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Introduction (1 of 2)
• The ability to provide power and ancillary services when and where needed is 

essential to virtually all aspects of human endeavor and enables all forms of 
space exploration, development, and settlement. 

• Defining an incremental path to realize the necessary power infrastructure to 
support settlement and its precursor activities is a significant systems 
engineering challenge.

• It is necessary to determine what are the increments of scalable interoperable 
modular power and ancillary services needed to support exploration, 
prospecting, proving reserves, exploitation, habitation, and settlement of the 
lunar surface, as well as how the requirements for the same can be 
accommodated. 

• Each increment must provide the necessary power and services needed to 
construct the next increment in a timely manner, given system lifetime and 
financial constraints

• This paper addresses the codification of the key considerations and variables, 
delineating the trade space, selecting the interface planes, definition of 
accommodation requirements, and blazing the path forward to fielding viable 
systems. 

Introduction (2 of 2)
• The current state-of-the-art with respect to surviving and 

operating through the night on the lunar surface is profoundly 
limited. 

• While there are multiple terrestrial and even space qualified 
technologies that could be leveraged to design viable end-to-end 
power generation, storage, and distribution systems suitable for 
the lunar environment, the systems engineering of the same is 
nascent. 

• This work seeks to establish a framework for 
curating/generating, intersecting, and converging multiple 
technology development efforts to yield a recommended set of 
deployable power and ancillary services beaming infrastructure 
payloads.

Unbundling/disaggregating power systems (i.e. the separation of power generation, 
transmission, control, storage, and loads) can:
• reduce complexity, mass and/or volume
• allow reallocation of mass and/or volume
• alter the cadence of mission operations
• reduce, eliminate, or deconflict solar pointing and other technology specific 
requirements and constraints
• impart additional delta-V to spacecraft/debris 

- indirectly (power augmentation)
- directly (momentum transfer) 

• Foster the identification and effective use of synergies between technologies, 
venues, and applications.

Key Considerations: Hypothesis Key Considerations: Technology Development

• Space Power and Ancillary Services infrastructure is an applied engineering 
problem and an economics problem

• Operational capabilities are best realized by leveraging a combination of 
technology development “Push” and mission requirements “Pull”. 

• Each increment of public and/or private investment should lead to an 
operational capability useful and used by one more other missions.

• The efficacy of any systems architecture must consider the entire lifecycle of 
fielded equipment with respect to cost analysis, functionality, scalability, 
durability, and maintainability.

• Engineering solutions which leverage other mission investments should be 
given priority, but not exclusivity.

• Furthermore, this approach organically grows the community of interest that 
will become increasingly invested in the success of the endeavors.
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Work
Vectors Key Variables

• Cost/Economics (initial cost to first power, LCOE, market viability, anchor 
customers),
• Magnitude (power level supporting applications, scalability)
• Distance (near field, boundary regions, far field),
• Frequency/Wavelength (microwave to eye-safe optical),
• Voltage/Amperage (input, output, transforms)
• Duration (pulsed, scheduled, continuous),
• Availability (dispatchable, on demand, scheduled, prioritized, by exception, 
resilience, interoperability),
• Security (misuse, interruption, destruction, safety),
• Performance (net transfer, end-to-end efficiency, piecewise efficiency, steering 
precision and accuracy, beam shaping, effective operational difference),
• Logistics (mass, volume, modularity, durability, maintainability),
• Environmental (temperature, radiation, degradation), and
• Technology Readiness Level [TRL] (cost, schedule, and technical risk)

Trade Space: Power Generation, Storage, and Distribution
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Trade Space: Methodology

• Working from the potential available input power increments, a 
similar/comparable scaling can be deduced. 

• The DC-to-Beam conversion efficiency can be factored in, yielding 
estimates for the maximum power output electrical and the 
maximum power output thermal.

• Using the collection efficiency method, the received power can 
be calculated for various distances of interest using existing 
theoretical and experimental data tabulated into the proposed 
framework. 

• As the TBDs in the framework are resolved the resulting values 
can be translated into power and ancillary services infrastructure 
package preliminary designs that are both robotic and EVA 
compatible for peer review.

Microwave Theoretical & Experimental Efficiency
DC to MW Beam Forming Free Space MV to DC DC -to-DC DC -to-DC DC -to-DC

Published Input Conversion Antenna Transmission Conversion Output Projected Demonstrated Theoretical

Year Power Efficiency Efficiency Efficiency Efficiency Power Efficiency Efficiency Efficiency

(W) (W)

1992 100 90% 90% 90% 90% 66 66% 54% 76% < 6 GHz (1) Raytheon

2016 100 95% 90% 90% 95% 73 73% Extrapolated 95% < 6 GHz (2) XISP-Inc

2016 100 60% 80% 90% 72% 31 31% Extrapolated 95% Higher Frequencies (2) XISP-Inc

2016 100 60% 80% 90% 72% 31 31% Extrapolated 95% Higher Frequencies (2) XISP-Inc

2019 6000 100% 100% 100% 18% 1064 18% Collection Efficiency 
Calculation TBD 26.5 GHz @200 m, 1 m2 Tx & Rx 

areas (3) XISP-Inc

2019 6000 100% 100% 100% 30% 1809 30% Collection Efficiency 
Calculation TBD 36 GHz @200 m, 1 m2 Tx & Rx 

areas (3) XISP-Inc

2019 6000 100% 100% 100% 83% 4964 83% Collection Efficiency 
Calculation TBD 95 GHz @200 m, 1 m2 Tx & Rx 

areas (3) XISP-Inc

2020 100 78% 85% 90% 84% 50 50% Service 
Baseline 95%

Frequency 
Agnostic (but 
not Atheist)

XISP-Inc, 
aspirational

NOTES:

1 William C. Brown, Life Fellow, IEEE, and E. Eugene Eves, Beamed Microwave Power Transmission and its Application to Space, IEEE Transactions On Microwave Theory and Techniques, Vol. Ro, No. 6. June 1992

2 Gary P. Barnhard, Daniel Faber, Space-to-Space Power Beaming - An Evolving Commercial Mission to Unbundle Space Power Systems to Foster Space Applications International Astronautical Congress, Guadalajara. Mexico  2016

3 Gary P. Barnhard, Dr. Seth D. Potter, Challenges of Space Power and Ancillary Services Beaming: Key to Opening the Cislunar Marketplace, International Astronautical Congress Washington, DC 2019

Theoretical & Experimental Efficiency
Calculations:

Input Power P Input  = 0 to 1000 Watts
Wavelength λ  = C/ f cm
Diameter of the Transmitter Aperture D cm
Transmitter DC-to-MW Efficiency % hDC-to-MW dimensionless
 - Transmitter Beam Forming Efficiency % hBeam Forming dimensionless
Total Radiated Power from Transmitter P Tx  = (P Input )*(h DC-to-MW)*(h Beam Forming ) Watts
Range R cm
Free Space Transmission Efficiency % hFree Space Trans dimensionless
Diameter of the Receiver Aperture W cm

Zeta  where  0 < z < 3
Zeta relates the physical parameters of the 
power beaming system to the collection 
efficiency of the power transfer

dimensionless

Diameter of  the Transmitter D cm

Diameter of the Receiver W cm

Wavelength  λ cm

Range R cm
Collection Efficiency @SLR of 25 dB
Power Received at Rectenna PReceived =  (Collection Efficiency) * (PTx) Watts
Receiver MW-to-DC Conversion Efficiency % hMW-to-DC dimensionless
 - Receiver Beam Reflectivity Loss Component of hMW-to-DC

 - Receiver Thermal Absorption Requirement Component of hMV-to-DC

Power Delivered to Customer Pdelivered  = (P Received)*(hMW-to-DC) Watts

z =
𝑫 𝑾
λ 𝑹

Definition of Accommodation Requirements

• What is the Maximum Input Power Available?
• What is the DC to Beam Conversion Efficiency?
• What is the Maximum Power Output Electrical & Thermal?
• What are the Transmitter & Mass Budget? 
• What is the Receiver Thermal Absorption Requirement
• What is the Receiver Beam Reflection %?
• What is the Customer Received Power @1 m,10 m,100 m,1 km,10 km,100 km?
• When is the power available?
•    What is the power quality specification?
• What are the accommodation requirements?

-- Physical attachment interface  -- Power connection interface
-- Data connection interface --Thermal management interface 
-- Launch environment       -- Landing environment
-- Operating environment            -- Quiescent/keep-alive environment

•    What are the safety, quality assurance, and quality control considerations?

Blazing the Path Forward

The path forward for this work requires:
• finishing the characterization of the power and ancillary services beaming 

payload packages with all of the NASA CLPS contract vendors, 
• orchestrating the vendor round robin for interface testing (e.g., the XISP-Inc 

ACO proposal on Cislunar Utility Technologies, Integration & Interface 
Standards proposed with NASA ARC), 

• leveraging the earliest possible flight opportunities with other missions for 
data (e.g., the XISP-Inc ACO proposal on Interoperable Network 
Communication Architecture-Applications (INCA-A) with NASA GSFC on the 
Laser Communications Relay Demonstration mission, and the XISP-Inc ISS 
National Lab Space-to-Space Power and Ancillary Services Beaming TD3

mission.

Conclusions (1 of 2)

• We need to populate performance tables in a systematic way, all be it initially with 
data which was not designed for that purpose.

• We need to systematize the approach to theoretical and experimental work in this 
area (i.e., it is an applied engineering problem).

• We have to justify what is a “scalable Increment” balancing achievability with 
meaningful performance within a reasonable time frame.

• Heuristic: If a potential power system increment can not provide more power than it 
takes to field it then it is not a worth building.

• It is important that system design should be frequency agnostic but not atheistic
when it comes to specific applications.

• The combination of technologies needed to achieve a system level TRL must address 
the component level TRLs.

• We must systematize the approach to integrating technologies into feasible systems. 
• At present we do not have the data to fill out the entire performance table but it 

provides a framework for considering the trade space in a systematic manner.

Conclusions (2 of 2)

• We need to understand the potential payoff of developing 
different sectors of the solution space.

• We need to find the areas of the solution space which yield 
financial returns of sufficient magnitude to warrant government 
and private investment.

• This approach allows us to:
• Identify opportunities for synergy
• Systematize the resolution of TBDs
• Determine where to allocate resources

• The near term investment in infrastructure creates 
utility resources that can be adapted for deep space 
missions and be ready when they are needed.
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