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1. Introduction  

This proposal is submitted in response to the optional Mars Sample Return Mission 

(MSRM) project as part of NASA and Saylor.org’s Survey of Systems Engineering (Part 

1) course.  The author, Donald McKay, has worked as a Space Systems Engineer for US 

Navy satellite systems for over twenty years, and brings that experience plus the knowledge 

gained taking the Survey of Systems Engineering course to complete this Mission Design 

Proposal. 

 

NASA has a long history of Martian exploration and observing, from the Mariner 4 fly-by 

in 1965 through present day surface explorations by Opportunity and Curiosity rovers and 

on-orbit observation via Mars Odyssey and Mars Reconnaissance Orbiter.  While almost 

fifty years of exploration and observation has provided a treasure-trove of data and new 

information, large gaps in our knowledge still exists.  Further exploration is required before 

NASA is prepared for the ultimate:  a manned mission to Mars. 

 

Only so much data can be collected remotely, either from the surface or from orbit.  While 

124 Mars meteorites have been discovered on Earth and they have added to the knowledge 

base, they have often spent millions or billions of years in the harsh environment of space 

and entry into Earth’s atmosphere.  To conduct more sophisticated, long-term analysis of 

current Mars soil, dirt, and air, a Sample Return Mission is a must. 

1.1 Proposal Overview 

This proposal offers a solution to the Mars Sample Return Mission.  Because this project 

is a response to a course assignment and not to an actual Request for Proposal, no formal 

trade studies were conducted regarding the various architectures in the background 

provided.  The architecture provided herein is a result of an informal, best-guess approach.  

The author acknowledges that in an actual Pre-Phase A for a MSRM, numerous trade 

studies would be conducted to burn down the trade studies tree to a single proposed 

architecture.   

Risk is prioritized as follows: 

1. Mission Risk (inadequate architecture will jeopardize the mission) 

2. Cost Risk (inadequate architecture will increase cost) 

3. Schedule Risk (inadequate architecture will increase schedule) 

For example, if a trade is between solution 1 that will increase Mission Risk compared to 

solution 2, but solution 2 is more costly than solution 1, then solution 2 will be the chosen 

solution. 

For the informal trade study detailed below, an anticipated technology readiness level 

(TRL) of 7 or higher for subsystems by 2020 (four years prior to launch) is desired.  It is 

felt that architecture solutions with TRL 7 or higher will greatly reduce mission risk, as 

well as schedule and cost risk as desired solutions have already been produced and proven. 
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1.2 Informal Trade Study 

The Overview and History provided with the MSRM project description lists two major 

trades to be considered: 

 One mission launch vs two mission launches vs three mission launches 

 Earth reentry vs. International Space Station (ISS) docking 

1.2.1 Three Launch vs. Two Launches vs. One Launch solutions 

The Architecture Options provided with the MSRM background provides benefits and 

risks of two and three mission launch architectures, as quoted below: 

Mission Type Given Advantages Given Risks 

Two-launch  Splitting the mission into two-launches, 

separated by time (possibly years), may 

make the development easier and may 

spread out the costs over a longer time pe-

riod.  

 It would also have the advantage of holding 

the second mission at Earth until you know 

that the samples are collected and ready to 

go. 

This approach would 

also require that the sec-

ond mission land close 

enough to the first to be 

able to recover the 

cache (pinpoint landings 

on Mars have not been 

accomplished thus far). 

 

Three-launch  This design would ease the schedule of the 

whole mission, giving controllers time to 

carry out each required activity to collect 

the samples, launch them to Mars' orbit, 

and then return them to Earth.  

 Furthermore, by spreading the total mass 

that needs to be landed on Mars across two 

payloads (the sample-collection Rover and 

the lander/fetch-Rover), the program could 

rely on the successful landing system de-

veloped for the Mars Science Laboratory 

(Curiosity - the "sky crane"), avoiding the 

costs and risks associated with developing 

and testing a new landing system. 

No risks given. 

 

1.2.1.1 Three-Launch Solution 

Though no risks are given within the course material for the three-launch system, it clearly 

has the same major risk as the two-launch approach:  pinpointing a landing within 

reasonable rover driving distance.  A landing even just a few miles off may mean many 

months or years for the Rover to arrive to rendezvous for off-planet launch – months that 

may result in the missing of the scheduled return-to-Earth window. Also, an off-target 

landing adds mileage and wear-and-tear to the Rover, increasing the likelihood of a critical 

mission fault or failure and jeopardizing the entire mission itself. 
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Additionally, there are several disadvantages to the three-launch solution.  First and 

foremost, it stretches the program schedule of the entire project.  With competition for 

funding dollars extremely fierce, there is a modest-to-high risk that either of the follow-on 

launches may get scrubbed, with the rationale that a partially funding program (i.e. through 

first or second launch) is better than no program at all.  We have seen over the past decade 

how radically NASA’s priorities have been changed from one Administration to another.  

Thus, any prolonging of schedule automatically comes with a significant increase in 

schedule risk. 

Another disadvantage is the reliance on multiple launches.  Launches can be considered 

single-points of failure to the mission.  If any single launch fails, the project will not 

accomplish the primary objective of the MSRM. 

Finally, there is the problem of more hardware for the system.  Three launch systems and 

two different rovers add complexity to the solution, likely increasing costs and schedule 

time.  While there is certainly a formal trade study required to be conducted between more 

hardware and reducing per-launch weight (and fuel), informally, the added expense of and 

risk of three launches is not insignificant. 

Given all this, for this project the Three-Launch solution is abandoned. 

1.2.1.2 Two-Launch Solution 

Many of the disadvantages of the Three-Launch Solution also apply to the Two-Launch 

system, though admittedly not as badly.  Like the Three-Launch solution, the Two-Launch 

solution bears the enormous mission risk of a pin-point landing very close to the Rover.  In 

this respect, the Two-Launch solution is no better than the Three-Launch solution.   

Although there are less overall single points of failure with the Two-Launch solution, there 

are still two launches required.  These share the same liabilities of the Three-launch system 

(though, of course the probability of launch failure is less than it would be for three 

launches), including the programmatic risk of changing administrations and priorities over 

the long life of a multi-launch approach. 

When considering the Two-Launch approach, it is better than the Three-Launch approach, 

but that does not mean that it is “just right” for the purposes of this proposal. 

1.2.1.3 One-Launch Solution 

This proposal recommends the One-Launch solution, primarily because the off-planet 

launch vehicle is also what carries the Rover to Mars’ surface, and therefore the tricky 

problem of a targeted landing vis-à-vis the Rover is eliminated. 

Assuming the MSRM is funded, then it is much more likely to be fully funded if the 

program has a One-Launch architecture, as there is no “partial” missions with which an 

administration can hang its hat.  True, this may mean that the MSRM is more difficult to 

be approved in the first place, but this taxpayer is OK with that risk.  Much better the 

program not be funded at all than become some zombie-type program that is barely alive 

because follow-on launch stages are in perpetual funding peril.  
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Given that a single launch failure has catastrophic impact to the mission objective for any 

of the proposed launch solutions, it is much better statistically-speaking to risk all with one 

launch. 

The One-Launch solution does impose more stringent weight constraints on the entire 

system, and likely will involve a heavy-lift vehicle which may increase launch costs, both 

because of fuel and the rocket itself.  However, these constraints can be identified with 

reasonable accuracy early in the project lifecycle, and it is not clear from the background 

information provided that a multi-launch system is more cost-effective overall. 

1.2.2 Earth Reentry vs. International Space Station Recovery 

Earth Reentry requires heat shielding (much more substantial than that required for 

entering Mars’ atmosphere) plus a lander system – either parachutes or rocket landing, 

whereas ISS recovery does not.  While orbit insertion and ISS docking will require fuel, 

this solution will not require additional hardware or architecture complexity. 

NASA has already demonstrated (via SpaceX’s Dragon capsule) the ability to return cargo 

from the ISS to Earth safely, so this capability is TRL 9. 

Finally, the risk of biohazard contamination of Earth is negligible, but not zero.  Holding 

the Mars sample container on the ISS for some length of time (weeks or months) will assure 

all that the sample is safe for return to Earth.  If a fatality or illness is caused due to the 

Mars sample, the contagion is by definition contained. 

This project therefore recommends dockage with the ISS and subsequent return to Earth 

via a regularly scheduled resupply mission of the ISS. 
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2. Scoping Elements 

This section of the proposal covers the Scoping Element deliverables for the MSRM 

project as follows: 

 Need 

 Goal(s) 

 Objectives(s) 

 Mission 

 Constraints 

 Budget 

 Schedule 

 Authority & Responsibility 

 Assumptions 

2.1 Need 

In order to definitely determine whether Mars once harbored and/or does harbor life, 

human examination of Martian soil, dust, and air is required.  Given that a survivable 

human mission to Mars is beyond the limits of today’s technology, and given that NASA 

has successfully conducted remote sampling missions in the past (Stardust), and that 

robotic sample missions were successful even as far back as the 1970s (Lunakhod), the 

next reasonable step in the exploration of Mars is a Mars Sample Return Mission. 

NASA can and has collected data remotely from Mars via rovers and orbital observers.  

NASA has studied meteorites that originated from the Martian surface millions or billions 

of years ago and have been found on Earth’s surface.  In order to further develop knowledge 

about Mars, NASA needs contemporary samples from Mars with which it can conduct 

detailed analysis – more detailed analysis than even a rover can do.   

2.2 Goals 

The primary goal of the MSRM is to further advance the Mars knowledge base by 

collecting rock, dust and atmospheric samples and returning them to Earth for in-depth 

analysis.  The focus will be on learning of new information that will lend itself to a better 

understanding of the resources available to assist a human expedition or settlement on 

Mars. 

Secondary goals include exploration of at least one potential future human landing site, 

and hyperspectral and infrared data collection of the Mars’ atmosphere with emphasis on 

studying weather patterns. 

An overall programmatic capstone goal is to deliver the entire project on-time and on-

budget.   
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2.3 Operational Objectives 

The MSRM has the following specific objectives: 

 Collect and return at least twenty-five rock samples from a depth of at least two 

meters. 

 Collect and return at least twenty-five atmospheric samples during different 

weather phenomenon from the surface.  At least five samples should be conducted 

during dust storms to collect enough atmospheric particulate matter. 

 Observe and image various Mars weather, from a local through planet-wide scale. 

 Collect at least five atmospheric samples from high altitude. 

2.4 Mission and Operational Success Criteria 

The MSRM can only be considered a success if samples from the Martian surface and 

atmosphere arrive safely on Earth, specifically a NASA laboratory.   

Mars-to-Earth biohazard contamination of any sort is unacceptable and will result in 

mission failure. 

Earth-to-Mars biohazard contamination may result in the mission judged degraded.  

Secondary missions (hyperspectral and infrared observations, continued Rover exploration 

after sample launch) may be judged on a separate basis than the primary mission in 

accordance with the Mission Objectives above. 

2.5 Constraints 

The following constraints apply to shape the architecture: 

 Earth Launch Payload Weight.  Dependent on the rocket with the most lift 

capacity that has achieved a TRL of 7 or higher by 2020. 

 Mars Launch Payload Weight.  Dependent on the amount of fuel available to 

launch samples from the surface into Mars orbit after a vertical landing to deliver 

the Rover to the surface. 

 Launch Window.  The mission is scheduled to launch in late 2024.  Missing the 

launch window could delay the project launch a minimum of two years. 

 Biohazard Mitigation.  The National Environmental Policy Act and the results of 

the Environmental Impact Statement (EIS) will drive the design of the Biosafety 

Containment Facility. 

 Cost.  Once approved, every effort must be made to keep the MSRM on-schedule 

and on-budget to avoid program breach.  In today’s budgetary environment, there 

is a high risk of program cancellation if additional funding is required. 
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2.6 Budget 

Current estimates of a MSRM range from $3-4 billion1 all the way up to $10 billion2.  

Insisting on TRL 7 or higher for system components, taking advantage of Commercial-Off-

The-Shelf (COTS) solutions whenever possible, and utilizing commercial space launch 

capability (for example, SpaceX’s Falcon Heavy) should reduce the cost of an MSRM 

significantly.  Actual costing would occur more formally in Phase A of the project. 

The point has been made previously, but bears repeating here:  a fundamental part of the 

project strategy is to keep it on-time and on-schedule, with the goal of final project costs 

to be at or below provided funding.   

2.7 Schedule 

Using the “Long Stay” example in the trade study 

lesson as a template for the MSRM mission 

timeline, plus the requirement for a 2024 launch, 

results in a nominal launch date of 24 November 

2024 for our project.  The full launch window 

would approximately be from 10 November 2024 

to 3 January 2025. 

The alignment of the Solar System on 24 

November 2024 is shown below the “Long Stay” 

Option graphic.  For the purposes of this proposal, 

the alignment on 24 November is close enough to 

assume the Mission Times given in the “Long 

Stay” graphic. 

We thus derive the major milestones of the project 

as follows: 

1-Oct-2016 Project Start 

1-Oct-2018 PDR 

1-Oct-2020 CDR 

24-Nov-2024 Launch 

22-Jun-2025 Mars Orbit Insertion 

6-Jul-2025 Vertical Landing on Mars 

1-Oct-2026 Collect samples via Rover 

31-Oct-2026 Launch and Dock with Orbiter 

29-May-2027 Samples Dock at ISS 

 

For a more detailed project schedule, see the Lifecycle schedule section 7 below. 

                                                           
1 Source:  http://www.space.com/4116-mars-sample-return-proposal-stirs-excitement-contRoversy.html 
2 Source:  :  http://news.softpedia.com/news/Electric-Propulsion-Could-Make-Mars-Sample-Return-Mission-Affordable-287500.shtml 

 

http://www.space.com/4116-mars-sample-return-proposal-stirs-excitement-controversy.html
http://news.softpedia.com/news/Electric-Propulsion-Could-Make-Mars-Sample-Return-Mission-Affordable-287500.shtml
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2.8  Authority & Responsibility 

Decision authority for the MSRM resides in the House of Representatives Space, Science 

and Technology Committee.  NASA has responsibility for the proper execution of the pro-

ject and expenditure of funds, with the Office of the Chief Engineer (OCE) providing pol-

icy direction, oversight, and assessment for the NASA engineering and program manage-

ment. 

2.9 Assumptions 

This proposal for the MSRM makes the following assumptions: 

 That all major components of the proposed architecture will have a TRL of 7 or 

higher by 2020 

 That once funded, the project receives all funding POM’d for it as planned.  

 That once funded, the project will remain on schedule. 

 That the ISS will remain operational through 2027 

 That no new mission control or ground operations capability or functionality is 

required for the MSRM. 

 That a commercial Heavy Lift Rocket with suitable reliability will be available for 

launch in 2024. 

3. High Level Concept of Operations 

The high level Concept of Operations is depicted below: 

 

Launch occurs 24 November 2024 using a heavy-lift rocket.  The payload then spends the 

next 210 days transiting to Mars where it enters a polar orbit. 
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Part of the deceleration strategy for the payload will be utilizing the Martian atmosphere 

to brake.  While skimming through the upper atmosphere to slow down, the Orbiter will 

take and store several samples of the atmosphere for future analysis on Earth. 

Once in its stable polar orbit around Mars, the Lander Rocket detaches from the orbiter and 

lands at its intended landing area via vertical landing.  Once safely on the ground, panels 

open along one side of the rocket and extend down to the surface as a ramp, which the 

Rover uses to drive down.   

The Rover then spends the next several months examining the surface for interesting rock 

formations, guided partly by its own heuristics and partly by mission operators on Earth. 

Upon finding an interesting rock formation, it will either  

 grab it and store it if it is loose on the surface, or  

 drill up to three meters in depth to withdraw a core sample from below the surface.   

The Rover’s storage container can separate and hold up to twenty-five rock/soil samples.  

It also has the capability to capture and store atmosphere samples while on the surface. 

Meanwhile, the Orbiter conducts its secondary mission by collecting hyperspectral high-

resolution imagery as well low-resolution infrared imagery of the Martian atmosphere.  The 

Orbiter also acts as a communications relay between the Rover and Earth. 

Once all samples have been collected, the Rover drives back to the Lander Rocket and up 

the ramp to park back in its transit position.  Here, the Lander Rocket extracts the sample 

collection from the Rover and welds the containment system shut.  The Rover then exits 

the lander via the ramp again and continues using its on-board sensors to explore the region 

much like Opportunity and Curiosity do today. 

Once the Rover has deposited its samples and left the lander, the ramp/panel raises back 

into place, and the Lander Rocket launches into orbit to rendezvous with the orbiter.  After 

the Lander Rocket has docked with the Orbiter, a rocket burn will propel them from orbit 

into a trajectory that will place them in Earth’s orbit so that they can be maneuvered to 

dock with the ISS.   

The ISS crew removes the Mars sample container from the docked Lander Rocket/Orbiter 

assembly, and stores it until a resupply mission is ready to return to Earth.  Once the ISS 

crew has removed samples from the docked Lander Rocket/Orbiter assembly, the assembly 

is undocked from the ISS and maneuvered to burn up over the Pacific Ocean in re-entry. 

When returned to Earth, the Mars sample container is taken to the Biosafety Containment 

Facility where the samples are separated and prepared for shipping and ultimately for 

analysis at one or several laboratories. 

4. High Level Architecture 

The following sections describe the major components of the MSRM.  Note that the 

pictures used are of already-existing hardware and missions – this is by design, and aligned 

with this proposal’s approach to leverage existing TRL 7 (and higher) technology to reduce 

project risk. 
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4.1 The Rover 

The Rover will utilize the same chassis as the 

Curiosity rover, improved with TRL 7 upgrades as 

appropriate.  The chassis will be reinforced so that 

it can carry the weight of the samples it will carry, 

as well as its core-drilling payload.   

It is envisioned that the sensor suite it carries will 

be similar to those on the Curiosity rover, though 

priority will be given to visual scanners, 

spectrometers, and atmosphere sniffers if a trade between weight/power constraints 

requires the removal of some sensors. 

It will be able to dock within the Lander Rocket both for a secure ride while in transit from 

Earth launch to Mars landing, and so that the Lander Rocket can extract and seal the 

samples from the Rover. 

The Rover will have sophisticated decision-making heuristics to help it drive over terrain 

effectively, and will function as a normal exploratory Rover once the Lander Rocket has 

taken off from the planet. 

4.2 The Lander Rocket 

The Lander Rocket carries the Rover and transits 

between Earth and Mars while docked to the 

Orbiter.  It is capable of vertical landing and take-

off. 

Once safely in orbit around Mars, the Lander 

Rocket detaches from the Orbiter to make a vertical 

landing on the surface.  There it sits waiting for the 

Rover to return its samples. 

When the Rover returns, the Lander Rocket 

extracts the samples from the Rover and seals them in such a way as to protect against 

biohazard contamination.  It waits for the Rover to drive itself a safe distance from it, and 

then launches into Mars orbit and maneuvers to dock with the Orbiter. 

Nominally, the Lander Rocket will be based on SpaceX’s Grasshopper concept, or other 

similar commercial rockets.  It will be altered to be able to carry and deploy the Rover as 

well as remove and package the samples delivered by the Rover. 
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4.3 The Orbiter 

The Orbiter has many roles in the MSRM.  It 

collects samples of the upper Mars atmosphere 

when aerobraking so that it can achieve its proper 

polar orbit. 

While in orbit, it takes hyperspectral and infrared 

observations of the planet’s atmosphere and 

weather.  It also acts as a communication relay 

between surface missions (the Rover, and any other 

active rover missions).   

Once the Lander Rocket has re-docked with the 

Orbiter, they both transit back to Earth orbit using 

a large portion of the remaining fuel from both the Lander Rocket and the Orbiter.  The 

Orbiter is also responsible for maneuvering burns to dock with the ISS.   

When docked with the ISS, the high-atmosphere samples are removed from the Orbiter as 

well as the Lander Rocket by the ISS crew. 

4.4 Key External Systems 

While not part of the MSRM architecture, these key external systems interface with the 

MSRM and drive constraints and requirements for the mission. 

4.4.1 The Heavy Launch Rocket 

The Heavy Launch Rocket is a key enabler of mission success and 

constraint to system design.  It is anticipated that the Heavy Launch 

Rocket’s services will be procured, and not the rocket itself.  Using 

established commercial space payload carriers reduces overall mission 

risk, compared to developing a rocket specific to the MSRM. 

The Heavy Launch Rocket launches the entire MSRM into space, and is 

responsible for providing the initial velocity to send the mission on its way 

to Mars.  The Heavy Launch Rocket’s lift capacity is one of the major 

constraints to the design of the entire mission. 

4.4.2 Ground Control and Mission Ops 

No new capability is anticipated for mission ground control and mission operations.  It is 

expected that existing legacy systems at the Jet Propulsion Laboratory or other NASA 

facilities will satisfy all MSRM ground requirements. 
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5. Product Breakdown Structure 

The Product Breakdown Structure (PBS) for the MSRM is as follows: 

 

 

5.1 Element Breakdown 

As hyperspectral imagery is relevant to the author’s current professional interest, this 

proposal choses the Hyperspectral Imager on which to conduct the element breakdown and 

is displayed below: 

 

As both the Mirror and the CCD Sensor are single entities, they do not have parts for the 

purposes of this proposal. 
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6. Work Breakdown Structure 

The MSRM work breakdown structure (WBS) is as follows: 

 

7. Lifecycle Schedule 

The MSRM Lifecycle Schedule is presented in two parts:  Formulation and 

Implementation. 

7.1 Program Formulation Phase 

The Program Formulation Phase includes Pre-Phase A, Phase A and Phase B.  It is expected 

that, upon successful completion of the Preliminary Design Review (PDR), MSRM will be 

approved for Implementation at Key Decision Point (KDP) C.  The top-level Formulation 

Phase schedule is shown below: 
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7.2 Program Implementation Phase 

Upon Program Approval at Key Decision Point C, the MSRM enters the Implementation 

Phase, which includes the Final Design & Fabrication through Project Closeout.  The top-

level Implementation schedule is shown below: 

 

8. Figures of Merit 

The following figures of merit will be used to judge the performance of selected system 

segments and elements. 

Orbiter Amount of fuel in kg expended while maintaining orbit after orbit 

insertion. 

Orbiter: 

Infrared Imager 

Average number of images captured per minute. 

Rover Total weight in kg of rock samples collected 

Rover:  

Rock Core 

Drilling System 

Maximum depth in meters that system is able to drill operationally. 

MSRM: 

Communications 

Average throughput in Mbps and observed bit error rate. 
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9. Summary 

This proposal is submitted in response to the optional Mars Sample Return Mission project 

as part of NASA and Saylor.org’s Survey of Systems Engineering (Part 1) course. It settled 

on the One-Launch solution on which it based its architecture.  It proposes to use mature, 

TRL 7 or higher, commercial solutions wherever possible and acknowledges that cost 

overruns could be catastrophic to the viability of the project. 

In addition to its primary mission of Sample Return, the MSRM also collects atmospheric 

and weather observations from orbit, and enables the Rover to continue exploration 

operations after samples have been delivered to orbit.   

As a project, the MSRM proposed herein covers a 13 year development and operations 

timeline, including over 900 days of operations post-launch.   

This proposal presented Scoping Elements, a ConOps, a high-level architecture, a PBS 

including an element-to-part breakdown, a WBS, a Lifecycle Schedule and Figures of 

Merit in accordance with the requirements of the course project and description. 


