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Abstract— Due to lack of spectrum at 8.41 GHz (X-band)
future NASA deep space missions will be using 32 GHz
Ka-band. Since combating adverse weather events require
prohibitively large margins at Ka-band, link design methods
based on maximizing the average data return over the link
subject to a minimum link availability have been proposed.
Furthermore, weather forecasting has also been suggested as
means of combating the weather effects on the link. While the
performance of these methods in term of data return has been
well-understood, questions have remained about the com-
pleteness and continuity performance of the link. In this paper
the concept of link “stability” as means of measuring the con-
tinuity of the link is introduced and through it, along with the
distributions of “good” periods and “bad” periods, the per-
formance of the proposed Ka-band link design method using
both forecasting and long-term statistics has been analyzed.
The results indicate that the proposed link design method
has relatively good continuity and completeness characteris-
tics even when only long-term statistics are used and that the
continuity performance further improves when forecasting is
employed.
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1. INTRODUCTION

As NASA’s deep space missions begin to use Ka-band (32
GHz) frequency for their primary science data return, one of
the more difficult issues to address has become that of data
continuity and completeness for Ka-band. The problem with
completeness and contiuity at Ka-band is that they are depen-
dent on link design philosophy, spacecraft capabilities and
link geometry which could vary from mission to mission and
even within a mission. In addition, NASA’s experience with
X-band and S-band missions does not shed any light on Ka-

0-7803-8870-4/05/$20.00€)2005 IEEE
IEEEAC paper # 1383 Final Draft

band operations as most X-band and S-band missions carried
with them sufficient margin for other things as to negate or
at least obscure the effects of the weather on the link. With
Ka-band, however, it is expected that the dominant source of
outages to be weather effects since the margin necessary to
negate weather outages is so large as to be prohibitive. In the
past we have proposed a methodology for optimally design-
ing the Ka-band link according to the atmospheric noise tem-
perature statistics subject to a minimum availability require-
ment [2], [3], [5]. In addition, we have shown how this tech-
nique could be used both with long-term statistics and fore-
casted distributions [4], [6]. In this paper we obtain the conti-
nuity and completeness performance of this methodology for
both when forecasting is used and when long-term statistics
are used and the results are compared with each other. The re-
sults indicate that the our proposed link design approach has
good continuity characteristics even with long-term statistics.
Furthermore, it is shown that while forecasting does not re-
turn much more data than the case where only monthly statis-
tics are used, forecasting does imporve the continuity of the
link.

This paper is organized in the following fashion: Section 2
gives an overview of the link design methodology and intro-
duces the concept of link “stability” as a way of measuring
the link’s continuity performance. Section 3 explains how
the forecasting algorithm provides atmospheric noise temper-
ature probability distributions. In section 4, results of the
analysis are discussed. In section 5 caveats are presented.
In section 6 conclusions are summarized.

2. LINK DESIGN AND CONTINUITY
EVALUATION

As menitoned in the previous section, continuity of a link is
dependent on the link design philosophy that is employed as
well as the elevation profile for the pass. In addition, space-
craft operational limitations (e.g., number of data rates avail-
able, number of data rates that could be used during a pass,
etc.) determine the link design as well. Therefore, an at-
tempt to evaluate the continuity of the Ka-band link in general
would be at best an approximation and the actual continuity
of the link will vary on a case by case basis. In this paper, the
approach that we take is to design the link for a four differ-
ent elevations (10, 30, 60 and 80 degrees) using a link design
approach that maximizes the average gain-to-temperature ra-
tio (G/T) of the antenna subject to a minimum availability of



90%. This approach has been outlined previously, and a full
discussion of it is presented in [2] and [3]. It suffices to say
that with this design approach, for a given zenith atmospheric
noise temperature (77,) distribution, at a given elevation 6, the
link design approach provides a design 7, 70 (9). .
Given a times series of observations of T, and a given link
design temperature, 70 (0), it is said that the link isa in a

“g0o0d” state (that is, the data could be received on the link

with an acceptable error rate) if 7, < 70 (8). Conversely,
the link is said to be in a “bad” state (i.e., the error rate on the
link is unacceptable) if T, > T (#). The continuity of the

link could be evaluated by gathering statistics on the duration -

of “good” and “bad” periods.

As much as gathering statistics on “good” and “bad” periods
is helpful in understanding the continuity performance of the
link, these statistics more often than not provide a skewed
picture of the continuity on the link. This is because if for a
period of time the link is marginal so that it switches between
good and bad states many many times, then each of these
short “good” and “bad” periods are counted in the statistics
even though they cover a very short period of time. Therefore,
it is better to look at the continuity of the link from a temporal
point of view by answering the question “ What fraction of
the time is the link in a ‘good’ state such that the ‘good’ state
duration is greater than or equal to 7 hours?” The answer to
this question not only identifies the fraction of the time that
link is in a “good” state but also it points to the “stability” of
the link when it is in the “good” state. To put this formally, let
tops be the period over which the continuity of the link was
observed. If there are IV “good” periods during this time with

tgG) indicating the duration of the ith “good” period, then we
can define a “stability” function, ¥ (1), as

Zf\;o I (t§G)> tEG)

V(1) = e8]
tobs
where I (z) is an indicator function of = given by:
0 z<r7

The function in equation 1 allows us to see what fraction of a
Ka-band track stays occurs in a “stable” good period.

3. FORECASTING

As shown in previous studies because of the wide fluctua-
tions that Ka-band signal could incurr due to weather ef-
fects [3][41[6][7], weather forecasting - or more accurately
link forecasting- could be used to improve both data return
and link continuity. Currently, DSN is exploring the use of
forecasts generated by the Spaceflight Meteorology Group at
Johnson Space Flight Center [13]. These forecasts, originally
intended for use by NASA's Space Shuttle program, give a
detailed multi-layer meteorological description of the atmo-
sphere including details such as pressure, temperature, dew
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Figure 1. Monthly Link Design 7, for Goldstone

point, absolute humidity and liquid water content every six
hours from 12 to 120 hours into the future. Therefore, each
forecast set includes 19 different forecast types. (A forecast
30 hours into the future is of a different type than a forecast 36
hours into the future). Each forecast is valid for a single point
in time; however, for our purposes, they could be taken as
representative of the six-hour period centered around them.
For the period of the study reported on in this paper, only
forecasts for Goldstone were available.

Each forecast is used to generate an esimate of the zenith at-
mospheric noise temperature based on standard weather mod-
els (e.g. [14]). As expected the forecast accuracy decreases
as weather is forecast further into the future. Furthermore,
because of ambiguity in the way the cloud effects are repre-
sented in these forcasts, presence of clouds cause the estima-
tion of the atmospheric noise temperature to be unnecessarily
large. However, in general, if an atmospheric noise tempera-
ture value calculated from one forecast is larger than another
value from another forecast (of the same type), then the ac-
tual atmospheric noise temperature during the time of the first
forecast is larger than the atmospheric noise temperature dur-
ing the time of the forecast with lower predicted atmospheric
noise temperature. Therefore, the atmospheric noise temper-
ature values calculated from these forecasts could be used as
channel quality forecasts.

Since the forecasts are valid only for a single point in time
and there are uncertainties regarding estimation of cloud ef-
fects, a “calibration” process has been used to make the fore-
casts useful. The first step in this process is to specify a
“calibration” period starting at time ¢ and ending ¢y. Over
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Figure 2. Monthly Link Design Zenith Atmospheric Noise
Temperatures for Canberra

this period there are Ny channel quality values for fore-
casts of type K. Since the channel quality values are based
on a random process (namely the weather) then the channel
quality value for a forecast of type K is a random variable
(call it @X)). From the instances of this random variable,

{9 1<i< N
calculate a distribution for channel quality values of type K,
Fx(q) =Pr {Q(K) <q}.

, over the calibration period we can

Let tEK) be the time of the ith forecast of type K. The as-
sociated time period with this forecast is the time interval
(tEK) = S,tl(-K) + 3). Given this and F (g) we can cate-
gorize observations of 7, obtained by the Advanced Water
Vapor Radiometer (AWVR). Let T3 (%) be the zenith atmo-
spheric noise temperature value that the AWVR is measuring
at time ¢. Then for forecasts of type K we can define the sets
of AWVR data for type K forecasts, SéK) in the following
manner:

S8 = {Tite (9 - 8,45 +3) @)
and 0.05(n — 1} < Fx (¢;) < 0.05n}

Let I({n ) (T.) be the distribution that is obtained for zenith

atmopheric noise temperature measurements in S%K). These
distributions along with Fx(q) are used to generate condi-
tional atmospheric noise temperature distributions for future
forecasts. Let g be the channel quality value that a forecast of
type K after the calibration period generates. Then the link
could be designed according the atmospheric noise tempera-
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Figure 3. Monthly Link Design Zenith Atmospheric Noise
Temperatures for Madrid

ture distribution, F (T, ) where

F{M(T,) 5 0.05(n— 1) < Fk (g) < 0.05n
@

FK(Tzvq) =

Note that this process is identical to the process through
which monthly 7, statistics are calculated, except that with
monthly statistics, instead of a channel quality value, the
month over which the T, measurements have taken place is
used to categorize the AWVR data. Finally, it should be noted
that based on our analysis of the forecasts, the “fresher” the
forecast (i.e., it projects a shorter time into the future) the
more accurate it is. Therefore, for the analysis presented in
this paper, always the “freshest” forecast is used.

4. RESULTS AND DISCUSSION

The continuity and completeness analysis was performed for
the three DSN communication complex: Goldstone, Cali-
fornia; Canberra, Australia and Madrid, Spain. The data
from the AWVR at Goldstone and Water Vapor Radiometer
(WVR) for Canberra and Madrid were used for the T, time
series for this analysis. For Goldstone this analysis was per-
formed with both forecasting and long term monthly statis-
tics. Although analysis based on long term statistics could
have been performed until August 2004, the forecasts were
not processed beyond April 2004; therefore, in order to have
a fair comparison between a link designed with forecasting
and a link designed using long-term statistics the analysis
was limited to the period from September 2003 to April 2004.
For Canberra, the analysis using monthly statistics was per-
formed from September 2003 through August 2004 except
for March and April 2004. During those months the WVR at



Canberra was not available due to repairs. For Madrid, the
WVR data from September 2003 through August 2004 was
used for the analysis. It should be noted that this analysis
was “blind,” i.e. none of the WVR or forecasts used for the
analysis was used to obtain atmospheric noise temperature
distributions that were used for the link design. Therefore,
the analysis presented here is a true measure of the continu-
ity/completeness of the link.

Continuity and Completeness of the Ka-band Link Designed
according to Long-term Statistics

The first step in our analysis of the link designed with long-

term statistics was the calculation T2 (0) at different ele-
vations for different months at each of the DSN complexes.

For these calculations, 71" () is selected such that the av-
erage data return over a 34-m Beam Waveguide (BWG) [8]
is maximized at the given elevation subject to a minimum of
90% availability. The results of this exercise are shown in
Figs. 1 through 3. As seen from these figures, none of the site

displays any significant variation in Z(O) () as a function of
elevation. Therefore, in terms of continuity and completeness
the only Goldstone would display any variation as a function
of elevation, Therefore, all the figures that will be discussed
in this paper will focus on 30 deg. elevation results as they are

representative of the continuity of the link at all elevations.

Using these 70 (8) values continuity and completeness
statistics and the link stability for the three sites were cal-
culated. These results are presented in Tables 1 through 3
and in Figs. 4 through 6. As seen from Tables 1 through
3 and Figs. 4 and 5, while the availability of the link for
all three sites for the same elevation are roughly the same,
the distribution of good periods and bad periods are differ-
ent for each complex. Goldstone has large averages for good
period durations and also large standard deviations for them.
Canberra has slightly smaller averages for good period du-
rations compared to Goldstone. It also significantly smaller
standard deviations for them. Madrid has much smaller aver-
ages for good period durations than either Goldstone or Can-
berra but it has standard deviations similar to Canberra. As
far as bad periods are concerned, Goldstone has larger aver-
ages for bad period durations as well as larger standard de-
viations for them. Madrid has the smallest average durations
of bad periods while Canberra has averages for bad period
durations somewhere between Madrid and Goldstone. Both
Madrid and Canberra has much smaller standard deviations
for bad period durations than Goldstone. Looking at the dis-
tributions of good periods and bad periods, the reason for
this becomes obvious. The distributions for Goldstone in-
dicate that both for good periods and bad periods there are
some very short duration events and some very long duration
events. This causes both the mean and the standard deviations
to be large. For Madrid, the distributions are dominated by
short duration events, therefore, both the means and the stan-
dard deviations are small. Canberra’s distribution (compared
to Goldstone’s and Madrid’s) seemsto have more longer du-

Table 1. Completeness and Continuity Statistics for

Goldstone
Avg. Sd. Avg. Sd.
EL Avail. | Good | Good Bad Bad
(deg) period | period | period | period
(hrs) (hrs) (hrs) (hrs)
10 0.895 | 9.688 | 3933 | 1.252 | 4.870
30 0900 | 9376 | 38.69 | 1.136 | 3.583
60 0.917 | 9.387 | 38.63 | 0.9957 | 3.214
80 0914 | 9432 | 38.68 | 0.9680 | 2.990

Table 2. Completeness and Continuity Statistics for

Canberra
Avg. Sd. Avg. Sd.
El. | Avail. | Good | Good Bad Bad
(deg) period | period | period | period
(hrs) (hrs) (hrs) (hrs)
10 0911 | 7.698 | 1747 | 0.8396 | 1.903
30 0911 | 7.698 | 17.47 | 0.8396 | 1.903
60 0911 | 7.698 | 17.47 | 0.8396 | 1.903
80 0911 | 7.698 | 17.47 | 0.8396 | 1.903

ration events (but not too long) and that causes the standard
deviations to be smaller than Goldstone’s and the means to be
larger than Madrid’s.

The means and the standard deviations also indicate that the
link over at Goldstone is relatively more “stable” than the
links over at Canberra and Madrid and that Canberra’s link
is more “stable” than Madrid’s. This is because Goldstone
has more longer duration events in its distributions than either
Madrid or Canberra and Madrid has more shorter duration
events in its distributions than either Canberra or Goldstone.
This conclusion is also supported by Fig. 6. As seen from
this figure, Goldstone has better stability than the other two
sites and Canberra has slightly better stability than Madrid.
Also note that based on this figure, for all three sites at least
80% of the time the link is in a “good” period that is at least
8 hours long (typical duration of a DSN pass). This indicates

Table 3. Completeness and Continuity Statistics for Madrid

Avg. Sd. Avg. Sd.
El. | Avail. | Good | Good Bad Bad
(deg) period | period | period | period
(hrs) (hrs) (hrs) (hrs)
10 | 0.894 | 2233 | 17.04 | 0.2678 | 1.407
30 | 0901 | 2435 | 17.83 | 0.2681 | 1.402
60 | 0905 | 2.602 | 18.43 | 0.2754 | 1.433
80 | 0.907 | 2.615 | 1849 | 0.2712 | 1419
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Elevation; Long-term Statistics Link Design.

that while the stability of the Ka-band link varies from site
to site, in general, the Ka-band link designed with long-term
statistics is rather stable.

Continuity and Completeness of the Ka-band Link with Fore-
casting

The results of the analysis of the continutiy and completeness
for the Ka-band link with forecasting is presented in Tables 4
through 6 and in Figs. 7 through 10. Again it should be noted
that 7{% (9) values were selected so that the link would have
the maximum average data return at the given elevation over
a 34-m BWG antenna with a minimum of 90% availability
given the forecast. When Table 4 is compared to Table 1 it
is observed that while the averages for good period durations
slightly decrease with forecasting, the averages for bad period
duration and the standard deviations of both the good and bad
period durations significantly decrease. In addition, the avail-
ability of the link slightly improves with forecasting. Table 5
indicates that all this occurs with a slight improvement in the
link’s data return (approximately 5%). This is because of the
fact that with forecasting the link is designed according to the
actual dynamics of the link, thus preventing very long bad
periods or very long good periods from occurring (see Fig.
10). This in turn reduces the standard deviation of both the
good periods and the bad periods. This observation is further
supported by the results in Table 6. As seen from this table,
the 99-percentile values for both the good periods and the bad
periods are significantly reduced through forecasting. In ad-
dition, forecasting seems to reduce the number of relatively
short good periods as shown in Fig. 7.

Finally, forecasting improves the short-term stability of the
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Figure 5. “Bad” Period Cummulative Distribution; 30 deg.
Elevation; Long-term Statistics Link Design.

Table 4. Completeness and Continuity Statistics for
Forecasting at Goldstone

Avg. Sd. Avg. Sd.
El. | Avail. | Good | Good Bad Bad
(deg) period | period | period | period
(hrs) (hrs) (hrs) (hrs)
10 | 0916 | 8291 | 25.01 | 0.8334 | 1.729
30 | 0926 | 8460 | 25.68 | 0.7402 | 1.446
60 | 0932 | 9271 | 27.00 | 0.7494 | 1.430
80 | 0933 | 9387 | 27.18 | 0.7514 | 1.437

link. As seen from Fig. 9 the stability of the link under 10
hours is better with forecasting. As a typical DSN pass 8
hours or less, this means that forecasting could significantly
reduce the uncertainty in the link by improving the link’s sta-
bility and improve its continuity.

5. CAVEATS

While the work presented here indicates that our proposed
Ka-band link design approach has good continuity and com-
pleteness characteristics and that these characteristics could
be improved through forecasting, several issues have not been
addressed.

First of all, the concept of accepting some data loss in order to
maximize the average data return is something that most deep
missions are not used to. Practically all deep space missions
so far have based their primary science phase on the concept
of having certain amount of data down from the spacecraft at
a certain time. This practically requires the link to be 100%
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Table 6. Comparison of 99-percentile Distribution Values
for Forecasting and Long-term Statistics; 30 deg. Elevation,
Goldstone

Elevation | Forecasting Advantage (dB)
10 0.425
30 0.272
60 0.233
80 0.224

available. Therefore, forcing the acceptance of 10% down
time on the link on deep space missions is quite difficult. In
addition, the fact that the approach presented in this paper
does not provide a guaranteed latency in data return will not
sit well with most missions.

Furthermore, the analysis presented here with forecasting as-
sumed that the latest available forecasts are always used to
design the link. This means that the link needs to be config-
ured as late as 9 hours before the actual pass. Putting aside
the fact that an uplink may not be available to configure the
link at the desired time, most missions have long command
built and review cycles of at least a week or so. This means
that while the forecasts are useful, due the length of command
built and review process, channel forecasting may be impos-
sible to implement.

Finally, the performance of forecasting was analyzed only for
Goldstone which has the best weather of all three DSN com-
plexes. Madrid and Canberra both have worse weather than
Goldstone, and forecasting could be better evaluated if its per-
formance could be measured for these two complexes.

Link Design 99-percentile 99-percentile
Approach | Good Period (hours) | Bad Period (hours)
Long-term 189 20

Forecasting 139 7.75

6. CONCLUSIONS

In this paper we have presented a method for analyzing the
continuity and completeness of a deep space communications
link using the concept of “stability”” Using this concept we
have analyzed the continuity and completeness performance
of a Ka-band link design based on the concept of maximiz-
ing the average data return over the link while maintaining
a minimum availability. This approach was used both with
long-term statistics and with forecasting. The analysis has
shown that a Ka-band link designed according to this concept
is relatively stable and has good completeness and continuity
characteristics for all three DSN communication complexes.
In addition, it was shown that forecasting improves the com-
pleteness and data return on the link slightly while signifi-
cantly improving the continuity of the link.
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