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7. Abstract 
Essex is developing a prototype hybrid optical/digital processor for radar image 
formation using wideband arbitrary waveforms.  The processor is called the Advanced 
Optical Processor (AOP) and is a hybrid acousto-optic/digital processor that generates 
high dynamic range, range-Doppler images from wideband radar returns.  This work is 
being funded by the Missile Defense Agency’s office of Manufacturability and 
Producibility (MDA/MP) and will be tested at the MIT/LL Lexington Development 
Facility.  The processor supports high resolution processing necessary for target 
discrimination and kill assessment by enabling the use of true arbitrary, wideband 
waveforms.  The selected architecture combines the advantages of both embedded optical 
signal processing for the front-end receiver and embedded high-speed digital signal 
processing for the real-time post processing.  This combination provides the capacity to 
process signals with 1 GHz of instantaneous bandwidth in a real-time environment 
without the need for wideband analog-to-digital converters (ADCs).  This is achieved in a 
compact lightweight package that combines both an optical coherent channelizer and a 
WILDSTARIITM FPGA VME board from Annapolis Micro Systems that performs the 
real-time post processing.  The AOP2 architecture is shown below: 
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AOP2 Architecture 

The AOP2 prototype hardware is shown below: 

 
AOP2 Prototype Hardware 

 

■■ja t 



The production hardware can easily fit into a single 6U card cage, as shown below, 
without significant development costs.  

Optical
Receiver RFFE Amps

Waveform generators

Amplifiers

RF front-end & LOs

Optical receiver

Camera & timing

Processing & control card

Controller

Optical
Receiver RFFE Amps

Waveform generators

Amplifiers

RF front-end & LOs

Optical receiver

Camera & timing

Processing & control card

Controller  
AOP Production Configuration 

 
By removing complex software and custom digital hardware, the cost for this processor is 
significantly less than an “all-digital” solution, even in modest quantities.  The cost 
effectiveness of this processor allows use at the sub-array level for desired operational 
flexibility and performance enhancements, such as beamforming and STAP. 
 
The development of this processor has been accelerated with the use of the AMS 
CoreFireTM FPGA Application Builder.  This tool has allowed the mapping of the post 
processing algorithms to the COTS AMS FPGA hardware with minimal effort.  Selected 
AOP2 algorithms were running as a demonstration in the WildstarIITM for the AOP2 
critical design review with just a few weeks of effort.  CoreFire™ also provided a 
hardware-in-the-loop debugger that allowed us to insert test data into the designs in the 
FPGAs and then review the test vectors from the host as they ran through each part of the 
algorithm. The AMS hardware configuration is a 6U form factor with 3 Xilinx Virtex 
IITM 6000 series FPGAs.  This WILDSTARII board also has two I/O daughter card 
positions providing in excess of 4 GB/s I/O bandwidth.  The DSP algorithms running in 
this hardware include:   

1. data formatting algorithms 
2. calibration algorithms 
3. range-compression algorithm 
4. Doppler compression algorithm 
5. data storage formatting 
6. display formatting 
7. system timing and control functions 

The chosen hardware can perform these algorithms in real-time and is flexible such that 
changes in the algorithms are easily accommodated.  There is no operating system 
required so integration issues with a single board VME control computer are minimal. 
 
Presented in this paper will be the architecture description and integration of the optical 
and FPGA technologies, along with updated test results. 
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Problem Statement and Solution

• 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

• Solution:
– The advanced optical processor (AOP) generates 

range-Doppler images from advanced arbitrary waveforms
– AOP architecture incorporates:

•Embedded optical signal processing
•Embedded 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

6U Card Cage

Power Supplies
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AOP 2 Performance Characteristics

0.15 metersRange Resolution

100 usec minimum
10 kHz maximum

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

+/- 5 degreesPhase Deviation from Linear in CPS

+/- 0.1 dBRCS Repeatability

3 dB uncorrected; 1 dB correctedFrequency Response

-34 dBRange Sidelobes (Hamming weighting)

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

1024 bins (+/- 512 about image center)Range Bins

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

SNR Loss vs. Range center

85 dB for 128 coherently integrated pulsesSpur Free Dynamic Range

66 dBPost-Compression Dynamic Range           
(peak to RMS noise)

10 MHzStable Reference Frequency

1 GHzBandwidth (-3dB)

Tunable 5 GHz to 7 GHz (TBR)Center Frequency

10 ? sec to 50 msecPulse Width



HEPC 2003  September 23, 2003
5

Algorithm Functionality is Similar
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AOP2 Functional Configuration
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AOP 2 Top Level System Diagram
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Radar Configuration with AOP2
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Optics Module Mated With Camera Module

Camera Card Connectors
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AOP2 Optics Module
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System Calibrations and Corrections

• Calibrations and corrections are required at various 
points in the processing chain
– Correct radar and processor response
– Obtain optimum performance
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AOP2 Hardware Configuration*
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AOP Production Conceptual Configuration

Size reduced from ½ rack in AOP2 
demonstration to ½ single 6U 
chassis:

• AWGs reduced to single 
chip for PRN codes

• Synthesizers reduced to 
fixed LOs
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Post Processing & Control Subsystem (PCS)
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PCS External Interfaces
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WILDSTARTM II for VME

Copyright Annapolis Micro Systems, Inc. 2002
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WILDSTARTM II for VME & Fibre Channel 2 I/O Card

WILDSTARTM II  FPGA card Fibre Channel 2 I/O Card 
daughter card

Annapolis Micro 
Systems, Inc. 

piiiinin 
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Internal PCS Interfaces
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PE2 Data Processing
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PE2 Allocated Memory Diagram

Copyright Annapolis Micro Systems, Inc. 2002
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PE1 Functional Flow Diagram
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PE1 Allocated Memory Diagram

Copyright Annapolis Micro Systems, Inc. 2002
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PE0 Functional Diagram

PE1
Range
Data

PE2
CPS
Data

memClearPE0
Constant

Write to
Static

Memory
0 & 1

Calculate
Memory

Address by
Column

Read
Static

Memory
0 & 1

Calculate
Memory

Address by
Row

Read
LADMux
Block Ram

Multiply
Data By
Doppler
Window

Doppler
FFT

Calculate
Memory

Address by
Column

memClearPE0
Constant

Terminate

0

1

Deinterleave
Data

Interleave
Data

rngRollOffVect

iRngImage qRngImage

doppFFTWdw

Terminate

Write to
Static

Memory
2 & 3

RngDoppImage
( I  &  Q)

dataSrcPE0
Register

Read
LADMux
Block Ram

Multiply
Data By

Range Roll -Off
Vector

Write to
Static

Memory
4 & 5

0

1

Calculate
Memory

Address by
Row

Read
Static

Memory
2 & 3

First
Data

in Pulse

1

0

Write to
Dynamic
Memory

iRng

qRng

iRngImgData (31:0)
qRngImgData (31:0)

icpsData (31:0)
qcpsData (31:0)

iRngDoppData (31:0)
qRngDoppData(31:0)

iImageData (31:0)
qImageData (31:0)

pulseHeader (63:0)

Make
Cycle

Cnt/Cal
Header

PE1
Cal

upLP (0)
upDF (0)

Sift

procMode
Constant

Fibre
Disk



HEPC 2003  September 23, 2003
26

PE0 Allocated Memory Diagram

Copyright Annapolis Micro Systems, Inc. 2002
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IM FPGA Design Time: CoreFire     vs. VHDL 

Old Methodology 
Using VHDL 

FPGA Design Time 

New Methodology 
Using CoreFire™ 

■ Conceptualization 

■ Verification 

D Mapping 

■ FPGA Implementation 

■ Testing Design 

in 15 20 

Weeks 

25 30 *5 

\nrupolis Micro 
S\s(cm>. Inc. 
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Corefire Example
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PCS Testing: CoreFire Debugger

CoreFireTM Application Debugger includes windows for 
monitoring and manipulating data flow

CoreFire Debug - PeTarget.Pel -in *l 
File   View   Options   Help 

▲ ▼ -*" Pass *1 ;S; update (none 3    tP.Steti 10 TJ    X Clear M K? 

Name Value Statu i Pass Ready Enabled; Cycle iDataPost... iSInt qDataPost qSlnt writeAddre... IDirectFFT NegPre qDirectFFT qNegPre 

iDataPostFFT32 r    o'" invalld 0 true F 1 99 -2 99 0 0 ?"> ?9 99 99 

2 99 2 99 -1 1 9*> -2 ?? 0 
iSInt r   -3'° Valid 0 true F 3 99 -1 99 3 2 9*> -2 79 1 
qDataPostFFT32 r   03 invalid 0 true F 4 ?? -2 ?? -5 3 ?? -1 ?? 3 

qSInt r   -25 Valid 0 true F S 99 8 99 4 4 9*> 2 ?? 5 

6 99 -4 99 2 5 9*> 8 ?? 4 
write Ad dress 16" invalid 0 true F 7 99 -2 99 O 6 9*> 4 99 -2 

iDirectFFT r   05 invalid 0 true F 8 ?? 0 ?? O 7 ?? -2 ?? 0 

iNegPre r   55 Valid 0 true F 9 99 -2 99 -4 8 9*> 0 ?? 0 

10 99 0 99 -2 9 9*> -2 99 -4 
qDirectFFT r   05 Invalid 0 true F 11 99 2 99 1 10 9*> O ?? 2 

qNegPre r   43 Valid 0 true F 12 99 2 99 -4 11 9*> 2 ?? 1 

13 99 1 99 7 12 9*> -2 ?? 4 

14 99 0 99 -5 13 9*> 1 ?? 7 

15 99 2 99 4 14 9*> O ?? 5 

3 
16 99 -3 99 6 15 9*> 2 ?? 4 

17 99 -5 99 -7 lb 9*> 3 ?? -6 

<\ ► <\ 1    »1 

10:20 AM   PE Reset [Total 30 [Cycle 20 

i   PeTarget.Pel - Register Viewer 

Help 

- □ x 

Update (single 

llllllil'IX U\D1038(0x0000040e) 

0 .1   Read 255    Again 

ruiniPix_div_by2 

0 1?i   Read 

LAD 1028 (0x00000404) 

üm 127 

x ,   iData - Memory Viewer 32 bits -.in 
File   Set   Help 

IData njpdalejl |single ~3 
Address |                 0    Dwords |              128 Format |Slnt 

Address 0       l 2 3 

* 0 196606                             -65537 -262136 65534 
4 65534 131074 1 -196606 

8 131067 -196603 -65533 131070 

12 -131072 -65529 0 52428' 

16                                                  393213 -32768: -196599 L9660- 

20                                           6SS34 -131068 -327680 6 
24 -131074 327683 -13107' 393216 

23 655349 65535 65537 262140 

32 19660? 589817 -65538 65538 
36 -131075 -131068 -65536 -327674 
40 -458747 327680 262142 -65536 
44 65535 -65533 0 -458748 
48 -262135                             -65535 65537 65532 

View 0(0x0) for 128 DWORDs. 
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Wildstar II FFT Example

FFT Example Scenario
• CoreFire project for PE1

Data read from memory on Wildstar II board
FFT operation
Data written to memory on Wildstar II board

• Java program
Data read from file
Data written to memory on Wildstar II board
Data read from memory on Wildstar II board
Data written to file

• CoreFire Debugger
Kicks off the Wildstar II board processing
Memory and register viewers show data 
during the processing

• IView Tool
Compare output data file with 
expected results

B 21:Y:CoreFir^PE1^PE1FFTEx_WS2\WlLDSTAR2VMEPE1«ilinx2v6000nDK'Eri6lEIt 

File   Edit   View   Colors   Cursor 

2E2 

M? 

0 

1E 

2E 

ff 

5.0E2 1.0E3 
Bin 

1.5E3 2.0E3 

OpenedY:\CoreFirePE1PE1FFTEx WS2WlLDSTAR2VMEiPE1«ilinx2v6000ff15 

21: Y:iCoref ireiPE1iPE1FFTEx_WS2W«.DSTAR 2 VMEPE1 Wilinx2v6000 fli^'izf IfilZIc 

File   Ed*   View   Colors   Cursor 

?\? 

1E2 

IE; 

2E; 
. 

5.0E2 1.0E3 
Bin 

1/.I ;t 2.0E3 

Opened Y:Cofef*ePE1*>E1FFTEx WS2VÄDSTAR2 VMEPE1«ilinx2vtJ000ni517\16. 
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Wildstar II FFT Example

Peak to RMS = 139 dB

FFT done in SW FFT done on 
Wildstar board

Scale and Subtract
(Magnitude)

£■; Image Viewer ver 5.03h on ALOI 

File   Setup   Scripts   Colors   Registration   Window   About 

-JDJ _x 

10: C: Raptor SinCosBaselineTake2.16X^cle*ntSinCos255xmx * r/tzT 11:Y:CoreFirePE1PE1FFTExJrtra2iWILDSTAR2VME'PE1«ilinx2v6000ff1lpKf|7r_l|Z]i 

File   Edit   View   Colors   Cursor File   Edit  View   Colors   Cursor 

SE5 

SE5 

1E5 

2E5 

0 

JE5 

6E5 

4E5 

2E5 

0 
0 5.0E2 1.0E3 

Bin 
1.5E3 2.0E3 0 5.QE2 1.0E3 1.5E3 2.0E3 

14: clone of 11:Y:Corerwe*^1*^1rTTExJrVS2VWLDSTAR2VMEIPE1«ilnltf:^,iO[El 

File   Edit  View   Cotors   Cursor 

5.0E2 1.0E3 
Bin 

1.5E3 2.QE3 

□ 20: Statistics for wr/l^ 1|Z1 

File      Copy To Clipboard & CIosl 

Line Size:   2048 

Line Metrics: 
Max Mag:   521068.0 
PM3 Mag:   11514.116 
Min Mag:   0.0 

Q 19: Statistics for window er* 0*  13 

File       Copy To Clipboard & Close 

Line Metrics: 
Max Mag:   2.59375 
RMS Mag:   0.057314474 
Min Mag:   0.0 
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Conclusions

• 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
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