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The MU (middle and upper atmosphere) radar

of Japan is a 46.5-MHz pulse-modulated monostatic

Doppler radar with an active phased array system. The nominal beam width is 3.6° and the peak
radiation power is 1 MW with maximum average power of 50 kW, The system is composed of 475

crossed three-subelement yagi antennas and an
(transmitter-receiver modules). Each yagi antenna

equivalent number of solid state power amplifiers
is driven by a transmitter-receiver module with peak

output power of 2.4 kW. This system configuration enables very fast and almost continuous beam
steering that has not been realized by other mesosphere-stratosphere-troposphere radars. Also, a
variety of sophisticated operations are made feasible by dividing the antenna array into several inde-
pendent subarrays. A briel description of the system, particularly its antenna and power amplifiers, is

presented herein.

1. INTRODUCTION

The sensitive VHF/UHF band Doppler radars
known as  mesosphere-siratosphere-troposphere
(MST) radars are powerful tools for the investigation
of various dynamic processes occurring in both the
middle atmosphere (altitude range 10-100 km) and
the lower atmosphere except near the planetary
boundary layer (about 2-10 km). The wide-ranging
results obtained to date by means of this equipment
will not be restated; readers are referred to the exten-
sive review papers by Balsley and Gage [1980, 1982],
Gage and Balsley, [1984], Green et al. [1979], Harper
and Gordon [1980], Larsen and Réttger [1982], and
Rottger [1984].

This type of radar, operating in the VHF band,
was completed in November 1984 at Shigaraki,
Shiga, Japan (34.85°N, 136.10°E), by the Radio At-
mospheric Science Center of Kyoto University [Kato
et al, 19841 This radar has been named “MU
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radar” in reference to the middle and upper atmo-
sphere, which are the system’s principal objects of
investigation.

The most outstanding feature of the MU radar is
an active phased array system [Fukao et al., 1980]. It
is the first MST radar to employ such a system. In
conventional radar systems a high-power transmitter
feeds all array elements via an appropriate cascading
feeding network. The MU radar system, on the other
hand, does not incorporate such a passive array con-
nected to a high-power transmitter. Instead, each ele-
ment of the phased array is provided with a low-
power amplifier, and all the amplifiers are coherently
driven by low-level pulses in order to produce the
desired peak output power. The two systems are con-
trasted in Figure 1.

This system configuration enables very fast and
almost continuous beam steering as well as various
flexible operations made possible by dividing the an-
tenna array into independent subarrays. These capa-
bilities, which are the result of the low signal levels at
which phase shift and signal division/combination
are carried out by electronic devices, are expected to
fulfill the principal research requirement; that is, the
MU radar enables a pioneering study of the three-
dimensional structures of atmospheric waves and tur-
bulence in mesoscale and microscale. To date, this
kind of study has rarely been performed in the
middle atmosphere with the exception of a short-
term mesospheric observation by the SOUSY MST
radar [Klostermeyer and Riister, 1984].

The outline of the MU radar system and a few
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Fig. 1. A schematic diagram of passive and active phased array
systems.

preliminary results using a partial system are present-
ed by Kato et al. [1984]. This paper focusses on the
hardware, especially on the antenna and power
amplifiers adopted to realize the unique active array
system of the MU radar. Other in-house equipment
is briefly described in the accompanying paper
[Fukao et al., this issue].
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2. SYSTEM OUTLINE

The MU radar is a monostatic radar with an
active phased array system. The operational fre-
quency is 46.5 MHz and the maximum peak and
average radiation powers are 1 MW and 50 kW,
respectively. The antenna is a circular array with an
aperture of 8330 m?. The nominal beam width is 3.6°,
The shortest 1-us pulse width is available in the 1.65-
MHz bandwidth reserved exclusively for the MU
radar. Figure 2 shows a general block diagram of the
MU radar system (same as Figure 1 of Kato et al,
[1984]). The basic parameters of the MU radar are
given in Table 1.

This system is composed of 475 array elements and
an identical number of transmitter-receiver (TR)
modules [Fukao et al., 1980; Kato et al., 1984]. The
TR modules are accommodated in six TR booths
near the antenna array. The whole system can be
divided into 25 groups (i.e., one group consists of 19
array elements and 19 TR modules). Each array ele-
ment is driven by its own TR module. The main
constituents of the TR module are a solid state trans-
mitter, a receiver preamplifier, a T/R switch, and a
digital phase shifter.

Both the upconvert from and the downconvert to
the intermediate frequency (IF) of 5 MHz are per-
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Fig 2. Block diagram of the MU radar, Shigaraki, Shiga, Japan. The TR modules and TR médule controllers
(TR-mdl. control) are housed in TR booths built in the antenna field. Other system equipment is installed in the

control building [Kato et al., 1984].
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TABLE 1. Basic Parameters of the MU Radar (Final System)
Parameter Value
Location Shiparaki, Shiga, Japan

(34.85°N, 136.10°E)
monoslatic pulse radar; active
phased array system
46.5 MHz

Radar system

Operational frequency

Antenna cireular array of
475 crossed yagis
aperture £330 m? (103 m in diameter}
beam width 3.6° (one way; half power for
full array)
steerability steering is completed in each IPP

1657; 0°-30° off zenith angle
linear and circular
475 solid state amplifiers
(TR modules; each with output
power of 2.4 kW peak and
120 W average)

beam directions
polarizations
Transmitter

peak power 1 MW (maximum)

average power 50 kW (duty ratio 5%)Xmaximum)

bandwidth 1.65 MHz (maximum)

(pulse width: 1-512 ps variable)

IPP 400 ps to 65 ms (variable)
Receiver

bandwidth 1,65 MHz (maximum)

dynamic range 70 dB

IF 5 MHz

12 bits x 8 channels

binary phase coding
up to 32 elements; Barker and
complementary codes presently
in use

A/D converter
Pulse compression

formed inside the TR modules. The signal is trans-
ferred at the IF between the control building and the
remote TR booths. This way of frequency conversion
prevents instabilities in the power amplifier due to
possible leakage of output power into the input
signal.

An antenna element consists of two orthogonally
crossed three-subelement yagis pointed toward the
zenith direction. Linear and circular polarizations of
any sense are available with the aid of a polarization-
selection switch in each TR module.

The overall operation of the MU radar is super-
vised by a programmable radar controller (the main
constituent is a desktop computer HP3835A) linked
with the 25 TR module controllers. Various timing
signals necessary for real time system control are
generated according to instructions from the radar
controller. Sophisticated software in the radar con-
troller makes a varicty of flexible operations possible.
For instance, it is possible to steer the antenna beam
in each interpulse period (IPP), i.e., up to 2500 times
every second, virtually to any direction within 30° of
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the zenith. Moreover, it is possible to excite only a
portion of the antenna array and receive the echo by
other portions and/or to steer multibeams in different
directions.

A large amount of data (up to 1024 samples) can
be processed in real time. A superminicomputer
(VAX-11/750) and an array processor (MAP-300)
with a 2-Mbyte random access memory (RAM) are
installed for this purpose. Before being processed by
the computer, the echo signals are decoded for pulse
compression and then coherently integrated for data
compression by special purpose hardware.

High reliability of the system is expected to be
achieved by means of a network of the radar control-
ler and 25 TR module controllers which monitor the
TR modules during operation [Fukao et al., this
issue].

3. ANTENNA

3.1.  Array configuration

The array pattern {or radiation pattern) of a large
array is approximated by a product of the array
factor and the element pattern. The former is deter-
mined by array configuration, while the latter is prin-
cipally affected by mutuval coupling between array
elements. The MU radar antenna array is designed
subiect to the following restrictions:

1. The antenna aperture is to be less than about
100 m in diameter at radar site.

2. The number of antenna elements/TR modules
necessary to attain the total peak radiation power of
1 MW is approximately 500, because the output
power of each TR module is expected to be about 2
kW.

3. Neither spatial nor electrical tapering is incor-
porated.

The array configuration is designed to be nearly
circular in order to obtain almost symmetric side-
lobes with respect to azimuth. The diameter of the
array is 103 m (the aperture is 8330 m?). As for ar-
ranging the array elements, a triangular grid is used,
since it generally allows a wider range of antenna
beam steering than a rectangular grid with the same
element density.

The actually constructed antenna array is shown
in Figure 3, where 475 array elements indicated by
crosses are periodically arranged on the grids of equi-
lateral triangles, with one of their sides pointed to the
geographical meridian [Kato et al., 1984]. The two
dipoles are mounted in the east-west (EW) and
north-south {NS) directions, respectively. The ele-
ment spacing is 0.74 (4 is wavelength), for which no
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Fig. 3. MU radar antenna array. Bach cross represents a
crossed three-subelement yagi. The small square at each array
element position is a concrete block for the element foundation.
The six boxes outside the antenna array, indicated as A—F, repre-
sent the booths which accommodate the TR modules. All booths
except F accommodate the TR modules for three hexagonal sub-
arrays and one peripheral subarray. The shaded area shows
groups accommodated by booth A. The TR modules for the cen-
tral hexagon are housed in booth F [Kato et al., 1984].

grating lobe is formed at beam positions within 40°
away from the zenith.

The antenna array can be divided into 25 groups,
each consisting of 19 array elements connected to the
same number of TR modules. Nineteen of them are
identical hexagonal subarrays composing the main
part of the antenna array, while the remaining six are
subarrays distributed around the periphery making
the array nearly circular. Each group can be driven
separately, and even individual array elements can be
driven independently. However, the maximum
number of separate beams is limited to four due to
the number of available detector channels [Fukao et
al., this issue]. The peak radiation power of 1 MW is
attained when all groups are coherently activated.

Figure 4 is a photograph of the actual antenna,
showing the overall construction, the control build-
ing, and RF cables.

3.2, Element structure

Element spacing is related to the antenna gain of
the array elements. For the present equilateral tri-
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angular grid with sides of 0,74 (~4.5 m), the element
gain g, is limited by the physical area S that each
array element occupies, as

ge < 4n8/2% =530 (=724 dB)

Three- or four-subelement yagis have a gain of this
order,

The elements have been designed to meet the fol-
lowing requirements:

1. A high front-to-back ratio is required in order
to avoid change of array pattern due to variation in
the reflectivity of the ground plane.

2. The required bandwidth is more than 1.65
MHz.

3. The antenna impedance should be matched to
feed line impedance of 50Q.

The active impedance and element pattern are
examined for crossed yagis with thrée and four sub-
elements in an infinite array, applying the method of
analysis developed for periodic dipole arrays by
Stark [1966] to the present multisubelement yagi
arrays.

The radiator of both yagis is folded in order to
cancel the unbalanced current on it. This effect is
taken info account by using the geometrical mean
distance of the cross section of the folded subelement
as its effective radius. This folding works as an im-
pedance transformer, and the input impedance be-
comes 4 times that of an unfolded antenna. Therefore
another impedance transformer, or balun, which re-
duces the input impedance to a quarter is inserted at
the feed point (see section 3.4). Further details of the
method of analysis are described elsewhere [Sato,
1981; Fukao et al., 1985b].

In designing a multisubelement yagi, the parame-
ters to be determined are the length of subelements,
spacings between subelements, and their diameters,
Since the diameters, as long as they are not too
small, do not appreciably affect element properties,
the diameters of all subelements are fixed at 2.17 cm,
a readily available size of commercial aluminum and
steel pipe.

In order to satisfy the requirement for high front-
to-back ratio, it has been the intention to design an
array element which shows the highest gain in the
absence of the ground plane in an infinite array. It
has been found through the present analysis that the
properties of an array element optimized in the pres-
ence of the ground plane is substantially affected by
variations in the reflectivity of the ground. Since the
amount of energy available from the power supply is
kept constant in the present analysis, radiations to
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Fig. 4. Photograph taken in the antenna field, showing crossed three-subelement yagis and RF cables.

undesired directions and the reflection at the feed
point should become smallest when maximum gain is
attained.

The procedure for finding the optimum element
dimensions is essentially computing element gain in
the infinite array, changing the length and spacing of
subelements, and determining the combination which
gives the highest gain. '

After the procedure has converged a few iterations
are performed, taking into account the perfectly con-
ducting ground plane. The modification in the ele-
ment dimensions by this additional iteration is very
small because the properties of the optimized array
element are only minimally affected by the ground
plane. Figure 5 illustrates the dimensions of the opti-
mized three-subelement yagi and its radiation pat-
tern in an isolated situation, The radiator and reflec-
tor/director are made of aluminum and steel pipe,
respectively.

In the case of the optimized four-subelement yagi,
a higher front-to-back ratic is obtained, but the
bandwidth is found to be narrower than that of the
three-subelement yagi, Most particularly, the maxi-
mum value of the voltage standing wave ratio
(VSWR) at the zenith direction exceeds 1.65 com-
pared to 1.25 for the three-subelement yagi. It is also
preferable from a economic point of view to choose

the element with a fewer number of subelements if all
other properties do not differ appreciably.

33. Array pattern

At a point frequency of 46.5 MHz, the calculated
clement gain of the three-subelement yagi in the infi-
nite array coincides with the theoretical limit of 7.24
dB in the zenith direction. The active impedance is
very close to 50Q, providing excellent matching to
the feed line. The impedance matching is preserved
even when the beam direction is tilted as much as 30°
away from the zenith. VSWR is always below 1.3
within this range of zenith angle.

Frequency dependence of the element properties is
fairly small, and VSWR is kept below 1.25 at the
zenith direction within the bandwidth of 1.65 MHz.

Figure 6 shows a computed array pattern for three
different beam directions using optimized three-
subelement yagis as array elements. Only the NS-
aligned elements are excited, and the beam is
changed in the meridional {(N8) plane. The beam
width of the main lobe is approximately 3.6°, corre-
sponding to a gain of 34 dB. The first side lobe is
suppressed by more than 18 dB with respect to the
main lobe. The spillover radiation at elevation angles
below 20° is reduced by more than 40 dB even when
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1400mm

Fig. 5a. Optimized crossed three-subelement yagi.

the antenna beam is tilted 30° from the zenith. It is
found that in the azimuth directions the sidelobes are
distributed almost symmetrically and uniformly with-
out any outstanding peak in any particular direction.

The theoretical beam width is approximately 17.3°
for a single hexagonal subarray, and 9.0° for a com-
bination of three hexagonal subarrays.

Deterioration of clement properties due both to
the edge effect and to the current flowing on the
antenna mast is considered to be negligibly small
[Fukao et al., 19855, ¢].

3.4. Feed point structure

The antenna feed point is molded in a waterproof
box of synthetic resin. The detailed structure is
shown in Figure 7. The coiled coaxial cable inside is
a half wavelength balun which reduces the input im-

" pedance to a quarter of that without it.

The current flows from A in the inner coaxial con-
ductor through B into both the folded dipole termi-
nal C and one terminal of the balun D. It appears at
the second balun terminal E in opposite phase and

feeds the other dipole terminal F. Quter coaxial con-
ductors for both feeder and balun, indicated by G
and H, respectively, are connected to I and earthed
at J to the antenna mast.

Insertion of the balun transforms the antenna im-
pedance from 200Q to 50.7 + j1.5Q to enable the
input impedance of the feed point to match the feed
line impedance of 50Q. The optimization mentioned
in section 3.2 is performed again to attain this modi-
fied impedance. As a consequence, the length of the
radiator becomes 2 cm longer, and the spacings be-
tween radiator and reflector/director are altered by
+1 cm and —4 cm, respectively, in comparison with
those without the balun. However, the resultant
changes in the element properties are found to be
very small. The antenna element shown in Figure 5
takes this modification into account.

4. TRANSMITTER-RECEIVER MODULE

As described above, both upconvert and downcon-
vert are conducted in the remote booths, so that the



!
FUKAO ET AL.: MU RADAR WITH ACTIVE PHASED ARRAY SYSTEM, 1

IF {5 MHz) and local {41.5 MHz) signals are trans-
ferred between the booths and the control building.
The signals are then sent to each booth via AF coax-
ial cables of equal length. (AF is an abbreviation
used for coaxial cables which employ an aluminum
outer conductor and are insulated with foamed poly-
ethylene). Upon arrival at the booth, the signals are
divided into four {or five) groups by the TR module
divider (TX TF divider and local divider, respectively)
and distributed to the 19 TR modules in each of the
groups.

On the other hand, the received IF signals from
the 19 TR modules are combined into one by the
TR-module combiner (RX IF combiner) and sent di-
rectly to the control building. Figure 8 is a block
diagram of one group of TR modules. The timing
signals for T/R switching and initial set pulse (ISPL)
are split in the same way.

The main constituents of the TR module are a
mixer (MIX) unit and a power amplifier (PA) unit,
whose block diagrams are shown in Figures 9 and
10, respectively. Control signals are indicated by thin
arrows. Frequency conversion is performed in the

Z=54.1+j7.99

12 T

E-plane
——- D-plane
H-plane

Field strength {dB?

1 L 1 1 1 I

-60 -30 0 30 &0 90
Zenith angle (deg)

Fig. 5b. Compuied radiation pattern of a single isolated yagi.
The input impedance is 54.1 4+ j7.90, in contrast to the active
impedance of around 50Q in the MU radar antenna array. The
field strength is normalized to the radiation field of an isotropic
anteana matched to the feed line impedance. Solid, dashed, and
dotted-dashed curves show the vertical plane patterns in the direc-
tions parallel (E plane), diagonal (D plane) and perpendicular (H
plane) to excited dipole, respectively.
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Fig. 6, Computed radiation patterns of the MU radar antenna
employing optimized three-subelement crossed yagi as array ele-
ments. Only the NS-aligned elements are excited. The field
strength is normalized to the radiation field of an isotropic an-
tenna matched to feed line impedance, The antenna beam is tilted
by 0° (zenith), 15°, and 30° from the zenith along the NS direction.

MIX unit. The 41.5 MHz local signal (LO) fed to the
MIX unit passes through a digital phase shifter for
beam steering and TX/RX phase correction as will be
shown later. The MIX unit also contains a buffer
amplifier, a gate for transmission, and preamplifier
for reception.

The PA unit amplifies the RF (46.5 MHz) signal
supplied from the MIX unit up to 63.7 dBm (2350
W), and feeds it to an array element. An exciter con-

MU RADAR /ANTENNA FEED POINT STRUCTURE

(b}

Fig. 7. Structure of antenna feed point, C and F are the termi-
nals of the radiator (folded dipole) of a three-subelement yagi,
while D and E are the ports of the 4/2 balun. A and G are the
inner and outer coaxial conductors, respectively, and H is the
outer conductor of the balun.
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Fig. 8. Block diagram of one group of TR modules. Nineteen
array elements and the same number of TR modules constitute
one group, with common equipment consisting of TR module
divider/combiner, monitor unit, and TR module controller.

sisting of a three-stage amplifier operates in 4 class
with a gain of 39.5 dB. The final power amplifier
stage is composed of four push-pull circuits operating
in parallel mode with a gain of 12 dB. Eight high-
power transistors (TH-430) are employed.

A TR switch consists of a combination of two 3-dB
hybrids and high-power PIN diodes [e.g, Cze-
chowsky et al., 1984]. Three additional diode switches
are inserted in the RX channel in order to obtain a
total isolation of 100 dB between TX and RX signals.
Switching requires 10 us, limiting the time for TX
and sampling start.

A bandpass filter is inserted after the TR switch to
prevent transmission of unnecessary harmonics. The
second and third harmonics are reduced by 85 dB
and more than 90 dB, respectively, in comparison
with the fundamental frequency.

Phase and intensity of the TX signal are monitored
by TR module controller via a directional coupler.
During observation, the radar controller polls the TR
module centreller for monitor data. Also, output
VSWR is detected by the hardware in order to pro-
tect high-power transistors. The polarization (selec-
tion) switch is comprised of two relays and a 3-dB
hybrid, and gives two linear as well as right-hand
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and left-hand circular polarizations. The signal level
at three points and gain of both exciter and final
power amplifier are tabulated at the bottom of
Figure 10. The overall gain of the PA unit is approxi-
mately 50 dB.

Figure 11 shows the input-versus-output charac-
teristics of the PA unit measured at four points:
output of the exciter, a combined signal of two push-
pull circuits, an input of the TR swiitch, and a final
output of the polarization switch. The maximum
output power is 2350 W for a signal of 13 dBm at the
input port of the exciter when a linear polarization is
selected. As for the curve d, the output increases lin-
early up to the maximum value, and saturates if the
input signal level exceeds 13 dBm, a phenomenon
attributable to the action of the automatic power
control circuit. The linearity is preserved more than
20 dB below the nominal input level of 13 dBm.
Within this input range the phase varies no more
than 2°-3°, When feeding cable loss is taken into
consideration, the final radiation power from each
antenna element becomes 2100 W. The maximum
radiation power of approximately 2000 W is provid-
ed for both circular polarizations. Chassis dimen-
sions are 60 cm H x 14 cm W x 55 ¢cm D. A photo-
graph and a rough sketch of a PA unit are shown in
Figures 12a and 12b, respectively.

5. FEEDING NETWORK

The IF and local signals which are divided into 6
by the divider in the control building are sent under-
ground via AF coaxial cables to the booths in the
antenna ficld. As mentioned in section 4, they are
split into four {or five} groups in each booth and then

-
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Fig.9. Block diagram of the mixer (MIX) unit in a TR module,
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/

fed to the individua! TR modules. All cables leading
to the TR modules are of equal length.

The RF outputs of the TR modules are sent to
array, elements through AF coaxial cables branched
in a tree structure as illustrated in Figure 13, Cable
length varies, the longest being 77 m and the shortest
11 m. As a result, both delay time and phase rotation
differ in the individual cables. Therefore cable im-
pedante (phase) as observed from the output port of
the polarization switch differs among cables even if
the input impedance to all yagis is identical. The
situation is quite different from that in existing MST
radars which have passive phased array systems.

These differences are compensated for in the fol-
lowing way. First, the phase of a reflected wave is
measured at the output port of the polarization
switch leaving the other cable end short, and then
adjusted to make the value equal. This is done by
adjusting the “electrical” length in integral multiples
of A/2 by the addition of a short auxiliary cable. As a
result of this adjustment, VSWR is measured to be
less than 1.30 within the bandwidth for all array ele-
ments.

The delay time differs by 250 ns between the long-
est and the shortest cables. This difference is compen-
sated for by inserting delay lines into both the TX IF
and RX IF channels so that the delay time is equal to
that of the longest cable. This compensation is made

in steps of S0 ns, & unit fine enough not to deteriorate
the array pattern.

Finally, the phase differences among array ele-
ments which is caused primarily by individual differ-

MU RADAR
TR MODULE/PA UNIT
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Fig. 11. Input-versus-output characteristics of a standard PA
unit. Curves a, b, c and d correspond to an output of the exciter,

the ¢ombined signal of two push-pull circuits, the input signal of
thé TR switch and the final output of the polarization switch.
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MU RADAR
TR MODULE/PA UNIT
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RELAY OLARSY m
POWER
AMPLIFIER
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= \CONTROL CIRCUIT

Fig. 12b. Rough sketch of Figure 12z. Only the main constituents are shown. The eight small circles in the
power amplifier box represent the TH-430 high-power transistors composing four push-pull circuits. The smaller
and larger squares in the same box represent the input and output transformers, respectively.

ences among the TR modules is equalized by adding
proper phase rotation to the TX and RX channels.
For TX phase correction, the overall phase rotation
is measured for all 475 array elements by comparing
the phase of the radiated waves with that of the refer-
ence signal. The radiated wave is picked up by a
small coil, and then modulated to a photo signal,
then guided to the booth and detected by a photo
diode. The same measurement is conducted for RX
phase correction by means of an RF signal sent to
the antenna elements, exchanging the photo moduia-

MU RADAR
RF CABLE DISTRIBUTION

<

Fig. 13. The RF cable distribution for the five groups in booth F.

tor for the demodulator. Phase correction values are
measured for four different polarizations.

The phase correction data for both TX and RX
channels are sent from the radar controller and
stored in the one-word RAM in the TR module con-
troller prior to observation. By using this correction
data, all antenna elements are fed in an equal phase
and the antenna beam is directed toward the zenith.

MU RADAR /PHASE CONTROL

LOCAL PHASE
41,5MHz SHIFTER
FULL
ADDER
ooy | | Chettiion SHFY
D %ﬂ DATA
| I
: |
TX/RX
CONTROL TR-MODULE
CONTROLLER
RADAR
CONTROLLER

Fig, 14. The basic phase control concept of the MU radar.
Phase shift data is used for beam steering, while TX/RX phase
correction data are required to compensate for phase differences
caused by individual differences in the power amplifiers, varying
cable lengths, etc.
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Fig. 15. (bottom) An example of the MU radar TX array pattern (thin line) measured by using the Japanese
satellite OHZORA, and the corresponding theoretical antenna gain (thick line) relative to the reference antenna.
The reference antenna has almost constant gain for the elevation angles shown in this diagram. (top) Elevation
angle of the satellite seen from the MU radar (solid line) and the angle between the direction of the satellite and the
axis of the main beam of the MU radar antenna (dashed line) versus time.

The basic phase control concept is shown in
Figure 14. All phase shift data required for beam
steering are stored in the ROM (read-only memory)
installed in the MIX unit of each TR module, They
are read out according to instructions from the TR
module controller and added alternately either to the
TX or RX phase correction data by an 8-bit binary
adder following the timing of the T/R switching
signal. The output of the adder switches the 8-bit
phase shifter.

The phase shifter is essentially the same type as
employed for the SOUSY radar [Schmidt et al., 1979;
Czechowsky et al., 1984], but it is composed of eight
coaxial cables with lengths of 4/2"(n=1, 2, ---, 8).
The phase can be changed in steps of /256 or 1.4°.
This causes the beam to be steered in the zenith di-
rection in steps of 1° up to 16° from the zenith, in 2°
steps in the 16°-30° zenith range, and in 5° steps in
the azimuth direction. The total number of beam di-
rections is 1657.

6. SYSTEM CALIBRATION

For passive phased arrays whose TX and RX radi-
ation patterns are reciprocal, both array patterns can
be known ordinarily just by measuring the pattern in
the receiving mode. By using radio stars, this
measurement is actually executed by many MST
radars [e.g., Czechowsky et al, 1984]. On the other
hand, the TX/RX array patterns of an active phased
array are inseparably related to the distributed trans-
mitters and receivers (Figure 1). It is impossible to
know the array pattern of the MU radar indepen-
dently of the TR modules.

Since precise phase alignment of each array ele-
ment is crucial to realize the desired array pattern,
careful calibration of the output phase of each power
amplifier and array element is performed by the
method mentioned in section 5. As a consequence,
the phase is considered to be equalized with an accu-
racy to 1.4°. The output power of the TR modules
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varies no more than 0.1 dB. In this sense, standardi-
zation of the TR modules as well as the array ele-
ments seems to be quite successful.

It is also necessary to confirm the total per-
formance by measuring the radiation pattern of the
whole array from distant locations where the an-
tenna far field condition exists. One test was made by
using Cassiopeia A, which is the most intense point
source detectable by the MU radar. The received
power maximum was observed at an expected time
and zenith angle, confirming the proper steering of
the antenna beam, The measured beam width coin-
cides with the theoretical value of 3.6°. Also, upon
completion of the system, the RX array pattern in the
zenith direction was tested by using a CW beacon on
board an airplane passing over the MU radar an-
tenna array at an altitude of 5200 m, showing the
same result.

The TX array pattern in the zenith direction was
also calibrated for a full-power puise transmission by
using a field intensity meter on board the same air-
plane. In spite of difficulties involved in performing
this calibration, such as accurate piloting of the air-
craft, the gain and the beam width were found to be
close to the theoretically expected values. The first
side lobe is suppressed by more than 17.5 dB with
respect to the main lobe at the zenith beam position.

Currently, the array pattern is frequently being
monitored by using the Japanese satellite OHZORA
(a Japanese word which means “the firmament”) by
means of a 300-W CW signal transmitted from both
the MU radar and a reference transmitter at the fre-
quency of 46.5 MHz + 50 kHz [Fukao et al., 19854].
An array pattern along a plane which contains the
satellite orbit is measured during one passage of the
satellite. The bottom diagram of Figure 15 gives the
theoretical (thick lin¢) and measured (thin line) rela-
tive gains of the MU radar. The antenna beam is
pointed to the apex (the point where the elevation
angle of the satellite becomes maximum) of the ex-
pected satellite path, ie., to 3.0° zenith and 140° azi-
muth. Since the actual satellite path was found by a
later analysis to be 1.0° off from the zenith, this figure
shows a cross-sectional pattern at 2° off from the
main lobe peak. Figure 15 shows that both main
beam direction and gain are in close agreement with
the theoretical values. However, although the posi-
tions of the side lobes are in relatively close agree-
ment down to the lower elevation side lobes, the side
lobe levels show a discrepancy of 4 5-10 dB between
the theoretical and measured patterns. This difference
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scems to suggest that slightly larger random phase
errors still remain in the individual power amplifiers
and/or array elements of the MU radar. Apparently,
more detailed and continuous monitoring of the
array pattern, as well as careful calibration of the
individual amplifiers (TR modules) and array ele-
ments, is necessary before optimum system per-
formance can be achieved.

7. CONCLUDING REMARKS

The present paper describing the antenna and
power amplifiers of the VHF band MU radar shows
that it is possible to realize an active phased array
system in the VHF band by using available commer-
cial equipment and devices. The in-house equipment
related to transmission, reception, on-line data pro-
cessing, and system control is referred to in the ac-
companying paper [Fukao et al., this issue].

The antenna beam has been demonstrated to steer
every IPP virtually to any direction within 30° from
the zenith with very little deterioration of the radi-
ation pattern. All practical requirements for suc-
cessful operation of the system have been met.

To this date, three groups of 57 TR modules in-

_stalled first in 1982 have survived 2 years with sur-

prisingly few problems. It is expected that the MU
radar will serve for many years to come as an impor-
tant research tool in the investigation of the three-
dimensional structures formed by fast dynamical pro-
cesses occurring in the middle atmosphere.
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