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Executive Summary 

From the first missions to the Moon, Mars, and Venus to all of the currently operating NASA 
Planetary Science missions,1 as well as for NASA’s Astrophysics and Heliophysics Divisions and 
those from other space agencies (e.g., European Space Agency, Japan Aerospace Exploration 
Agency, Indian Space Research Organization), the DSN has been integral to NASA Science.  At 
each DSN Complex, there is a 70 m antenna and multiple 34 m antennas (Figure 1), all equipped 
with cryogenic microwave receivers.  Just as for science observations, a crucial parameter for data 
downlink from a spacecraft is the signal-to-noise (S/N) ratio of the spacecraft signal at the ground 
antenna.  Large, sensitive antennas enable either fulfilling the data rates required by a mission with 
a robust S/N margin or exceeding the notional mission data rates at standard margins.  In addition 
to uplinking commands and downlinking data, the DSN enables the precision navigation for 
spacecraft to reach their intended targets across the Solar System. 

Several improvements have been implemented and are planned or possible for the DSN over 
the next decade, some of them responsive to recommendations in the Visions & Voyages report.  
Many of these improvements are either important or required to enable science and mission 
concepts described in previously submitted white papers.  However, without continued support 
for the DSN, even some of these planned improvements are at risk. 
• The DSN Aperture Enhancement Project (DAEP, Figures 1 and 2) is constructing additional 

antennas at all Complexes.  Even so, there is still a concern that additional antennas will be 
needed to enable the full suite of future missions, particularly with the anticipated increase in 
small spacecraft. 

• Multiple spacecraft per aperture (MSPA) enables downlinking data from as many as four 
spacecraft simultaneously.  Already used to great benefit for missions at Mars, this capability 
may also be of benefit for missions near the Moon and future constellations of spacecraft. 

• Installing new uplink and downlink systems at K- and Ka bands.  The standard deep space 
telecommunications frequency has been X band (» 8.5 GHz), but there are on-going and 
planned efforts to equip at least one antenna at each Complex to operate (both uplink and 
downlink) in the K band (» 26 GHz), in order to enable lunar missions and Earth-Sun Lagrange 
point missions, and in the Ka band (» 32 GHz), in order to enable higher data rates for missions 
beyond the Earth-Sun Lagrange points.  The Ka band also is critical to precision Radio or 
Gravity Science observations. 

• Enhanced low latency data delivery (< 10 seconds) is planned, primarily to enable missions 
at lunar distances and to near-Earth asteroids near close approach. 

• Antenna arraying.  Multiple DSN antennas can be combined to improve science return.  This 
technique is used for the Voyager and New Horizons missions now, but broader use would 
enhance mission science data return and enable additional collaborative possibilities with radio 
astronomical facilities. 

• A Radio Frequency-Optical Hybrid Antenna (Figure 3) that provides capability for either 
traditional radio frequency telecommunications or laser (optical) telecommunications.  
However, beyond the planned Deep Space Optical Communications (DSOC) technical 
demonstration mission on the Psyche Discovery mission, there appears to be little planning for 
future missions that would take advantage of laser (optical) telecommunications. 

 
1 DSN Now, https://eyes.nasa.gov/dsn/dsn.html, presents a real-time view of the set of missions 
being enabled by the DSN. 
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Science Context 

The science return from a mission is dictated ultimately by how much science data can be returned.  
As only one recent example, following the initial return of data from the 2019 January New 
Horizons flyby of (486958) Arrokoth, an improved understanding of its geology, geophysics, 
composition, and origin has been obtained as additional data have been returned (Grundy et al. 
2020; McKinnon et al. 2020; Spencer et al. 2020).  Moreover, additional data are expected to be 
returned from the spacecraft yet in 2020, with the expectation that further refinements and 
discoveries are possible about this Kuiper Belt Object.  New Horizons at Arrokoth is only one such 
example; similar experience has been observed for the Mars Reconnaissance Orbiter (MRO) 
mission and many others. 

Looking toward the future, the current suite of Discovery concepts, concepts considered under the 
Planetary Mission Concept Studies (PMCS) program, and the approximately 100 Mission Concept 
white papers submitted aim to address a diverse series of science questions about the origin and 
evolution of the Solar System and the possibility of life beyond Earth.  In particular, missions to 
the outer Solar System, including Ocean Worlds, require the capability of at least a 70 m antenna.  
The data sets required to address these questions must necessarily grow in richness and complexity 
beyond what past missions have delivered. 
The focus of this white paper is on spacecraft telecommunications, tracking, and command of 
spacecraft.  The use of the DSN for planetary radar, including the Goldstone Solar System Radar 
(GSSR), is the focus of several other white papers. 

 
Figure 1.  NASA's Deep Space Network is in the midst of constructing more antennas in order to 
have five antennas at each of its three Complexes, one 70 m-diameter antenna and four 34 m-
diameter antennas, providing the capability to obtain high data rates (> 300 Mbps) and large data 
volumes for the full suite of current and future Planetary Science missions. 
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Current DSN Status 

Table 1 provides specific examples of the current and near-future data return capabilities of the 
DSN, based on analyses conducted for recent mission concept studies.  Values illustrated assume 
a notional Discovery-class spacecraft.  New Frontiers- or Flagship-class missions may be able to 
accommodate larger antennas or more powerful transmitters, which would increase the data return; 
Small Innovative Missions for Planetary Exploration (SIMPLEx) may only be able to 
accommodate smaller antennas and less powerful transmitters, which would reduce the data return 
accordingly. 

Table 1.  Current and near-term capability of NASA's 
Deep Space Network for enabling rich data sets to be 
obtained for future Planetary Science Missions 

The DSN provides for significant 
science returns from future missions, 
albeit missions in cis-lunar space 
may be limited by other factors such 
as whether a spacecraft bus could 
transfer data from a science in-
strument to the telecommunications 
system.  Data return capabilities are 
shown for three frequency bands, rel-
evant for current and near-future 
missions and mission concepts. 

The standard deep space telecommu-
nications frequency has been X band 
(» 8.5 GHz), but there are on-going 
and planned efforts to equip at least 
one antenna at each Complex with transmitters and receivers operating in the K band (» 26 GHz), 
in order to enable missions at the Moon and Earth-Sun Lagrange points, and in the Ka band (» 
32 GHz), in order to enable higher data rates for missions beyond the Earth-Sun Lagrange points.  
These efforts are motivated by two increasingly problematic aspects of X band:   
• The international spectral allocations for spacecraft telecommunications provide for narrower 

bandwidths, implying lower data rates, at X band as compared to K- or Ka band—only 50 MHz 
of bandwidth is allocated at X band as compared to 1500 MHz at both K- and Ka bands. 

• The number of missions using X band has grown to the point that spectral congestion or inter-
ference between transmissions from multiple spacecraft can be problematic.  This issue is 
particularly acute at Mars, where there are multiple spacecraft, from multiple agencies. 

The value of telecommunications at K- and Ka bands for improved data delivery is recognized by 
missions as diverse as the (Astrophysics) Transiting Exoplanet Survey Satellite (TESS) and the 
James Webb Space Telescope (JWST), which are using or plan to use the DSN’s K-band capabil-
ities, and the (Heliophysics) Parker Solar Probe, which is using the DSN’s Ka-band capabilities.  
(Further, Ka-band capabilities are relevant to current and future Radio or Gravity Science investi-
gations, e.g., on Juno and BepiColombo, Asmar et al. 2020). 

Over the past decade, the DSN has implemented a multiple spacecraft per aperture (MSPA) 
capability, allowing multiple simultaneous telecommunications links to spacecraft in the same 

 Data Rate Notional 
Distance 

34 m @ X band 0.89 Mbps 3.2 GB/hr 1 au 
70 m @ X band 3.5 Mbps 12 GB/hr 1 au 

34 m @ K band 150 Mbps 540 GB/hr 1 Lunar 
Distance 

34 m @ Ka band 2.7 Mbps 9.7 GB/hr 1 au 
70 m + 4 ´ 34 m 
@ X band 7.0 Mbps 24 GB/hr 1 au 

All data rates assume spacecraft equipped with 2 m 
antenna+50 W transmitter, typical for a Discovery-class 
mission; lunar values are illustrated, but are potentially 
limited by other factors, such as spacecraft bus 
capability 
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direction.  This mode is used routinely for the spacecraft at Mars, with as many as four spacecraft 
downlinking data simultaneously.  It could be used in the same manner at the Moon, or at any body 
to which multiple assets are sent (e.g., as described in the Venus Flagship Mission Concept or the 
various swarm or constellation concepts described in Mission Concept white papers).  In its 
original formulation, MSPA is used in a scheduled fashion.  An opportunistic MSPA mode is being 
implemented, which allows the telemetry from any spacecraft in the same general direction as a 
scheduled spacecraft track to be received as well.  This opportunistic MSPA mode may be of 
particular benefit to small spacecraft. 

Future Enhancements 
In many cases, technologies are in hand to continue DSN improvements throughout the next 
decade, though continued innovation and technology development would provide performance 
increases or efficiencies in the entire infrastructure, from the initial reception of a spacecraft signal 
to the processing of the data and delivery to the science community.  Deutsch et al. (2016) describe 
a number of potential future improvements, some of which we summarize here. 

Radio Frequencies 

In addition to the value provided by the current suite of highly sensitive antennas, the DSN has 
been taking steps during the current decade to enhance its capabilities.  Figure 1 shows the 
currently-funded DSN 
Aperture Enhancement 
Project (DAEP, Figure 2).  
The DAEP has the objective 
of increasing the number of 
34 m-diameter antennas at 
each Complex to a total of 
four, with one antenna in 
commissioning and one 
under construction at the 
Madrid Complex and site 
preparations beginning for 
an antenna at the Goldstone 
Complex. 

The DAEP antennas will 
prove critical in the near 
term for small spacecraft.  
The launch of the twin Mars Cube One (MarCO) spacecraft presaged a new era of Solar System 
exploration.  The success of the MarCO mission will be followed by 13 interplanetary small 
spacecraft co-manifested on the Artemis 1 launch, continuing to build this new paradigm for 
planetary exploration.  Future deep space missions may also follow the example being set by 
NASA’s Double Asteroid Redirection Test (DART) and ESA’s Hera missions, both of which host 
“ride-along” small spacecraft that are deployed upon arrival at the binary asteroid Didymos.  In 
addition to SIMPLEx missions, U.S. investigators could be involved in many other non-NASA 
missions that would be enabled by DSN communication and navigation capabilities, and numerous 
studies are underway in the U.S. and Europe, in particular, that utilize small spacecraft and 
constellations that have the potential to revolutionize robotic solar system exploration.  If the 

Figure 2.  Antennas Deep Space Station-53 and Deep Space Station-
56 under construction at the Madrid Deep Space Communications 
Complex as part of the DSN Aperture Enhancement Project.  These 
antennas will enable even more deep space missions. 
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growth of small deep space spacecraft continues as projected, additional DSN antennas may be 
required. 

The DSN plans to upgrade data processing capabilities and network bandwidths to enable low 
latency data delivery, primarily to enable more capable missions at lunar distances and to near-
Earth asteroids near close approach.  Historically, the DSN has provided data at low latency (< 10 
seconds, without a guarantee of completeness), but with a focus on ensuring that complete science 
data are delivered on longer time scales.  This focus has been driven by the fact that the majority 
of missions have been at distances of multiple astronomical units.  This upgrade will enable greater 
bandwidths for low latency data without reducing the capability for complete science data delivery. 
The DSN employs antenna arraying (Rogstad et al. 2003), in which signals from two or more 
DSN antennas are combined coherently to increase the S/N ratio.  Introduced for the Voyager 
encounters with Saturn, Uranus, and Neptune, this capability is used routinely for the Voyager and 
New Horizons missions, but it could be used more broadly to obtain to increase DSN agility and 
(substantially) higher data returns for missions throughout the Solar System.  Further, this 
approach may allow for synergies between the DSN and current and future radio astronomical 
systems. 

Laser (Optical) Communications 

On a longer term, the DSN has been investing in laser communications.2  The value of laser 
communications for delivering higher data rates and larger data volumes is a combination of higher 
efficiency by virtue of the intrinsically narrower beams as compared to radio frequencies and 
naturally larger bandwidths.  For instance, the Lunar Laser Communications Demonstration 
(LLCD), with a flight system on the Lunar Atmosphere and Dust Environment Explorer (LADEE) 
and a relatively modest 40 cm ground terminal, demonstrated data rates in excess of 600 Mbps 
over lunar distances. 
A first demonstration of deep space laser communications, the Deep Space Optical 
Communications (DSOC) technical demonstration mission, is scheduled on the Psyche mission, 
with the laser communications aspects having been funded by a combination of NASA’s Space 
Technology Mission Directorate (STMD) and the Space Communications and Navigation (SCaN) 
Program and spacecraft accommodation funded by the Planetary Science Division.  The DSOC 
technical demonstration consists of a 22 cm telescope and 4 W laser on-board the Psyche 
spacecraft paired with the 5 m Hale telescope at the Palomar observatory. 

Looking beyond the DSOC technical demonstration, the DSN is planning to modify the design of 
subsequent 34 m-diameter antennas to include a joint radio frequency-laser communications 
capability, in what is termed an RF-Optical Hybrid Antenna (Figure 3).  For a standard DSN 
34 m-diameter antenna, the reflecting surface is a series of metal panels; for an RF-Optical Hybrid 
Antenna, the inner panels are replaced by mirrors.  The collecting area for the “optical” portion of 
the antenna is equivalent to an 8 m-diameter mirror, and the design minimizes effects on the radio 
performance of the antenna.  The first such antenna with such capabilities is scheduled to be one 
at the Goldstone Deep Space Communications Complex, for which site preparations are underway 
currently and with the laser communications capability becoming operational in 2027. 

 
2 Often termed “optical communications,” actual wavelengths used are 1.064 µm (uplink) and 
1.55 µm (downlink), placing the transmissions in the near-infrared portion of the spectrum. 
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Much of the deep space laser 
communication development has been 
focused on high data rate 
communications from Mars, both for 
Planetary Science and future human 
spaceflight missions, for which the 
aim has been to exceed by an order of 
magnitude the performance of a 
spacecraft equipped with a Ka-band 
system transmitting to a DSN 34 m-
diameter antenna (viz. Table 1).  As 
with radio frequency 
communications, the limiting factor in 
performance may not be the actual 
transmission of the data from the 
spacecraft to the DSN, but the ability 
of the spacecraft bus to handle such 
data rates. 

Schedule 

Table 3. Key milestones for improved Planetary Science data delivery 

2023 
Deep Space Optical Communications 
(DSOC) technical demonstration on 
Psyche Discovery mission 

Psyche Discovery mission funded by 
Planetary Sciences Division; 
DSOC funded by Space Technology 
Mission Directorate and Human 
Exploration and Operations Mission 
Directorate/Space Communications & 
Navigation Program 

2025 

DSS-23 34 m-diameter antenna RF 
configuration operational 
(Goldstone Complex) 

Funded by Human Exploration and 
Operations Mission Directorate/Space 
Communications & Navigation Program 

At least two 34 m-diameter antennas at 
each Complex equipped with full K-band 
capability 

2026 
DSS-33 34 m-diameter antenna 
operational 
(Canberra Complex) 

2027 
DSS-23 34 m-diameter antenna RF-
Optical Hybrid configuration operational 
(Goldstone Complex) 

2028 
One 34 m-diameter antenna at each 
Complex equipped with full Ka-band 
capability (notional) 

 
Figure 3.  Artist’s illustration of a future DSN 34 m 
diameter antenna showing a large parabole for radio 
frequency capability and an inner set of mirrors for 
laser (optical) communications.  The first such antenna 
is planned to be at the Goldstone Complex, for which 
the ground breaking was in 2019, with the laser 
communications capability planned for 2027. 
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Organization, Partnerships, and Current Status 

The DSN is funded by the Space Communications & Navigation (SCaN) Program, under the 
Human Exploration & Operations Mission Directorate, and is operated for NASA by the California 
Institute of Technology’s Jet Propulsion Laboratory. 

The DSN routinely partners with a variety of other organizations in order to ensure constant com-
munications and commanding capabilities to spacecraft.  Near the Earth, the DSN can partner with 
NASA’s Near Earth Network during critical intervals after launch and as spacecraft transition from 
a low-Earth orbit to a trajectory to its final destination.  NASA has established a formal cross-
support agreement with the European Space Agency (ESA), for use of its complementary, though 
smaller network of deep space antennas.  Other strategic partnership agreements allow 
collaboration for the use of other antennas such as those at the Japanese Aerospace Exploration 
Agency (JAXA) and other agencies.  On an as-needed basis, agreements to use other antennas are 
negotiated, for instance, with the Sardinia Deep Space Antenna of the Italian Space Agency, the 
(Kentucky) Morehead State University’s antenna, and antennas associated with various radio 
astronomical institutes. 
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