PR-9574 Final Report Executive Summary
0_  Introduction

The subcontract between enVia and Stanford for PR-9574 calls for the final report to be in overhead transparency format.  As a courtesy and an aide to the reader, this Executive Summary is included.  It addresses the fundamental problem and how FPGA’s are used to solve it.  This Executive Summary draws on a paper, “FPGA in the Software Radio” co-authored by Mark Cummings and Shinichiro Haruyama and published in the February 1999 issue of IEEE Communications Magazine.

1_ Problem  

As information tools move off the desktop and into peoples’ pockets, purses and briefcases, the rate of evolution of wireless communications is accelerating.  At the same time, business, politics, culture, education, etc. is becoming global.  For example, we are designing what some call third generation systems, while we are rolling out second generation systems and using widely deployed first generation systems [12].  In 1998 there will be 140 million cellular and PCS handsets sold.  A few years ago, we had cellular/PCS penetrations of the order of magnitude of 10%.  Now we are driving towards a global 50% penetration.  Against this background, some argue that it is possible to create a new single standard which will displace all the previous ones.  History tells us that each time this has happened, the new standard just became one more without displacing any of the others.  For more detailed information on this problem consult MMITS TR1.2 [10] available through the MMITS web site at WWW/mmits forum.org.

What is needed are wireless system components that can be reconfigured to support a range of standards.  Multimode Multiband handsets and mobile equipment is needed to allow end users to move between domains and footprints and maintain serviceability.  Reconfigurable infrastructure equipment (base stations, etc.) is needed to allow those responsible for managing the infrastructure (common carriers, service providers, governmental agencies, enterprises, and consumers) to upgrade infrastructure components without traveling to them and physically manipulating them.  Silicon providers and equipment manufacturers, need to be able to reduce the number of unique designs they must create and support.

2_ Other Technology Solutions and Their Problems

The old digital design paradigm for baseband and controller functions is based on single stream instruction set processors optimized for high speed arithmetic called DSP’s, hard coded logic called ASIC’s, and single stream instruction set processors optimized for message processing called microcontroller’s.  These architectures are referred to here as the past paradigm. Currently, the high speed signal processing requirements for multimode multiband are the most challenging.  There are four major categories of new paradigm potential technical solutions [11]. Each is summarized in Table 1 and discussed below.

Table 1. Comparison of Technology Solutions


Power Consumption
Size
Cost
field upgradable
Silicon Evolution
Tools

High Speed DSP's
very high
modest
moderate/high
high
easy
some

multiple ASICS
moderate
Large
High
none
Difficult
Available

Parameterized Hardware
moderate
moderate
moderate
some
moderate
some

Reconfigurable logic
low
low
moderate/low
high
easy
unavailable

High speed instruction set processors are increasing in speed, decreasing in feature size and improving low power operation.   As these new generations of  chips begin to appear and feature size continues to decline, there are proportionate increases in speed, power efficiency and heat dissipation.  But for handheld systems the high speed processing requirements are still daunting.  For example, if a particular algorithm requires 100 instructions to execute and the signal of interest is in the megahertz range, with memory access wait times, processor speed requirements, if performed entirely on a past paradigm DSP are in the giga Hertz range.  Giga Hertz range clock speeds are likely to require power consumption and heat dissipation beyond the reach of handsets for many years to come.
An approach that is an easy migration from the past paradigm and that has been widely employed is to use an architecture which relies on a DSP complemented by multiple ASIC’s, one for each service.  Although this approach seems simple and direct and appears to solve the performance and power consumption problems, it has serious inherent issues.  As more modes and bands are supported by a single handset, the number of ASIC’s required increases linearly.  This results in large silicon area, associated cost, and power consumption problems.  Also inherent in this approach is limited ability to add or modify air interfaces once devices are in the field.  It demands significant resources for development and support.  Each system represents a particular permutation and combination of modes and bands (standards).  The full set of permutations and combinations can be quite large.  For example, Nokia has stated publicly that it has 1,000 different products in its handset product line. Part of the problem comes from the fact that ASIC’s that have been developed for different services have been developed to complement different DSP implementations and so in most cases new or modified ASIC designs are needed to support multimode multiband systems (silicon evolution issues).

Parameterized hardware comes in several different forms.  It can be an ASIC designed for a certain subtask  i.e. FIR Filter with the ability to change the number of taps by supplying a parameter, or a processor with switchable microcode.  These approaches can lead to VLIW processors.  The companies that have tried to implement these approaches have found out that it takes an order of magnitude more effort to create the parameterized ASIC than they expected.  This has led to TTM problems.  There are also inherent problems with flexibility.  Implementations are typically keyed to specific combinations of standards and are not able to handle additional upgrades in the field.
The use of reconfigurable logic such as FPGA’s for production implementations is the greatest departure from the past paradigm.  In the past, FPGA’s, were used for fast ASIC prototyping.  ASIC designs were tested by being prototyped in FPGA’s and when close to meeting the requirements, transferred to tape and tested in small fab run ASIC’s.  This testing is done with iterative tape outs and fab runs as necessary.  By designing systems to use the full capability of dynamically reconfigurable FPGA’s it is possible to create systems where silicon area is no longer a function of the number of air interfaces supported, while providing high flexibility in the field.  Because the tape out and small fab run / test iteration time is taken out, TTM can be significantly reduced.  What emerges, then is the possibility of having a single or relatively small number of platforms which will support all the combinations and permutations of standards.  Because the tools are not designed specifically to support this design flow, these implementations require knowledgeable staff, which currently are in short supply.

3. What is an FPGA?      

An FPGA is an array of gates with programmable interconnect and logic functions that can be re-defined after manufacture.
 Field programmable devices can be grouped into following two categories:

· Programmable Logic Device (PLD)

· Field Programmable Gate array (FPGA)

PLDs usually implement sums of products of input signals. Even though PLDs implement any signals represented as sums of products, it is usually very inefficient to represent all the signals in sum of products form, thus wasting precious silicon area. On the other hand, FPGAs usually consist of an array of blocks, each of which contains logic blocks and interconnection resource to 

[image: image1.wmf]connect logic blocks. The example of a typical FPGA architecture is shown in Figure 1.
Figure 1 : Typical FPGA Architecture

The difference between PLDs and FPGAs is that the size of an FPGA logic block is usually much smaller than that of PLDs, such that FPGAs can have a better resource utilization. An FPGA logic block usually contains look-up tables (LUT) of n inputs, where n is usually between 3 and 6, and flip-flops to store data. Half of the logic block of Lucent Technologies’ ORCA3 is shown in Figure 2 as an example.  Inputs to the logic block are connected to either LUT input ports or flip-flop input ports. Outputs from LUTs are either connected to output ports of the logic block or connected to flip-flop input ports. Buy using multiplexers (MUX), various combinations of input signals can be chosen.
[image: image4.wmf]
Figure 2 : Example of FPGA Logic Block Structure (Half of Lucent Technologies’ ORCA3 Logic Block)

LUTs are usually realized by using a static RAM where address lines are input signals and data output lines are output signals. Thus, by correctly setting data contents at all the addresses of a static RAM, LUTs can implement any Boolean functions of n inputs by feeding address signals to get data output signals. Flip-flops in each logic block are used to store data such as state information of finite state machines. By interconnecting LUTs and flip-flops using programmable routing resources, not only arbitrary combinatorial functions but also arbitrary sequential functions can be realized. The routing resources can be usually grouped into two types : clock routing resources and signal routing resources. Clock routing resources are used to feed fast clock signals to clock ports of flip-flops with a small delay and a clock skew. Signal routing resources are used to route non-clock signals to inputs and outputs of logic blocks. The routing resource typically have a hierarchy of several wire types : short wires are used to connect adjacent logic blocks, medium length wires are used to connect logic blocks that are several blocks apart, and long wires are used to send signals all the way across a chip.

Circuit designers usually use hardware description languages such as VHDL[1] or Verilog[2]. Even though the architecture is fairly complex, they usually do not have to worry about internal structures of FPGAs. Instead, vendors’ tools perform automatic mapping, placement, and routing of users’ circuit onto FPGAs [3].  However, to achieve high performance and low power consumption “hand wiring” with knowledge of the underlying structures is often needed with today’s generation of FPGA tools.  Xilinx, Altera, and Lucent are major manufacturers of FPGAs. 

[image: image5.wmf]There is another category of a chip : DSP chip (digital signal processor chip).  DSP chips have been in the market for two decades, and they are important components of signal processing systems. Figure 3 shows the comparison between FPGA chips and DSP chips.
Figure 3 : Comparison of  FPGA chip and DSP chip
4. Reconfigurability of FPGA 


Configuration of FPGAs is typically performed when the system power is turned on. During the operation, the FPGA configuration is usually fixed, so that the FPGAs do a fixed operation until the system power is turned off. However, recent FPGAs allow dynamic reconfiguration, where a portion or the entire chip of an FPGA is reconfigured on the fly, while it is doing signal processing. For example, when an FPGA-based system works as a transmitter and receiver at different times, FPGAs can perform data compression function in a transmitter mode, and decompression function in a receiver mode. Atmel AT40K series and Xilinx XC6200 series are examples of such FPGAs that can do dynamic reconfiguration.

5. The FPGA Solution

FPGAs implement DSP functions such as Multiply and Accumulate (MAC) efficiently, e.g. for Finite Impulse Response (FIR) filters.  
There are several methods to implement MAC operation using FPGAs. One method is array multiplication, where rows of adders are placed in parallel and the decision to add partial products is determined by the corresponding bit of a multiplicand. By inserting flip-flops between rows of adders, a pipeline structure can be constructed, resulting in a fast throughput. A parameterized data path synthesis tool called SCUBA(Synthesis Compiler for User ProgrammabBle Arrays) has been created for Lucent Technologies’ ORCA FPGA [4].  One of the data path modules that can be synthesized by SCUBA is an array multiplier.  Figure 4 shows an   8 x 2 pipelined multiplier synthesized by SCUBA using ORCA2’s 4 x 1 multiplier mode.

[image: image6.wmf]
Figure 4 : Pipelined Multiplier using ORCA2 FPGA
The array multiplication method is suitable when fast multiplication is required. However, it needs a large number of FPGA logic blocks , often using up most of them just for  one multiplier.

The second method is a method called “distributed arithmetic” [5][6]. Distributed arithmetic differs from conventional arithmetic only in the order in which it performs operations. Following is an equation of Multiply and Accumulate (MAC) function.

P = a1b1 + a2b2 + … + ambm
In the conventional arithmetic, when  a sum of products P needs to be calculated, multiplication of two values have to be calculated followed by addition of these multiplied values. In the example of a FIR, ai is a tap coefficient and bj is a sampled input. Aibj can be represented as follows by breaking ai into each bit.

aibj = (ai0 bj)  + (ai1 bj )s(1) + … + (ain-1 bj)s(n-1)
where aik is the kth bit of ai, and s(k) means shift left operation for k bits. 
On the other hand, in distributed arithmetic, this equation is re-written as follows.

aibj = (ai0 bj)  + ((ai1 bj )s(1) + (((ai2 bj )s(1) +…+(…(((ain-1 bj)s(1))))…) s(1)
Thus, the addition of all the m bits are performed first, followed by multiplication operations (shift and add). Figure 5 shows an example of parallel distributed arithmetic when m = 2.

[image: image7.wmf]
Figure 5 : Distributed Arithmetic MAC
In the applications such as FIR, ai, a tap coefficient, is usually a fixed value, and bj, a sampled input, is a changing value. Since ai is a constant, the AND and ADD portion of the distributed arithmetic circuit can be replaced by a look-up table as shown in Figure 6.

[image: image2.wmf]
Figure 6 : Distributed Arithmetic MAC using Look-up Table

[image: image3.wmf]
The distributed arithmetic method uses these look-up tables for fast calculation, which makes LUT-based FPGAs very suitable. An FIR (Finite Impulse Response) filter can be implemented by serially shifting input data which are fed into the distributed arithmetic circuit as shown in Figure 7.

Figure 7 : Distributed Arithmetic FIR Filter using Look-up Table





Parallelism is a key to achieve high performance using FPGA-based systems, and it does not have to be done by distributed arithmetic only. Other appropriate architecture can be designed and implemented in FPGA’s to achieve very high performance. The examples of achieving high performance by applying parallelism using FPGA’s are an FPGA Viterbi decoder [7] and the use of FPGA’s in a digital beamforming antenna [8]. In the future, FPGA flexibility and high performance will find wider application in wireless communication functions such as modulation, demodulation, FFT [9] etc.

6. Tools Limitations      

Most of the existing FPGA system development tools have been created for fast ASIC prototyping.  They are designed to be very efficient in the way they use engineering time, not in the way they use FPGA resources.   When designing a new wireless system, spending a few thousand dollars on a handful of FPGA’s that are going to be used to save six to eight months of time for a large engineering team makes economic sense.  If the cost of the FPGA resources doubles, it has little effect on the overall development cost.  Power consumption costs are not even measured.

When planning to implement production systems with FPGA’s, the economic equation changes dramatically.  Now, days and months of time are spent by the engineering team to optimize the BOM (Bill Of Materials) and power consumption.  When this economic equation is applied to the design flow, the current tools are often found to be less than adequate.  To achieve the speed and power consumption advantages that are potential in FPGA’s, hand optimization or “Hand wiring” is necessary.

Some tools are beginning to appear that are based on hardware software co-design.  This is a step in the right direction, but doesn’t go far enough.  What are needed are tools which help develop algorithms which take full advantage of the potential of FPGA processing and which can map algorithms efficiently to FPGA’s.  This needs to include tools which help designers develop new algorithms which take advantage of the ability of logic to reconfigure itself while it is running.  Also needed is the ability to compare the cost and performance of executing a particular function on a DSP, microcontroller, ASIC or FPGA.

7. Intellectual Property Aspects      

Most of the work done on reconfigurable logic applied to SDR has been done in secret.  Because of the delay between patent filings and publications, some of this work is just beginning to come to light.  There are likely to be a variety of large, medium size and small companies which have overlapping blocking IP, IP in different areas that can be mutually blocking, etc.  As the industry gears up for the conversion from traditional wireless devices to SDR, the potential legal implications of these various IP positions may be daunting.  

One model for a way to speed the roll out of SDR technology was developed in GSM.  Some observers credit the rapid development of the global GSM industry segment to the creation of the GSM patent pool.  Similar techniques may be appropriate in the area of reconfigurable logic for SDR.

8.  Directions for Future Work 

Today’s FPGA chip architectures are heavily influenced by the fast ASIC prototyping application.  The pricing and production models are heavily influenced by the volumes inherent in the fast ASIC business model.  The industry needs to focus chip architectures, business, and production models on the these multimode multiband wireless communications applications  and their scale of volume.  For example, in 1998 it is projected that 140 million cellular/PCS handsets were sold.   

The need for appropriate tools has been discussed above.  Additionally, antenna’s, RF Front Ends, and Controllers which can take full advantage of the FPGA based reconfigurable high speed wireless processing engines are needed.
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