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OPERATIONAL MODES FOR A WAVE INJECTION

FACILITY ABOARD SPACELAB AND A SUB-SATELLITE

Peter L, Dyson*

ABSTRACT

The Spacelab program offers an opportunity to put a sophisticated Wave
Injection Facility into orbit to study many aspects of space plasmas, Such a
facility would ccver a very wide frequency range including MF and HF, In the
Alouette and ISIS programs experiments were also done at these frequencies.,
Significant technical developments have been made since then, however, and it
is now possible to carry out more extensive measurements on the properties of
waves propagating in the space plasma. For instance, phase and Doppler shift
measurements can be made to give more accurate measurements of echo time
delay and the angle of arrival, This report examines various modes of opera-
tion of a Wave Injection Facility in order to demonstrate the type of measure-
ments which can be made, Since the Spacelab flights will involve sub-satellites,
some consideration is given to propagation between two vehicles both at HF

and VHF.

‘-‘NAS/ NRC Resident Research Associate
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OPERATIONAL MODES FOR A WAVE INJECTION
FACILITY ABOARD SPACELAB AND A SUB-SATELLITE

1. Introduction

This report considers the operation of a Wave Injection Facility primarily
from the point of view of measuring the properties of electromagnetic signals in
the MF and HF bands. The modes of operation suggested need not, however, be
restricted to these types of singal and can be used in other frequency ranges
and for other types ol signals (such as electrostatic waves associated with plasma
resonances), It should also be noted that the operating modes suggested here are
not necessarily the only desirable modes at MF and HF. They are meant to be
basic general purpose modes of operation which will yield a considerable amount
of useful information., In fact, other modes of operation (or variations of the
modes discussed here) will also be used for certain studies. However, it is felt
that the operating modes presented are sufficient to illustrate the MF and HF
capabilities of the proposed facility.

It should be understood that the type of computer controlled facility dis-
cussed here offers great flexibility in designing modes of operation and that new
operating modes can be implemented at any time simply by writing a new control
program, i.e., only changes in software are required. This type of computer con-
trolled operation has proven successful with ground based ionosondes (e.g. Bibl
and Reinisch, 1978; Devlin, 1978). The development of the Wave Injection Facility
will be evolutionary i . nature and a flexible computer controlled facility is con-

sistent with that philosophy.
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A specific case of combining HF and VHF measurements to measure proper-
ties of gravity waves is discussed, Again, this is an illustrative example and is
not meant to exclude other modes of combined operation,

Finally, in developing modes of operation one is usually concerned with the
sequence in which certain measurements are made rathor than the actual hard-
wire equipment required to make the measurements, Con.equently, no details
will be given here of the equipment to be used, Rather the emphasis will be on
the measurement sequence and the methods of combining measurements to de-
termine useful quantities,

For convenience most of the discussion will be in terms of a monostatic
system but all of the concepts are appropriate to the bistatic situation. The
electromagnetic wave studies at MF and HF will be primarily concerned with
transmitting pulses and determining the time delay, amplitude, phase and Dop-
pler shift of any echoes received. As pointed out by Calvert (1976), coherent
detection of echoes preserves these signal properties and if the in phase and
quadrature components of the coherently detected signal are digitized, further
signal processing can be done by a computer or dedicated microprocessors,
Details of actual receivers, coherent detectors and AGC circuits will not he
given here since such devices are routinely built for communications and radar

applications,

2. Amplitude Measurements

Alter coherent detection, the in-phase and quadrature components of the
signal are available for processing. Because of the large range of signal ampli-
tudes which can occur it is unlikely that a detector with sufficient dynamic range

could be easily designed. The standard approach is to adjust the receiver gain




ceing an AGC system so that the input signal to the detector will be at an appro-
priate level, Thus the measurement of signal amplitude requires the measure-
ment of two quantities, the AGC level (receiver gain) and the output level of the
detector, It is unlikely that the AGC will be adjusted more than once for each
transmitted pulse and it may be adjusted at a slower rate. To obtain an upper
limit on the data rate from the experiment it will be assumed that the AGC level
is measured at the rate at which RF pulses are transmitted. For digital proces-
sing it is convenient to step the AGC by discrete amounts,

Suppose that for each AGC setting, the output of the AGC is divided linearly
into 256 levels so that it can be represented by an 8 bit word, The dynamic range
at each gain setting is then 48 db (20 log,, 256). If we assume an overall dynamic
range of 200 db is required, the AGC control must cover 150 db, If the AGC level
is changed when the detector output changes by a factor of 10" %, the AGC will
have 60 levels which requires 6 bits, The AGC is changed when the maximum
signal amplitude changes by the relatively small amount of 10'® (2.5 db) to en-
sure that most of the full dynamic range of the detector (48 db) is used for each
transmitted pulse. By choosing a factor which is a power of 10, the 8 bit words
which represent the signal amplitude (the AGC level and the detector output) are

easily combined to give the logarithm of the signal amplitude,

3. Phase Measurements

The phase may be obtained from the in-phase and quadrature components
of the detected signal. If we present the complex detected siznal by z= x + jy
where x and y are the in-phase and quadrature components, the phase of the

signal is given by
tan¢ = %



The error in ¢, 5¢ is related to the errors, § x and §y, in x and y, by

. _ ox &
cg=sing cos ¢ T* v/

Now for the same error in x and y, (i.e. : x= & yv) we have

b¢o=si1n¢ cos ¢ (l +-s-) -.-x-x-

oxX
=sing (1 4+ cot ;)T

- o X
= (8iN{ # COS ) =

A

where A is the amplitude of the signal. For a given »x/A, the maximum error

in ¢+ occurs when ¢ = 45°

o X
¢ =

aer =%

If the phase is to be measured towithin10, then :x/A £ .17, Now the

output of the detector is quantized into 256 levels so the quantization error is
1/512 of full scale. This quantization error is therefore less than 17% for all
signals with amplitudes greater than 1.2% of full scale of the detector output,
Consequently, for the criteria previously outlined for amplitude measurement,
the phase of signals can be measured to better than 10° over a dynamic range
of 38 db (-20 log,, .012 ) for each AGC setting. Thus the procedure outlined

for amplitude measurement also provides acceptable phase measurements,

If a 12 bit word were chosen for each amplitude, then the dynamic range at

each gain setting would be 72 db and the phase wou.d be measured to within 10°

over a dynamic range of 45 db,

=%



Ground based measurements with an jonosonde have shown that the phase can
be consistently measured to within 10° (Devlin et al,, 1977). It may be worth not-
ing that Devlin et al, measured the phase more directly, by using limiting detec-
tion of echo signals, Suchan approach could also be used for the Wave Injection Ex~
periment; the amplitude and phase, however, still require two computer words for
their representation. Final choice between the two possible methods of measure -
ment depends on hardware design considerations. Both may be considered "state

oi the art" techniques and the final choice does not affect the considerations here,

4. Group Path (Apparent Range) Measurements

If pulses of length 7 sec, are transmitted, the corresponding receiver band-
width is 1/7. In order to preserve the signal information after detection, each
component of the detected signal must be digitized at a rate of 2/7, If the detector
output is continuously digitized at this rate the group path will be measured to
within ¢ 7 /2. In the monostatic situation, the group path will be twice the apparent
range to the echoing region, Hence the resolution in apparent range will be 0,25
cr. Thus for a bandwidth of 10 kHz, pulses of 15 km in apparent range would be
transmitted and the apparent range quantization would be 7.5 km so that the ap-

parent range could be measured to £3.75 km,

Range Vernier. The above range resolution may be improved by combining

measurements made on two adjacent [requencies. The basic definition of group path

path, P' is (e.g. Budden, 1961)

e
P -df(fP)
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where P is the phase path at frequency [, Now the phase of an echo signal, ; is

related to P by

where R' is the apparent echo range, Now the measured phase difference can
only be between 0 and 27 but the actual phase ditference may be greater than 2n .,
Thus ; = 2n» + -4 where n is an integer and >/ is the measured phase

difference, and

R‘:n-}f—- +f4-(-;1-£ 4.1)

Consequently, only the second term in (4.1) can be determined by the measured
phase difference between two frequencies. The maximum value of the second
term is 1,2 ¢/0f, U Af= 20 kHz, the maximum value is 7.5 km. Since the range
can be measured to the nearest 7.5 km by the method outlined previously, the
first term in (1) can be determined. If the phase difference can be measured to
within~ 20", equation (4,1) can be used to determine R' to better than 0,5
km.

A comment on approximating the derivative 2¢/of by A+/Af is appropriate,
Assume that the phases Py and ¢, + O¢ at the frequencies fl and ‘1 + Af, are
known. We choose to calculate R' at the frequency, f mid-way between f, and
f. + Af,

1

fe. f=f +af/2=f +3f.




Then, using Tavlor's theorem we may write

32 L]
Py -“f-&ﬂ-ﬁ_ﬂ af+-‘,- o, (.'.-f)’-._l_ =t (8f)% s ....
! c‘f,s' “\ag2/, 4] p

.Y 352 33
¢.+A¢-Q{f+bn-¢,+(") >f¢%‘*_".' (-f)’q...!..(.’__’) (56)% 4 ...
(‘f .1\‘ o é () 4‘

é—i = (-?4:) . 714- (ij—’) (At’)2 ...,
ey TN
Now, the error in eauating the L.H.8S, to the first term on the R.H.8, is
+ 23R’
T (i), &SR

and this term will generally be quite small,

The discussion of the Range Vernier technique has ignored the phase change
between transmitted pulses which occurs due to the satellite motion, (i.e. the
Doppler effect) and this poind is discussed latcr in the section on Combined Dop-

pler and Group Delay derived from Phase Measurements,

Range Window, The time between transmitted pulses defines a range window

for the apparent range, Echoes arriving from greater spparent ranges will either
appear at a shorter range as determined by the time difference between the most
recently transmitted pulse and the echo, or will not be detected if the receiver
frequency has been changed by more than the bandwidth of the receiver. For the
proposed Spacelab orbit, a range window of 500 km is appropriate in most in-
stances, This corresponds to a transmitter pulse repetition rate (prf) of 300
pulses per second (pps). In the equatorial region, long range echoes (up to 5000
km or more) occur as a result of field-aligned propagation along spread F bub-

bles and other irregularities. Such ranges can be detected umambiguously by
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using a p.r.f, of 30 p.p.s. It will be shown later that such a p.r.f. is too low to

mike the required Doppler measurements, Range ambiguities produced by
higher p.r.[.'s can be removed in two ways, Firstly, the Doppler shift may be
used since the longer delay echocs will generally have a different Doppler shift
than the shorter delay vertical incidence echoes, However, this method requires
some knowledge or assumption of the propagation paths involved and may not
always reliably remove range window ambiguities. Secondly, coded pulses could
be transmitted and the code varied from pulse to pulse and over a sufficient num-
ber of pulses so that no ambiguities remain., Each code would require its own
detection system, This approach would not add significantly to the hardware of
the system, but it would increase the amount of data to be digitized. Each addi-
wonil pulse code would require an extra in-phase and quadrature amplitude to
be digitized, If a p.r.f. of 300 p.p.s. is used and echoes with ranges of, say, up

to 3000 km are to be unambiguously measured, six pulse codes would be required,

5. Doppler Measurements

One standard method of Doppler measurement is to pass the detected signal
through a series of narrow band filters, the output of which correspond to the
Doppler spectrum of the signal. While this method gives the instantaneous Dop-
pier directly, there are two distinct disadvantages. The first is that the amount
of data to be digitized is proportion: | to the number of filters and hence will in-
crease rapidly if good Doppler resolution is required. The second is that the
filter characteristics need to change with the transmitted frequency and this
would complicate any hardware approach. (The reasons for requiring the filter

characteristics to change with [requency will be apparent later).
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An alternative approach is to measure the phase of an echo signal as a func-
tion of time and to calculate the Doppler spectrum using the Fast Fourier Trans-
form (FFT). This method has two main advantages, Firstly, it uses the phase
information already aveilable from the echo amplitude measurements and so does
not increase either the hardware required or the number of measurements to be
made, Secondly, at a given transmitter (requency, the frequency range and reso-
lution of the Doppler spectra will be determined by the transmitter prf and the
total time for which measurements are made. These parameters may be readily
changed by software in the computer control system and so the required changes
in Doppler resolution as the transmitted frequency changes can be more easily
made,

It may seem a disadvantage that this method combines measurements over
some period of time and does not give an instantaneous Doppler as is obtained
with hardware filter circuits. However, such filter circuits involve time con-
stants, etc., and some signal integration is required to obtain appropriate fre-
quency resolution and consequently the "instantaneous' values obtained are not

based exclusively on the signal components received at a given time.

Interpretation of Doppler

The general formula for the Doppler shift in a refractive medium, is given

by (Bennett, 1968)

B
f du
Af:-? {J; ﬁcosads-& (p- 2]:} (5.1)

where n is the refractive index

is a vector in the direction of the wave normal with magnitude, .,

=

is the vector velocity of a point on the ray

i<
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A and B are the end points of the ray,

Consider initially an ionosphere which is plane stratified (but not necessarily
in the horizontal plane) and which is not varying with time. For an orbiting ex-
periment, the Doppler effect will be due to the relative motion of the orbiting
vehicle and the ionosphere. For rays reflected back to the vehicle in the usual

way (Figure 1), the Doppler shift is given by (e.g. Dyson, 1975)

2f

."'f = -C- pA o ! . (5.2)
2f .
===, vcos (5.3)

where ., is the refractive index at the vehicle, v is the vehicle velocity and
the angle between the wave normal direction and the vehicle velocity.

If the reflection point is not at the . = 0 level, but is due to an irregularity
at some other level, several return paths are possible (Figure 2).

For paths 1 and 2 in Figure 2, the Doppler shift is still due entirely to the
motion of the end point A and (5.2) still applies and can be used to obtain ¢, and

6, For rays outgoing along 1 and returning along 2, or vice versa,

f
.’\f :-E (PAI + EAZ) Y ‘5.4)
s ( cos &, + cos &,) (5.5)
Co LHa CORT T HA, 2 ’

and so equals the average Doppler shift for the signals returned by ray paths 1
and 2, If the ionosphere has a velocity v |, then y must be replaced by v - v , in

(5.2) and (5.3). However, the corrections will generally be minor since |v| >>| vy -

10




For the more general case in which the background ionosphere is not hori-
zontally stratified, equations (5.2) and (5.3) still apply if 2. /5t is approximately
constant along the ray path (Dyson, 1975) and this situation is likely to hold for
large scale features, such as TID's, which produce refractive effects,

Hence, monostatic measurements of Doppler shift from an orbiting vehicle
may be regarded as measurements of angle of arrival provided the refractive
index at the satellite and the vehicle velocity are known, The earth's magnetic
field causes the refractive index to depend on the wave normal direction and
also causes the ray direction to differ from the wave normal direction, These
relationships are well known and may be accounted for. In many cases, however,
these complications may be neglected provided the frequencies under considera-
tion are not near the frequencies reflected at the orbiting vehicle. The plasma
frequency and gvrofrequency at the vehicle are measured by the WIF and may
be considered sufficient information to determine 4 ,.

The ability to measure angle of arrival is very important, It will enable
the nature of ionospheric structures to be determined more precisely. An ob-
vious example is ducted field aligned propagation which occurs generally near
the magnetic equator (Muldrew, 1963) and can occur in association with equa-
torial plasma bubbles (Dyson and Benson, 1978). Angle of arrival information
would give confirmation that the propagation is in fact field-aligned and would
allow the trapping mechanism to be studied in more detail. The question of
whether extra traces usually attributed to conjugate ducting are always due to
ducting or are sometimes due to simple refraction (Lobb and Titheridge, 1977)

would also be resolved.

11
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Equation (5.2) may be re-written as

of nm B
—f—-c,uA\(Oh

Assuming a vehicle velocity of 8 km/sec, and », % 1 for frequencies greater
than 1.5 times the plasma [requency at the vehicle, a Doppler resolution & (/f

of 0.6 X 107% gives an angular resolution about ’ = 0° of ~10°, Near! = §0°
(vertical incidence) the angular resolution is ~1°, This resolution in Doppler
corresponds to a change in Doppler of 1,8 Hz at 3 MHz and 6 Hz at 10 MHz., To
achieve these resolutions measurements would have to be made for at least 0.56
seconds at 3 MHz and 0,17 seconds at 10 MHz,

The FFT method will be used to calculate the Doppler from the phase meas-
urements vs, time. The highest Doppler shifts will be of the order of 150 Hz at
3 MHz and 550 Hz at 10 MHz. To prevent aliasing, the phase must be measured
at a rate of 300 samples per second at 3 MHz and 1100 samples per ~econd at
10 MHz. As discussed earlier, a p.r.f. of 300 provides an appropriate range
window (500 km), but the smaller range window associated with significantly
higher p.r.f.'s will be generally unacceptable, It is possible to use lower p.r.f.'s
and remove the Doppler aliasing by transmitting first at one p.r.[f, and then at
another. For example, suppose a measured sequence is made at a particular
p.r.f. There will be an ambiguity for a Doppler frequency greater than half the
p.r.f, If a second measurement sequence is obtained at a p.r.f, of 0.67 of the
first p.r.f., the ambiguity can be removed since the ambiguous frequencies of
the first spectra will appear as distinguishable apparent frequencies in the

second spectra,

12
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Suppose that the aliasing frequency for the first p.r.f. is f,. An apparent
frequency t" may be any frequency [ which satisfies the relation f= 2nf #+f
n=0,1,2,... For the second p.r.f,, the relationship may be written [ =
2n (,67)f, £t1,;,n=0,1,2,... Itisapparent that for a given {, f,, ={,, only when
n= 0, If a Doppler frequency f produces spectral peaks at f,, and { <2 In the two

spectra, then

"

20f, + €, =20 (0.67)f, +f

xl x2

and
le L rnl
0.66 f,

n

For example, suppose a peak occurs at 0,56 f_ in the first spectra and at 0.16 f,
in the second,

ns -0'34or 1
0.66

Since n must be a positive integer, n= 1 and f= 1.5 {_. If the higher p.r.f. is

o
chosen to be 300 p.p.s., then for frequencies up to 10 MHz, n £ 4. Of course

if many peaks occur in the spectra some ambiguity in interpretation may remain,

Simple Doppler Measurement

If two consecutive pulses are transmitted on the same frequency and the
phase difference measured, the Doppler shift may be calculated directly. This
will give a reliable Doppler measurement for discrete echoes with a large sig-
nal to noise ratio, When noise is present the method may still be used by trans-
mitting several pulses and determining the average Doppler shift. When more
than one echo is present at the same apparent range this method will give some

weighted average depending on the amplitudes and Doppler shifts of the individual

13
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echoes. In this case the full Doppler spectrum must be measured in order to
resolve the echoes, However, if one echo has significantly greater amplitude
than other echoes the simple Doppler measurement will be a reasonable approx-
imation. The simple Doppler measurement will be a very useful technique be-
cause well defined discrete echo traces often occur and the technique is ideally
suited for use with a swept frequency mode of operation,

The Doppler shift and phase are related through the following expressions

(,":'.' 1)
’sf--z-[v Losc=—f-££
e i c dt
¢=2nfP/c

Now

s A S oA s, &
At c At e T S8

Now, for a p.r.f. of 300 p.p.s., and a vehicle velocity of 8 km/sec, the phase
change between pulses is
Ap> .36x 10°6 f cos 4.
The measured phase difference will be in the range of £7, so that
A = 2nm 4 8¢
where »¢ is the measured phase between 27, Consequently, the angle of arrival

may be aliased. The maximum apparent angle, ¢ will be given by

—.lg.i: 2
lcosf)m|—3'6f 1 for f 2 2.8MHz

Thus there will be no aliasing in the angle of arrival for frequencies less than
3 MHz. (This result is expected in view of the discussion in the previous sec-

tion). At 10 MHz,|cos& | =1/3.6 and ©, = 74° so that 90° < €, . .., = 74°

14




For discrete echo traces, the apparent angle of arrival will vary as a func-
tion of the transmitter frequency in a predictable way enablin; ambiguities to be
removed,

If the phase difference can be measured to within 20°, the resolution in angle

of arrival, 54, will be given by

lcos 86| =3.4x 10%/.36 f
~0.1atl0 MHz

This corresponds to~6° at = 90° (vertical incidence) and ~16° about 7 = 0, At
higher frequencies the resolution increases but aliasing becomes more of a prob-
lem. Figure 3 shows the variation of ¢ with frequency and angle of arrival for
a p.r.f. of 300 p.p.s.

In Figure 4 a situation is shown which can occur near the equator. The
Spacelab is in the topside ionosphere aad is within a field-aligned duct which
produces conjugate ducting. Vertical incidence echoes are also present, as well
as backscattering echoes from a patch of field-aligned irregularities below the
vehicle. The echo patterns which would be detected using a large range window
are shown., In Figure 5 the type of record obtained with a 500 km range window
is shown. The echo intensity has been coded with the simple Doppler measure-
ments (i.e. A¢) [in the manner first used by Findlay (1951) ], to produce a fringe
pattern in each of the discrete echoes. (Because A7 changes slowly with fre-
quency [as seen in Figure 3], it has been multiplied by about 5 to produce the
fringe pattern shown). The vertical incidence echo and the L+S ducted echo
(see Figure 4), have zero Doppler shift and the fringes are parallel to the echo
contour, The S and 25+L ducted echoes have a positive Doppler and the fringes

move upward as a function of frequency with respect to the echo contour. For

15
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the L ducted echo, the Doppler is negative and so the fringes slope downward,
The backscattering from the spread F patch will generally consist of overlapping
echoes and coherent echo traces will be difficult to distinguish, However, the
closest range edge of the spread F echo patch will correspond to echoes from
the edge of the spread F irregularity region and may show [ringes of negative

slope corresponding to prapagation perpendicular to the magnetic “.eld direction,

Combined Doppler and Group Delay Derived from Phase Measurements

In a previous section it was pointed out that a range vernier technique could
be used by measuring the phase difference on two frequencies. Since these phase
measurements would be made sequentially, the phase difference would include a
Doppler shift contribution. Thkis contribution may be removed by transmitting a
sequence of three pulses, the first two on one [requency to measure the Doppler
and the third at the second frequency, for the range vernier technique,

We may write:

-

dg¢ 23

Iv

ip df
T T

o1

-

where dy/dt is the measured rate of change of phase between two consecutive
pulses, ¢¢/0t is the Doppler contribution, df /dt is the sweep rate of the trans-
mitter, and 2¢/7f is the contribution associated with the path of propagation.

If 74,y 7y and ¢, are the measured phases of the three consecutive pulses
transmitted at intervals of At and at frequencies {,, f, and f, + A, respectively,

then

Pig =@y + 207
At

ﬂ

/ d¢ _F:
(8), 3

“l
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(d-:) B¢ 3¢ df P =Py + 2
2

Hence

P '2:12 + P4 +2(m=n)m

Ot

_2‘,\_‘21'2“12*‘:!1 +2(m=n)m
i At

Hence both &¢/¢t and ~¢ /of may be determined with the usual 2n7 ambiguity,
the effect of which has already been discussed.

Since three phase measurements are involved the errors will be greater
than before, but with the values adopted in the section on "Range Vernier' the

apparent range would be determined to within 1 km.

6, Pulse Synthesis

Although the Range Vernier technique allows the group path to be readily
measured to within 1 km, the ability to separate closely spaced echoes is de-
termined by the length of the transmitted pulse, assumed here to be 15 km. If
betier resolution of echoes is required, pulse compression techniques must be
used if the receiver bandwidth is not increased. One simple method has been
used successfully with ground based ionosondes (Hammer and Bourne, 1976;
Devlin et al., 1977). The ionosonde is operated in the usual way in that a sequence
of pulses is transmitted consecutively over an appropriately limited frequency
range. The amplitude and phase of any echoes are measured. The echoes associ-

ated with a particular echo trace (e.g. one hop vertical incidence F-region echoes)
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may then be regarded ar the "frequency components' of an echo signal due to a
synthesized pulse whose  2quency spectrum is the sequence of transmitted pulses,
The delayed synthesized echo is then obtained by Fourier transformation of the
amplitude and phase of the "frequency components." Quite narrow pulses can be
synthesized and echoes separated by 1 km in range readily resolved (Devlin et al,,
1977). The method is discussed in detail by Devlin et al, (1977). It is an indirect
form of pulse synthesis but is discussed herc because, for the type of computer
controlled system envisaged, its implementation depends only on appropriate
software, 1. could also conceivably be used in later analysis of certain swept
[requency modes of operation not specifically designed with this technique in
mind. If pulse synthesis is required as a primary operation mode, however,

more conventional methods should probably be used since the technique described
here is relatively time consuming both from the point of view of measurement

time and the amount of analysis required to obtain good echo resolution,

7. Location of Echoing Regions

Vertical incidence echo traces may be inverted to obtain the electron density
digtribution with height. The procedures may also be applied at other angles of
incidence and this has been done by Dyson and Benson (1978), for example, to
determine the electron density distribution along magnetic field-aligned bubbles.
In the absence of angle ¢ { arrival measurements, this type of analysis is usually
not attempted when it is obvious that the angle of arrival is changing significantly
with frequency, e.g. when TID's cause echo traces which exhibit "kinks' or
splitting. Angle of arrival information will be available in the Spacelab experi-
ment and such techniques, combined with ray tracing, will enable echo traces

to be inverted to obtain the irregularity structure.
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An approximate method of locating irregularity regions distant from Space-

lab will be discussc in the section on Fixed Frequency operation

8. Operation Modes
Swept Frequency Mode, This mode will be a basic exploratory mode aimed

at getting a reasonably complete picture of the ionosphere in a short time. Thus
both range and angle of arrival (Doppler) information are required, the latter
being obtained by the Simple Doppler Method, The principles of operation will
be those outlined in section 5, i.e,, a group of three pulses, two at the same fre-
quency f and a third at a slightly higher frequency, [ + 2 {, A frequency interval
Af of 20 kHz will give ranges within 1 km using the Range Vernier technique,

Suppose 3 sets of pulses (i.e. a total of nine pulses) are transmitted to im-
prove operation in the presence ol noise, and that { is then increased by 25 kHz
if below 1 MHz and by 100 kHz if above 1 MHz. If a p.r.f. of 300 p.p.s. is used,
the frequency range from 500 kHz to 30 MHz will be swept in 4,5 seconds, Gen-
erally, ionospheric echoes will occur over a much smaller frequency range than
this and it will not be necessary to cover the whole range of 500 kHz to 30 MHz.
Consequently, very rapid sounviings can be made and the resolution of the meas-
urements along the orbital path would be better than 35 km. Above 1 MHz, range
measurements at every 100 kHz in frequency are sufficient for calculating the
electron density distribution by inversion techniques,

"Fixed Frequency'" Measurements. In this mode measurements are made

at a small number of frequencies, say up to 10, This mode can be considered
to be a variation of the previous mode since a certain frequency range must be
cycled through using discrete steps, If the same form of transmission is used

as for the Swept I'requency Mode (i.e. three sets of three pulses, prf of 300 pps),
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10 frequencies would be cycle through in 0.3 seconds giving a resolution along the
orbit of a few kilometers. This mode will be particularly useful for studying var-
lous types of lonospheric structure such as TID's, patches of spread F distant
from Spacelab and bubble structures of small transverse dimensions,

Figure 6 shows a Doppler coded group delay vs, time record produced by an
irregularity displaced from the orbital path, At closest approach, the Doppler
shilt is zero and the group delay a minimum,

Depending on the number of (requencies being cycled inrough, and their spac-
ing, it may be possible to invert the vertical incidence data and determine the
electron density contours of the background ionosphere. Ray tracing could then
be used to determine the location of the irregularity shown in Figure 6,

Alternatively, the location may be estimated as follows, If the earth's mag-
netie field is neglected, the group range of an ©bligue echo may be related to the
group height at vertical incidence, by (Calvert and Cohen, 1961),

h?=h?+R? (8.1)
(8.2)
where R is the horizontal range to the irregularity, h is the apparent range at
the frequency ER. and h; is the apparent vertical range at [, the frequency re-
flected vertically at the same height as the oblique ray at frequency [, (see
Figure 7). Now according to Martyn's Theorem

f, = fycosd (8.3)
where © is the angle of incidence at the . = 1 level,

For a vehicle imbedded in the ionosphere, Snell's Law gives

Mg COSE . =8 in e, (5.4)

I the vehicle is moving horizontally with velocity v, at an angle of ¢ to the

plane containing the ray path (Fig. 8), the Doppler shift may be written as
20




f:ﬂ

= fhggy V8 inf . cosy (8.5)

Using (8.1), (8.2) and (8.3) gives
he sind, =R (8.6)

Using (8.6), (5.4) and (7.5) we obtain

Rcos y = ..2..%! 3 h'. (8.7)
‘r

Hence, measurements of apparent range h;, and Doppler shift Af enable the nro-
jection of the irregularity true range along the vehicle orbit to be obtained. Con-
sequently, the location of irregularities can be estimated from portions of Fixed
Frequency records, or even Swept Frequency records, That is, it is not neces-
sary to observe either a crossing of zero Doppler shift or &« minimum in apparent
range in order to determine the position of the irregularity,

Doppler Spectra. This mode requires operation at onc irequency for ~0.6

seconds. It is consequently a relatively time-consuming mode of operation, It
is best used by alternating with swept [requency modes or interspersing it at
fixed time intervals in the Fixed Frequency Mode. Five or ten selected frequencies
could be used taking approximately a total time of 2.5 or 5 seconds to obtain the
Doppler Spectra,

A future development to consider is one in which two receivers are used,
one for Doppler spectra and the other for the Swept Frequency and Fixed Fre-
quency Modes, A second transmitter would not be needed, since the transmitter
would only need to be capable of transmitting two interlaced sequences of pulses
with a sufficient frequency difference so that each receiver would only be sensi-

tive to one or other of the sequences,
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Control Program, The operation mode of the instrument and selection ol

operating parameters (frequency, p.r.l., step size, ete,) will be under computer
control, The operation modes will be selected or changed by providing the ap-
propriate input parameters to the control program. The appropriate input for
several types of operation sequences will be available from the computer memory,
The pavleoad specialist will be able to enter other operation sequences, It is rea-
sonably straightforward to program several modes of operation and allow a wide
choice of parameters (e.g. sequence of modes, swept (requency range, frequency
step, number of fixed frequencies, ete,) and this approach has been used success-

fully with ground based ionosondes (e.g. Devlin, 1978).

9, Data Rates

In the discussion, thus far, all techniques have been based on measurements
ol the in-phase and quadrature amplitude compoents of the signal. In section 3,
a 10 kHz bandwidth was assumed so that the in-phase and quadrature amplitudes
need to be sampled at a 20 kHz rate. Each amplitude is assigned either an 5-bit
or 172 bit word, so that the measurements require a data rate of 40 k words/sec,

The maximum p.r.f, suggested here is 300 p.p.s. and for each pulse the
frequency and AGC level must be recorded. The AGC requires one word or less
(see Section 2), In the MF and HF range, frequency steps as small as 20 kHz
have been used in this discussion, It is unlikely that other modes of operation
would require a frequency step of less than 1 kHz, 1If the frequency is to be
specified to 1 kHz, we can divide each range of 1 megahertz into 4 sub-ranges
of 250 kHiz, The basic range of 250 kHz can be specified by 8 bits, and to de-
termine the correct sub-range over 30 MHz requires 7 bits, Thus two words

are required to specify the frequency.
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Hence, the overall word rate is 40.9 k words/sec. A rate of 41 k words/sec.
would allow 100 words/sec for other information, such as universal time, and
operating mode to be specified periodically, For 5 bit words, this corresponds

to a bit rate of 3,28 X 105 bits/sec,

10. Oblique Measurements

The types of measurements discussed previously can all be done by trans-
mitting from one vehicle and receiving on another., Some advantages of doing
this have been discussed by Calvert (1976) and will not be repeated here. Only
one aspect of combining Doppler and time delay measurements between two
vehicles will be discussed,

From measurements on a single vehicle, the apparent range and angle of
arrival (as deduced from the Doppler shift) can be determined. The apparent
range, R' defines a sphere in R' space on which the 2cho lies. Since echoes re-
turning from in front of the vehicle have a Doppler shift of different sign to those
returning from behind the vehicle, the angle of arrival defines a circle on the
sphere on which the echoing region must lie (Figure 9). In the absence of further
measurements, more precise location of the echoes requires assumptions to be
made and in some instances these may be reasonable. For example, if the angle
of arrival corresponds to propagation along the magnetic field direction, it would
be entirely reasonable to assume that propagation was along the field line rather
than at an angle to it. In other situations, however, it is likely that simplifying
assumptions could not be made with confidenc:,

If measurements are made between two vehicles, then the apparent time
delay, which is equivalent to an apparent path length, P' defines an ellipsoid

upon which the echoing region must lie (Figure 10). Since the echoing region can
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be confined to a circle by the single vehicle measurements, then, in the case of
point-like echoing regions, the echoing region must lie on the intersection of the
circle with the ellipsoid. The cross section of the ellipsoid in the plane contain-
ing the circle will be an ellipse. The ellipse and the circle can have from 2 to 4
intersections (Figure 11). When there are 3 or 4 intersections, some of the
ambiguity may be reduced by using the Doppler shift information for propagation
hetween the two satellites as follows, Since the apparent range from the vehicle
containing the monostatic measurements is known, the apparent range from the
other vehicle is jus! the difference between the monostatic range and the apparent
path length between the vehicles. In this way the location of the echoing region is
either determined uniquely or known to be one of two possible locations. With
the geometry of the situation now known, the expected Doppler shift between the
two vehicles can be calculated and the degree of agreement with the measured
Doppler shift will indicate the extent to which the rellecting region acts like a
point reflector, If there is significant disagreement, some knowledge of the ex-

tent of the reflecting surface may be estimated by considering different models,

11, Measurements of the Horizontal Wave Vector of Gravity Waves
Combining Monostatic H.IF and Bistatic VHF Meuasurements
Suppose Spacelab contains the H.F'. monostatic system and that the sub-
satellite has a VHF receiver to measure the Doppler of a VHF signal trans-
mitted from Spacelab. For simplicity it is assumed that the two vehicles are
traveling northward and separated by a distance L in the east-west direction

(Fig. 12). Both vehicles travel horizontally and with the same velocity.
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Suppose that there is a wave-like perturbation in the electron density and
that in the horizontal plane containing the space vehicles the variation in elec-

tron density can be written as

AN(x,y) = AN, cos 27 (;\l -A_y') (11.1)
- y

i.e. wavelike perturbation with apparent wavelengths »  in the x direction and

‘\, in the y direction (Fig. 12). Fronts of constant phase occur where y =(A, /Ay )x
i.e. phase fronts are tilted to the x axis at an angle © = artan A, /A, and the wave
vector is at an angle 7/2 - & to the x axis and the true wavelength A is given by
1/A = 1/A% = 1/A%. Spacelab moves along the line x = 0.

The variation in N_ along the orbit of Spacelab is of the form

(-
=
I

= AN, cos 27 (- l.)

Ay

]

AN, cos 27 (- -E—l—) (11.2)
y

and so A, can be determined.
The sub-satellite moves along the line x = .. Consider the phase path P,

of a VHF ray propagating from Spacelab to the sub-satellite.

P'—'J i cos ads
ray

For VHF we may consider ray paths to be line of sight, so that

L
P=I pdx
0

Ignoring the magnetic field (again an excellent approximation at VHF),

ui=1X
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and
p'::l--;-)(since)(<<l
1, Ne KN,
=]l a=K—since X = =
f2 f2
Thus
' L
Pelos 2 | N, dx
2 £2 J,
P 1 K d [*
dr 2 .;;'(Tt- N, dx

0
where K is a constant, The Doppler shift is given by

L
_-,,l. Li N dx
2 facdt ) °

(Note that dL./dt has been assumed to be zero, i.e. we have assumed that the two

vehicles maintain their spacing with time. If this is not true then

However if two frequencies are used, as in the proposed ¢xperiment (e.g. Grossi

and Gay, 1975) we have

dp ri
-..—l.zﬁ_.l..l.‘. -i N’dx

and
L
dP, 4 1 K d [
—— T e e — — N dx
dt t 2 g2 dt »
2 Y0



and
aw, ap, o o),
EC T Rl Wrrry FTl M
fy f:’ 0
Thus the differential Doppler shift can be used to eliminate dL/dt, Even with
measurements on only one frequency, dL./dt is likely to be a slow variation com-

pared with the effect of a gravity wave and so could be filtered out). Thus we

are concerned with determining

L

d

- f N.dx
0

Now N_= N + AN(x,y). Consider a particular instant when Spacelab is

background

at (o,y) and sub-satellite is at (x,y). The instantaneous value of | N, dx will be

given by

L
l'ilT = J‘ (Nb +AN° cos 2n (-;lx --:’_y) dx
0

A :
=N, ‘L +-5-";-7"3N° {sm2n(%’-—f—) -sin2n (-.!.)}

X y Ky

Now y = vt, so N, will vary with time according to

A . L vt . vt
= . —-L — w — - - —
Ny=N, "L+ 3 AN, {stn(A . ) sin2mw ( X )}

x y
and
dN A
LA X L . vt vt
E" = -VK—, ANO {COS 27'-"(:: - ry-) ~-cos2m (- 'A'y—)} (11.3)

which may be written as

dN
— & Ty AR 4 T A % T 11.4
- —2v/\y ANy sin2m (2_-’\_1' Ay)sxn)\‘ ( )
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Comparing (11.2) and (11.4) we see that the VHF Doppler variation will have the
same period as AN_ but there is a phase shift of »L/A_. Thus if L is known,
we can determine A and hence A .. (Note however there will be an ambiguity
in 5 i.e. two possible directions differing by 180°),

From (11.4) we see that if A, = @, there is no dN;/dt due to the wave. This
is the expected result. When A, - =, the phase shift approaches 90° as we ex-

pect and since

sin (7L/Ax)/(7L/Ax) =1

dN
-——I-l-v—l;‘.\iNosinzﬂ ._l!-
dt A, s

i.e. dN/dt depends only on A, as we expect, Suppose a monostatic HF system
or a direct measurement probe is on the sub-satellite, It would measure vari-

ations given by

AN = ;'.‘.No cos 27 (-L -V—t-)
o

i.e. a phase shift of 27 /A compared with Spacelab measurement. However,

there are ambiguities in A, such that
enl /Ay & 3nnm, nal, 3, - »~
i.e, LA\, =n Ay
In the case of the VHF Doppler experiment there are ambiguities in phase when

nL/Ax = 2nm

f.e., L=2nk,

However, the amplitude term is proportional to A and so the ambiguities ¢an

be removed.
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Note: The Doppler experiment has zero amplitude when L = nA_ so that the best
results would be obtained by combining the VHF Doppler with a local measure-

ment (either by H.F. system or probe, o sub-satellite,
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Figure 1. Reflected ray path in a plane
stratified ionosphere

Figure 2. Reflected ray paths from an
irregularity embedded in a plane strati-
fied ionosphere
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FREQUENCY (MMHz)

Figure 3, Phase shift due to Doppler effect, 57, between
two echoes of two pulses transmitted at the same f[re-
quency but at a time interval of 1/300 sec.
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Figure 4(a). Possible echo paths when
Spacelab is within an equatorial bubble
or duct and when a field-aligned irreg-
ularity patch exists below Spacelab
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Figure 4(b). lonogram obtained for the situation
shown in Figure 4(a)
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Figure 5. Doppler coded fonogram with a range window of 500 km
cbtained for the situation shown in Figure 4
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by an irregularity embedded in

the ionosphere below Spacelab
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IRREGULARITY

Figure 7. Ray paths having related delays and frequencies
as given by Calvert and Cohen (1961)

.
L]
L]

4
" IRREGULARITY

Figure 8. Ray path geometry for an irregularity
displaced from the orbital plane
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CIRCLEOF RAD\US R’
CORRESPONDINGTO
+ DOPPLER SHIFT

Figure 9. Echo surface determined from monostatic grou)
delay and angle of arrival (Doppler) measurements

SPACF! AB

Figure 10, Echo surface defined by the group delay
from Spacelab to a sub-satellite
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Figure 11, Intersections of monostatic and
bistatic echo surfaces
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Figure 12, Geometry for Spacelab and a sub-satellite
moving northward through a region containing a grav-
ity wave
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