Chapter 5. Results

5.1. Area Results

The area used by each implementation of the design must be scaled to one feature size to be compared. Full custom and standard cell designs were both implemented with a 2.0� feature size, so this was used as a basis. The sea-of-gates designs were implemented with a 1.6� feature

F u l l C u s t o m ( m m

2

) S t a n d a r d C e l l ( m m

2

) S e a - o f - g a t e s ( m m

2

) F P G A ( m m

2

)

1 6 - b i t A d d e r 0 . 1 2 0 0 . 3 8 6 0 . 6 2 7 3 0 . 0

B a r r e l S h i f t e r 0 . 1 0 3 0 . 4 8 7 1 . 8 7 6 2 . 6

S t o p l i g h t 0 . 0 3 2 7 0 . 1 3 9 0 . 1 7 4 1 5 . 0

D N A C o m p a r a t o r 0 . 8 1 9 3 . 0 1 9 . 4 1 1 1 3

L i f e 0 . 8 8 4 2 . 1 7 5 . 0 7 1 1 3

4 - b i t M u l t i p l i e r 0 . 2 3 2 0 . 5 2 7 0 . 9 8 3 2 5 . 0

8 - b i t M u l t i p l i e r 0 . 8 4 7 2 . 1 6 7 . 6 6 1 0 0

P r e p 1 - 0 . 6 1 4 0 . 9 4 9 2 0 . 0

P r e p 2 - 0 . 9 0 6 2 . 1 8 3 1 . 3

P r e p 3 - 0 . 5 1 4 3 . 0 1 2 3 . 8

P r e p 4 - 1 . 2 2 5 . 8 7 8 2 . 6

P r e p 9 - 0 . 4 6 2 1 . 2 8 1 0 4

B u b b l e S o r t - 7 . 4 3 * 4 0 6

8 - b i t , 8 p o i n t I D C T - 4 3 . 4 * 1 1 2 0

R 4 0 0 0 - 1 5 . 9 *

�

P a l i n d r o m e D e t e c t - 4 1 . 5 * 9 4 8

D E S E n c r y p t i o n - 7 . 8 1 4 7 . 9 4 0 6

* T h e s e d e s i g n s w e r e t o o l a r g e f o r t h e s e a - o f - g a t e s r o u t e r t o h a n d l e i n a r e a s o n a b l e a m o u n t o f t i m e .

�

T h e R 4 0 0 0 d e s i g n w a s t o o l a r g e t o f i t i n t o a X i l i n x 4 0 2 5 F P G A , t h e l a r g e s t s u p p o r t e d b y o u r s o f t w a r e .

T a b l e

2. C i r c u i t s i z e s , s c a l e d t o a 2 . 0� f e a t u r e s i z e .

size, so each dimension was multiplied by 2/1.6 = 1.25 before making the area calculation. A Xilinx 4000 series FPGA with 49 CLBs using a 1.2� feature size requires an area of 4.6mm x 4.8mm [3]. The area per CLB is therefore approximately 450,612�2. To calculate the area of our circuits at 2.0�, this area was scaled by (2.0/1.2)2 = 2.778, and multiplied by the number of CLBs in a circuit’s implementation. The scaled implementation sizes for each technology are shown in table 2. The geometric mean of the ratios of an implementation’s size to its standard cell size is given in Figure 12. The geometric mean was used because its result is more meaningful when dealing with ratios.

0 . 1 0

1 . 0 0

1 0 . 0 0

1 0 0 . 0 0

F u l l C u s t o m S t a n d a r d C e l l S e a - o f - g a t e s F P G A

5 4 . 2 7

2 . 8 0

1 . 0 0

0 . 3 1

F i g u r e1 2

. G e o m e t r i c m e a n o f r a t i o s o f i m p l e m e n t a t i o n s i z e t o s t a n d a r d c e l l s i z e .

Another way to compare area considerations of the different technologies is by examining manufactures’ claims of maximum gate capacities of a die in each technology. The definition of a gate is not standard however, so these comparisons are only estimates. The Xilinx 4000 series of gate arrays, currently being fabricated at 0.6�, support a maximum of 130,000 gates on their largest models, down to a minimum size of 2000 gates on their smallest FPGAs. Gate array companies are announcing up to 600,000 gates using a feature size of 0.6�. Using the smallest feature sizes, there are up to two million gates available. Standard cells can be packed with densities of up to 700,000 gates at 0.6�, or over five million at 0.25�. With the same technology, theses figures show that standard cells designs have at most twice the number of gates as gate arrays, and five times the number of gates as FPGAs. However, is it essential to realize that there are limitations on which technologies are available with specific feature sizes. If an appropriate FPGA doesn’t exist with feature sizes less than 0.6�, the most dense standard cells contain almost forty times the number of gates as the most dense FPGAs.

5.2. Performance

Many factors which affect a circuit’s delay are independent of design. Besides wire widths and lengths, which are specified in a design, delay depends on the thickness of materials in the integrated circuit, resistivity, doping, temperature, oxide thickness, permitivity, and carrier mobility. Mobility itself depends on a number of process parameters. These factors can vary from foundry to foundry and among processes with different feature sizes.

The tools used to create each technology’s implementations in this study each targeted fabrication processes with different feature sizes. Xilinx tools assume a 0.6� feature size, the seaof-gates tool generated designs with a 1.6� feature size, and the standard cell implementations were created with a 2.0� feature size. The full custom designs were created using MOSIS scalable design rules, so any feature size could be achieved. To compare the delays involved in the different technologies, a means of comparing implementations in different feature sizes was necessary. This can be done with a basis for converting data in one feature size to another.

Since full custom designs in this study were created using MOSIS scalable design rules, designs created with Magic could be tested in fabrication technologies with different feature sizes. Each full custom design was analyzed at four different feature sizes, 2.0�, 1.6�, 1.2�, and 0.6�. The results from each circuit were used to determine how a change in size affects a circuit’s performance. The ratio of the delay at each feature size to the delay at 2.0� was determined, as well as the geometric mean of these ratios at each feature size. Dividing the delays from an implementation by the geometric mean for that implementation’s feature size gives an approximation of the implementation’s delay for a 2.0� feature size. This process scales results of the performance analyses to one feature size, which allows delay comparisons to be conducted independent of implementation feature size.

The full custom designs were therefore used to generate a basis for converting among feature sizes, by analyzing their delays at four different feature sizes. This is shown in Figure 13a. The designs in this study were optimized for size instead of delay, but this should not affect the ratio of the delays of different feature sizes. DNA comparator’s 0.6� implementation were too large for spice to handle.

The geometric mean of the ratios of a circuit’s delay to its delay at 2.0� is shown in Figure 13b. Theoretically, as the feature size grows, the delay should grow at least linearly. Figure 13b shows that this did not occur. The reason the curve dips between 1.2� and 1.6� is likely to be differences in the process parameters. Transistors created at different foundries, at different feature sizes, or even in different batches can have varying behaviors. Foundries test transistors created in their processes and produce parameters that can be used to model them. These

F e a t u r e S i z e ( u )

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

0 . 6 1 . 3 2 . 0

1 6 - b i t A d d e r

4 - b i t

M u l t i p l i e r

B a r r e l

S h i f t e r

S t o p l i g h t

D N A

C o m p a r i t o r

( a )

F e a t u r e S i z e ( u )

0

0 . 1

0 . 2

0 . 3

0 . 4

0 . 5

0 . 6

0 . 7

0 . 8

0 . 9

0 . 6 1 . 3 2 . 0

1

0 . 6 6

0 . 6 3

0 . 2 8

( b )

F i g u r e1 3

. ( a ) D e l a y o f f u l l c u s t o m i m p l e m e n t a t i o n s u s i n g f o u r d i f f e r e n t f e a t u r e s i z e s .

( b ) G e o m e t r i c m e a n o f r a t i o s o f t h e d e l a y a t f o u r f e a t u r e s i z e s t o t h e d e l a y a t 2 . 0� .

parameters therefore come from characteristics of transistors produced at different foundries and differ for different processes. The 2.0� transistor model parameters used in this study were generated from ORBIT’s process data. The 0.6� and 1.2� parameters were from Hewlett-

Packard’s process characteristics, and the 1.6� parameters were included with the sea-of-gates

CAD tool, Ocean. Differences in these parameters most likely account for the strangely shaped curve.

Because of the de facto restrictions on the size of circuits spice can handle in a reasonable amount of time, the simulator supplied with each technology’s CAD tool was used instead to analyze each implementation’s delays. Unfortunately, the simulators did not find the same delays for the same implementations. To compare two of the simulators, a standard cell implementation of a full adder was created. This implementation was viewed and copied into the full custom editor. Thus now there were two copies of the same implementation which could be simulated with different simulators. The standard cell simulator found the delay from input A to output S u m to be 1.995ns and the delay from A to output C o u t to be 1.620ns, while the full custom simulator found the delay from A to S u m to be 2.82ns and the delay from A to

C o u t to be 1.08ns. Thus for one output the full custom simulator found the delay to be longer,

while for the other the delay was found to be shorter.

Use of these different tools and different transistor parameters together led to erratic data.

The performance differences among some of the technologies were not expected to be greater than a factor of three, so these differences in the simulators were enough to make our data

2 8

unreliable. This made it impossible to compare the relative performance of implementations of this study’s circuits in different technologies.

A comparison of manufacturers’ claims about performance can give an idea of relative performance. Xilinx claims an internal performance of 150MHz for its FPGAs, while some foundries claim up to 650MHz for their gate arrays and standard cell designs.

5.3. Other Issues

The other significant issues when deciding on a technology are cost and time. FPGAs can cost between $10.50 and $1500 each, depending on the size, speed grade, and packaging. There is no minimum order, and no NRE payment is required. Once a design has been created, it can be loaded into the FPGA instantly (within milliseconds), so there is essentially no turnaround time.

Gate arrays require a large NRE cost to be paid, as well as a per chip cost. The NRE is generally between $16k and $35k, though some companies offset this price by adding to the per chip cost. Each chip will cost between 5 and 8 dollars. Once the design has been completed, it takes time to fabricate it. One company, claiming to have the fastest turn-around time, can return the complete gate array in three days. Generally this takes between two and four weeks.

Standard cell designs (and full custom) require an NRE payment of almost twice that of gate arrays, but the per chip cost is less. The NRE will generally be between $50k and $60k, and the per chip cost will be closer to $2.50. Standard cell turn around times can easily be up to sixteen weeks.

Figure 14 shows the relationship of these prices. The graph is logarithmic in the x-axis so that all of the data will be visible, but each series in the graph is a straight line. Figure 14 shows that for quantities larger than 153, it is cheaper to create gate array designs than FPGA designs. For FPGA quantities over 100, prices range from $10.50 to $310. This analysis was done

Q u a n t i t y

0

2 0 0 0 0

4 0 0 0 0

6 0 0 0 0

8 0 0 0 0

1 0 0 0 0 0

1 2 0 0 0 0

1 4 0 0 0 0

1 1 0 1 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0

1 5 0

9 4 0 0

4 0 0

F P G A

G a t e A r r a y

S t a n d a r d C e l l

F i g u r e1 4

. C o s t / Q u a n t i t y r e l a t i o n s h i p f o r d i f f e r e n t t e c h n o l o g i e s .

assuming an FPGA cost of $150 per chip, a gate array NRE of $22,000, and a gate array per chip cost of six dollars. As the design size increases, gate arrays will see a price advantage with less units since a design requiring a large (and therefore expensive) FPGA will fit in a more average size (and priced) gate array.

To combat the cost disadvantage at relatively low quantities, Xilinx has recently introduced their HardWire™ Array product line. This is basically a gate array that mimics the structure of the FPGAs. If larger quantities of an ASIC are needed, a designer can switch from an FPGA to a HardWire™ solution without altering the design. Xilinx guarantees functionality equivalent to that of the FPGA design. This solution costs more than the average gate array but it is cheaper than FPGAs for large quantities and saves a designer all the re-design and testing time that would be necessary to switch to a traditional gate array.

Figure 14 also shows the standard cell curve, assuming an NRE of $55,000 and a standard cell unit price of $2.50. Standard cells become advantageous in cost at close to 10,000 units. Again, for larger designs this number will be less, and for smaller designs more units are necessary for a price advantage.

3 0