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Abstract 

As NASA proceeds with plans for increased science data return and higher data transfer capacity for 
science missions, both RF and optical communications are viable candidates for significantly higher-rate 
communications from deep space to earth. With the inherent advantages, smaller apertures and larger 
bandwidths, of optical communications, it is reasonable to expect that at some point in time and 
combination of increasing distance and data rate, the rapidly emerging optical capabilities would become 
more advantageous than the more mature and evolving RF techniques. This paper presents a 
comparison of the burden to a spacecraft by both RF and optical communications systems for data rates 
of 10, 100, and 1000 Mbps and large distances. Advanced technology for RF and optical communication 
systems have been considered for projecting capabilities in the 2020 timeframe. For the comparisons 
drawn, the optical and RF ground terminals were selected to be similar in cost. The RF system selected is 
composed of 45 12-meter antennas, whereas the selected optical system is equivalent to a 10-meter 
optical telescope. Potential differences in availability are disregarded since the focus of this study is on 
spacecraft mass and power burden for high-rate mission data, under the assumption that essential 
communications will be provided by low-rate, high availability RF. For both the RF and optical systems, 
the required EIRP, for a given data rate and a given distance, was achieved by a design that realized the 
lowest possible communications subsystem mass (power + aperture) consistent with achieving the lowest 
technology risk. A key conclusion of this paper is that optical communications has great potential for high 
data rates and distances of 2.67 AU and beyond, but requires R&D and flight demonstrations to prove out 
technologies. 

1. Introduction

As the National Aeronautics and Space Administration (NASA) plans to carry out the Vision for Space 
Exploration (VSE) [Ref. 1] of returning humans to the moon followed by a human visit to Mars, along with 
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the continuation of data-intensive earth and space science missions, high data rates become very 
important to the future of the agency. Though communication systems can be characterized by numerous 
parameters, e.g., data rate, availability, delay, quality of service, etc., it is data rate that tends to evoke 
discussion. As science and technological programs embark on this new frontier, downlink data rate 
capabilities of over 100 Mbps (megabits per second) from Mars have been discussed [Ref. 2], and even 
higher rate communications may be desirable. RF communications and free-space optical 
communications are the two possible approaches to meeting the future needs. 
 

The history of the two technologies and the investments made are very different. RF is the most widely 
used communication medium for space applications. Its technological development spans over 
100 years, and its operational aspects are well understood. By comparison, NASA started investigating 
optical systems in the early 1960s, shortly after the development of the first lasers. By the late 
1980’s/early 1990’s, serious investment in optical systems began to pay off, and currently, optical 
systems are being demonstrated in near-earth applications. Thus, in comparing RF and optical 
communications for the challenging regime of distance measured in astronomical units, typical of Mars 
and beyond, NASA’s Space Communications Architecture Working Group (SCAWG) has undertaken the 
challenge to compare a rapidly emerging capability with a more mature, evolutionarily advancing one. 
The technology maturity and risks, as well as each system’s unique advantages and disadvantages, 
result in a complex comparison. This study bases its comparisons deep space return links, whose 
capacity demands will greatly those of uplinks, even for human exploration missions.  
 
2. Background  
 
The study reported here is an effort to compare RF and optical systems for deep-space applications and 
is primarily focused on answering the question, “Under what conditions should it be desirable to transition 
from RF to optical communications for high-capacity, deep space communications?” The results show 
that each system provides advantages in particular regimes, and the design choice should be viewed with 
mission specificity in determining a course to follow. 
 
Optical systems have the advantage of extremely broad, unregulated bandwidth compared to RF 
systems. At Ka-band frequencies of 32 or 37-38 GHz, bandwidth is typically 500 MHz. For optical 
systems at 1.55 µm, the bandwidth may be 1000 times larger, allowing optical systems to carry 
substantially more information. For RF systems to compete in a bandwidth-constrained environments they 
must resort to bandwidth-efficient modulation for data rates above 1 Gbps, which is neither power- nor 
mass-efficient for the transmitting terminal. Optical systems typically would have smaller receive 
apertures and lower power efficient transmitters and receivers.  
 
While RF systems do suffer from atmospheric attenuation due to weather, especially at Ka-band and 
above, they have the capability of penetrating cloud cover, whereas optical systems do not. 
 
Mars Laser Communications Demonstration (MLCD) Terminal, planned for a 2009 launch on the Mars 
Telecomm Orbiter (MTO) but subsequently cancelled, is used as an initial optical design basis in this 
study. MLCD was planned for less than 90 kg with dual transmitters, less than 200 W power draw and 
operating at 55 Mbps at Mars minimum distance (0.38 AU). The RF design is based on a simple 
component approach and years of RF experience. Making assumptions regarding the technology, 
maturity, and risk strongly impacts the outcome of the study and results in large uncertainties.  
 
3. Assumptions  
 
Due to the numerous variables involved, several assumptions were made in this study: 
 

1. Technology would be well developed by 2015, allowing for 2020 operational system deployment. 
2. The earth-end receivers are located on the earth’s surface and are fixed to an equivalent aperture 

size based on approximately equal initial purchase cost estimates for both systems. Due to the 
significant space loss from Mars or beyond, the optical photon flux and the RF power density are 
so low that a large aperture aboard the spacecraft is required for data rates above 100 Mbps. 
Because flying a 10-m diameter optical apertures or a 100-m diameter RF antenna is costly and 
technically challenging, the authors chose to assume ground-based assets for the receive 
systems. These are described in greater detail subsequently. 

3. One link at a time is considered rather than multiple links which are possible for either system. 
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4. User burden on the spacecraft (transmit aperture, power and mass) was calculated based on: (a)
data rates of 10, 100, and 1000 Mbps; (b) distances from earth ranging from 0.38 to 30 AU, and
(c) a measure of technological complexity (as shown in Figure 1).

4. System Descriptions

Ground-Based Receivers 

Normalization of the RF and optical receiver sites is based on cost. Large apertures may be realized by 
large monolithic antennas (telescopes) or arrays of smaller antennas (telescopes). The baseline optical 
terminal is assumed to be equivalent to a 10-meter system, and the RF ground terminal is assumed to be 
an array of 45 12-meter antennas (roughly equivalent to five 34-meter antennas). Either capability is 
estimated to cost about $40M.  

Spacecraft Terminals  

Both the RF and optical designs assume a body-mounted antenna. Over the synodic period of the earth-
Mars system (2.17 yr) the earth appears over a ±45o angle relative to the Sun-Mars axis. The spacecraft 
continually points its antenna toward earth (coarse pointing). But a mechanism to maintain pointing to fine 
tolerances may be required for either package. Fine pointing for optical links is very difficult due to the 
small divergence of the optical beam. A special inertial reference unit was planned for the optical 
communications terminal on MLCD. The concept has been demonstrated in the laboratory but not in 
flight. The large RF antennas required for high data rates may require fine pointing beyond that supplied 
by spacecraft pointing. 

To maintain a low antenna pointing loss the spacecraft must be pointed with small error. Large antennas 
exacerbate the pointing problem as they have smaller beam divergence angles, and thus pointing loss 
becomes more sensitive to pointing error as the diameter increases. [Ref. 6] The mass associated with 
fine pointing for optical communications is included in the analysis, but the comparable mass for the RF 
antenna is expected to be small and is neglected.  

RF Terminal 

The RF terminal analysis assumes high power transmitters, lightweight antennas and modulation 
techniques comparable to the best available today. Careful selection of a large area antenna and high 
power transmitter will enable 1 Gbps data rates from Martian distances. [Ref 2-6] The power transmitter is 
based on technology being space qualified today. Using waveguide combining techniques with 180-250 
W TWTAs, it is very possible to increase transmitter power to 1 kW.  

Antenna technology will prove more of a challenge than will the transmitter. Operational 5-m Ka-band 
reflector antennas with areal mass densities up to 2 kg/m2 and large mesh antennas of areal density 1 
kg/m2 are being flown today. There are three Thuraya satellites used for mobile phones employing 12-m 
antennas at L-band, the first of which has been in operation for about six years. Extrapolation to Ka-band 
appears to be straightforward. Should the efficiency of the mesh antennas not meet specifications, there 
are at least two alternatives. Inflatable antennas with areal densities less than 1 kg/m2 are being 
developed and have been demonstrated with good efficiencies up to 4 x 6 m. A second approach is a 
hybrid antenna with a fixed center section and an inflatable outer ring. 

Optical Terminal 

The optical communications terminal is based on technologies extrapolated from those developed for 
MLCD [Ref 8]. Pulse Position Modulation, created with a Master Oscillator Power Amplifier (MOPA) 
architecture, and protective membrane solar rejection filters that cover telescope apertures and to 
promote thermally constant operation are assumed. The telescope would be a reflector design, with a 
lightweight glass primary mirror. Beam stabilization requires a combination of vibration isolation, an 
optical reference, and an active steering mechanism. MLCD used heritage vibration isolators that also 
lowered the launch loads. As it is difficult to deliver high optical power to deep space through the earth’s 
atmosphere, MLCD took as its optical reference a combination of the earth image, (monitored by a focal 
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plane array FPA) and a locally-generated, inertially-stabilized laser (the MIRU for Magneto-hydrodynamic 
Inertial Reference Unit or earlier Miniature Inertial Reference Unit), monitored on a quadrant detector.  
 
For telescopes larger than 30 cm (MLCD), a lighter structure and vibration isolator are assumed, more 
directly mounted to the spacecraft, with a slightly higher bandwidth tracking mirror. Point-ahead is 
calculated based on position and attitude knowledge of the spacecraft as well as knowledge of the 
position of the ground site. The Point Ahead Mechanism output is monitored and calibrated with a small 
amount of transmitter light sent to the earth-monitoring FPA. The transmitter is a MOPA architecture, with 
the entire system at wavelength 1.55 microns.  
 
5. Approach 
 
As discussed in Ref. 7, for a given EIRP requirement at the spacecraft, the combined mass of the 
antenna and power subsystems is minimized if the antenna system mass equals the power system 
mass.1 However, this technique does not consider the “technological risk” of the resulting design, i.e., the 
probability of success given a normal research and development effort. In this study, for a given EIRP, the 
solution that provides the minimum mass for the minimum risk is chosen.  
 

Table 1: Technical Risk in Terms of Complexity Factor 
 

Complexity 

Level Color Code Probability of Success for 
a Normal R&D Effort 

1 low 99 
2 moderate 90 
3 moderate to difficult 80 
4 difficult 50 
5 very difficult 10-20 
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Figure 1: Technology Complexity Levels for RF (left) and Optical (right) Communication Systems. 

 
It is desirable to have a complexity factor no greater than level 3. This means that it is desirable to keep 
RF power below 1 kW and antenna diameter below 14 m. For the optical terminals, the optical power 
should be kept below 75 W and aperture diameter below 200 cm.  
 
6. Results  
 
Distance and data rate fix the required EIRP. As shown in Table 2, as either distance or data rate 
increases, complexity will increase. For example, at 2.67 AU, the complexity level remains at level 1 as 
data rate increases up to 10 Mbps. From 50-500 Mbps, the complexity value is 2; it reaches 3 at 1 Gbps, 
4 at 2.5 Gbps, and 5 beyond that. At 1 Gbps, a 9-m antenna and 1 kW of power is required. Also it should 

                                                 
1 The supporting analysis assumes specific mass models for the antenna and power system.  Antenna mass is taken 
to be proportional to aperture area, and power mass is proportional to RF power. 
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also be noted that the complexity level is driven by the power since a 9-meter antenna has a lower 
complexity value, 2. A similar table, not shown here, has been generated for an assumed antenna density 
of 2 kg/m2. The paired antenna and power values remain approximately the same. 
Table 2 shows the values of aperture and power for both the RF and optical systems as a function of 
technology complexity factor (low complexity-low risk). 

Figure 2 shows the values of RF and optical mass vs. distance and data rate. With the distance fixed at 
2.67 AU, the RF mass range is 100-175 kg for data rate 1 Gbps; the corresponding optical mass is 42 kg. 
The RF mass range for 100 Mbps is 35-51 kg and for 10 Mbps it is 12-16kg. In the latter two cases the 
corresponding optical masses are 26 and 14 kg, respectively. As distance increases, the difference 
between RF mass and optical mass requirements increases at all data rates. 

From Figure 3, the RF power requirement is significantly greater than that for optical systems, when 
normalized for distance and data rate. A more graphic comparison is given in Figures 4 and 5. The RF-to-
optical mass ratio at 1 Gbps is 2.5 for the maximum Mars distance and continues to grow beyond Mars 
(Figure 4). If a 1-kg/m² antenna density can be achieved, RF remains attractive for distances out to 2.67 
AU, and at 10 Mbps does not double until the distance is 30 AU. 

Table 2: RF Power and Antenna Diameter (antenna mass density = 1 kg/m²) (top) and Optical Power and Telescope 
Diameter (bottom) as a Function of Data Rate, Complexity and Distance. 

Data Rate 1 kg/m2

Mbps 0.38 AU 2.67 AU 8.44 AU 26.7 AU 84.4 AU
4000 12.8 m, 2.5 kW
3000 9 m,1 kW
2500 6.5 m, 0.97kW 18.3 m, 2.5 kW
2250 12.8 m, 2.5 kW
1000 2.9 m,19 W 9 m, 1 kW 18.3 m, 2.5 kW

500 2.5 m,131 W 6.5 m, 0.97 kW 12.8 m, 2.5 kW
100 1.6 m, 64 W 4.2 m, 464 W 9 m, 1 kW 18.3 m, 2.5 kW

50 1.3 m, 48 W 3.5 m, 335 W 6.5 m, 0.97 kW 12.8 m, 2.5 kW
10 0.9 m, 20 W 2.3 m, 155 4.2 m, 464 W 9 m, 1 kW 18.3 m, 2.5 kW

5 0.7 m, 17 W 1.7 m, 142 W 3.5 m, 335 W 6.5 m, 0.97 kW 12.8 m, 2.5 kW
1 1.3 m, 48 W 2.3 m, 155 4.2 m, 464 W 9 m, 1 kW

0.5 1.3 m, 24 W 1.7 m, 142 W 3.5 m, 335 W 6.5 m, 0.97 kW
0.1 0.8 m, 17 W 1.3 m, 48 W 2.3 m, 155 4.2 m, 464 W

0.05 1.3 m, 24 W 1.7 m, 142 W 3.5 m, 335 W
0.01 0.8 m, 17 W 1.3 m, 48 W 2.3 m, 155 

0.005 1.3 m, 24 W 1.7 m, 142 W
0.001 0.8 m, 17 W 1.3 m, 48 W

0.0005 1.3 m, 24 W
0.0001 0.8 m, 17 W

Distance 
(AU) Diam (cm) Opt Pwr (W) Diam (cm) Opt Pwr (W) Diam (cm) Opt Pwr (W)

1 26 10 11 5 7.5 1
2.68 50 19 26 7 14 2
6.47 95 30 48 12 22 5
11.09 130 50 65 20 31 10
21.1 200 75 106 30 50 13
50.36 350 160 200 50 100 23

1000 Mbps 100 Mbps 10 Mbps
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RF and Optical Mass as a Function of Distance for 10, 100, & 1000 Mbps in the 2020 Timeframe
- RF Mass includes the antenna, EPC, radiator, and electronics

- Optical includes daytime numbers for telescope, mount, radiator, and electronics
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Figure 2: The RF Mass and Optical Mass are given as a function of distance and data rate. 

 
 

Total Power as a Function of Distance for RF and Optical for 10 Mbps, 100 Mbps, and 1 Gbps

1

10

100

1000

10000

0.1 1 10 100

Distance (AU)

Po
w

er
 (W

)

10 Mbps

100 Mbps

1 Gbps

Mars Jupiter Saturn Uranus Pluto

      Low       Very Difficult      Difficult      Moderate To Difficult      Moderate

RF - Solid Line
Optical - Dashed Line

 
Figure 3: Total Power as a Function of Distance for RF and Optical Systems in the 2020 Timeframe. 
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Figure 5 presents the power ratio for all three data rates. It becomes quite clear that there is a substantial 
savings in power in using optical systems compared to RF. 

Ratio of RF Mass/Optical Mass as a function of Distance for Various Data Rates
- RF Antenna mass density of 1 kg/m2

- Optical mass is minimum daytime
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Figure 4: Ratio of RF to Optical Mass as a Function of Distance for Various Data Rates in the 2020 Timeframe. 

Ratio of Total RF Spacecraft Power/Total Optical Power as a Function of Distance for Various 
Data Rates

- RF Antenna Mass density is 1 kg/m2      - Optical mass is minimum daytime
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Figure 5: Ratio of RF to Optical Total Spacecraft Power as a Function of Distance for Various Data Rates in the 2020 
Timeframe 
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7. Summary

In trying to answer the difficult question about a transition point between RF and optical, a graphical 
representation was devised to define a “hard limit” transition (RF to optical) as a function of distance from 
earth. Hard limit denotes a point where the mass and power requirements for RF have become major 
concerns, and beyond which we would not recommend further use of RF technology. The hard limit is not 
necessarily the RF-optical transition that NASA might choose, but it represents a practical cutoff for link 
design considerations. Our definition of the hard limit is the point where the RF system has twice the 
mass of the optical terminal. Observe that the power ratio may be as great as five at the limit. At a given 
link distance the hard limit can then be expressed as a maximum tolerable data rate. 

These constraints may not be as outrageous as they may appear at first for two reasons: 
1. The mass associated with the communications system is among the smallest mass allocations

onboard recent satellites. The communications subsystem mass on Mars Global Surveyor is only 
8.3% of the total mass. 

2. Power requirements convert directly into mass. Solar cell technology has already been
demonstrated with power-to-mass conversion ratios of 0.011kg/W at 2.67 AU; thus 1 kW of RF 
power (at 50% efficiency) requires only 22 kg of power-generating solar cell mass.  

Figure 6: Data Rate vs. Distance where Optical becomes More Advantageous than RF Communications 

8. Conclusions

Although this study represents but an initial effort, several conclusions are quite evident: (1) optical 
communications at deep space distances has great potential; (2) only a fraction of the total spacecraft 
power that may be available in the future will be needed for optical communication systems; (3) much 
optical technology work remains to be done for an operational system; and (4) RF communication at 100 
Mbps remains competitive out to Mars, and well beyond Mars for a data rate of 10 Mbps  

9. Recommendations

Optical System Demonstrations Deep space optical communications has been laboratory developed. 
There is an urgent need for space flight demonstrations using space-qualified hardware to prove out two 
systems. A demonstration at low photon flux would enable evaluation of the detectors. The fine pointing 
system based on the MIRU unit needs to be demonstrated in space. Though the ultimate application is 
deep space, the laser intensity can be reduced so a detector and MIRU demonstrations can be done in 
earth orbit without sending a probe to Mars.  
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The Need for A More Comprehensive Second Phase RF/Optics Study This first but important study has 
increased our understanding of where and when a transition from RF to optics should occur. Remaining 
issues include the following: 

1. Availability. Due to earth weather susceptibility, optical communications availability suffers in
comparison to RF. An attempt to normalize RF and optical designs in terms of availability will impact the 
number of ground terminals required, their operations, Life Cycle Costs and whether other lower data rate 
links are required. The question is significant in light of the potential development of both optical and RF 
arrays of receive apertures that can be allocated on demand to support multiple mission needs.  

2. Total spacecraft payload. The total spacecraft payload comprises mission payloads, proximity
payloads, uplinks and high availability channels, e.g., TT&C. These are not independent. Their joint 
consideration raises questions such as, “How does a spacecraft with an optical high data rate link provide 
highly available lower rate data in a manner that minimizes mass? For example, a fully RF system can 
mix channels of various rates and availabilities, but this is perhaps not as simple for optics. Such 
questions must be addressed if the basis of comparison is to be broadened. 

3. Continued RF research in lightweight antennas and power. Although recent work in lightweight
antennas is quite exciting, a conservative view is taken in this study with regard to antenna mass density. 
Many researchers believe antenna densities less than 1kg/m² can be achieved by 2020. Lightweight 
TWT’s that can transmit 1 kW are on the horizon, with great potential for mass savings. Finally, major 
strides are now being made in solar power arrays that will yield panels producing much greater power per 
unit area than operationally exist today.  
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