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Abstract— The Phoenix Lander, first of NASA’s Mars 
Scout missions, arrived at the Red Planet on May 25, 2008.  
From the moment the lander separated from its 
interplanetary cruise stage shortly before entry, the 
spacecraft could no longer communicate directly with Earth, 
and was instead entirely dependent on UHF relay 
communications via an international network of orbiting 
Mars spacecraft, including NASA’s 2001 Mars Odyssey 
(ODY) and Mars Reconnaissance Orbiter (MRO) 
spacecraft, as well as ESA’s Mars Express (MEX) 
spacecraft.  All three orbiters captured critical event 
telemetry and/or tracking data during Phoenix Entry, 
Descent and Landing.  During the Phoenix surface mission, 
ODY and MRO provided command and telemetry services, 
far surpassing the original data return requirements.  The 
availability of MEX as a backup relay asset enhanced the 
robustness of the surface relay plan.  In addition to 
telecommunications services, Doppler tracking observables 
acquired on the UHF link yielded an accurate position for 
the Phoenix landing site. 
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1. INTRODUCTION 
Spanning a period of over three decades, a series of robotic 
probes have landed on the Martian surface, conducting in 
situ explorations of our neighboring planet. Beginning with 
the two Viking Landers launched in 1975, and followed by 
the launch of the Mars Pathfinder Lander in 1996 and the 
two Mars Exploration Rovers in 2003, these spacecraft have 
greatly advanced our understanding of the Red Planet.  One 
of the many challenges of these landed Mars mission is the 
severe mass and power constraints for a spacecraft that must 
be safely delivered to the Martian surface, and the resulting 
limitation in telecommunications capability.  To mitigate 
these constraints, these missions have utilized relay 
communications to increase data return from resource-
constrained landers.   

As an example, while the two Viking Landers were capable 
of communicating directly to Earth via S-band deep-space 
links, they returned much of their data via energy-efficient, 
short-range relay links to the two Viking Orbiters which 
carried the landers to Mars.  The orbiters could then take on 
the job of returning those data to Earth, taking advantage of 
the orbiters’ more capable deep space link 
telecommunications system and more abundant power 
[Brown, 1974].   

While the Pathfinder Lander only returned data over a 
direct-to-Earth X-band link, the Sojourner Rover that 
Pathfinder deployed was too small to communicate directly 
to Earth, and instead returned all its data on a short range 
surface UHF link to the Pathfinder Lander.  Hence the 
lander served as a relay node for the even more resource-
constrained rover.  [Matijevic, 1997]. 
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Lander, which had been largely implemented prior to a 
decision to cancel the launch in the wake of the loss of the 
Mars 98 Polar Lander. 

The surface configuration of the Phoenix Lander is 
illustrated in Figure 1.  A pair of deployable solar panels 
provide power for surface operations.  Key science elements 
of the lander include the Robotic Arm, capable of trenching 
and scooping up soil for delivery to the lander’s two 
analytical instruments: the Microscopy, Electrochemistry, 
and Conductivity Analyzer (MECA) and the Thermal and 
Evolved Gas Analyzer (TEGA).  Other instruments include 
the Surface Stereo Imager (SSI), the Meteorological Station 
(MET), the Robotic Arm Camera (RAC), and the Mars 
Descent Imager (MARDI). 

While the original Phoenix Lander proposal included an X-
band direct-to-Earth communications system for the surface 
phase of the mission, similar to the X-band capability on the 
Mars Exploration Rovers, the X-band system was 
eliminated from the Lander early in development.  This 
decision, which was justified based on the highly successful 
relay support of the Mars Exploration Rovers and by the 
ongoing availability of redundant relay orbiters, resulted in 
significant mass, power, and cost savings for the Phoenix 
mission.  The project estimates that elimination of the X-
band system and supporting hardware reduced the lander 
mass by 14.8 kg, reduced lander energy requirements by 36 
W-hrs, and saved the project over $3M.   

So while the Phoenix cruise stage incorporated X-band 
communications for the nearly 10 month transfer orbit from 
Earth to Mars, once the lander separated from the cruise 
stage shortly prior to entering the Martian atmosphere, all 
communications from that point forward were carried out 
via UHF relay links to the Odyssey, MRO, and Mars 
Express orbiters.  The resulting Phoenix Lander 
telecommunications system, shown in Figure 2, included 
block-redundant CE-505 UHF transceivers.  The 
transceivers supported the CCSDS Proximity-1 Space Link 
Protocol [CCSDS, 2004], providing interoperability with the 
UHF payloads on all three relay orbiters.  The Proximity-1 
protocol specifies physical layer, coding and modulation, 
and link layer standards for communication payloads 
supporting short distance links, and establishes hailing 
procedures for link establishment and retransmission 
protocols that allow reliable full duplex communications, 
ensuring error-free, gap-free data transfer on Mars relay 
links.  The implementation of the Proximity-1 standard in 
the Phoenix CE-505 transceiver utilized fixed-frequency 
operations, receiving on the forward link (orbit-to-surface) 
at 437.1 MHz and transmitting on the return link (surface-
to-orbit) at 401.585625 MHz, supported data rates of 8, 32, 
128, and 256 kbps (although the Phoenix mission chose not 
to utilize the 256 kbps capability), and provided an option 
for encoding the return link with a (7,1/2) convolutional 
code. 

During atmospheric entry, the lander was enclosed in a 
protective aeroshell.  Communications during this phase 
utilized a wrap-around antenna on the backshell.  Once the 
lander separated from the backshell to begin its terminal 
descent, the communications switched to a quadrifilar helix 
antenna on the lander deck.  On the surface, the lander had 
two UHF antennas available for use in any given relay 
contact.  The quadrifilar helix antenna offered the best gain 
gain pattern for most overflights; however, in order to 
support late-morning passes on the surface with the Odyssey 
orbiter, which would occur with Odyssey at low elevation 
towards the northwest horizon, a monopole antenna was 
added.  (Because the Phoenix Lander touched down with a 
controlled azimuthal orientation, it was possible to locate 
the monopole antenna on the lander deck to optimize the 
gain pattern for these late morning passes.) 

3. MARS RELAY NETWORK  
While the three orbiters operating at Mars during the time 
frame of the Phoenix Lander mission share a common 
interoperable relay service, each has unique characteristics 
that impact their performance as relay assets. 

Mars Odyssey 

The Mars Odyssey spacecraft, launched in 2001, operates in 
a 400-km circular, sun-synchronous orbit, with an 
inclination of roughly 93 deg [Spencer, et al., 2002].  At the 
time of the Phoenix mission, the ascending node of the 
Odyssey orbit was positioned at roughly 5 AM Local Mean 
Solar Time (LMST). Communications to Earth is performed 
at X-band via a 1.3 m high gain antenna and a 15 W solid 
state power amplifier.  Odyssey relay operations were very 
mature by the time of Phoenix support, based on the fact 
that Odyssey provided the vast majority of relay support to 
the Mars Exploration Rovers.  

For relay communications, Odyssey is equipped with the 
same CE-505 UHF transceiver that Phoenix carried 
(modified to swap the transmit and receive frequency 
assignments for the orbiter side of the proximity link).  The 
CE-505 transceiver also includes a 1-bit-per-sample open 
loop recording capability (sometimes referred to as “canister 
mode”, as it was originally included to detect a tone from an 
orbiting sample canister for a future Mars Sample Return 
mission); the resulting recording can be post-processed to 
extract a carrier signal, providing frequency and amplitude 
information. 

Mars Express 

Launched in 2003, ESA’s Mars Express operated during the 
Phoenix time frame in a highly elliptical 255 x 10,142 km 
orbit, with an inclination of 86.35 deg and an orbital period 
of 6.75 hr. These orbit elements result in continual variation 
of both the latitude and local time of periapsis.  Mars 
Express communicates to Earth at X-band via a body-fixed 
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1.65 m high gain antenna and a  65 W TWTA [Schmidt, 
2003].   

Relay communication is supported by the Melacom UHF 
transceiver, with separate transmit and receive patch 
antennas.  Melacom supports return link data rates in 
powers of 2 from 2 kbps to 128 kbps, although support for 
Phoenix only utilized rates of 8, 32, and 128 kbps.  In 
addition, Melacom supports a 1-bit-per-sample open loop 
recording capability similar to Odyssey, which can be post-
processed to provide carrier tone information. 

Mars Express was originally intended to be the primary 
relay support for the Beagle-2 Lander.  Although Beagle-2 
was lost during entry, descent, and landing, Mars Express 
has continued to play an important role as an additional 
relay asset supporting the Mars Exploration Rovers.  While 
not utilized on a routine basis, Mars Express has conducted 
a number of relay passes with Spirit and Opportunity, which 
have successfully validated its Melacom relay payload and 
demonstrated its capabilities to provide backup relay 
services in the event of a loss of Odyssey and MRO. 

Mars Reconnaissance Orbiter 

Launched in 2005, MRO carries a data-intensive set of 
science payloads, including the HiRISE imager, driving the 
need for high-rate communications to Earth; accordingly, 
MRO incorporates a high-performance X-band downlink 
with a 100 W TWTA and a 3 m high gain antenna Graf, et 
al., 2005].  To maximize the resolution of MRO’s remote 
sensing instruments, the spacecraft flies in a low altitude 
orbit of 255 x 320 km, at a sun-synchronous inclination of 
93 deg and an ascending node fixed at 3 PM LMST.   

MRO incorporates the Electra UHF transceiver, a new 

design based on a software-defined radio architecture that 
allows significant evolution of protocols and signal 
processing capabilities even after launch [Edwards, 2003].  
While Electra offers frequency-agile operations and a wider 
range of data rates, for Phoenix support operations was 
constrained to the fixed frequencies and limited data rates 
available in the Phoenix CE-505 transceiver.  In addition to 
its closed-loop demodulation capability, Electra also offers a 
high-fidelity recording capability, acquiring open-loop in-
phase and quadrature samples of a 150 kHz bandwidth with 
a bit depth of 8 bits per sample.  Based on this multi-bit 
recording capability, post-processing on the ground can be 
performed to provide both carrier extraction as well as full 
demodulation of any telemetry modulated within the 
recorded bandwidth. 

A particular challenge for MRO relay operations was the 
discovery, prior to launch, that several of the orbiter’s 
science instruments generated excessive electromagnetic 
interference (EMI) in Electra’s UHF receive band, leading 
to large degradations in return link performance and, in 
some cases, false lock conditions that could completely 
preclude any data transfer.  MRO proceeded to launch with 
the knowledge that, if required, these instruments would be 
powered off during relay operations; however, such an 
approach would impact MRO science return, and the power 
cycling would pose a risk to the payload lifetime.  To avoid 
these impacts, a new baseband digital filter was developed 
after launch and uploaded to Electra while in orbit at Mars 
which attenuated the EMI sufficiently to avoid having to 
power cycle those instruments.  Extensive tests were 
conducted in flight, using Electra’s open loop recording 
capability and closed-loop self-test capability, to optimize 
the configuration of the science instruments to minimize 
EMI degradation and quantify the resulting return link 
performance.  In the end, configurations were identified 

 Mars Odyssey Mars Express Mars Reconnaissance Orbiter 
Agency: NASA ESA NASA 
Launch: Apr 7, 2001 June 2, 2003 Aug , 2005 
Orbit: 400 km circular 

93 deg inclination 
sun-synchronous 

5 AM LMST ascending node 

255 x 10,142 km elliptical 
86.3 deg inclination 

Non syn-synchronous 

255 x 320 km 
93 deg inclination 
sun-synchronous 

3 PM LMST ascending node 
Deep Space Link: 

Band 
Power Amplifier 
High Gain Antenna 

 
X-band 

15 W SSPA 
1.3 m HGA 

 
X-band 

65 W TWTA 
1.65 m HGA 

 
X-band 

100 W TWTA 
3 m HGA 

 
Proximity Link: 

Transceiver 
Protocol 
Antenna 
Forward Link 

- Frequency 
- Data Rate 
- Coding 

Return Link 
- Frequency 
- Data Rate 
- Coding 

 
CE-505 UHF Transceiver 

CCSDS Proximity-1 
Quadrifilar Helix 

 
437.1 MHz 

8 kbps 
Uncoded 

 
401.585625 MHz 

8, 32, 128, 256 kbps 
(7,1/2) Convolutional 

 

 
Melacom UHF Transceiver 

CCSDS Proximity-1 
Patch Antennas (2) 

 
437.1 MHz 

8 kbps 
Uncoded 

 
401.585625 MHz 
2, 4., …, 128 kbps 

(7,1/2) Convolutional 
 

 
Electra UHF Transceiver 

CCSDS Proximity-1 
Quadrifilar Helix 

 
435-450 MHz 

8 kbps 
Uncoded 

 
390-405 MHz 

1, 2, 4, …, 1024 kbps 
(7,1/2) Convolutional 

 
Table 1:  Key Characteristics of Mars Relay Orbiters During Phoenix Relay Support Period 
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prime meridian.  Ultimately, these and similar future radio 
metric measurements will be required to accurately define a 
Mars-fixed coordinate frame that is properly tied to the 
inertial radio reference frame. 

7. SUMMARY 
UHF relay communications played a key role in the success 
of the Phoenix Lander, NASA’s first Mars Scout mission.  
With no direct-to-Earth communications capability after 
separating from the cruise stage, all commands and 
telemetry functions were provided by an international fleet 
of relay-equipped orbiters at Mars, including NASA’s 
Odyssey and MRO spacecraft and ESA’s Mars Express 
orbiter.  During Phoenix EDL, all three orbiters collected 
information over the UHF link that would have supported 
fault reconstruction had a mission-ending anomaly occurred 
during this critical mission event.  The unique UHF 
capabilities of each orbiter were leveraged to provide both 
real-time visibility of Phoenix performance during EDL as 
well as robust capture of signal characteristics for post-
processing. 

On the surface, Odyssey and MRO provided operational 
command and telemetry services, supporting 860 passes 
over the full surface mission, for an average of more than 
five passes per sol.  The average data return per sol was 
more than four times the Phoenix requirement of 60 Mb/sol. 
In addition, Mars Express orbiter conducted several passes 
early in surface operations to validate the capability of its 
Melacom relay payload to provide relay services to Phoenix, 
and was available as a backup relay asset, significantly 
increasing the robustness of the telecommunications plan for 
the UHF-only Phoenix mission.   

Observations of the Doppler shift on the UHF relay link also 
demonstrated the power of this radio metric observable to 
quickly provide high-accuracy in situ positioning for Mars 
relay users;  just a handful of UHF overflights provided 
nearly three orders of magnitude improvement in the lander 
position knowledge relative to a solution based on pre-entry 
DSN tracking and inertial measurements during EDL.   

The Phoenix relay support represented the first operational 
use of the MRO Electra UHF relay payload. Electra’s 
software defined radio architecture allowed post-launch 
implementation of a filtering strategy that mitigated EMI 
from several of the MRO science instruments, enabling 
MRO relay operations to be carried out without having to 
power off the relevant instruments; this increased science 
return and reduced risk to the science instruments during the 
Phoenix relay support period.  Several Electra software 
anomalies were discovered early in flight operations; the 
flexibility of the Electra payload permitted a quick 
implementation of operational mitigations and ultimately 
allowed a new software upload to address all of the 
anomalies.  In light of the Phoenix lessons-learned, 
however, more extensive link testing is planned in 

preparation for the future relay support of the 2011 Mars 
Science Laboratory mission.    

ACKNOWLEDGMENT 
Part of the research described in this paper was carried out 
at the Jet Propulsion Laboratory, California Institute of 
Technology, under a contract with the National Aeronautics 
and Space Administration. 



 11 

REFERENCES  
[1] Charles D. Edwards, “Relay Communications for Mars 

Exploration,” Int. J. Satell. Commun. Network, 25 111-
145, 2007. 

[2] Charles D. Edwards, Jr., et al., “The Electra Proximity 
Link Payload for Mars Relay Telecommunications and 
Navigation,” IAC-03-Q.3.A.06, 54th International 
Astronautical Congress, Bremen, Germany, 29 September 
– 3 October, 2003. 

[3] D. A. Spencer, R. G. Gibbs, R. A. Mase, J. J. Plaut, R. S. 
Saunders, “2001 Mars Odyssey Project Report,” 53rd 
International Asstronautical Congress, 2002. 

[4] R. Schmidt, “Mars Express – ESA’s First Mission to 
Planet Mars,” Acta Astronautica 52(2-6):197-202, 2003. 

[5] J. E. Graf, R. W. Zurek, H. J. Eisen, B. Jai, M. D. 
Johnston, R. DePaula, “The Mars Reconnaissance Orbiter 
Mission,” Acta Astronautica; 57(2-8): 566-578, 2005. 

[6] Consultative Committee for Space Data Standards 
(CCSDS), “Proximity-1 Space Link Protocol,” CCSDS 
211.0-B-1, B-2, and B-3, http://www.ccsds.org, 2004. 

[7] Peter H. Smith, “The Phoenix Mission to Mars”, IEEEAC 
Paper #1316, 2004 IEEE Aerospace Conference 
Proceedings, 2004. 

[8] Christopher A. Lewicki, Joel Krajewski, and Peter Ilott, 
“Phoenix Mars Scout UHF Relay-Only Operations,” 
AIAA 9th International Conference on Spacecraft 
Operations (SpaceOps), Rome, Italy, June 19-24, 2006. 

[9] Robert Shotwell, “Phoenix – the First Mars Scout 
Mission,” Acta Astronautica; 57(2-8); 121-134, 2004. 

[10] I. Brown, “Communication system for the Viking 
mission to Mars,” RCA Engineer, vol. 20, p. 16-23, Aug.-
Sept. 1974. 

[11] J. Matijevic, “Sojourner, The Mars Pathfinder 
Microrover Flight Experiment,” http://trs-
new.jpl.nasa.gov/dspace/bitstream/2014/22611/1/97-
1122.pdf, Aug, 1997. 

BIOGRAPHY 
Charles (Chad) Edwards, Jr. is the 
managerof the Mars Network Project Office 
within the Interplanetary Network 
Directorate at the Jet Propulsion Laboratory 
and Chief Telecommunications Engineer for 
NASA’s Mars Exploration Program.  Prior 
to this current assignment he managed the 

research and development program of NASA’s Deep Space 
Network.  He received an A.B. in Physics from Princeton 

University and a Ph. D. in Physics from the California 
Institute of Technology.   

 

http://www.ccsds.org/
http://trs-new.jpl.nasa.gov/dspace/bitstream/2014/22611/1/97-1122.pdf
http://trs-new.jpl.nasa.gov/dspace/bitstream/2014/22611/1/97-1122.pdf
http://trs-new.jpl.nasa.gov/dspace/bitstream/2014/22611/1/97-1122.pdf


 12 

 




