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Voyager Radio Science: Observations and Analysis

of Neptune’s Atmosphere

Ei-ichi MIZUNOY*, Member, Nobuki KAWASHIMAT{, Nonmember,
Tadashi TAKANOTf, Member and Paul A. ROSENT, Nonmember

SUMMARY Voyager Neptune radio science data were col-
lected using three antennas on Earth on August 25, 1989. A
parabolic antenna at Canberra, Australia, of 70 meter diameter
received 2.3 GHz and 8.4 GHz carriers. The 64 meter parabolic
antennas at Parkes. Australia and Usuda, Japan, received only
the 8.4 GHz and only the 2.3 GHz carriers, respectively. It is
necessary to reduce the frequency variation in the received signal
carrier to extract accurate information on physically interesting
objects such as Neptune’s atmosphere, ionosphere, or the rings.
After the frequency stabilization process, the frequency drift was
reduced from ~ 180 Hz down to a maximum of ~ 5 Hz, making
it possible to reduce the data bandwidth and, consequently, the
data volume, by a factor of 30. The uncertainty of the signal
frequency estimates were also reduced from ~5 down to 5X 1072
Hz/sec above the atmosphere, from ~5 down to 0.5 Hz/sec in
the atmosphere, and from ~50 down to ~3 Hz/sec at the
beginning and the end of the atmospheric occultation. Much of
the remaining uncertainty is due to scintillations in Neptune’s
atmosphere and cannot be reduced further. The estimates are thus
meaningfully accurate and suitable for scientific analysis and
coherent arraying of data from different antennas. Two results
based on these estimates are shown: a preliminary temperature-
pressure (7 —p) profile of Neptune’s atmosphere down to a
pressure level of ~2 bar computed using the Usuda 2.3 GHz
data, and a multipath phenomenon in the atmosphere seen in
Canberra 8.4 GHz data. Our T — p profile shows good agreement
with the results presented by Lindal et al.¥’ within 1 K below 100
mbar pressure level, even though our result is based on an
independent data set and processing. A comparison of the
multipath phenomena at Neptune with that at Uranus® implies
that it was created by a cloud layer with a smaller scale height
than the atmosphere above and below it. The processing methods
described were developed in part with the interest to coherently
array Canberra, Parkes and Usuda data®®. In this sense, while
this paper does not extend any science results, the observations
and results are derived independently from other published
results, and in the case of Usuda, are completely new.

key words: voyager neptune encounter, atmospheric multipath,
radio occultation, temperature-pressure profile

1. Introduction

Radio science observations of Neptune were per-
formed during the period of Voyager 2’s occultation by
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the Neptunian system on August 25, 1989. For these
observations, unmodulated carriers of 2.3 and 8.4 GHz,
excited by a highly phase-stable oscillator on
Voyager*, were transmitted from the spacecraft toward
the earth. Three independent parabolic antennas locat-
ed on Earth (Table 1) were used to receive these
signals.

Radio science observations are in essence the fre-
quency (or phase) and the amplitude modulations in
the received carrier induced when the transmitted
unmodulated carrier propagates through a medium of
interest such as the atmosphere, ionosphere or rings of
a planet. Table 2 presents the desired radio science
analysis goals and the required observables. The radio
science technique has been used to derive for example,
temperature and pressure of the atmosphere, electron
density of the ionosphere, or the structure of the ring
system at many planets in our solar system‘ =,

This paper describes our method of extracting the
signal frequency and amplitude from the Voyager

Table 1 Receiving stations for Voyager Neptune radio science
observations.

Location Diameter Receiving frequency

Canberra (Australia) 70 m 2.3 and 8.4 GHz
Parkes (Australia) 64m 8.4 GHz
Usuda (Japan) 64m . 2.3 GHz

Table 2 Radio science data analysis and the observables
needed.

Analysis Used Observables

Electron density profile of ionosphere Phase
Temperature-pressure profile of atmosphere Frequency

Absorption in the atmosphere Frequency and amplitude
Multipath phenomena by a cloud layer Power spectrum

Ring structure Phase and Amplitude
Particle size distribution of the rings Power spectrum

Small scale structure in the atmosphere Amplitude

® This crystal oscillator is called an Ultra Stable Oscil-
lator (USO).
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Neptune radio science data, presents the magnitude of
all the possible errors affecting the frequency estimates,
and gives some examples of the data and derived
physical quantities. A detailed description of the
receiver and recorder systems can be found in Ref. (8).
Here we stress the methods employed to convert the
received raw data into a basic data set useful for
scientific analysis. The techniques are based largely on
those developed for previous studies” -9 However,
this work includes certain extensions and new aspects
for this experiment, being the first trial in Japan.

In Sec. 2, we briefly summarize how the data were
recorded, focussing on the signal frequency conversion
process and the possible error sources which affect the
frequency estimates. In Sec. 3, we discuss how to
extract the frequency and amplitude of the signal from
the received data. In Sec. 4, we use these estimates to
show two preliminary results, the temperature-pressure
(T'—p) profile of Neptune’s atmosphere and a
multipath phenomenon found in the atmosphere. In
Sec. 5, we discuss the results presented in this paper,
and introduce our next target using these data.

2. Experiment System and Data Characteristics
2.1 Data Generation Method

At the three antennas, received data were digitally
recorded in real time with 8 bit quantization and
sampling rates of 50 kHz for Canberra 2.3 and 8.4 GHz
signals, and 80 kHz for Parkes 8.4 GHz and Usuda 2.3
GHz signals'. Open-loop receivers convert the signal
frequencies at the antennas (antenna frequencies)
down to these digital recording frequency bands, so as
not to disturb the frequency (or phase) and amplitude
information of the signal. In a closed-loop system such
as a phase locked loop receiver, the received frequency
is adjusted automatically to maintain it in the record-
ing passband. In this process the true frequency, includ-
ing modulations due to the media under study, is lost.
In contrast, the tuning history of the Voyager-Neptune
open-loop receivers was preserved so that no frequency
information was lost®. Because accurate estimation of
the signal frequency is so critical to radio science
objectives, it is important to clarify the components
that comprise the recorded frequency, and the proce-
dures by which the frequency components are esti-
mated to extract physical properties of interest.

2.2 Frequency Considerations

The antenna frequency can be written as

f;mt ( t) :ﬁ:red ( l) +ﬁmmodelied ( t) ( 1 )

where forea is the predicted and finmodenea is the un-
known part. The frequency firea can be written as
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ﬁ)red(D :ﬁlso+f;lopp(t) +ftlatm(t) (2)

where fiso is the transmitted signal frequency at the
spacecraft, fiopp is a prediction of the doppler frequency
due to relative motion and relativistic effects, and fam
a prediction of the doppler perturbation due to refrac-
tion by the atmosphere of Neptune. The frequency faopp
is computed from the best estimates of the positions
and velocities of the spacecraft and the receiving sta-
tion, and the masses of the bodies involved. The fre-
quency fam is computed from a model atmosphere.
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Fig. 1 Received relative signal power and frequency profiles for

Usuda 2.3 GHz (a),(b) and Canberra 8.4 GHz (¢),(d)
signals around Neptune occultation. In (a) and (b),
noise levels are adjusted to 0 dB, for convenience. Ne-
ptune occultation, from 8:08 to 8 : 57, is the time inter-
val from the raypath started penetrating the Neptune’s
atmosphere. As the raypath goes deeper into the atmo-
sphere, the received signal power (a),(c) becomes lower
mainly due to defocussing. Two sharp drops of the signal
level at 8: 10 and 8 : 51 are due to the strong defocussing
and microwave absorption by a methane cloud layer.
Received signal frequency (b),(d) shows a quasi-
periodic frequency drift due the receiver. When the signal
is below the noise level, the signal frequency has no
meaning. These profiles are computed using the method
described in Appendix. We note that the frequency
accuracy in the Neptune’s atmosphere here is ~50 Hz in
the worst case (see Sec. 3. 1). Used integration times here
are 0.8192 sec for Usuda and 0.65536 sec for Canberra
data, respectively.

T Their final ﬁltefing bandwidths at —3 dB level were 20
kHz for Canberra and 35 kHz for Parkes and Usuda data.
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During the Voyager Neptune observation, fant
changed by about 80 kHz for the 2.3 GHz signal and
about 300 kHz for the 8.4 GHz signal, mainly due to
changes in fipp(z) and fam(z). These frequency
changes are larger than the digital recording ban-
dwidths shown above. The information in forea Was
used to create a local signal to mix to the received
signal at the intermediate frequency stage such that the
output signal frequency at the last stage before digitiza-
tion was around the middle of the passband. The
recorded signal frequency is

Jrec (1) = fant (1) — fin (1), (3)

where fuun is a piecewise linear approximation of forea
and represents the total frequency offset in the receiver
after all stages of heterodyning.

Figure 1 shows fiec for (b) the Usuda 2.3 GHz
and(d) the Canberra 8.4 GHz signal around the
period of the occultation by Neptune. The signal fre-
quency is not exactly constant, but stable enough for
recording in the passbands for both signals. The
quasiperiodic artificial frequency drift is mainly due to
the piecewise linear approximation of forea. Other
random variations are the effects of finmodelea-
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2.3 Components of the Recorded Frequency

Table 3 lists the possible causes of the frequency
drift in frec based on the Canberra 8.4 GHz signal. The
main effects are the error of the piecewise linear
approximation to the predict in the receiver (forea
— fun), of the order of ~50Hz, the spacecraft and
receiving station trajectory errors Afaopp, of the order of
~2 Hz, and Neptune’s model atmosphere error Afaim,
of the order of ~150 Hz. Of the three, (forea— fiun) can
be computed directly from the predict forea and fiun,
which is recorded with the data themselves, and so can
be removed completely. This procedure will be discus-
sed in Sect. 3. 2. To estimate Afiopp and Affaim, we would
need to iteratively solve for the trajectory of Voyager 2
and the raypath in Neptune’s atmosphere together by
ray tracing. It is not impossible to accomplish this
rigorously, but a lot of effort is required. We could use
the same iterative method to compute Afe; and Afea due
to Earth’s ionosphere and atmosphere. Of the remain-
ing effects in Table 3, Afim, Afcocx, and Afyso are ran-
dom, and therefore not predictable, but small. The last
effect Afapc is well-modelled for the Canberra antanna,
however, no such model is available for the Parkes or
Usuda antennas. From these facts, we understand that

Table 3 Various sources of the signal frequency drift which appears in frec in Sect. 2 are shown.

The data is based on Canberra 8.4 GHz data. Of the shown sources, forea is known and
fun has been recorded on mgnetic tapes with the digitally recorded signals in real time.
The error Afiopp is computed from the uncertainty in the trajectory of Voyager 2 near
Neptune, which is Jz~0.009 seconds in terms of time"'". We can see the amount of Jfaim
from Fig. 3(a). The approximate relation of fiex=—2.0cos §-36/3t is known, for
Canberra antenna, where ¢ is time in seconds and 4 is the elevation angle of the antenna
in radian®. A similar relation for Canberra 2.3 GHz data is known. However, no such
relation is available for Parkes or Usuda antenna. There also exist models for the
propagation delay due to earth’s neutral atmosphere and ionosphere. The estimation of
Afea, and Afs; are based on the simple model shown in Ref. (13), both for the elevation
angle of ~60°. For Afim, we simply extrapolated the doppler scintillation data in Ref.
(14). Afuos™ and Afuso™®, clock stabilities, are unpredictable. Using this notation,
ﬁmmodelled in Sect. 2. 2 becomes ﬁnmodelledzdféopp+dﬁtm+Aféi"'dﬁaa+Aﬁm+ Aﬁlock+AﬁJSO
+ Afape-

Notation Order Frequency Type of Predictable
Effects in this paper (Hz) Dependence variation or not
(Real predict)—(Ramp approximation)  fyred — foun ~ 50 & fant® Systematic Predictable
Spacecraft trajectory error A faopp ~2 & fant Systematic Not
Neptune atmosphere model error A fatm ~ 150 o fant Quasi Random Not
Ray bending due to the earth’s Afe ~9x1072 & font ! Quasi Random Partly
ionosphere Predictable
Ray bending due to the earth’s Afea ~2x10"8 X fant Quasi Random Partly
atmosphere Predictable
Interplanetary media A fim ~5x1073 x fm_l Random Not
Stability of receiving station clock Afelock ~ 8% 1075 x fa,,to Random Not
Stability of the spacecraft clock Afyso ~2x1072 X fant. Random Not
The motion of antenna phase center A fape ~6x1078 & fant Systematic Partly

Predictable
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the only effect that can be removed completely is (fprea
— fun) . Therefore, for simplicity, we treat all the other
effects as though they were unseparable and unmodel-
lable effects. In Sect. 3. 3, we try to remove the aggre-
gate using the time series of the drifting signal fre-
quency itself after (forea— fiun) is removed.

3. Frequency Determination Procedure
3.1 Overview of Data Reduction

The received signal is basically a noisy sinusoid
with time-varying frequency and amplitude caused by
the perturbing medium of interest. The SNR of the
Canberra 8.4 GHz signal during this experiment (Fig.
1(c)) was as high as 45 dB-Hz above the atmosphere,
and 20 dB-Hz even below the methane cloud layer
(~8: 10). Under such high SNR conditions, the stan-
dard deviation of the estimated signal frequency was oy
~107*~10"*(Hz). On the other hand, the received
signal frequency (Fig. 1(d)) drifted with the rate of
~5 Hz/sec both in and above the atmosphere, except
for the instants when the occultation by the atmo-
sphere started (~8:08 : 10) and ended (~8: 56: 50),
where the remaining sudden frequency drifts became as
rapid as ~50 Hz/sec. To estimate the signal frequency,
we use a robust technique which essentially computes
the discrete Fourier transform (DFT) of data and
searches for the frequency with the maximum power in
a power spectrum (see Appendix). In a typical
required DFT integration time of 7 =0.5~3 sec, the
frequency drifts by Affate~2.5~15 Hz, which is much
larger than ¢,. The estimated signal power also
becomes inaccurate as frequency drift becomes larger
for a given integration time. Therefore, stabilization of
the signal frequency is necessary so that the estimation
be accurate.

IEICE TRANS. COMMUN.,, VOL. E75-B, NO. 7 JULY 1992

Figure 2 is a flow diagram illustrating our method
to remove the frequency drift in the received signal. At
first (N =1), some frequency drift in the original data
is removed using the predictable information (fprea—
Juwn) (Sect. 3.2) and then the signal frequency is esti-
mated. The data are bandpass filtered and at the same
time decimated according to the maximum frequency
variation still remaining. The filtering scheme automat-
ically converts the data to a complex, or “analytic
signal”, representation in which each datum comprise
the amplitude and phase of a sinusoidal signal with
noise®®. The sampling frequency of the complex data is
half that of the real data. If the signal frequency is
stable enough there, data reduction is complete. Typi-
cally it is not stable enough because of the factors
affecting frequency discussed in Sect. 2. 3. The stabili-
zation stages for N >1 are empirical (Sect. 3. 3), using
the signal frequency estimates themselves from the
previous stage. The loop is continued until the signal
frequency becomes sufficiently stable. Sufficient stabil-
ity is achieved when the systematic frequency trends are
smaller than the frequency noise standard deviation.
By “noise”, we mean either thermal and oscillator '
noise, or the scintillation introduced by the atmo-
sphere. We note that the antenna frequency can be
reconstructed at any stage because we preserve the
history of the frequency variations removed from the
data.

3.2 Predictable Frequency Compensation

The frequency drift (forea— fiun) can be removed in
the following way. At first, we divide the total time
period of the received signal into many small time
intervals. In each interval, we approximate (freq(?)
—fuwn(2)) by a third-order polynomial, keeping the
frequencies at the two boundaries continuous with the

N=N+1
Original Data No Final Data
.
| Yes
Q——> Freg Ot > BPF | &%HQ
NN
N=1 : i Eeti
N=1} N>2 '523“
o=t Gt

Fig.2 A flow diagram of the procedure to extract signal frequency information
from the received data. Rectangles indicate operations on the occultation
data themselves, circles occultation data products, and ovals derived param-
eters or auxiliary inputs. Solid lines indicate data flow, and dashed lines
inputs of auxiliary data. The digital bandpass filter shown here not only
filters the data but also reduces the data volume according to the resultant
passband. The procedure to estimate the frequency is discussed in Appen-

dix.
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adjacent intervals. Let us define this set of polynomials
as feeer1(#). The time intervals need to be small
enough so that the error Afiteer1 () =|fsteer1 (2) — forea
() + fiun ()| produced by this approximation be smal-
ler than any of the effects in finmodeuea. In oOur case, the
interval is on the order of ~30 seconds. Next, we
multiply every complex datum by

Csteer1 ( t) = euzm.f(f;teerl (I) '—féenter) dt ( 4 )

where feenter is half the sampling frequency of the
complex data, placing the carrier in the center of the
passband. As a result, the signal frequency becomes

ﬁ ( t) :ﬁenter +ﬁmmodelled ( t) ( 5 )

where we assume Afsteer1 () =0. Figure 3(a) shows the
profile of fi(z). If the value of finmodenea is zero, this
value becomes feenter, @ constant value. However, as is
seen in the figure, it varies on the order of 150 Hz, and
we can only know it from the data themselves.

3.3 Empirical Compensation of the Signal Fre-
quency

For empirical compensation we compute. the
polynomials using the data themselves. Because we are
using a DFT to compute the signal frequency (see
Appendix), when the SNR is low this method some-
times regards noise as signal. In such a case, there can
appear a large sudden frequency jump. An example of
this in Fig. 1(d) and Fig.3(a) and (b) around 08:
10: 00 occurs because the signal power abruptly
becomes low due to microwave defocussing and/or
absorption by the methane layer in Neptune’s atmo-
sphere. If we include such a large frequency error in
fitting a polynomial, it will cause a large error in the
result. Therefore, we used the following method so that
we only fit statistically normal points.

After fitting a set of third-order polynomials fsieerz
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Fig.3 Signal frequency profile showing the frequency stabiliza-
tion process. (a) shows the signal frequency after (forea
— fun) is subtracted. A frequency drift as large as 150 Hz
still remains. (b) shows the signal frequency after the
remaining frequency drift is empirically removed.
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to all points in the time series of the signal frequency
f1(#), we compute the residual

o E Ui (0) — Fseera ()N (6)

If there exists any sample time #, at which the deviation
Ifi (£2) — fateer2 (1) | exceeds a constant j3 times the resid-
ual, we exclude the sample and recompute fiteerz- When
no such points exist, the iterations are complete. We
choose the constant 8 empirically. A value of 2~2.5
gives reasonable results.

We then multiply the data by csteerz(?), defined
analogously to csteer1(?) of Eq. (4). As a result, the
signal frequency f;(#) =fi(#) — feteer2 () becomes more
stable than f;(¢). Using f;, we compute a newer set of
polynomials feteers(#) again and remove the frequency
drift in the same way. Then the signal frequency
becomes f3(2) =/;(1) — feteers (). We repeat this proce-
dure to make the resultant signal frequency as stable as
possible (see Sect. 3. 1 and Fig. 2). Figure 3(b) shows
the final result after 3 iterations of this procedure. The
frequency change rate is reduced down to Afrate =5 X
102 Hz/sec above the atmosphere, Afrate =0.5 Hz/sec
in the atmosphere, and Afrate =3 Hz/sec at the start and
the end of the atmosphere occultation.

4. Results of Data Analysis

4.1 Temperature-Pressure Profile of Neptune’s Atmo-
sphere

Once we compute the signal frequency and ampli-
tude accurately using the data, we can determine the
temperature-pressure ( 7' — p) profile of Neptune’s
neutral atmosphere.

The net frequency perturbation due to ray bending
by Neptune’s atmosphere is given by (fam+ dfatm).
This information and the trajectory of Voyager 2,
Neptune, Sun, and the Earth, are sufficient to compute
the ray bending angle @ versus ray closest approach
distance " We compute @ versus a assuming that
the atmosphere of Neptune is spherically symmetric.
The refractive index x(#), where r is the distance from
the center of the planet, derives from Abel’s integral
inversion of a(a)®”. Next, we can convert the re-
fractive index profile #(#) into the molecular number
density profile n(r) since the mean molecular number
density of a gas is proportional to its average electric
dipole polarizability®-"®. x(r) can be converted into
mass density profile o () if we know the composition
of the atmosphere. The pressure profile p(r) of the
atmosphere then may be determined using the equation
of hydrostatic equilibrium. Finally, we can compute
the temperature 7 (r) of the atmosphere from n(7)
and p(r) using the ideal gas law.

As was discussed in Sect. 2.3, it is difficult to
separate Afam from other unmodelled effects A faopp,
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Fig. 4 Temperature-pressure profile of Neptune’s atmosphere.
This profile was computed using the Usuda 2.3 GHz data
for the period of ingress atmosphere occultation assum-
ing a spherically symmetric atmosphere of Neptune (see
text).

Afei, Afea, Afim, Aferock, Afvso, and Afape. Therefore, the
unseparable effects together with the estimation errors
of the estimated signal frequency o, and the frequency
drift Aftate are the error sources in analyzing Neptune’s
atmosphere. Here we note that the error in the esti-
mated frequency propagates to the @(a) profile where
it is integrated to compute the refractive index, and
then integrated again to compute the pressure or tem-
perature of Neptune, implying that a systematic fre-
quency error can cause a large error in the derived
physical properties. Accurate estimate of the signal
frequency, therefore, is important.

Figure 4 shows a T — p profile of Neptune’s atmo-
sphere computd from Usuda 2.3 GHz ingress data up
to now assuming that the atmosphere consists 85% of
H; and 15% He" ™. The assumption of a spherically-
distributed atmosphere used to compute this T—p
profile is known to cause a large error in T, especially
in the deep atmosphere, if the oblateness of the planet
is large like Jupiter®, and/or if the isobaric surface
shape of the atmosphere is distorted by the zonal
winds®. If we compare this result with the T—p
profile presented in Ref. (19), where both the oblate-
ness of the atmosphere and the zonal winds are ac-
counted for in its analysis, however, the temperature
below 100 mbar agrees within 1 K. The difference
becomes larger as the pressure becomes smaller, imply-
ing that the error is caused not by the oblateness but by
the boundary condition used to compute T'.

The point of our example is not superiority. It
shows good agreement with Lindal et al. (1990) given
different model assumptions using a completely in-
dependent processing method and independent data
set. In that sense it is a new observation and result.

4.2 Multipath Phenomenon through Neptune’s
Atmosphere

Figure 5 shows the time history of signal power
spectra from the Canberra data at 8.4 GHz. The signal
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Fig. 5 Power spectra of the signal around the multipath region,
computed using the Canberra 8.4 GHz data after remov-
ing the effect of (firea— fiun) (corresponding to Fig. 3
(a)). The remaining gradual frequency drift, especially
after 8:10: 20, is due to finmodeneda-

level suddenly drops at 8:10: 14, then reappears in
about two seconds, with much more complex structure
in the spectrum than before. From about 8 : 10: 23, we
can clearly see two split peaks, increasing in frequency
difference with time. These spectral features imply a
multipath phenomenon in Neptune’s atmosphere. The
geometry of the spacecraft and the receiving station,
and the raypath connecting them, which is bent by the
atmosphere of Neptune, define a doppler frequency.
For certain vertical refractive index profiles, multiple
raypaths with different bending angles connect the
transmitter and the receiver at the same time. When this
occurs, there are many carriers with different fre-
quencies in a power spectrum of the received signal,
each frequency corresponding to a different raypath.
Such a signature, though with different time and fre-
quency scales and SNR, has been found in the radio
data taken during the Voyager-Uranus encounter.
There the raypaths penetrated a methane layer in the
Uranian atmosphere where the refractivity scale height
was locally smaller than the region above and below
it®. Therefore the multipath at Neptune also might be
created by a cloud layer distribution with a smaller
refractivity scale height than the region around it®.
The importance of the multipath phenomena is that :
a)it affect T—p profile, b)it has physical dynamics
significance, and c)it is intrinsically interesting for
radio propagation studies.

The SNR in the 2.3 GHz signal was too low to
detect any multipath. No multipath was observed at
either frequency in egress data. Detailed analysis of this
phenomenon is under way.

5. Discussion

We stabilized the Canberra 8.4 GHz signal fre-
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quency so that we may compute the signal frequency
(or phase) and amplitude accurately. Through the
processes described in Sects. 3. 2 and 3. 3, the amount
of the signal frequency drift was reduced from ~180
Hz down to ~5Hz (Figs. 1(d), 3(a), (b)), making it
possible to reduce the data bandwidth and, conse-
quently, the data volume by more than 30 times. At the
same time, the maximum frequency change rate was
reduced from ~5 down to 5X 1073 Hz/sec above the
atmosphere, from ~35 to~0.5 Hz/sec in the atmo-
sphere, and from ~50 to ~3 Hz/sec at the beginning
and end of the atmosphere occultation. As a result, we
could get about three orders of magnitude better accu-
racy in the frequency estimation above the atmosphere,
and about an order of magnitude better in the atmo-
sphere.

As we can see in Fig. 3(b), the remaining fre-
quency drift still contains short time scale and random
variations, which are difficult to remove. Those varia-
tion, both in frequency and amplitude, themselves can
be a measure of the small scale structure in the atmo-
sphere of Neptune'??.

If the signal frequencies of two different stations
are almost the same, it becomes possible to compute
the differential signal phase. After compensating the
differential phasef, we can array two signals coherently.
Coherent arraying of two independently recorded sig-
nals such as Canberra and Usuda, can increase the
SNR by as much as 1.5 dB without losing time resolu-
tion. Consequently, we may extend the T —p profile
(Fig. 4) to a higher pressure level, where signal power
decreases due to defocussing!’. Also we may see the
small scale structure in the Neptune’s atmosphere with
better time resolution without losing SNR.
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Appendix: Frequency Estimation Method

Assume the sampled signal has the form

X, =A g2mifendt

(A-1)

where 7 is an integer and 4¢ is the sampling interval.
Using a DFT to compute its power spectrum by
definition applies a rectangular function to it from
time nAdt to ndt+ T so that the power spectrum in this
interval becomes

_ psinf(x(f—£f)T]

P =G e (= oy il
By fittng this curve to the measured power spectrum of
the signal, which includes noise as well as carrier, the
optimum f; and 4 can be computed®. However, as
was mentioned in Sect. 3.1, this method assumes a
constant signal frequency over the time period T,
which is not necessarily true.
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