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(57) ABSTRACT 

This disclosure presents a communication receiver system 
for spacecraft that includes an open loop receiver adapted to 
receive a communication signal. An ultrastable oscillator 
(USO) and a tone detector are connected to the open loop 
receiver. The open loop receiver translates the communica- 
tion signal to an intermediate frequency signal using a 
highly stable reference frequency from the USO. The tone 
detector extracts commands from the communication signal 
by evaluating the difference between tones of the commu- 
nication signal. 
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sures the tone frequency of the intermediate frequency 
signal. Again, so as to avoid the need to lock the phase or 
frequency of the communication signal, the tone detector 
also operates according to the stable reference frequency of 

5 the first signal. The tone detector extracts commands from 
the intermediate frequency signal by evaluating the differ- 
ence between tone frequencies of the intermediate frequency 
signal. 

More specifically, the open loop receiver comprises a 
10 frequency downconverter, a bandpass filter connected to the 

frequency downconverter, an analog-to-digital converter 

1 
TONE BASED COMMAND SYSTEM FOR 
RECEPTION OF VERY WEAK SIGNALS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to provisional application 
Ser. No. 601479,277 filed Jun. 18, 2003, which is incorpo- 
rated herein by reference. 

STATEMENT OF GOVERNMENTAL INTEREST 
connected to the bandpass filter, and a frequency synthesizer 
connected to the frequency downconverter and the analog- 
to-digital converter. The US0 is connected to the frequency 

15 synthesizer. The tone detector comprises a tone detection 
algorithm unit and a command detector connected to the 
tone detection algorithm unit. 

This invention was made With government Support under 
contract number NAs5-97271 awarded by NASA. The 
government has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention generally relates to spacecraft radio 

frequency receivers and more particularly to an improved 
receiver that uses a tone based open loop receiver system 
and an ultrastable oscillator. 

2. Description of the Related Art 
Existing deep space receivers must phase-lock to the 

uplink signal and generate a data clock for command recep- 
tion. These processes limit the sensitivity of present-day 
receivers to about -157 dBm for carrier lock and -145 dBm 
for reception of the minimum bit rate of 7.8125 bps. The 
phase-locking processes in the carrier and data tracking 
loops drive these threshold levels. The invention described 
below uses an open loop receiver that avoids the sensitivity 
loss associated with the use of phase lock loops (PLLs) or 
frequency lock loops (FLLs) and also avoids the lock 
threshold and acquisition delay to the system that a phase- 
lock or frequency-lock system would introduce. 

Within this application several publications are referenced 
by arabic numerals within parentheses. Full citations for 
these, and other, publications may be found at the end of the 
specification immediately preceding the claims. The disclo- 
sures of all these publications in their entireties are hereby 
expressly incorporated by reference into the present appli- 
cation for the purposes of indicating the background of the 
present invention and illustrating the state of the art. For 
example, two of the papers referenced below [ 1, 21 describe 
tone-based systems that are used in ground-based systems to 
monitor spacecraft. However, these systems are different 
than the system presented below, which uses a tone-based 
system in conjunction with other elements, such as a USO, 
open loop receiver, etc., to receive weak uplink command 
signals at a spacecraft. 

SUMMARY OF THE INVENTION 

This disclosure presents a spacecraft-based communica- 
tion receiver system that is positioned on the spacecraft and 
includes an open loop receiver adapted to receive a com- 
munication signal. With the invention an ultrastable oscil- 
lator (USO) outputs a first signal having a stable reference 
frequency. The US0 maintains the accuracy of the stable 
reference frequency to a fractional frequency error of less 

20 
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The tone frequencies can be either successive tone fre- 
quencies or simultaneous tone frequencies. Further, the tone 
detector can be adapted to begin tone frequency detection at 
a predetermined cyclical time to aid in synchronizing the 
tone detector with the communication signal. 

The open loop receiver performs a linear conversion on 
the communication signal to reduce the communication 
signal frequency to a lower intermediate frequency and then 
the tone detector detects tone frequencies in the intermediate 
frequency signal indicative of tone frequencies in the com- 
munication signal. The tone detector performs a Fourier 
transform to detect the tone frequencies. The tone detector 
compensates for long-term frequency drift of the US0 by 
measuring the frequency difference between tone frequen- 
cies instead of depending on the frequency measurement of 
a single tone frequency. Further, the tone detector uses tone 
periods having a length short enough so that performance is 
unaffected by long term frequency drift of the USO. 

Thus, the invention processes the communication signal 
using the highly stable reference frequency from the USO, 
and then extracts commands from the communication signal 
by evaluating the frequency difference between tone fre- 
quencies of the communication signal. This includes reduc- 
ing the frequency of the communication signal, to produce 
a downconverted signal, bandpass filtering the downcon- 
verted signal to produce a bandpass filtered signal, digitizing 
the filtered signal to produce a digitized signal, estimating 
the frequency of the communication signal using the band- 
pass filtered signal and a stable reference frequency from an 
ultrastable oscillator (USO), and extracting commands from 
the communication signal by evaluating the frequency dif- 
ference between tone frequencies of the communication 
signal. These commands comprise ground-based instruc- 
tions uplinked to a spacecraft. 

The process of reducing the frequency of the communi- 
cation signal comprises performing a linear conversion on 

55 the communication signal to reduce the communication 
signal to an intermediate frequency. While the process of 
detecting tones of the communication signal comprises 
sampling the intermediate frequency, and performing a 
Fourier transform. 

These, and other, aspects and objects of the present 
invention will be better appreciated and understood when 

60 

than 10-l’ over 60 seconds. An open loop receiver receives considered in conjunction with the following description and 
a communication signal and translates the communication the accompanying drawings. It should be understood, how- 
signal to an intermediate frequency signal using the stable ever, that the following description, while indicating pre- 
reference frequency of the first signal. This allows the open 65 ferred embodiments of the present invention and numerous 
loop receiver to avoid the need to lock the phase or fre- specific details thereof, is given by way of illustration and 
quency of the communication signal. A tone detector mea- not of limitation. Many changes and modifications may be 
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made within the scope of the present invention without 
departing from the spirit thereof, and the invention includes 
all such modifications. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will be better understood from the follow- 
ing detailed description with reference to the drawings, in 
which: 

FIG. 1 shows a conceptual block diagram of the space- 
craft portion of the tone-based commanding system; 

FIG. 2 illustrates a typical Doppler shift profile as a result 
of Earth rotation for a distant spacecraft; 

FIG. 3 shows the variation in received signal power as a 

performing a linear downconversion of the received signal, 
and then determining its frequency through the use of an 
on-board signal processing algorithm. Using this open-loop 
technique, receiver command sensitivity on the order of 

5 -175 dBm (PNo--1.5 dBHz) can be achieved. In this 
disclosure, “open-loop’’ refers to the fact that the spacecraft 
receiver is not phaselocked to the uplink signal. That is, the 
spacecraft receiver operates without phase or frequency 
locking, directly or indirectly, to the communication signal. 

i o  This sensitivity enables the commanding of interplanetary 
probes using a relatively small dish antenna on the ground 
and a lowgain antenna on the spacecraft. The technique 
complements existing methods for weak signal, downlink 
beacon tone reception [ 1, 21. 

function of distance for two scenarios; FIG. 1 shows ablock diagram of the spacecraft portion of 
FIG. 4 illustrates the receiver signal power needed to the tone-based commanding system. More specifically, FIG. 

achieve a 99% probability of correct detection with a false 1 illustrates an open-loop communication receiver system 
alarm probability of lo-’ over 60-second intervals; and 100 for spacecraft that includes an open loop receiver 102 

FIG. 5 illustrates the sensitivity of the probability of adapted to receive a communication signal. In an embodi- 
detection to changes in the assumed false alarm probability; 20 ment, the communication signal includes spacecraft com- 

FIG. 6 shows one non-limiting example of how the mands encoded as differences between tone frequencies, i.e., 
invention could be implemented; and as differential tone frequencies. An ultrastable oscillator 

FIG. 7 shows the invention in flowchart format. (USO) 104 and a tone detector 106 are connected to the open 
loop receiver 102. The open loop receiver 102 translates the 

25 communication signal to an intermediate frequency signal 
using a highly stable reference frequency from the US0 104. 
Tone detector 106 extracts tone frequencies from the inter- 
mediate frequency signal, and then evaluates differences 
between the tone frequencies to extract or decode the 

15 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

The present invention and the various features and advan- 
tageous details thereof are explained more fully with refer- 
ence to the nonlimiting embodiments that are illustrated in 30 spacecraft commands. 
the accompanying drawings and detailed in the following More specifically, the open loop receiver 102 comprises a 
description. It should be noted that the features illustrated in frequency downconverter 110, a bandpass filter 112 con- 
the drawings are not necessarily drawn to scale. Descriptions nected to the frequency downconverter 110, an analog-to- 
of well-known components and ProcessiW techniques are digital converter 114 connected to the bandpass filter 112, 
omitted so as to not unnecessarily obscure the Present 35 and a frequency synthesizer 116 connected to the frequency 
invention. The examples used herein are intended merely to downconverter 110 and the analog-to-digital converter 114. 
facilitate an understanding of ways in which the invention The us0 104 is connected to the frequency synthesizer 116. 
may be practiced and to further enable those of skill in the The tone detector 106 comprises a tone detection algorithm 
art to Practice the invention. AccordinglY, the examples unit 120 and a command detector 122 connected to the tone 
should not be construed as limiting the scope of the inven- 40 detection algorithm unit, Item 108 represents an amplifier 
tion. that amplifies the received RF signal, and items 118 repre- 

The invention provides a technique that enables the sent low pass filters that filter out excess noise that are output 
reception of spacecraft commands at received signal powers to the tone detector 106. 
as much as three orders of magnitude below those of current The tone frequencies can be either successive tone fre- 
deep space systems. It reduces the cost of deep space 45 quencies or simultaneous tone frequencies. Further, the tone 
operations by enabling the use of small aperture ground detector 106 can be adapted to begin tone frequency detec- 
antennas to control spacecraft during the cruise phase. With tion at a predetermined cyclical time to aid in synchronizing 
the inventive system, referred to as tone-based commanding, the tone detector 106 with the communication signal. 
control of spacecraft at interplanetary distances is possible The open loop receiver 102 lowers the frequency of the 
using ground antennas of the 5 to 10-meter diameter class. 50 communication signal by performing a linear conversion on 

The inventive tone-based commanding involves the 
reception of commands that are sent in the form of precise 
frequency offsets using an open-loop receiver. Two key 
elements of this technique are an ultrastable oscillator and an 
open-loop receiver on-board the spacecraft. 

Developing technologies (which may or may not be 
well-known) include a highly integrated transceiver or tran- 
sponder system, ultrastable oscillator (USO), uplink radio- 
metrics capability, and open-loop reception capability. The 

the communication signal (via, for example, mixer 110) to 
reduce the communication signal frequency to an interme- 
diate frequency (IF) signal. ADC 114 digitizes or samples 
the IF signal to produce a sampled IF signal. Tone detection 

55 algorithm 120 detects tone frequencies in the sampled IF 
signal representative of the tone frequencies in the commu- 
nication signal. In an embodiment, tone detection algorithm 
120 performs a Fourier transform to perform tone detection. 
Command detector 122 detects differences between the 

latter capability enables the inventive RF system to down- 60 detected tone frequencies to recover the spacecraft com- 
convert and record weak uplink signals on-board the space- mands. In this manner, the tone detector 106 compensates 
craft. The inventive transceiver or transponder system is for long-term frequency drift of the US0 104 by measuring 
implemented on the spacecraft using relatively low power, the difference in frequency between tone frequencies instead 
low mass plug-in cards or standalone boxes. of depending on the frequency measurement of a single tone 

accurate frequency knowledge needed to improve the detec- Thus, the received RF signal is downconverted or trans- 
tion of very weak signals. The detection is accomplished by lated to an intermediate frequency and then sampled. These 

With the invention, the onboard US0 provides the highly 65 frequency. 
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samples are processed to determine the different command 
tone frequencies. The accuracy of the frequency measured 
by the spacecraft receiver will depend on the stability of the 
ground and spacecraft oscillators, as well as the ability of the 
ground station to compensate for uplink Doppler shift. Over 
long periods of spacecraft hibernation, the frequency knowl- 
edge will degrade as the oscillators drift and the orbit 
determination model ages. Therefore, the inventive tone 
detection system 100 operates differentially, with the fre- 
quency difference between successive tone frequencies car- 
rying the command information. Alternatively, two tone 
frequencies could be transmitted simultaneously, with the 
command information carried as the frequency difference 
between the two tone frequencies. Each tone is actually an 
unmodulated uplink carrier signal with its frequency pre- 
cisely controlled. 

With respect to frequency stability considerations, the 
inventive system 100 can be considered to be a frequency- 
shift keyed modulation scheme. The number of different 
commands that can be sent will depend on the receiver 
detection channel bandwidth and the frequency stability of 
the system 100. Shown below are some example parameters 
of one implementation of the system design. The ground 
station oscillator is assumed to be an atomic frequency 
standard. System 100 parameters include the following: 

Uplink signal frequency: 7.2 GHz 
Command tone duration: 60 s 
Detection channel bandwidth: 1500 Hz 
(two-sided bandwidth after sampling) 

(over 60 seconds) 

(over 60 seconds) 

(over 24 hours) 

Ground station frequency stability: 

Spacecraft US0 frequency stability: 

Spacecraft US0 long-term drift: 

1 x 10-12 

1 x 10-12 

1 x 10-11 

The stability of the measured signal due to the combined 
ground statiodspacecraft oscillators is 1 . 4 ~ 1 0 - ~ ~  (0.01 
Hz@7.2 GHz) over the 60-second command tone duration. 
This is relatively small, so the stability of the signal mea- 
sured by the spacecraft may depend more on the ability of 
the ground station to predict and remove geocentric and 
topocentric Doppler shift from the uplink signal. Because a 
differential system is used, the ability to hold the frequency 
that is observed at the spacecraft constant is the important 
issue, rather than the ability to achieve a specific frequency. 

As a simple illustration of the error that might occur due 
to compensation for Doppler shift, we can consider a distant 
spacecraft in the equatorial plane of the Earth and a ground 
station on the equator. FIG. 2 illustrates the Doppler shift 
profile that would result from such a geometry over the 
course of a ground station pass. The origin corresponds to 
the spacecraft at zenith and the ends of the abscissa corre- 
spond to the spacecraft at the horizon. The time-delayed 
curve shown on the figure represents what might occur due 
to an error in the spacecraft orbital position. A position error 
at zenith results in a large but relatively constant Doppler 
frequency error at the spacecraft. A position error at the 
horizon results in a smaller but more time-varying Doppler 
frequency error at the spacecraft. Preliminary calculations 
indicate that a spacecraft position error of 10,000 km at a 
distance of 6 astronomical units (AU) would result in a 
maximum Doppler frequency error of 0.12 Hz at zenith and 
a maximum variation in Doppler frequency error of 0.0005 
Hz over 60 seconds at the horizon. Therefore, spacecraft 

6 
position errors at this level do not represent a problem for 
signal stability over 60-second intervals. 

Table 1 below shows the number of possible signal 
frequencies and associated command bit rates as a function 

5 of signal stability. These numbers are idealistic; in practice 
the number of commands will less than the number of 
possible signal frequencies due to practical considerations. 
The conclusion arrived at by these first-cut calculations, 
however, is that a useful system (-0.2 bps) can be achieved 

10 with only modest frequency stability requirements. 

TABLE 1 

Example Tone Command System Parameters 

Frequency stability 
over 60 seconds 

15 

Parameter 0.0167 Hz 0.1 Hz 1 Hz 

Detection channel bandwidth (Hz) 1500 1500 1500 
20 Tone duration (s) 60 60 60 

Maximum number (N) of command 90,000 15,000 1500 
frequencies 

(2" 5 N) 
Bit rate (bps) 0.27 0.22 0.17 

Duration of discrete 60 10 1 
Fourier transform (s) 
Number of transforms that are 1 6 60 
noncoherently summed 

Maximum number (n) of command bits 16 13 10 

25 (=d60) 

30 With respect to fundamental limitations due to noise, the 
presence of thermal noise in the system will affect the 
achievable bit rate. In this section, we take a look at the 
theoretical bit rate that might be achieved with a low signal 
level system. A well-know fundamental limit in communi- 
cation theory is expressed by the Shannon-Hartley theorem. 
According to this theorem, the channel capacity is expressed 
as: 

35 

C=B log2{l+P/(N,@)} bps 
40 

where B is the channel bandwidth in Hz, P is the signal 
power in watts, and No is the noise power spectral density in 
wattsIHz. The noise power spectral density can be expressed 
as No=kTs where k is Boltzmann's constant ( 1 . 3 8 ~ 1 0 - ~ ~  

45 JIK) and T, is the receiver system noise temperature in 
Kelvin. 

We assume the received signal power to be -175 dBm, or 
about 20 dB below the lock threshold of current deep space 
receivers. We also assume a typical X-band receiver system 

50 noise temperature of 324 K. For a channel bandwidth of 
1500 Hz, the theoretical channel capacity is C-1 bps. This 
calculation provides a reality check that reliable operation at 
a bit rate on the order of 0.2 bps might be achieved in 
practice. 

With respect to time synchronization, in a conventional 
digital communications receiver, the clock of the received 
data stream must be recovered to enable synchronous detec- 
tion of the data. This synchronization typically requires the 
use of a phaselock loop. However, the use of a phaselock 

60 loop introduces a lock threshold and an acquisition delay to 
the system. 

With long tone durations (say 60 seconds), the time 
synchronization aspect of the inventive open-loop technique 
is relatively straightforward. For example, the on-board time 

65 knowledge of a USO-based spacecraft is typically accurate 
to within one second of Earth time over hibernation periods 
up to one year (this aspect of spacecraft design is usually 

55 
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carefully managed by the mission). The reception of com- of a received signal frequency will result in two command 
mand tones can be pre-arranged by the tone detector 120 to errors, as is understood by those ordinarily skilled in the art. 
start only at the top of any given hour. The spacecraft The length of the discrete Fourier transform is bounded by 
processor “looks” for a command tone starting at the top of the signal stability. In the limit of a very stable US0 on the 
the hour and, if it detects one, looks for another every tone 5 spacecraft and very good compensation of the uplink Dop- 
period after that. To account for small timing errors, some pler shift by the ground, the entire command tone interval of 
extra time (say one second) can be added to the beginning 60 seconds can be processed in a single transform. This 
and end of each tone transmission with only a small penalty approach assumes that the signal remains within one fre- 
to the uplink bit rate. quency bin width of 0.0167 Hz during the 60-second tone 

With respect to link analysis examples, to further assess i o  period. As the signal stability becomes worse, the length of 
the usefulness of a tone commanding system, we have the discrete Fourier transform must be shortened to produce 
analyzed two different mission scenarios: (1) a spacecraft wider frequency bins. For example, if the received signal 
operating at Jupiter distance (6 AU) using a 10-meter was stable to within 0.1 Hz over 60 seconds, then six 
diameter ground antenna, and (2) a spacecraft operating at discrete Fourier transforms would be performed, each based 
an interstellar distance of 1000 AU using a Deep Space 15 on ten seconds of data. 
Network (DSN) 70-meter diameter ground antenna [3].  To enable preliminary calculations of the noise perfor- 
These examples serve to establish the received signal levels mance of the tone-based command system, we have con- 
that might be expected in an actual mission. Table 2 below sidered the three stability cases shown in Table 1. In all three 
shows the link analysis results for the two scenarios. cases, the complete data record is 60 seconds long and the 

TABLE 2 

Link Analysis Examples 

Parameter Jupiter Link Interstellar Probe Link 

Ground station antenna size 
Ground station transmit power 
Ground station antenna gain 

Ground antenna pointing loss 
Path loss at 7.2 GHz 
Atmospheric loss 
Polarization mismatch loss 
Spacecraft antenna gain 
Spacecraft passive loss 
(between antenna and receiver 
input) 
Spacecraft total received power 
(at receiver input) 
Spacecraft receiver system noise 
temperature (at receiver input) 

Received P/N, 

10-m diameter 
1.0 kW 
54.5 dBic 
(overall efficiency = 50%) 
0.5 dB 
288.65 dB (distance = 6 AU) 
0.2 dB 
0.2 dB 
+7 dBic (low gain antenna) 
2 dB 

-170.1 dBm 

324 K (includes 75 K 
antenna noise temperature, 2 
dB passive loss, and 2 dB 
receiver noise figure) 
+3.5 dBHz 

70-m diameter 
18.4 kW (as per DSN handbook 810-5) 
72.7 dBic (as per DSN handbook 810-5) 

0.15 dB 
333.09 dB (distance = 1000 AU) 
0.2 dB 
0.2 dB 
+15 dBic (medium gain antenna) 
2 dB 

-175.3 dBm 

230 K (includes 75 K antenna noise 
temperature, 2 dB passive loss, and 1 dB 
receiver noise figure) 

-0.3 dBHz 

In the Jupiter mission scenario, the spacecraft is assumed 
to be in hibernation attitude with a low gain antenna oriented 
toward the Earth. The ground station transmitter power is 1 
kW. The analysis indicates a received signal power of -170 
dBm. In the interstellar mission scenario, the spacecraft is 
assumed to be in hibernation attitude with a medium gain 
antenna oriented toward the Earth. The ground station 
transmitter power is 18.4 kW. The analysis indicates a 
received signal power of -175 dBm. FIG. 3 shows the 
variation in received signal power as a function of distance 
for the two scenarios. Thus, FIG. 3 illustrates the uplink 
analysis results for the two different mission scenarios. 

With respect to performance in the presence of noise, 
reliable performance can be achieved with relatively low 
signal levels. Detection of the command tone is based on an 
examination of the power in each frequency bin following a 
discrete Fourier transform of the downconverted signal. 
When the highest power level in any frequency bin within 
the 1500 Hz detection channel bandwidth exceeds a speci- 
fied threshold, the frequency corresponding to that maxi- 
mum value is determined to be that of the command tone. 
The actual command information is determined by the 
change in frequency between two successive tones. Because 
the system is differential, an error made in the determination 

effective sample rate is twice the lowpass filter (LPF) cutoff 
45 frequency, or 1500 Hz. The two-sided bandwidth of the 

detection channel is 2x750=1500 Hz. The only difference 
between the three cases is the stability of the sampled signal, 
which bounds the maximum length of the discrete Fourier 
transform and determines the number of transforms that 

We apply the Neyman-Pearson criterion to this problem 
by maximizing the probability of correct tone detection for 
a given false alarm probability. If we set the false alarm 
probability to lo-’ for each 60-second interval, then false 

55 alarms will occur at a rate of once every 190 years. This 
probability is spread across all of the frequency bins, so the 
probability of a false alarm at any particular frequency is 
very much smaller than lo-’. We define a false alarm to 
occur when no signal is transmitted and the noise results in 

60 the power in any one frequency bin crossing a detection 
threshold. The detection threshold itself would be based on 
the observed noise level to assure a constant false alarm rate 
that is independent of changes in the system noise tempera- 
ture. 

Also, for the sake of illustration, we set the probability of 
detection to 99% and compute the signal power necessary to 
achieve this combination of false alarm and detection prob- 

50 must be noncoherently summed. 

65 
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abilities when the system noise temperature is 324 K. The One receiver is put into open-loop radio science mode. 
result is shown in FIG. 4 as a function of the assumed The spacecraft solid-state recorder (SSR) is configured to 
frequency stability. More specifically, FIG. 4 illustrates the record the radio science output of this receiver for the 
receiver signal power needed to achieve a 99% probability duration of the experiment. 
of correct detection with a false alarm probability of lo-' 5 The NASA Deep Space Network (DSN) transmits an 
over 60-second intervals. The two-sided detection channel uplink signal that is precisely controlled to present a con- 
bandwidth is 1500 Hz. The system noise temperature is 324 stant frequency at the spacecraft receiver within 2750 Hz of 
K. We see that achieving this level of performance with a the receiver center frequency. 
signal power approaching -175 dBm will require excellent Dummy commands are uplinked in the form of a series of 
signal stability (~0 .01  Hz over 60 s). Relaxing the stability i o  frequency offsets initiated at a prescribed point in time (say 
to 1 Hz over 60 s increases the required signal power to at the top of the hour). 
about -171 dBm. At the end of the experimental period (presumably still 

The sensitivity of the probability of detection to changes within the ground station pass), the contents of the SSR are 
in the assumed false alarm probability is shown in FIG. 5. dumped to the ground. 
More specifically, FIG. 5 shows receiver operating curves. 15 The recorded data is analyzed on the ground to decode the 
The different plots correspond to signal stabilities of 0.0167 commands as if they were actually decoded in flight. 
Hz, 0.1 Hz, and 1 Hz. The probability of detection in all The proposed experiment would need to be incorporated 
cases is set equal to 0.99 for a probability of false alarm of into the mission planning. It appears that it could be done 
lo-'. Increasing the acceptable probability of false alarm by within the bounds of the existing design of the spacecraft 
an order of magnitude, for example, would raise the prob- 20 hardware and software. 
ability of detection to 99.5% for all of the signal power FIG. 7 is a flowchart of an example method of processing 
levels shown in FIG. 4. The interdependence of the detection a communication signal received at, and on board, a space- 
and false alarm probabilities is seen to be largely indepen- craft. The steps of the method are performed on the space- 
dent of the assumed frequency stability once the signal craft in an open-loop manner. In step 700, the invention 
levels are chosen to meet the 99% detection and lo-' false 25 nerforms a linear down-conversion on the communication 
alarm probabilities. 

FIG. 6 shows an exemplary command receiver that could 
be implemented in, for example, a NASA flight experiment. 
The NASA New Horizons mission is planned for launch in 
January 2006 and will fly by Pluto and Charon as early as 
2015. This mission will incorporate an advanced RF com- 
munications architecture that includes plug-in X-band 
uplink and downlink cards, regenerative ranging capability, 
uplink radio science capability, and a USO. As shown in 
FIG. 6. this examrmle command receiver includes a double- 

signal to reduce the communication signal to an intermediate 
frequency. Next, the invention bandpass filters the down- 
converted signal 702 to produce a bandpass filtered signal, 
and digitizes the filtered signal 704 to produce a digitized 

30 signal. The invention then estimates the tone frequency of 
the communication signal (706, 708) using the bandpass 
filtered signal and a stable reference frequency from an 
ultrastable oscillator (USO). More specifically, the invention 
samples the intermediate frequency 706 and performs a 

35 Fourier transform rmrocess 708 in order to estimate the tone 
down converter that has two sets of downconverters (analog frequency of the incoming communication signal. Next, in 
mixers) 110 and associated bandpass filters 112 that receive item 710, the invention extracts commands from the com- 
first and second oscillation outputs from the frequency munication signal by evaluating the difference between tone 
synthesizer 116. In addition, the oscillation signal output by frequencies of the communication signal. More specifically, 
the US0 104 is mixed (by mixer 602) using output from a 40 the extraction process 710 evaluates the differences between 
direct digital synthesizer (DDS) 604, which operates based the tone frequencies and thereby compensates for any long- 
on a predetermined fixed phase word (as opposed to a term frequency drift of the USO. 
variable phase word that would be used in phase lock loop In conclusion, this disclosure has presented the design of 
systems). Also, this example applies separate functions an uplink communication system capable of enabling a 
using digital mixers 610 to the output from the ADC 114 that 45 ground station with a relatively small antenna (5 to 10-meter 
is supplied to the low pass filters 118. The numerical values diameter) to command a deep space probe. The system takes 
shown in FIG. 6 are only examples, and one ordinarily advantage of highly stable oscillators on both the ground and 
skilled in the art would understand that each implementation spacecraft ends of the link to enable operation at very low 
of the invention would have its own unique design charac- signal levels. The uplink command capability it provides 
teristics. 50 complements existing techniques for downlink beacon tone 

The command receiver of FIG. 6 can be placed into an reception. The design of the tone-based command system 
open-loop configuration for making uplink radio science places realistic requirements on frequency stability and 
measurements. In this configuration, the X-band signal is timing. A preliminary noise analysis indicates that reliable 
linearly downconverted, then sampled and lowpass filtered operation can be achieved with signal levels as low as -170 
to produce complex (I and Q) baseband samples in an output 55 to -175 dBm at the spacecraft receiver. Opportunities exist 
LPF bandwidth of 750 Hz. Again, the bandwidth is deter- to experiment with this technique on the ground and in flight 
mined by the requirements of the radio science measure- using the advanced RF communications architecture on the 
ment. These samples, 16 bits for I and 16 bits for Q, are New Horizons spacecraft. 
output at a 3.3 kilosampleis rate and recorded on the A benefit of the invention is that it enables commanding 
spacecraft solid state recorder (SSR). 60 of interplanetary deep space probes using commercially- 

The architecture of the New Horizons RF communication owned small aperture ground stations (5 to 10 meter diam- 
system provides a good opportunity to experiment with eter). The invention also enables commanding of interstellar 
tone-based commanding during flight. At a convenient time deep space probes using NASA's Deep Space Network. 
during the cruise phase of the mission, one of the receivers While the invention has been described in terms of 
could be put into open-loop radio science mode for reception 65 preferred embodiments, those skilled in the art will recog- 
of simulated uplink commands. Shown below is a general nize that the invention can be practiced with modification 
flow for such an experiment: within the spirit and scope of the appended claims. 
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What is claimed is: 
1. A communication receiver system on a spacecraft, the 

communication receiver configured to receive a communi- 
cation signal including spacecraft commands encoded as 
differences between tone frequencies, comprising: 

an ultrastable oscillator (USO) on the spacecraft adapted 
to output a first signal having a stable reference fre- 
quency without phase or frequency locking to said 
communication signal; 

an open loop receiver on the spacecraft configured to 
translate said communication signal to an intermediate 
frequency (IF) signal using said stable reference fre- 
quency without phase or frequency locking to said 
communication signal; and 

detect, using said stable reference frequency, tone fre- 
quencies in said IF signal indicative of said tone 
frequencies in said communication signal, and 

evaluate differences between said detected tone fre- 
quencies so as to extract said spacecraft commands, 

wherein said detector is configured to detect and evalu- 
ate without phase or frequency locking to said com- 
munication signal. 

2. The system in claim 1, wherein said US0 maintains the 
accuracy of said stable reference frequency to a fractional 
frequency error of approximately less than 10-l’ over 60 
seconds. 

3. The system in claim 2, wherein each of said frequency 
tones in said communication signal has a duration of 
approximately 60 seconds. 

4. The system in claim 1, wherein said tone frequencies 
comprise one of successive tone frequencies and simulta- 
neous tone frequencies. 

5. The system in claim 1, wherein said tone detector is 
adapted to begin tone frequency detection at a predeter- 
mined cyclical time to aid in synchronizing said tone detec- 
tor with said intermediate frequency signal. 

6. The system in claim 1, wherein said open loop receiver 
includes a digitizer to produce the intermediate frequency 
signal as a sampled intermediate frequency signal, and 
wherein said tone detector detects said tone frequencies in 
said sampled intermediate frequency signal. 

7. The system in claim 1, wherein said spacecraft com- 
mand comprises ground-based instructions uplinked from 
said ground station to said spacecraft. 

8. A spacecraft-based communication receiver system 
comprising: 

a tone detector on the spacecraft configured to 

12 
an ultrastable oscillator (USO) adapted to output a first 

signal having a stable reference frequency; 
an open loop receiver adapted to receive a communication 

signal and translate said communication signal to an 
intermediate frequency signal using said stable refer- 
ence frequency of said first signal, wherein said open 
loop receiver avoids the need to lock the phase or 
frequency of said communication signal, and wherein 
said open loop receiver comprises a frequency down- 
converter, a bandpass filter connected to said frequency 
downconverter, an analog-to-digital converter con- 
nected to said bandpass filter, and a frequency synthe- 
sizer connected to said frequency downconverter and 
said analog-to-digital converter; and 

a tone detector adapted to measure the tone frequency of 
said intermediate frequency signal, wherein said tone 
detector also operates according to said stable reference 
frequency of said first signal, and wherein said tone 
detector extracts commands from said intermediate 
frequency signal by evaluating the difference between 
tone frequencies of said intermediate frequency signal. 

9. The system in claim 8, wherein said US0 maintains the 
accuracy of said stable reference frequency to a fractional 
frequency error of less than 10-l’ over 60 seconds. 

10. The system in claim 8, wherein said tone frequencies 
comprise one of successive tone frequencies and simulta- 
neous tone frequencies. 

11. The system in claim 8, wherein said tone detector is 
adapted to begin tone frequency detection at a predeter- 

30 mined cyclical time to aid in synchronizing said tone detec- 
tor with said intermediate frequency signal. 

12. The system in claim 8, wherein said tone detector uses 
tone frequency periods having a length sufficient to com- 
pensate for long-term frequency drift of said USO. 

13. The system in claim 8, wherein said tone detector uses 
tone periods having a length sufficient to compensate for 
long-term frequency drift of said USO. 

14. The system in claim 8, wherein said commands 
comprise ground-based instructions uplinked to a spacecraft. 

15. A method for receiving a communication signal on 
board a spacecraft, said method comprising: 

processing said communication signal through an open 
loop receiver using a first signal having a stable refer- 
ence frequency from an ultrastable oscillator (USO) to 
produce an intermediate frequency signal, wherein said 
open loop receiver uses said stable reference frequency 
to avoid the need to lock phase or frequency of said 
communication signal, 

detecting tone frequencies of said intermediate frequency 
signal using said stable reference frequency of said first 
signal from said USO, and 

extracting commands from said intermediate frequency 
signal by evaluating the difference between tone fre- 
quencies of said intermediate frequency signal. 

16. The method in claim 15, wherein said different tone 
frequencies comprise one of successive tone frequencies and 
simultaneous tone frequencies. 

17. The method in claim 15, wherein said process of 
detecting said tone frequencies begins tone frequency detec- 

60 tion at a predetermined cyclical time to aid in synchronizing 
with said intermediate frequency signal. 

18. The method in claim 15, wherein said process of 
detecting tone frequencies of said intermediate frequency 
signal comprises sampling said intermediate frequency. 

19. The method in claim 15, wherein said process of 
detecting tone frequencies of said intermediate frequency 
signal comprises performing a Fourier transform. 
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20. The method in claim 15, wherein said process of 
detecting said tone frequencies uses tone periods having a 
length sufficient to compensate for long-term frequency drift 
of said USO. 

21. A method of processing a communication signal on a 5 
spacecraft, the communication signal including spacecraft 
commands encoded as differences between tone frequencies, 
comprising: 

(a) generating a first signal having an ultrastable reference 

(b) translating said communication signal to an interme- 
diate frequency (IF) signal using said stable reference 
frequency; 

(c) detecting, using said stable reference frequency, tone 
frequencies in said IF signal indicative of said com- 15 
munication signal tone frequencies; 

frequency; 10 

14 
(d) extracting commands from said IF signal by evaluat- 

ing differences between said detected IF signal tone 
frequencies; and 

(e) performing steps (a) through (d) on said spacecraft 
without phase or frequency locking to said communi- 
cation signal. 

22. The method of claim 21, wherein step (b) includes: 
band pass filtering the IF signal; and 
digitizing the band pass filtered IF signal, to produce a 

wherein step (c) includes detecting said tone frequencies 
digitized IF signal, 

in said digitized IF signal. 

* * * * *  


