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Problem Statement and Solution ESSEX
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e Problem:
— Projected BMD threat environment will have clutter and EMI
— LFM waveforms have limitations with these threats

— Desired advanced waveforms (chaotic, PRN*, ...) are very
processing intensive

e Solution:

— The advanced optical processor (AOP) generates
range-Doppler images from advanced arbitrary waveforms
— AOQORP architecture incorporates:
*Embedded optical signal processing
sEmbedded digital signal processing in FPGAs
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Program Objectives

« Modernize the architecture, scaling to:
— 1 GHz
— Real-time operation
— Full complex, single pass
— Store images in real-time to disk

« Compact rack stackable configuration

Power Supplies

L

6U Card Cage
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AOP 2 Performance Characteristics
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Pulse Width

10 ?sec to 50 msec

Pulse Repetition Interval (PRI)
Pulse Repetition Frequency (PRF)

100 usec minimum
10 kHz maximum

Center Frequency

Tunable 5 GHz to 7 GHz (TBR)

(peak to RMS noise)

Bandwidth (-3dB) 1 GHz
Stable Reference Frequency 10 MHz
Post-Compression Dynamic Range 66 dB

Spur Free Dynamic Range

85 dB for 128 coherently integrated pulses

Range Resolution

0.15 meters

SNR Loss vs. Range center

6 dB maximum @ +/- 76.7 meters relative to
image center

Range Bins

1024 bins (+/- 512 about image center)

Range Extent

153 meters (+/-76.7 m about image center)

Range Sidelobes (Hamming weighting)

-34dB

Frequency Response

3 dB uncorrected; 1 dB corrected

RCS Repeatability

+/- 0.1 dB

Phase Deviation from Linear in CPS

+/- 5 degrees
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Algorithm Functionality is Similar

ESSEX

\\N

Digital Implementation
Radar
Return AID | —® Presum |—® FFT Compressed Compressed
in range in Doppler
X IFFT |—® FFT |—» Range-Doppler
Radar FET Map
Reference S~
X
Equalization
Cig 96.CVS
Optical/Digital Implementation
Radar Optical Compressed Compressed
Return FT in range in Doppler
X + Sum —* AD |—» _ » FET — FFT |—» Rangg/—lDoppler
, ap
Radar »| Optical ¢
Reference FT — /
Equalization,
weighting,
compensation, &
non-linear ops.
| |
optical domain digital domain
OPT 97.CVS]
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Process Flow
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Cross power
spectravs. time

Return
Anti Digital Signal Complex
Acouatr?itOpnc | | Processing Unit |—— g Range
Reference (2D FFT) Doppler
4 Data
Radar Bandwidth //
s
S.I_Cs(f,,[)r\f\J(Frequencry,\lj r\/\ PP(t,?) Range, 7
r\Jr\J ams A
N aVAVAVAVARIIVAV/ IS A )
- \/\/\/\/\/\_“\/\Jcompressmn .
o e —
SV AVAVAVAY IR VAR 1a0)! A
AVAVAVAVAVEXAVS \
¢(1-D FFTs)
CAF(?2)

S = spectrum of radar return signal
R = spectrum of radar reference signal

Frequency of each fringe is

proportional to range.

Phase change over time is

proportional to Doppler.

Range, ?

PROCH.W2CVS

Time, t

Doppler, ?
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AOP2 Functional Configuration
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Radar
Return
Signal

Radar
Reference
Signal

AOP2 Radar Receiver

Image Selection
*Range

: Real-time
RF Signal
FErOgt > Optics Elcéi':?:r:s:s > Processing
n : Hardware
: 19” Rack-mountable 6U card cage
AOP-2
P Control
PC [|€
[ |

> *Range-Doppler
*Range-Velocity*

* future capability
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AOP 2 Top Level System Diagram EssEX
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Ethernet
\ J
Radar Transmit
Data
\ / Radar
Frequency . Controller Compressed
Reference Signal ~ Images
Generator VMIC SBC (future)
Digital Radar > Windows 2000
Reference Tektronix C++, Labview, [ o
(Functional) AWGT710 Java PMC
A \
Py
A \4 VME64
2 Synchronize Trigger A
>
% Timing & Control
\ ) i
RF Processing &
Front-End Optics Control
Modul AO Camera
odu ar, Signa|s “ . Data ~
Connectorized Custom, Harris AMS, <
for Packagin FPGA based | Fibre
Components ging o <—,| \
T T
Radar External
Return Triggers
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Radar Configuration with AOP2
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Radar
Transmit /
> receive
RF

Radar Return

Signal

Std.

Radar Transmit
Signal

Waveform

\ -
-1 Receiver

Range-

Image

compressed

AOP 2

—

Receiver

|

generators

Radar
Reference
Signal

\\4

7

Discrimination
and Data Post
Processing

<~ larget

I

Real-time
Disk

Range-compressed or
Range-Doppler Images

All part of AOP 2

_____ > Future real-time interface

“ Information
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Full Complex, Wideband Architecture ESSEXé

AOP2 Configuration C=

AT

Cross Power Spectra
v Complex
data

>_|_,

|

i Range-
Raster Detector | o2DFFT| o Doppler

Doppler

Photosensor Array

(2048 x 4) —||—
Fourier Output vs. Time DSP
Transform i ' Q P (DSP) Image
Optics -
Acousto Optic () s(t) {Analog radar return signal}
Modulator (AOM) r(t) {Analog radar reference}
Analog (RF) Input (No A/D) Arbitrary waveforms
Laser Digital output Real-time processing
Small size, weight and power Full complex images

Aegisl.CVS
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Optics Module Mated With Camera Module ESSEXX
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Optics Module
Optics Processing Module

Camera Card

_-

Camera Card Connectors

i — )

Optics Module Connector

oU VME form factor
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AOP2 Optics Module ESSEX :
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System Calibrations and Corrections ESSEX
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« Calibrations and corrections are required at various
points in the processing chain

— Correct radar and processor response
— Obtain optimum performance

Range

RF Bragg Camera data I/Q data compressed
data CPS x phase CPS, CPS, Images
(2, analog) (2048, 4) (2048, 2) RCI,, RCL
(2048, 2)
Reference—» End ——» CPS Combine Omlgir:e_l‘_ssmn
Channel power Amplitude weighting Line phase correction Range roll-Off
Deconvolutional filter Range scale

Amplitude scale
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AOP2 Hardware Configuration* EsSSEX
Waveform
generators .
 Reference —
e Return
. 6U card cage
& B
Prog ram mable f_lﬂ;;! - Controller card
LOS for . srrons ﬁ. - Optical module
tunable RF A 8 - Post processing & Timing card
front-end -
Real-time file S Power Meter
system - : _,_;_"’ '" RF module
UPS - | = ..
Power amplifiers
v o



AOP Production Conceptual Configuration
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Size reduced from Y2 rack in AOP2
demonstration to % single 6U
chassis:

« AWGS reduced to single
chip for PRN codes

e Synthesizers reduced to
fixed LOs

 Amplifiers reduced to single
card

 No output data storage, data
sent to radar post
processing in real time

Optical
Receiver
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Waveform generators
Amplifiers

RF front-end & LOs
Optical receiver
Camera & timing

Processing & control card

Controller




Post Processing & Control Subsystem (PCS)ESSEX

\\N

Wildstar 1| VME
172
W/ \/
Quad Fibre
Channel 2 I/0| 168
PEO PE2 PE1
Virtex Il Virtex Il Virtex Il
Bridge
Virtex Il
N 172 /l\ssT ssT /[\ 172 /[\
| |
Backplan Backplan VME to PCI
e l/0 P2 e |/0 PO Bridge
6U Card .
A
VME64 T I
e o . E:
Coo o =|o =
L L 2|z o g
I < R o (8] 5
| SBC: Host P °° £C
| | Processor Disk | | | Y ©
b Co
| A o
| 1236vcards | | 4
............................ = Annapnlis N
| Systems, Inc.
Monitor Radar
Compressed
Images
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PCS External Interfaces
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AWG
Controller| g , Camera
Pixel data A(12 _i)se_|_'|_'q_9A____
1AWG[L:0] ¢ Fxel data B(12) §ixelTapB
: 2AWGI[L:0] ¢ Pxel data C(12) ixel Tap C
p 1AWG_Id, 2AWG _Id ¢ Fixel data D(12) ixel TapD____
< 1AWG _trig, 2AWG _trig < Pixel data E(12) ixel TapE
AWG_mrk < Pixel data F(12) ﬁiZ(iLT@P_E____
< P-ixel data G(12) F:iz(_el:r_a_p_(}____
¢ Pixeldata H(12) | &ixel TapH____
RF
P CLK
<  C
¢VSVT?C. Hsync
<. lAmis0] 1AtN[5:0] C_trig >
<___26'£t[l[§:9_] _____ 2Attn[5:0]
‘_S_Vy_ll SW2[2.0] _ SW1, SW2[2:0] LD_current[7:0]
< PD_current[7:0]
R Trig <
< TEC_actual[5:0]
T Trig
_Range gate Trigger_ _ ___._. > Optical
_Transmit Trigger ___________ _. > Module
5V-3V Processing &
Interface Control Subsystem
_____ Signals that are VME backplane Signals using VME - ,
connected with cables. signals user defined pins External Signals
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Annapolis Micro Systems Wildstar Il
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FPGA based reconfigurable computing board

WILDSTAR™ || for VME

PEO
VIRTEX™ ||
XC2V 6000, 8000

172

Backplane I/O Backplane 1/0
PO P2

1/0 #1 |47

PE 2
VIRTEX ™ ||
XC2V 6000, 8000

172

32

PE 1
VIRTEX™ ||
XC2V 6000, 8000

32

32

y
PCI | 33/66 MHz 32

32/64 Bits |

<4—> Differential
«+——» Single Ended

Controller

L Master |— PCLK

Clock [—— MCLK

PCI to VME Bridge Generator [ ICLK
VME BUS

Copyright Annapolis Micro Systems, Inc. 2002
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WILDSTAR™ || for VME & Fibre Channel 21/0 Card ESSEY(
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Annapolis Micro
Systems, Inc.

- Uy <l
S |
r-"! [1] | | | | | F-"

1
FLLLRRRLR LR RA LRRRRLRRE ERR LN | Wl

WILDSTAR™ || FPGA card Fibre Channel 2 I/O Card
daughter card

HEPC 2003 September 23, 2003



Internal PCS Interfaces

ESSEX

Fibre Disk €

CPS

RCI or
Range/Doppler

PE

» Compute
Range/Doppler
Image

CPS

Raw Camera Data

!

E2

» Collect Raw Data
from detector

- » Apply Correction

» Combine to get |

&Q

» Update status for
Controller

| 180 )

CPS

RCI

PE1l

* Apply Correction
to get CPS

» Compute Range
Compressed
Image

 Apply Correction
to RCI
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PE2 Data Processing
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VME64
Y ,
Cam:'ra Lk > Signal Generation &
sync .
V_sync Camera System RF Front End Signals
B >| Controller Controller
Trigger
Amplitude
control Weighting
signals .
w Memories
PA(11:0) ,
PB(11:0)
> [+(15:0
I(15:0
PC(11:0) 5 _1as0)
~ . @ (15:0) _—~ Complex
PD(11:0) Pixel Data v % Data
~| Memories @ Q+(15:0)
PE(11:0) - :Q Q(15:0)
PF(11:0) Q-(15:0)
PG(11:
G(11:0) > 1+(11:0)
PH(11:0) 1-(11:0) e Dat
g Q+(11:0) aw Data
Q-(11:0)
. . Optical
—= Internal Signal Generation and RF Front End >~ PCS > Module ——> Controller
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PE2 Allocated Memory Diagram
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iRawPixelData — 2MB

iCalRawPixelData — 8KB

Direct connect to PE O
4 172

Backplane 1/0
PO

Backplane 1/0
P2

PE 2

VIRTEX™ ||
XC2V 6000, 8000

<+ Differential
<+—— Single Ended
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32

DDR
SDRAM
64 MB

Flash

y
PCI

Controller

Internal RAM: 16KB allocated

IAMpWitTbl-8192B
gAMpWtTbl — 8192B

gRawPixelData — 2MB

gCalRawPixelData — 8KB

Direct connect to PE 1

172

*

Prog
Osc

PCI to VME Bridge

}

N

Master
Clock
Generator

— PCLK
— MCLK
— ICLK

VME BUS

Copyright Annapolis Micro Systems, Inc. 2002



PE1 Functional Flow Diagram
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dataSrcPE1 1

updatedLPCorr

upLP(0)

upDF(0) al‘

memClearPELl A

yes

Apply Line Phase

linePhErrMeas

updatedDeconv

Correction

iCorrectedPreFFT +7

qCorrectedPreFFT

iPixelData
gPixelData

no

Write Data to
Memory

L

Apply
Deconvolutional

decvFiltWdwVect
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Filter and FFT
Window

@ cpsData(31:O1

Is memory full?

yes

Write Data to
Memory

|

N

Interleave 1,Q

A

FFT Processing

iRngimgData(31:0)
gRngimgData(31:0)




PE1 Allocated Memory Diagram EsSsSsEX
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10 #1 |.7 Internal RAM: 24KB allocated
linePhErrMeas — 8192B

decvFiltwdwVect — 8192B
rangeRollOffVect — 8192B

v

Direct connectto PE O

iPixelData — 1MB —— gPixelData — 1MB

PE 1

VIRTEX™ 1|
XC2V 6000, 8000

iCorrectedPreFFT — 1MB —— gCorrectedPreFFT — 1MB

iRngimage — 2MB I gRnglmage — 2MB

4 am . s
Direct connect to PE 2 DDR Prog
SDRAM Osc
64 MB
32
32/64 Bits pci J 82 33/66 MHz
Controller M
Flash 16 L Master [ PCLK
Clock — MCLK
PCI to VME Bridge Generator ICLK 4—> Differential
¢ «+— Single Ended
VME BUS Copyright Annapolis Micro Systems, Inc. 2002
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PEO Functional Diagram EsSsSsEX
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dataSrcPEO Deinterleave Calculate
Register Data Memory
Address by
Ro
iRnglmgData (31:0) ‘ . w
gRnglmgData (31:0) Calculate v
Memory Doppler Read
™ Address by FprT Static Rnngogplmage
Column Memory (& )
2&3
Read [ rngRollOffVect ¢ ¢ (,
LADMux Read Write to
i —~ : Interleave emClearPED )
Block Ram iRng Static e Constant Dynamic
Memory Memory
' !
Multiply Calculate
Data By Read Ag/ldemor)é Terminate
Range Roll-Off » LADMux ress by
%/ector doppFFTWdw 1 Block Ram Column
‘ l icpsData (31:0)
gcpsData (31:0)
- Multiply Write to
Calculate erte.to Data By Static
> Memory > Static ] Doppler Memory
Address by Memory Window 283 1 First
Row 0&1 | | Data
upLP (0) in Pulse
upDF (0) A
Write to g;ckl: 0
mecr;nCIetarliE MStatlc iRngDoppData (31:0) cntiCal
onstan emory gRngDoppData(31:0) Header
4&5
E"’H pulseHeader (63:0)
iRngilmage gRnglmage procMode
Terminate Constant 3 A
_ > sift 2 Fbre
ilmageData (31:0) IS
glmageData (31:0)
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PEO Allocated Memory Diagram EssEX
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Direct connect to PE 1

v
iRng0 — 2MB gRng0 - 2MB
iRng1—2MB X qRngl - 2MB
—— xcvzls Isggo, sl(;oo

iRngDoppIimage — 2MB
\

gRngDopplmage — 2MB

172 4

Direct connect to PE 2

Internal RAM: 2KB allocated”
iDoppFFTWdw — 1024B
gqDoppFFTWdw — 1024B

32

32/64 Bits

PCI

v i Controller
RngDopp — 8MB [ Moster [ ro
— ierenta PCI to VME Bridge Generator T— ICLK
4+——> Single Ended t

Copyright Annapolis Micro Systems, Inc. 2002

VME BUS
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FPGA Design Time: CoreFire' vs. VHDL

Old Methodology
Using VHDL

New Methodology
Using CoreFire

T

B Conceptualization

W/ erification

O Mapping

B FFGA Implementation
W Testing Design
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Corefire Example
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Imput Part

g
=
Imput Port

=
Imput Port

=
Imput Port

e ap

conydtol?

ulD

auel 1
wpurt? g
o2 bou?

cony32tod2

ul

o
wpur?
._l

cony 2ol 2
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Multi pl

o

Multiply

X

Multi pl oy

qhduuadule

X

Muiltipl oy

Subtract

Subtract

uz Jal B
up .d[;. domd

Feai mterpret

uy Qlaml B
up {"} Ao

Reinterpret

wJurl &
LB |
Qutpist Port

qQJutl6
pet
Qutput Port
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PCS Testing: CoreFire Debugger
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CoreFire™ Application Debugger includes windows for
monitoring and manipulating data flow

CoreFire Debug - PeTarget.Pel = |EI|5|
Eile View Options Help
“‘| 'Q'| _)F'ass| I 1j EHEUpdate mj i Clearl .-l pl
Hame Walue Status Pass Ready Enabled . Cyele iDataPost... isint gDataFost... gsint writeAddre..| iDirectFFT | iNegPre | gqDirectFFT | gMNegPre
iDataFostFFT32 09 Invalid 0 true Il 1 e -2 S 0 o s &7 it i =
- i - 2 77 2 27 1 77 2 77 ]
iSint -3 valid a true ¥ 3 e 7 7 < 5 7 = e .
nDataPostFFT32 0 TI Inwalid 0 true v 4 77 -2 7 -5 3 4 -1 77 3
Sint 29 vaid 0 true ¥ 5 27 g 22 2 s 22 5 22 5
o o T z F = ] 77 -4 Y 2 5 77 g 77 4
HRArotess Ml e 7 77 2 77 0 6 77 4 77 -2
|iDirectFFT 0 EI Inwalid 0 true v 8 77 0 Y 0 & 77 -2 77 0
X o . ] 7Y -2 Y -4 g 7 0 7 0
linegPre | 59 vald i true cd T o 0 " o 5 e = e o
yDirectFFT | 0% Invalid 0 true [vl 11 77 2 77 1 10 77 i 77 2
uMegPre | 49 valid i true il 12 il 5 o7 4 i 77 4 27 1
13 ) 1 i 7 12 s -2 i 4
14 7 0 i -5 13 s 1 7 7
i) "7 2 i 4 14 e 0 " 5
16 77 -3 7? [ 15 27 2 29 4
17 77 £ 27 7 15 77 3 77 5 |
B | s[4 3
10:20 2M PE Reset [Total 30 |Cycle 20

PeTarget.Pel - Register ¥iewer !

Help

Lipdate |5ing|e *I

numPix

LAD 1038 (0x0000040e)

255

numPix_div_In?

03

_Rea ||
—
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LAD 1028 (0x00000404)

X
_ojx =
File Set Help
iData Isingle j
Address I 0 Dwords 128 Format ISInt "I
Address a 1 2 £
a 196606 65537 -262136 65534 a|
4 65534 131074 1 -196608
; ] 131067 -196603 65533 131070
'ﬂ"gam 12 -131072 65529 i 524254
16 393211 -327683 -196599) 196607
20 65534 -131065 -327680 B
24 -131074 327683 -131074 393216
28 655349 65535 65537 262140
32 196607 S89517 -65538 65538
36 -131075 -131065 -65536 -327674
40 -458747 3276580 262142 -65536
44 65535 -65533 0 -458745
48 -462135 -65535 55537 65532_'|
Wiemy 0{0x0) for 128 DWORDS.




Wildstar Il FFT Example

ESSEX

FFT Example Scenario
o CoreFire project for PE1
Data read from memory on Wildstar Il board
FFT operation
Data written to memory on Wildstar Il board
e Java program
Data read from file
Data written to memory on Wildstar Il board

21: Y-CoreFire PE1PE1FFTEX_WS2WILDSTAR 2 VMEIPET Xilinx2v6000 fig™ &1

File Edit View Colors Cursor

=l
i

2E2

1E2[

{0

-1EZ

-2EE

Data read from memory on Wildstar Il board EEEETT

Data written to file

o CoreFire Debugger
Kicks off the Wildstar |l board processing
Memory and register viewers show data
during the processing

* [View Tool
Compare output data file with
expected results
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21: Y:\CoreFire PE1PE1FFTEX_WS2WILDSTAR 2 VMEPE 1 xilinx2v6000 g™ = 162

File Edit View Colors Cursor

PEAT (T

1E2[1 7

-EX

2EX | 7|l




Wildstar Il FFT Example
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EET done on

FFT done in SW & Registration Window About

E 10: CiRaptor'SinCosBaselineTake2\16CyclelntSinCos255.cmx * 11: Y:\CoreFire'lPE1PE1FFTEX_WS2WWILDSTAR 2 VMEPET Wl I dStar board
File Em’ View Colors Cursor File Edit View Colors Cursor
1 I 1 1 | 1 | | =
________ | (- SR - R I (- = N )
BES| \ : \ : EES | | | ;
________ | e e P e e L S oy e g R G p e e e ] i aurs P ol e et s [t s I
6E5 : ; i . I6E9 | i i |
________ L I L e BB e e a8 L e M e TR
4ES5| | : : : 4E5 : : ; :
________ S U U | SO | [N | S 1
2E5| | ] : | 2E5 | | ; :
u 1 | 1 1 .] | L 1 L
0 h.0E2 1.0E3 1.5E3 2.0E3 1] 5.0E2 1.0E3 1.5E3 2.0E3
Bin Bin [ 20: Statistics for w“i" 15
Opene Rapto psBaselineTake2116 p 0 Opene oreFirePETPE1H DS TS

| 14: clone of 11: Y:iCoreFirelPE1PE1FFTEX_WS2WILDSTAR 2 VMEIPE 1wl 20

File Copy To Cliphoard & Clos
Line %ize: Z0435 -

Scale and Subtract . u view coors cusor

(Magnitude)

| | |

Peak to RMS = 139 dB
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Line Metrics:
Max Mag: 521065.0
FM3 Mag: 11514.116
Min Mag: 0.0

[ 19: Statistics for window o &' [E]

File  CopyTo Cliphoard & Close

Line Metrics:

Max Mag: 2.59375

BM3 Mag: 0.057314474
Min Mag: 0.0




Conclusions ESSEX
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« Essex has been able to implement an extremely
complex, computationally intensive radar processing
task in:

— Embedded optical hardware and

— Embedded DSP/FPGA hardware

 This approach saves space, development time,
software, development costs and maintenance costs.

« The AOP hardware allows the use of new arbitrary
classes of waveforms for improved ballistic missile
discrimination.
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Wrap-up / Questions



