constructed our stimulus signals based on different inputs to calculate the output response based on the augmented input. We
measured the voltage waveforms at the output of the first-order
and the second-order Gaussian derivatives pulse generators.
These differentiators reduce the rise time by almost 50%, that
is, half-rise time pulse shaping, and a summation is used for
passing only the positive parts while removing the negative
ringing portion. These differentiators network, however, also
attenuates the pulse amplitude as expected. The fall time and
pulse width are further reduced using the differentiators and
summing the various responses using Matlab as shown in Figure
3. The rise time characteristics for the Gaussian pulse is 123 ps,
for the Monocycle pulse is 92 ps, and for the Doublet pulse is
56 ps. It is found out that using one differentiator a drop of 31
ps, and using two differentiators the drop is larger and amounts
to 67 ps, that is, significant rise time decrease can be achieved
in the first peak of these signals [7,8]. Figure 7 shows the measured impulse TDR observed at port 1 of the defected structures,
with a 50 X termination on port 2. The excitation sources are
M0(t), M1(t), and M2(t) as shown in Figure 3. Also Figure 7
indicates a discrepancy between measured data and simulated
results. This discrepancy is fabrication and assembly tolerances.
The time characteristics for the measured TDR results shown in
Figure 7 are summarized in Table 1.
4. CONCLUSION

A novel pulse excitation is used instead of the Gaussian pulse in
TDR. The proposed modified TDR is less expensive than a vector network analyzer, very practical as it is based on more realistic signals rather than assuming ideal impulses or steps. The
modified codes TDR has a wider bandwidth that leads to higher
accuracy localization of the various discontinuities along a line.
Higher accuracy has been achieved for higher order M signals
in the range of 15 ps, which is significant in localizing discontinuities. Further effort is under way too to tighten measurements
tolerances for even closer results to ground truth data.
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ABSTRACT: This study investigates the feasibility of using spatial
power combination in small-scale array applications that require sector
coverage. A patch antenna array is used to verify the concept. The simulated result of the proposed array shows that the 26 dB angle coverage
is 132 from 24 to 156 in elevation plane and the 210 dB return loss
bandwidth is 4.6%. The optimized measured result indicates that the 26
C 2014
dB angle coverage is 134 from 20 to 154 in elevation plane. V
Wiley Periodicals, Inc. Microwave Opt Technol Lett 56:2990–2993,
2014; View this article online at wileyonlinelibrary.com. DOI 10.1002/
mop.28756
Key words: spatial power combination; high power; patch array; wide
angle coverage; flat response
1. INTRODUCTION

Spatial power combination has been widely used in many
microwave and millimeter-wave systems in recent years. In a
communication system, the improvement of the system transmission power means better communication quality, stronger
anti-interference ability, and a longer range of communication
distance. As the operating frequency of semiconductor solidstate devices increases into the millimeter-wave band, the size
of the devices is reduced, thus resulting in a decrease in their
power-handling capability [1]. Therefore, the power combination
technique is important in increasing system transmission power
and thus has become a hot area in wireless communications
today.
The power combination technique can be classified into two
types: circuit power combination and spatial power combination.
The circuit-based power combination approach has limits in
device power density and combining efficiency because with the
increase in the number of active components, the losses induced
by a combination circuit increase accordingly, which leads to a
reduction in the overall combining efficiency.
In comparison, spatial power combination has the advantage
of high combination efficiency, and this efficiency is hardly
affected by the number of components. Many researches on spatial power combination have been published. In [2], a highpower microwave based on spatial power combination is presented. Several high-power microwave sources are used to
launch microwaves with the same frequency and a set of specific phases to form a high-power electromagnetic beam in a
specific direction and over a specific distance. In [3], a system
of 60-GHz tray amplifiers is proposed. A 17-element dipole
array is fed by a waveguide horn, and then each dipole transfers
energy to a tray containing 16 MMIC output amplifiers; the output signal from the 17, 16 ports is collected by a horn with
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Figure 1 (a) Traditional antenna array with equal amplitude and equal phase, (b) a single antenna with a backed reflector, and (c) antenna array with
sector coverage. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

focusing lenses. This system generates 35-W output power at
61 GHz with a high gain value of 60 dB. The achievement of
high power through spatial power combination is reported elsewhere in the literature [4–6]. The main goal of the existing
researches is to obtain the highest effective isotropic radiated
power. This means that all the elements of the antenna array are
excited in phase; thus, these arrays not only obtain high output
power but also have a high array gain in a specific direction,
resulting in directional beams with narrow angle coverage.
In cellular communication, sector antennas are widely
adopted because they can cover a large service area without
requiring alignment between the receiving and transmitting
antennas [7]. They are also widely used in tracking and surveillance, satellite on-the-move communications, and the shore
early-warning radar systems [8]. Antennas with shaped beams
are able to achieve sector coverage. The design of the synthesizing shaped-beam problem has attracted much attention in the
past decades. Array antennas are used frequently to obtain the
desired radiation patterns by optimizing the phase and amplitude
distribution of the array elements [9]. The cosecant beam, flattop beam, and pencil beam are three types of patterns commonly
used in beam shaping [10,11]. The existing researches on beam
forming normally adopt large-scale arrays. For power combination applications, a smaller-scale array is more feasible. To simplify the power amplifier design, all amplifiers should have the
same output power, which means only phases can be optimized.
In this letter, we investigated wide angle sector coverage of
the elevation pattern using the spatial power combination technique. A patch array is used as an example to verify the concept. As mentioned above, due to the limitation in the powercarrying capability of the microwave sources and the front end
of the radio-frequency circuit, each element of the proposed
array can deliver only limited power. High power can be
obtained by spatial power combination: by combining the low

power elements of the antenna array to achieve high power, all
the elements of the antenna array work in a state of saturated
input power. The degree of design freedom is only the phase
distribution, whereas the amplitudes of the excitation maintain
the same maximal sustainable power. A set of optimized phases
is fed to the array elements to achieve a flat response in elevation plane. The simulated and modified measured results show
that the patch array is able to achieve sector coverage in elevation plane.
2. POWER COMBINATION FOR WIDE ANGLE SECTOR
COVERAGE

Basically, traditional equal amplitude and equal phase antenna
arrays are aimed at obtaining a high directivity beam, as shown
in Figure 1(a). In contrast, sector antennas are aimed at achieving wide angle sector coverage. A single antenna backed with a
reflector, as shown in Figure 1(b), can achieve such radiation
characteristic, but it cannot deliver high power. Thanks to the
concept of spatial power combination, we can achieve wide
angle sector coverage with high power in space using an
antenna array, as depicted in Figure 1(c).
Without loss of generality, a patch array, as shown in Figure
2, is used in verification. The proposed array is printed on top
of a substrate with dimensions of 264 and 80 mm. The substrate
has a thickness of 1.6 mm, permittivity of 2.55, and tangential
loss of 0.002. The element is a rectangular patch with dimensions of 14.55 and 18.46 mm and a center frequency of
5.9 GHz. The interelement spacing of the proposed array is half
of the wavelength in free space. Ten 50-X semirigid cables are
used to feed the array. These elements are excited with the
same power but at different phases. The phase distribution
shown in Table 1 was acquired through a stochastic optimization algorithm with the use of the Matlab software. As a result,
the amount of radiation power in space is 10 times that of a single element. The simulated elevation radiation pattern of the
proposed array is described in Figure 3, which shows that the
26 dB gain fluctuation angle is 132 from 24 to 156 and the
23 dB gain fluctuation angle is 56 from 56 to 122 . Thus,
sector coverage and high power are obtained simultaneously in
the simulation. The simulated result is obtained with the high
frequency structure simulator full-wave simulation software.
3. RESULTS AND DISCUSSION

The measured s-parameters and the radiation patterns are
obtained from a vector network analyzer and an anechoic chamber, respectively.
TABLE 1 Phases Values for Simulation (Unit: Degree)
Figure 2 Photograph of the fabricated prototype. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 3 Simulated radiation pattern in elevation plane with an optimized phase distribution

Figure 6 Active radiation pattern of five elements. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com]

Figure 4 Simulated and measured return loss of the proposed array.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

Figure 4 shows the simulated and measured reflection coefficients of the proposed array. The simulated reflection coefficient, shown as a black line with a square symbol, has a 210
dB impedance bandwidth of 270 MHz (5.75–6.02 GHz) centered
at 5.9 GHz. The curve Mea_port i (i 5 1–10) represents the
active reflection coefficient of the port i when the patch i is
excited and others are connected to a matched load. The 10

Figure 5 Measured magnitude of transmission coefficient. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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curves almost overlap with the simulated curve, and their resonant frequencies are clustered at 5.9 GHz, with an impedance
bandwidth range of 210–370 MHz.
We also investigated the mutual coupling effect of the elements. Figure 5 describes the magnitude of the transmission
coefficients from port i (i 5 2–10) to port 1 when the rest ports
are connected to a matched load. The data show that all the
transmission coefficients are better than 220 dB; thus, the coupling between arbitrary two ports can be neglected.
Figure 6 depicts the active radiation patterns of the half array
elements in the XZ-plane. When one of the elements is excited,
the rest are connected to a matched load. As shown in the figure, the five patterns are different from each other. This phenomenon is due to the different relative positions between the
driven element and the rest of the elements, which indicates that
the elements do not operate independently but instead influence
each other.
As presented in Figure 7, the measured elevation radiation
pattern, shown as a line with a round symbol, deviates considerably from the simulated one and has obvious fluctuations. The
deviation is attributed to the accumulation effect of the unequal
length of the cables and other uncertainty factors, such as fabrication errors and measurement errors. The fluctuations are due
to the fact that the optimized phases are not optimal for the
measured data. To verify the feasibility of the concept in practical application, the same stochastic optimization algorithm is
applied to dispose of the measured data and acquire another set

Figure 7 Simulated, measured, and optimized measured radiation pattern in elevation plane. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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TABLE 2 Phases Values for Measurement (Unit: Degree)
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of optimized phase distributions, as shown in Table 2. The corresponding elevation radiation pattern is depicted as a line with
a triangular symbol. The 26 dB gain fluctuation angle is 134
from 20 to 154 , and the 23 dB gain fluctuation angle is 52
from 54 to 116 . Therefore, the feasibility of using spatial
power combination in applications that require sector coverage
is verified.
We can expand the elements of the array by following this
principle to get a much higher power level. We can also use
other types of array elements, such as dipole, loop, and slot,
among others.

4. CONCLUSION

11. A. Akdagli, K. Guney, and D. Karaboga, Touring ant colony optimization algorithm for shaped beam pattern synthesis of linear antenna,
Electromagnetics 26 (2006), 615–628.
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In this letter, the feasibility of using spatial power combination
for wide angle sector coverage of the elevation pattern is investigated, and a patch array is used to verify the concept. Considering the power-carrying capability of radio-frequency devices,
high radiation power can be obtained by a combination of multiple low-power antenna elements. Then an optimized phase distribution is fed to the array elements to achieve a flat response
in a wide angle. The simulated and modified measured results
show that the proposed array is capable of achieving sector coverage in elevation plane and high power simultaneously.
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ABSTRACT: In this letter, a novel wideband balanced bandpass filter
(BPF) with high selectivity and common-mode (CM) suppression is constructed with slotline resonator. When the intersection points of the
microstrip feedline and slotline resonator are close to the midpoint of
the slotline resonator, the coupling between the second mode and microstrip feedline can be suppressed. Making use of this feature, the wideband single-ended filter with wide upper-stopband performance is
designed using the slotline resonators and two quarter-wavelength
microstrip resonators paralleled to the slotline resonator with tappedline coupling at their short-circuited ends. Further, high-selectivity fifthorder wideband single-ended filter and corresponding balanced BPF are
designed with parallel coupling structures between two slotline resonators. The fifth-order wideband balanced filter is designed and fabricated,
and good agreement between measurements and simulations is obtained.
The measured CM suppressions are better than 54 dB within the whole
C 2014 Wiley Periodicals, Inc. Microwave
differential-mode passband. V
Opt Technol Lett 56:2998–3003, 2014; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.28755
Key words: balanced filter; high common-mode suppression; high
selectivity; slotline resonator; wideband
1. INTRODUCTION

Balanced filters are essential in communication systems due to
their crucial role in reducing the interference, noise, and crosstalk between different elements of the system [1–5]. The destination of the balanced filter is to make the differential mode to
have high selectivity for the desired frequency response, while
the common mode should be suppressed over a wider frequency
band. Recently, the wide and ultrawideband (UWB) systems
attract much attention to satisfy the requirement of high data
rate transmission. Numerous interests have been aroused from
both academic and industrial areas toward differential wideband
technology.
The wideband single-ended filter with slotline resonator was
analyzed in [6] with compact size and good electrical performance. In 2007, a compact filter with a faction bandwidth (FBW)
of 60% [7] was presented using a slotline resonator and two
quarter-wavelength microstrip resonator (QWRs). In the same
year, two wideband filters using the triple-mode slotline resonator and the microstrip-slotline transition were designed with a
FBW up to 120% [8,9]. Further, the modified triple-mode UWB
slotline filters in [10,11] were designed to obtain good
differential-mode (DM) response. Ultrawide passband in [8–11]
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