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Abstract

A series-fed beam-scanning array using a multi-stage configured microstrip antennawith tunable reac-
tance devices (MUSCAT) for satellite communication mobile terminals is proposed. This antenna sig-
nificantly expands the beam scanning range and achieves high efficiency. It comprises unit element
groups, whose elements are placed close to each other and use tunabl e reactance devices. Analyses and
experiments on the unit element groups showed that their multi-stage configuration extends the phase
shift range and increases the radiation efficiency (e.g., a phase shift of 120° and radiation efficiency of
more than 50%) when three stages are used. The radiation pattern of afabricated MUSCAT array anten-
nawith eight unit element groups was measured. The beam scanning range was 27°, which is more than

twice that of a non-multi-stage configuration.

1. Introduction

A mobile satellite communication system can be
used to provide geographically seamless communica-
tion serviceevenin arural areawithout an infrastruc-
ture [1], [2]. Since this system requires terminal
antennas with high actual gain to obtain a high data
rate for downlink transmission, the mobile terminal
must constantly direct its beam toward the satellite.
To provide such satellite communication services for
amobile vehicle, which may move at high speed, we
must use a low-profile satellite-tracking antenna for
aerodynamic reasons.

The combination of a one-dimensional planar
phased array antenna and a rotator for azimuth con-
trol is one feasible solution. However, the configura-
tion and control of the phased array antennais com-
plicated even for one-dimensional beam scanning
because a lot of phase shifters are employed. More-
over, each phase shifter needs a low-noise amplifier
to compensate for the insertion loss of the phase
shifter. This causes high power consumption.

A series-fed beam-scanning array antennacan sm-
plify the control of the phase shifters because series-
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fed circuits enable the antennas to scan the beam
direction easily with only a single control signal for
the phase shifters. In addition, the insertion loss due
to conduction loss can be reduced because this anten-
nacan have a short feedline. James et al. [3] reported
an example of a planar beam-scanning antenna
employing such afeed circuit and proposed a design
for an antenna employing varactor diodes as tunable
reactance devices inserted between the strip conduc-
tor and the ground plane. Sinceit uses a planar anten-
na on the substrate, all of the devices can be easily
mounted on the substrate. This planar array antenna
can be constructed compactly. The varactor diodes,
themselves, consume little power because little cur-
rent flowsinto avaractor with reverse DC-bias. When
varactor diodes with low insertion resistance are
used, there is no need to use many low-noise ampli-
fiers. Although this antenna reduces the complexity
and loss, the reactance of the devices must be
changed significantly when wide-range scanning is
required. In this case, the reflection power and loss at
the devices accumulate in the series feedline, and
these factors affect the radiation pattern. This prob-
lem reduces the beam-scanning angle.

In this paper, we propose a novel series-fed beam-
scanning array antenna consisting of a multi-stage
configured microstrip antennawith tunable reactance
devices (MUSCAT). Each element group comprises
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Fig. 1. Geometry of MUSCAT array antenna.

several microstrip antennas placed close together and
uses tunable reactance devices. This provides a low-
profile phased array antenna with a simple geometry
and low-loss beam-scanning performance. Numeri-
cal and experimental results for the phase shift per-
formance and radiation properties of the unit element
group are presented. The beam scanning characteris-
tics of afabricated antennawith eight element groups
are also shown to demonstrate wide-beam scanning
and easy operation with low loss.

2. Geometry of MUSCAT array antenna

The geometry of the MUSCAT array antenna is
showninFig. 1. Each element group is constructed of
narrow microstrip antennas connected to each other
by microstrip lines, where the element spacing d is
much less than the wavelength in vacuum. The reso-
nant direction of the narrow microstrip antenna is
parallel to the long side of the rectangular antenna.
The microstrip lines at both ends of the microstrip
antenna are configured so as to cancel the undesired
radiation generated by themselves. Two reactance
devices, which can be tuned using DC-voltage, are
attached to the ends of the microstrip antenna. Figure
2 is a cross section of the MUSCAT array. The
devices are connected to the microstrip antennas and
the ground plane via through holes.

The MUSCAT array comprises severa unit element
groups and the spacing between neighboring groups
denoted by D is much greater than element spacing d.
All of the unit element groups have the same dimen-
sions and are connected in series by microstrip lines
having an ‘S shape to adjust the phases in the unit
element groups. In thistraveling wave array antenna,
some of the power incident to one antennaelement is
radiated and the remaining power is delivered to the
next element. Since the delay of the signal also prop-
agates from one element to the next and accumul ates
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through the seriesfeedline, it is easy to provide arel-
atively large beam scanning range without employing
360° phase shifters. Furthermore, this antenna can
provide large phase shifts in the unit element groups
because these groups have a multi-stage configura-
tion, and the unit element groups, which all have
identical dimensions, achieve a phase front without
distortion when all of the reactance devices are tuned
to the same state. The termination load connected to
the end of the array suppresses the reflection of the
traveling wave, which causes undesired radiation [4],
[5]. This geometry can control all the reactance
deviceswith asingle DC bias. The RF-signal and the
DC bias are supplied through the same feedline. This
mechanism simplifies the feed and bias network con-
figuration and enables easy beam steering.

3. Properties of unit element group

The MUSCAT array has a series-fed configuration.
However, the accumulated insertion loss and the
reflection at the input port of the unit element group
in the series array antenna cause a reduction in the
actual gain and produce a backward traveling wave
that generates undesired radiation. Moreover, many
tunabl e reactance elements are used in the MUSCAT
array and the power consumed by them is not negli-
gible. For these reasons, it is hecessary to investigate
the radiation, reflection, and loss of the unit element
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group in order to design the MUSCAT array.

To enable us to discuss the actual performance of
the MUSCAT array, we measured the impedance of
the varactor diodes. Figure 3 shows the measured
impedance of the varactor diode versus DC-biasvolt-
age when a Renesas Technology HV U316 was used
as the tunabl e reactance device and the operating fre-
quency is 2.4 GHz. Since high absolute valuesfor the
reactance and low resistance are observed in the high
voltage range, the bias voltage should be as high as
possible so as to decrease the loss in the varactor
diodes.

Based on these results, we investigated the scatter-
ing parameters of the unit element group numerically
using the moment method [6] and experimentally. A
model of the unit element group is shown in Fig. 4,
where Ag isthe wavelength in vacuum, m denotesthe
number of stages (i.e., the number of elementsin the
unit element group), the element spacing isd = 0.12
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Fig. 3. Measured impedance of varactor diode versus
DC-voltage.
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Ao, and the distance between two varactor diodes in
the microstrip antennasis s. The thickness of the sub-
strateis 0.02 Ao, and the relative dielectric constant is
& = 2.2. The length of the microstrip antennais 0.39
Ag Where Aq is the effective wavelength in the
microstrip antenna. The antenna length is obtained
from the effective dielectric constant givenin[7]. The
operating frequency is 2.4 GHz.

3.1 Numerical analysis of radiation and phase
shift performance in unit element group

We investigated the relationship between the num-
ber of elements m and the phase shift. The magnitude
and phase of S obtained from the calculation for m
= 3 are shown in Fig. 5. Here, the distance between
two varactor diodes is set t0 0.153 Ag. The A|Sx| and
@ are defined as the transmission power difference
and phase difference from the reference S1 at 30V,
respectively. The @ma is the @ at the DC-voltage
where the magnitude of 1 is1 dB below the magni-
tudeof S1at 30 V.

The results shown in Fig. 5 indicate that the trans-
mission power decreases as the DC-voltage decreas-
es. This is due to the loss caused by the varactor
diodes when the DC-voltage is low, as shown in Fig.
3.

Next, we investigated the relationship between
spacing s of the two varactor diodes in the microstrip
antenna and @max Of the unit element group. The cal-
culated phase shift performance of the unit element
group is shown in Fig. 6. The characteristic imped-
ance of the input or output feedline was optimized to
obtain the largest ®max, and the optimized value of
theimpedance ZpisshowninFig. 6(b). Thereisadis
continuity in Zo around 0.16 Ag < s< 0.17 Ag, which

-
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Fig. 4. Configuration of unit element group.
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correspondsto the distance between the two feedlines
at the microstrip antenna. Considering this, we con-
jectured that this discontinuity is caused by the feed-
lines. The resultsin Fig. 6 show that the largest @max
value is obtained for s = 0.153 Ag. In the following
discussion, this optimum distance is used.

Figure 7 shows the relationship between the num-
ber of elements m and the maximum phase shift @max
obtained from the calculation. The ®ma increases
almost linearly as m increases. This means that the
effect of the mutual coupling between the elementsin
the multi-stage configuration of the unit element
group haslittle effect on the phase shift performance.

To clarify the radiation performance in the unit ele-
ment group, we must consider the transmission
power because it is incident to the next unit element
group and is radiated. In this paper, the radiation effi-
ciency ne of the unit element group is defined as
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where Pinc is the incident power at input port #1 of
one unit element group and Praq is the radiation
power of the unit element group. The calculated radi-
ation efficiency of the unit element group obtained
from Eq. (1) isshown in Fig. 8. Here, the average of
the radiation efficiency isused for ssmplicity because
Ne depends on the bias voltage. The 1, representsthe
averaged radiation efficiency and is defined by

— P

Ne =.IO Ned® / @y . 2

Theresultsshown in Fig. 8 indicate that 1. increas-
es with m. This is because the low loss range of the
varactor diode is used in the unit element group with
a large m. Thus, the proposed configuration can
achieve both a large phase shift and a high level of
radiation efficiency when the number of the elements
islarge.

In the following discussion, mis set to 3 so that the
spacing between neighboring unit element groups is
D = 0.5 Ag, since the unit element groups withm> 3
requireaD valuelarger than 0.5 Ao and agrating lobe
is generated when the beam of the MUSCAT array is
steered. In addition, more than 50% of the average
radiation efficiency 1, isobtained in the unit element
group with m= 3 and theincrease in the radiation effi-
ciency is not so large when mis greater than 3.

Theradiation pattern of asingle unit element group
with m = 3 is shown in Fig. 9. The radiation pattern
of the unit element group is similar to that of asingle
microstrip antenna. This is because element spacing
d is sufficiently small. A beam tilt to the right is
obtained when the bias voltage is low. Figure 10
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Fig. 8. Average radiation efficiency versus number of
elements m.

28

shows the peak direction of the radiation pattern ver-
sus the bias voltage. The tilt direction is the same as
the beam scanning direction of the array with several
unit element groups, and this hardly affects the beam
scanning performance of the MUSCAT array.

3.2 Measurement of scattering parameter in
unit element group
To confirm the validity of the proposed configura-
tion, we measured the scattering parameters of afab-
ricated unit element group with m = 3. For compari-
son, we calculated the properties of a unit element
group with m = 1 and the conventional phase shifter

Bias voltage = 30.0 V 175V
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Fig. 9. Calculated radiation pattern of unit element group
(zx-plane).
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Fig. 10. Peak direction of unit element versus group bias
voltage.
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[3] shown in Fig. 11(a). The conventional phase
shifter comprised amicrostrip linewith alow charac-
teristic impedance of lessthan 20 Q and apair of var-
actor diodes located between the microstrip line and
the ground plane. To alleviate the reflection, the dis-
tance between the varactor diodesis set to Ag/4. This
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Fig. 11. 1511l and AlSz41 versus phase shift @ in unit
element group.
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phase shifter is controlled by the DC-voltage applied
to the microstrip line.

Figures 11(b) and (c¢) show the scattering parame-
ters versus @. The results of measurements and
numerical analysisfor m= 3indicate that the unit ele-
ment group can provide a phase shift over 140° with
reflection S| of less than =15 dB (Fig. 11(b)). Fig-
ure 11(c) indicates that the phase shift |@max|, which
yielded a1-dB changein A|S], is 120°. Although the
change in varactor diode reactance causes a resonant
frequency shift in the unit element group, the effect
on beam scanning performance is estimated to be
small because the bandwidth of unit element group,
at which |Su1| is less than =15 dB, is more than 10%.
Theresultsin Fig. 11(b) indicate that this band is suf-
ficiently wide for a 140° phase shift.

On the other hand, the conventional configuration
causes significant changes in |Si1| and |S1| and can
change the phase by only 40° for |Si1| < —15 dB. This
is because the varactor diodes are tuned over awide
DC-biasrange and cause alossin thelow DC-voltage
range. The reason |Si1| changes is that the large
change in the varactor diode impedance causes a seri-
ous reflection in the microstrip line. The results for
the non-multi-stage configuration (m = 1) are similar
to those of the conventional configuration, indicating
a large reflection power and large attenuation in the
transmitted power when @ changes over a wide
range. A minor improvement is observed compared
with the conventional configuration. This is because
the current in the varactor diodes is reduced in the m
= 1 configuration because the diodes are attached to
the antenna at positions where the current density is
relatively small.

4. Verification of beam-scanning performance of
MUSCAT array

This section presents the results of numerical
analysis and experiments on an array having eight
unit element groupsto clarify the beam scanning per-
formance of the MUSCAT array. Figure 12 is a pho-
tograph of the fabricated MUSCAT array. The para-
meters of the unit element groups are the same as
those in the previous section. The spacing of the units
is set to be half the wavelength in vacuum and a ter-
mination load is attached to the end unit through the
DC-block capacitor.

The calculated and measured radiation patterns of
the MUSCAT array are shown in Figs. 13(a) and (b).
The calculated and measured values agreed except
for the beamwidth even when the beam was steered.
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We did not find any large sidelobes or a mainlobe-
split, which means that the traveling wave reflection
at each unit element group is sufficiently small.

The |Si1| and |Sp1| for the MUSCAT array are shown
in Fig. 14. Here, f; is the center frequency, which is
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Fig. 14. 1511l and 15211 of MUSCAT array.

2.4 GHz. We observed that |Su] is less than —15 dB
over 4% of the frequency range ( f/fc range from 0.98
to 1.02) except for 30 V. The measured |S1] is lower
than the calculated value. From this result, we can
understand why the measured beamwidth is wider

NTT Technical Review
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than the cal culated beamwidth: it is because thereisa
steeper current-density distribution taper in the array
in the measurement.

The actual gain versusthe beam direction is shown
in Fig. 15. The measured values agree well with the
calculated ones and the range of the measured beam-
scanning angle within a 3-dB decrease of the actual
gainisapproximately 27°. The measured beam direc-
tion shifts to the right because the reactance of the
varactor diode has additional inductance due to the
conductor line in the through hole shown in Fig. 2.
The measured gain isalmost the same as the cal cul at-
ed gain even for the differencein |S;1| values between
measurement and cal culation shown in Fig. 14. From
this result, we conjectured that the difference in |S]
is caused not by the loss, but by the radiation at the
unit element group. On the other hand, the beam
steering range of the non-multi-stage configuration
(m=1)isonly 13°, and thereis a serious gain reduc-
tion in the scanning range above 13°. When the same
beam scanning angleisrequired for m=1andm=3
configurations, the necessary phase shift for each ele-
ment in the m = 1 configuration is much larger than
that in the m = 3 configuration, and the lossy part of
the tunable range in the varactor diode must be used
in the m = 1 configuration. Moreover, the actual gain
for m = 1 is aways much less than that for m = 3
because the number of the antenna elementsis fewer
than that of m= 3 and the power consumed at the ter-
mination of m= lislarge.

Since the proposed antenna has a symmetrical
structure on the two sides of the center, the double
range of the beam scanning can be obtained by
exchanging the feed port and termination port.

Figure 16 shows the frequency dependence of the
beam direction in the zx-plane and the gain in the
MUSCAT array antenna. Here, both of these proper-
ties are normalized by fc. The A8in Fig. 16(a) is the
beam direction error from the beam direction at fc. A
negative A6 value means that the beam direction is
shifted in the direction of ¢=180°, and a positive A0
value meansit is shifted toward ¢= 0. We found that
a beam direction error A6 of £11° occurred in the
range of 4% bandwidth. Less than £5° is seen in the
range of 2% bandwidth. Because the width of the
mainlobe is about 15° according to the radiation pat-
ternin Fig. 13, the use of a2% bandwidth for the fab-
ricated MUSCAT array with eight unit element
groups is adequate. If more bandwidth is required,
fewer unit element groups should be used. Figure
16(b) shows the gain difference for the MUSCAT
array: the gain difference within £3 dB is shown over
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the range of a 4% bandwidth and that within only +1
dB is shown over the range of a 2% bandwidth.

The above results indicate that the proposed MUS-
CAT array can achieve easy operation and a wide
beam scanning range with a simple geometry.

5. Conclusion

This paper proposed a MUSCAT array using unit
element groups comprising multi-stage microstrip
antennas with tunabl e reactance devicesthat achieves
a wide beam scanning range with low loss and easy
operation. We verified the performance of the unit
element group, which consists of several microstrip
antennas and is the basic element of the MUSCAT
array. Numerical analysis of the unit element group
showed that the multi-stage configuration of the unit
element group extends the phase shift range to 120°,
which is three times that of the conventional config-
uration in the range of 1-dB |S;| variation and yields
more than 50% radiation efficiency for a configura-
tion with three or more stages. We also found that the
radiation pattern of the multi-stage configuration is
amost the same as that of a single microstrip anten-
na.

We measured the radiation pattern of a fabricated
MUSCAT array with eight unit element groups. This
antenna achieved awide range beam scanning of 27°,
which is more than twice the beam scanning range of
the non-multi-stage configuration. Since this antenna
has a low-loss configuration, the discrete phase
shifters with high insertion loss, which usually
require low-noise amplifiers, are not necessary; that
is, no complex bias control circuit is required. This
design yields a smple and low-loss planar phased-
array antennathat can be akey component of alow-
profile satellite tracking system.
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