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ABSTRACT

A design study for a high-resolution meteor radar system is carried out
with the objective of measuring upper atﬁospheric winds and particularly
studying short period atmospheric waves in the 80 to 120 km altitude region.
The transmitter that is to be used emits a peak power of 4 Mw. The system is
designed to measure the wind velocity and height of a meteor trail very ac-
curately. This is achieved using a specially developed digital reduction
bprocedure to détermine wind velocity and range ﬁogether with an interferometer
for measuring both the azimuth and elevation angles of the>region with a long
baseline vernier measurement being used to refine the elevation angle measure-
‘ment. The resultant accuracies are calculated to be + 0.9 m/s for the wind,
'+ 230 m for the range and + 0.12° for the elevation angle, giving a height
"accuracy of + 375 m. The prospects for further developmeqt of this system are

also discussed.
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~1. - INTRODUCTION

Many meteors of various.sizes enter the earth's atmosphere and burn up
each day, leaving ionized trails in their path. The larger trails can be
seen with the naked eye, but even the smaller meteors (down to 15th magni-
tude), which are more common, leave trails that provide radar targets around
40 MHz. These provide a very large number of meteor trails that are detect-
able by radio means. It has been estimated [Manning and Eshleman, 1959]
that meteors above the 15th magnitude occﬁr at a rate of about 160 per sﬁuare
meter per second. This figure is given for the sporadic meteors and does not
include the contributions of showers.

Most of these meteors are not detected since Specular‘reflection from a
meteor trail is required for a rédar echo to be received. In other words,
the(meteor‘trail must be oriented at right angles to the radar beam, and the
principal contribution to the echo power comes from the firstAFresnel zone
around the specular reflection point.v Since only a small percentage -of the
meteor trails are detected, a radar beam should be pointed in the direction.
where specular refiection occurs most often. This direction varies with the
time of day. For example, in the Northern Hemisphere maximum echo rates
occur to the north at 6 a.m;, to the east at 12 noon, to the south at 6 p.-m.,
and to the wesf at 12 midnight [Villard et al., 1955];

After the development of radar in World War II, studies of meteors were
started using this technique and researchers began to concentrate on explain-
ing the physical characteristics of meteor echoes. Most of these studies are
summarized in a book by McKinley [1961]. Since then, meteor trails have been

used to explore the earth's atmosphere in the height region from 80 to 120 km.



The proposed metedr radar system described hefein is é further step in the
exploration of the atmosphere. |
1.1 Atmospheric Winds

Since the kinematic viscosity increases with height in the atmosphere,
there is an appreciable drag between the different layers. Thus up to heights
well above 100 km, the whole atmosphere participates in the earth's rotation.

Under the equilibrium of gravity, pressure, and the Coriolis force in
this rotating atmosphere, a geostrophic wind system results. In meteor radar
studies, this wind is also called the prévailing wind. The prevailing wind
comprises two distinct components, a zonal mean winq and contributions from
planetary waves. Superimposed on these winds-are-tidél wind motions. A 24-
hour componenf, called the solar diurnal tide, is a superposition of maﬁy
modes forc¢d:by solér‘heating of -water vapor and ozoné, some of thesé'modes
being evaﬁes¢enﬁ while others are propagating. A 12-hour component, called
the solar semidiurnal tide, i$ found to be essentially one very long wave-
length proéaggting mode that is forced principally By solar heating of'oione
anq water Vabor. This semidigrnal tide tends to dominate the diurnal ;ide
at higher latitudes than 30°; Another shorter—vertical—wavelength seﬁidiurnal
mode may dominate above 80 km during some séa;ons [Chapmanvand Lindzen, 1970].
Tidal modes of 8—hour and 6-hour periods have also been determined [Muller,
1970].

Under normal conditions turbulence dominates_vertical-transport processes
~ in the mesosphere and lower thermosphere. There have been a number of mea-
surements of atmosphéric"turbuient.paraﬁeters,‘espécially by the observation
of rocket vapor releases, The most prominent feature of;these.observations

is the cessation of turbulence above about 105 km, this level being described



as the turbopause. From the rate of expansion of vapor trails below this alti-
tude, it has been suggested that the eddy diffusion coefficient is between
106-107 cmz/sec [Justus, 1967]. Whether this value represents.the'action of
true sﬁall—scale isotropic turbulence or the diffusive action -of the larger
scéle motions. is not yet clear.

In 1960 Hines proposed the existence of grévity waves. A comprehensive
picture is.envisaged for the motions normally encountered, in which a spectrum
of gravity waves is generated at low levels of the atmosphere and propagates
upward; Sources suggested for naturally-occurring gravity waves have included
earthquakes, oscillations in stratospheric jet-streams,-air flow over motions,
solar eclipses, hurricanes, thunderstorms, and many more. The propagational
effects.of amplification, reflection, intermodulation, and dissipation act to
change the spectrum continuously with increasing height, and so produce dif-
ferent types of dominant modes at different heights. These changes serve to
explain much of the irregular motions»and ionization perturbations in the
mesosphere-and.thermoéphere. The observational work on gravity waves is pre-
sently lagging badly behind theory. This situation should be remedied by
systematic ‘programs of observations.

1.2 Survey of Methods

Conceptually, atmospheric measurements are obtained most simply with
probes placed‘directly.into the medium. This method is done traditionally
with radiosondés in the lower atmosphere where probes can be supported by
] ballobns whose upper limit is approximately 30 km. Due to the development
of souﬁdiﬁg balloons and meteorological rbckéts, the study of the wind struc-
ture of the atmosphere up to. about 60 km has been quite extensive throughout

certain areas of the world.. Above this height, instruments such as grenades,



pitot tubes and falling spheres, can be placed only by larger rockets. This
is expensive and probes cannot. remain aloft very long.

Another approach uses the passive probe. For examplé, clouds of chemi-
cals can be released in the upper atmosphere by rockets or by gﬁn-launched
‘projectiles. - Tracking the movement and distortioﬂ of these clouds provides
inforﬁation on the wind structure at a given time and place. Mean winds,
however, are very hard to measure from such trails. Measurement of wind by
any of these rocket methods is very expensive. The need for some continuous
iground-based observations has been acutely felt.

' Some of these passive probes are actually supplied by naturé. _Histori-
cally, one of the oldest methods. of wind measurement used the observation of
noctilucent clouds [Mitra, 1947]. Because .observations are only possible
during twilight and the occurrence of these clouds is not predictable, this
method is limited. Mitra [1949] pioneered a method in which the movements
of ionospheric irregularities can be tra@ked by radio measurements from the
ground The method is still being used extensively, but the 1nterpretat10n
of the fading records and the veloc1t1es obtalned therefrom are not clearly
understood. One of the main reasons for thlS difficulty is the uncertalnty
about the fading mechanism. A recent work by Guha and Geller [1972] examines
the methods of measuring ionospheric drift from fading records in order to
see their applicability and validity.

Meteor trails can be viewed as another type of passive probe. ItAhas
been shown that these trails move with the surrounding neutral . atmosphere
[M@nning et al., 1950} and, therefore, winds can be determined from the ob-
served Doppler shifts. The techniques developed so far are able to yield

information continuously throughout the whole day. The complexity of meteor



radar stations increases when heights of the obse;ved drifts are being deter-
mined. Not only do the amplitude and the Dopplef shift of the received signal
have to be measured but also the range and the angle of arrival of the signal.
Often several antennas and receivers are used for this purpose, and many mea-
sured valueS are recorded synchronously. In comparison to the rocket experi-
ments, however, the costs of these investigatioﬁs are relatively small. Also,
-unlike the rocket methods, the meteor radar technique is able to monitor the
meteor region continuously.

Otﬁer measurement approache% have been used and are being developed.
Ionospheric motion has been measured by observing the velocity of the diffrac-
tion pattern formed on the ground by radio waves partially reflected from the
region between 65 and 100 km [Fraser; 1967]). However, in the height region
between 80 and 120 km, the potential of the meteor-trail method for almost
continuous acquisition of data on winds, at low cost, makes it a very promis-
ing tool for exploring the atmosphere. This method has yielded an impressive

amount of information on atmospheric parameters and will do more.



2. SURVEY OF METEOR WIND SYSTEMS

The first determinations of wind velocity in the altitude region around
90 km by means of radio reflections from meteor trails were undertaken at
Stanford University by Manning et al. [1950]. Since that time, the technique
was brought into regular use at Adelaide, Australia [Elford and Robertson,
1953] and at-Jodrell Bank, England [Greenhow, 1954]. Théir observations were
of winds averaged over the altitude region 80-100 kﬁ. Work at Stanford was
discontinued because of the great amount of data that had been processed by
‘hand. The Jodrell Bank facility has also ceased operation. At Adelaide
meteor windAstudies are still continuingt The Adelaide facility will be
described in Section 2.4.v Several stations have been built in Russia which
resembie’thét at Jodrell Bank. In 1966 a workshop on methods of obtaining
AwindsAfrom meteor trails was held in Waltham, Massachusetts [Barnes and
Pazniokas, 1968]. Six méteor radar systems were represented at the workshop.
A list of them and their characteristics ié given in Table 2.1 [Barnes, 1968].
It ié the purpose of thié survey to describe these six systems and their
changes since the workshop. The Havana system has been disbanded, and -the
transmitter and parts of the receiving equipment are being used to construct
the new facility at tﬁe'University of Illinois.
2.1 Stanford Meteor-Trails Radar

The Stanford Meteor Radar is a phase-coherent one-station pulse system.
The operating frequency is 30.14 MHz and the transmitter has a peak power of
5 kW. The sysfemnwas built with an eye toward low cost, eaSy mobility and
simpie rugged constrﬁction for unattended operation. Winds aré measure& from

the Doppler shift of the meteor echo. - The height of an echo is determined by
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its range and elevation angle. The range is measured with a pulse-compression
technique, in which the transmitted pulse is phése modulated with a pseudoran-
dom code. The elevation angle is determined from a coﬁparison of signals in'
two antennas with aifferent vertical radiation patterns. Finally, the diffu-
sion coefficient is determined from the measured amplitude decay of the trail.
The radial velocity of the target is determined from the frequency of
;he received signal f} relative to the transmitted frequency f%. When the
signal is reflected from a moving target, the frequency of the received sig-

nal is Doppler shifted so that it is given by

_1+v/e

fo= T Tt (2.1

where v is the line-of-sight velocity of the moving target, positive pointing
toward the station. Since the wind velocity v is much less than the speed of

light, f, can be approximated by

fp=fera Tt
The Doppler frequency is then
| 2v
Of = fp - Fp= 55y - - @

In the Stanford system f} is ﬁot compared with f% but with f% + 40 Hz
[Nowak, 1967]. Then the radial velocity can be determined by one measurement.
If f} = f% (i.e., for stationary fargets), the output of the phase comparator

will be a wave of 40 Hz. For a moviﬁg target, the Doppler frequency will be



above or below this value, depending on the sense of motion. The output of
the wave comparator will give a wave frequency on the order of tens of hertz.
By determining the times between the zero-crossings of the wave, Af can be
calculated. The maximum error induced in the measurement of the wind speed
by this method is : 5 m/s.

The elevation angle is an important parameter in determining the height.
The more accurate the measurement of the angle, the greater is the height
discrimination of the echo. In the Stanford system the signal strength of
two antenna arrays are compared to determine the elevation angle [Nowak,
1966] .

By the principle of pattern multiplication [Kraus, 1950], the pattern of

an antenna array of identical elements is given by

E (8, v)=E, (8, v) E, (8, ¥) EyA(e, Y) E, (6, Y) . (2.3)

‘where
6 = zenith angle méasure from the z—éxis.
Y = azimuth‘angle measure from the x-axis.
and
E - pattern of a single element.

e

E, o = pattern of a linear array of point sources aligned in the x, y, and
2T

z-direction, respectively.

The far field pattern of a linear array of n isotropic point sources,

each spaced by a distance d is given by

sin(n w)Z)

0 “sin(v/D) (2.4)

E =
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where

Gxy
]

0 field from one point source.

¥ = total phase difference of the field from adjacent sources.
¥ = z;é-cos p + 8§ (2.5)
and
o = angle between the line of the array and the line from the center of
the array to a far point.
. § = difference in the transmitting phése of adjacent sources,

A single-element antenna at height ~ above the ground can be considered
an array ih the z-direction. The reflection from the ground is modeled by an
image source at a distance i below the groﬁndi(see Figure 2.1). Since‘this
array is pointed in the z;direction, Eé Varies only with 6. For two antennas
comprised of identical elements but at different heights we get from Equation

(2.3) that

L =B, (0, ¥) B,y (0)

X
“

&
]

2 Ee_A(e, Y) E,, (8)

The ratio of E, to E is equal to the ratio of the signal amplitudes at the

2

output of the two antennas.

(2.6)
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Figure 2.1 Model of reflection from the ground by an image source.
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For best resﬁlts, a pair of height values that leads to an amplitude ratio
that varies as much as possible with 6 in the area of interest is desirable.
At Stanford the height values %-and %%—are used.

Another approach to the measurement of 6 can be taken; Four point -
sources are located at the corners of a square whose sides are chosen in the
x- and y-directions (see Figure 2.2). For the case of in-phase excitation

of the array elements (i.e., § = 0), and a spacing of d = A/2, Equation (2.5)

yields for the linear array of 2 elements in the z-direction,

wx =T sin 6 cos v

and Equation (2.4) gives

E = sin (m sin & cos y)
TX 0 sin (m/2 sin 8 cos Y)

Similarly, for the linear array of two elements in the y-direction

E =F sin (v sin 6 sin vy)
y 0 sin (/2 sin 6 sin ¥)

If antenna Al is now chosen as a single A/2 dipole, the field pattern is

E,=E, (6, ) E, (8) . (2.7)

If antenna Az is the 2 x 2 array and made up of A/2 dipoles (so that E‘e2 =

1= Ezz), then the field pattern of A2 is

Eel) at the same height (so that Ez



-t

¢
|

Figure 2.2 The 2 x 2 array with 4 point sources located at the corners
of a square. ‘ : _
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By =B, (8, 1) By (0,1 By (0, ) By (). (2.8)

The ratio of signal strengths is given by the ratio of Equation (2.7) to

Equation (2.8).

B ’ 1

CI)ICQ
-

(2.9)

To make amplitude.ratio vary as much as possible with 6, the two tech-
niques described above are combined at Stanford. The s;ghal’strehgth of a
 A/2 dipole at a height A/2 above the ground is compared with that of a 2 x 2
array'SA/lé above tﬁe ground}'_Combining Equations (2.6j and (2.9) the ratio

of signal strengths is

N, Ea®
SZ Exz(e’ Y,) Eyz(e) Y) Ezz(e)

(2.10)

This ratio is theoretically plotted as a‘function of 6 in figure 2.3 [Nowak,
1966] . . |

Assuming a measuring accuracy of + 0.5 dB in the signal rétio, the maxi-
mum angle error can be determined from Figure 2.3. For elevation angle
gréater than 45°, an angle accuracy of + 1° is obtainable.

To achieve high sensitivity of the systém at moderate peak powef, the
transmitted pulse must be of fairly long duration [Nowak,.1967]. This fact
.precludes ranging with normal radar tecﬁniques, where the distance of fhe tar-
get is determined by measuring the time at which either tﬁe leading edge or

the peak of the echo occurs. Because range accuracy is directly proportional
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Figure 2.3 Ratio of signal strengths from two antennas, as a function of the
zenith angle 6.

Curve 1. Dipole at hl = A2, 2 x 2 array at h, = 37/16 above ground

Curve 2. Identical antennas at hl, h2

®max and eminlgive the error bounds for an accuracy of + 0.5 dB in
the measurement of the pattern ratio.
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to the pulse length, the long pulse employed would yield range with a com-
pletely inadequate accufacy.

In the Sténford system the range is determined by a pulse-coded techni-
que. In this method the phase of the transmitted pulse is switched between
-90° and 90° in a 28-bit code, each‘bit being 10 usec in length [Nowak, 1967].
This pattern is recovered at the receiver and compared with the original pat-
tern. The 28-bit code is chosen such that when the received code is corre-
lated with the ériginal code, a large peak amplitude occurs. This is the point
at which the complete puise has returned to the receiver. From the time at
which coincidence dccurs, the range of the echo is obtained as shown in Fig-
ure 2.4 [Nowak, 1967]. .ResplutiOn is one bit-time of the code.

_SinﬁeAthe coded pulse consists of a coherent sequence of n subpulses of
duration tp’ iﬁtegrations will add signal amplitude and noise power of the
individual bits, so that

S S

(Zﬂ =n (ﬁﬁ

n pulses (2.11)

one- pulse

Thus, fér the éignalfto—noise ratio the encoded'pulse of duration ntp is equiv-

alent to a signal pulse of length tp with n times the peak power of the encoded

pulse. The 28;bit.code of the Stanford meteor radar, with a peak power of

2.5 kW is, for ranging purposes, equivalent to a 70-kW pulse of 10-ps duration.
As mentioned. before, the time resolution is one bit-time of the code, or

10 us. The resulting ranée resolution + 1.5 km or, if the center of the bit

, is taken as reference, + 0.75 km. |

The phase—modulated pulses with their wideband spectrum (200 kHz) are

unacceptable for amplitude measurements because of the very poof signal-to-
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‘Figure 2.4 Running crosscorrelation between tramsitted and received
Signals. '
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noise ratio associated with broadband circuits at the moderate peak power of
‘5 kW. An improvement of the signal-to-noise fatio similar to the ranging
case is not present.

Since the measuremcnt of the amplitude of the received signal is an in-
dispensable part of the studies of the upper atmosphere at Stanford, a com-
posite signal is used aé shown in Figure 2.5 [Nowak, 1967]. Instead of

~changing the phase by 180° in the pulse—codedvmodulation v 2) as des-

11°"1
cribed earlier, the phase change is chosen to be 90°, leading to Va and VZ.
This modulation corresponds to adding a constant signal V2 to the 180° phase-

modulated signal V Because the constant signal V2 is a 280 ps unmodulated

1°
pulse, its bandwidth is approximately 7 kHz and the resultant signal-to-noise
ratio is comparable to that used in ranging. The spectrum of the composite

signal is simply the sum of the spectra of V1 and V In the region around

2
the center frequency, almost.all the power is contributed'by V2 and a nar-
rdwband fil§er can be used to detect it. Therefore, the signal is split into
two parts, half fhe energy is confained in a narroﬁbaﬁd in which'the.ampli—
tude is measured and half is in a Qideband for ranging.

The outputs from the receiver are diéitally fecorded on magnetic tape.
The data are recorded essentially in raw form, and reduction of the data is
left completely to a large computer.

The rate of observed metéors depend strongly on the elevation angle.
At low elevation angleé high data rates occur but the large range and limited
accuracy of the angle measurement leads to large height errors. At high ele-
vation angles, good height accuracies are obtained But only a few meteor

trails are observed.

At Stanford this problem is attacked by splitting the measurements into
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Figure 2.5 Phasor representation of the composite signal V
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two parts. At high elevation angles, echo decay and height are measured only.
Results‘show'thatia reasonably good correlation exists over large sampling
times between decay and height, as shown in Figure 2.6 [Nowak, 1967]. With
this established, the radial component of the wind and echo decay are mea-
sured at low elevation angles. Here range and elevation measurements are '
discgrded. The height is determined from the echo decay by the calibration
-curve established egrlier; StatiSticaI analysis of the data showed standard
deviations of + 2 km or betfer for heights determined inlfhis manner.

'Twolsefs of éntehngs,_pointing Né and NW are used to measure wind from
those,direction;. The traﬁsmitter and the receiver are switched between the
two sets,of‘an;ennas at hourly intervals. A two-dimensional wind can be cal-
culated.from these measurements, but:the‘wind needs to be time-averaged over
a two;hOur’period. |

..Thevdepermination of heighf from_a'éalibration curve of height vs. echo

.decayihés been ques;ioned.: SbuthWorth [Deegan et aZ,,‘1970] has shown that
echo decay does not onl& change wifh height but also‘is affected:by the re-
‘combination'of the electrons with ions in the atmosphere. Also echo decay
is changed by the high wind shear that occurs (up to 100 m/s/km) in the métedr
region. |

In the elevation angle measurement, the simplicity of the amplitude com-
parison method is based on the assumption that the theoretical surve of Sl/SZ
vs. zenith angie is aAgood approximation to the real physical process. This
asSumption-may»be valid at Stanford, but Frést et qZ. [1970] has shown this
{; not the case at the University of_NewAHampshire. Iﬁ an attempt to dupli-
cate'the amplitude comparison method fofuthe AFCRL Meteor Radar System, it

was found necessary to achieve a direct antenna calibration rather than depend
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én theoretical predictions. Because of much distortion and asymmetry in the
patterns as compared to the theoretical model and of instability in the mea-
surement, the method of angle measurement was discarded in favor of the phase
comparison method [Clark et al.,. 1970].

2.2 AFCRL M@teor-TfaiZs.Radar>

The AFCRL System was originally located neaf Lexingtéﬁ, Massachusetts.
Because of the large inaccuracies (see Table 2.1) due to excessive radio
interference, the AFCRL set has been relocated at the University of New Hamp-
shire in Durham, 80 km‘NNE'of the original site. . The transmitter has a-
peak power of over 30 kW and transmits at a frequency of 36.8 MHz. The tech-
niques for measurement of the wind speed, the range and the elevation and
azimuth angles are discussed here.

As in fhe Stanford system, the radial velocity of the wina is determined
from the Doppler shift of the returned signal. In the AFCRL system two mea-
surements are made of Af using the transmitting frequency f} as one reference
and f% + 25.6 MHz as another reference. The value of ;he offset was selected
to correspond to a trail drift velocity of IOQ m/sec; An echo with low wind
speed will show about a 25 Hz_difference in frequgncy‘with respect to this
offset reference. In éractice Af is measured by determining the time within
one Doppler cycle. The error inherent in this measurement is + 5 m/s.

The range is determined by measuring the time delay between the trans-
mitted pulsé and the received pulse. A 124-kHz clock is used for the mea-
surement. The system considers only those range counts; or timing pulses,
thch fall in the interval + 2 counts of the count obtained that fall out-

side the interval.
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The period of the 124 kHz clock is 8.06 us. Since the timing of the re-
turning pulse is limited by this time period, this is the maximum error in
range associated with each pulse., The range error is then + 1.2 km. If a
large number N of pulses is taken, the error is divided by vN. In the AFCRL
system, the usual numbér of pulses is 50, so that fhe error is about + 0.2 km.

In an attempt to use the amplitude comparison method to determine the
elévation angle, the AFCRL engineers found a.great deal of difficuifies in
calibrating the antenna arrays fo determine the relationship Between ampli-
tude ratio and elevation angle. From the observations made during 1969,
appro#imate calibration contours wefe made for the antenna arrays [Frost and
Clark, 1970]. Examinations of these results and earlier preliminary esti—
mates of fheoretical patterns led to the followihg conclusions, There was
considerable distortion and asymmetry in the patterns as comparedito the
theoretical model. This was due to the limited extent of the ground piane
to coupliﬁgvbgtween the various antenna arrays, and to the proximity of the
radar instrument van. Also, due to feasons that could not be identified,
the patterns were not stable and significant changes were noted between
initial 6bservations made in April 1969, and later ones made in November 1969.

As a consequence a study was made in the Fall of 1969 leading to the use
of a phase comparison interferometer for elevation angle measurements. This
technique used the phase differeﬁce between two adjacent anténnas to deter-
mine the direction of arrival of a reflected pulse, as shown in Figure 2.7.
The wavefronts of the return wave arrives at one antenna before .the other.
The amount of delay or the phase difference is due to the difference in path

length AZ. Since AL = d cos B, the phase difference is
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% = Ezé-cos 8 (2.12)

where
d = distance between the antennas
A = wavelength of the transmitted signal
B = angle between the line of the two antennas and the line from one of

the antennas to a reflection point on the trail.
For ;n arbitrary location of the target the angle B is a funétion both the
.elevétidﬁ angle and the azimuth angle. |
At the University of Néw Hampshire; the phase difference is measured
directly with.a phase cémparafor,‘ The output voltage v(B) of the phase com-
parator [CZark et al., .1970] is B

ng cos' B) A (2.13)

u(8) = k sin(s_ +

where k is a constant proportional to the amplitude of the received signal.
Figure 2.8 shows a plot of v(B) for ¢T.= 0 and 4 = 1.5). ¢T is a variable
artificial phase shift introduced into one of the recei?ers. This variable
phase shift is used to move a null of the pattern of v(B) through a target.
When this occurs, fhe angular position of the target is known; ¢T is varied
from 0 to 180° in 10 discrete steps in the AFCRL system.

As seen in Figure 2.8 [Clark et al., 1970}, the sector of interest is
within lobes 3 and 4. This is due to the fact that adjacent lobes are dis-
tinguishable by polarity, but beyond adjacent lobes ambiguity occurs. That
.Ais; a target in the direction of lobe 3 is a distinguishable from one in the

direction of lobes 2 or 4, but targets from lobes 2 and 4 are indistinguish-
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Figure 2.8 A plot of the output of the phase comparator v(B).
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able from each other. Radar returns are ensured of being detected -only within
the sector of interest by keeping the gains of antennas high within the sector
and low outside the sector.

To measure the azimuth angle, a third antenna 4, is used in conjunction

3
with one of the elevation antennas to provide an interferometric baseline
which is perpendicular to the elevation baseline. Since the signal processing
needed is identical to that needed for the elevation signal, the same equip-
ment is time shared. The elevation accuracy is + 1.5° and the azimuth accu-
racy is + 1°.

Return pulses from aﬁ individual meteor trail first impinge on the an-
tennas and travel to the receivers. The ouput amplitudés and signs are stored
on magnetic tape. The magnetic tape then is processed off-line on a high-
speed digital computer to determine the wind speed and height of the trails.

To determine the two-dimensional wind, the AFCRL system used two arrays
of antennas, one pointing NE and another NW, for alternate'periods of ‘time.,
All the antennas are inclined. 45° above the ground plane.

2.3 The French Continuous-Wave Radar

In France a continuous-wave bistatic radar was built in which the Doppler
shift, the distance, and the direction of arrival are all obtained by means of
phase comparisons [Spizzichino et al., 1965]. The transmitterAlocated at
Garchy delivers continuous waves at a frequency of 29.792 MHz and has a peak
power output of 5 kW. The.receiving station is at Sens-Beaujeu, 20 miles
west of Garchy. The direct wave necessary for phase comparison is received
from the transmitter by means of a vertically polarized antenna.

Like the other meteor radar systems, the wind speed is determined from

the Doppler shift of the received signal. By means of a phase compérator,_
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the phase difference A between the reflected wave and the wave directly trans-
mitted through the vertically pblarized link is measured and, as a result,
the Doppler shift is eaéily determined.

The phase comparator yields two outputs which are proportional to the
sine and the cosine of the phase difference A¢. The sense of the drift is
determined by the'relative phase progression of the two waves. For example,
if the sine wave is leading the cosine wave, the meteor is approaching the
radar. The accuraty of the radial velocity measurement is 1 m/s for a SNR of
20 dB.

As_in'the AFCRL system, the receiving station at Sens-Beaujeu has three
receiﬁingianténnas located in the vertices of a right triangle with one of the
sides pafallel to tﬁe.beam axis, to measure both the eleQationland the azi-
muth angles. TheAphaSe aifference'Ql between the fields received by the two
antennas parallel to the beam axis is measured (see Figure 2.7). The outpufs
of~£he phase comﬁarator are two voltages, e cos‘<1>1 and e sin @1. They are
applied to thé plates of an oscillograph, producing a polar diagfam of e and
can be determined directly. For the two antennas

1

perpendicular to the beam axis, the phase difference I

@ from'which.the phase ¢
2 is also determined.

From @1 and @2 the elevation angle and the azimuth angle are computed.
An angle accuracy of :.0.2° for a SNR of 25 dB has been claimed for the

French system. This precision has been questioned since it is extremely dif-

ficult to find a calibration standard with the accuracy of 0.1°,_and this is

the very minimum required to.check an error limit of 0.2° of the angle mea-

surement [Now&k, 1970].

" . . The phasé comparison method islégain used to measure the fange. Two waves

with frequencies f1 and fé are transmitted simultaneously.  If the waves are
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reflected off a trail at a distance R from the radar, the received fields are

proportional to

o
"

. 4
| = ©XP t(anlt * f}R)

txy
i

exp i(2nfét + %i’ féR)

The same transmitted wéves are also-received directly through the vertically

0bseparating,the transmitting

and receiving stations. They are represented by

polarized link after traveling the distance R

s
u

L 2.'”' :
1 exp z(2nf1t + E—-fIRO).

=
n

. 21 . '

2! = X TLnt r G I
After,mixing El' and Ez', a component proportional to
B e i021(F, - FE ¢ 2R, - £)]

1 P rlemiyy = z o2y

is filtered out. This is, in turn, mixed with the field E'l to yield, after

filtering, a component proportional to
, 2w .
111 - — -
El . = exp 1[2ﬂf2t + z (féRO leO + ZfIR)]

Two waves El"' and E, are obtained with the same frequency f2 whose phase dif-

2

ference is measured With the same equipment as that used for angle measurement.
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The phase differéence

a6y, = 2L () - £) (R - Rp) (2.14)

then yields the range R.

The difference between theAfrequencies fl and fé is made small so that
the phase difference A¢12 giVen by Equation (2.14) varies by no more than 2w,
With the error in A¢ known, the rénge R can be determined to within 2 km. To
improve the accuracy, a third wave with fhe freéuehcy fé is used such that the
difference (fl - f3) is much larger than (f} ] fé). Operating on fl and f%
in the same way as on fl and f2’ the phase-difference:A¢13 is obtained which
give a much more accurafe, but ambiguous, value for R. The ambiguity is re-
solved by measuring A¢12. The measurement of A¢13 thus plays the role of a
vernier. By measﬁring both A?IZ and A¢13g the range error is reduced to 300
meters for a SNR of 20 dB. |

At Sens-Beaujeu an array of antennas are pointed east and 45° above the
ground plane, to measure the~ea§t-wes§ component of the wind. Recently, a
transmitter and another antenna array was built at Bér—su—Aubé that points
south, to measure the no:th—south,component of the wind [Glaés et al., 1970].
This get covers the éame area of the sky as the eastward pointing array. Thus,
it is possible to measure both components of the horizontal wind simultaneoﬁsly.

The meteor trails observations made in Garchy clearly confirms the exis-
tence of the various compbnents of the measured winds—prevailing wind, tides,
gravity waves. The observations suggest that these components are Qtrongly
'interacting. A theoreficai study of non-linear effects has been carried out

to study these interactions [Spizzichino, 1969a, 1969b, 1969c, 1969d, 1970a,
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1970b]. It suggests in particular that the diurnal tide yields -energy tg gra-
vity waves'propagating through the mesosphere. Such a mechanism is said to
be consistgnt with many observed properties of tides and gravity waves.

2.4 Adeléide Radio-Meteor System

At Adelaide, South Australia, measurements of the motion of the upper
atmosphere by radio observations of drifting meteor trails began in 1952
using a combined continuous wave and pulse technique. ~The present system
consists of two transmitters, continuous wave énd pulse, at Adelaide, a méin
receiving station at St. Kilda, and three outstafions [Barnes'and Pazniokas,
1968]. Data from the outstations are relayed by FM links to the main station
where all the information is recorded.-.The CW transmitter is used to measure
the line-of-sight -velocity of the meteor trails and'fhe angle of arrival of
the reflected waves. The pulse transmitter is used to measure the. range of
the reflecféd echoes.

The drift of the meteor trail is obtained.at the receiving antenna by
comparing the phase of the sky wave reflected from a meteor trail with the
'phase of the ground wave received direétly from the transmitter. This method
of Doppler measurement is very similar to that used in the French Meteor Radaf
System. The instrumental accuracy for wind speed determinations is + 5 m/s.

The sense of the drift is determined by a periodic sgw-tooth'phése modu-
lation of the transmitted wave.  The phase'is retarded by 90° every 20 ms.
Because of the path differences, the 90° phase retardation of the sky wave
occurs 0.5 to 1 ms after that of the ground wave. That is, during this period
the ground wave G is retarded in phase by 90° but the phase of the sky wave S
is changed, as shown in Figure 2.9 [Barmes and Pazniokas, 1968]. For this

interval the vector triangle GSR is replaced by G'S R' and the resultant ampli-
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F1gure 2.9 Phase diagram showmg the resultant amplltude at the receiving
antennas in terms of the ground wave G and the sky wave S.
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tude at the receiver changes from R to R'. vOn the boppler record the ampli-
tude R appears aslépikes which.delineate a phantom trace. The sense of the
drift of the meteor trail is obtained by determining whether the phantom
.traéé leads or lags the main Doppler>wave. | .

The angle of arrival of the reflected wave is found by a comparison of
the phases of.fhe sky wave at five-spaced receiving antennas at the main sta-
tion. The layout of the antenna system is shown in Figure 2.10 [Barnes and
Pazniokas, 1968]. The directions OE and ON define the positive axes of a
cartesian coordinate system. -The sky wave is &efined with respect to fhis
coordinate Systém by thé dir¢ction cosines 7 and m. The transmitter lies on
the line'OS. By coﬁparing the phases of the'Doppler sigﬁals at the antennas,
tﬂe‘elevaiioh‘énd.the azimuth—angies afe:determined unambiguoﬁély. Efrors in
the determination of the angle of arrival are less than :_1°;

The.rénge~6f the ﬁeteor'trail with respecf to the receiving'site is
determined by measuring the time'differepce between the arrival of a ground
wafe puise and the associated sky wéye pﬁlse and making an appropriate cor-
rectionlfor the separation of the transmitting and receiving sites. The
equipment parameters permit a range accuracy of :;200 meters.

The diurnal, seasonal, and height variations of the wind are obtained
by setting up a model of the variation of the zonal, meriodional, and verti-
" cal components .as a function of ‘time and height and determining the parameters
of the model by comparison with the observed data. The computer analyses are
carried out according to a method developed by Groves [1959].

2.5 Sheffield Meteor Wind Experiment
‘The radar system used in theVSheffield Meteor Wind Experiment is a coher-

ent pulse type similar to the one used by Greenhow [1964]. The transmitter



raaem ANS 3yl JO TBATIIR JO UOTIDAITIP 2] Sututwxolsp I0¥ pasn seuuejue 9y3 jo Inodel 01T aan8t4

IAUM ANS



35

provides a peak power of. 200 kW at a frequeﬁcy of 36 MHz.

In recent years special efforts have been made at Sheffield to.develop
equipment for the resolution of the vertical structure of the horizontal Qind
in the 80 to 110 km region [Muller, 1970]. The system that evolved is capa-
ble of resolving the position of the specular reflection point on é meteor
trail in terms of elevation angle, azimuth angle and range as.well as the
radial veiocity. |

Like other meteor radar systems, the radial velocity of the target is
measured from the Doppler shift. The outputs of:the phase comparator are
two waves whose amplitudes are proportional to the sine and cosine of the.
phase difference between the transmitted signal and the associated received
signal. The Doppler frequency is determined directly from the spacing of
the amplitude zeros. The sense of the drift is indicated by the relative .
phase progression of the two waves. For the case where the_sine wave isv
leading the cosine wave, the meteor is approaching the radar. The wind
speed accuracy-is + 2 m/s.

The range of the target is obtained from the time interval between the
tfansmission of a pulse and its return after reflection from a meteor trail.
Every other pulse is doubled in length to facilitate this measurement.

The elevation angle and the azimuth are‘meésured by a phase cémparison
method similar to that used at the University of New Hampshife. fhe measure-
ment of the angles depend on the &etermination of the phése differences
between three points of a right triangle on the grpuﬁd.

Three antenna arrays pointing NW, NE and SW are used to determine the
two components of thé horizontal wind. The arrays in the NW and NE directions

are intended for routine wind studies..' The SW array is intended for special
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investigatiohs involving remote stations, which are more conveniently built
SW of the main station.

A multi-station phése—coherent experiment is being developed at Sheffield
to study the vertical structure of the horizontal wind in the meteor zone by
meaéuring up to three reflection points on the same meteor trail. The two
receiving sites secﬁred for this experiment are located at Ughill, 4.5 km SW
'of_the main station, and at Tideslow, 19.5 km SW alqng the same azimuth. The
experiment‘relies upon’ the receptionvof the meteor echo at the two receiving
sites andvre-tr?nsmitting it to the ﬁain'station so that the radial velocity
componeﬁts froﬁ each site can be determined." Each remote station is controlled
iémotely by a'VHF cémménd signal and the meteor echo information is relayed
fo the main station.through a high frequency link.

2:6 Havana Meteor Radar Network |

" The Havana'system waﬁ an eight-station multistatic phase-coherent network.
The original six sites, which included the main,sfation and_fivé outlying sta-
tions, were obtained from the Harvard Radid>Metedr Project [Hawkins, 1963].
Two remote sites wefe added for:windzstudies. At the main site, a pulse trans-
mitter deliveréd a peak power of 3 Mw at a frequency of 40.92 MHz. Also at
the main site, a dual-channel receiver provided Doppler information,' range,
angle of arrival, and Frésnel pattern. At each one of the outlying receiving
sifeé; a singie—channel receiver provided information concerning Doppler shift,
range and Fresnel patterns. Work at Havana has been discontinued and much of
the equipment is nOW<being used to ‘construct the new facility at the University
of Illinois. | |

" Echoes were fecéived:at the main site if the meteor frail was tangeﬂt to

a sphere whose center was at the main site and whose radius was the distance
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ffom-the site to the trail. An echo was also received at an outlying site if
the trail was tangent to an ellipsodd whose foci were the receiving site
under'considerdtion and the main site,. The measured Doppler frequency at one "
of'these sites provided the velocity wind component perpendicular to the
ellipsoid at the point of tangency.

The output of the phase comparator were two waves that had amplitudes
proportional to the sine and cosine of the phase change in a similar manner
as was done et the French and Sheffield systems. The sense of the drift.was
determined from the relative phase progression of the two wavee. A least-
square curve-fitting process wae applied to the phase information giying a
radial velocity determined to an accuracy of +1 m/s.

The range was determined from the number of quarter microseconds between
the transmission and reception of a pulse'at a receiving site. Every 5th
' ~pulse transmitted was delayed by 8 usec to facilitate the measurement. The
error was :;150 meters. |

“To locate_the nosition of the meteor trail, the gradient of the direc5
tion of the meteor in space was determined by finding the times between re--
flection points [Deegan et al., 1970]. The double—trough'antenna.located at
the main site was used to supplement the location of the trail. The two sec-
tions of the antenna were arranged to be used as an interfefometen. Atnevery
echo reception a cone of possible meteor iocatione was identified in the
reduction procedure, which provided additional intersecting surfaces for tar-'
get positioning. The height resolution was limited by the difficulty in
determining the velocity of the meteoroid [Barnes and Pazniokas, 1968]. The

height accuracy was + 3 km.
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To determine the two horizontal components of the wind, two line-of—sight
velocities had to be obtained simultaneously from a remote site and at éne'of
the six original stations. A three-dimensional wind determination required
that echoes from a trail be received simﬁltaneously at a remote site and two
outlying sites which were distant from each other.

The detail with which the wind field could_be described depended upon the
meteor influx rate, which-was high from shortly after midﬁight to midafternoon.
Dpring fhis part‘of the day, the éverage rate of meteors from which horizontal
wind could be determined was about 250 per hour. |

All thé data'collected by the eight stations were sent to the main site
fof prdcessing in a digitizer and reﬁording in a multichannel digital tape
reEorderi The tape wés played back in a CDC-6400 computer appropriately pro-
gxammed‘to print out wind profiles.

.~ The Havana system was noted for its complexity and high costs (see Table
2.1). The receiving system contained a complicated configuration of delay
lines and eight echo-pattern récognizers. The cost to reproduce the Havana
system would be o§er $2,000,000, five times more than the cost of any other.
meteor radar system.

In summary, radar meteor trail returns can provide wind.information
between 80 and 120 km during the day as well as at night, during foul weather
as well as fair. A sufficient number of sta;ions now exist to begin large-
scale synoptic and tidal wind studies north of 30 N. However, cooperation
among these stations so as to coordinate their observations is needed to do

so.
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3. ECHOES FROM METEOR TRAILS

3.1 Introduction

Each day billions of meteors enter the earth's atmosphere and, in burning,
form long columns of ionized particlés; These columns diffuse rapidly and usu-
ally disappear within a few seconds. But during their brief existence the ion-
ized columns will reflect radio signals, thus giving a rise to what is called
meteor scatter.- Its most important use has been in upper atmosphere research.

It is also one of the principal ways in which the meteors themselves are
studied.

Since 1946 the physical processes involved in the interaction of meteors
with the uppéf‘atmbsphere have been studied extensively. Several hundred
papers haye‘been‘published on the subject. Much of this work is summarized
in.a book by Mbkinléy [1961]. It is.the plan of this chapter to do a survey
of those characteristics of meteors and meteor ionization which are important
to the understénding of radar returns. from meteor trails. The subject matter
to be discussed will deal With those characteristics of meteoric particles
and meteor trails which are pertinent to their radio reflection properties.
Then, these properties themselves, as observed for individﬁal»trails, are.
discussed.

3.2 Meteoric Particles

The meteors of interest are those particles entering the earth's atmo-
sphere that are completely burned up by frictional heating. There are the
smaller particles, the micrometeorites, which slole settle through the atmo-
sphere without.being destroyed. Also, there aré large meteors which manifest

themselves as fireballs and even larger ones which reach the earth's surface
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as-meteorites. .The micrometeorites are not of con;érn because, even though
they are most numerous, they enter the earth's atmosphere too slowly to pro-
duce any significant ionization. The large meteoroids, even though they
produce substantial ionization, are of little concern here because their
rate of occurrence is extremely low.

Some.of the properties of metéoric particles are summarized in Table 3.1
[Sugar, 1964]. vThe particles ofAinterest in meteor scatter are those with
masses in the range 103 to 10"7 gram. Before being trapped by the'gravita-
tionallfield of the earth, tﬁese particles move in orbits around the sun.
Their éomposition is uncertain; however, they appear to be of cometary origin
[MbKinZey, 1961]. A substantial fraction of them are not singie particles
but fragile loosely—found‘agglomerates, sometimes called "dustballs'.

Meteors can be diyided into two classes, the shower meteors and the
sporadic-meteors.  The shower meteors are a collection of particles all moving
at the same velocity in fairly well-defined érbits or streams around the sun.
Their orbits intersect the orbit of the earth at a speéific.iime each year
and at these times meteor shdwers are observed. . These meteors, while the
most spectacular,‘accoﬁnt for only a small fraction of all meteors. It is
the sporadiC'meteors that are of most interest in tpper atmospheric research.
Sporadic meteors are those which do not have well-defined‘streams but rather
seem to move in random orbits. Therefore, whereas shower meteors appear to
be coming from a specific point in the‘sky--the radiant point for the shower--
sporadic meteors have radiants that appear to be randomly distributed over
the sky.

Shower meteors are most easily recognized in terms of their radiants,

velocities, and time of occurrence, since these parameters are relatively fixed.
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The .radiants and times of occurrence of sporadic meteors are random and thus
cannot be cataloged in any specific manner. Their radiant points are not,
however, uniformly distributed in the sky but are mostly concentrated toward
the ecliptic plane--the plane of the earth's orbit--and move in the same
direction around the sun as does the earth [Hawkins, 1956]. The orbits are
not uniformly distributed along the earth's orbif but are concentrated so as
to produce a maximum incidence of metéors on the earth in July and a minimum
in February. This variation in space density of metéors is shown in Figure
3.1 [Sugar, 1964].

The rate of iﬁcidence 6f sporadic meteors on the earth is further modi-
fied by two'faétors; The first of thgse, which results in a regular diurnal
Variafion.in meteor rate, is illustrated in Figure 3.2. On the morning side
of the‘earth, meteors are swépt up by the forward motion of the earth in its
métion,ar@und the sun. On the evening side the only meteors reaching the
earth are those whiCh ovgrtéke it. This results in a maximum occurrence rate
around 6 a.ﬁ. and a minimum rate at 6 p.m. It has been shown that for a
-radar'located in the no?thefn heﬁisphere and elevated at 45° the maximum
rate of océurrence of meteors is north at 6 a.m., east at 12 noon, south at
6 p.m., and west at 12 hidnight [Villard et’aZ.,AIQSS]. The other factor
affecting the rate incidence of sporadic meteors is the tiit of the earth's
aﬁis relative to the ecliptic plane. This gives rise to a seasonal variation
that is dependent on the latitude of the observer and can change the expected'
hourly rates by a factor of 1.4.

The velocities of meteors apbroaching the earth are in the range 11.3 to
72 km/sec.> The lower 1limit is~fhe escape velocity of a particle leaving the

earth's gravitational field and thefefore is the lowest velocity that a parti-
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cle falling toward the eartﬁ can have. The upper limit is the sum of two com-
ponents, a 30 km/sec component associated'with the velocity of the earth in
its orbit around the sun, and a 42 km/seé component which is the escape vel-
ocity for a particle leaving the solar system. Nearly all observations have
indicated that meteor velocities fall in the above range and that the meteors
are thus members of thé solar system.
3.3 Meteor Trails | |

As a meteoric particle enters the earth's atmosphere, it collides with air
molecules. The impact'energy produces heat which evaporates atoms from the
méteor, and these atoms move off'with a velocity which is substantially equal
to that of the meteor.  Collisions between_thesé high velocity atoms and the
surrounding air result in the production of heat, 1ight and ionization, which
is distributed in fhe form of a long, thin, paraboloid of reVolutioﬁ'with the
particles at the head of it. The electron line density of the trail is pro-
portional to the mass of the particle. No-appreciable.ionization is formed
until the particle enters the relatively dense air at heights below 120 km.
Above this height collisions of the particles with air molecules are not fre-
quent enougﬁ to form a trail. As the particle traverses the region below
120 km it vaporizes répidly, and most partiqles are completely evaporated
before reaching 80 km. The relati&ely small thickness of the meteqr.region
is a result of the rapid change in air density which occurs over the height
range quoted. At 120 km the mean free path is 5.4 m and this decreases to
3.8 mm.at 80 km [Sugar, 1964].

The height distribution of meteor trails varigs'with the velocity, mass
and radiant of the meteor. The higher velocity particles produce trails at

the higher heights as is shown in Figure 3.3 [McKinley, 1961]. The particle
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of higher mass produce maximum trail ionization at lower heights. A variation
in the meteor mass from 10-7 to 10 g gives a height variation in the trail
occurrence of approximately 35 km. Also, trails with greater zenith angles
reach their ionization maximum at greater heights. A typical distribution of
numbers versus height is shown in Figure 3.4, based on 548 meteor observations
made at Ottawa [McKinley, 1961].

The length of meteor trails--the length of path over which the ioniza-
tion.exceeds an arbitrary threshold electron line density--is dependent on
the particle mass, velocity and‘zenith angle. The'brighter and faster meteors
create ldnger trails, és do meteors arriving from‘radiants near the horizon.
For an electron line density'Qf IO}Z‘elec/m the éverage trail length is 25 km
[Eshleman, 1957]. . | - |

The initial trail radius is typically 0.55 m at a height of 80 km and
.4.35'm at 120 km. 'ané fhe trail is formed it eXpands by diffusion at a rela-
tively low rate, producing a radial distribution of ﬁaterial that is approxi-

mately Gaussian. ' The quantity (4 Dt + p02)1/2

may be taken as the approxi-
mate radius of the trail after a time t where D is the diffusion coefficient
and r, is fhe initial radius of the'trail [Sugar, 1964]. D varies from 0.3
mz/sec at 80 km height to 167 mz/sec at 115 km [Wowak, 1967]. Thus, after
one second a trail will have a radius in the range 1.2 to 26 m.

The practical lifetime of an observed trail }s, of course, dependent on
the means for detecting it. Most trails detected by radio means are those
resultinglfrom>small particles and thus last only a fraction 6f a second.
3.4 Reflection Properties of Individual Trails

Meteor trails can be divided into two classes, underdense trail and over-

dense trails. Underdense trails are those where the electron density is low
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enough so that the incident wave passes through the trail and the trail can
be considered as an array of independent scatterers. Overdense trails are
those where the electron density is high enough to prevent complete penetra-
tion of the incident wave and secondary scattering from electron to electron
becomes important. The transition point from underdense is about g = 1014
elec/m [McKinley, 1961]. Also, the underdense trails have durations of less
than about one second-while the overdense trails have longer durations. Only
radio rgflections'from underdense trails are discussed here, since they occur
with much more frequency than do overdense trails.

Assume the ionized trail is an infinitely long right-circular cylinder
of electrons whose diameter is very small compared to the radar wavelength
and that the trail electron density is low enough that the incident wave
passes through the trail wifhout major modification. Consider the case of
specular reflections with the transmitter and receiver at the same- location.

The signal . -received can be computed by summing the energy backscattered
by each electron in the trail while taking proper account of the phase rela-
tions of these contributions. When this is done it is found that the prin-
cipal contribution of energy from a trail is from its first Eresnel ibne, a
region of length Y2XR where A is the wavelength of the transmitted signal and
R is the range of the meteor trail reflection. On the rest of the trail echo
;ontributions from neighboring Fresnei zones tends to cancel each other. As
the trail expands by diffusion the phase difference of thelcontributions from
the electrons on opposite sides of the trail increases so that the received
power decreases.

The transmission equation can be written in terms of the scattering cross

section ¢ in the following way [Sugar, 1964]
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2
i o
Pp 16n%R?

o : (3.1)
where

PT’PR the transmitted and the received powers, respectively

L]

G GR power gains of the transmitting receiving antennas relative to an

isotropic radiator, respectively

A = wavelength
R = distance from the transmitter to the reflection point
o = scattering cross section of the trail )

If it is assumed that the trail is initially in the form of a line of elec-

trons (an initial radius.of zero), the scattering cross section is

g = %;R A rez q2 exp(- égffé—g-t) 3 | (3.2)
where
r, = classical radius of the electron
q = electron line density of the trail
D = diffusion coefficient |
t = time‘measured from the formation of the trail

The first factor in Equation (3.2) represents the scattering cross section of
the initial distribution of electrons. The second_factof represents the atten-
uation with time as the trail expands and destructive interference begins.

The distribution of electrons across the trail has a.Gaussian shape with an
effective radius /ZEE'[Kaiser, 1953]. The signal amplitude, which is propor-
tional to Y0 will have fallen to 1/e of its initial value at the time the

‘radius of the trail is A/2m,
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If the initial radius of the trail is not taken to be zero, the extra
attenuation associated with this finite radius may be estimated by assuming
that the initial distribution of electrons is Gaussian. Then, the effect
of the finite initial radius of the received power is equivalent to a shift
in the time scale. Using the relation r = V4Dt and Equation (3.2), the ini-

tial attenuation is exp(-81r2 roz/lz) where r. is the initial radius of the

0

trail. When this effect is included in Equation (3.2) and the result. sub-

stituted in Equation (3.1), one obtains the following

A 32 2 2.2
Pp  Gpiprar, 8z, 327Dt
= g exp|- —5— exp(- =) . (3.3)
T 321 R L A

Since it was assumed that trails were of inifnite length in the above
relation, every trail has a first Fresnel zone and, therefore; gives a spec-
ular reflection. In practice, however, since trails are of finite length
this zone may not exist on the trail. In such a case the returned signal is
weak and is of little importance. Thus, a radar can see only a fraction of'
all trails incident on the iohOSphere because most trails do not have the
proper orientation for the line of sight to be perpendicular to the trail.
3.5 Modifying Effects |

The simple model for the underdense trail that is given above can be
used to interpret many observed effects of underdense echoes. For a moré de-
tailed picture, however, some further points have to be considered.

A process inflﬁencing the plasma of the trail is a loss of electrons
through recombination and éttachment to neutral molecules. Deegan et al.

[1970] have observed recombination in their trail data. They have also
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shown that the neglect of recombination effects can cause. wrong conclusions
to be drawn from meteor trail observations. |

The effects of ionospheric winds are appreciable for trails which last
for the order of a second or more. Trail distortion resulting from wind
shéars can lead to the formation of several specular reflection points. The
received signal is a composite of these contributions. Since each reflection
point is moving at a different velocity, the returns from each specular re-
flection point have different Doppler shift and the resulting composite sig-
nal fades in an irregular manner [Manning and Eshleman, 1959].

Signal losses through ab;orption in the D region can become quite notic-
able. This effect disappears at night but can reach a noon maximum of . -10 dB
at 30 MHZ [Nowak, ‘1967]. During ionospheric disturbances, abnormally large
values of absorption Qccur. |

The refiection coefficient also'depends on thé orientation of the trail
with respecﬁ to the'polarization of the radar wave. This is an effect pecu-
liér to.thé.;ylin&rical geometry of the mefeor trail. 4The transverse com-
ponent of thé electric field polarized the.piasma, and if thevplasma fre-
quency 1is Y2 times the signal frequency, resonance in the trail occurs. For
a longitudinal field, this effect is absentvbecauée of the lack of boundaries
at which polarization may be set up [Manning and Eshleman, 1959]. Plasma
resonance occurs typically at fhe beginniﬂg of an echo, and enhances it. As
the trail expands the transverse reflection coefficient approaches the longi-
tudinal one. Hénce, in the beginning of the echo the decay is faster than
that given by the simple trail theory;‘ For strong echoes a sudden change in
decay rate, occurring‘as the plasma resonance effect ends, is soﬁetimes ob-

served. Depending on the system sensitivity, however, the signal might
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disappeér in the.noise before the change in decay is obvious. Then, the
first part of the echo, with superimposed decays from diffusion and reso-
nance, might Be interpreted as stemming from diffusion aléne, leading to an
error in the determination of the diffusion coefficient.

The measurements of wiﬁds, as derived from the radial motion of the
reflecting trail point with_respect to the radar; is. fairly straightforward.
It has been shown that the motion of‘a méteor trail is indeed that of the
surrounding atmosphere, since any influence of the earth's magnetic field
on trail motions has been discounted by experimental results which showed
predominantly horizohtal motions in a region where the magnetic dip angle is
65°.[Munning et al., 1950]. The measurement of the Doppler shift in the
echo,'used to determine radial motion of the target, is only invalidated if
several reflection points on the trail exist, from which different Doppler
shifts are superimposed into a combined waveforﬁ. These cases would be. -
accompanied-by a Eorresponding fading in the amplitude record, so these echoes

can be identified and eliminated from the data.
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4. OBJECTIVES AND TECHNIQUES OF MEASUREMENT

4.1 Objectives of the System

It is planned to build and operate a simple and reliable meteor radar
system that will be able to measure winds in the altitude region between 80
and 120 km. Especially.now, when investigators of the upper atmosphere are
trying to extend models for.gloBal circulations to high levels, such data
areiurgently‘neéded above the mesosphere.

. Present indications are that the proposed'facility should be able to
f éXCeeg‘all presently operating meteor radar facilities iﬁ performance. This
"is pfimafilyjbecause-of the 4 Mw power of the.t;ansmitter to be ﬁsed. This
trangmitter and ther-equipment thét formerly éompfised the Havana Radio
Meteor System has beén given to-tﬁe University of Illiﬁois by the Smithsonian
A;trobhysical Observatory and the Department of C§mmerce.

‘Table é.i shows that the power of the Havana transmitter is approximately
two orders of magnitu&e greater than that of other meteor radar facilities.
Now the number of meteor trails with an electron line density of g or larger
is inversely proportional to q [Manning and Eshleman, 1959]. Since the re-
ceived echo power is proportional to q2 and the transmitted power (see Equa-
tion 3.2), the number of echoes detected above the noise threshold with the
Havana transmitter is an order of magnitude greater thaﬁ the number detected
with the other systems (see column 5 of Table 2.1). The high echo rate of
" the proposed facility makes it possible to obtain wind-determinations with
imprerdltime and height resolution, permitting the study of motions with

~short periods and small vertical wavelengths.
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One of the most important design considerations for the proposed facility
is that the height of the echo should be accurately determined, since the
study of gravity waves with realtively high frequencies is a principal objec—
tive. These motions are expected to have a small vertical length scale. This
fact can be seen from the asymptotic approximation of the dispersion relation-

ship to interval gravity waves (i.e., assuming Ké? >> waz/cz)

N _ A o
2 2 {"B .
S S = (4.1)
w .
where
Ki,Ké = horizontal and vertical wave numbers, respectively
= i =m
w, acoustic frequency R 5

wp = Brunt-Vaisala frequency for an isothermal atmosphere = (y - 1) g
. h . ‘-2_

¢ = speed of sound ¢

y = ratio of specific heats =

QI'UQ

{4
g = gravitational acceleration

If one takes Ké and w. to be constants and decreases w [Hines, 1960], Kz must

B
increase, that is, the vertical scale must become small.

The radial wind must be so that the small amplitude oscillations in. the
meteor region can be detected.

Another important design consideration is simplicity. Some‘of the short-
comings of the Havana system were an outgrowth of its complexity and the re-
sulting complexity of data analysis. All seven outlying stations had to send
phase synchronous data for each pglse back to the main station. There the

signals were sent through a series of delay lines and echo-pattern recognizers.

A1l this information eventually ended up in a 18-channel recorder (see Section
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2.6). The new facility will utilize one station in finding the-velocity and
height of a meteor trail echo. Very little hardware equipment is to_be placed
between the receiver and the recorder. A1l the processing and echo recogni-
tion will be done in the computer.. The proposed system is designed with the
scientific objectives of wind measurement at the forefront, the aim being to
insure routine operation and data analysis within reasonable cost limitationms.

The proposed meteor radar facility will be capaﬁle of continuously mon-
itoring horizontal wind and perhaps neutral density in the 80-120 km altitude
range. From these one will be able to find prevailing winds, tidal oscilla-
tions, gravity waves and turbulence. The system requirements for obtaining
these different dynamic parameters become progressively more stringent. Gra-
vity waves_and turbulence require a height accuracy of + 0.5 km and a minimum
echo rate of hundreds per hour [Barnes, 1968], due to the short vertical
length scales and the short time'scéle of these types of motion. The prime
design objective is therefore the'capébility of the proposed system td ob-
serve gravity waves. The high data-collection rate resu}ting from the power
of the new facility makes this a realisfic objective.

In summary the objective is to use the high-powered transmitter, together
with systems for measuring echo location quite accurately, to study short-
time-scale dynamics in ‘the 80-120 km aititude range in a way that no existing
facility presently is able; This can be accomplished within state-of-the-
art technology.

4.2 General Approach

Winds are measured from the Doppler shift of the meteor echo. The mea-
surement of the Dopplér shift is outlined in Section 4.3. The height of the
“echo is determined by its fange and elevation angle, which are to be dis-

éussed‘in Section 4.4,
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Different meteor radar installations use different methods to measure
horizontal wind. For instance, the Garchy system used one transmitter and
receiving system to measure the east-west andlanother to measure the north-
south wind. The AFCRL system at Durham is alternately pointed NE and NW to
give the two orthogonal wind components. The plan of the Havana system was
‘to measure orthogonal wind components by using a nuﬁber of outlying receiving
stations and hencexa number of lines-of-sight.

At Illiﬁois it is planned to use a broad horizontal beam and an inter-
ferometer to measure the azimuth angle of the meteor echoes. A similar inter-
ferometer system is used to determine the elevation angle.- This; along with
range informat;on, gives horizontal wind as a function of height with some
horizontal avéraging implied over the width of the beam. From these wind
data the zbnal mean wihd, planetary waves, tides, gravity waves and turbulence
can be studied.

4.3 Doppler Measurements

The measurement of wind by a meteor radar is based on the Doppler shift

of a meteor echo-relative to tﬁe transmitted signai} The Doppler frequency

is given by Equation (2.2)
Af = E—f'[; . (4.2)

This yields the line-of;sight velocity v of thé.heteo; tfail which is assumed
to result from the neutral wind.

At the University of Illinois the Doppler shift will be obtained by com-
paring the phase of the received signal with the phase of the transmitted
signal.- The outputs of a phase comparator will be a sine wave and cosine

wave of frequency Af. By manipulation of the following signals -
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1 =4 cos(-wAt + ¢)

cosine output at time T
sine output at time T2 = A sin ¢

cosine output at time T A cos(bAt + ¢)

3

where A = amplitude proportional to the strength of the received pulse, w =

2raf, At = T2 - T1 = T3 - T2 = time between pulses and ¢ = phase of signal at

the aﬁtenna', one obtains (Backof and Bowhill, 1972)

cos(~wAt + ¢) - cos(wAi + ¢)
’ -2 sin ¢

sin wAt = ;(4.3)
Froﬁ-sin wAt, the Doppler frequency can easily be determiﬁed. Since sin wAt
is an odd function, the .sense of the drift can be.obtainéd.

4.4 Range and Angle Measurements |

The height of an.echo is obtained from the range_énd angle of arrival
measurements. The range is essentially determined by the ngmbef of‘microsec—
onds between the transmission and reception of a pulse; Since fhe A/D con-
verter used in this system samples at every 10 us, the pulse Width has to be
at least this large. Thus the 3 dB width of the pseudo—guéssian pulse is
chosen as.10 us.

Several methods for determining the angle of arrival of an echo are avail-
able and are discussed byANowak [1966]. At the new facility in I1linois the
~angle of arrival is obtained by three receiviﬁé éhfennas arrangéd in an inter-
ometric mode. The antennas will be located.at the vertices of a riéht triangle

with one side parallel to the beam axis, to measure both the azimuth and ele-

vation angles. A top view of the receiving array is shown in Figure 4.1.
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To determine the direction of arrival of the echo, the phase difference

o, between the fields received by the two antennas A

1 and Az is determined

(see Figures 4.1 and 2.7) by

2nd 2nd
1 1
1 7 COS B = 5~ COS @ cos Y . (4.4)

o
n

The antennas Ai and A2 are alighed along the beam axis, which is pointed

to the north.. For an arbitrary location of the echo, ¢1 is a function of

both the azimuth angle vy and the elevation angle a. The phase difference

between A. and'AS,

1

determined where

which are aligned perpendicular to the beam axis, is also

cos o sin y . (4.5)

The angles B and 6 as well as the elevation angle o and the azimuth angle vy
are pictufed in Figure 4.2 [Sugar, 1964].
To avoid ambiguity, the antenna separations d1 and d, have to be chosen

so the path length differences AZl and AZ2 are less than 1 thus,

AL d1 cos B < A (4.6)

’

Al d

, sin 8 <A . | (4.7)

Thus the azimuth separation d, is set at 1i. The elevation separations d, can

2

also be set at 1\ to give no ambiguity. But 1A is too small a value to get

the desired measurement accuracy in the elevation angle. Therefore, a fourth
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éntenna is needed. Antenna A2 is placed 20X from Al to get the measurement

accuracy. A4 is placed 1X from A1 along the same axis to resolve any ambi -

guity.

In summary the Doppler shift is obtained by phase comparison at one
receive;. The angle measurement, however, is»determined by comparing the
phases betweeﬁ‘pairs of receivers. The range is obtained by timing the
transmission and the reception'of a pulse. The equipment used for these
measurements will be discussed in the next chapter. The accuracies are dis-

cussed in Chapter 6.
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5. . SYSTEM DESCRIPTION

The transmitted beam will cover a large colume at meteor region altitudes.
When a meteor trail is oriented at right angle to the beam, an echo is detected
by the receiving antenna. From the antenna the echo enters the receiver. The
phase of the reflected signal is then compared with the phase of the trans-
mitted signal. Two waves proportional to the sine and cosine of the Doppler
frequency are the outputs of the receiver. These outputs along with those from
the other receivers are sent to the multiplexer. The multiplexer acts to send
tﬁe sigﬁals.one at ; time to the A/D convefter so that they can be converted
to digital signals.r The digital signals are then sent on to the computer for
proéessing and Storage. In the computer Doppler frequency, range and elevation
and azimuth angles are computed in real time and stored on tape for further
use. In the following sections the different parts of this éystem are des-
cribed in more det;il.: o
5.1 Transmittér-

The Continental Electronics Maﬁufacturing Company Type P0O-830 transmitter
[Deegan et al., 1970] originally located at Havana is now being reconstructed
for the new facility at the University of Illinois. Its operating frequency

is 40.92 MHz. The transmitter characteristics are as follows:

Peak power output 4 Mw

Average power output 20 kW

Pulse waveform 3 us at 1330 pps to 100 us
| at 40 ppé

Nominal duty factor 0.004

Power supply requirements 230 v, 3 phase, 60 cps
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Power source capacity 200 kv-a
Type of emission pulsed CW
Output impedance - 100 ohms balanced (two 50-

ohm unbalanced outputs 180°
out of phase) .

The trangmitted pulse will be quasi-gaussian with a half-power width of
10 us. Since the average power is 20 kW, the pulse repetition frequency is
chosen as 500 pps.

5.2 Transﬁitting Antenna

One of the objectives in the design of the transmitting antenna is to
optimize the number of.received echoes from meteor trails. This is to facil-
- itate the study of short period wave modes in the upper atmosphere. The trans-
mitting antenna will be pointed 45° above the ground plane and to the north,
where meteors-occur most often each day [Villard et al., 1955]. The 45° ele-
vation is chosen from the following line of reasoning. If the beam were
‘pointing at a high elevation angle, very few echoes would be received siqce
a meteor would have to be traveling almost horizontally before specular re-
flection occurred. A low elevation beam would give many mgteor echoes but
the noise resulting from the closeness of the beam to the ground and the large_
radial distance to the meteor region would combine to give a large error in
the angle measurements.

The simple antenna envisioned at Illiﬁois is composed of two rows of
half-wave dipoles. The two rows are paired in a collinear configuration.
Each pair of elements are operated in phase, and the direction of maximum
radiation is at right angles to the line of the.paired elements. Each row

is made up of 11 elements. The spacing between adjacent elements is 0.48 A
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causing a phase difference between adjacen; elements of 142°. The antenﬁa

is pictured in Figure 5.1.

h These values are choéen because of the desire to point the beam 45° above
the horizon and to have the elevation beamwidth cover the meteor.regiqn ade-~
quately between 80 and 120 km. This antenna design satisfies these goals
quite well, .The array factor for linear array of N elements each spaced by

a distance d is given by [Krauss, 1950]

~. and

_ 1 |sin N y/2
AF = N | sin ¢/2 . 5.1
where
Y = z%é-cos p + 6 : ‘ (5.2)
A = wavelength of the transmitting beam
p = angle between the line of the array and the line from the center of
the array to a far point
8§ = difference in the transmitting phase of adjacent sources

To ensure that the tfansmitting beam has only one main lobe, the distance d
has to be chosen so that the array factor does not vary by more than one per-
iod, that is,

1 1
di?(l ‘2—17) A . (5.3)

From Equations (5.1), (5.2),'and (5.3), the values given above can be obtained.
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Referring to Figures 5.2 and 5.3, the azimuth beamwidth is 48° and the
elevation beamwidfh is 11.5°. The gain of this antenna is approximately 17 dB.
The wide beamwidth in the azimuth.direction'is necessary for the determination
of both components of the horizontal wind given the planned mode of operation,
where only one array of receiving antennas is used to continuously monitor
one section of the sky. For example, if Doppler measurements are obtained
for trails in the NE and'NW directions at about the same height and time,
these measurements can be used to give the horizontal wind. The elevation
'beamwidth is determined by optimizing the meteor regiﬁn covered by the beam.
From symmetry a line of dipole antennas will result in a solid cone-shape beam
where the sides of the azimuth pattern curve toward the ground. The transmitted
beam.should have a rather narrow elevation angle while being rather broad in _
azimuth, The azimuthal extent of the 3-dB beamwidth in the 80-120 km region
is calculated to be 49° while the corresponding slevation extent is 11.6°.

5.3 Receiving Subsystem

The receiving anténnas that will be used are 13-element Yagi's. The Yagi
antennas were manufactured by the Telrex Laboratories of Ashbuiy Park; New
Jersey, and'carfy model number CY13-40-42. Each Yagi antenﬁa has a 3-dB beam-
width of 30° in the'azimuﬁh direction and 64° in the elevation direction. The
géin above an isotropic radiator is about 15 dB, and the front-to-back ratio
is 30 dB [Whipple and Hawkins,-1956]. The Yagi antennas will be mounted on
60-foot poles and pointed north and 45° above the ground plane, centered on
the same volume of-the sky as the transmitting antenna.

An Aerospace Research Incorporated (ARI) Model PR-40A receiver is connec-
ted to each receiving antenna. A block diagram of the ARI receiver is shown

in Figure 5.4 [Deegan et al., 1970]. The 40.92 MHz echo returns are converted
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fo the intermediate frequency (IF) of 5.5 MHz, from which are derived both
linear and logarithmic video data. The 5.5 MHz signal is also béought to
phase detectors for phase comparison measurements. Tﬁus, the outputs of
the‘ARI receiver are an gmplitude signal proportional to the amplitude of
the echo, énq two waves proportional to the sine and cosine‘of the phase
difference A between the return signal and the transmitted signal.

The input-output characteristiﬁs and the freduency‘response of the
receiver are shown in Figures 5.5 and 5.6, respectively. The ARI receiver
is linear over a range of one decade. The 3-dB bandwidth of the receiver
IF output is 180 kHz.
| - To get an idea'of the strength of the received signal, the signal-to-
noise ratio from a meteof trail whose electron line &ensity is 5 x 1011 elec/m_

will be calculated. From Equation (3.3) and the fact that the noise at the

antenna is given by Py kTSB, the signal-to-noise ratio is

3, 2 2
P GTGRA PTq r,

— = exp[- ———
Py 32n2R3kTSB, 2

9!

(5.4)

where
GT = gain of the transmitting antenna
GR = gain of the receiving antenna

A = wavelength of the transmitting signal
P_ = power of transmitting signal
q = electron ‘line density

r = classicallradius of the electron
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R = line-of-sight distance from the traﬁsmitter to the trail
k = Boltzmann constant
TS = antenna temperature due to noise

B = receiver bandwidth
r. =

0 initial radius of the trail
The dominant noise is the system is the sky noise, which is chosen as 104°K
[McKinley, 1961]. Thus; if the initial radius of theifrail is 1 m, the
signal-to-noise ratio is about 17 dB. |

To determine the sensitivity of the systen, theAexpected hourly rate of
the meteors will be calculated. Manning and Eshleman [1959] have estimated
the number n of trails per square meter per second 7 with an eiectrdn line

density of g or greater by
ne=2 ‘ 7 (5.5)

For g = 1011 elec/m and the éollecting area in the meteor boundedxby the half
power points of the antenna equal to 5600 sq. km, the number of meteor trails
seen per hour is 32,000. Abogt 10% of these will have the proper orientation
for reflection [Whipple and Hawkins, 1956j so that 3200 trails should be
received per hour by the Illinois system.
5.4 Digital Recording and Reduction

All of the processing and recording of the return-echoes from meteor
trails will be done by a PDP-15 computer. The computer has a cycle time of
80Q ns,'imp19ing that the maximum instruction rate is.about 10,000 per second
in a high ievel language. After reduction the wind data will be recorded on

DEC-tapes.
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The meteor radar reduction program will determine in real time the Doppler
shift, the range and the elevation and azimuth angles of the echoes. From this
information the computer changes the spherical coordinates of the reflection
‘point into cartesian coordinates and the radial drift velocity is calculated
from the Doppler shift. The location and velocity of the trail are then recorded
on magnetic tape for more elaborate reduction at some later time. Backof dnd
Bowhill [1972] have studied this reductibn procedure in detail. A summary
of their work will be presented here.

The reduction of the Doppler shift has already been discussed in Section

4.3. Equation (4.2) is rewritten here.

cos(wAt - ¢) - cos(wAt + ¢)

sin wAt = 7 sin ¢

(5.6)

Since the denominator of the expression can take on the value of zero, singu-

larities must be considered. If a fourth measurement

sine output at time T,: A sin(2wlt + ¢)

4

is added, then sin wAt is also given by

sin(2wAt '+ ¢) - sin ¢ , (5.7

Sin WAL = okt T )

If the denominator of Equation (5.6) is small, then the denominator of Equa-
tion (5.7) is large by comparison, .and vice versa. Thus the expression with

the larger denominator is chosen for the calculation of the Doppler shift.

1t
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To determine the range, oné of the receivers is chosen as the reference.
When a pulse is transmitted, the amplitude output of the referenée receiver
is simultaneduslyAsent through the multiplexer to the A/D converter. The A/D
converter samples the amplitude signal at every 10 us, and the digitized sig-
nal is recorded in the core memory of the computer. The sampling and storing
continues for 1.3 ms, corresponding to a maximum range of reflection of 200 km.
The 130 core locations which are filled are then searched for-the peak value. -
The location of this memory word relative to the first memory word indicates
the value of the range. |

In order to determine the elevétion and azimuth angles of arrival, three
phase comparisons are made (see Section 4.4). Since the three measurements--
fine elevation, course elevation and azimuth--are similar, they will be treated
as one here. If the sine and cosine outputs at one receiver are measured,
followed by the measurements of the sine'and'cosine at a second receiver, then
a trigoﬁometric manipulation 6f these four quantitieé can be accomplished to
bbtain the phase difference. Backof and Bowhill [1972] have shown that the

following four measurements

from antenna #1 at tlz le = A1 sin(cp1 + wtl)
from antenna #1 at~t2: 'MZ = Al cos(¢1.+ wtz)
from antenna #2 at t3: MS = A2 sin(d)2 + mts).
from antenna #2 at t4; MA = A2 cos(d)2 + wt4) ,

where

Al’AZ = amplitude factors at receivers #1 and #2, respectively
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¢1+¢2 phase constants at receivers #1 and #2, respectively

w = doppler frequency

can be manipulated to give

sin(¢; - $y) = ———— (5.8)
sz . y2
and
cos(¢, - ¢,) = —L— (5.9)
: ¢x2 . y2'
where

8
n

(M1M3,+ k&Mﬁ) cos 2p - M.M, sinp + M.,M_, sin 3p

174 273
y = (MlM3 + M2M4)151n 20 + MlMﬁ cosp - MZMS cos 3p
p = w(tz - tl) = w(t3 - tz) = w(t4 - ts)

The value of w is taken to be known from the Doppler measurement. Singulari-
ties occur only if cosp = 0. This corresponds to a radial velocity of 400 m/s,
which is.an improbable value for the wind in this atmospheric regiqn.

In order to measure all the pafameters associated with each meteor trail,
a sequence of 16 measurements must be formulated which will input all the phase
and amplitude information that are necessary for reduction through the 16-
channel multiplexer.-.The sequence allows muitiple measurements of range and
UopplerAshifts; since these parameters are so important to the accuracy of the

calculation.
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6. MEASUREMENT ACCURACIES

6.1 Veloeity of the Wind

There is a quantization error inherent in the measurement of the doppler
shift using.an A/D converter whgse outputs are only.integral values betweeg
-512 and 511. Backof and Bowhill [1972] have shown thaf the error of sin(wAt)

is approximately

sin wAt + 1/2
A sin ¢

d(sin wAt) = for A sin ¢ large - (6.1)

where
w = Doppler frequency
At = period of a pulse
A = amplitude factor
- ¢ = phase constant

Then the error of the wind velocity v due to trucation is

A sin wAt + 1/2

cos(wAt) 4 t A sin ¢ (6.2)

dv =

where A-is the wavelength of the transmitting signal. The error of the'windv
is strongly dependent on the amplitude factor |A|, which is taken to vary
between 10 and 512. Letting lAl = 400, ¢ = v/2 and v = 100 m/s, the error
is :_0.65 m/s. | |

Since the Doppler frequency is calculated from the sine and cosine of the

phase difference Ad, another limit on the wind accuracy is the phase stability
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per pulse.which is about 0.01 rad, caused méinly by noise. This gives a wind
error due to noise at + 2.9 m/s. Thus the total wind accuraéy is about

+ 3.5 m/s per pulse. If several wind measurements are obtained from the

same trail over a short period of fime, the measurements can be averaged to
get a greater accuracy.

6.2 Range

Since the range is determined b} the time between the transmission and
receptiqn of a pulse, the range acéuracy is‘determined by the length of fhe
pulse, which.is 10 us. If the center of the.pulse is tékeq as reference, the
range accﬁracy is + 750 m.

If the maximum value that is found in the search of 130 core 1§cations
and the two values adjacent to the maximum are cbnsidered and the shape of
the output pulse is known, then the range can be determined mofe‘accurately
[Backof and BowhiZZ, 1972]. The ratioﬂof tﬁe maximum vélue to the higher of
the two adjacent values is compared to a table of ratios taken from the actual
pulse shape. The location of pulse maximum reiative to that of Sampled max-
imum can be determined. This technique can effectively improve range accuracy
by a factor of 5, or to + 150 m.

There is also an error in tﬁe range &ue to the noise. This.is an error
introduced by the fact that there is a finite rise-time. The uncertainty in

time is

T
_ "R
Mp = 5 (6.3)

where TR is the rise-time and S/N is the signal-to-noise ratio [Barnes and

Pazniokas, 1968]. The rise-time Ty is related to the bandwidth BW by the
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following [Van Valkenburg, 1964):

™
Tr = BW

(6.4)
Since the regeiver bandwidth is 180 kHz, the rise-time is 17.5 us. For S/N =
15 dB, AT, is .554 us. Thus the range error due to noise is + 83 m. The
total range accuracy is than about + 230 m. |
6.3 Elevation and Azimuth Angles

The angle determinatioﬁs are obtained assuming that the Doppler frequency
w is known. Thus the error in the Doppler gives rise to an error in the
angles of arrival. From Equation (5.8), Backof énd Bowhill [1972] have shown
that the phase error due to the Doppler inaccuracy is 0.02 rad. Including
the phase error due to noise, tﬁe total phase instability d¢ is + 0.03.

The accuracies of the elevation and the azimuth angles of arrival are

calculated from Equations (4.4) and (4.5). From those two equations, one gets

®, 4, » :
o aritan Y . . (6.5)
1 1 : : A
Now, the azimuth error is
Ay =La g (6.6)
V% T de, T2 '

Assuming that both measurements @1 and @2 are made with the same error d%, one

differentiates Equatioh (6.5) and substitutes into Equation (6.6) to get
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cos’ Y|d¢|d 2,
ldv| = ———g——(u—-) S (6.7)

Remembering that dl = 20X and d2 = 1A and letting y = 15°, a = 45° and d% =

0.03 rad, the azimuth error becomes

ldy| = 6.61 x 107> rad

Again from Equation (4.4), one obtains

ERN ‘
N vl (6.8)
2m 1 oS Y
The elevation error is
90 o :
da = -3d>—dq)1 + WdY . o o (6.9)

Diffefentiating Equation (6.8), one gets

A

]da| = ani sin o cos y

(1de | + & tan vy lav]) . (6.10)

1

Let d®1 = 0.03 rad, o = 45° and y = 15°. The elevation error becomes

|da] = 2.12 x 10.3 rad |
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The height accuracy can now be computed. The height % is given by

~h=Rcosa (6.11)
so that the height error is
_ dh dh '
dh—ﬁd}?'*a:dd . (6.12)

Differentiating Equation (6.11), one gets
‘.' ' ) ]dh| = sin a|de + R cos a|da| . (6.;3)

' From previous calculations, the range error dR was shown to be + 230 m and
‘the elevatioﬁ error da = 2.12 x 10-3 rad. Letting a = 45° and R = 141 knm,

one obtains a height error of -
|dn| = 375 m.

The Fresnel zone is given by v2AR. If the meteor trail is oriented 45°
with respect to the horizontal plane, the height error caused by the averaging
over the Fresnel zone is + 510 m. Thus the height error due to the phase

instability is less than that caused by the finite extent of the Fresnel zone.
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7. CONCLUSIONS

7.1 Fulfillment of the Objectives

It is desired to build and operéte a relatively simple and reliable
meteor radar facility at yhe University of Illinois to measure the wind in
the 80-120 km altitude region. Stringent design criteria are imposed on the
design of this facility since a principai objective will be to study the
shorter period wave phenomena in the upper atmosphere. It is expected that
this facility will exceed all other presently operating facilities in per-
formance. .

Certainly this meteor wind facility should utilize the 4-Mw transmitter
so that the number‘of useful meteor echoes over the 80-120 km altitude range
is maximized. The transmitting antenna is designed to eﬁit a beam that is
wide in the azimﬁth direc;ion‘and to adequately cover the altitude rénge of
the meteor region and, of course,"to have high gain. - Because of tﬁe 1a¥ge
collecting area of this beam and the high transmitted electromagnetic fieid,
more than 3200 meteor trails per hour are expected to be received by the
receiving antennas. Also, the transmitting and receiving antennas are pointed
north, where the maximum number of meteor trails should be observed over a
complete day's observations.

The scientific objectives of the facility dictate that the heighf.of
the meteor echo should be as accurately determined as possible, perférabiy
so that the height error is less than altitude interval subtended b} the)
Fresnel zone around the specular reflection point. To do this the range and
thé elevation angle of the received echo must be determined very accurately.

For the range determination, the desired accuracy is attainable by using an
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appropriate data reduction procedure. .The sampled maximum .of the receiyed
pulse is compared with the actual shape of the pulse in the data reduction
software. This results in a rahge accuracy of + 230 m. The desired accuracy
in the elevation angle can be obtained by measuring the azimuth angle as well
as the elevation angle. Also, the separation between two réceiving antennas
aligned along.the beam axis is made very large (20 wavelengths). The eleva-
tion angle accuracy measured in this manner is + 2.12 x 10—3 rad, or about

+ 0.12 deg. The height accuracy is then * 375 m.

Another important design cirterion is that the error in the determination
of the radial wind be small. By using an appropriate method of data analysis,
the radial wind accuracy is calculated to be + 3.5 m/s. It is possible to get
16 wind measurements from the samé trail in 0.3 seconds; thus the measurements
can be averaged to get a radial wind acéuracy of + 0.9 m/s,

A final design consideration is simplicity. Very little hardware equip-
ment is used between the receiver énd the computer. All data reduction is
done in software. The lack of hardware in the receiving subsystem reduces
the need for maintenance énd permits changes in the reduction procedure to be
made quickly, since changés can bevacéomplished by altering the software
routines. '

7.2 Prospects for Future Work

The transmitting antenna to be ihstalled at the new facility emits a
beam that islguite wide in the azimuth direction. This beam permits the mea-
surement of the two-dimensional horizontal wind. In the future another trans-
mitting antenna may be built with a narrow beam in the azimuth direction.

This narrow beam might help to define the azimuth angle very accurately and
make possible more extensive sutides of wina shears and graﬁity waves along

a vertical column.
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At the present time, all the antennas are designed to point north. This
configuration will measure the north south component of the wind most accur-
ately. Another set of antennas might be built wh1ch p01nt toward the east
(or west) so that the east-west component of the wind can be determined with
comparable accuracy.

In the future, more attention might be given to measuring the amplitude
'decay of the meteor trails so that the diffusion constant and the density of
the atmosphere can be determimed.' The values measurea using this technique
could then be compared with those obtained from the incoherent-scatter Sys-
tem belng bu11t at 1111n015. |

A multlstatlc system could be bu11t in whlch several other receiving
sites are used to measure the w1nd, thus allowing measurements to be made
et'more than one specular reflection point on a given trail.

These possible future developments should await examination ef the data

Affom the.meteor radar'fecility as it is ptesently conceived. This should help
to point the way to the alternative models of operation that are of_most

scientific .interest.
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