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Motivation

‘ Increase Customer Satisfaction
\
. Improve Stakeholder Communication
\

. Increase Performance Capabilities
|

. More Efficient System Architectures

|
. Enhance Workflow Automation

[
. Manage System Complexity

/
. Reduce Cost & Schedule Inefficiencies

Challenge: Can we use a model-based Digital Engineering (DE)
approach to enhance phased array antenna design & development?
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Motivation (Cont.)
Legacy Solutions: ol S oL et L TR I
> Phased array antenna sensor systems used for wireless B ’E =l o % Structure Source of
communications, radar, and electronic warfare EEE S[=]= ;’Ei‘% mEand] i
» SysML descriptive architecture models . ‘
» Disparate engineering domain analytical models Bidirectional

Challenges: Bridge the Gap — MC MBSE | Uiiecccener

MBSE
» Meet specified performance within size, weight, power, ‘ I
cooling (SWaP-C), and cost constraints

ModelCenter

» Increasing system complexity as phased array antennas = = sl sy
become increasing digital and multifunction =, =2 : B SR, | Workflow of Optimization
99 Mechanical Electrical Simulation Cost Manufacturing AM';ZZ?:G' iade Stucies

» Disparate set of engineering modeling & simulation tools
across domains and disciplines

Rotating Dish Digital Beamforming Phased Array

Digital array architectures
' v
L{ (Delos, 2019)

| Waveform | | Rt |

Our Solution: An integrated MBSE approach to
the design & optimization of phased arrays
» SysML model captures system arch & reqgs

» Multi-domain, physics-based performance
analysis & automated workflows
> Digital twin for a model-based enterprise

Rotating Dish Phased Array Introduced T/R Modules
Distribution Statement A: Approved for Public Release; Distributioftistelimited; #20-2208HD/stRehar /17/2020 First Solid tate Arrays e Full Digital Beamforming
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Outline
 [ntroduction Integrated Analytical Models
: @\ - .
* Integrated Modeling Framework | [l
* Phased Array Antenna Systems =
| ModelCenter ) it
‘ SyStem DeSign & Optlmlzatlon ) SysML Architecture Model
« Summary & Path Forward S 5 (-
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Digital Transformation

A

Legacy Engineering Processes

Lack of Spreadsheet
digital performance
Integration rollups

Clean sheet
designs

Document-

Based

Digital Engineering Processes

Digital Twin & M MDAO system | Reference

Model-Based .
CAeEaset W pigital Thread analysis

architectures

*Muiltidisciplinary Design, Analysis, and Optimization (MDAO)

Distribution Statement A: Approved for Public Release; Distribution is Unlimited; #20-2203 Dated 11/17/2020



NORTHROP
GRUMMAN

Engineering Workflow Accelerated by MBSE

Engineering Development Production & Deployment Operations & Sustainment
wO, O, O, Y

A WML W
\ W A W A W /
WA WYYy W

Model Based Engineering is the part of Digital Transformation by which

optimizations are resultant of models and simulation applications.
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Digital Twin

Physical Asset Digital Twin Digital Twin Benefits

-  Facilitates early discovery
- of performance issues
Waptensnce Dats > P Enables product
: optimization

Predictive Analytics 25 N Supports personnel
efficiency

» Rapidly evaluates system
performance in ever-
changing environments

» Cost Models

* Requirements Model

3 * Architectural Models * HW Emulators

g » Performance Models » CAD Models . Helps to identify future

v, B « Threat Models + Mission Simulation . "
s :i = * Environmental Models * Operational Software business OppOI’tUﬂItIGS

MBSE enables digital twin development through modeling and
simulation applications

8 Distribution Statement A: Approved for Public Release; Distribution is Unlimited; #20-2203 Dated 11/17/2020



NORTHROP
GRUMMAN

Integrated Model Framework

(1)

Upd_att_e SysML
Integrated Model e
— LN S e T |
’ ‘ | . . | %
- —_— Models — = |
038 4 ~0uD ¥ WD .....V — BlalB/@ 3/ X/ala wma —= ] . : i
= Y i
= = |
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ModelCenter MBSE Links SysML Descriptive

Models to Analytical Models
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«block»
[%l\ased Array System (@

Beam Steering Control Module (BSCM)

«block» ‘

Power Systems

Cooling System

beamformer
«block» «block» «block»
Trans mit/Receive Module (TRM) Beamformer Digital Receiver Exciter (DREX)
pow er Systems. cooling Syste
«block» «block»

10

Atmospheric
Model

Phased Array

Amplifier
Data

Matlab1

Antenna Model

ModelCenter

System
Optimization

OptimizationTool

Communications
Link Model

Cost
Model

Power
Model

Size and
Weight Model
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% Phoenix Integration MBSE Analyzer

File Edit

Welcome| Review Requirements Manage Constraint Blocks Manage Parts Catalog Manage Parametric Diagrams Evaluate Designs Simulation

View Tools Help

Fix)

SysML Model

Review

L\ﬁ Requirements

Check requirements

compliance status Evaluate

Designs

I\% Evaluate designs
- and perform

trade studies by

executing
—— s
5 Diagrams
Browse parametric
diagrams
Manage Constraint Blocks

Browse and import external analyses as constraint blocks

— m} X

ModelCenter

®

Execute
Analysis

Import
Analysis

—_— 55

Analysis Server
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Phased Array Antenna Systems
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Dynamic Array Beam Steering Achieved Via NGRUMMAN

Controlling Phase At Each Radiating Site

2D Array Pattern
. In phase energy
produces a main beam

EL [deg]

Smaller lobes
&2 produced elsewhere

- 0 30 60 90
AZ [deg]

Energy is in phase at an
angle off array normal

Simulated E-fields

Radiating
Sites

Module Phase
Shifters

0 deg 160 320 156 480 <3 Phase
&0 210 Settings
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Phased Array Antenna System Block Diagram
< ) (Airgraft, Ship,
RF Energy on Transmit| ’, Vehicle)
| T— Control
| Modules Control
. Signals
RF Manifold = e mm mm mm mm = = |
Roceivers > _ I Each component |
e one | has a size, weight, !
o .
: 3 > Elecronics) | power, and cooling |
I (SWaP-C) 1
odule I . . I
I contribution :
] LO1 Input
pp— Array Driver (RFSE)

RF Input

< Digital Control Signals (RFSE)

<« RF Signals
< DC Signals
< |F Signals

Complex system with many subsystem and component interactions
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Scalable Digital AESA Architecture
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Digital AESA Subsystem v Processor Subsystem
o RF Front-End Digital Front-End Preprocessor Processor
S N> A<k B HIIE (i
22 | | <O oD = 25| |13 |82
NI aocl» "8 L 11, S

RF Tile Assemblies Digital Signal

— ? Conversion
adl

c
SE¢
©
E23
oa®

Network Switch

W l

Y
Frequency and
Mission Specific

RF Front-End

DBF

Common RF
Conversion and

Common Back-End
Processing and
Control
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Typical Phased Array Antenna Requirements

Performance Constraints

* Frequency Bandwidth (BW) * Size
* Operational * Height
* Instantaneous (IBW) * Area
« Effective Isotropic Radiated Power (EIRP) * Weight
* Aperture Gain * Power
* Side-lobe levels » Average
« Transmit Power . Peak Analytical Power-Aperture Trade
- Receive Sensitivity or G/T * Thermal = 185, |
i - i ’ Tx Power: 200 kW Minimize
* Noise Figure * Environmental b " Aperture Diameter: 8m | Prime Power &
* Linearity * Shock % " Aperture Area
« Aperture Efficiency « Vibration = e /
« Polarization - Radiation a iy ‘
+ Scan Volume » Etc. S N
* Scan Loss 5 | | e
« Beamwidth (Az/El) = | | | ™ _
Scan Rate > 100 Tx Power (kW) 500

* # of Simultaneous Tx/Rx Beams

Preference Shadin
Worst [lF 0 Best

Power-aperture trade to meet EIRP or sensitivity drives array architecture
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Capture Performance and SWaP-C Requirements in  NZRUMMAN
SysML

* .
Hypothetical System
Comms Link VR req [Model] Model[ SWaP-C Requirements ] J
Text= =
! «requrements «requirements»
I cderveReqts System Weight System Size
—esN. Id="11" Id="12"
Text=" Text="" Text=""
|
T T T T T I
| «deriveReqts | ederwel Reqt;
2 ']
e ot o
Text o T «requirements «requirements
System Prime Power System Cooling
s e I } Id ="13" Id ="14"
| «deriveReqt | ederiveReqt | ederieReqts Ted =" Texd="
v : v ¥
.......... T i
in: ionL. dB activeMatch_dB 'mGAIN_dB
. il ?Id 8" d = "6’
T Text="" Té

Requirements linked to provide traceability;

Verified using integrated analytical models
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Requirements Drive RF Front-End Architecture

Frequency Bandwidth
Patch / Stacked Patch PUMA [1] Planar-Fed Folded Notch (PFFN)

capacitors

.
e
vias

Stepped Notch / Vivaldi

Power Handling

Scalable tile-based building blocks: Choose radiating element architecture
based on bandwidth, scan, power handling, and height requirements

[1] PUMA: Planar Ultrawideband Modular Array (Holland, 2012); [2] TCDA: Tight Coupled Dipole Array (Papantonis, 2016)
17 Distribution Statement A: Approved for Public Release; Distribution is Unlimited; #20-2203 Dated 11/17/2020



Capture Phased Array Architecture Using SysML
Block Definition Diagram (BDD)
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«block»

Phased Array System

«block»

beamformer

«block»
Beamformer

*Hypothetical System

2]

Eans mit/Receive Module (TRM)

«block»

Beam Steering Control Module (BSCM)

pow er Systems

cooling Syste

«block»
Power Systems

«block»

Digital Receiver Exciter (DREX)

«block»
Cooling System

Each descriptive block capture interfaces and internal components for

each subsystem; Reference architecture customized to mission needs
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Increasing Levels of Fidelity Through the Antenna NORUMMAN

Design Process

r - e e - ‘I ( ------------- l /\
I SysML ;-1 System / Mode Analysis Code | Model Center
Nicarea v N g ' o
X X
' v Systems
P E A . Increasing Fidelity
: Doors | AT\, '? _______________ A _"““““““;?
- | Low Fideli Med Fideli . - .
X i i v v M v P v
Pattems non-reuse - Element Finite Array Installed Array A
+ Element factor (est) Add Fidelity *  Rolloff Performance Performance
+ FE/Pol. losses (est) Beam Shape frAlLoaaes
Reuse case Coverage *  Polarzation T
+ Fidelity depends on case FE Losses (m‘;‘_.?k')'o:)s
Polarization
+ Budgets
+ Patterns
Matlab « Co-stte I
+ Tapers - |
Excel 2., : =
Other b I
I Antenna
' Non-rigorous FE Ant Codes | Single Element Finite Array Finite Array Plus Installed Array Plus
| *» Center Element of » Tie/SAPanel * RadomeFSS . * POD
Validated modeis \ Infinde Array y o Segmentation * Omher structure + Deckhouse
codes and data ' o Omer Arays o Oer
!
REUSE i @ 'y
CASE ; o/ w )
Element Tile/Apedure Antenne - —— 4/
. 1 HFSS, FEKO, CST DDM J
\_ DDM __/ g
19 Conceptual Preliminary Detailed
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Installed Array Performance Using FEKO EM Solver

Installed Radiation a) b)
Patte m 2(g.':BF: Uninstalled Array Patterns (V-pol) 20(:BF: Uninstalled Array Patterns (H-pol)

@ @

9 S

> >

z OFER >

%ol &.,,

a b\" ,l.., e?f- o
) -100 100 )

C) Az Angle (deg) d) Az Angle (deg)

- CBF: Installed Array Patterns (V-pol) - CBF: Installed Array Patterns (H-pol)

10

‘ n\‘

i l/‘“flﬂmm

||l|' A
Az Angle (deg) Az Angle (degq)

Mﬂm\
Predict High-Fidelity Installed Antenna Radiation Patterns Using Full-

Directivity (dBi)
Directivity (dBi)
o

-10 {-5'\\ A

Surface
Currents

20 fil ".\‘

Wave EM Solver to Inform System Design Decisions
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System Design & Optimization
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Use ModelCenter to Perform Parametric Performance GRUMMAN

vs. SWaP-C Trade Study Analysis

Objective: Discover best system design and phased array architecture for a wireless

communication system to achieve required signal-to-ratio (SNR) at receiver

Inputs: Outputs: S en
— Frequency — SNR at Receiver 22?5:;2’&2;{.:\ o
— Bandwidth — Link Margin i Lk Model
— Array Grid — Antenna EIRP o
— Amplifier Power  — Az/El Beamwidth
Per Element — Size ModelCenter ode
- ﬁg;ﬁg”a Scan ~ Weight Szoars

— # of Tx Beams
— Required SNR

22

— Prime Power
— Power Density
— Cost
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Power-Aperture Trade Study to Satisfy Required NORUMMAN
Communications Link SNR Margin using ModelCenter
Ly margin_SNR_dB
— 91 10
=
m 8 5
i
o ;
3
O 6 -5
ol \ ..
5 . Pareto Optimal -10
g \.
8 4] 0o \ -15
E:G:_J 34 -20
E‘ 5 -25
<
! -30
5 ‘I.O 1‘5 N 2I0 2‘5 3‘0
Array Size: Number or Array Elements Signal-to-Noise Ratio (SNR)
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Understand how increasing array size drives EIRP, prime NSRUMMAN

power, weight, and SNR link margin using ModelCenter

200

« EIRP_dBW
* margin_SNR_dB

* Prime_Power_kVA
* Array_Weight_lbs

[
o

o
o

P
.....
. ..
...........
........
......
......
Siijmi®
. *

B

. ®

%)
o

......
PRI
o« o o e
......
.........
......
& sl
..
o0 ®
_____
gie

™~ Meets Required SNR

Key Performance Parameters
(KPPS)

=20 0 20 40 60 80 100 120

Array Size: Number or Array Elements *Hypothetical System

Model sensitivity of input design parameters on system KPPs and SWaP-C
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Parametric trade study using design of experiment
(DOE) tool simulates 630 system configurations
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GRUMMAN

1 DOE Tool

‘ - - favorites list - -

Varisbles Design Table

Design Variables

* [Name

|Va|ues

Model Matlab.trmPout_dBw
Model Matlab.freq_ GHz

Values: 1,25,7,10

todel.Matlab.Nx

Design: | Parameter Scan

Responses

15,18,22,28,32,...

3.56.64.72

S | B30mns

Nurn levels

= |Model Matlab.EIRP_dBW A
* Model. Matlab.Power_Density_per_site_Win2
Model Matlab.Array_Cost_USD
“* | Model Matlab.Aray_Weight_lbs
%+ |ModelMatlab.Prime_Power_kV& v
Show Less &

Counter Variable:

Resume... vF!unm ‘ Help ]

Each point is an evaluated system configuration; Gray dots shaded out

Constraints.
B Oimenzon

Y comaw.  Usethis dialog to specify your requirements. Drag the sliders to filter out undesirable designs.

freq_GHz

trmPout_dBW

EIRP_dBW

Power_Density_per_site_Win2

Array_Cost_USD

Array_Weight_Ibs

Prime_Power_kVA

SNR_d8

margin_SNR_d8

Gt_asi

Beamwidth_az_deg

_m

1.00000

40.0000

g ) ° o [ )
1.00000 10.0000 2
1 | o o [® |
4.00000 72,0000 .
 Com— o
207271 79.9380 .
o211 ° o 25 )
0.0360981 458.780
0.0360981
40.0000 518400
40 50000
0.112500 58320.0
01125 10000
0.0769343 198.000
0.0769343 50
-128.026 61.0094 "
[128026 | o o [61.00% |
-138.026 51,0094 .
0 51,0094
10.6962 35.8017 .
10662 | 358017 |
o ]
141648 25.4966
141648 10
Q-
0.0150000 10.8000

0.015

Nx vs. trmPout_dBW vs. freq_GHz

° '... °
o ® ':.o
® 0%, @
o %, .: ®
o 0’...' °®
. 'o:..c' °
¢ H o’
PR St
°® : °® S * .
°
b 03 .o'. .'. &
° ° °
. ‘..
o$
o"

because they do not meet system requirements and constraints
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Color shading used to identify architecture

NORTHROP
GRUMMAN

26

configurations with lowest power, weight, and cost

Constraints

2
8
4
®

4
207271 ° "
o Je
L ] .:
0360981 | ...
L J [
s¥°
o e ®
4 J %o EY
] ..
¢ o
T o0
1125 ‘ ° ®
Y o [ ..
“°
oresass | o3
— (3
°®
2802 | \
...
®
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Mapping design inputs to key performance parameter NZRUMMAN

(KPP) outputs to understand key relationships in data

Inputs: Array Size, Tx Power, Frequency Outputs: Link Margin, Weight, Cost
70 ° o® ® ®
e % 20
60 .....,. 8 )
50 ok ol P
30 o** o® :
..‘ .
20 & :
0 7000
A 50 800,
L 1510 600_5\’
o 2 0 400 S 3
s, S (?/0“/ . & :
“ oy, e Best Design That \ b b
® 3 . Cost NG 0
o Meets Required SNR N
N Y0 Q

Shading based on system requirements to find best design
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Scatter Matrix Visualizes Trade Study Results and NORUMMAN
Complex System Interactions

h

et d
5 |esesees

‘;—l!

Pl A AR

f“‘“ it

trmPout_dBW

e_Win2 EIRP_dBW
a

.St _USBower_
N B

Visualize Relatlonshlp Between All Input and Output DeS|gn Vanables
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Built-in Optimization Tools Help Discover Best Design

Bﬁ Optimization Tool 13.5.52183 - o X
v )il
Objective Definition
o) I Objective Value Weight Goal A
| Model.Matlab Aay_Cost_USD 278061 1 minimize
s | Model Matlab.Aray_Weight_lbs 71.8865 1 minimize
%» | Model.Matlab.Prime_Power_kVA 260227 10 minimize v
< >
Constraint Value Lower Bound Upper Bound
Model Matlab margin_SNR_dB 0.06753 0
Model Matlab.Beamwidth_az_deg 9.2715 10
Model Matlab.Lx_m 0.37917 il
Design Variables
-
Design Variable Type Value (Sé:;“;al;l;ue) Lower Bound  Upper Bound  Edit a
Model Matlab freq_GHz continuous  4.3515625 10 1 40;
Model.Matlab.Nx continuous 105390625 8 4 128 ..
Model.Matlab tmPout_dBW continuous  7.505664... 5 01 10 ==
v
Algorithm
v]| Choose.. |
Status
Elapsed Time: 00:01:33 View Output...
Show More
Add to Model.. Fesime Run || options.. ~| | Hep.. -]

Best Design
Run Number 101

Objective(s)

Name

(1* (Model.Matlab.Array_Cost_USD)) + (1 * (Model Matlab.Array_Weight_lbs)) + (10 * (Model

Constraint(s)
Name
Model.Matlab.margin_SNR_dB
Model.Matiab.Beamwidth_az_deg
Model.Matlab.Lx_m

Design Variable(s)
Name Start Value
Model.Matlab.freq_GHz 10
Model.Matlab.Nx 8
Model.Matlab.trmPout_dBW 5

Value
0.06753
9.2715
0.37917

Value
4.35156
10.5391
7.50566

Set to satisfy required link margin while minimizing cost, weight, and power

29
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Path Forward

NORTHROP
GRUMMAN

» Broaden MBSE adoption and digital
engineering across the enterprise

» Continue to integrate models into unified

digital twin using ModelCenter

« Directly integrate CAD models with
descriptive and analytical models

» Deepen MBSE integration with product

lifecycle management (PLM) systems

Specialty Engineering Models

Product
Support |
Models

. Management
Models

Authoritative

Source of -
Design

System
Models

Models |

Manufacturing
Models

(US DoD, Digital
Engineering, 2018)

Verification and
Validation Models

Key: Data qumsp

Help our customers adopt and transition to MBSE to increase system

performance while reducing cost, schedule, and risk
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Summary

» Demonstrated a MBSE approach to the design &

optimization of next-generation phased arrays Multi Disciplinary
Models Leveraged & Connected

» Developed innovative integrated phased array

system model to perform rapid multi-domain trades

« MBSE: Connect systems architecture models with . '

engineering analyses -,

» Using ModelCenter to automate workflows and link \—@‘..

SysML models to analytical performance models 0 O

0
A

« MDAOQ: Calculate system performance, check
requirements, and perform design trade-offs

Flexible model for evaluating trade studies, performing system

optimization, and system verification for phased array sensor systems
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If you enjoyed today’s talk

NORTHROP
GRUMMAN

32

Multidisciplinary System Design Optimization s e
(MSDO) Framework Enhances Product Design —

Design Vector

Phased
Array
Antenna
System

Simulation Model

Objective Vector
Simulated
Performance of
Customer
Requirements,

Multidisciplinary System
Design Optimization Using
Model-Based Engineering to
Support Phased Array Antenna
Architectural Trades

THE VALUE OF PERFORMANCE.

NORTHROP GRUMMAN
el

April 17-19, 2018

John Hodge
RF/Antenna Engineer

Northrop Grumman Mission Systems
Baltimore, MD

Approved For Public Release #18-0280; Unlimited Distribution

Financials, and
Risk

Approximation
Methods

Numerical Techniques
(direct and penalty methods)

Sensitivity
Analysis

(DOE)
. Evaluate Program-Specific Tradeoffs and View P s
Structure of Data Using Visualization Tools -

MBE Enabl
Exploration, Inc|

3-D Data Manifold of KPP Output Space:

Pareto Front: Max EIRP vs. Cost
Max EIRP vs. Cost vs. Prime Power

Phoenix Integration International Users’ Conference

—— Technically Pareto Joeyt Eapmsler Saoce
Acceptable, Optimal ;
Lowest Cost Frontiers
Solution

System Cost (USD)

Max E-IRP (dBW)

Max EIRP ~~ ™ i
(dBW) o Prime Power
(KVA)

Color Shading Design Cases Based on Best (Blue) to Worst (Red); Able to Gray
Out Design Cases That Do Not Meet Specified SWaP Constraints

Approved For Public Release #18-0280; Uniimited Distribution

My 2018 webinar is available on the Phoenix Integration website
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ModelCenter®

The Framework for Model Based Engineering

INTEGRATION
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Thank You!

Contact: john.hodge@ngc.com
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Providing Virtual Integration of Systems for Earlier ~ NZRUMNAN

Verification & Validation (V&V)

; System Model Maturity
; Operational Acceptance

Requirements [—=9{ “0 100 Test

N

Y . = "

; High Level System
Architecture [€—> System Models Test
\\
\
\
\A
Sub-System “— Sub-System
Design Test
N ll'
Design “ 2 Sl Integration
Maturity Component | o cgﬁtziled Component Maturity
Desagn‘ Modelspamt Test
\ 4
\\ I,
\\ / //
\ v 4 //
1 Procurement ¢
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