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Ionospheric incoherent scatter measurements with the middle and upper atmosphere radar:
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The MU (middle and upper atmosphere) radar of Japan is a 46.5-MHz pulse-moduiated monostatic
Doppler radar with an active phased array antenna which consists of 475 crossed yagis. This system
has been used primarily, since its initial observations with a partial system in 1983, to observe back-
scatter from irregularities in the atmospheric index of refraction in the mesosphere, stratosphere, and
troposphere (MST radar). However, this system was also designed to be able to observe the incoherent
scattering (IS) from ionospheric plasma as well. We report here the capability of this system for IS
measurements, This paper describes the observational technique employed for MU radar IS measure-
ments, examines the expected accuracy of the plasma parameter measurements, and presents sample

results to demonstrate the current capability,

1. INTRODUCTION

The middle and upper atmosphere (MU} radar
was constructed at Shigaraki (34.85°N, 136.10°E)
during 1981-1984, with observations commencing
with a partial system in 1983. The basic concepts and
descriptions of the completed system are described
by Fukao et al. [1985a4, b]). Kato et al. [1984, 1986]
have described the first results obtained with this
system for observing turbulence, winds, and related
guantities in the middle and lower atmosphere. These
reported uses have relied upon the strong coherent
echo mechanisms occurring in the middle and lower
atmospheric regions.

The MU radar was also designed to have a sec-
ondary capability to observe the very weak inco-
herent scattering originating from the free electrons
in the ionosphere. This paper reports the imple-
mentation of such an ionospheric incoherent scatter
(IS) radar capability with the MU radar. We begin
our presentation with a description of the observa-
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tional and data analysis techniques developed for IS
measurements. The sensitivity of the MU radar is
compared with the sensitivities of other existing IS
radars. Then we discuss the accuracy of the estimated
electron density, the ion and electron temperatures,
and the ion drift velocity with the aid of numerical
simulations. We end with a presentation of prelimi-
nary observations to demonstrate the capability of
the MU radar as an IS radar. Several geophysically
interesting phenomena found so far are reported else-
where [Oliver et al., 1988a, b].

2, SYSTEM AND OBSERVATIONAL
TECHNIQUES

We refer the reader to Kato et al. [1984] and
Fukao et al. [19854g, b] for a detailed description of
the MU radar system. We present here a brief outline
of the aspects of this system of particular pertinence
to ionospheric incoherent scatter measurements.

The MU radar is a monostatic pulsed Doppler
radar with an active phased array antenna operating
at 46.5 MHz. The peak and average radiation powers
are | MW and 50 kW, respectively, The basic param-
eters of the MU radar are given in Table 1.

The MU radar is designed to transmit a pulse as
short as 1 us. Accordingly, an exclusive bandwidth of
1.65 MHz has been assigned in Japan for MU radar
operation. This pulse width affords us a height reso-
lution of 150 m. However, a much longer puise is
usually used for ionospheric observations because of
the very limited signal-to-noise ratio (S/N) as dis-
cussed later.
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Basic Parameters of the MU Radar

Parameter

Value

Location
Radar system
Operational frequency
Antenna
Aperture
Beam width
Steerability
Beam directions
Polarizations
Transmitter

Peak power
Average power
Bandwidth
IPP
Receiver
Bandwidth
1F

Shigaraki, Shiga, Japan (34.85°N, 136.10°E)
monostatic pulse radar; active phased array system
46.5 MHz
circular array of 475 crossed yagis
8330 m? (103 m in diameter)
3.6° (one way; hall power for full array)
steering is completed in each IPP
1657; 0°-30° off zenith angle
linear and circular
475 solid state amplifiers (transmit/receive modules;
each with output power of 2.4 kW peak and
120 W average)
1 MW (maximum)
50 kW (duty ratio 5%} (maximum}
1.65 MHz (maximum} (pulse width: 1-512 us variable)
400 ps to 65 ms (variable)

1.65 MHz (maximusm)
5 MHz

Analog to digital converter
Pulse compression

12 bits x 8 channels
binary phase coding up to 32 elements; Barker and

complementary codes presently in use

After Fukao et al. [19854].

Unlike the mesosphere-stratosphere-troposphere
{(MST) observations, which are characterized by a
long signal correlation time of the order of a second,
the signal correlation time of the ionospheric inco-
herent scattering is of the order of a millisecond,
being shorter than the interpulse period (IPP). There-
fore spectral estimates must be made within one IPP.
Several types of IS experiments have been imple-
mented on the MU radar according to the type of
ionospheric parameter desired to observe.

A single pulse of ~500 us length, which is the
longest pulse available to the MU radar, has been
used for power profile measurements. Since its height
resolution is a poor 75 km, pulse compression with
7-or 13-bit Barker codes is often applied, resulting in
height resolutions of 10 or 6 km, respectively. It
should be noted that the S/N ratio for IS and MST
radar measurements is inversely proportional to the
number of bits used for the pulse compression under
the litnitation of a fixed total pulse length. This is
unlike the case of the scattering from a hard target,
where S/N is not affected by the compression. The
number of bits is determined by a compromise be-
tween required height and time resolutions. These
experiments yield electron density measurements in
the E and F regions.

Multipulse transmissions have been used for spec-
trai measurements to observe F region thermal and
drift motions. These have included two-, three-, four-,
and five-pulse measurements, yielding, respectively,
one, three, six, and 10 lags on the antocorrelation
function (ACF) of the scattered signal. The length of
each transmission is again subject to the limitation
that the sum of the pulse lengths during 1 IPP
should not exceed 512 ps. Usually, pulse compression
is not applied to these waveforms to maximize the
S/N ratio when the multipulse technique is used. The
coded single pulses or the multipuise waveforms are
designed to use most of the available 512 us of trans-
mission time each IPP to maximize returned signal
strength. As the transmitter duty cycle is 5% maxi-
mum, we therefore use an IPP of about 10 ms.

The two-pulse experiment, measuring only one lag
on the ACF, is essentially a pulse pair Doppler drift
measurement as commonly used in Doppler weather
radars [e.g., Doviak and Zrnié, 1984], allowing the
fonospheric drift velocity to be obtained. The three-,
four-, and five-pulse waveforms yield the additional
spectral information required for temperature deter-
mination, A larger number of lags gives more infor-
mation in determining the shape of the ACF, but at
an expense of a poorer S/N. Relations between the

O
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TABLE 2. Examples of Transmission Waveform Timing Parameters

Waveform
7-Bit Two Four Four Five
Timing parameter Barker Pulse Pulse (A4) Pulse (B) Pulse
Number of ACF lags 1 1 6 6 10
Subpulse length, ps 64 256 96 128 64
Maximum ACF lag, us 0 512 1152 1536 1408
Length of waveform, us 448 768 1248 1664 1472
Minimum height, km* -78.2 117.8 198.2 260.5 231.7
Measured quantities N, V; VT, T VT, T Ve T, T

N, is the eleciron density, V; is the drift velocity, T, is the electron temperature, and T, is the ion

temperature.

*Values are for vertical beam. A system guard time of 74 us has been included.

number of pulses and the expected accuracy of the
spectral parameters are examined in section 4. Table
2 lists several pulse modes available with the iono-
spheric observations by the MU radar, Here we re-
strict the subpulse lengths to be multiples of 32 us
owing to some hardware limitations of the MU radar
system. Among various polarizations available to the
MU radar the right-hand circular polarization is
used for all ionospheric observations.

In most experiments the antenna beam direction is
switched alternately to the magnetic north, east,
south, and west directions at 20° zenith angle at
every IPP interval. This allows reconstruction of
vector velocities and also allows the detection of the
hoerizontal propagation of icnospheric phenomena
between beams. Because the MU radar may change
the beam direction every IPP, it can essentially ob-
serve in different directions simultaneously. This is a
great advantage over large-dish antennas, which re-
. quire slow mechanical motion of massive structures
to change pointing direction. Such large-dish an-
tennas may observe in different directions only
sequentially, with associated time differences between
observing directions and possible lost observing time
during antenna transfer between observing direc-
tions.

Because of a relatively long correlation time at our
frequency of 46.5 MHz, we have an intrinsic conflict
between the minimum observable height A, and the
maximum lag 7, ,, of the ACF. The restrictions that
the sampling of the received signal can be started
only after the entire train of the multipulse waveform
is transmitted and that z_,, is limited by the length of
the train lead to a simple relation

e 2 (/D€ ae + 1, + 1) c05 0 )

where c is the speed of light, ¢, is the subpulse length,
n is the number of subpulses used for the pulse com-
pression, & is the antenna beam zenith angle, and ¢, is
the system guard time for switching from transmis-
sion to reception. For ionospheric observations, ¢, is
74 us, and t, is chosen to be 32-512 us. The guard
time t, includes delays for the response of the trans-
mit/receive switch and the band-limiting filter of the
receiver. The narrowest bandwidth of the filter avail-
able in the MU radar system is the one matched for
32-ps pulse. Any bandwidth narrower than this is
realized by using the received signal correlator for
the pulse decompression as a digital low-pass filter.
Since the transmit pulses are also generated in the
same manner, they constitute a matched pair.

In order to derive the electron and ion temper-
atures from the shape of ACF, it is necessary to set
Toax t0 be at least about 1 ms, as shown later. There-
fore h,,, cannot be made smaller than 100 km, which
prevents us from observing the FE region by this tech-
nique at our frequency. A pulse-to-pulse correlation
technique as used in MST experiments should be
used for E region observations. The pulse-to-pulse
correlation technique, however, experiences the prob-
lem of range aliasing. If we use an IPP of about [ ms,
appropriate for E region ACF definition, we experi-
ence multiple signal returns from heights separated
by 150 km. Thus F region signals would contaminate
the E region signals, and these contaminating signals
would be neither small in amplitude nor greatly dif-
ferent in frequency characteristics to allow their ne-
glect or spectral discrimination. It would be possible,
however, to measure only the ion drift velocity using
a two-pulse scheme with a small interval between
pulses, which would provide useful information con-
cerning tides and waves at E region heights.
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Fig. 1. Portion of collected data accepted by the meteor rejection

test.

Another difficulty we have at E region heights is
strong echoes from meteor trails. These are specular
reflections of great strength, in comparison with the
wanted incoherent signal, and must be removed
before summing with clean data to prevent ruinous
contamination of the integrated resuit. However, be-
cause of the high sensitivity of the MU radar, even a
very small meteor can contaminate the data, and we
have not been able to develop a reliable meteor rejec-
tion algorithm for E region heights. As a result, our
current IS observations are limited to F region
heights of above around 200 km.

It should be noted that even at F region heights,
rejection of meteor trail echoes is important, because
very strong meteor trail echoes can be received even
through low-elevation sidelobes. For this case the
echoes from the meteor height region  80-120 km
appear at F region range gates. As long as the oc-
currence frequency of these echoes is not too high, it
is possible to reject them on the basis of the knowl-
edge of statistical fluctuations of normal incoherent
scatter echoes and meteor trail echoes.

Since the lifetime of meteor trail echoes is 0.1-1 s,
the received echo power (or ACF) is first averaged
over 1 s at each range gate. Then 10 of these
averaged profiles are taken and stored in scparate
buffers. At each range gate, mean echo power P, is
estimated from the observed minimum value P;,

among the 10 data by making the following correc-

tion assuming that they follow the normal distri-
bution:

Pa=Pmian(1+d'a-c)

a o« Non—1 (2)
d= j ay’(a)Nm,,,{ J #(x) dx} dat

where o, is the expected ratio of the standard devi-
ation to the mean, which is determined by the
number of samples averaged in 1 s of data, &#(x) is
the normal probability distribution function, and
N o is the number of data used to find the minimum
(=10).

The entire height profile is rejected when it con-
tains one or more range gates where the echo power
is larger than P, times a certain threshold factor (5—
10). This is because neighboring range gates may be
contaminated by the range sidelobes of the pulse
compression code when a strong meteor echo ap-
pears at one range gate. The rest of the N, height
profiles are averaged in time to give 10 s mean data,
which are recorded on magnetic tape. Figure 1 shows
a plot of the portion of the collected data that were
accepted by this test as a function of time for a typi-
cal experiment. The diurnal nature of the rejection
simply reflects the established diurnal pattern of oc-
currence of meteor trails. It should be noted that this
rejection scheme also removes echoes from artificial
satellites and their debris, aircrafts, etc.

3. ESTIMATION OF ELECTRON DENSITY

The radar equation for uniformly distributed elec-
trons gives the received signal strength as [e.g.,
Evans, 1969]

P,LctN, ci?

= T o8R? J; J; G*(6, ¢) sin 6 d6 dp (W) 3

where P, is the transmitter power (watts), L is the
antenna and cable loss factor, 7 is the pulse length
(seconds), N, is the electron density (m™3), ¢ is the
scattering cross section per electron (meters squared),
A is the radar wavelength (meters), R is the range
from radar to scattering volume (meters), and G(6, ¢)
is the antenna gain at zenith angle # and azimuth ¢.

Since the MU radar antenna has a circular array
with a uniform excitation, (3) reduces to

0.88P,LciAN, 0

s 16=R? W)

@
where A4 is the effective collecting area of the an-
tenna. The constant 0.88 in this equation is a factor
resulting from the integration of the gain over the
antenna beam shape; this factor would be unity if the
beam were uniform over the half-power beam width
and zero outside. Evans [1969] has given a value of
0.76 for a typical parabolic antenna.

The collective plasma scattering cross section per
electron ¢ is a function of the ratio 7, of the electron
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and ion temperatures [ Buneman, 1962]:
c=06,/1+T) (m? 5}

where o, is the scattering cross section of an indepen-
dent electron (0.998 x 10728 m?2).

If the system constants in (4) are known precisely,
it is possible to estimate N,/(1 + T,) directly from P,.
However, this is not the case for the MU radar,
where the absolute receiver gain is hard to calibrate
because of the distributed transmitter/receiver system
configuration, which, in turn, makes it difficult to
measure the absolute scattered power P,. Instead, a
lumped system constant is determined by comparing
the echo power obtained from the peak of the F layer
during nighttime (when we may assume T, = 1), with
~ the fy F, data obtained by an ionosonde located on
" the MU observatory site:

C=Pp/Nowe (T=1) ®

where P_,, and N, are P, and N, evaluated at the
F layer peak. A mean of the C values obtained
throughout the night is then used as a single lumped
system constant for interpretation of all power data.
Equation (4) then reduces to

CR?

P=—T=—N 7
T+ TR 0

where R, is the height of F layer peak. Then using
echo power and ionosonde data during daytime, we
can estimate the value of T, at the F layer peak.
Figure 2 shows a diurnal variation of T, at the F,
peak height obtained by (7). Arrows indicate the sun-
rise and sunset times at 250 km altitude. The reason-
able diurnal variation of T, suggests the stability of
. the system parameters.

As far as the MU radar is concerned, all system
constants appearing in (4) except the receiver gain
can safely be assumed to be stable owing to the solid
state architecture of the system, which has been con-
firmed by periodic maintenance tests. If we assume
that the only variable is the receiver gain, we can
calibrate it by using the background noise level. The
received noise power is given by

P,=kT,

sps

B (W) @®

where k is Boltzmann's constant (1.38 x 10~2 jou-
les/kelvin) T,,, = T, + T,,, is the system noise temper-
ature (kelvins), T, is the background noise temper-
ature (kelvins), T, is the receiver and line loss tem-
perature (kelvins), and B is the receiver bandwidth
(hertz).

At 46.5 MHz, T, dominates over T,,,, which has
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Fig. 2. Diurnal variation of T,(=T,/T} at F, peak height.

been measured to be constant at 2000 K. The system
constant C in (7) determined as above can also be
used to calibrate T,. T, is estimated by the mean
received power at ranges beyond 700 km, where
echoes from the plasma are negligible. In order to
obtain a sufficient number of samples for noise esti-
mation, the echo power is usually measured up to
1300 km range. The obtained diurnal variation of T,
shows good consistency with that extrapolated from
measurements at higher frequencies [e.g, Kraus,
1966], varying between 5000 K and 16,000 K de-
pending on the- celestial time of day, After es-
tablishing the diurnal variation model of T, by accu-
mulating a large number of data, it will become pos-
sible to calibrate P, on the basis of the measured P,
and the model, although this is yet to be done.

We wish now to compare the sensitivity of the MU
radar for incoherent scatter observations with that of
the other existing IS radars. We will investigate the
signal-to-noise ratio (S/N), which is the critical factor
for the MU radar IS observations, based on (4) and
(8). For our comparison we will make calculations of
S/N for the case of an electron density N, of 102
m~? at a range R of 300 km using a pulse length T
of 500 us. A loss factor of 0.75, applicable to the MU
radar, is used for all radars, although it may be an
overestimate within a factor of 2 or so for some of
those radars. Use of different values of L would
change the §/N values derived below, but it will not
affect the discussion here. It would be worth men-
tioning that the effective area A of the MU radar
antenna is very close to the physical area because of
the uniform excitation of the array and the optimum
design of the array element.

We must choose a receiver bandwidth B wide
ecnough to enclose the spectral width of the received
signal. Signal spectral broadening is caused by two
effects: (1) the spectrum of the pulse waveform, and
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TABLE 3. Comparison of the MU Radar Sensitivity With Other Existing IS Radars
P, MW
Frequency, A, T B,

IS Facility MHz Peak Average m? K kHz S/N
Jicamarca 49.9 6.0 04 71,900 10,000 24 1400
Arecibo 430 20 0.1 45,500 150 234 2000
Millstene Hill A 440 50 0.25 2,334 150 240 260
Millstone Hill B 440 50 0.25 930 150 240 100
Millstone Hill C 1295 2.5 0.125 190 150 704 4
Sondrestrom 1290 50 .12 400 100 70.4 22
European Incoherent 933 1.5 0.1875 520 115 508 - 1

Scatter (EISCAT) A :
EISCAT B 933 1.5 0.1875 520 40 508 30
EISCAT C 224 2.0 0.25 3,250 220 12.2 190
Altair A 415 20.0 0.112 722 785 22.6 64
Altair B 155.5 10.0 0.112 820 992 8.4 78
MU 46.5 1.0 Q.03 8,330 10,000 24 27

Note:

Not all of the radars listed above normally operate, nor in some cases are they able to opeate,

with the listed parameters. Nevertheless, the above comparison should give an adequate idea of the
relative potential sensitivities of these radars for long-pulse power measurements.

(2) the Doppler broadening caused by the thermal
motions of the scattering medium. To match our as-
sumed 500-us pulse, we need a filter width of 2 kHz.
The spectral broadening caused by the thermal mo-
tions is about 4 times the Doppler shift caused by an
jon approaching the radar at mean thermal speed
[ Evans, 1969],

1/2
a2 (4 o

e\ m

where f is the radar operating frequency and T; and
m, are the temperature and mass of the ion, respec-
tively. For the predominant O™ ion of the F region
at a typical temperature T, = 1000 K,

B =272 x 1075 (10}

This bandwidth is larger than the waveform spectral
broadening of 2 kHz for a frequency higher than 75
MHz. Thus we use (10) for all radars except the MU
and Jicamarca radars. Since the thermal broadening
adds to the pulse broadening in an rms sense, the
total bandwidth at 50 MHz becomes 2.5 kHz.

By combining (4) and (8) with the above values for
L and 7 and assuming T, = 1, the §/N formula is
obtained as

0.079P, A
SN = ———

BT,

sy

(11)

Table 3 lists the pertinent parameters for each facility
and the S/N computed from (11). These S/N values

give the potential maximum and may not represent
typical values achieved by these facilities, because
wider bandwidths are generally used to allow larger
Doppler velocities and also because the antenna ef-
ficiency may be lower than assumed here.

On a relative S/N basis we can see from this table
that the Mu radar falls in a category of least sensitive
IS radars. On an absolute S/N basis, however, Table
3 shows that all of the listed facilities are highly capa-
ble of making the assumed incoherent scatter
measurement for the assumed ionospheric condition.
Actually, what is important in the data analysis is
not the S/N itself, but the relative uncertainty in the
signal. This factor, often referred to as the signal de-
tectability [Gage and Balsley, 1978], is defined, after
modifying to include the effect of the signal fluctu-
ation, as

P, t
(AP%, + APZ)Y% 1 + B,N/S

N

where P, is the peak spectral density of the signal,
P,, is the average spectral density of the noise, AP,
and AP,, are standard deviations of Py, and P,
respectively, B, is the spectral width of the signal
relative to the receiver bandwidth, and M is the
number of independent samples used in the averag-
ing process. The receiver bandwidth is usually chosen
so that B, < 1. We can see that the detectability does
not improve greatly as S/N increases above unity. In
this sense all of the radars listed in Table 3 are

D= 12)
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equally capable of making the desired ionospheric
backscattered power measurement. We should note,
however, that for poorer S/N conditions than con-
sidered here, we have to sacrifice time and/or height
resolution with the MU radar observations in order
to obtain the same D as other powerful IS radars.

4. ESTIMATION OF TEMPERATURE AND
VELOCITY

The thermal and mean motions of the ions and
electrons affect the shape of the backscattered echo
power spectrum and, equivalently, the ACF as fol-
lows for the F region observations:

dr
p(t)=P,po(z; T,, T, q) exp (—1'7 Vﬂ) (13)
where p, is the normalized ACF without mean
motion, 7 is the time lag, ¢ = [O']/N,, N, = [O*]
+ [NO™] + [03], and V¥, is the mean ion Doppler
velocity.

These effects have been thoroughly studied theo-
retically, and expressions for the function shape of Po
have been given [e.g., Fejer, 1961]. Therefore ob-
served ACFs can be compared with theoretical ones
in a nonlinear least squares fitting manner to give the
best fit parameters. Unfortunately, however, the effect
of ¢ on the ACF cannot be easily distinguished from
that of T, and T;, because the relative masses of O™,
NO™*, and O ions are too close to give a unique
feature to the ACF as ¢ is varied [Petit, 1968]. Thus
only P, T, and T, are determined by fitting model
functions p, to observed onmes, assuming a model
height profile of ¢ [Oliver and Bowhill, 1974]. V; can

- be estimated separately by fitting a straight line to
-~ the phase of observed ACF.

As mentioned above, the accuracy of estimates
largely depends on the way the ACF is measured.
Here we consider the effect of different multipulse
observations on the accuracy of the obtained param-
eters via a numerical simulation in order to find the
optimum pulse scheme,

We first examine the temperature estimation.
Among the pulse modes listed in Table 2, the single-
and two-pulse modes do not give temperature infor-
mation, We also found that the parameters estimated
by the three-pulse mode are too sensitive to statis-
tical fluctuations in ACF. This is possibly because the
three-puise method gives only three lags in ACF,
which has no redundancy in fitting. Also, the three
lags do not necessarily fall on the ACF where the
useful information lies. Therefore we restrict our dis-
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cussion to four- and five-pulse modes. The use of a
larger number of pulses is ruled out, as we discuss
later.

As we have seen, the maximum observable lag 7__,
of the ACF is limited by the minimum observable
height £, by (1). We use the four-pulse (4) mode in
Table 2 as a reference for which h,,;, = 198.2 km and
Tmax = 1152 ps. We compare the accuracy of the pa-
rameters estimated by this mode with those by the
five-pulse mode with a slightly larger z_,,, as shown
in Table 2. The five-pulse mode provides more points
on the ACF at the expense of a poorer 5/N because
of shorter individual pulses. In order to see the merit
of increasing .. by increasing the individual pulse
length, we also examine the four-pulse (B) mode with
i = 260.5 km and z,,, = 1536 ps. Figure 3 shows
an example of the theoretical ACF generated for
T=70K, T, =2, and ¥, = 50 m/s. Lags to be mea-
sured by the (a) four-pulse (A4), (b} five-pulse, and (¢)
four-pulse (B} modes are indicated by circles. Note
that the vertical scales are magnified for the imagi-
nary part of ACFs.

The procedure of the computer simulation is as
follows. We first generate a theoretical ACF for a
given T, T;, V,, and ¢ at each lag. Next we add a
noise ACF, which consists of an impulse at zero lag
(not used in fitting) and random values with zero
mean at other lags. The magnitude of these random
fluctuations is determined by the S/N and the
number of incoherent integrations, which we choose
as 200,000, The resulting time resolution is variable,
because it also depends on the IPP and the number
of beam directions switched alternately from one
pulse to the next, but 200,000 times of integration
roughly corresponds to a time resolution of 1 hour.
Then we fit theoretical ACFs by a nonlinear least
squares fitting algorithm to retrieve T, and T;. The
simulation is repeated 100 times for the same temper-
ature situation but with different random numbers to
obtain meaningful statistics.

Before comparing different pulse modes, we first
examine the nature of errors. Since no appreciable
bias was found in the parameter estimates, we can
express the errors simply by the standard deviation
of the estimates around the model value. Figure 4
shows the error in T; and T, for the four-pulse (A4)
mode versus S/N ratio. The error in T,(=T; T)) is also
shown, The three lines in each panel correspond to
different model values of T;. The error bars indicate
the fluctvations in 100 simulations. It should be
noted that although simulations are made up to posi-
tive decibel S/N values to ensure fitting convergence
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Fig. 3. Example of the theoretical ACF generated for T=700K, T, =2, and ¥, = 50 m/s. Circles denote time lags
to be measured by the {a) four-pulse (4), (b) five-pulse, and (¢} four-pulse (B) modes.

for noiseless data, such positive decibel S/N values
cannot be encountered in real observations due to
“self clutter,” no matter how strong the echoes are.
The self clutter is uncorrelated echoes from different
heights due to the multipulse waveform [Farley,
1972]. Tt is collectively stronger than the desired echo
for multipulse mode with more than two pulses. For
the case of uniform echo power distribution with
height, the upper limit of $/N is —4.8 dB for the
four-pulse mode and —6 dB for the five-pulse mode.
(These conclusions are somewhat modified but basi-
cally remain valid when we consider that the different
pulses ‘may contribute somewhat different echo
powers).

It is shown in Figure 4 that errors become smaller
as T, increases. This is because increasing T, corre-
sponds to increasing the maximum lag of ACF,
giving a better frequency resolution in the power
spectrum. An error of 10-20% is expected for T; esti-
mates at —10-dB S/N ratio, 20-30% for T, and
5-10% for T,. It is interesting that T, which is ob-
tained indirectly from T, and T, has better accuracy
than the others. This suggests that the effects of
random errors in the ACF are anticorrelated in their
effects upon T; and 7, determination. Figure 5 pre-
sents the same result but for a model T, of 3. Here the
errors in T, are almost the same as in Figure 4, but
they are significantly smaller for T;. This is because
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Fig. 4. Errorin 7}, T, and T, expected for the four-pulse (4) mode versus §/N ratio estimated by the numerical
simulation. The model ACFs are generated for T, = 700, 800, and 900 K, and for T =1

an increase in T, enhances the oscillatory nature of
ACF, thus making ACF more sensitive to a small
change in 7,, but not in T,.

Figure 6 shows the accuracy of the five-pulse mode
for the same situation as in Figure 4. S/N in the
abscissa is expressed in terms of S/N for the case of
the four-pulse (4) mode for comparison. The real
S/N ratio for the five-pulse mode is about 3.5 dB
worse for a poor S/N case because of shorter individ-
ual pulses and about 1.2 dB worse for a good S/N
case because of stronger self clutter. This convention
for expressing S/N is used throughout the figures in
this section. The errors in the five-pulse mode are
more than twice those in the four-pulse (4) mode in

spite of a slightly larger 7, . It is clear from this
comparison that increasing the number of lags in the
ACF to more than six is not worthwhile when the
summed length of the pulses is fixed.

On the contrary, the accuracy of the four-pulse (B)
mode shown in Figure 7, in which the length of the
individual pulses is 33% longer than the four-pulse
(A) mode, is about 5 times better than in Figure 4.
This improvement is equivalent to an enhancement
in /N by about 6 dB in Figure 4, aithough the
actual improvement in $/N by making the pulse 33%
lenger is only 2.5 dB. This fact well demonstrates the
nonlinear nature of the fitting. In reality, however,
the higher h;, of 260.7 km associated with the four-
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Fig 5. Errorin T, and 7, under the same condition as for Figure 4, except that 7, = 3.

pulse (B) mode limits its use to only upper F region
observations.

Next, we examine the accuracy of the ion drift
velocity estimates. Since the only parameter derived
from the imaginary part of ACF is ¥, the least
number of pulses capable of estimating V; is 2. As
shown in Figure 3, the amplitude of the imaginary
part of the ACF is about 2 orders of magnitude
smaller than that of the real part, because the mean

line-of-sight ion velocity is much smaller than the
mean thermal velocity of ions.

This small amplitude results in a much larger rela-
tive error in the estimates of V; than in temperatures.
Figure 8 shows the expected error in ¥; estimates for
the four-pulse (4) mode. The model ACF assumes a
velocity of 50 m/s, which is a typical value for F
region line-of-sight ion velocity. The error amounts
to 60~70%, or 30-35 m/s, for the —10-dB S/N ratio,
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Fig. 6. Error in T; and T, under the same condition as for Figuré 4, except that this is for the five-pulse mode.
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Fig. 7. Errorin T; and T, under the same condition as for Figure 4, except that this is for the four-pulse (B) mode.

indicating that an integration time of 1 hour is far
from sufficient for this mode, In order to obtain an
accuracy of 10 m/s, an unrealistic integration time of
10 hours is required. Figure 9 shows the error for the
same situation as in Figure 8, but with the two-pulse
mode in Table 2. This mode, which makes use of the
longest pulse avaiiable, gives an accuracy of 10-20%
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Fig. 8. Error in ¥, expected for the four-pulse (4) mode versus
S/N ratio estimated by the numerical simulation.

(5-10 m/s) at an expense of no temperature or den-
sity information, and also with a height resolution of
40 km. It seems essential to interlace this mode into
the sequence of observations when the velocity infor-
mation is required.

In summary, the four-pulse (4) mode will be most
appropriate for a standard temperature observation,
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Fig.9. Same as Figure 8, but for the two-pulse mode.
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If the limitation of a higher h_;, can be accepted, a
longer individual pulse length as in the four-pulse (B)
mode is beneficial. The use of the five-pulse mode
does not seem to have any advantage for the situ-
ations considered. The only pulse mode which gives a
good estimate of the ion drift velocity with an accept-
able time resolution is the two-pulse mode.
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Fig. 12. Temporal variations of T; and T, for four altitudes
with 32-km height resolution. Error bars indicate the accuracy
expected from the numerical simulation.

5. SAMPLE RESULTS
Here we present some preliminary observational

results obtained by the MU radar incoherent scatter
measurements in order to demonstrate its current ca-

C
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Fig 11. Examples of daytime (left) and nighttime {right) ACFs measured with the four-pulse (4) mode. Circles
and error bars show the 45-min mean observed ACF points and their standard deviations, respectively. The

dash-dotted lines show the best fit theoretical ACFs.
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Fig. 13. Temporal variation of the line-of-sight velocity measured with the two-pulse mode. Data are averaged
over the 217- to 303-km height range.

pability. Geophysically interesting results obtained so
far are reported elsewhere [Oliver et al., 19884, b].
Figure 10 shows an example of the electron density

profile averaged for 10 min. This measurement em-
ployed the 7-bit Barker waveform of Table 2 and an
IPP of 10 ms. It is normalized by the f, F, value
measured by the on-site ionosonde. The dashed line
indicates the detectability threshold of D = 3 in (12).
Note that the maximum observable height varies not
only with the electron density itself, but also with the
background noise temperature, which has a diurnal
variation of about 5 dB. This figure corresponds to a
medium level of the background temperature.

_ Two examples of ACF measurements with the

jour-pulse {A) mode are shown in Figure 11. Circles
and error bars show the 45-min mean observed ACF
points and their standard deviations, respectively,
and the dash-dotted lines show the best fit theoretical
ACFs. Observed ACFs are also averaged over a
32-km height range. In calculating theoretical ACFs,
only the ion component with a single constituent
(O*) is used. The left and right panels are typical
examples of the daytime and the nighttime ACFs,
respectively. It should be noted that the first lag of
the measured ACF is slightly raised owing to small
contamination by correlated background noise. This
correlation is a consequence of the receiver band
limitation. The first lag is given a weight of half of
that for other lags in the fitting procedure at the
moment, although it would be possible to evaluate
the contamination from noise ACFs at high range
gates to subtract its effect.

Temporal variations of T, and T, are drawn for
four altitudes in Figure 12. This measurement em-
ployed the four-pulse (4) mode with an IPP of 10 ms.
Individual symbols represent these parameters esti-
mated from ACFs averaged over 32 km in height and
45 min in time. The error bars indicate the accuracy
expected from the simulation in the previous section.
Note that the stability of each line in the T, curves
seem to suggest better accuracy in T, than in T;, as
predicted by the simulation,

Figure 13 shows an example of the line-of-sight ion
drift velocity versus time measured with the two-
pulse mode. A systematic bias of about —23 m/s has
been detected by laboratory tests of the transmitter
modules. This bias arises from a phase change of the
power amplifier between the two pulses during the
transmission. This value, although it needs to be
monitored for a Ionger period and is not subtracted
here, shall be corrected for in future analyses.

6. SUMMARY

The MU radar, constructed with a primary pur-
pose of observing the strong backscatter from irregu-
larity structures in the middle atmosphere, also has a
demonstrated capability to detect the incoherent
scatter from free electrons in the ionosphere. Inco-
herent scatter §/N ratios in excess of 10 are attain-
able with long-pulse (500 us) and matched receiver
bandwidth operations. Practical spectral measure-
ments, however, often experience S/N ratios of only a
few percent, and hence long integration times are
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generally required to obtain geophysically useful re-
sults. )

Numerical simulations have shown that the error
in the jion and electron temperatures is expected to be
5-20% with the standard four-pulse experiments and
with 1 hour of integration. Ion drift velocity
measurements require the implementation of a sepa-
rate two-pulse technique, which gives a 5-10 m/s ac-
curacy with 1-hour resolution. Sample results have
exhibited the designed capability of the MU radar as
an IS radar, and expectations indicated by numerical
simulations have been confirmed.
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