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NORTHROP GRUMMAN

What is Model-Based Engineering?

Definition: Model Based Engineering (MBE) is the use of analysis and
simulation tools throughout the product lifecycle to reduce the use of
physical prototypes. In addition, MBE supports critical design decisions
by allowing organizations to evaluate trade-offs between performance,
cost, and risk. It also enables the identification and correction of potential
problems before they become too costly.

MBE provides engineers the capability to:

« Create and maintain a library of analysis models and engineering
workflows

» Perform multi-domain trade studies and ask “what-if” questions
 Visualize the design space and find the best designs
« Archive, manage, and share the resulting data and meta-data

MBE results in shorter development times, reduced costs, and better products

Source: Phoenix Integration ( )
Approved For Public Release #18-0280; Unlimited Distribution


https://www.phoenix-int.com/application/mbe-model-based-engineering/

Model-Based Engineering: Descriptive vs. NORTHROP CRUMMAN
Analytical Modeling —

Descriptive“Model” (as in “Model Airplane”)
Blueprints, Schematics, D/agrams

Analytical “Model” (as in “Flight Model”)
Computational Models, Simulations. ..

A Complete Model-Based Systems Engineering Solution Integrates &

Connects Both Descriptive and Analytical Models

Approved For Public Release #18-0280; Unlimited Distribution




THE VALUE OF PERFORMANCE. Objectives & Value PrOpOSition Of
NORTHROP GRUMMAN .
Analytical MBE
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Objectives of This Work

NORTHROP GRUMMAN

Develop an integrated, modular, and
reconfigurable analytical cost-
performance model of a phased-array
antenna for EW, radar, and
communication systems

Perform combined aperture, module,
and power system analysis using the
subsystem hardware MBE Integrated
Antenna Model

Connect antenna model to system &
mission modeling, simulation, and
analysis frameworks to enable mission-
level trade space exploration

Extend lessons learned into Northrop
Grumman’s corporate modeling, _
simulation, and analysis initiatives using
MBE

Approved For Public Release #18-0280; Unlimited Distribution


http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjzxdj2uorMAhWHyj4KHbeYAh4QjRwIBw&url=http://www.123rf.com/photo_27553079_stock-vector-abstract-colorful-connection--modern-background-vector-illustration.html&bvm=bv.119408272,d.cWw&psig=AFQjCNG8x29JKvApUWJwKqaGRj-hZNqzAw&ust=1460597218433545
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjzxdj2uorMAhWHyj4KHbeYAh4QjRwIBw&url=http://www.123rf.com/photo_27553079_stock-vector-abstract-colorful-connection--modern-background-vector-illustration.html&bvm=bv.119408272,d.cWw&psig=AFQjCNG8x29JKvApUWJwKqaGRj-hZNqzAw&ust=1460597218433545

Digitally Connecting Models for System NORTHROP CRUMMAN
Optimization — Value Proposition —

» Typical Challenge for RF Sensor System Design (Radar, EW, MF, etc.)
— Customer need for certain system or mission performance
— Customer constraints for example in cost, weight, space, available power

« Non-Connected Solution
— Individual performance models: Weight, Power, Performance, Reliability, ...
— Separate Descriptive Models: Architecture, Redundancy
— System optimization for all constraints difficult, time consuming, and error prone
— Typically takes multiple days to determine performance of a single solution

 Digitally Integrated & Connected Solution
— Automates connections between related models and eliminates transcription error

— Performance of a single solution can be performed in seconds, minutes (depending
on complexity of individual models)

— Ability to apply multidisciplinary design, analysis, and optimization (MDAOQ)
techniques to system development & trade studies

Integrated & Connected Analytical Models are Needed to Manage

Increasing System CompIeX|ty In the De5|gn & Development Process



Applying Model-Based Engineering Techniques

to Antenna Array and Radar Design

* Improved technical communication
* Improved design quality
 Increased productivity

» Reduced design & execution risk

Connected Models

Performance
Model~ .

= - |
Pow
-- Mode
n v

Size &
Weight
Model

Mode
Model

Parametric
Cost Model /Q_

Using Integrated Analytical Models to Identify System Configurations

NORTHROP GRUMMAN

Horizontal Lifecycle

Utilisation i
Retirement

Development Production
Support

Concept

Operational
Models

System
Models

Vertical Integration

Component
Models

*From INCOSE: Why do MBSE? (2012)

that Provide the Best Cost, Performance, & Risk Trade

Approved For Public Release #18-0280; Unlimited Distribution




MBE Enhances the Engineering Product Dev
Process and Speeds Up Design lteration

Pre-Proposal Program Detailed
Trade Studies Design Efforts

A
A 4
y

NORTHROP GRUMMAN

creativity modeling simulation
architecting experiments The Enterprise
Beginning trade studies design techniques
of Lifecycle r optimization (MDO)
Conceive ‘ Manufacturing
. , L, : assembly
brocess information De3|gn . .
create ' oo integration
A . . ,’x{ virtual ! ‘
- .f--. \4-_-:
? — 5 Ny
| ChOOS e e i @
o |
SRR e iterate Implement
- Mission iterate The System
- Requirements -
- Constraints Customer Architect information
T Stakeholder Designer to matter”
User System Engineer

The Environment: technological, economic, political, social, nature

* From MIT ESD 77: Prof. de Weck and Prof. Willcox
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THE VALUE OF PERFORMANCE, Using MBE to App|y MSDO to
Antenna System Design
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Multidisciplinary System Design Optimization
(MSDO) Framework Enhances Product Design

NORTHROP GRUMMAN

Design Vector

Phased

Simulation Model Objective Vector
X, —— — J) Simulated
Array o » Discipline A *» Discipline B, = J Performance of
2 - o > 2
Antenna : 3 I 5 . Customer
System - Discinfine CF——— © ' Requirements,
Parameters [[E " P " PAI} Financials, and
Risk
Coupling —
a Multiobjective '
Optimization S
Y Approximation
r e Optimization Algorithms Methods
Numerical Techniques Sensitivity
Tradespace (direct and penalty methods) Analysis
Exploration :
(DgE) Heuristic Techniques Coupling
(SA,GA) Isoperformance
31

Special Techniques

* From MIT ESD 77: Prof. de Weck and Prof. Willcox
MBE Enables Faster Simulation Iteration Time Enabling Broader Trade Space
Exploration, Increased Design Variables, and Mission Effectiveness Design Evaluation

Approved For Public Release #18-0280; Unlimited Distribution



Antenna Array Multi-Disciplinary Model NORTHROP GRUMMAN
Interdependence —

From NGMS Consulting RF Engineer | (Not @ system block diagram)

Controls -
‘L Coolant, Polarization, Losses(F)

Coolant Temp esteer !q)steer
DC Power In(F)

DC Power out(F)

RF P,.(F) i
9 .
lDC Power In E Gain(F, 0 )
:'E EIRP(F! e steer)
Q
L Pattern(F)

Note: Losses are an input
Controls Gain, EIRP and Pattern are main

“outputs”... all others are
llDC Power In T/R RF Py, (F) T/R RF Pout“? intermediate calcs

T/R Module

il

I
I

I

|

I

I

I

|

I

I

I

|

I

Antenna :
Control |
I

I

I

|

I

I

I

|

I

I

I

%
VSWR(F
Thermal (F)
. N
Mgmt. System C S Ao~
I .
Coolant, | Temperature(F, RFin, : Additional Outputs:
Coolant Temp. L VIR __. Weight, Cost, Size
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Integrating Disparate Subsystem & Component

NORTHROP GRUMMAN

Models to Perform Antenna System-Level Trades

Example: Integrating Multiple Performance Models .....cor crummenn

& SWaP Estimates Into a Unified Metamodel

Coordinated w/ Power Systems to Consolidate
20+ Excel Tabs Into Usable Dashboard

NORTIHIROF GRUMMAN

Current Integrated Models:

I Power System Roll-Up From Allan Banas l I T == = ol Syatam Staies I

and Design C

« HPA Performance [MMIC Design]
« Power System [Power Conversion)

- Antenna Patterns [Radiator Design])

» Installed Performance [Subsystem
Hardware)

T I—
hiear] [
I == ’
e CEE e o
‘ ‘ *
== oo Individual
— — Array Specs

« Antenna System [Subsystem
Hardware)

« SEER-H Cost Models [PTW]

« System-Level Models [EW Systems]

« Mission-Level Simulations [EW
Systems)

s

I Leverages Measured HPA Data

Power
System Arch
Diagram

I Key Prime Power and
l SWAP Par Outputs

5 Enables Quick & Easy Integration into Integrated Subsystem Models

Integrating Models from Matlab, Excel, HFSS, and
Measured Data to Perform System-Level EIRP Trades

NORTIIIOFP GIRUMMAN

Integrated Antenna Model Outputs

Integrated Antenna Model in ModelCenter Finite Array Pattern Data From HFSS
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Increasing Levels of Fidelity Through the NORTHROP CRUMMAN
Antenna Design Process

Tl ([ e ek e )Gt Tl A
(" ¢
| : |
I Rhapsody N System / Mode Analysis Code | Model Center
\ — - . - \ MR AR SRR T SRR R SRR R R R R e e
K x
: v Systems
P . Increasing Fidelity
: Doors | 'f‘ __________________________________ ? _______________ 'f‘ R
1 o . . . '
, v v v W v _J v
Pattemns non-reuse - Element Finite Array Installed Array N
+ Element factor (est ) Add Fidelity *  Rolloff Performance Performance
+ FE/Pol. losses (est ) Beam Shape Losses
Reuse case Coverage - Exciaions
» Fidehty depends on case FE Lms (manifold)
Polanzation
+ Budgets
¢+ Paterns
+ Co-ste P I
+ Tapers R |
+ Beam Spoil |
' e L ' An? :
[
" Nonigorous FE Ant Codes | Single Element Pinite Array Finite Array Plus ’ Installed Array Plus S
| + Center Eloment of o Tie/SAFanel * RakmeFSS * POD
Validated modeis | | o Segmertston B ¢+ Oerstuchure
codes and data | o Omer Avays
. [
REUSE | 04N K ;
CASE :
Element Tie/Apedure Antenne
. v

Conceptual Preliminary Detailed
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Modeling, Simulations & Analysis
Provides Virtual Integration of our Systems for Verification & Validation (V&V)

NORTHROFP GRUMMAN

. Operational
Requirements |[€— “Porond

System Model Maturity

Acceptance

Models f Test
T 4
. / /

Architecture 5 Hlig:] mLIS

A

/

\“ /
Sub-System — Detailed Sub-System
Design Subsystems Test
N :‘,"

Design AN 7 Integration
Maturity Component | | Conen;?legnt Component Maturity
Design Models Test

kY
\
A Y
Ay
\\
LY !
\ / /
LY !J'
1 Procurement /
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Using Data Science, Analytics,
NORTHROP GRUMMAN and Optimization for Trade

//_—\ .
Space Exploration

THE VALUE OF PERFORMANCE.
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Developed Integrated MBE Antenna System
Performance vs. SWaP & Cost Model for MDAO

l\ﬂClF?7TJUQZsz—SE!EQQQQQQZQ!!L

Physics-Based Analytical Model of Phased Array Antenna System

$ ) |» MBE_python_demo_v2.py

IS - T & » MBE_python_demo.py

Key Model Inputs:

Frequency

# of Elements
Required
Beamwidth
HPA Power per
Element

Max Scan
Requirement
Noise Figure
Cost per HPA
HPAs per Site

18

@ MBE_python_demo_v2.py

L1 = (N_x=dx)

print(‘Length Dimension #1 (m): ', round(Ll, 4))

L2 = (N_y=dy*

print('Leng!

A = (N_xxdx, is — -bash bash

print('Arra

Core Antenna
System KPPs:

IR oo Pout (abuy: 49 1.
print('HPA < Noise Fig 4
LSOOI, 2y Sensitivity Factor

HPAs_num_pe - d \ y
print('# of ide Array Weight Est t

Power_Densi
Power_Densi
print( ' Powe (RS
Pout_Total_ /A

Pout_Total_,
print('Arra

EIRP_dBW = D_dB + Pout_Total_Array_dBW - Array_losses_dB
# print('EIRP (d8W): *, round(EIRP_dBW, 1))

Developed Multidisciplinary Phased Array Antenna System Model with Many
Interdependencies; Runs in ModelCenter, Matlab, & Python

Approved For Public Release #18-0280; Unlimited Distribution
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Evaluate Program-Specific Tradeoffs and View

NORTHROFP GRUMMAN

Structure of Data Using Visualization Tools

Pareto Front: Max EIRP vs. Cost

Technically

Acceptable,

Lowest Cost
Solution

System Cost (USD)

S e

Max EIRP (dBW)
Define Component & SWaP Constraints

3=D Data Manifold of KPP Output Space:
Max EIRP vs. Cost vs. Prime Power

= Do o
Help
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Color Shading Design Cases Based on Best (Blue) to Worst (Red); Able to Gray
Out Design Cases That Do Not Meet Specified SWaP Constraints
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Analyze Performance Relationships Between INput o rmor cromman
Parameters and System KPPs to Find Optimal Desig
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Using Evolutionary Optimization Techniques to

Discover Best Solution in Available Trade Space

Design System Requirements & Constraints

B2 Optimization Tool 14.1 - Model OptimizationTool F=SICIE X
Jf teomes bt} L
Otyective Defivtion
", | Otjectree Vakse Wesght  Goal
2 Model Matish Asray_Cost_USD 338182 1 minmaze v
e
Conswoet Value Lower Siound  Upper Bound
Model Matish Powsr_Deeaaty_per_ste_Win2 296771 100
Model Matish ERP_dBW £0.1935 0
Model Matiab Prime_Power_KVA 69.2925 100
Model Matisb Array_Wesght_bs 157483 200
Design Vanables
g Stan
T @ Valoe Lower Upper
Design Vanabio Type Valuo (Bxph Bound Bound Edn
value)
Model Matiab N_x contn . 42064 208438 4 200
Model Matiab MPA_Pout W contn 98258 2 o 0
Modul Matish HPAS_per_site comn . 10175 1

Minimize Optimization Cost Function

i
25e+006 ﬁ |Tl!-"l
i

2e+006
|
1.5e+006 J \
|

e et

|
164006 f 1
< _tr L
500000 § % - -f1-/-* |
\.N \/ \
s \
0 Lol } o i 2.
10 20 30 40 50 60 70

Run Number

——&— Array_Cost_USD 4 Power_Density_per_site_Win2 < EIRP_dBW

Discover Best Solution in Trade Space

’ r—
Optimization Tool Resuits - Model.OptimizationTool =l

| Problem Definition | Best Design | Convergence History I Results | Details [ M je

Best Design
Run Number 48

Objective(s)
Name Value

Modei Matlab Array_Cost_USD 336182

Constraint(s)

Name Value

Model Matlab_ Power_Density_per_site_Win2 296771
Model Matlab.EIRP_dBW 60.1935
Model Matiab Pnme_Power_kVA 69.3925
Model Matlab. Array Weight_lbs 197 483

Design Variable(s)

Name Start Value Value
Model Matlab.N_x 20.8438 426641
Model Matiab HPA_Pout_W 2 9.82598

Model Matlab. HPAs_per_site 1 1.01758

Define Program-Specific Objectives, Constraints, and Input Parameters to
33 Discover Best Trade-Offs and Optimal System Design Solutions

Approved For Public Release #18-0280; Unlimited Distribution
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THE VALUE OF PERFORMANCE. Syste m Tr ad es . M I S S i O n
NORTHROP GRUMMAN . . . . . .
Visualization, & Financial Modeling
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System and Mission-Level Modeling: Relating

NORTHROFP GRUMMAN

Hardware Performance to Mission Effectiveness

Radar Blake Chart Radar Detection Models

Radar Performance Blake Chart (Implementing Radar Range Equation):

Numerator

Quantity Unit Linear dB - Gain dB - Losses

Pt W 800000 55.0

Gt dBi 38.0

Gr dBi 38.0

lambdan2 m™2 0.01 -20.0

RCS m"2 6 7.8

# of Pulses 10 10.0

Denominator

(4*pi)r3 1984.40171 33.0

k wiHz*K 1.38E-23 -228.6

To K 290 24.6

B Hz 7.50E+05 58.8

NF dB 6.0

Ls dB 13.0

L_Tx_Ant dB 2.0

SNR dB 8.2

Totals BT

R™4 (dB) 5.6

RA4 (mAd) 3.85721E+21

Range (m) 2492116

Range (km) 249.2

Range (Nm) 1346

Range (miles) 1549
23

Radar Parameters
Transmitter Power
Antanna Gain
Frequency

Pulse Width
Waveform
Target Characteristics X Prob;:mh:y

Cross Section vs Signal to Noise
Angle and Frequency i::;} A, e Detecting Target

Radar = Datection | ——x",
Range =

Target Fluctuation Statistics
Swerling Model 1, 2, 3, or 4
Other

Equation Process
Probability

of
Radar to Target / / Detecting Noise

Properties of

Propagation Medium Gaussian
Attenuation vs Frequency Other
Rain Requirements Detection Threshold
Constant
Adaptive

Mission Scenario Simulation

AFSIM (Advanced Framework for
Simulation Integration and Modeling)

Approved For Public Release #18-0280; Unlimited Distribution



Components, Sub-System & System Analytical .o .m0 crommean
Models- Integrated and Linked to the Mission —

Multi Disciplinary Integrated Cost-Performance Model
Models Leveraged & Connected

Mission Radar

Link
To
Radar

. Requirements

Driven

Mission
‘W Effectiveness & Performance

o B B T
1 o e g,

Visualization & Optimization

Cost-
Optimal
Solutions

Constraints

AFSIM (Advanced Framework for
Simulation Integration and Modeling)

Design Of Experimé;rts

24
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SEER-H Parametric Cost Estimation Tool:
Bringing Cost Into the Design Optimization Loop

NORTHROFP GRUMMAN

Component Cost Breakdown

[ Y ey T [ pa— e ————

-
-

4,000
3,600
3,200
2,800
s
£ 2,400
2
g 2,000
]

(e —— O —————— L e————

High Band Antenna

47

*Mote: Generic cost model example. Numbers do not reflect Morthrop Grumman actuals.

'g 1,600
1,200
800

400

0

Cost & Schedule Risk Estimates

High Band Antenna
Monbe Carlo Total Cost Risk

o At
o e o mmgars e
"
i
En
=
"
& - s -
— ="
-
1% 10 % 20% 30 % 40 % 50 % 60 % 70 %

Confidence Level (%)

*MNote: Generic cost model example. Numbers do not reflect Northrop Grumman actuals.

Fiscal Year Projections

Cost by fiscal year
80 ..-...
& o
50 L L
s -
g0
2
2 30
<§ 20 -
004 005 2008 2007 2008 2008 2010 2011 2012 33 J0N 018 3O 01T 200 2019 2030 2031 3T 2013 SO 202 08 00T 200
Fiscal Year
*Notg

0 20 2000 M

Requirements

RF Sensor
Product Line
Architecture

>

Variants &
Parameters

DFOOGRE |

Product Line Variants

Basis of Estimates

T
Descriptive Models

& Parameters

aaaaa

Cost Optimal
Solutions

Visualization

& Analysis -

h 4

Integrated
Cost—Performance
Systemn Model

3

Performance

Mission Modeling
& Simulation

T
Analytical Models

Using Cost History Data to Estimate Detailed Development, Production,
and Life-Cycle Costs of Future Antenna Systems
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MBE Analytical Services: An Idea
to Expand MBE Analytics
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What is Required for a Successful MBE NORTHROP GRUMMAN
Analytics Team? —

Proposed Team Member Roles

« Domain-Specific MBE Analyst:

— Work with program leads to identify &
prioritize the problems worth solving and
develop a program-specific MBE strategy
Domain-

— Work with software engineer to create Specific MBE
technical MBE solution Analyst

— Work with data scientist to communicate
program needs and trade study results

- Data Scientist: Use connected MBE models
to analyze program data, run trade studies for
program, and create innovative data
visualizations

- Software Engineer: Create technical MBE
software product for program and integrate
program’s engineering models

27
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Digital Platform: Model Aggregation & NOrTIIROP CRUMAAR
Integration with MBE Creates Network Effects —

Aggregator:
Suppliers: Model-Based Users:

Model Creators Engineering Programs
(MBE)

{ VA

N N
Once an aggregator has Virtuous Additional suppliers then
gained some number of end A Growth | make the aggregator more
users, more suppliers will | attractive to more users,
come onto the aggregator’s Cycle which in turn draws more

platform. suppliers, in a virtuous cycle.

More data and more models integrated on the MBE platform lead to more accurate

predictions which attracts more programs and in turn more model development

Approved For Public Release #18-0280; Unlimited Distribution



THE VALUE OF PERFORMANCE.

NORTHROP GRUMMAN Conclusions & Next Steps
//‘
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Conclusions =

Increasing system complexity is straining traditional engineering and
design techniques for phased array antenna, radar, and multi-function RF
systems

Integrated MBE modeling techniques are needed to manage system
complexity, improve technical communication, and create cost-optimal
solutions

Customers are beginning to expect model integration from hardware to
system to mission-level and throughout the entire system design lifecycle

Our implementation an integrated antenna and radar system model
consisting of disparate hardware and subsystem models provides a
blueprint for future antenna system designs and cost-performance trades

Large-scale multi-disciplinary design, analysis, and optimization (MDAO)
techniques coupled with mission effectiveness simulations will result in
better customer solutions, reduced risk, and more efficient RF and radar
system design
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Multidisciplinary System Design Optimization Using Model-Based Engineering to Support Phased
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John Hodge
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Phone: 410-765-8086, E-mail: john.hodge@ngc.com

The typical challenge in RF sensor system design is to meet the customer’s specified mission or
system performance needs while fitting within the cost, size, weight, and power (SWaP) constraints.
Traditional design methods using non-connected models often fail to capture complex system interactions
and make system optimization for all constraints difficult, time consuming, and error prone. Given the
increasing complexity of RF sensor systems, a digitally integrated & connected analytical modeling
solution is needed to identify system configurations that meet challenging mission requirements and
provide the best cost, performance, & risk trade.

This work, utilizing ModelCenter, overviews how the Model-Based Engineering (MBE) Integrated
Antenna Model has been leveraged to support radar and electronic warfare (EW) trade studies by
integrating performance, SWaP, and cost models to explore design trades and optimization. Model-Based
Systems Engineering (MBSE) and Multidisciplinary System Design Optimization (MSDO) techniques are
combined to perform rigorous quantitative and analytical modeling of a phased array antenna system.
The author has built a MBE metamodel to accurately and quickly explore trades; predicting performance
(such as effective isotropic radiated power (EIRP), # of simultaneous beams, frequency, and spatial
coverage), SWaP, and cost to find an optimal solution set. This work integrates subsystem and component
models into a unified metamodel that is integrated with system-level EIRP models, a SEER-H cost model,
and a mission-level simulation. Subsystems and components modeled include the transmit module,
power system, antenna radiator, antenna system, thermal, and pod weight. The models are integrated
using Matlab and ModelCenter for analysis and multi-objective optimization. MBE has enabled the design
team to evaluate the EIRP trade space against requirements more thoroughly and in significantly less time.

A major benefit of MBE is the flexibility and agility of the integrated model toolset that allows the
user to rapidly modify underlying components and design parameters in the model and produce decision-
quality visualization charts to meet the needs of internal & external customers. As the design matures,
the metamodel can be quickly updated to iterate options. A MBE Integrated Antenna Model can be used
for initial design exploration (pre-program trade studies), and then be leveraged throughout the system
design & development lifecycle. This presentation will demonstrate a framework for how analytical MBE
can be adopted by more phased array design programs and capture efforts to support technical &
strategic decision making.

Approved For Public Release #18-0280; Unlimited Distribution



