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SECTION 1: INTRODUCTION

In the Space Exploration Initiative (SEI) mission scenarios, expanding human presence is the primary

driver for high data rate Mars-Earth communicatiom. To support an expanding human presence, the data

rate requirement may grow from an initial 10 Mbps up to as much as 1 Gbps. But the growth in the data

rate requirement will be gradual, following the phased implementation over time of the evolving SEI

mission. Similarly, the growth and evolution of the space communications infrastructure to serve this

requirement will also be gradual to efficiently exploit the useful life of the installed communications

infrastructure and to ensure backward compatibility with long-term users. In work conducted over the past

year, a number of alternatives for supporting high data rate Mars-Earth communications have been

analyzed with respect to their compatibility with gradual evolution of the space communications

infrastructure. The altematives include RF, millimeter wave (MMW), and optical implementations, and

incorporate both surface and space-based relay terminals in the Mars and Earth regions. Each alternative

is evaluated with respect to its ability to efficiently meet a projected growth in data rate over time, its

technology readiness, and its capability to satisfy the key conditions and constraints imposed by

evolutionary transition. As a result of this analysis, a set of attractive alternative communications

architectures have been identified and described, and a road map is developed that illustrates the most

rational and beneficial evolutionary paths for the communications infrastructure.

12 February 1992 l-1 _-,arzl



1.1 STUDY OBJECTIVE, SCOPE, AND APPROACH

i •

The objective of this study has been to analyze and compare several microwave and optical communica-

tions systems in order to determine their feasibility and relative advantages and disadvantages in providing

Mars-to-Earth communications for the SEI. Given the large separation between Mars and Earth, and the

potential high data rate requirements, high frequency systems with their large gain are_natural candidates

for implementations. In this study, RF (32 GHz and 60 GHz), MMW (94 GHz and 300 GHz), and optical

link implementations are examined. For optical systems, both direct detection and coherent (i.e.,

heterodyne or homodyne) detection schemes are investigated. The communiCations systems considered

embody a varietyof Mars to Earth connectivities. These conncctivities includea Mars Relay Satellite

(MRS) to Earth Relay Satellite (ERS) link, and a MRS to Earth Surface Terminal (EST) _.. A M_

Surface Teminal _ST) link to a EST or ERS is also given consideration for the highest data rates. The

return data rate requirements considered in the study are 10 Mbps, 100 Mbps, and 1 Gbps at three time

frarhes: 2010, 2020 and beyond 2030, respectively.

A flow diagram for the general study approach.... is given in Exhibit 1-1. Tlae report is organized as follow.

In Sectioii 2, a seT6f_ppHcable need dates (_d relevant technology _t-0/'f dates) for _e i0 Mbps to 1

Gbps data rote requirements is identified. In order to meet the projected _wth in data rate requirements

at the various nell dates_ logical alternatives for eVolUfi0n and transition in the Mars'Ea_ communica-

tions system are defined and discussed. In Section 3, a preliminary evaluation of architecture alternatives

is conducted. Preliminary technology constraints/bounds applicable to each need date are also defined.

Baseline candidates and other alternatives at key need dates are identified and evaluated with inputs from

link budget analysis and technology assessment. In Section 4, a subset of attractive architectures for each

need dates are described in more details. Finally, preliminary conclusions are provided in Section 5.

12 February 1992 1-2 _ooz_
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1.2 RESULTS SUMMARY

In this study, a set of attractive architectures for the evolving Mars-Earth SEI space communications link

have been identified and characterized. All together, they define a road map that illustrates the most

logical and efficient evolutionary paths for the SEI Mars-Earth link. This mad map provides valuable

insight and guidance with respect to strategic planning of the SEI communications system including such

issues as the proper efiiphasis and timing for long-lead technology development. This road map is

illustrated in Exhibit 1-2. The basic features of the road map contain three alternative evolutionary paths

that can meet the data rate requirements that may grow from I0 Mops t-o 1 G'bps from 2010 to beyond

2030. All three begin with a Ka-band MRS-EST baseline link in the year 2000, and diverge from this

baseline as time progresses. Note that there will be only one transition overthe time frames. These three

evolutionary paths are as follows:

L _

The Ka-band Path

In this path the communications S_,s__ns at Ka-band to 2030 and bey0ndr- Up-t0-10OMl_ps, the

:MRS-EST connectivity is maintaliied,_tn_pgrades are implemen-tedby increasing the transmitter pogvet

and aperture, and the receiver aperture. When the requirement for a 1 Gbps return link materializes(after
..............................

2030), this is met by keeping the EST capability essentially fixed, and replacing the MRS transmitter with

the MST which is free of the power and aperture constraints of the MRS_ The virtue of this Ka-band path

is that it is the path with the least technology i'isk and transition irnpact, arid the most b_kw_d

compatibility. For the 2010 MRS-EST link, the required transmitter power is about 200 W with a 5-m

transmitter antenna and 70-m receiver antenna. In 2020, the transmitter power remains roughly the same
-- - _ -=

while the transmitter and receiver antenna size will increase to 10 m and 110 m, respectively. For the

2030 MST-EST link, the transmitter/receiver antenna size remains at 10 m and 110 m, but the transmitter

power of the MST can be as high as 3000 W.

The op_ticai Path

In this path, the system evolves from the Ka-band baseline to an optical link supported by a MRS-ERS

link. The schedule of ev-oitiii_tii- i-s such that in 2010, the system remains a Ka-band MRS-EST system,

but optical experimentation via a MRS-EST link is conducted as a test bed for the transition to the optical

MRS-ERS system. By 2020, the system transition to an optical MRS-ERS system is complete, and future

growth in data rate requirements in following years are met via increasing the __itter power and

aperture. For the optical system, the incre_ in_itter aperture will be Small (from 30 cm to 50 era)

over the evolution (year 2010-2030). The major increase in requirement is the optical transmitter power

(from 10 W to 90 W).

12 February 1992 1-4 _2w_._



The MMW Path

In this path, the system evolves from the Ka-band baseline to a MMW frequency (as high as 300 GHz)

supported by a MRS-ERS link. The schedule is such that in 2010, the system remains a Ka-band

MRS-EST system, but by 2020 the transition to a MMW system is underway. The highest feasible

MMW frequency available (consistent with adequate power and low noise amplifier technology

development) is preferred in order to achieve the maximum gain for a given aperture. Increases in data

rate requirements after 2020 Would be met by increasing the MRS transmitter power and aperture. For

a 300 GHz MRS-ERS link, 50 m receiver aperture is required and this aperture size will remain constant

over the evolution. As the data rate requirement increases, the MRS transmitter power and aperture also

increases from 170 W to 320 W and 5 m to 10 m, respectively.

12 February 1992 I-5 _zl
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SECTION 2: SYSTEM REQUIREMENTS AND CONSTRAINTS

In Section 2-1, a set of applicable need dates (and relevant technology cut-off dates) for the 10 Mbps to

1 Gbps data rate requirements is identified. Alternative system connectivities are then discussed in Section

2.2. In order to meet the projected growth in data rate requirements at the various need dates, logical

alternatives for evolution and transition in the Mars-Earth communications system are defined and

discussed in Section 2.3.

12 February 1992 2-1 _s=oz2



2.1 PROJECTED NEED DATES

Based on the report of the Synthesis Group for SEI [1], time table for alternative architectures and

missions to support the Mars exploration is listed in Exhibit 2-1. With this input, the estimated need dates

and technology cut-off dates for applicable data rates in each scenario are presented in Exhibit 2-2. As

shown in the table, expanding human presence is the primary driver for high data rate Mars-Earth

communications. To support an expanding human presence, the data rate requirement may grow from an

initial 10 _s (by year _0i0)up to _much as i GbpS(beyond year 2030') However, the growth in

the data rate requirement will be gradual over a period of roughly 20 years, following the phased

implementation of the evolving SEI mission. In conjunction with the need dates, a set of technology

cut-off dates is also given. These dates provide a frame of reference for technology assessment of the

implementations.

12 February 1992 2-2 _r',_z2
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....... . ........ tl ...............................

ii   iiiii ii!iiiiill
Need Date

Data Rate Requirements

10 Mbps 100 Mbps

2010 2020

250- 1000Mbps

> 2030

Technology Cut-OffD=e 2002 2012 2022

Exhibit 2-2: Assumed Need Dates for Data Rate Requirements
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2.2 DESCRIPTION OF ALTERNATIVE SYSTEM CONNECTIVITIES

As shown in Exhibit 2-3, four Mars-to-Earth communication links arc considered in this study: MRS-EST,

MRS-ERS, MST-ERS, and MST-EST. These are all long haul return links. The additional relatively

short links needed for end-to-end connectivity, such as the Mars-to-MRS and ERS-to-Earth are not

addressed in this study. The MRS-EST link is considered to be the baseline for the communications

system supporting the Martian SEI mission in the year 2000. A key driving factor for any MRS-EST link

is the Earth's atmosphere which limits the choice of frequency. For example, 60 GHz is not a feasible

choice for this link because of the severe atmospheric absorption. The propagation effects of the Earth's

atmosphere can be avoided by communicating between theTVlRS _d a _S, and thereby enable theuse

of higher frequencies with a corresponding increase in antenna gain for the same size aperture.

Communications rising a MST has the _nefit of avoiding limiting factorsof power, pointing stability and
L

aperture size associated with the MRS. The MST could thus support the very high transmit gains and

powers required to close a 1 Gbps link with a EST or ERSI

12 February 1992 2-4 R92002.2



EARTH RELAY SA'tE1.LITE
(ERS)

MARS RELAY
SATELU'I_

(MRS)

EARTH SURFACE TERMINAL
(F_ST)

MARS SURFACE
TERMINAL

(MST_

2/o=/_ _g2oo2\f, K31_4

Exhibit 2-3: Mm'e-to-Eorth Communlcotion Links Considered

2-5



2.3 LOGICAL EVOLUTION AND TRANSITION

The currently planned Ka-band upgrade of the existing Deep Space Network (DSb0 is considered as the

SEI communication system baseline for the year 2000. In order to efficiently exploit the useful life of

the installed communications infrastructure, the growth and evolution of the system should build upon

existing infrastructure as much as possible. This will tend to minimize both system life-cycle costs and

transition impacts to long-term missions. Thus, it is assumed that evolution from the baseline will be

driven only by either the inability of the Ka-band baseline to meet a growing data rate requirement, or the

promise of a lower life cycle cost with an alte_tive system. The evolutionary path taken will in general

tend to minimize number of transitions and technology risk. In addition, the next transition stage from

the Ka-band baseline should be upgradeable to 100 Mbps and beyond. New technologies limited to 100

Mbps or less are not as attractive as those that promise to support data rates well be-yond 100 Mbps.

Exhibit 2-4 illustrates the possible evolutionary paths from the baseline system in the year 2000 to an

advanced system that will support the Martian SEI beyond the year 2030. Note that' at each milestone

time frame one is confronted with a decision regarding the next step in S-ys-_emevolution7 For the year

2010, the key decision is-whether to extend the capability of the K-a_-bandMRS-EST basefine to 10 Mbps

versus migrating to a higher frequency or to optical. By the year 2020, the decision involves both

frequency and whether to migrate from a MRS-EST link to a MRS-ERS link. With the assumption of

a semi-permanent human settlement sometime after the year 2030, it also becomes natural to consider

whether a large surface based termirml on Mars (the Ms'r) is a feasible way to support a high data rate

link to a EST or ERS. :

T

t

12 February 1992 2-6 _-_wz2
i

=--



• MRS-EST: DSN
UPGRADE TO Ka-BAND

• MRS-EST: g0 OHz,
300 OHz, OR OPTICAL

• MRS-ERS: 60 CHz,
90 GHz, 300 GHz
OR OPTICAL

MST-ERS OR EST:

u

2000 10 Mbps 1OO Mbps 250 Mpbs - 1 Gbps

BASELINE _ 2010 == 2020 >2030_=_1_ TIME

I -

MOb'T I_O_BLE PAll_ DENOTtm BY SOLID LINE 12/2/_1 "rRg2002'_DK6162

Exhibit 2-4: Potential Evoluatlonary Paths * for Meeting Mars-Earth
Return Link Requirements
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SECTION 3: IDENTIFICATION OF ATTRACTIVE

ARCHITECTURES

The ability of a communications system architecture to meet the growing data rate requirements is largely

dependent on the maturity of its supporting technologies. Accordingly, attractive architectures are

identified via a process involving technology assessments and parametric link budget analysis: the

comparison of the derived link parameters (e.g. power and aperture) for the alternative systems with the

results of the technology assessments is a key factor in determining the relative attractiveness of altema-

fives.

12 February 1992 3-1 _-_0oz_



3.1 APPROACH FOR DEFINING TECHNOLOGY LIMITS

The supporting technology for each of the four system elements, the MRS, EST, ERS, and MST of the

space communication infrasmacture has different limiting factors and constraints within the applicable time

frames from 2010 to beyond 2030. These are qualitatively summarized in Exhibit 3-1.

The MRS terminal is an essential system element for all MRS-EST and MRS-ERS links. In the early

phase of the SEI communications system implemen/ation (2010), dae major limiting factor for the MRS

is the projected device state-of-the-art. However, inthe-matufe: stage of dev_pment (beyoffd 2030), the

projection of device performance ceases to be a limiting factor, but is replaced by more fundamental

constraints such as prime power, mass, and depioyability. For 2010, the technology limits assumptions

are based on projections from a data base of current device performance and technology readiness.

In the early stage of EST development, the key limiting factor is the practical evolution rate from the

assumed baseline Ka-band 70 m effective aperture receiver. For example, it seems unlikely that the

investment in the planned Ka-band upgrade to the DSN would be discarded as early as the year 2010.

However, as time passes, additional system upgrades involving migration to new frequencies or investment

in larger effective apertures become increasingly likely.

The ERS terminal requires a large on-orbit antenna or telescope. Initially, in 2010, the implementation

is limited to those concepts which have been developed and demonstrated in other existing programs.

Thus the ERS in 2010 has only a very limited set of options. However, in the far-term, all advanced

concepts for large structures (including deployable and erectable apertures) in space are considered.

The feasibility of MST is appears likely only when implemented concurrently with the establishment of

a Mars base with permanent human presence. Therefore this altemative is only considered in the latest

stage of the evolution for the SEI communications system, beyond the year 2030. The key technology

limit is probably the capability to transport and assemble modified Ea_ surface technology to Mars. it

is assumed that much more prime power will be available to the MST as compared with MRS.
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" APPLICABLE TIMEFT_AMESYSTEM
ELEMENT 2010 2020 >2030

MRS

EST

ERS

MST

• PROJECTIONS FROM DATA
BASE OF CURRENT DEVICE
PERFORMANCE AND TECHNOLOGY
LEVEL OF DEVELOPMENT

• CURRENT DEVICE SOA IS
TIlE CHIEF LIMITING
FACTOR

• CURRENT SOA
NOT A UM1TING FACTOR

• CHBF LIMITING FACTORS
ARE PRIME POWER
NEED AND REQMT FOR
DEPLOYABLE APERTURES

• PROo_'CTIONS FROM DATA
BASE OF CURRENT DSN
IMPLEMENTAllON AND
PLANNED UP_ADE

• REASONABLE EVOLUTION RATE
IS THE CHIEF UMITING
FACTOR

• LARC,E EFFECTIVE APERTURE
ACHIEVABLE BY
COHERENT COMBINATION
OF MANY SMALLER 34M
APERTURES

• EVOLU1]ON RATE NOT
A MAJOR CONSTRAINT

• BASED ON DE_ONSTRAllON
AND CONCEPTS OF
DEPLOYABLE ANTENNAS

• REQUIRE]dENT FOR
DEPLOYABLE APERTURE
ASSUMED

• BASED ON ALL ADVANCED
CONCEPTS FOR LARGE
STRUCTURE IN SPACE

• DEPLOYABLE AND
ERECTABLE APERTURES
ARE CON_DERED

N/A

Exhibit 3-1: Approoch to

N/A • TRANSPORT k ASSEMBLY OF
EARTH SURFACE TECHNOLOGY

• MUCH MORE PRIME POWER
AVAILABLE AS COMPARED
WITH MRS
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3.2 PARAMETRIC LINK BUDGET ANALYSIS

The link budget analysis generates range of system parameters that accommodate each data rate at a given

time frame. Parameters such as required transmit power and antenna aperture size can be calculated with

inputs from preliminary technology assessment on key system components. Parametric curves are also

developed to provide a point of departure for transmit power versus aperture gades.

The basic link budget assumptions are listed in Exhibit 3-2. One key parameter is the range between Mars

and Earth which is a variable depending on the relative positions of the two planets. The cumulative

distribution of Earth-Mars distances (from year 2010 to year 2020) hadb_n calculated by NASA LeRC

[2] and is presented inExhibit 3-3. As shown, a range of 2.5 AU corresponds m approximately 90% of

cycle which is considered reasonable for Mars-Earth communicafion__:Other assumptions are based

:on typical di_g|t_ RF or'optical link budget calculations. Digital moa_fion_is:hs_ed in all links.

Digital modulation is compatible with other signal processing functions _Such as data Compression and

channel coding. In this study, concatenate coding is used in all RF links to take advantage of the coding

gain.
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• RANGE = 2.5 AU CORRESPONDS TO 90= OF CYCLE (MARS-EARTH DISTANCE)

• 10 BER

• CHANNEL CODING FOR ALL RF LINKS (3.5dB REQUIRED Eb/No)

• 3 dB LINK MARGIN

• SUN ILLUMINATED MARS BACKGROUND

Exhlbit 3--2: Basic Link Budget Assumptions
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I J I I I J I I l J I J I
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4. 2.6 2.8

DISTANCE (AU)

2/11,/92 TRg2002\PK6165
i i

Exhlbif 3-3: Cumulative Distribution of Earth-Mars Distances (2010 to 2018)
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In Exhibit 3-4, key system parameter constraints such as antenna aperture size, transmitter power, and

receiver sensitivity for each architecture and time frame are presented. The range of values given in the

table reflected both trade space and variation of alternative RF and optical implementations; i.e., 32 GHz

vs. 94 GHz, optical direct detection vs. heterodyne. The size of MRS and ERS antennas is limited by

technology constraints (e.g., surface tolerance) and stowing capability' The transmitter power and receiver

sensitivity are either derived or projected from state-of-the-art RF and optical technology.
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Antenna

Aperture Size
MRS

i - MST

- ERS

- EST

XMitter Power

- MRS

- MST

Receiver

Sensitivity

RF

1-5 m

NA

5-40 m

10-70 m

50-200 W

NA

25-500 ° K

10 Mbps

(Year 2010)

Optical

20-30 cm

NA

5-10 m

5-15 m
ru

1-10 W

NA

RF

5-10 m

NA

10-50 m

20-110 m

100-300 W

NA

15-200 ° K

, ,i,, ,,, , ,, ,, , ,

100 Mbps

(Year 2020)

Optical

20-50 cm

NA

10-15 m

15-20 m

10-30 W

NA

250 - 1000 Mbps

(Beyond Year 2030)

RF

5-15 m

10-15 m

15-50 rn

30-150 m

150-400 W

1-10 KW

Optical

10-100 10-50 10-200 ° K

20-100 cm

20-100 cm

15-20 m

20-30 m

Photons/Bit Photons/Bit

20-40 W

20-40 W

5-30

Photons/Bit

ANTENNAS USED FOR ERS TERMINALS:

- RF: LARGE DEPLOYABLE ANTENNA

- OPTICAL: PARABOLIC MIRROR

SIZE OF MRS AND ERS ANTENNAS IS LIMITED BY TECHNOLOGY CONSTRAINTS (E.G.,

SURFACE TOLERANCE) AND STOWING CAPABILITY

RANGE OF VALUES REFLECTED BOTH TRADE SPACE AND VARIATION OF ALTERNATIVE

RF AND OPTICAL IMPLEMENTATIONS; I.E., 32 GHz vs 94 GHZ, DD vs HET

Exhibit 3-4: Assumed System Parameter Constraints
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Given the assumptions and link parameters discussed above, example parametric curves of attractive

communications systems architectures at key time frames are presented in Exhibits 3-5, 3-6 and 3-7.

,÷
=,
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3.3 EVALUATION OF ARCHITECTURE ALTERNATIVES

Leading architectures (along with their key link parameters) for Mars-Earth link implementation at each

need dates are delineated in Exhibit 3-9,3-10,3-11. The selection is based on link budget analysis and

preliminary technology assessment of all the alternatives. Rationales for the selection are discussed below.

To support a 10 Mbps link in the year 2010, a ground-based terminal (EST) is probably the most logical

and least risky choice for the Earth region node. A 32 GHz system is preferred for the 10 Mbps

MRS-to-EST link implementation because of its mature technology base and for continuity with the

assumed year 2000 baseline. The frequencies of 60 GHz and 300 GI-Iz are not viable alternatives due to

large absorption by the atmosphere. A 94 GHz system may be feasible, but still requires very high

transmit power in order to overcome atmospheric attenuation and is therefore regarded as a high risk

alternative. An optical direct detection MRS-EST system is a viable alternative to the 32 GHz baseline

system. This system requires only modest transmit power and much smaller transmitter and receiver

aperture sizes than any RF or _ system. However, this impiemehtation typically needs spatial

diversity with 3 or more sites to comet cloud cover. The optical fieterod_e detection scheme is not

selected due to the detrimental impact of aunospheric turbulence on the coherent signal.
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MRS EST RF Ko-BAND BASELINE

94 GHz: HIGH RISK FOR

x
ATTENUATION

©

HEr: HIGH TECH RISK AND
x

ATMOSPHERIC DEGRADATIONS

Nd:'TAG: SPATIAL DIVERSITY REQUIRED ©

xo____

X - UNDESIRABLE ARCHITECTURES

© - LEADING ARCHITECTURES
AIGoAs DIODES: LOW POWER AND

POOR PEAKING PROPERTIES
×

12/2//91 "rRg2002_OK6164

Exhlbit 3-9: Identlflcotion pf Leodino Architectures
at 10 Mbps (YR 2010)"
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