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Abstract

A scaleable, re-programmable Radiation Hardened Vector Processor (RHVP
) for space applications is presented. An architectural approach combining a Vector Processor (VP) and a General Purpose Digital Signal Processor (GP-DSP) is shown to yield substantial processing gains over traditional implementations. Point solutions are presented yielding savings of up to five times the size, weight, and power over traditional implementations.

I.  Introduction

Complex signal-processing systems typically require algorithms combining vector and scalar constructs. Vector operations are array oriented where each data set (or vector) is processed and transformed into a resultant output vector array.  Fast Fourier Transforms (FFT), and pixel element manipulations are examples. Scalar operations are non-vector operations composed of flow control or decision-making construct operations. Due to the differing implementations, highest efficiency is obtained when a VP is employed for the vector operations and a scalar processor, such as a GP-DSP, for scalar operations. A comparison between VPs and GP-DSPs are shown in Table 1 for a 1K point Complex FFT. Normalizing performance for a 1K Complex FFT at 50MHz clock frequency, and then re-normalizing to the DSP24 VP, results in VPs being between 8 and 37 times more efficient per clock cycle than a given GP-DSP.
Vector operations for radar and image processing algorithms typically consume over 80% of the processing time-line. Past solutions have required dedicated non-flexible Application Specific Integrated Circuits (ASICs) or Fast Fourier Transform (FFT) chips for the vector math. Considering that vector math operations typically account for the majority of the DSP processing in many applications, a simplified solution is required which takes advantage of the performance and flexibility while meeting the size, weight, power constraints of the space community. 

Past implementations have used multiple DSPs performing vector and scalar math operations when performance requirements exceed a single DSP. Increased overhead and complexity is introduced into the basic algorithm flows among many DSPs. This complexity can extend to require complex real-time operating systems to manage these multi-threaded algorithm functions. 

An efficient implementation is realized on the RHVP by combining a radiation hardened Vector Processor with a general-purpose scalar DSP. A VP serves as a math co-processor to the GP-DSP by accelerating intensive vector operations.  A block diagram is shown in Figure 1.
An improvement of processing performance compared to traditional general-purpose DSP only solutions is provided to the Space community allowing the flexibility of algorithm re-programmability.  This paper examines several example applications mapped to the RHVP compared to traditional DSP only solutions. 
Table 1: Vector Processor Efficiency Compared to GP-DSP
DSP
1K CFFT (usec)
Clock (MHz)
Normalized to 50MHz
(usec)
Normalized to DSP24

Vector Processors

DSP24
21
100
42.0
1.0

BDSP9124
54
60
64.8
1.5

General Purpose DSPs 

SHARCAD21060
460
40
368.0
8.8

TSC21020
640
30
384.0
9.1

TMS320C40
1298
60
1557.6
37.1

Data source; Http://nova.stanford.edu/~ddaas/fftinfo.html
II. Architecture

A. Vector Processing Engine

Vector Processors are optimized to implement a set of high-level instructions that support pipeline oriented vector operations and FFT based functions. Two such devices are the SHARP 9124 and the DSP24 from DSP Architectures. These vector processors support several digital signal processing functions: 1) Time domain processing that includes FIR filtering, vector operations, logical, and array processing (real and complex) and 2) Transform-based operations which are used to perform such tasks as digital filtering, convolution, and digital modulation/demodulation in the frequency domain. 
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VP’s typically  have multiple complex bi-directional data ports for highly flexible (any port to any port) routing, and simultaneous read of input data X, Y, and output data. A VP can be seamlessly cascaded to support complex vector processing.  For example, cascading two 50 MHz chips gives a 20 microsecond radix-1024 FFT butterfly, thereby allowing a 1 million point or a 1K x 1K 2-D transform to be performed continuously at a 25 MHz complex sample rate. Cascading four chips executes these transforms at full speed, 50 MHz complex, continuously.   Table 2 shows the type of operations a VP can perform.
A VP is a “pass-based” processor where a single instruction from the algorithm PROM is implemented as a DSP function on the entire vector array that is passed through the chip from one port to another. In contrast, a GP-DSP requires instruction fetch and decode for every data entry within the data array. For many vector applications, the same instruction is required for every piece of data and therefore represents a significant processing overhead for large data sets. 
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Figure 2 shows an example of a 3-pass implementation in the VP of a hyper-spectral sensor front-end processor. During the first pass the VP performs gain and offset calibration of the sensor pixel data received through Port D.  The gain and offset coefficients are stored in the SRAM connected to Port C.  The second and third passes provide atmospheric correction of the sensor data for each of the spectral bands.  Atmospheric correction tables are stored in a separate area of the SRAM located at Port C.  A Memory Management Unit (MMU) supports the different addressing needs for each processing pass based on the instruction used and setup parameters. 
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Figure 2: Vector Processor Configuration 


B. General Purpose DSP Processor

The GP-DSP processor provides data flow control and handles the scalar signal processing functions not well suited to the VP. 
To accomplish this, the GP-DSP has direct control over the algorithms executed by the VP as well as access to all VP data memory.  A radiation tolerant ACTEL FPGA provides the interface between the VP and the GP-DSP allowing both DSPs to operate independently. This approach allows the GP-DSP to manage data flow while the VP is simultaneously operating on the next data set.

C. Board Level Interfaces
Multiple means of communication are provided by the RHVP.  Primary interconnections include a Compact PCI backplane and two PCI Mezzanine Card (PMC) sites.


1. I/O Module Sites

Two independent Input/Output (I/O) mezzanine sites based on the PMC standard are provided.  Use of standard mezzanines allows the RHVP architecture and development tools to remain consistent for different user I/O needs.  This allows specific interface requirements to be implemented onto smaller less costly mezzanine cards.  Each PMC site provides a dedicated 133 Mbytes/second transfer rate capable of accommodating many COTS standards.  



2. Compact PCI Backplane

A Compact PCI (cPCI) backplane provides the control interface for the RHVP allowing a host single board computer to manage multiple RHVPs. The RHVP is fully compliant with the PCI 2.2 standard capable of burst data transfers up to 133 Mbytes/s.
3. General Purpose I/O

Asynchronous serial port and several differential discrete signals are provided for debug and low level communications to a spacecraft bus controller or payload SBC host controller.
III. Software Development Environment

Crucial to high performance DSP applications is the ability to transform user defined algorithms into efficiently mapped vector and scalar constructs.  Once an algorithm has been defined, vector and scalar operations can be partitioned to the appropriate vector and scalar DSPs. A closely coupled integrated development environment allows the  GP-DSP to perform scalar processing while the VP is operating on the next data set. Past approaches have required careful implementation or hand coded vector constructs.  This approach requires multiple development environments, which can result in reduced performance if the tools are not optimized for the particular architecture. 

Commercial-off-the-shelf (COTS) development tools specifically tailored to the subject architecture are of 
paramount importance.  For this reason, Honeywell Inc. [1] and Valley Technologies Inc. (VTI) [2] have teamed to develop the Software Development Environment (SDE) for the RHVP. Leveraging existing SDE tools from VTI (VectorWare() the RHVP allows Space users to develop mission algorithms on commercially supported hardware and software products consistent with the RHVP implementation. This approach allows vector code operations to be defined at a much higher level using vector scripts. Vector scripts define vector operations such as a butterfly or vector multiply, and complete digital filters with less than 18 lines of code. An example of a 1K complex FFT is shown in Figure 3. A comparable 1K complex FFT implement on the ADI21020 DSP requires between 300 and 500 lines of assembly code [3]. The VectorWare( tools combine scripts with COTS ADI21020 tools to form an integrated environment, realizing a reduction in complexity and total lines of code required.
IV. Applications

Providing a generic signal processing solution for space applications is the goal of the RHVP.  The use of commercial standards ensures compatibility with commercial signal processing products on the market today.  A commercial equivalent RHVP is planned for the user to be able to develop code that is compatible with the RHVP on inexpensive commercial products.
Several applications are presented for the subject architecture.  A point solution for the RHVP is used to assess the relative performance gains over traditional GP-DSP solutions.  In particular, the RHVP point solution is based on the DSP24 (DSP Architectures) and the TSC21020  (Temic Semiconductor ADI21020 equivalent) for the GP-DSP.
A. Scatterometer / Radar

A typical processing flow for a remote sensing scatterometer satellite application is depicted in Figure 4. Employing on-board processing of radar echo returns the scatterometer determines wind velocity and direction over Earth's ice-free oceans.  For this application, we compare how the RHVP can reduce power, size and weight by a factor of 2X versus a GP DSP only solution. 
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 Figure 4: Scatterometer Signal Processing Flow with RHVP

The processing flow of Figure 4 currently requires four GP-DSPs operating at 25MHz. The RHVP solution, also operating at 25MHz, maps the scatterometer vector processing; digital de-chirp, FIR filtering, time domain decimation, and Complex FFT, to the VP.   The formatting of echo cells and noise power serial data (scalar operations) are allocated to the GP-DSP.  

The number of total processing cycles required for the VP is 85% less than for the GP DSP as shown in Table 3. Further analysis shows that if both the VP and the GP DSP (RHVP) are clocked at the same frequency, that the VP/GP DSP combination will replace the four GP DSP solution, while meeting the same timeline and throughput requirements. Additionally, this analysis has shown that the total number of digital components was reduced (two versus four DSPs), and that the total board area requirements were reduced by half, resulting in a total system power savings of 8 watts as shown in Table 4.  Total system power includes analog and other support components, which were assumed to remain unchanged for this analysis.  The RHVP solution results in a total system power reduction of less than 50%.

Table 3: Processing Reduction of 85% is achieved with RHVP
ITEM
VP
(clock cycles)
GP DSP

(clock cycles)

De-chirp
10,560
52,750

FIR Filter & Dec
18,500
116,250

ZeroPad
0
5,750

8K CFFT
25,000
217,505

Total
54,060
392,255

Table 4:  Size and weight is reduced by 50%

Item
RHVP Solution
GP DSP (only)

DSP’s Req’d
2 

(1 VP, 1 GP DSP)
4   

(4 GP DSPs)

Size/Weight 

(6U-VME)
1 Board
2 Boards


B. Image Compression

The RHVP is well suited for image data compression algorithms such as the JPEG algorithm shown in Figure 5.  The JPEG algorithm divides the image into 8 by 8 pixel blocks, and calculates the Discrete Cosine Transform (DCT) of each block. A quantizer rounds off the DCT coefficients. This step produces the "lossy" nature of JPEG, but allows for large compression ratios. The JPEG compression technique shown here uses a variable length coding scheme to compress the data stream to an output file obtaining a 20:1 compression ratio without visual loss. For this application, the RHVP is highly efficient for processing the input data stream directly by performing the DCT followed by the Quantizing (decimation) process. Compression ratios can be re-programmed on-orbit by up-linking and re-configuring portions of the algorithm.  It is expected that a 4X to 5X reduction in size, weight, and power can be realized for these process steps since they represent the majority of the raw computation. The GP-DSP then performs binary encoding and data formatting.




New image compression standards, such as JPEG2000, can be uplinked to the RHVP as algorithms emerge.  The JPEG2000 standard uses a wavelet transform in place of the DCT.  A wavelet transform is composed of a series of two-dimensional Finite Impulse Response (FIR) filters followed by decimation process.  The RHVP can quickly and efficiently implement this transform as part of a JPEG2000 image compression algorithm.  
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Figure 5: JPEG Image Compression using the RHVP

B. Hyperspectral Imaging
Hyperspectral sensors collect and record data in tens to hundreds of spectral bands as compared to a few bands for Multspectral. Hyperspectral sensors can image at up to onehundred 10-nanometer-wide contiguous spectral bands. The increased number of sensor bands provides higher spectral resolution and more opportunities to detect subtle spectral differences in signature that are too narrow to be differentiated in multispectral imagery. For a hyperspectral image, a continuous image spectrum is processed using a significant amount of vector processing operations.  Resulting science data is used to identify materials by their reflectance or emissivity. This allows identification of components within a scene (i.e., moisture, types of minerals, types of trees, crops and health, and scene composition). 
The RHVP provides a programmable data processing platform that allows relevant portions of the spectrum to be processed on-board and sent to the ground station. This results in data processing and storage capacity reduction for the hyperspectral instrument (HSI).  Since only the data required for a particular mission is collected, there is less data to transmit and less downlink bandwidth is utilized.  As shown in Figure 6, an HSI system may be performing several completely different missions within the same orbit pass.   The instrument may be looking for data on agricultural fields which requires the instrument to demix several specific spectral bands while only a few miles away a mining company may need several different bands to search for minerals.  The RHVP will allow the spectral bands of interest for a particular position to be programmed, on orbit, therefore eliminating the need to demix all bands simultaneously.  This solution allows for a smaller payload processing subsystem and therefore reduces the size, weight and power of the instrument. 

[image: image7.wmf]Path of Satellite

Agricultural

Marine Applications

Mineral Exploration

Archeological


Figure 6: Hyperspectral Applications

V. RHVP Implementation

A. Performance

1. Throughput

Data throughput is dependent upon the algorithm being implemented.  The maximum sustained throughput is limited by the I/O Module data transfer rate of 133 Mbytes/s.  Table 5 shows the continuous throughput rate for 16 bit I/Q complex FFTs running on a RHVP with a 50 MHz VP, such as the DSP24.
The RHVP will also have the capability of passing data from the input mezzanine to the output mezzanine without any throughput degradation.

Table 5 - RHVP Throughput

Complex FFT Size (16 bit I/Q)
Number of VP Passes
Sustained Throughput (Mbytes/second)

< 64
1
133

64 - 1k
2
100

2k - 32k
3
66.7

64k - 512k
4
50

Data Pass Through
1
133


2. Programmability

The RHVP is designed as a fully programmable digital signal processing module.  All algorithms will be stored using onboard EEPROM.  The capability is provided to reprogram the EEPROM on orbit.
3. Memory

Several memory types are implemented.  Total on board memory is summarized in Table 6.
Table 6: Total Memory

Memory Type
GP-DSP
VP

SRAM
2.7 MB
7.8 MB

(1.57 MB / port)

EEPROM
512 kB
N/A

EEPROM

Program and algorithm storage is provided by 128K by 32 of EEPROM.  The EEPROM stores both the  GP-DSP and VP algorithms.  Upon power up the DSP code is transferred into hardened SRAM for program execution. EEPROM reconfiguration is performed by a SBC  host controller via the cPCI bus or serial port.
General Purpose DSP SRAM

The GP-DSP has two banks of SRAM organized as 512k by 32 of data memory, and 128k by 48 of program memory.   SRAM chosen for the  GP-DSP program memory are radiation hardened having low susceptibility to Single Event Upsets (SEU).

Vector Processor Memory

Multiple memory banks provide data storage and will hold no program code.  
Fault Detection

Fault detection capabilities are incorporated into the  GP-DSP program memory bus. Parity errors are detected and the GP-DSP can take appropriate action to notify the host controller

B. Form Factor

Use of cPCI 6U x 160mm form factor allows interchangeability with other third party COTS venders.  (A preliminary layout is shown in Figure 7.)
C. Power
Power estimates for typical applications are shown in Table 7.  Extensive use of 3.3 volt logic and dynamic power saving modes within the VP allow for reduced total power consumption.  
Compared to other high performance computing boards, the RHVP is expected to be approximately half of the total power.  Table 7 compares the RHVP with other high performance single board solutions.

Table 7 - Estimated Power Consumption

Item
Idle
Typical
Maximum

32-bit wide RAM

RHVP
< 1.8 W
15 W
22.3 W

Mercury 
6U-VME QuadPPC740
NA
NA
~38 W

CSPI

6U-VME

QuadPPC603
NA
~45 W
~62 W

SKY Channel

Excalibur
NA
~30 W
~38 W

D. Environmental Requirements

1. Radiation 

· 100-300 Krad Total Dose Standard

· <100 Krad total Dose Available

· Processing Engines / System I/O

· SEU LET > 45 MeV/g **cm2

· Memory Devices

· Critical Storage: SEU LET > 45 MeV/g **cm2

· Data Storage: SEU LET > 15 MeV/g **cm2

· Latchup Immune

2. Shock and Vibration 


· Vibration:  

· 31.4 GRMS for 180 seconds per axis 

· Shock:

· 250 g’s @100 Hz

· 2300 g’s @ 750 & 2800

· 4200 g’s @ 4500 & 10000Hz

VI. Conclusions
An architectural approach combining vector processing and scalar processing has been presented as the Radiation Hardened Vector Processor (RHVP) for the space community.  It was shown that substantial performance gains are realized by combining a vector processor with a general purpose DSP.  Preliminary analyses for several applications were shown to provide a high performance implementation for space borne radar, scatterometer, compression, and hyperspectral imaging yielding up to 5 times the performance compared with multiple General Purpose DSP implementations.  

Advantages of the RHVP towards the Space community were identified in the ability to allow on-orbit re-programmability of the applications algorithms while maintaining a high performance platform supported by the COTS form factors, DSP components, and development tools. Combining a COTS based software development environment to efficiently implement user algorithms against the RHVP greatly simplifies the algorithm mapping process for complex DSP systems.
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Figure 7: Preliminary RHVP Layout on 6U-CompactPCI 
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Figure 1: Radiation Hardened Vector Processor Block Diagram


Table 12: Vector Processing Functions


Complex Arithmetic�
Vector Arithmetic�
Logical Arithmetic and General Purpose�
Transform DSP�
�
Add/Subtract


Multiply


Accumulate


Square of Magnitude�
Add/Subtract


Multiply


Accumulate�
NAND


NOR


XOR


NOP�
Fast Fourier Transform (FFT)


Discrete Cosine Transform (DCT)


Windowing


FIR�
�






// Vector Processor Code Example -   Complete 1024 Point Complex FFT


// Set up memory


// Process FFT


// Save results


// Flag host


// Write N FFT size = 1024 


	AG_A<N>=0x0400; AG_B<N>=0x0400; AG_C<N>=0x0400; AG_D<N>=0x0400;


// Write Coefficient Memory size =1024 


AG_C<MEMSIZE> = 0x0400; 


DSP<FuncCode> = BFLY32; DSP<DataFlow> = RDWB; 


DSP<DSFISL> = USERBFP; DSP<DSFI> = 1; DSP<BFPI> = 0; // scale by 1


AG_B<PROGMEM+0x00> = BF32C0; AG_B<LATENCY+0x00> = GETLATENCY(BFLY32); 


AG_C<PROGMEM+0x00> = TF32C0; AG_C<LATENCY+0x00> = READRAM+0x00; 


AG_D<PROGMEM+0x00> = RBF0; AG_D<LATENCY+0x00> = READRAM+0x00; 


StartPass; AfterPass; // 1st pass of FFT 


DSP<FuncCode> = BFLY32; DSP<DataFlow> = RBWD; DSP<DSFISL> = AUTOBFP;


// 2nd R32 Column (0) of  Radix-32 algorithm 


AG_B<PROGMEM+0x00> = BF32C5; AG_B<LATENCY+0x00> = READRAM+0x00; 


AG_C<PROGMEM+0x00> = TF32C5; AG_C<LATENCY+0x00> = READRAM+0x10; 


AG_D<PROGMEM+0x00> = BF32C5; AG_D<LATENCY+0x00> = GETLATENCY(BFLY32); 


StartPass; AfterPass; // 2nd pass FFT 


End


Figure x3:  Vector: Vector Code for 1K FFT
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� The RHVP is a Honeywell [1] product under development with several patents pending.
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