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1.   Introduction

Studies on high-speed indoor wireless access sys-
tems, which use the microwave or millimeter bands
are being actively pursued [1], [2]. These systems
must reduce the effect of multipath fading in order to
maintain high data transmission speeds. Narrow-
beam antennas and adaptive arrays can overcome this
problem, and the effects of these antennas in wireless
communication systems have been studied [3]–[6]. A
narrow-beam antenna is the easiest way to improve
the data transmission speed because a fixed-beam
antenna can be used and it achieves a relatively high
gain. A multisector antenna comprising several nar-
row-beam antennas with different beam directions is

one way to provide wireless connections with a high
data transmission speed because the terminals or
access points can switch the beam direction so as to
direct the beam to the desired signal [7]–[11].

Mobile terminals usually utilize only one sector of
a multisector antenna at any one moment because
only one connection to one access point is necessary.
This requires the use of a sector switching mecha-
nism. A sector antenna with too few sectors provides
only a relatively low gain enhancement effect, which
may be canceled by the loss that occurs in the sector
switching mechanism in the feed circuit. On the other
hand, a sector antenna with many sectors requires a
complicated multiport sector switching mechanism.
Therefore, terminals are likely to use four to six sec-
tors [7], [10], [11]. Moreover, multisector antennas
for mobile terminals must be small and low-profile
because of the recent downsizing of mobile terminals
for enhanced portability. 
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A low profile multisector antenna can be fabricated
using radially arranged microstrip Yagi-Uda arrays
[12]. A microstrip Yagi-Uda array comprises an
exciting microstrip antenna and several parasitic
microstrip antennas arranged on the same substrate
surface. It offers high gain [13]. Furthermore, this
antenna can be fabricated using etching techniques,
which enables mass production. However, it usually
requires a large substrate area because each sector
requires an individual array antenna. The other prob-
lem with the microstrip Yagi-Uda array is the diffi-
culty in obtaining a sufficient front-to-back ratio
(F/B). The high level of undesired radiation degrades
the data transmission speed [5].

In this paper, we describe a new compact planar
six-sector antenna based on a microstrip Yagi-Uda
array with common director elements that is suitable
for mobile terminals. One of the key ideas for reduc-
ing the antenna size is a dual-beam microstrip Yagi-
Uda array—a new invention for the terminal sector
antenna. In this antenna, the parasitic elements are
shared between two opposite-facing microstrip Yagi-
Uda arrays, enabling the size of the array antenna to
be reduced to almost half that of two individual
microstrip Yagi-Uda arrays. Another key idea is fur-
ther element sharing among the multiple linear Yagi-
Uda arrays because three dual-beam Yagi-Uda arrays
are necessary to obtain six beams. That is, the para-
sitic elements are to be shared not only by two beams,
but also by all six beams. This is made possible by
placing a hexagonal parasitic element at the center of
the linear array, where the three unit linear arrays
intersect. The optimized termination condition at the
feed ports of the quiescent exciting elements is used
to improve the effect of the coupling among the inter-
secting linear arrays. These techniques of element
sharing and feed port termination yield an extremely
compact six-sector antenna.

Section 2 briefly describes the basic idea of the
dual-beam microstrip Yagi-Uda array antenna, in
which the two exciting elements share parasitic ele-
ments. Section 3 describes the geometry and mecha-
nism of the six-sector antenna, in which the parasitic
elements are shared among six beams. Section 4
shows a numerical analysis of the six-sector antenna.
We investigated the impact of the intersecting linear
arrays on the radiation pattern of a six-sector antenna
under various termination conditions. Section 5
describes experiments conducted on a fabricated six-
sector antenna operating at 5 GHz to confirm the
validity of the design. Section 6 describes the results
of a trial in which this antenna was applied to the 25-

GHz band. The 25-GHz band is being considered for
advanced wireless local area networks (WLANs)
because more frequency channels will be needed in
order to offer high-speed data transmission to many
more users [14].

2.   Dual-beam microstrip Yagi-Uda Array with
common parasitic elements

2.1   Basic geometry and mechanism
First of all, we present the idea and basic properties

of the dual-beam Yagi-Uda array, which is the unit
component of the six-sector antenna. We mainly
examined the influence of the termination condition
of the quiescent element and the number of parasitic
elements.

The geometries of a conventional microstrip Yagi-
Uda array and a dual-beam microstrip Yagi-Uda
array, are shown in Figs. 1(a) and (b), respectively.
The microstrip antenna elements are formed on a
dielectric substrate, which has ground metallization
on the rear side. These elements are rectangular
patches. Each array antenna has m parasitic elements
aligned on the x-axis. The exciting element with the
feed port at the end of the array is slightly larger than
the parasitic elements.

In the figure, a and a′ are the lengths of the long and
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Fig. 1.   Unit linear array configurations: (a) Top view of
conventional microstrip Yagi-Uda array and (b) top
and side views of dual-beam microstrip Yagi-Uda
array.
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short sides of the exciting element, respectively, d and
d′ are the lengths of the long and short sides of each
parasitic element, respectively, g is the gap between
elements, h is the thickness of the substrate, Wx and
Wy are the lengths of the long and short sides of the
substrate, and εr and tanδ are defined as the relative
dielectric constant and the loss tangent of the sub-
strate, respectively. 

The dimensions and material properties are set to a
= 0.34 λ0, a′/a = 0.6, d′/d = 0.5, d/a = 0.92, g = 0.005
λ0, h = 0.027λ0, εr = 2.2, and tanδ = 0.0008, where λ0

is the wavelength in vacuum. The length of the short
side of the rectangular substrate is set to Wy = λ0/2,
and Wx, which is the length of the long side, is set so
that the distance between the edge of the substrate
and the center of the end element in the linear array is
λ0/4. 

The dual-beam microstrip Yagi-Uda array has two
exciting elements, one at each end of the linear array.
Each exciting element has a feed port, but only one
port is driven at any one time. That is, when one port
is excited, the other port is terminated. 

In these antennas, the beam extends away from the
exciting element over the parasitic elements, which
work as a director. Therefore, the antenna shown in
Fig. 1(a) can work as a single-beam Yagi-Uda array,
and the antenna shown in Fig. 1(b) can work as a
dual-beam Yagi-Uda array if the feed ports are
switched.

2.2   Numerical analysis
The impact on antenna performance of the port ter-

mination condition and the number of parasitic ele-
ments was numerically analyzed by the method of

moments (MoM). In this numerical analysis, only the
dielectric layer of the substrate was assumed to be an
infinite plane to simplify the analysis. The positions
of the feed ports were optimized to minimize the
reflection of the incident power in both models. The
impedance of the terminated port #2, ZL (load imped-
ance), was set to the characteristic impedance of the
feed line Z0; i.e., ZL = Z0 = 50 Ω.

To evaluate the radiation performance as a planar
sector antenna, we defined F/B and the conical radia-
tion pattern. In this paper, F/B is defined as the ratio
of the directivity of the direction of maximum radia-
tion to that of the direction of the maximum lobe in
the range of ±60° from the opposite direction. How-
ever, since the directions of both the mainlobe and the
backlobe are tilted above the ground plane [12]–[13],
F/B obtained in the usual way is underestimated. For
this reason, we created a new definition of F/B, suit-
able for the configuration in Fig. 1. Our definition of
F/B is shown in Fig. 2. The two cones are symmetri-
cal and share the same apex. The mainlobe lies inside
one cone. F/B is defined as the ratio of the maximum
level in one cone to that in the direction within the
other cone.

The definition of the conical plane radiation pattern
is shown in Fig. 3. We assume a conical plane includ-
ing the direction of the peak radiation. The conical-
plane radiation pattern can be defined by the pattern
obtained by cutting the three-dimensional pattern
with an ideal conical plane. By using the conical-
plane radiation pattern, we can define the conical-
plane beamwidth as the range of the angle that limits
the gain decrease from the maximum gain to within 3
dB.

The radiation patterns were calculated while vary-
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ing the termination condition so as to find their effect
on F/B improvement. Figure 4 shows the radiation
pattern of a linear array with three parasitic elements
in the xz-plane for three termination conditions of
port #2: short, open, and ZL = Z0. The backlobe has a
high level when ZL is short or open and is reduced
only when ZL = Z0. This is because the reflection of
the traveling wave at the terminated port is sup-
pressed by the termination load. To find the optimum
termination condition, we calculated the relationship
between the radiation pattern and impedance ZL. Fig-

ure 5 shows the actual gain, F/B, directivity, and ter-
mination loss versus the termination load impedance
ZL, where the number of parasitic elements is three.
F/B is maximum when ZL is around Z0. The improve-
ment in F/B compared with the cases of short and
open termination is more than 8 dB. We also found
that the directivity and termination loss are maximum
when ZL is around Z0. By considering the slight gain
difference over the range of the termination load con-
dition shown in this graph, we can explain this as fol-
lows. The load impedance ZL, which is almost the
same as the impedance of the feed line Z0, does not
attenuate the mainlobe radiation, but does attenuate
the undesired radiation caused by the reverse travel-
ing wave, which comes up at the end of the line array.
From the above calculations, we found that applying
a termination load to the quiescent feed port is effec-
tive in enhancing F/B without incurring any reduction
in gain.

To design the sector antennas, we clarified the
beamwidth of the unit linear array. Numerical results
for conical-plane beamwidth versus the number of
parasitic elements are shown in Fig. 6, for the case in
which port #2 is terminated by a resistor correspond-
ing to ZL = Z0 = 50 Ω. We found that the beamwidth
of the linear array was narrower than that of the con-
ventional array. This means that the element termi-
nated by ZL also works as a director element. We also
found that the linear array with three parasitic ele-
ments has a beamwidth of almost 60°, making it suit-
able for a six-sector antenna. 

3.   Geometry and mechanism of six-sector
microstrip Yagi-Uda antenna with common
parasitic elements

The configuration of the six-sector microstrip Yagi-
Uda antenna on a circular substrate is shown in Fig.
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7. The substrate has ground metallization on the rear
side. Three unit linear arrays intersect at the center at
an angle of 60°. Therefore, the shape of the central
parasitic element, which is shared by all three linear
arrays, is hexagonal. All of the parasitic elements are
electrically smaller than the exciting elements. 

In the figure, c is the width of the central hexagonal
parasitic element and c/a = 0.96. The diameter of the
substrate is 1.83λ0 when the distance between the
edge of the substrate and the center of the exciting
elements is set to λ0/4. The other dimensions and
material parameters shown in Fig. 7 are the same as
those described in Section 2. The substrate area is
only 25% of that of a conventional antenna with six
individual single-beam microstrip Yagi-Uda arrays in
a radial configuration. It is also much smaller than the
antennas that use the techniques described in refs. [9]
and [10].

The key idea of this antenna is the radiation pattern
forming provided by controlling the port termination
condition at all quiescent elements. For example,
consider what happens when element #1 is excited
and all other elements are terminated and thus quies-
cent. Element #1 is strongly coupled to its adjacent
parasitic element, the central common parasitic ele-
ment, and finally to element #4. Therefore, this linear
array also works as a microstrip Yagi-Uda antenna,
whose beam direction is from #1 to #4. However, this
linear array is strongly coupled to the two other inter-
secting linear arrays, which causes undesired radia-
tion. This undesired radiation can be suppressed by
changing the termination of the quiescent elements,
such as #2, #3, #5, and #6. This is discussed below.

4.   Numerical analysis of six-sector antenna

4.1   Effect of coupling between intersecting
linear arrays

In the six-sector antenna shown in Fig. 7, there is
strong coupling among the three linear arrays, which
impacts the radiation pattern, because all the arrays
share the central parasitic element. The calculated
conical radiation pattern of the antenna in Fig. 7 is
shown in Fig. 8. In this calculation, we treated the
case where all of the terminated ports are connected
to loads with a value of ZL = Z0. Here, an infinite
ground plane and substrate are assumed to simplify
the calculation. It can be seen that the beamwidth is
much larger than that of the single linear array. The
actual gain and F/B of the six-sector antenna are
lower than those of the single linear array by 1 and 4
dB, respectively. This means that the two other linear
arrays resonate and generate undesired radiation,
which degrades the radiation pattern. The scattering
parameters of the six ports are listed in Table 1. The
amounts of power transmitted from #1 to #4 and from
#1 to #2 or #6 are almost the same, which indicates
that the power fed to port #1 is distributed not only to
the excited linear array, but also to the intersecting
linear arrays at high levels. Moreover, we found that
the total power consumed by the termination loads is
at least 20% of the fed power. Therefore, the gain and
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F/B are strongly affected by the presence of the inter-
secting linear arrays.

4.2   Radiation pattern improvement using
reactive termination load

To improve the radiation pattern, we examined
other termination conditions because the power con-
sumed at the feed ports can be utilized by changing
the termination conditions. Termination with a pure
reactive load fully reflects the incident power at the
feed ports without any power consumption, and the
reflection phase can be controlled by changing the
reactance of the load. Arbitrary reactance values can
easily be obtained by attaching line stubs of various
lengths. A model of the six-sector antenna with lines
of length l is shown in Fig. 9. Each line has a single-
pole three throw (SP3T) switch at its end and the
switch connects the end of the line to either a signal
source, resistive termination, or open termination.
When one port is excited, the port at the opposite end
of the array is connected to the termination load to
reduce the backlobe, and all other ports are set to
open. To obtain a symmetric conical radiation pattern
with controllable termination conditions, all lines
should be the same length. When the end of the line
is open, the line works as an open stub, and its imped-
ance Zin observed at the port is expressed by

(1)

where Z0 is the characteristic impedance of the line,
which is equal to the impedance of the signal source,

and β is the phase constant in the line.
The calculated actual gain and beamwidth are

shown as functions of line length l in Fig. 10. For sim-
plification, the substrate and ground metallization
were assumed to be infinite planes. The actual gain
and beamwidth exhibit periodicity because the reac-
tance of the open line at the port also changes period-
ically, as can be seen from Eq. (1). Note that F/B and
the gain are maximum around βl = nπ (n = 0, 1, 2, ...)
and the beamwidth is almost 60°, which is suitable
for a six-sector antenna. We found that making the
line length an integral multiple of the half wavelength
gave the optimum radiation pattern in this six-sector
antenna geometry.

5.   Measurement at 5 GHz

Based on the design described above, we fabricated
a six-sector antenna with 1.83λ0 and measured its
characteristics. Figure 11 shows the measured |S11|,
where ports #2, #3, #5, and #6 were open, port #4 was
connected to a load of ZL = Z0 = 50 Ω, and l = 0. Here,
fc is the center frequency (5 GHz). The measured val-
ues generally agree with the calculated ones. The |S11|
was less than –15 dB in the 6.5% bandwidth region.
Resonance occurred at about f / fc =1.11 due to the res-
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onance of the rectangular parasitic elements. The loss
caused by termination is shown in Fig. 12. The mea-
sured values also agree with the calculated ones. The
termination loss was less than 1 dB and this corre-
sponds to the result shown in Fig. 5.

Figures 13 and 14 show, respectively, the vertical
radiation pattern in the xz-plane and the conical radi-
ation pattern at θ = 45°, which is equal to the main-

lobe direction. |Eθ | and |Eφ | are defined as the co-
polarization and cross-polarization components,
respectively. The radiation pattern of the single linear
array was also calculated to investigate the effect of
the intersecting arrays on the radiation performance.
For all the calculations with these models, we
assumed an identical finite ground plane. |Eφ | com-
ponents are not shown in Figs. 13(b) and (c) because
no |Eφ | components appeared in the calculation.

The good agreement between the measured and cal-
culated results confirms the validity of the numerical
design. Moreover, the maximum cross-polarization
level was 10 dB lower than the co-polarization level.
The microstrip antenna’s cross-polarization compo-
nent in the conical plane is not low if the substrate is
placed parallel to the xy-plane. In only the xz-plane, a
very low level of |Eφ | component was observed when
the current direction on the microstrip antenna was
parallel to x-axis. Since the microstrip Yagi-Uda
array narrows the beam toward the xz-plane in this
case, our antenna achieved a radiation pattern with a
relatively low cross-polarization level. Furthermore,
comparing the radiation pattern of our antenna with
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that of a single linear array, we did not observed any
increase in the cross-polarization component caused
by the intersecting linear arrays. The reason our
antenna had low cross-polarization even with the
intersecting linear arrays is that its geometry is sym-
metrical, which helps to cancel the radiation of the
cross-polarization components from the intersecting
arrays. We found that we could obtain a conical-plane
beamwidth of 73° and F/B of 17 dB and that this six-
sector antenna has a radiation pattern suitable for a
sector antenna. 

The frequency dependence of the measured and
calculated F/B and actual gain are shown in Fig. 15.
For both F/B and actual gain values, the measured
and calculated values agree well. F/B exceeded 17 dB
and the gain exceeded 10 dBi around the center fre-
quency. The actual gain of the six-sector antenna was
1 dB higher than that of the single linear array shown
in Fig. 5. This is because of the difference in the
shape of the ground plane. In our analysis, we could
only treat infinitely planar substrates; such a substrate
causes surface wave loss, which cannot occur in mea-
surements. We think that the reason for the good
agreement between the calculated and measured gain
values is that the directivity enhancement provided by
the narrow beam and the radiation efficiency degra-
dation happen to cancel each other out in the calcula-
tion. Meanwhile, dramatic F/B deterioration was seen
when f / fc > 1.01 and the frequency range for 1-dB

gain attenuation was 0.955< f / fc < 1.017. That is, the
actual available bandwidth of this antenna is about
5.5%, i.e., 0.955< f / fc < 1.01.

6.   Antenna construction and measurement at 25
GHz

We investigated a WLAN system operating at 25
GHz [14] and found that using the sector antenna is
effective in maintaining the coverage area even when
the propagation loss is larger than that at 5 GHz. The
sector antenna design described in this paper provides
a sector antenna that can be easily configured to fit
within the width of a PC card. At a very high fre-
quency, such as in the quasi-millimeter band, howev-
er, the manufacturing error will be serious because
the wavelength is short and the antenna properties are
changed by even small differences in antenna element
size. In this section, we present the measured perfor-
mance of the antenna at 25 GHz and discuss the fea-
sibility of this antenna.

A photograph of the fabricated six-sector antenna
for 25 GHz is shown in Fig. 16. The antenna diame-
ter D is 22 mm and the substrate thickness h is 0.43
mm. As can be seen, the antenna’s small size makes
it suitable for a PC card terminal, for which the man-
ufacturing error of the printed metal pattern on the
substrate was less than 20 µm.

The measured scattering parameters of the fabricat-
ed antenna are shown in Fig. 17. Here, only port #1
was excited. The transmitted power was observed at
port #4, and the other ports were open. The calculat-
ed values, which were obtained using MoM, show
that |S11| is less than –10 dB over the 13% frequency
range. The measured and calculated values of |S41|
mostly agree with each other. The power wasted at
the terminated port was 15% of the fed power.

Figure 18 shows the measured radiation patterns,
where the conical pattern was obtained at the angle of
θ = 45°, which corresponds to the peak direction of
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the vertical plane radiation pattern. The measured and
calculated radiation patterns agree well in the vertical
plane, and the mainlobe shape was predicted well by
calculation in the conical plane. There is a ripple in
the measured vertical radiation pattern, and we sus-
pect that this is the effect of scattering by the feeding
cable. The measured peak gain of the antenna was
11.2 dBi, which is slightly higher than the result for 5
GHz. These results indicate that manufacturing error
is not a serious problem and support the feasibility of
our antenna.

7.   Conclusion

We are studying a novel compact planar six-sector
antenna that uses an array of dual-beam microstrip
Yagi-Uda antennas with common directors for use in
mobile terminals. A numerical analysis of the unit
dual-beam array showed that terminating the quies-
cent ports with an appropriate load enhances the F/B
value by at least 8 dB. We investigated the radiation
pattern of a six-sector antenna configured by combin-
ing 3 dual-beam unit arrays. To reduce the effect of
undesired coupling between unit arrays, we connect-
ed the quiescent ports of the other two unit arrays to
finite-length lines that fully reflect the incident
power. We found the optimum termination condition

at the quiescent ports that maximizes F/B and actual
gain. Based on our numerical design, we fabricated a
six-sector antenna. Measured results show that it
offers a high F/B value of 17 dB, high actual gain of
at least 10 dBi, and a radiation pattern that is suitable
for a six-sector antenna. These results indicate that
our six-sector antenna offers both high radiation per-
formance and a 75% reduction in substrate area com-
pared with the equivalent conventional antenna with
six individual microstrip Yagi-Uda arrays in a radial
configuration. We also fabricated a six-sector anten-
na for 25 GHz. Its diameter was 22 mm and the sub-
strate thickness was 0.43 mm. This antenna achieved
a conical-plane beamwidth of 61° and actual gain of
11.2 dBi. These results indicate the feasibility of our
antenna for 25-GHz operation.
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