procedure similar to that described in [8, 9]. In this formulation, magnetic potential dyadic Green’s functions of the ﬁrst and
second kind for a multilayered rectangular waveguide are ob-

Figure 3 Magnitude of the reﬂection and transmission coefﬁcients, S 11
and S 21 , versus frequency for the interacting meander-slot and single-patch
antennas. A dash-dotted line is for the single-slot, a dashed line is for
three-slot, and a solid line is for the ﬁve-slot meander antenna
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Figure 4 Magnitude of the reﬂection and transmission coefﬁcients, S 11
and S 21 , versus frequency for different slot separation in the three-slot
meander antenna coupled to a patch antenna. A dash-dotted line is for s ⫽
1 mm, a dashed line is for s ⫽ 2 mm, and a solid line is for s ⫽ 4 mm

tained, in the form of a partial eigenfunction expansion, as the
solution of the system of dyadic Helmholtz equations subject to
appropriate boundary and continuity conditions.
3. NUMERICAL RESULTS AND DISCUSSIONS

Scattering characteristics of meander-slot and U-slot antennas are
investigated for the examples of interacting single patch and meander slot antennas, 2 ⫻ 3 interacting meander slot and patch
antenna arrays, and a 3 ⫻ 3 array of interacting U-slot and U-strip
antennas in overmoded waveguide transitions. The correctness of
the full-wave numerical code has been checked extensively by
comparison with experimental results and numerical data obtained
by other methods (see [8, 9, 12], among others).
Numerical results for the S parameters of the interacting singlepatch and meander-slot antennas (geometry shown in Fig. 2) in a
rectangular waveguide transition operating at X-band are shown in
Figure 3. The results are obtained for the following geometrical
and material parameters: the rectangular waveguide is 22.86
mm ⫻ 10.16 mm, slot length in a meander conﬁguration is 11 mm,

Figure 5 A 2 ⫻ 3 interacting U-strip and three-slot meander antenna
array in an overmoded rectangular waveguide transition

Figure 6 Magnitude of the reﬂection and transmission coefﬁcients, S 11
and S 21 , versus frequency for the 2 ⫻ 3 interacting U-strip and three-slot
meander antenna array in the waveguide transition, for a different
waveguide height, b. A dash-dotted line is for b ⫽ 20 mm, a dashed line
is for b ⫽ 18 mm, and a solid line is for b ⫽ 16 mm

slot width is 0.5 mm, slot separation is 1 mm, a metal patch is 2
mm ⫻ 2 mm, substrate thickness is 1 mm, 1 ⫽ 3 ⫽ 1, and the
relative dielectric permittivity of the substrate, 2, is 3. The reference plane for the reﬂection coefﬁcient S 11 is at z ⫽ 0 (the
position of the patch antenna with respect to the excitation) and the
reference plane for the transmission coefﬁcient S 21 is at the ground
plane containing meander slots ( z ⫽  ). The magnitudes of the
coefﬁcients S 22 and S 12 are the same as those of the coefﬁcients
S 11 and S 21 , respectively, because of the single-mode propagation.
In Figure 3, a dash-dotted line is used for the results of traditional
rectangular slot antenna coupled to the patch antenna. The magnitude of the reﬂection coefﬁcient (return loss) for this antenna
structure has the minimum value of ⫺23.2 dB at the resonance
frequency of about 9.51 GHz. The results of the three-slot and
ﬁve-slot meander antennas, coupled to the patch antenna, are

Figure 7 Magnitude of the reﬂection and transmission coefﬁcients, S 11
and S 21 , versus frequency for the 2 ⫻ 3 interacting U-strip and three-slot
meander antenna array in the waveguide transition, for different antenna
separation sy in the y-direction. A dash-dotted line is for sy ⫽ 0.3, sx ⫽
180 mil (4.572 mm), a dashed line is for sy ⫽ 0.5, sx ⫽ 300 mil (7.62
mm), and a solid line is for sy ⫽ 0.7, sx ⫽ 420 mil (10.668 mm)
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depicted with dashed and solid lines, respectively. Resonance
frequencies of these two antennas are shifted to higher values,
namely, at 10.00 GHz and 10.85 GHz with the respective corresponding minimum values of the return loss, ⫺23.5 dB and ⫺23.2
dB. The percentage bandwidths of traditional rectangular slot,
three-slot, and ﬁve-slot meander antennas are calculated to be
4.83%, 11.1%, and 18.8%, respectively. These increased bandwidths of the meander slot antennas demonstrate their advantage
over the traditionally used rectangular slot antenna.
To evaluate the effect of the separation between slots in the
three-slot meander line coupled to the patch antenna, this design
parameter was successively varied, while the remaining parameters were kept the same. Figure 4 shows the calculated results for
the magnitude of the reﬂection and transmission coefﬁcients of this
antenna structure for three different values of separation between
slots. In addition to already considered slot separation of 1 mm,
two other values of this parameter, 2 mm and 4 mm, were used.
For the separation of 2 mm the resonance frequency is calculated
to be 10.3 GHz with the frequency bandwidth of 16.0%, while the
resonance frequency and bandwidth for the separation of 4 mm are
obtained to be 10.08 GHz and 18.56%, respectively. Minimum
return losses for the separations of 2 mm and 4 mm are obtained
to be ⫺24.3 dB and ⫺25 dB, respectively. These results imply that
an increased slot separation in the meander antenna provides a
wider bandwidth while maintaining low minimum return loss at
the resonance frequency.
In the next two examples, a 2 ⫻ 3 interacting U-strip and
three-slot meander antenna array in an overmoded rectangular
waveguide transition, as shown in Figure 5, is analyzed for operation at X-band. The ﬁrst design parameter to be investigated is the
waveguide height. The waveguide has 53-mm width, whereas its
height is taken to be 16 mm, 18 mm, and 20 mm. The geometrical
parameters for the three-slot meander antenna in the array are the
same as in the ﬁrst example of this section for a single unit cell.
The U-strip antenna is 2 mm ⫻ 2 mm with a thickness of 0.5 mm.
The dielectric has a relative permittivity of 3 with a 1-mm thick-

Figure 8 Geometries of the (a) 3 ⫻ 3 rectangular lattice and (b) 2 ⫹ 3 ⫹
2 triangular lattice arrays of interacting U-slot and U-patch antennas in an
overmoded rectangular waveguide transition with the following parameters: a ⫽ 53 mm, b ⫽ 24 mm, sx ⫽ 600 mil (15.24 mm), sy ⫽ 300 mil
(7.62 mm), w ⫽ 11 mm, s ⫽ 4 mm, and t ⫽ 0.5 mm
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Figure 9 Magnitude of the reﬂection and transmission coefﬁcients, S 11
and S 21 , versus frequency for the interacting U-slot and U-strip antenna
arrays in the overmoded rectangular waveguide transition. A solid line is
for the 2 ⫹ 3 ⫹ 2 triangular lattice and dashed line is for the 3 ⫻ 3
rectangular lattice array

ness, and the unit cells in the array are separated by a distance of
600 mil (15.24 mm) in the x direction and 300 mil (7.62 mm) in
the y direction. The numerical results for the S parameters of the
antenna array are shown in Figure 6. It can be seen that a decrease
of the waveguide height results in an increase of the frequency
bandwidth of the antenna array module. Speciﬁcally, for heights of
20 mm, 18 mm, and 16 mm, results obtained for a 10-dB return
loss bandwidth were 10.68%, 12.55%, and 14.54%, respectively.
Another design parameter to be investigated here is the unit cell
separation in the y direction. The difference compared to the
previous example is that the waveguide height is ﬁxed to 20 mm,
but the unit-cell separation in the y direction is taken to be 180 mil
(4.572 mm), 300 mil (7.62 mm), and 420 mil (10.668 mm). The
other geometrical and material parameters are the same as in the
previous example. The numerical results for the S parameters of
the antenna array are shown in Figure 7. As can be seen, an
increase of the unit-cell separation in the y direction results in an
increase of the frequency bandwidth of the antenna array module.
Also note that the resonance frequency of the structure can be
tuned by changing this design parameter.
In the last example, with geometry shown in Figure 8, a 3 ⫻ 3
rectangular lattice and 2 ⫹ 3 ⫹ 2 triangular lattice arrays of
interacting U-slot and U-strip antennas are analyzed. Dimensions
of the U-strip antennas in the array, as well as substrate thickness
and permittivity, are the same as in the preceding examples. The
U-slot antenna is 11 mm ⫻ 4 mm with a thickness of 0.5 mm. The
unit cells in the array are separated by a distance of 600 mil (15.24
mm) in the x direction and 300 mil (7.62 mm) in the y direction,
inside the waveguide which has a width of 53 mm and a height of
24 mm. The numerical results for the S parameters of the antenna
arrays are shown in Figure 9. The rectangular lattice array results
in a 10-dB return loss bandwidth of 15.91% at the resonance
frequency of 10.4 GHz, while the triangular array had a smaller
bandwidth of 14.52% at the resonance frequency of 9.85 GHz.
Also note that the triangular lattice resulted in a smaller minimum
return loss of ⫺28.33 dB, compared to ⫺25.61 dB for the rectangular lattice.
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4. CONCLUSION

Numerical results for interacting single-patch and meander-slot
antennas, as well as ﬁnite arrays of U-strip, U-slot, and meander
slot antennas, show signiﬁcant advantages in scattering characteristics in comparison to rectangular patch and slot antennas traditionally used for spatial power-combining applications. The results
presented also exhibit the effect of several antenna design parameters on the frequency bandwidth and operating frequency of the
system.
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ABSTRACT: This paper contrasts the solutions given by the geometrical optics-uniform theory of diffraction (GO-UTD) and the physical optics-stationary phase (PO-SPM) methods when they are applied to the
problem of analysis of on-board antennas. Results for both approximations are given for antennas on board a satellite mock-up. Advantages
and drawbacks of both methods are shown. © 2003 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 36: 415– 417, 2003; Published online
in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
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INTRODUCTION

Several techniques can be applied to the analysis of the behaviour
of on-board antennas. The research in this ﬁeld strives towards the
implementation of the most accurate solution with the lowest
consumption of computer resources, that is, CPU time and memory. Following this line of thought, high-frequency approximations
are recognised as the most suitable ones for the analysis of electrically large structures. Among this wide set of techniques, geometrical optics in combination with uniform theory of diffraction
(GO-UTD) [1] has been used traditionally to solve these kinds of
problems. More recently [2], the evaluation of the integral involved in physical optics making use of the stationary phase
method (PO-SPM) has opened a new line of work. This paper
focuses on the comparison, from a theoretical and a performance
point of view, of techniques, GO-UTD and PO-SPM, when they
provide solutions to a realistic problem and are confronted with
measurements obtained in a satellite mock-up.
To carry out an appropriate comparison, both techniques should
obviously be applied over the same structure and need to share the
same geometrical representation of the geometry to be analysed.
This representation is set in terms of parametric surfaces.
THEORETICAL APPROACH

For both techniques, GO-UTD and PO-SPM, the interaction between the structure and the radiation diagram of the antenna is
considered, taking into account the contribution of speciﬁc points
distributed along the geometry of the structure. In the case of
GO-UTD, the main effects of the structure come from the contribution of the following points [1]:
●
●

Reﬂection points that fulﬁl Snell’s law between incidence
and observation directions
Diffraction points located at the edges of the geometry; at

MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 36, No. 5, March 5 2003

415

