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Introduction

The Space Development
Agency (SDA) is a constructive
disruptor within the Department
of Defense, tasked with rapidly
acquiring and delivering space-
based capabilities.

SDA is building the Proliferated
Warfighter Space Architecture
(PWSA) by delivering hundreds
of-satellites on“on.time;-every
two years — by employing.spiral
development methods, adding
capabilities to future
generations as the threat
evolves.”
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Background and Motivation

7 types of systems can be fielded quickly®

Technical maturity is correlated with schedule change — Commercially purchased products
less mature systems are more likely to experience
schedule S|ipS and budget increases? Upgrading existing systems by adding existing

o . . ducts and syst
— GAO? and DoD* recommend achieving technical maturity ~— Chmalelloiusiis

(TRL 6 or TRL 7) by Milestone B (prior to CDR)
lterative development requires consideration of
dependences between requirements, capabilities, and New systems developed through direct collaboration
supporting technologies®

with users to identify capabilities to be fielded

At'SDA, maintaining a two-year delivery cycle for a New systems with limited requirements

compleX system.consisting of hundreds of satellites

requires extensive plannmg and trade-offs New systems developed external to the program
— Requires a process that can.manage dependencies across

!terat_ior_ls, minimize schedule I’i_Sk to programfs, by Modular subsystems that replace legacy subsystems
identifying long-lead technologies, and-trace implemented
capabilities and developed technologies back to the
stakeholder needs
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Related Work — The LEAP Process

The LEAP process provides a method to map the The LEAP Process?

temporal and functional delivery of value to the
satisfaction of stakeholder needs and to identify
technologies with a high potential for introducing List
technical debt into the system?’ Decompose needs

The research is divided into two related into strategic and

: tactical capabilities
presentations at IS 2023 Define enabling

— LEAP — A Process for Identifying Potential Technical technologies
Debt.in Iterative System Development’ provides a
detailed overview.of the mechanics and mathematics
of the process

=" This presentation.provides.an example of the Release a system
application of the process.at the.Space. Development that provides one
Agency to identify critical technelogies.in need of or more tactical or
accelerated development strategic

LEAP allows a system developer to make technology investment capabilities

decisions to enable on time satisfaction of stakeholder needs
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LEAP Process Overview

r I I T
Stakehold Need Matrix, N Delivery Matrix, D Investment Matrix, | I
aNe g er Tactical Capabilities Tactical Capabilities | Time Periods |
eeds o [ci|cofcs[ca|csb— [cilcofca|ca csl—] |P1| P2 Py P4 ;
% PpilojJo]1]o]o glpilojop1]o]o 8 0010 N .
\ 4 afpftjoj1]1jo alPd 1| o]o 0 g T210) 11 0] 0 |
Strategic Elp3[1]of1] 1] HEERDRRE glT3lojojojo
i ~ =
Capabiities \EHEHEEHEIEE P4 o] o] o 1|0 T4 of1f2]o
I System
Functional Matrix, F D=N-A A > Requirements
y Technologies - .
/ Availabilty Matrix, A
Tactical S q T T2|T3| T4 Tactical Capabilities v
Capabilties oIC1 1]0jo]f g c1] c2] c3] c4] cs5
= 2 Summation Vector, s ) Technology
%% C210j0}J0]1 alc1] 2 % P40j0Jo0Jo0Jo0 Development
v ,c_u§c31o1o == Slpolol1]o0]o I
. calo1]1]o | 1 E[pdofo]1]1]o0 ‘
Technologies Slololol 8 Y EREEERE |
5|C4 2 7 Y | System
819 A=H((FW)T =S +0.5])
Technology Matrix, T Development Matrix, V H = Heaviside function
fechnologies :;T:;”sg’m | J = Hadamard identity matrix (all ones)
> o is the Hadamard product operator
ks glryoy gy (element-wise multiplication)
g St oo 1]+ |
£ £
T3 1| 1] 1] 1
8 8 P -
T4 0J0]0)1 Indicates capability/technology

Figure from Kleinwaks, et al.”
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SDA and the LEAP Process

* Assumptions (actual milestones float
within specified quarters)

30 days (on average) for industry
proposal development

%)Pdays (goal) from proposal receipt to

30 months from ATP to ILC for SV
design, development, Al&T and launch
integration

* Procurement process

Assume an MVP
Query industry via RFI

Freeze technical content based on
current state-of technology/practice to
SNGI%ESOHCItatlon requirementsand limit

Finalize MVP in draft solicitation (DS)
for final industry input

Final solicitation (FS) only “cleans” up
requirements which have been
established by draft solicitation

Tranche N

Tranche N+1 #m —>

‘ Achievement - Stragetic

Strategic

Procure achievements

' inform Tranche

Tranche N List/Evaluate N+1 and beyond
informs Tranche N + 1

Tranche N system design informs Tranche N+1

AL

Procure

-)

Quarter 1
Tranche 1 Program  MVP RFI TF DS FS AP ILC

Tranche 1 Roadmap
MVP  RFI TF

7 _MVP RFI TF DS FS ATP
Tranche 3 Roadmap ---- ' ' '

Tranche 4 Program MVP

| 444
Tranche 6 Roadmap HEENEENNNEE .

B List. 7] Evaluate [] Achieve - Tactical . Achieve - Strategic [ ] Procure

Tranche 2 Program DS FS ATP ILC

Tranche 2 Roadmap ---

Tranche 3 Program

Tranche 4 Roadmap
Tranche 5 Program
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Example Application of LEAP: SDA Optical
Communications Terminal Development

Key pillar of the PWSA is low latency, high data rate, global beyond line-of-sight (BLOS)
communications

SDA includes optical communications terminals on all of its spacecraft to support this pillar

Space-based free space optical communications in low Earth orbit is a new and evolving
technology

SDA will progressively increase its optical communications in support of high data rate
BLOS communications

The LEAPR-process‘is.used to guide the iterative development of new optical
communications terminal technology

This presentation shows.how-the LEAP process can be used to determine timelines for
satisfying the need of high data rate, global beyond line-of-sight (BLOS) communications

www.incose.org/symp2023



List Phase

List establishes the system definition and decomposes stakeholder
needs into strategic (long-term) and tactical (short-term) capabilities
and the capabilities into technologies’

— Strategic Capabilities: ability of a system to perform in its intended
environment and meet the intent of its users

— Tactical Capabilities: part of a strategic capability that delivers value to
the user

— Technology: Methods and devices (hardware or software) resulting
from the practical application of knowledge

Tactical-Capabillity is required at a specific point in time
Technologyis-delivered at a specific point in time

Two major products:
— Functional Matrix (F): maps the.capabilities to the technologies that
support them
— Technology Matrix (T): design structure matrix that identifies
dependencies between the technologies

www.incose.org/symp2023
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List Phase: Decomposition (1)

T15. Communications standards
T11. Multiple vendor interoperability

C1. Space-to-ground (S2G) optical T12. Tasking and scheduling algorithms
communications T13. Common network protocols and routing mechanisms
T21. Pointing, acquisition, and tracking algorithms
T22. Bus stability
T11,T12,T13,T15,T22, T21

Optical C2. Space-to-space (S2S) T5. Space-based mesh network -
Communications communications in the same orbital  T16. Space-to-space same vendor communications
Network shell (same altitude and inclination) T17. Space-to-space different vendor communications

T18. Space-to-space in-plane communications
T19. Space-to-space out-of-plane communications

C3. Space-to-space (S2S) T5,T11, T12,T13, T15,T16, T17,T21, T22
communications in different orbital -
shells T20. Space-to-space out-of-shell communications
T24. 1 Gbps data rates
C4. High data rates T25. 10 Gbps data rates

T26. 100 Gbps data rates
www.incose.org/symp2023 9



List Phase: Decomposition (2)

C5. Regional Access (the ability of 19, T12 | | | |
the constellation to communicate  12. Small satellite compliant size, weight, and power (SWAP) for bus and

optically with at least one user within Payloads
a specified region for a specified ~ T23. Ranges up to 6500 km
period of time)

T2, T5,T12, T23
C6. Global Access (the ability of the

constellation to communicate T1. Commoditization of satellite bus and payloads
_ optically with at least one user any- T3. Satellite proliferation
Optical Global where on the globe for a specified T4. Re— f e
Operations period of time) . Manufacturing at scale

T6. Fleet-based environmental testing
T1,T2,T3,T4,T5,T6, T12, T23

C7. Global Operations (the ability of T7. Multiple terrestrial users per space-based communications terminal
the constellation to communicate T8, Mobile/transportable ground terminals
e any= T9. Orbit-aware network routing protocols
where on the globe at any time) o S .
T10. Operation in all lighting conditions
T14. All weather communications

www.incose.org/symp2023 10



EVALUATE ACHIEVE PROCUR
T 1
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List: Functional Matrix
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Maps Tactical Capabilities to the Technologies that support them?
Functional Matrix, F

T1 T15 (T2 (T4 [T6 [T3 [T8 [T10 |T11 (T12 [T7 [T13 [T5 [T9 [T14 [T22 |[T21 [T16 [T17 |[T18 [T19 [T20 |[T23 [T24 |T25 [T26
C1 1 11 1 1 111
C2 1 11 1 111 1111 1]1
C3 1 1] 1 1|1 1111111 1
C4 11111
C5 1 1 1 1
C6. | 1 1(1[(1]1 1 1 1
C7 | 1 1(1]11[(1]1] 1 11 111] 1 1
1 Indicates that'the capability.is supported by the technology Indicates that technology does not support the capability

Tactical Capability C7. Global Operations is supported by Technologies:
T1. Commoditization of satellite bus and payload, T2. Small satellite SWAP payloads, T4. Manufacturing at scale, T6. Fleet-based environmental testing,

T3. Satellite proliferation, T8. Mobile/transportable ground terminals, T10. Operation in all lighting conditions, T12. Tasking and scheduling algorithms,
T7. Multiple terrestrial uses per space-based communications terminal, T14. All weather communications, T23. Ranges up to 6500 km
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List: Technology Matrix

Implemented as a design structure matrix’
Shows interdependencies between
technologies

— Technology in the row is dependent upon
the technology in the column

Partitioning the matrix can give a
recommended sequence for development

Tech

nology Matrix, T

EVALUATE

ACHIEVE

T1

T15 |T2 T4 |T6 (T3 [T8 [T10 [T11 [T12 [T7

T25

T26

T15 alellite proiire
T2 0 oditization O
T4 | 1 bayload 4 A
T6 L and T6 eet-ba

T3

T8

T10

T11

T12

T7

T13

TS

T9

T14

T22

Technology Matrix is
partitioned into a lower

triangular matrix and provide
rough order of development
(from top to bottom)

T21

T16

T17

T18

T19

T14. All weather

T20

communications has

T23

T24

no dependencies on

1111

1[01

1

T25

the other technologies

17111

101

1

1

T26

17111

101

1

1

1

Indicates that the technology in the row
depends on the technology in the column
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Indicates that there is no dependent

between the technologies
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Evaluate Phase

Evaluate assesses the capabilities and the technologies’

EVALUATE
Four products: | — — — — — —/ T
. Need Matrix, N Delivery Matrix, D
— Input m atrlces L Tactical Capabilities actical Capabilities |
P C1| C2) C3| C4|C5 » C1] C2] C3] C4| C5}—
« Development Matrix (V): maps the technologies to the time periods gg;g R gz;? oo
where they are expected to be ready HENDEEE Ep“ o[o[o]
« Need Matrix (N): maps the tactical capabilities to the time periods in pgs s REIRTEIETR T 31
i L
which they are needed Aveibity Metrx, A
. Tactical Capabilities
—.~Calculated matrices ———— [ [e[c] ool
N . g .. I ' . . e ’ glpijofofo 0
«—Availability Matrix (A): identifies in which time period each capability is g|c1) 2 SlesTol ol
" E|Cc2] 1 @
expected to"be.available _:g;ca > spofolififo
 Delivery Matrix.(D): identifies.which capabilities are delivered late to S T
nee d gevelop_)[nent F’M eggi Y
» |P1|P2| P3| P4
A=H((FV)T =S+ 05 ~D=N-4 T
S ENNDEE
gl 1 1] 1] 1]
“ololol 11 — — — T
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Evaluate: Development Matrix

Development Matrix, V

2021202212023 (2024 (2025 {2026 | 2027 | 2028 | 2029 (2030 | 2031|2032

T 1 (1 (111 1]1]1]1

™6 |1 1 (1111|111 ]1]|1]1

i T2 11 [(1({1(1[1|1]|1]1]1]1

Development Matrix L S EAEEREEEERR

estimates when a Te AEIEEEEERERERERE

technology will be o IS EEE SRR .
developed — of sufficient T10

I I T 111 [(1{1{1/1]11)111111]1

TRL to be mgluded In a o I R R R
procurement T7

. ™3| 1 /1 (11|11 1|1[1]1]1]1

Values are b'UarYf _ T6 AEEEEEEEEEEEREEERERE

Technology.either is or is not = EEEEEEEEENEEEEEEE

developed.in the specified £ Al atal Al al

time period T21 11111 1{1{1]1]1]1

: _ _ T16 11111111 ]1

Timelines were estimated T47 LA [ [ 11 [1[1[1[1]1

based on a review of the T

current state of industry, T20 14 [ 1[4 1114

: . : T23 111111 (1]1]|1[1]1]1

without considering any s 7 T R B I

additional investments T26 AEEEEEEEEEEEEEEEEERE

T26 11111
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EVALUATE ACHIEVE PROCUR

T3. Satellite proliferation is
expected to be delivered in 2024
(launch of SDA Tranche 1)

T14. All weather communications is
not expected to be ready in the
identified time periods

Indicates that the technology is developed in this
time period and ready for use

Indicates that the technology is not ready for use in
this time period
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EVALUATE ACHIEVE PROCUR
T 1

Delivery Matrix, D Investment Matrix, |
Tactical Time Periods |

Mat
N Toct i)
c
7o o
ZEOHED z
[ ] [ ] [ | m HENDERE HER
ZHHELE ZD
. 1
Functiona Malrix, F 4
Jochpobgen Avalabiity Matrix, A
Tactcal BEEID
cii1jofjo C1] c2f c3f c4f cs)
1 ] ‘Summation Veclor, s =1 1
HEann Tl o] o] ofofo
2 8lc] 2
Bl o] § o o] {00
of1]1 ofjoji1]1]o
[0l o]0 [l KKK
kS
Technology Matrx. T Bevelopment watrix, v
ime Peri
T EER

achnologies
RFERE

Availability Matrix computes Availability Matrix, A
when a Capability IS expected C1/C21C3 [C4 (C6 C6 [C7 C2. Space-to-space (S2S)
: 7 221/0/0(0(0 communications in the same orbital
to be avallable fOf use 202/ 1(0l0!0 shell. Expected to be available in 2023
Values are binary — the 2023 1145101410 ——
capability either is or is not 2024|111/0l0[1]1
available 2025(111]1]0]1]1 C7. Global Operations is not expected
to be available within the listed time
A=H{F - s+0.5/) EpiLLuLLl e
2271111110 ]1]1 Driven by technologies such as T14
2028/ 1111110!l111 which will not be developed in time
229/ 1(1(1|0(1[1]0
2030 1(1[1/1[1[1]0
2311 111(1[1[1[1]0
2032101011101 1110 m Indipates thatthe.capab.ilily is expected to be
available for use in the time period
Indicates that the capability is not expected to be
O] available for use in the time period
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Evaluate: Need Matrix

Need Matrix assesses the time
periods where capabilities are
required, independent of when
they can be delivered’

At SDA, these dates are
assessed through frequent
collaboration with the users and
the warfighting community

Need Matrix, N

EVALUATE ACHIEVE PROCUR
T 1

i ment Matrx. |
Tacti spabiltie i s |
EEEEE = EEEER
0 1] o]o

eeeeeeeee
nnnnnnn

mopuos § 5
z[z[=[=] &

c1lc2

C3

C4

C5. Regional access is only

2021

needed until 2024, when it is

2022

2023

supplanted by C6. Global
access

2024

2025

2026

2027

2028

C7. Global Operations is
needed in 2028

2029

2030

2031

2032

— o o | | | [ | | [
— | | | | | | | [

— o | | — | —

— | — | — | —

= VU I N I S I VI N I S I S . S 9

— | — | — | —

Indicates that the capability is required in the time

period

Indicates that the capability is not required in the
time period
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EVALUATE

Evaluate: Delivery Matrix

Delivery Matrix provides

information about the timeliness of Delivery Matrix, D

c1lc2|ca|calcs|cs c7
capabilities compared to the needs’
P P 2021/ 0/0]/0]0]o0]0]|0
-110[0]0 00
C1. Space-to-ground (S2G) 0ololo0|0 0l0 ] ]
D=N-A optical communications is C5. Regional access is
0 0 0 0 needed
0({0/0]|0
0(0]0]0
0(0]0]|1
C4. High data rates and C7.
0/0]0/1 Global Operations are both
0(o|0|0 late to need
0(0]0]0
0({0j0]0
. Early or
On time not needed Late
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EVALUATE ACHIEVE

Achieve Phase

Achieve determines which technologies are driving the late Investment Matrx, |
. e . . 2021 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032
delivery of capabilities and which provide the largest return on 1 [oofololofololo o o]0l
: 7 o oo ToloTolololotol ot
Investment T4 |0|0l0|l0|o0]o|o|ololo|o]o
) ] } ) ) ™ |0]/0|lo0|o0|o0|o0|o0|oJlolo|o]|o
Investment Matrix (I): maps technologies to the negative impact s o ToTolofoToTolololololo
I i I 7 To0| 0|0 o0 o|olo o1 1] 1]1]1
they have in each time period oo folololololo s
m™2| 0 0 0 0 0 0 0 0 0 0 0 0
77 [0]lololo|lolo o1 1]1]1
I=(DF)T°(]_V) T3/ 0/ o0|0|0|o0]o]ololo]lolo0]o
™ |0]/o0lololololololololo]o
™ (0]/0lolo|lo|lo|lololololo]o
T4 0] 0l0]o0]|o0 o0 o041 ]1]1]1
122/ 0 |olo0olo|o|o|lolololo|lo]o
™1 0]0l0l0]lo0]|o0o]o]lolololo]o
Late deliveries are driven by: m g g g g g g g g g g g g
T8. Moblle/trans_portapleground t(_ar_mlnals s 0 Tol o T o T ool ol ool oo o
T10. Operation in all lighting conditions o[ o[of[ofof[ofofof[of[o[o[o]o
T7. Multiple terrestrial users per space-based communications terminal gg g g g g g g g g g g g g
T14. All weather communications 2T 0 T o T o T ol ool ool ol ol ol
T26. 100 GbpS data rates T25/ ol ol ol ol olololololololo
126 0 |0l 0|o0| 0|0 0|41 ]1]l0]0]o0

Technology drives at least one late capability, number
1 indicates how many late capabilities are impacted by this

technology
Technology does not drive any late capabilities 18
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Achieve Phase — SDA Investments

 Based on the Investment Matrix, SDA
made decisions on which technologies
to support for development outside of
the SDA Tranches

Investment Matrix, |
2021 2022 | 2023 | 2
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T10. Operation in all lighting conditions not addressed
via investment. Instead SDA will leverage on-orbit data
to assess requirement need
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o

Investment

Technology Addressed

Projected Change in
Development
Timeline

Reduction of SWAP-C per bit

Design for manufacturing
considerations to support high-
rate production and assembly,
integration, and test processes

Demonstration of a path to 100
Gbps for S2S comms
Development of low-cost,
mobile, or fixed optical ground
terminals

Demonstration of enhanced S2G
and space-to-air (S2A) links

Development of compact
systems capable of supporting
coherent (e.g., QPSK) and non-
coherent (e.g., OOK) links

Demonstration of one-to-many
optical terminal links
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T2. Small satellite compliant size, weight,
and power (SWaP) for bus and payloads

T4. Manufacturing at scale

T26. 100 Gbps OCTs

T8. Mobile/transportable ground terminals

T14. All weather communications

T13. Common network protocols and
routing mechanisms

T17. Space-to-space different vendor
communications

T7. Multiple terrestrial users per
communications terminal

None

None

2030 - 2026

Unknown = 2030

Unknown = 2026

Unknown = 2027

2035 - 2032

19



Achieve Phase — Delivery Updates

Investment Matrix, |

Investments change the predicted development

times of technologies

Accelerated technology development changes
times at which capabilities are available

Accelerated capability satisfaction increases
satisfaction of stakeholder needs, as seen in
the Delivery Matrix

— C4 needed in 2028

* Previously delivered late in 2030
* Investments deliver it early in 2026

— _C7needed.in 2028
» ___Previously not'delivered
* |nvestmentstdeliver it in"2032
Additional investments may still be‘required.in
future iterations

—  T7: Multiple terrestrial users per space-based
communications terminal

— T8: Mobile/transportable ground terminals

Delivery Matrix, D
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Procure Phase

Procure determines technologies to include in the system
procurement and feeds the development of the system’

SDA uses the results of its investments to establish which
technologies to include in the program solicitations

— Minimizing NRE within the procurement where possible to enable
rapid development and deployment of systems

Requirements contained in each procurement influence the next
iteration of LEAP

Performance of the-system.can identify new requirements
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Future Work

The LEAP process will continue to be refined through implementation’
— Add a prioritization matrix to enable ranking of needs
— Add probabilistic estimates of technology delivery
— Directly link the Technology Matrix and the Development Matrix
— Continued verification and validation
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Conclusion

This presentation provided an example of using the LEAP process to identify critical
technologies that require investments in order to deliver capabilities in time to meet
stakeholders’ needs

The LEAP process identifies the functional and temporal dependencies between the
capabilities and the technologies

Application of LEAP at SDA has set the development of optical communications terminals on
a path to meet most stakeholder needs in future Tranches

— The processidentified that additional investments are still required for some of the more
complicated technologies
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Questions

Contact Information:

Howard Kleinwaks

Doctor of Engineering Candidate, Systems Engineering
Colorado State University

Modern Technology Solutions, Inc.

Space Development Agency
howard.kleinwaks@mtsi-va.com
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