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A Programmable Single Chip Digital Signal Processing Engine


Paul Chiang and Pius Ng

     Abstract—The demand on digital signal processing has been growing continuously driven by the increased data array size and sophisticated algorithms. The existing solutions using FPGA and/or ASIC have its advantages and drawbacks.  The newly developed FPOA technology provides a flexible and effective programmable solution to meet the challenge. This paper describes a flexible implementation of a complete digital signal processing on FPOA. An example space satellite application has been built and demonstrated on hardware.

Index Terms—Field Programmable Object Array (FPOA),Digital Signal Processing, Spatial filter, Temporal filter, Reconfigurable Architecture.

I. Introduction
D
igital signal processing has been widely used in the satellite, radar and other surveillance applications. The steadily growing size of input data array and the sophisticated processing algorithms have continuously added more demand on processing power. The current solutions to these high power computing applications include special function ASIC or programmable FPGA. The ASIC approach can deliver required computing power by default. However, it has a high cost and long development time with limited programmability besides parameters and configurations. Normally a redesign is required during a major upgrade or scale up of data set. The programmable FPGA offers the flexibility of modification and upgrades. But, individual FPGA can not deliver the required performance. Consequently, multiple FPGA chips or multiple boards are used to meet the computational demand. This paper describes a system solution with high performance programmable device based on the Field Programmable Object Array (FPOA) technology. This reconfigurable architecture provides programmability without the sacrifice of high performance.  Example designs for various parts of a digital signal processing engine are described in the following sections. The performance of a full digital signal processing space satellite application is provided to conclude this paper.

In the context of this paper a complete chain of digital signal processing starts from the raw digitized sensor data to the final information extraction and analysis. It usually includes the following steps.

· Data extraction: Receives sensor data, sorts and selects useful data, and perform preprocessing to prepare the data set for further processing.

· Spatial vs. temporal domain processing: The signal normally covers two dimentional and over a period of time. There are algorithms applicable to the 2D dataset such as average or low pass filter to smooth or clean up signals, or other 2D spatial filter to detect or enhance edge or any abnormal signals. At the same time, similar algorithms can be applied to the time domain data to identify information over time.

· Frequency vs. time domain processing: Time domain processing normally involves filters to bring out the characteristics of the signals. On the other hand, a set of signal processing algorithms is more effective in the frequency domain. That is, the time domain data is first transformed into frequency domain using transformation operator such as FFT. It then followed by a simple filter on FFT output before applying IFFT to convert it back to time domain.

· Feature extraction: After the spatial and/or temporal processing a set of criteria will be applied to extract pre-defined features.

· Characterization: Final conclusion or information gathering will be made based on the values of the collected feature set.

The implementation of this processing chain requires a fast I/O channel interfacing to the sensor, a computing engine that can deliver real-time performance of all the required algorithms, and a fast and flexible interconnection to distribute data from one algorithm to the other within the allocated time. This wide range of implementation requirements are normally  done with multiple chips. The Field Programmable Object Array (FPOA) device from MathStar Inc. offers a proper mixture of I/O, computing power and internal data connections.  The following sections describe the implementation of this signal processing engine on an FPOA.

II. FPOA Overview

Hydra is the first FPOA device that has been used as a programmable signal processing engine to demonstrate a space satellite signal processing application.  This device has four hundred Silicon Objects (SO) of three types: Arithmetic Logic Unit (ALU), Register File (RF), and Multiply-Accumulation (MAC), to deliver 400 GOPs with 1 GHz core clock. Data I/O capability includes a 16‑bit LVDS interface (one receive, one transmit) running up to 400 MHz in Double Data Rate (DDR) and four 44-bit GPIO ports running at 100 MHz. Internal RAM is provided in 12 sets of 768x76bit SRAM running up to 500 MHz. External memory can be accessed via two interfaces of 16Mx36b RLDRAM-II or DDRIIRAM running up to 250 MHz.

The 400 SOs are connected through two types of communication channels, near neighbor and party line. The near neighbor communication connects each SO to its eight neighbors as shown in Figure 1. Each neighboring SO will be able to read the result from the center SO in the next cycle.

[image: image1.wmf]
Figure 1: Near Neighbor Communication

Party line provides a route beyond the eight-object neighborhood as shown in Figure 2. With one extra cycle it allows data to be sent to object three hops away when the core clock is 1 GHz. The hop distance increases with slower core clock. Under programmer’s control the party line can turn or be divided into multiple simultaneous connections.  Please refer to [1] for detail description on FPOA technology.
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Figure 2: Neighbor vs. Party Line (PL) Communication
Each of the Silicon Objects can be programmed to do different things. Here is a list of examples.

· ALU – implements a state machine with control signals, provides arithmetic operations, serves as a data multiplexer

· RF – functions either as a FIFO, a random write with sequential read memory, or a random write and read memory

· MAC – functions either as a multiplier or a MAC

With a proper mixture of these SOs one can easily build a finite state machine and algorithm specific computing blocks. When coupled with the programmable dedicated connections, ie. near neighbor and party line,  the FPOA device is flexible and powerful to implement all the functions required in the signal processing engine.

III. System Partition

The top level system of a signal processing engine requires at least the following blocks

· I/O interface to sensor array

· Host interface for control, command and status

· External memory interface to support large amount of temporary data storage

· Various computing blocks for algorithm implementation

· Dedicated and Internal bus structures to support data movement between blocks and I/O interfaces

An example system partition of the 400 SOs from a Hydra device is shown in  Figure 3. 
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Figure 3  System Partition of FPOA Array

Each of the blocks includes a group of ALUs, RFs, and MACs and the user can program these SOs to achieve its intended operations. 

The data flow of this signal processing engine starts from the left side of Sensor Data Interface where two 44-bit (32-bit data and 12-bit control) GPIO ports are available to support up to 6.4 Gbps input data rate. These data will go through the Data Extraction and Preprocessor so that the relevant input data could be stored to the external memory for further processing.

The Frequency/Time Processor and the Spatial/Temporal Processor will fetch from the external memory and start their processing. Depending on the system requirements, these two blocks can run in parallel or in sequential and various algorithms can be implemented in these two blocks separately or combining these two blocks for one large function. One example of a large function, 1K-point FFT, and its implementation is reported in [2].  The processed data will then go through Feature Extraction and Characterization stage and the final results could be stored into external memory or sent right back to the host. 

The following sections provide detail design on some of these major blocks.

IV. Internal Bus

The Internal Bus is responsible for data distribution among all the blocks. This bus could be as simple as direct connections or as complicated as the on-chip microprocessor bus like AMBA [3].  In the signal processing engine since all the interactions with external devices have been kept to the periphery, this internal bus is mainly for data transfer with known sequencing it does not need all the extra multi-host or multi-layer controls. And with dedicated assignment of processing blocks, this bus does not even need address lines. As a result, a round-robin token ring structure was selected for the FPOA implementation.

The structure of Internal Bus is shown in Figure 4.  
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Figure 4  Internal Bus Architecture

This bus example shows the connections of a host interface, an XRAM memory controller, and two processing blocks. Other processing blocks could be added as needed. A single 16-bit  unidirectional party line is used as the main bus. And each write port to the bus includes an ALU object to serve as a MUX that arbitrates between data coming from the bus or from the connected processing block. A token or a round-robin control signal will provide a fair opportunity to all the connecting components. Depending on the needs, some of the blocks could use more time on the bus than others and that can be facilitated by the Token Controller through the control on the token. Even though it is not showing on  Figure 4. the Token Controller is also responsible in enabling the read port of each connecting blocks.

A system level address map will be used to assign addresses for memory mapped control and status registers. Accessing these registers and accessing the contents of the external memory require separate address phase and data phase. Since the bus is only a 16-bit party line the address and data must be time multiplexed according to a specified format called Bus Packet. With the intent to reduce the overhead and to utilize the burst mode from external memory, the Bus Packet is defined as a group of six 16-bit words. The first two words are dedicated for address since the external memory requires 24-bit address, and the following 4 words are used for data.

This bus structure is easy to implement and at the same time enables the user to fully leverage the bus bandwidth by programming the Token Controller. This bus structure is also scalable by adding more processing blocks or by removing unnecessary ones. 

V. Frequency/Time Domain Processing 

The typical time domain processing is to apply filters on the real-time data sample. Different filters have different effect and the selection of filter is entirely application dependent. On the other hand, the underlying computation of all filters is multiply and add, or MAC. The other important asepect of filter is its use of delayed sample. That is, the interconnections between delayed data samples and MAC characterize each filter.  With the programmable near neighbor connections and party lines, FPOA offers a flexible structure to support filter design at various performance level. 

For example, an 8-tap FIR is defined by the following equation

Yn = (k = 0 to 7 Xn-k * Ck

Where X is the input sample, C is the filter coefficient and Y is the output sample.  This equation can be described by the interconnections of delayed samples and MAC as shown in Figure 5.

Figure 5  Dataflow of an 8-tap FIR

In the FPOA the delay elements can be implemented using party line registers and the MUX function can be implemented in ALU. With efficient party line routing, the 8-tap FIR only needs 3 ALUs, one RF and one MAC as shown in Figure 6.
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Figure 6  8-Tap FIR Structure

  In frequency domain processing the first task is to convert the time domain samples to frequency domain through a transfer function such as FFT. Then followed by a similar time domain filter operation. And the main task will be a fast FFT engine. As reported in [2] the FPOA device can deliver 1K FFT in 1 usec when the core clock is running at 1 GHz.
VI. Spatial/Temporal Domain Processing

Another aspect of signal processing is to extract information from the spatial and temporal relationship of the data set. And there are many proposed algorithms [4,5] for these types of processing.

A. Spatial Processing
Spatial domain processing mainly involves applying a two dimensional filter to a two dimensional  data array. Different types of filter will bring out corresponding features from the array. This section describes an example implementation of a generic 5x5 spatial convolution filter.

Here is the pseudo code that describes the 2D filter W[0:4, 0:4] to a m x n 2D data array D[0:m-1, 0:n-1]  
for i = 2: i < m – 3; i++

for j = 2; j < n –3; j++


temp = 0;


for p = -2; p < 3; p++


for q = -2; q < 3; q++



temp = temp + D[i+p, j+q] * W[p+2, q+2] 


end_of_q


end_of_p


Y[i, j] = temp;

end_of_j

end_of_i 

According to this formula each output sample Y[i,j] will take 25 MAC operations. With a standard 2D data array of size 720x480 and 30 frames the spatial convolution filter requires 259 Mega MACs per second. 

The input data array is normally stored in the external memory after pre-processing. And they will be fetched during calculation. And each of the array data will be used multiple times for the convolution operation. In the 5x5 convolution case, the same data sample could be involved in up to 19x19 MAC calculations.  That is, with the standard size array and frame rate, the required data bandwidth will be 3.7 Giga samples per second. One way to reduce this large amount of bandwidth is to store the required 2D array on chip.  Then as the filter window moves, only one new row or column needs to be fetched.  This way the whole input data array only needs to be read once and the filter coefficients are small enough to be easily stored on the chip.

The external memory port on Hydra supports parallel reads of four 16-bit words per access and that also matches the Bus Packet data size mentioned earlier. The next issue is how to map the 2D data array to the 1D memory space to facilitate spatial data processing.  Figure 7 describes how to map a 2D array to the quad-word in external memory.  
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Figure 7  Memory Mapping of a 2 Dimensional Array

The FPOA Hydra has 64 single cycle MACs and can deliver 64 Giga MAC operations per second which is way above what is needed here. This particular example only needs one MAC. However, in order to reduce the repeated data access and to match up with the quad-word memory structure, the most efficient implementation is to use 4 MACs, one for each word of the quad-word.

The Hydra implementation  of 5x5 spatial convolution filter is described in the following procedure.

a. Fetch 5 columns and 4 rows from the 2D data array

b. Move the filter coefficients across this 4x5 array and perform calculation as shown in Figure 8 which will be explained later

c. Fetch the next 4 rows of data array from the same 5 columns and repeat step b until the end of the row

d. Loop back to start the next 5 columns

Given the input data array D and filter coefficient W, the calculation of output samples Y22, Y32, Y42, and Y52 are

Y22 = D00*W00+D01*W01+D02*W02+D03*W03+D04*W04



+ D10*W10+D11*W11+D12*W12+D13*W13+D14*W14



+ …..



+ D40*W40+D41*W41+D42*W42+D43*W43+D44*W44

Y32 = D10*W00+D11*W01+D12*W02+D13*W03+D14*W04



+ D20*W10+D21*W11+D22*W12+D23*W13+D24*W14



+ …..



+ D50*W40+D51*W41+D52*W42+D53*W43+D54*W44

Y42 = D20*W00+D21*W01+D22*W02+D23*W03+D24*W04



+ D30*W10+D31*W11+D32*W12+D33*W13+D34*W14



+ …..



+ D60*W40+D61*W41+D62*W42+D63*W43+D64*W44
Y52 = D30*W00+D31*W01+D32*W02+D33*W03+D34*W04



+ D40*W10+D41*W11+D42*W12+D43*W13+D44*W14



+ …..



+ D70*W40+D71*W41+D72*W42+D73*W43+D74*W44

After fetching the set of 20 samples D00 to D43 they were sent to the four multipliers in a sequence as shown in Figure 8. The adder tree is used to add up the four products.  Notice that the bottom four rows of inputs are part of the computation for Y22. The next three rows up are part of the products for Y32. And the next two rows are for Y42 while the last row is for Y52. That is, this set of calculation provides partial sum for Y22, Y32, Y42 and Y52.  These partial sums will be stored temporarily and as the computation continue with non-overlapping data array, these partial sums will be properly added to provide the final result. 
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Figure 8  Parallel Calculation of a 5x5 Convolution Filter

This basic computation structure plus its control and temporary storage has been implemented in Hydra with 17 ALUs, 7 RFs, 4 MACs and it takes 125 cycles to generate 20 results. The block diagram of this implementation is shown in Figure 9. 

The same design is applicable to any 3x3 filter. For larger size filter such as 7x7, the same hardware is applicable except modification to the control logic to handle a 7x4 block each iteration and it takes 343 cycles for 28 results.
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Figure 9  Block Diagram of 5x5 Spatial Filter
B. Temporal Processing
One of the important information from temporal data is the motion of an object over time.  In the MPEG2 video standard [6] a motion is detected based on comparison  between a threshold and the sum of absolute difference over a 16x16 macroblock. In the more advanced video standard such as H.264, the tree-structured motion compensation mode adopts motion detection based on 8x8 sub-macroblock.  This section describes how FPOA implements the sum of absolute difference (SAD)  over two 8x8 blocks.

Assuming two 8x8 blocks X[0:7, 0:7] and Y[0:7, 0:7] the calculation of their SAD is described by the following pseudo code.

sum = 0

for i = 0 to 7


for j = 0 to 7



temp = X[i,j] – Y[i,j]



sum = sum + abs(temp)


end_of_j

end_of_i 

Based on this pseudo code the SAD requires 64 operations each of subtraction, addition and absolute.  Since the current FPOA does not have absolute instruction, we have to find ways to get around absolute operation. Absolute operation is only needed when the difference is negative. If we can compare between the two operands and swap them before subtraction, then the difference is guaranteed positive and there is no need for absolute operation. 


Figure 10 depicts the structure to do just that. The two operands X and Y are sent to all three ALUs. The Compare ALU compares between X and Y and generates two signals X>Y and Y>X accordingly. The Sub Y & Add always performs X – Y while the other ALU always performs Y – X. However, both ALU will use a conditional instruction for its addition. That is, the accumulation of difference is always a positive number. It takes 3 cycles to complete the operation.
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Figure 10  Compare-Subtract-and-Add

The Hydra implementation of the modified approach using Compare-Subtract_Add building block is shown in Figure 11.  The SAD computation is divided into two stages. The first stage uses 8 C_S_A to sum up the difference of 8 columns. The second stage is the adder tree to add up all 16 positive values The total implementation including control and temporary storage will use 35 ALUs and 1 RF. And this implementation will deliver one SAD over two 8x8 blocks every 24 cycles.

As the block size grows to 16x16, the same concept could be used except doubling the SOs and the total number of cycles increases to 48.


[image: image10.wmf]…...

Adder Tree

X70

X60

X50

X40

X30

X20

X10

X00

X71

X61

X51

X41

X31

X21

X11

X01

X72

X62

X52

X42

X32

X22

X12

X02

X77

X67

X57

X47

X37

X27

X17

X07

Y70

Y60

Y50

Y40

Y30

Y20

Y10

Y00

Y70

Y60

Y50

Y40

Y30

Y20

Y10

Y00

Y70

Y60

Y50

Y40

Y30

Y20

Y10

Y00

Y70

Y60

Y50

Y40

Y30

Y20

Y10

Y00

C_S_A

C_S_A

C_S_A

C_S_A

SAD output


Figure 11  8x8 SAD Computation
VII. Conclusion

With its 400 silicon objects running at 1 GHz and connected through near neighbor and/or party line the FPOA provides a flexible and programmable engine to implement a digital signal processing system.  This paper described the overall resource allocation on the Hydra chip, and the design of major blocks such as internal bus, frequency/time domain processor, and spatial/temporal domain processor. Other blocks such as data extraction and pre-processor, and feature extraction and characterization are using computation such as averaging and threshold comparison and can be easily implemented on ALUs and RFs. A space satellite application has been demonstrated using this programmable engine. The demo system runs at 400 Mhz and can process about 10 Msamples per second. The overall utilization of FPOA is summarized as following,



SO utilization 




51%



Processing utilization

21%



IRAM utilization



25%



XRAM B/W utilization
49%
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