
CHAPTER' 6 Cluster-Based Logic 
Blocks 

In this chapter we investigate the speed and area-efficiency of FPGAs which use logic 
clusters as their logic block. A logic cluster is composed of several look-up tables 
and registers interconnected by local routing, as described in Section 3.1.1. In the 
next section we motivate our research by describing some of the advantages of clus­
ter-based logic blocks, and by showing that these logic blocks are commercially rele­
vant. Section 6.2 describes the experimental flow we use to evaluate different logic 
clusters. Sections 6.3 through 6.6 then explore several key architectural questions 
concerning these logic blocks: how many inputs(/) should the FPGA routing provide 
to each logic cluster; how should the logic block to general routing inteiface change 
as a function of logic cluster size (N); and how are circuit speed, FPGA area-effi­
ciency, and design compile time affected by the size of the logic cluster used? 

6.1 Motivation 

As described in Section 2.1.2, most SRAM-based FPGAs use logic blocks based on 
look-up tables (LUTs). A look-up table with more inputs can implement more logic, 
and hence one needs fewer logic blocks to implement a circuit. This saves routing 
area, as there are fewer connections to route between logic blocks. However, look-up 
table complexity grows exponentially with the number of inputs, so it is impractical to 
use a LUT with a large number of inputs as a logic block. 

Instead of creating a larger logic block by increasing the number of inputs to a LUT, 
we can simply group several LUTs together and provide local routing to interconnect 
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FIGURE 6.1 Implementation of a circuit in an FPGA with a cluster size of 2. 

them. We call the resulting logic block a logic cluster [8, 9, 10]; the exact structure of 
a logic cluster was described in Section 3.1.1. Figure 6. 1 shows a circuit imple­
mented in an FPGA in which each logic cluster contains two four-input look-up 
tables. Notice that many connections are made via the local interconnect within a 
cluster. 

One major advantage of an FPGA employing a logic block that contains several LUTs 
is that fewer logic blocks will be needed to implement a circuit than would be needed 
if each logic block was a single LUT. This reduces the size of the placement and rout­
ing problem considerably. Since placement and routing is usually the most time-con­
suming step in mapping a design to an FPGA, cluster-based logic blocks can 
significantly reduce design compile time. As FPGAs grow larger, it is important to 
keep this compile time from growing too large or one of the key advantages of 
FPGAs, rapid prototyping and design spins, will be lost [127]. 
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Cluster-based logic blocks also have the potential to significantly improve FPGA 
speed. In FPGAs composed of logic clusters, many connections will be made via the 
local routing within a cluster. Since this local routing can be made faster than the 
general-purpose routing between logic blocks, cluster-based logic blocks can improve 
FPGA speed. It is not obvious which logic cluster size leads to the highest speed 
FPGA, however. On the one hand, larger logic clusters lead to a higher fraction of 
connections being made via local interconnect. On the other hand, as the size of a 
logic cluster increases, the local cluster interconnect becomes slower, potentially 
resulting in a speed decrease even though more connections are captured within the 
logic clusters. 

The area impact of grouping multiple LUTs into a logic cluster is also complex. 
Grouping related LUTs together into a single logic block reduces the number of con­
nections to be routed between logic blocks, which saves routing area. Since the gen­
eral-purpose interconnect consumes most of the die area in SRAM-based FPGAs, this 
is a significant area savings. On the other hand, in the logic clusters we study the area 
required by the local routing within a cluster grows quadratically with cluster size. 
For sufficiently large clusters, then, the area used by this local interconnect will 
exceed the area saved in the general interconnect. 

We explore four questions concerning the design of cluster-based logic blocks. First, 
how many distinct inputs should the FPGA routing provide to a cluster of LUTs? 
Reducing the number of inputs to a logic block saves routing area, but if the number 
of inputs is too low many circuits will be unable to use all the LUTs in a logic cluster, 
wasting area. Secondly, how should the flexibility of the logic block / routing inter­
face (i.e. Fe [1]) change as the number of LUTs in a logic cluster changes? Third, 
how many LUTs should be included in a cluster to create FPGAs with the best combi­
nation of speed and area-efficiency? Finally, how is the time required to compile a 
circuit affected by the size of logic cluster used? Recent FPGAs from Xilinx, Altera, 
Lucent Technologies, Actel and Yantis have all grouped several LUTs together into a 
larger logic block, but there has been little published work investigating any of these 
questions. 

Recall from Section 3.1.1 that we can describe a logic cluster with four parameters: 
the number of logic inputs (/), the number of BLEs (LUTs and registers) in a cluster 
(N), the number of clock inputs (Mctk), and the number of inputs to each LUT (K) . In 
this chapter we fix the number of clocks per cluster at one for all our experiments, 
since the MCNC benchmark circuits we use to evaluate architectures all have only 
one clock. We set the number of inputs to each LUT, K, to 4, since previous research 
has shown LUTs of this size are the most area-efficient [25], and because this is the 
LUT size used in most commercial FPGAs. We will investigate logic clusters with 
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different values of/ and N, however, as answering the questions posed above involves 
finding the most appropriate values of/ and N. 

6.2 Experimental Methodology 

Our goal is to determine the cluster parameters that lead to the fastest and most area­
efficient FPGA architectures. There are no detailed analytic models of FPGA archi­
tectures and circuitry, so we must evaluate architectures experimentally. 

We implement a set of twenty benchmark circuits into each FPGA architecture of 
interest, and measure the circuit speed and area required for each architecture. We 
implement each circuit using an automatic CAD flow similar to that used by typical 
FPGA users: technology-mapping, placement and routing. The benchmark circuits 
used are the 20 largest MCNC circuits [136]; they range in size from 1064 to 8383 
BLEs. These circuit sizes are typical of the designs being implemented in current 
commercial FPGAs. 

6.2.1 CAD Flow 

Figure 6.2 illustrates the CAD flow used in these experiments. First, the SIS [142] 
synthesis package is used to perform technology-independent logic optimization of 
each circuit. Next, each circuit is technology-mapped into 4-LUTs and flip flops by 
FlowMap and the Flowpack post-processing algorithm is used to optimize the map­
ping [46]. Our timing-driven T-VPack program (described in Section 3.1.3) then 
maps this netlist of 4-LUTs and flip flops into logic clusters with the specified values 
of N and /. At this point, then, the circuit is described as a set of interconnected logic 
blocks of the exact type that exist in the FPGA we're targeting. Finally, we use VPR 
to place and completely (combined global and detailed) route the circuit. In this 
chapter all routing was performed by the VPR timing-driven router described in Sec­
tion 4.4. 

As Figure 6.2 shows, the circuit is repeatedly routed with different channel capacities 
until VPR finds the minimum number of wire segments per channel required to suc­
cessfully route the circuit, which we call W min· FPGA manufacturers normally build 
enough routing into their FPGAs that "average" circuits have some spare routing 
available. We model this by performing a final "low-stress" routing of each circuit 
with the number of tracks per channel set to l .2·Wmin- Our delay model then esti­
mates the circuit critical path, and our area model estimates the total transistor area 
needed to lay out the FPGA. At the end of this CAD flow, then, we have enough 
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FIGURE 6.2 Architecture evaluation flow. 

information to compare both the speed and the area-efficiency of one logic block 
architecture to another. 

Notice that in the above CAD flow we are allowing the channel width to vary accord­
ing to the needs of each circuit. By allowing the channel width to vary and searching 
for the minimum routable width, we can detect small improvements in FPGA archi­
tectures or CAD algorithms that might otherwise go unnoticed. If instead we mapped 
each circuit into an FPGA with a fixed channel width, we would only know whether 
each circuit successfully routed or not. It is more difficult to draw architectural con­
clusions from such a "binary" result. 
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6.2.2 Area Model 

Our area model is based on counting the number of minimum-width transistor areas 
required to implement each FPGA architecture. A minimum-width transistor area is 
simply the layout area occupied by the smallest transistor that can be contacted in a 
process, plus the minimum spacing to another transistor above it and to its right, as 
shown in Figure 6:3. Since the area of typical commercial FPGAs is dominated by 
transistor area, 1 the most accurate way to assess the area of an FPGA architecture, 
short of actually laying out each FPGA architecture studied, is to estimate the total 
transistor area required by its layout. By counting the number of minimum-width 
transistor areas required to implement an FPGA, rather than the number of square 
microns which these transistors would occupy, we obtain a process-independent esti­
mate of the FPGA area. 

Some transistors in FPGAs require a drive strength greater than that of a minimum­
width transistor. These transistors must either be made wider than minimum-width or 
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FIGURE 6.3 Definition of a minimum-width transistor area. 

1. We have discussed this issue with FPGA architects at both Xilinx and Altera, and they have 
confirmed that transistor area determines the die size of their current FPGAs. 
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FIGURE 6.4 Methods to create a structure with 2x the drive strength of a minimum­
width transistor. 

their drive strength must be increased via parallel diffusion regions, as Figure 6.4 
shows. The transistor active area increases in either case, but notice that if the parallel 
diffusions technique of Figure 6.4(a) is used, the transistor active area increases by 
less than a factor of two. As well, the spacing to the next transistor does not increase 
when a transistor's drive strength is increased, so the active area plus spacing area of a 
transistor with twice the minimum drive strength is less than two minimum-width 
transistor areas. We examined the layout rules from a TSMC 0.35 µm process and 
from an LSI Logic 0.4 µm process, and determined how much extra area was required 
to give transistors greater drive strength, either by making them wider or5, by parallel­
ing diffusio_ns. In both the LSI and TSMC processes, the number of min1mum-width 
transistor areas required by a transistor, trans, (averaged over the different layout 
options) is: 

. . . . . _ DriveStrength(trans) 
Mm1mum width transistor areas(trans) - 0.5 + 

2 
D . S h M. . .d h • (6.1) 

· rive trengt ( znimum Wi t ) 

A transistor with the minimum drive strength therefore takes 1 minimum-width tran­
sistor area, while a transistor with double the minimum drive strength requires 1.5 
minimum-width transistor areas. 

In order to apply (6.1) to determine an FPGA's area, we must determine the number 
and size of the transistors required to build every structure in the FPGA. Appendix 
B .1 provides schematics showing how we build the key structures in an FPGA, and 
Section 6.2.5 discusses transistor sizing issues. In general, we tried to build an FPGA 
with as few transistors as possible without unduly compromising speed. We created a 
program, TransCount, that determines the area of a cluster-based logic block (includ-
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ing the local cluster routing) with any values of N, I, K, and Mclk· This program is 
fairly sophisticated, and models such effects as buffer resizing as a function of the 
fanout of the connections within a logic block, and builds multi-stage buffers when 
high drive strengths are required. Of course the area of an FPGA includes not only 
the logic block area, but also routing area. VPR determines the routing area of each 
FPGA of interest, and by adding this area to the logic block area we obtain the total 
FPGA area. Recall that to evaluate the area of the FPGA needed to route a given cir­
cuit we build an FPGA with a channel width, W, of 1.2W min-

6.2.3 Delay Model 

Our delay values are all based on the delays in TSMC's 0.35 µm, 3.3 V CMOS pro­
cess. Some of the delays we use are listed in this section and in Appendix B.2, while 
some delays cannot be listed because the process information is proprietary and was 
obtained under a non-disclosure agreement. 

To determine the critical path of a circuit, we must: 

1. Determine the delay of every connection internal to a logic block, 

2. Determine the delay of every connection between logic blocks, and 

3. Perform a path-based timing analysis of the circuit using these delay values. 

We found the delay of the connections within logic blocks by performing SPICE sim­
ulations of every structure in a logic block. Figure 6.5 shows the major structures and 
speed paths in a logic cluster, while Appendix B.1 contains transistor-level schemat­
ics that show how we build the multiplexers, buffers, look-up tables, and latches con­
tained in a logic cluster. Since loading effects and input signal swing times can 
considerably change the delay of a circuit, we always simulated speed paths with their 
loads in place, and with the input to the path driven by the circuit which would drive it 
in a real FPGA. Notice that as the number of BLEs in a cluster increases, the number 
of inputs to the multiplexers forming the local cluster routing increases. As well, the 
fanouts (within the cluster) of the/ cluster input signals and N cluster output signals 
increase, so the buffers driving these signals must be made larger (which results in a 
longer, and slower, inverter chain). For both these reasons, the delays of some of the 
paths within a logic cluster increase as the cluster size increases, as Table 6.1 shows. 

After a routing is complete, we can perform step 2 above - determine the delay of 
every routed connection. The circuits we map contain thousands of nets, so SPICE 
simulation would be prohibitively time-consuming. Instead, we follow the procedure 
described in Section 2.2.4; we model pass transistors and buffers by equivalent cir­
cuits composed of resistors, capacitors, and idealized, constant delay elements. The 
values of the various equivalent resistances, capacitances and buffer intrinsic delays 
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TABLE 6.1 Important logic cluster delays in TSMC's 0.35 µm CMOS process. 

Cluster Size (N) A to B (ps) B to C and D to C (ps) C to D (ps) B to D (ps) 

1 (No local routing 760 55 (and no D to C 465 520 
#-

muxes) path) 

2 760 540 465 1005 

4 760 675 465 1140 

8 760 815 465 1280 

16 760 970 465 1435 

20 760 1000 465 1465 

were again determined via SPICE simulations of the TSMC 0.35 µm process. For 
details of the procedure and circuit assumptions, see Appendix B. After a routing is 
complete, VPR uses these simplified models of pass transistors and buffers, as well as 
metal capacitance and resistance data, (all of which is specified in the architecture 
description file) to build an equivalent RC-tree for each net. It then computes the 
Elmore delay from the source to each of the sinks, as described in Section 4.5. We 
have found this linearized circuit model to be quite accurate: in Section 7 .2.3 we 
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show that for a wide variety of different routing structures the delays computed by 
VPR are almost always within 9% of the delays computed by SPICE. 

Finally, VPR performs a path-based timing-analysis using these delay values to deter­
mine the circuit critical path. Section 2.2.5 described the algorithms used in path­
based timing analysis, and Section 4.5 described the VPR timing analyzer implemen­
tation. 

6.2.4 Architecture Evaluation Metric: Area-Delay Product 

One metric that we will use to evaluate the quality of different FPGA architectures is 
the area-delay product. This is a reasonable architecture metric for two reasons: 

1. Intuitively, we want to find the point at which we are sacrificing the least amount 
of area for the most improvement in speed. Given that we can always trade area 
for speed (see below), and speed for area, it makes sense to combine these two 
factors into one curve to see where the best trade-off occurs. 

2. The computational throughput of an FPGA (on a parallel algorithm) is simply the 
number of functional units multiplied by the clock speed. Another way of looking 
at this is, throughput= (I/area per functional unit)· (I/delay). Therefore by min­
imizing the area-delay product, we maximize throughput. 

There are two main factors which can affect the area-delay product of an FPGA: tran­
sistor sizing and the FPGA architecture. In general, the speed of an FPGA can be 
increased (to a point) by sizing up the buffers and transistors within the FPGA, but 
this increases area. Alternatively, the FPGA can be made smaller by sizing down the 
buffers and transistors, but this degrades the FPGA performance. 

Throughout this chapter, we will size the transistors in each FPGA architecture to 
minimize the FPGA's area-delay product. Only by resizing transistors appropriately 
for each architecture in this way can we fairly compute the speed and area-efficiency 
of FPGAs with different logic block architectures. 

6.2.5 FPGA Architectural Assumptions 

To evaluate the speed and area of an FPGA we must choose not only the logic block 
architecture, but also a routing architecture and transistor sizes. The following sec­
tions detail all of our architectural choices. 
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Basic Architecture 

We investigate island-style FPGAs in which each logic block is surrounded by routing 
channels on all four sides. The logic block input and output pins are evenly distrib­
uted around the logic block perimeter. Each circuit is mapped to the smallest square 
FPGA with enough logic blocks and pads to accommodate it. 

Routing Architecture 

We define the number of logic blocks which a routing segment spans as the logical 
length of that segment. In Chapter 7 we show that an architecture in which routing 
segments have a logical length of four, with 50% of the segments connected by tri­
state buffers and 50% connected by pass-transistors, provides good area-efficiency 
and speed for FPGAs containing logic clusters of size four. This routing architecture 
is shown in Figure 6.6. We implicitly assume that this routing architecture is good for 
architectures containing logic clusters of all sizes, and we use this routing architecture 
in all of our experiments. Ideally, one would find the best routing architecture for 
each FPGA employing a different cluster size, but this would require a huge amount 
of effort. By basing all of our experiments on this routing architecture, we may 
slightly favor architectures with size four clusters over other architectures. 
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Throughout this chapter we assume that metal all routing wires are laid out in metal 3, 
using the minimum width and spacing. See Appendix C.4 for a discussion of metal 
width and spacing issues in FPGAs. 

Effect of Cluster Size on the Physical Length of FPGA Routing Segments 

As we increase the cluster size, both the logic area per cluster and routing area per 
cluster grow. Figure 6.7 demonstrates how a tile (a logic block plus its associated 
routing) grows as cluster size is increased. This increased tile size results in routing 
segments with the same logical length having different physical lengths for logic clus­
ters of different sizes. 

We define the measured length of a routing segment as its physical length. The resis­
tance and capacitance of a routing segment grow linearly with the segment's physical 
length. We have experimentally determined the average rate at which the FPGA tiles 
grow with cluster size, and have used this information to appropriately scale the rout­
ing segment resistance and capacitance values for the various cluster sizes. The 
increase in the resistance and capacitance of routing segments as the size, or granular­
ity, of the FPGA logic block increases is an important effect that has often been 
neglected in prior FPGA architecture research. 

Sizing Routing Transistors to Compensate for Different Physical Segment Lengths 

To compensate for differences in the capacitance and resistance of routing segments 
in FPGAs using different sizes of logic clusters, we scale the routing pass transistors 
and buffers. All of our pass transistor and buffer scaling is in relation to a base archi-
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tecture that has been area-delay optimized for clusters of size four. The method used 
to size routing transistors for this base architecture is described in Appendix C. From 
this base architecture, we linearly scale routing buffers and pass transistors depending 
on the relation between the new segment lengths and the base segment length. For 
example, in an FPGA with size 16 clusters, the physical segment length is approxi­
mately 2x longer than in an architecture with size 4 clusters. To maintain roughly the 
same speed per routing segment, we increase the size of the routing switches connect­
ing to each wire by a factor of 2. In Section 6.5 we verify that this linear scaling of 
buffers and pass-transistors with physical segment length provides good results. 

In our architecture models, we account for variations in delay caused by resizing buff­
ers and pass-transistors. Also, changes in area due to the use of different sizes of rout­
ing pass-transistors and buffers are automatically calculated by VPR. 

6.3 Cluster Inputs Required vs. Cluster Size 

As discussed in Section 6.1, the first question we wish to answer is how many distinct 
inputs, /, should be provided to a cluster of size N. ~ince the number of transistors 
required to implement each of the multiplexers in the cluster local routing (see 
Figure 3.1 (b )) grows linearly with/ (for large /), we would like to make/ as small as 
possible. On the other hand, if/ is made too small, many of the BLEs in a logic clus­
ter may become essentially unusable, reducing logic utilization and wasting area. We 
find the minimum value of I that allows good cluster utilization by runnj.ng bench­
mark circuits through the first two steps shown in Figure 6.2, technology-mapping 
and cluster packing, and measuring the resulting logic utilization for different values 
of/. We define logic utilization to be the average number of BLEs per cluster that a 
circuit is able to use divided by the total number of BLEs per cluster, N. 

Figure 6.8 shows how the average logic utilization of our 20 benchmarks varies with/ 
for three different logic cluster sizes. The horizontal axis is the number of distinct 
inputs to the cluster relative to the total number of BLE inputs in a cluster, i.e. //( 4N). 
For very low values of/, the logic utilization is very low, as one would expect. It is 
interesting, however, that when / is only 50 to 60% of the total number of BLE inputs, 
the logic utilization is essentially 100%. Clearly it ·is possible to pack BLEs together 
so that they have many common inputs and can reuse locally generated outputs. The 
relative amount of input sharing and output reuse increases slightly with logic cluster 
size, causing the curves in Figure 6.8 to shift to the left as cluster size increases. 

The solid line in Figure 6.9 shows the value of/ required to achieve 98% logic utiliza­
tion as the cluster size, N, is varied, while the dashed line shows how the average 
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number of logic cluster inputs that are actually used varies with cluster size. 
Although there are 4N BLE inputs in a logic cluster of size N, the number of inputs 
required to achieve 98% logic utilization is approximately 2N + 2. Furthermore, the 
average number of logic cluster inputs that are actually used grows even more slowly. 
On average, a cluster of size 1 uses 3.57 of its inputs, while an cluster of size 20 uses 
only 25.2 of its inputs. In other words, while the logic per cluster has increased by a 
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factor of 20, the average number of connections that must be routed to each cluster 
has increased by a factor of only 7. 

Our results indicate that commercial FPGAs can be more aggressive in reducing the 
value of/. For example, the Altera Flex 8K FPGAs use logic clusters with N = 8 and 
I= 24, while our results indicate that I= 18 suffices for a cluster of this size. Simi­
larly, the Xilinx 5200 FPGA uses a logic block very similar to a logic cluster with N = 
4, and makes all 16 LUT inputs accessible, while our results suggest 10 to 11 inputs 
are sufficient. Reducing I in this manner simplifies the local routing multiplexers 
within a logic cluster and reduces the number of logic block pins that must be con­
nected to the FPGA routing, resulting in considerable area savings. 

6.4 Flexibility of Logic Block to Routing Interconnect vs. 
Cluster Size 

Before we can apply the experimental flow of Section 6.2 to see how area-efficiency 
varies with cluster size, we must choose Fe, the number of routing tracks to which 
each logic block pin can connect. On the one hand, using a smaller value of Fe 
reduces the number of programmable switches in the FPGA routing, which improves 
area-efficiency. On the other hand, smaller values of Fe make an FPGA less mutable 
so that larger channel capacities, W, will be required to successfully route circuits. 
This reduces area-efficiency by increasing the routing area. The goal is to choose a 
value of Fe that balances these two competing objectives and achieves good, area-effi­
ciency. 

For a cluster of size 1, our experiments and those of Rose and Brown [30] have shown 
that a good value of Fe is W; i.e. each logic block pin can be connected to any routing 
track in an adjacent channel. For larger clusters, however, setting Fe to W provides far 
more routing flexibility than is required, wasting area. 

Recall from Section 3 .1.1 that the logic clusters we investigate are fully-connected. In 
other words, a BLE input can be connected to any cluster input or to the output of any 
of the BLEs within the cluster via the local routing. In a fully-connected logic cluster 
all the cluster inputs and all the cluster outputs are logically-equivalent. That is, all of 
the inputs are functionally identical, and all of the outputs are functionally identical. 
This means that a net which is an input to a cluster can be connected to any of the I 
cluster inputs, and a net which is driven by a cluster output can be connected to any of 
the N cluster outputs. Changing the connections made by the multiplexer-based local 
routing can compensate for any pin swapping performed on the cluster input pins by 
the router. Changing which BLE within the cluster generates each of the functions 
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required by the netlist can compensate for any pin swapping performed by the router 
on the cluster output pins. Therefore the router has a great deal of flexibility in how it 
routes inter-cluster nets. 

The logical equivalence of cluster inputs and of cluster outputs means that keeping Fe 
fixed at W, regardless of the cluster size, N, results in an excessive number of ways to 
connect to large logic clusters. For example, a cluster of size one has 4 inputs and one 
output. If Fe= W, then, there are 4W ways to connect to a cluster input and W ways 
to connect to the cluster output. A cluster of size 20, on the other hand, has 36 inputs 
and 20 outputs, so there are 36W ways to connect to a cluster input and 20W ways to 
connect to a cluster output if Fe= W. This excessive routing flexibility for a cluster of 
size 20 wastes a large amount of routing area, since we have added many more pro­
grammable switches to the routing than is necessary. 

We have experimentally found that a more appropriate level of routing flexibility 
results when the Fe value for logic block output pins, Fe.output is set to WIN, and all 
the experiments in the next section use this value. This choice of Fe,output means that 
each of the W routing tracks can be driven by one output pin on each logic block, 
ensuring that all the routing tracks in a channel can be readily used to interconnect 
blocks. Since connections to logic block input pins require less area than connections 
to logic block output pins (as described in Appendix B.l), it is best to decrease Fe,input 
more slowly than Fc,output as the cluster size increases. We reduce Fe,input from W to 
0.2W as the cluster size increases from 1 BLE to 20 BLEs. 

6.5 Speed and Area-Efficiency vs. Cluster Size 

We are now in a position to examine which cluster size leads to FPGAs with the best 
speed and area-efficiency. Throughout this section, the number of inputs, /, to a clus­
ter of size N is chosen to be the minimum value that allows T-VPack to achieve 98% 
logic utilization. This value of/ allows our logic clusters to be essentially fully uti­
lized, while minimizing the complexity of the cluster input multiplexers and the num­
ber of logic block pins to be connected to the main FPGA routing. We ran 20 
benchmark circuits through the experimental flow described in Section 6.2, and deter­
mined the area-efficiency and speed of each in FPGA architectures employing differ­
ent logic cluster sizes. We present only the average results across all 20 circuits in the 
benchmark suite; the results for individual circuits track the average quite closely. 

In Figures 6.10 and 6.11, we show the geometric average over the benchmark circuits 
of the total FPGA area required and the critical path delay, respectively. Note that we 
are showing three different routing transistor sizings in each of these graphs to ensure 
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that we do not unfairly penalize any architecture with an inappropriate transistor siz­
ing. The solid curves show the area and delay when we use the "normal" transistor 
sizing described in Section 6.2.5, while the dashed curves show the results when we 
use transistors that are one-half or double the size of those in the "normal" case. 

80 ~ 

4 --- Regular Transistor Size 
I 

70 I - A - Half Transistor Size 
I 

- + - Double Transistor Size A. 
60 ' ~ 

'6- -A. 

Critical Path 50 ~ 
'6--A. 

'?'I- -A- -A. -A. -A. -k. 
Delay (ns) ' '?'I- 'A- -t,.. -A- -A- -A- -t. 

40 'I-. 
(20 Circuit 

Geometric Average) 30 
'1----i-++++++++++-+ --t 

20 

10 

0 
1 2 4 6 8 10 12 14 

Cluster Size (N) 

FIGURE 6.11 Critical path delay vs. cluster size. 

16 18 20 



144 CHAPTER 6 Cluster-Based Logic Blocks 

Notice that we can indeed trade speed for area by resizing routing transistors - the 
half transistor size results have the smallest area, but the highest delay, while the dou­
ble transistor size results have the smallest delay, but the highest area. 

In Figure 6.10, all three curves show the same basic trend. Area initially increases as 
one moves from a cluster of size 1 to a cluster of size 2. This area increase occurs 
because a logic cluster of size 1 contains no local routing (it is a single BLE), while a 
cluster of size 2 does. The addition of this local routing to the FPGA requires a con­
siderable amount of area, and at a cluster of size 2 it has not yet reduced the number 
of connections to route between clusters enough to compensate. Further increases in 
cluster size, to N = 3 and 4, improve area-efficiency because the local routing is able 
to more significantly reduce the amount of routing required between logic blocks. As 
the cluster size rises past N = 8 to 10, area-efficiency gradually degrades. The com­
plexity of the local routing in a logic cluster grows quadratically with cluster size, and 
for sufficiently large clusters this swamps the area improvements gained by reducing 
the routing required between logic blocks. 

Figure 6.11 shows that circuit speed increases significantly as we increase the cluster 
size. As one increases the cluster size from size 1 to 7, the circuit speed rapidly 
increases - with the "normal" transistor sizing, a size 7 logic cluster leads to circuits 
which are 51 % faster than those implemented with a size 1 cluster. Increases in clus­
ter size past N = 7 produce smaller incremental speed gains. For example, with the 
"normal" transistor sizing, a cluster of size 20 is 7% faster than a cluster of size 7. 

In Figure 6.12, we show how the geometric average of the area-delay product 
achieved by the benchmark circuits varies with cluster size, again for three different 
transistor sizings. Notice that the "normal" transistor sizing provides the best area­
delay product for all the architectures except a cluster size of 1, indicating that lin­
early scaling routing transistor size with the length of a layout tile is a good method to 
size transistors. For a cluster of size 1, however, the normal transistor sizing is 
smaller than optimal, and the double transistor size FPGA has a 7.5% lower area­
delay product than the normal transistor size FPGA. There is a broad minimum in the 
area-delay product for cluster sizes from 4 to 10. A cluster of size 7 has the lowest 
area-delay product, but any cluster size between 4 and 10 is within 12% of the mini­
mum, and hence would be a reasonable choice. Notice that moderate-size logic clus­
ters significantly improve the area-delay product of an FPGA vs. using a single BLE 
logic block. Comparing a size 7 logic cluster (with the normal transistor sizing) to a 
size 1 logic cluster (with double-sized transistors - the best for this cluster size), one 
sees that the size 7 logic cluster has an area-delay product that is 33% lower than that 
of a size 1 cluster. An FPGA using a size 7 logic cluster is simultaneously 21 % faster 
(a 17% delay reduction), and requires 19% less area than an FPGA using a size 1 
logic cluster. 
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6.5.1 Discussion of Delay vs. Cluster Size Results 

In Figure 6.13 we show the relationship between the number of intra-cluster (fast) and 
inter-cluster (slower) connections on the critical path as a function of cluster size. As 
cluster size is increased, the number of intra-cluster connections on the critical path 
increases, and the number of inter-cluster connections decreases. This provides a cir­
cuit speedup since intra-cluster connections are faster than inter-cluster connections.1 

Interestingly, the number of inter-cluster nets on the critical path does not decrease as 
much with cluster size as the inter-cluster delay decreases with cluster size (see 
Figure 6.14) . From size 2 to size 20 we have a reduction in the number of inter-clus­
ter nets on the critical path of 13% (Figure 6.13); compare this to the inter-cluster 
component of the critical path delay, which has been reduced by 39% over the same 
range (Figure 6.14 ). This means the circuit speedup visible in Figure 6.14 for larger 
cluster sizes is not only caused by a reduction in the number of inter-cluster connec­
tions on the critical path, but also by inter-cluster connections on the critical path 
becoming faster. 

1. As cluster size is increased, intra-cluster multiplexer, buffer and wiring delays increase. If 
we were to increase the size of cluster to very large values, this effect would eventually 
result in intra-cluster delays becoming large enough that any gains obtained by making con­
nections local to the cluster would be lost. 
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The improvement in inter-cluster delay with increased cluster size is caused primarily 
by a reduction in the "logical" manhattan distance spanned by connections in the 
FPGA, as shown in Figure 6.15. By sizing the routing pass transistors and buffers1 to 
compensate for the increased physical length of routing wire segments associated 
with larger clusters, the delay of each routing segment has remained roughly constant. 
Since the total number of routing segments on the critical path has decreased due to 
the reduction of the "logical" manhattan distance, the result is a greater improvement 
in circuit delay than the reduction in the number of inter-cluster nets on the critical 
path would indicate. 

6.6 Effect of Cluster Size on Compile Time 

As the logic capacity of FPGAs increases and FPGAs capture larger and larger 
designs, compile times are increasing and threatening a key FPGA advantage: fast 
design spins. Consequently, FPGA architectures that lead to reduced circuit compile 
times are clearly desirable. 

Figure 6.16 shows how the average CPU time (on a 300 MHz UltraSparc worksta­
tion) required to implement circuits varies with cluster size. The solid line in 
Figure 6.16 shows the total (packing, placement plus routing) compile time, while the 
two dashed lines show the placement and routing components of this compile time. 
The logic block packing time required is not significant - on average, T-VPack 
requires only about 1 second to pack a benchmark circuit. 

1. Changes in delay and area due to different size routing buffers and pass transistors are 
accounted for in VPR's timing and area models. 
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FIGURE 6.16 Variation of circuit compile time with logic cluster size. 

Clearly, as larger logic clusters are employed in an FPGA the time to compile circuits 
is dramatically reduced. Building an FPGA with a size 20 logic cluster reduces the 
total CPU time required for placement and routing by 7x vs. a size 1 logic cluster. As 
the number of BLEs per logic block increases, a circuit can be implemented with 
fewer logic blocks. Since the size of a placement problem is proportional to the num­
ber of logic blocks required to implement a circuit, this dramatically reduces place­
ment time. In Figure 6.16, for example, one can see that the placement time is 
reduced by a factor of 8.8x as the cluster size increases from 1 to 20. Larger logic 
clusters also reduce the routing time. Since more connections are made via the local 
cluster routing in larger clusters, there are fewer inter-cluster connections to route. 
For example, using a size 20 logic cluster reduces routing time by 2.7x vs. using a 
size 1 cluster. 

6.7 Summary 

There are four main conclusions to be drawn from this work. First, the number of dis­
tinct inputs required by a logic cluster grows fairly slowly with cluster size, N. A 
cluster of size N requires approximately 2N + 2 distinct inputs (for N ~ 20). Second, 
because all the input and output pins of a cluster are logically equivalent, one can sig­
nificantly reduce the number of routing tracks to which each logic cluster pin can con­
nect, Fe, as one increases the cluster size. We have found that a good value for 
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Fc,output is WIN; it is best if the Fc,input value is somewhat higher. Third, logic clusters 
containing between 4 and 10 BLEs all achieve good performance (as measured by 
their area-delay product) so any cluster in this range is a reasonable choice. Logic 
clusters in this size range achieve significant area and speed improvements relative to 
a single BLE logic block. For example, an FPGA employing a size 7 logic cluster 
requires 19% less area, achieves 21 % higher speed, and has an area-delay product 
33% lower than an FPGA using a single BLE logic block. Finally, large logic clusters 
significantly reduce design compile time. Size 7 and 20 logic clusters reduce place­
ment and routing time by 4.6x and 7x compared to a single BLE logic block, respec­
tively. 





CHAPTER 7 Detailed Routing 
Architecture 

In this chapter we explore a series of detailed routing architectures to find which ones 
lead to the best FPGA area and speed [ 14]. The detailed routing architecture of an 
FPGA specifies the length of every wire in the FPGA, the type of switch used to make 
every connection, the switch block topology, the metal width and spacing of each 
routing wire, and several other related parameters. In the next section we more pre­
cisely define all the parameters determining an FPGA's detailed routing architecture, 
and explain why detailed routing architecture issues are so crucial in FPGA design. 
Section 7.2 then describes the experimental flow we use to evaluate different routing 

h
. ~ 

arc 1tectures. · 

In Sections 7.3 through 7.7 we employ this flow to explore several key detailed rout­
ing architecture issues. We begin in Section 7.3 by investigating the best switch block 
topology and best Fe values for FPGA architectures that include wires that span more 
than one logic block. We also determine the best routing wire length when all wires 
in the FPGA have the same length in Section 7.3. In Section 7.4 we investigate 
FPGAs that contain two different lengths of routing wires, and a mix of pass-transis­
tor and tri-state buffer routing switches. In Section 7.5 we evaluate the utility of inter­
nally depopulating wire segments, and determine the best amount of depopulation. 
Section 7 .6 examines the speed gains attainable by increasing the spacing between 
some or all of the routing wires. Finally, Section 7.7 provides an overview of all the 
architectures examined in this chapter, comparing the speed and area achieved by the 
best architectures against a routing architecture similar to that of the Xilinx XC4000X 
series FPGAs. 
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7.1 Motivation 

Most circuit delay in FPGAs is due to routing delays, rather than logic block delays, 
and most of an FPGA's area is devoted to routing [l]. In many ways, then, detailed 
routing architecture is the key architectural issue in FPGAs. When we refer to the 
detailed routing architecture of an FPGA we are referring to the values of a very wide 
range of parameters, including: 

• The number of wires, Fe, to which each logic block input pin or output pin can 
connect, 

• The switch block topology (which defines which wires can connect at a switch 
block), 

• The segmentation distribution; that is, the different lengths of wire segments in the 
FPGA, and the fraction of tracks in a channel that are composed of wires of each 
length, 

• The switch-block internal population and connection-block internal population of 
each wire segment, 

• The type of switch (pass transistor or tri-state buffer) used to connect each routing 
wire to other wires, 

• the sizes of the transistors used to build the various programmable switches, and 

• the metal width and spacing of the various routing wires. 

Recall that definitions of all the parameters listed above were provided in Section 
2.1.3, and Section 4.2.1 provided a new and more general definition of internal switch 
population. The first four parameters above are topological parameters that define the 
connectivity of the FPGA routing architecture; the last two parameters are purely 
electrical, and the type of switch used to make each connection is both a topological 
and an electrical parameter. 

Every parameter listed above is important, and the choice of each involves balancing 
complex trade-offs and interactions with other parameters. For example, if one 
chooses a segmentation distribution with too many short wires, long connections will 
have to be constructed using several short wires connected in series, resulting in poor 
speed. If the segmentation distribution includes too many long wires, however, some 
short connections will be forced to use long wires, degrading speed and wasting area. 
Similarly, an architecture with too many or too few tri-state buffer routing switches 
will clearly be suboptimal. Pass transistors require less area, and they are faster than 
buffers for short connections, but connections that pass through many switches are 
better served by tri-state buffers. As well, the best mix of routing switches is depen­
dent on the segmentation distribution. A segmentation distribution with many long 
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wires will rarely have to connect many switches in series to make a connection. Con­
sequently, an FPGA with many long wires can use a higher fraction of pass transistor­
based switches in its routing than an architecture with a shorter segmentation distribu­
tion. 

Previous research into detailed routing architecture (as described in Section 2.1.3) has 
generally focused on only one or two of the parameters listed above, and neglected 
the others. In this work we have tried to take a more holistic approach, investigating 
appropriate values for all of these parameters, and determining important parameter 
interactions. In addition, some important parameters have never been investigated 
before. For example, all prior studies have assumed that every routing switch is a 
pass transistor - the possibility of some routing switches being tri-state buffers has 
not been considered. Similarly, no prior work has considered varying the metal width 
and spacing of the routing wires. The internal population issue has been investigated 
only in a very limited way [21] - the only question addressed to date has been 
whether or not to completely depopulate length 3 wires. Similarly, while consider­
able work has been conducted on finding the best switch block topologies for FPGAs 
that contain only length 1 wires, there has been no research into the best switch blocks 
for use with FPGAs that contain longer wires. 

In addition to examining a broader spectrum of FPGA architectures than prior 
researchers, we have also taken considerable care to create accurate area and delay 
models. Simplified and abstracted models can lead to questionable conclusions, par­
ticularly when we can compare such a vast array of widely different FPGAs. Conse­
quently, we have used the "true" delay metric - critical path delay - and a highly 
detailed area model based on estimating the total transistor area required by a routing 
architecture. 

Finally, in this study we spent considerable effort to ensure our CAD tools properly 
optimized for every routing architecture in the entire spectrum investigated. Hence 
we created a router that was both mutability- and truly timing-driven (as described in 
Section 4.4) and understood issues such as segment lengths, buffer insertion, and 
metal capacitance and resistance. It is the flexibility of the VPR timing-driven router, 
as well as the flexibility of our area and delay models, that have enabled us to investi­
gate such a broad spectrum of architectures. 

7.2 Experimental Methodology 

We explore different architectures by implementing the twenty largest MCNC bench­
mark circuits (which range in size from 1064 to 8383 BLEs) into each FPGA archi-
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tecture of interest. We implement each circuit with an automatic CAD flow similar to 
that used by FPGA users: technology-independent logic optimization, technology­
mapping, placement and routing. We then compare the circuit delay achieved and the 
area required by each architecture. 

In the next section we describe the portions of the FPGA architecture, such as the 
logic block used, that are held constant throughout all the experiments of this chapter. 
The subsequent sections detail the CAD flow used to implement circuits in each 
FPGA, the area and delay models used to evaluate the result quality achieved by the 
various architectures, and the "experimental philosophy" that governed how we 
explored the huge detailed routing architecture design space. 

7.2.1 FPGA Architectural Assumptions 

In this chapter we are investigating different detailed routing architectures, so we hold 
the other architectural parameters, such as the logic block used, constant throughout 
the experiments. All the FPGAs we investigate are island-style FPGAs (described in 
Section 2.1.3), and each channel contains the same number of tracks and has the same 
segmentation distribution. 

The logic block of all the FPGAs studied in this chapter is a logic cluster of four 
BLEs, with ten inputs and one clock. Using the notation of Section 3 .1.1, then, the 
logic block is a cluster with N = 4, I= l 0, K = 4 and Mc1k = l . This logic block is sim­
ilar in size to the logic blocks employed in recent commercial island-style FPGAs 
[145, 13]. As well, in Section 6.5 we showed that this logic block has good speed and 
area-efficiency. The input and output pins are evenly distributed around the perimeter 
of the logic block, since the results of Section 5.3.1 showed this pin positioning is 
best. 

The number of 1/0 pads that fit into the height or width of a logic block is set to four, 
in line with the relative sizes of pads and 4-LUTs of current FPGAs [4, 5, 7]. With 
this assumption three of the twenty benchmark circuits we use (bigkey, des and dsip) 
are pad-limited. We always map each circuit to the smallest square logic block array 
that has enough logic blocks and pads to accommodate it. Since commercial FPGAs 
normally distribute the circuit clock through a special, dedicated routing resource, we 
do not route the clock net in sequential circuits. 

Finally, just as in Section 6.2.5, the size of the transistors used in the routing switches 
is a key architectural issue. We believe it is most appropriate to size these transistors 
to achieve the minimum area-delay product of the resulting routing resources. 
Appendix C details the transistor sizing experiments we conducted with the TSMC 
0.35 µm process to find the best routing transistor sizes for use in an FPGA employ-
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ing a size 4 logic cluster as its logic block. In Appendix C, we show that for a very 
wide range of routing wire segment lengths, tri-state buffers achieve the best area­
delay product when their nMOS transistors have five times the drive strength of a 
minimum width nMOS transistor. To achieve equal rise and fall times, the pMOS 
transistors used in these buffers must be larger - 9 .5 times the drive strength of a 
minimum width pMOS transistor. For routing switches composed of pass transistors, 
the best area-delay product is achieved when the transistors have ten times the drive 
strength of a minimum-width nMOS transistor. We use these routing transistor siz­
ings throughout this chapter. Appendix C.4 also shows that to minimize the area­
delay product of an FPGA one should use minimum width routing wires. Conse­
quently all the results in this chapter assume minimum-width metal for routing wires. 

7.2.2 CAD Flow 

The CAD flow we use to evaluate routing architectures is almost identical to that of 
the previous chapter, as Figure 7.1 illustrates. SIS [142] and Flow Map [ 46] are used 
to optimize each circuit's logic and technology map each circuit into 4-LUTs and reg-
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Logic optimization (SIS) 
Technology map to 4-LUTS (FlowMap + Flowpack) 
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Determine critical path delay and transistor area to build FPGA routing (VPR) 

FIGURE 7.1 Architecture evaluation flow. 
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isters, respectively. VPack (described in Section 3.1.2) then groups these 4-LUTs and 
registers into logic clusters of the desired size ( 4 BLEs per cluster, using no more than 
10 distinct inputs). While the timing-driven T-VPack tool is a superior to VPack, it 
was not completed at the time this study was done. Since throughout this chapter we 
always use the same logic block and vary only the routing architecture, however, it is 
not crucial that the logic block packing be the best possible. In other words, using T­
VPack instead of VPack would make the circuits somewhat (~10%) faster in every 
routing architecture we evaluate, but should not affect the relative "goodness" rank­
ings of the various routing architectures. 

Once logic block packing is complete, VPR then places the circuit, and the VPR tim­
ing-driven router is repeatedly invoked with different channel capacities to determine 
the minimum number of tracks per channel, W min• required to route the circuit. Since 
FPGAs are normally built with enough routing that "average" circuits have some 
spare routing available, we perform a final "low-stress" routing of each circuit with 
the number of tracks per channel set to l .2·W min· We then apply our delay model to 
estimate the delay of the circuit critical path, and our area model to estimate the total 
transistor area needed to lay out all the routing in this FPGA. At this point, then, we 
have enough information to compare both the speed and the area-efficiency of one 
routing architecture to another. 

7 .2.3 Delay Model Accuracy 

Our delay model was described in detail in Section 6.2.3. Recall that we model pass 
transistors and buffers in the FPGA routing with simplified RC equivalent circuits and 
compute the delay of a routed connection as the Elmore delay of this equivalent cir­
cuit. 

Tables 7 .1 and 7 .2 compare the delays computed by VPR, using these linearized RC 
models of transistors and buffers and the Elmore delay, to those computed by SPICE 
for various routing structures. Overall, the accuracy of our delay model is very good; 
the VPR delays are within 9% of those of SPICE for all but two cases. Those two 
cases consist of very short connections: a signal passing through a logic block output 
buffer to a wire segment of length 1 or length 4 with the routing switches loading this 
wire being pass transistors. The signal does not pass through any switch block rout­
ing switches. While the relative error in these two cases is 23.8% and 14.1 % vs. 
SPICE, the delays are very small, so the absolute error in delay is only 112 ps and 89 
ps, respectively. Consequently, these errors in delay will have little impact on the crit­
ical path delay reported by VPR. 
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TABLE 7.1 Delays computed by VPR vs. SPICE delays for buffered routing resources. 

Wire Segment 
Length (in Logic VPR Delay (ns) SPICE Delay (ns) Difference 

Blocks) 

1 0.448 0.472 -5.1% 

4 0.777 0.850 -8.6% 

8 1.24 1.34 -7.5% 

16 2.27 2.42 -6.2% 

64 11.50 11.02 -7.9% 

TABLE 7.2 Delays computed VPR vs. SPICE delays for pass-transistor-switched 
routing resources. 

Wire segment Number of SPICE Delay 
length (in logic Wire Segments VPR Delay (ns) (ns) Difference 

blocks) in Series 

1 1 0.359 0.471 -23.8% 

4 1 0.543 0.632 -14.1 % 

8 1 0.816 0.876 -6.8% 

16 1 1.46 1.47 -0.7% 
' 

1 4 0.883 0.92 -4.0% 

4 4 2.32 2. 14 +8.4% 

8 4 4.70 4.33 +8.5% 

16 4 11 .04 10.61 +4.1 % 

1 16 7.03 6.48 +8.5% 

4 16 24.06 22.10 +8.9% 

8 16 54.06 52.03 +4.0% 

16 16 139.6 141.5 -1.3% 

7 .2.4 Area Model 

In this chapter we once again use the transistor-based area model described in Section 
6.2.2. This model is built into VPR; once VPR has generated the routing resource 
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graph for the desired architecture, it traverses this graph, "builds" every structure 
required by the FPGA's routing, and determines the total number of minimum-width 
transistor areas required by the FPGA routing. To allow averaging of results from cir­
cuits of different sizes, we use a normalized area metric: the number of minimum­
width transistor areas per tile (i.e. per logic block). All the results in this chapter give 
only the routing area of the FPGA, since the logic block is held constant throughout 
all the experiments. The logic block used in this chapter occupies 1678 minimum­
width transistor areas, and hence the addition of 1678 to any of the routing area 
results presented in this chapter yields the total area per tile. 

Importance of a Detailed Area Model 

Most prior researchers have evaluated routing area either by counting the number of 
tracks per channel required to successfully route, or by counting the number of pro­
grammable switches in the routing. Counting the number of tracks required to route a 
circuit is not a good area metric for architecture studies (such as this study) in which 
the number of switches per track segment can vary, since the area required by each 
routing track is then variable. Counting the number of programmable switches in the 
routing is a better area metric, but is still not sufficiently accurate for our purposes. 
Modern FPGAs use three different types of programmable switch, and the different 
switches require considerably different layout areas. The connection blocks from 
routing tracks to logic block input pins are implemented with multiplexers; the con­
nection blocks from logic block output pins to routing tracks, and some of the routing 
switches, are implemented via pass transistors; and some routing switches are tri-state 
buffers. Table 7 .3 lists the area required by each of these switch types, including any 
area required by SRAM bits to control each switch. The area per switch varies by a 
factor of 6.8 from the most area-efficient switch to the least area-efficient. Clearly, 
simply counting the number of programmable switches in a routing architecture does 
not provide a good area estimate. 

TABLE 7.3 Comparison of programmable switch areas. 

Switch Description Minimum-Width Transistor Areas 

Multiplexer (32 inputs) 2.88 per switch (92 / 32 inputs) 

Multiplexer (4 inputs) 4.5 per switch (18 / 4 inputs) 

Pass transistor (lOx minimum drive) 11.5 

Tri-state buffer (5x minimum drive) 19.7 
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7 .2.5 Experimental Philosophy 

The detailed routing architecture design space is huge, so we cannot simply explore 
the entire N-dimensional space of all possible detailed routing architectures. Instead, 
we perform a series of experiments in which we vary one or two architectural param­
eters, while fixing the other parameters to reasonable values. While varying a single 
parameter, we are optimizing along a line in the N-dimensional architecture space. 
Once we have found the best value of one parameter, we set it to this value, and vary a 
different parameter. Essentially we are exploring the design space in a manner similar 
to the way matrix solvers like the conjugate-gradient method explore the solution 
space of a matrix. 

We begin with relatively simple architectures, and search for the best values of the 
parameters that are unlikely to interact strongly with other architectural parameters. 
We can then fix these parameters at their best values, and vary other architectural 
parameters to create increasingly complex architectures. 

7.3 Single Wire Length Architectures 

In this section we evaluate architectures in which every routing wire segment has the 
same length, and in which all the routing switches in switch blocks are tri-state buff­
ers. Our goals in this section are to: 

1. Determine the most appropriate switch block for segmented architectti'res, 

2. Gain insight into the wire segment length that is most important in an FPGA, and 

3. Find the best Fe value(s) for use with segmented architectures and the logic block 
used in this chapter (a cluster of size 4). 

We ran the twenty largest MCNC benchmarks through the flow of Figure 7.1 and 
determined the routing area required and the critical path delay achieved by each cir­
cuit in each architecture of interest. Figure 7 .2 plots the average ( over the twenty cir­
cuits) of the critical path delay for each architecture, while Figure 7.3 plots the 
average routing area required in each architecture. The horizontal axis in both Fig­
ures 7 .2 and 7 .3 is the length of the routing wire segments. Recall that each architec­
ture in Figures 7.2 and 7 .3 potentially contains a different number of tracks per 
channel - each circuit is routed in an FPGA with 20% more routing tracks than the 
minimum the circuit needs to route in an FPGA with the given architecture. 

In both Figures 7.2 and 7 .3, the solid lines use the disjoint switch block topology 
[137] described in Section 4.2.3, while the dashed lines use the Wilton switch block 
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FIGURE 7.2 Circuit speed vs. switch block topology, Fe, and routing segment length. 

topology [33). Each curve plots the routing area or the critical path delay versus the 
length (in logic blocks) of the routing segments used in the FPGA. The "long" point 
on the horizontal axis indicates the performance of a routing architecture when all its 
wires are long lines that span the entire chip. 

7.3.1 Switch Block Issues 

The first feature of interest in Figures 7 .2 and 7 .3 is the performance of the two differ­
ent switch blocks. Notice that the critical path delay achieved by both switch blocks 
is about the same for FPGAs composed of length 1 wires. However, as the length of 
the wire segments increases, the disjoint switch block leads to faster circuits than the 
Wilton switch block. Similarly, Figure 7.3 shows that the Wilton switch block leads 
to the best area-efficiency when all the routing wires span only one logic block. As 
the wire length increases to 2 logic blocks, however, the area required by the Wilton 
and disjoint switch blocks become similar and for wire lengths greater than 2 the dis­
joint switch block is more area-efficient than the Wilton switch block. 

When a wire terminates at a switch block, both the disjoint and Wilton switch block 
topologies allow it to connect to three other wires, (i.e. F5 = 3). Hence both switch 
block topologies require the same number of switches in this case, as Figure 7.4(a) 
shows. Longer wires, however, do not always terminate at a switch block - they 
often pass through the switch block. Figure 7.4(b) shows this case. For the disjoint 
switch block, the six routing switches required by the two horizontal wire segments in 
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Figure 7.4(a) now all connect the same two pieces of metal together. Consequently 
we only need to imple!llent one of these switches - the other five are redundant. In 
the Wilton switch block case, however, only two of the six switches that would be 
inserted if the wires ended at this point are redundant - a total of four routing 
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switches are still required for this wire segment at this switch block. So at "internal" 
switch blocks, where a wire segment passes through the switch block without termi­
nating, the disjoint switch block has an F8 internal of one, while the Wilton switch 

' 
block has an F8 internal of up to four. This is a key point - switch blocks that use the 

' same number of switches for FPGAs in which all wires are of length one can use dif-
ferent numbers of switches in FPGAs with longer wires. As well, it is generally not 
possible to describe switch block topologies with a single F8 number when some rout­
ing wires span more than one logic block. 

The reason for the behaviour seen in Figures 7.2 and 7.3 is now clear. If all the wires 
in an FPGA have length one, the Wilton and disjoint switch blocks use the same num­
ber of switches per wire. The Wilton switch block results in better routability [33], 
however, so it requires fewer wires per channel, and hence less area. As the wire 
length increases, however, we have more and more wires passing through switch 

· blocks without terminating, and hence more and more "internal" switch points. Since 
the Wilton switch block uses more switches at these points than the disjoint switch 
block, it loads the wires more heavily, degrading speed. As well, the reduction in the 
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number of wires per channel required to successfully route a circuit is not large 
enough to outweigh the area of these extra switches, so the Wilton topology's area­
efficiency is worse than that of a disjoint topology for FPGAs with longer wires. 

These switch block results are interesting because prior researchers have focused on 
determining the best switch block for architectures that contain only length 1 wires. 
Clearly the best switch block for such an architecture is not necessarily the best 
switch block for architectures containing longer wires, so research into good switch 
blocks for FPGAs with longer wires is a fertile area for research. Throughout the 
remainder of this chapter we will use the disjoint switch block. This switch block 
topology is almost certainly suboptimal, however. The fact that this switch block only 
allows wires in track i to connect to other track i wires reduces routability somewhat, 
and it means that wires of differing lengths can never be connected together. The 
routing of some nets would likely benefit from the ability to connect wires of differing 
lengths. For example, one intuitively expects that a good way to route a high-fanout 
net is to use long wire segments to create a "backbone" that spans the FPGA, and then 
use shorter wires to reach any sinks that are not immediately adjacent to the back­
bone. VPR can route FPGAs with arbitrary switch blocks, so a useful future research 
project would be to employ our tools in a search for better switch blocks for FPGAs 
that contain longer wires. 

7.3.2 Best Single Wire Length 

From Figure 7 .2, one can see that the fastest FPGA which uses only one length of 
wire uses wires of length 4 or length 8, regardless of the switch block and Fe value 
used. Shorter wires lead to poor speed because long connections must pass through 
too many buffers. Very long wires degrade speed in two ways. First, short connec­
tions are forced to use long wires, which are slower than short wires due to their larger 
capacitance. Second, even connections that travel the entire length of a long wire 
become slow when the wire is too long because the metal resistance of the wire 
becomes large, and eventually reduces speed below that of a larger number of short 
wires connected by buffers. 

Figure 7.5 quantifies the relative speeds of short and long wires, and provides insight 
into why FPGAs using length 4 or length 8 wires have the best performance. 
Figure 7 .5 shows the delay per logic block spanned by a connection as a function of 
the length of wire used, when the routing switches between wires are tri-state buffers. 
Increasing the wire length from 1 to 2 logic blocks increases the speed of long con­
nections by 61 % by reducing the number of routing switches in series by a factor of 2. 
As wire length increases past 4 logic blocks we clearly have diminishing speed 
returns. Note that a wire of length 32 (for metal layer 2) or of length 64 (for metal 
layer 3) is slower, even for long connections that span the entire wire, than the series 
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FIGURE 7.5 Delay per logic block spanned by a connection vs. wire segment length. 

connection of several shorter wires. Since metal 3 has a lower resistance, wires can 
be made somewhat longer (64 logic blocks rather than 32) before the metal resistance 
slows them down more than extra routing switches would. Since very long wires are 
also less flexible than short wires in terms of the connections for which they can be 
used, it is clear that very long wires are not very useful for FPGAs in modern IC pro­
cesses. 

Figure 7 .3 shows that wires of length 2 or length 4 lead to the most area-efficient 
FPGA architecture. Length 2 wires are the most area-efficient if the Wilton switch 
block topology is used, while length 4 wires are the most area-efficient if the disjoint 
switch block topology is used. As we increase the length of the routing wires two 
competing factors determine the resulting architecture's area-efficiency. First, longer 
wires are less "flexible"; they cannot be split in the middle, so short connections will 
waste part of a wire segment. This means the number of tracks per channel required 
to successfully route a circuit increases as the wire segment length increases. On the 
other hand, longer wires pass through more switch blocks before terminating, so the 
fraction of "internal" switch points in switch blocks increases. As Figure 7.4 shows, 
these internal switch points require fewer programmable switches, resulting in 
decreased area. When the disjoint switch block is employed, each internal switch 
point requires only one programmable switch; with a Wilton switch block, internal 
switch points require up to 4 programmable switches. Consequently, longer wire seg­
ments reduce the number of switches per wire more dramatically with a disjoint 
switch block than with a Wilton switch block. 
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Length 4 wires achieve the best combination of low delay and high area-efficiency. 
An architecture using all length 8 wires can achieve slightly (~2%) better speed, but 
requires 11 % more area. While real FPGA architectures can of course use more than 
one wire length, this result is evocative. It leads one to expect that the best FPGA 
architectures will either include significant numbers of length 4 or length 8 wires, or 
will include some wires shorter and some wires longer than length 4. 

7.3.3 Amount of Connectivity Between Logic Blocks and Channels 

Figure 7.2 shows that Fe has little effect on circuit speed. Figure 7.3 shows that an Fe 
value of 0.25-W is superior in terms of area-efficiency to Fe = W for any segment 
length if the Wilton switch block topology is used. If the disjoint switch block topol­
ogy is used, Fe= 0.25-W is superior to Fe= W for all wire segment lengths except 
length= 1. 

Figure 7 .6 shows how routing area varies with Fe when all routing wires span 4 logic 
blocks (we use length 4 wires since they were found to be the most area-efficient in 
the previous section). For the Wilton switch block topology, the best area-efficiency 
occurs at Fe= 0.25-W. When the disjoint switch block topology is used, however, the 
best value of Fe is 05 W. Since the disjoint switch block is less routable than the Wil­
ton switch block, a higher value of connection block flexibility is needed for the best 
area-efficiency. 
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With the disjoint switch block topology some additional routing area can be saved by 
using a lower value Fe value for logic block output pins (Fe.output) than for input pins 
(Fe.input)· Recall that the connection block from a logic block output pin to routing 
tracks is constructed via F e,output pass transistors controlled by F e,output SRAM cells. 
The connection block from routing tracks to a logic block input pin, on the other 
hand, is constructed via a multiplexer with Fe,input inputs. The area per switch is 
therefore higher for the logic block output pin switches than for the switches to logic 
block input pins, as Table 7.3 shows. Consequently, making Fe,output lower than 
Fe.input makes intuitive sense. We have found that, with the disjoint switch block, the 
best value of Fe,output is 0.25-W, while the best value of Fe,input is 0.5-W. This lower 
value of Fe.output saves some routing area (2% - 5%, depending on the exact routing 
architecture) versus using an Fe.output of O.S·W. An Fe.output value of 0.25·W ensures 
that each routing track can be driven by one output on each logic block (since our 
logic block has four logically-equivalent outputs). 

7.4 Two Types of Wire Segment Architectures 

In this section we examine somewhat more complex architectures: those that contain 
two types of wire segments. Two wires are of different types if their lengths are dif­
ferent, or if they use different types of routing switches to connect to other wires (e.g. 
pass transistors vs. tri-state buffers). All the experiments in this section use the dis­
joint switch block topology and an Fe value of O.S·W, since the previous section 
showed these are good choices for a wide range of architectures. 

7.4.1 Tri-State Buffer Routing Switches Only 

We investigated a large number of architectures that contained two different lengths 
of routing wires, and in which all the routing switches in each switch block were tri­
state buffers. We found that we could achieve only small improvements compared to 
the best single wire length architecture (length = 4). Table 7.4 compares the perfor­
mance of the two best architectures investigated in this section to the best single wire 
length architecture. Both these architectures are fairly similar to an architecture in 
which all wires have length 4 - one has 25% length 2 wires and 75% length 8 wires, 
while the other has 75% length 4 wires and 25% length 8 wires. Three columns in 
Table 7.4 compare the speeds of these architectures to that of a length 4 architecture 
under three different assumptions of the metal layer and spacing used for routing wire 
segments. The average speedup vs. a length 4 architecture is only 5.3% for the first 
architecture, and 5.7% for the second. Both of these architectures are slightly less 
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dense than an architecture that contains only length 4 wires. Clearly length 4 wires 
provide an efficient way to make both short and long connections! 

TABLE 7.4 Best buffered, two different wire length architectures vs. best single wire 
length architecture. Average over 20 bencQmark circuits. 

Critical Path Delay (ns) Routing Area 
(Minimum-

Architecture 
Metal 2, Min. Metal 3, Min. 

Metal 3, Width 
Wide Transistor 

Spacing Spacing 
Spacing Areas) 

All length 4, buff erect 45.26 45.62 39.81 5901 

25% length 2, 75% length 8 43.45 43.74 37.08 6034 

75% length 4, 25%' length 8 43.18 43.44 37.06 5948 

7.4.2 Length 4 Buffered Wires Plus Pass-Transistor-Switched Wires 

Since a routing architecture composed solely of length 4 wires that use tri-state buff­
ers as their routing switches performs so well, in this section we investigate architec­
tures in which some routing tracks contain wires of this type. The other routing tracks 
contain wires that connect to each other with pass transistor routing switches. We 
will investigate different lengths of these "pass-transistor-switched" wires, and differ­
ent proportions of the two types of wires. 

Figure 7. 7 shows the speed achieved by FPGA architectures in which 50% of the 
routing tracks use length 4 wires connected by buffered switches, and the other 50% 
consist of some other length of wires connected with pass transistors. The horizontal 
axis in Figure 7.7 is the length of the pass-transistor wires used. The three different 
curves in Figure 7.7 assume three different metal layer/ spacing options for routing 
wires; clearly the metal width and spacing used does not significantly change the 
shape of the curve. 

Figure 7.8 provides the area results for these architectures. The best area-efficiency 
occurs when the pass-transistor-switched wires are length 2, but length 4 and length 8 
wires also have reasonable area-efficiency, and Figure 7. 7 showed they lead to supe­
rior speed. 

Figures 7 .9 and 7 .10 investigate the performance of length 4 buffered wires combined 
with either length 1, 2, 4, or 8 pass-transistor-switched wires in different proportions, 
(i.e. not just 50 / 50). The horizontal axis in these figures is the fraction of routing 
tracks composed of the pass-transistor-switched wires; the remainder of the routing 
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FIGURE 7.9 Speed of FPGAs with a mix of length 4 buffered wires and pass­
transistor-switched wires. 

tracks are composed of length 4 buffered wires. The "O" point on the horizontal axis 
corresponds to an architecture composed solely of length 4 buffered wires, while the 
"1" point corresponds to architectures composed solely of wires that connect to each 
other via pass transistors. Figure 7.9 shows the speed of the various architectures, 
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assuming routing wires are implemented in metal 3 with the minimum metal spacing, 
while Figure 7.10 shows their area. Clearly, adding length 1 wires to an architecture 
is not a good idea. If 33% of the routing tracks are length 1 pass-transistor-switched 
wires, then area-efficiency improves by 8% (vs. all tracks being length 4 buffered 
wires), but speed degrades by 7%. Larger fractions of length 1 wires degrade both 
area and speed - these wires are simply too short to be of much use. Many commer­
cial architectures make heavy use of length 1 wires [ 4, 139], but our results ·suggest 
they could improve both their speed and area-efficiency by using longer wires instead. 
Note that the most widely studied architecture in academic research, an architecture 
composed entirely of length 1 wires connected by pass transistors, has extremely poor 
speed - it is 2.8 times slower than the fastest architecture in Figure 7.9. 

Adding longer pass-transistor-switched wires to an architecture yields better results. 
Figure 7 .9 shows that making between 17% and 83% of the routing tracks pass-tran­
sistor-switched wires of length 4 or 8 increases the FPGA speed. Pass transistors do 
not have the intrinsic delay of the multi-stage buffers used in buffered routing 
switches, and they have higher drive strength than a tri-state buffer for the same area, 
since they use only one transistor, rather than several. On the other hand, the delay 
through a series chain of pass transistors grows quadratically with the number of pass 
transistors. The net effect is that pass transistor switches are faster than buffers for 
connections that pass through a few series switches, but buffers are faster for connec­
tions that pass through many series switches. If long wires are used, fewer series 
routing switches are needed for long connections, making pass transistor switches 
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more competitive with buffers for longer connections. Consequently a mix of moder­
ate length buffered and moderate length pass-transistor wires leads to better speed 
than using all buffered routing switches or all pass transistor routing switches. 

Figure 7 .10 shows that increasing the fraction of routing tracks using length 2, 4 or 8 
pass-transistor wires improves the FPGA area-efficiency until this fraction reaches 
approximately 83%; after that area-efficiency degrades (or levels off, for length 4 
wires). A pass transistor switch requires less area than a tri-state buffer, and since 
pass transistors are bidirectional, one pass transistor can replace two tri-state buffers 
in the routing. On the other hand, pass transistor switches are not well-suited to rout­
ing high-fanout nets, as described in Section 4.4.4. To maintain reasonable speed, a 
high-fanout net routed using pass-transistor switches tends to use a "star" topology. 
This requires more wiring, and hence more routing tracks, and hence more area. 
Making all routing switches pass transistors forces even high-fanout nets to be routed 
using pass transistors, degrading area-efficiency. 

TABLE 7.5 Best architectures combining length 4 buffered and pass-transistor­
switched wires. 

Speedup vs. Area Area vs. 
(Minimum-

Wire Distribution of Delay Length 4 
Width 

Length 4 
Architecture (ns) Buffered 

Transistor 
Buffered 

Architecture Areas) Architecture 

100% Length 4 Buffered 45.62 - 5901 -

50% Length 4 Buffered, 50% 42.78 +6.6% 5223 ,,. -11.5% 

Length 4 Pass Transistor 

17% Length 4 Buffered, 83% 43.90 +3.9% 4843 -17.9% 
Length 4 Pass Transistor 

50% Length 4 Buffered, 50% 42.25 +8.0% 5424 -8.1% 
Length 8 Pass Transistor 

17% Length 4 Buffered, 83% 43.54 +4.8% 5285 -10.4% 
Length 8 Pass Transistor 

Considering both area and speed, the best architectures use 50% - 83% pass-transistor 
switched wires, with these wires having a length of 4 or 8. Table 7.5 summarizes the 
performance of several of the best architectures found in this section, and lists perfor­
mance of an FPGA using all length 4 buffered wires for comparison. The area 
improvement due to a mix of pass transistors and buffers ranges from 8% to 18%, 
while the speed improvement ranges from 4% to 8%. The architectures with 83% 
pass-transistor switched routing tracks have better area-efficiency, at the cost of 
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slightly reduced speed, compared to FPGAs with only 50% pass-transistor switched 
routing tracks. 

A major conclusion of this section is simply that the best routing architecture contains 
a mix of pass transistors and tri-state buffers. This fact is not widely known. Virtu­
ally all prior academic research has focused on FPGAs that contain only pass transis­
tors, while a new FPGA start-up company has made the fact that their FPGAs contain 
no pass transistors (all routing switches are tri-state buffers) a marketing feature 
[146]. 

7.4.3 Length 8 Buffered Wires Plus Pass-Transistor-Switched Wires 

In Section 7.3.2 we found that an FPGA composed entirely of length 8 wires inter­
connected by tri-state buffers performed almost as well as an FPGA that used only 
length 4 wires. Consequently, in this section we investigate routing architectures in 
which some routing tracks are composed of length 8 buffered wires, while the other 
routing tracks are composed of wires connected by pass transistors (and which may 
have a length different than 8). Our goals are to find the best length of pass-transistor 
switched wire to combine with length 8 buffered wires, and to find the best proportion 
of pass-transistor-switched routing tracks to length 8 buffered routing tracks. 

The architectural conclusions of this section are very similar to those of the previous 
section: 

1. The best combination of area and delay results when the pass-transistor switched 
wires are of length 4 or 8. 

2. The best architectures contain from 50% to 83% pass-transistor-switched routing 
tracks, with the 50% pass-transistor architectures giving the best speed, and the 
83% pass-transistor architectures yielding the best area-efficiency. 

Table 7 .6 summarizes the performance of the best architectures that combine length 8 
buffered wires with some other length of pass-transistor switched wires. The perfor­
mance of an architecture using all length 8 buffered wires is also listed for compari­
son. Comparing these results to those of Section 7.4.2 shows that using length 8 
buffered wires instead of length 4 buffered wires has slightly increased the FPGA 
speed, at the cost of slightly decreased area-efficiency. 

7.4.4 Length 4 Pass-Transistor-Switched Wires Plus Buffered Wires 

Recall from Section 7.2.5 that we are exploring the highly complex detailed routing 
architecture space by fixing most of the architectural parameters and varying only one 
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TABLE 7.6 Best architectures combining length 8 buffered and pass-transistor­
switched wires. 

Speedup vs. 
Area 

Area vs. 
(Minimum-

Wire Distribution of Delay Length 8 
Width 

Length 8 
Architecture (ns) Buffered 

Transistor Buffered 
Architecture 

Areas) Architecture 

100% Length 8 Buffered 45.03 - 6339 -

50% Length 8 Buffered, 50% 41.29 +9.1% 5227 -17.5% 
Length 4 Pass Transistor 

17% Length 8 Buffered, 83% 43.69 +3.1% 4869 -23.2% 
Length 4 Pass Transistor 

50% Length 8 Buffered, 50% 41.56 +8.3% 5732 -9.6% 
Length 8 Pass Transistor 

17% Length 8 Buffered, 83% 43.15 +4.4% 5447 -14.1 % 
Length 8 Pass Transistor 

or two in a set of experiments. The danger in such an exploration approach is that we 
may miss some important architectures by fixing some parameters at values that ini­
tial experiments led us to believe were reasonable, but which were suboptimal for the 
more complex architectures studied later. 

To guard against such occurrences, we often investigated a certain portion of the 
architecture space from more than one perspective. For example, in this section we 
again investigate FPGAs in which some of the routing tracks consist of wires that 
connect via pass-transistor switches, while the other routing tracks connect via tri­
state buffers. In this section, however, we assume that the pass-transistor-switched 
wires are of length 4, and search for the length of buffered wiring segment that best 
complements these wires and leads to the best FPGA. 

Figure 7 .11 shows how circuit delay varies with the length of the buffered wiring seg­
ments, while Figure 7 .12 illustrates the variation of FPGA routing area with the 
length of the buffered routing segments. In both Figures 7 .11 and 7 .12, 50% of the 
routing tracks are composed of length 4 wires that connect via pass-transistor 
switches, while the other 50% of the routing tracks use some length of buffered wire 
segment. Figure 7.11 shows that the best delay occurs when the buffered wire seg­
ments have length 8, although length 4 and length 16 wire segments lead to FPGAs 
that are only slightly slower. Figure 7 .12 indicates that the best area-efficiency occurs 
when the buffered wire segments have length 4 or length 8. 
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Considering both speed and area-efficiency, the best architecture studied in this sec­
tion combines length 4 pass-transistor wires with length 8 buffered wires, and the sec­
ond best architecture uses length 4 buffered wires instead of length 8 buffered wires. 
The fact that length 8 and length 4 buffered wires were again found to be the best 
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FIGURE 7.11 Speed of FPGAs using 50% length 4 pass-transistor wires and 50% 
buffered wires. 
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FIGURE 7.12 Area of FPGAs using 50% length 4 pass-transistor wires and 50% 
buffered wires . 
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increases our confidence that we fully explored the most promising two-wire-type 
architectures in Sections 7.4.2 and 7.4.3. 

7.5 Internal Population 

In this section we investigate the internal population question, which was described in 
Section 4.2.1. Recall that the connection-block internal population of a wire specifies 
how many of the internal points along the length of a wire that spans multiple logic 
blocks are accessible by switches to logic blocks. Similarly, switch-block internal 
population specifies how many of the internal points along a wire can connect to other 
wires via routing switches. In this section we determine what fraction of an FPGA's 
routing tracks should be composed of internally-depopulated wires, and exactly how 
depopulated these wires should be. 

In all the experiments of this section we assume that routing wires are laid out in 
metal 3 with minimum spacing. Fc,output is always 0.25·W, Fc,input is always 0.5-W, 
and the switch block topology is disjoint. 

7.5.1 All Length 4 Buffered Wires 

In Section 7.3.2 we found that the best FPGA architecture that employs only one 
length of wire connected by buffers was an FPGA with length 4 wires. Consequently, 
in this section we investigate architectures that use all length 4 wires connected by tri­
state buffers with varying amounts of connection-block and switch-block internal 
population. 

We first performed a set of experiments in which all the wires in the architecture had 
the same amount of internal population. We found that if the wires were more than 
slightly depopulated, some circuits became completely unroutable (would not route at 
any channel width). More specifically, if the connection-block population is less than 
75% (a wire connects to fewer than 3 out of the 4 logic blocks it spans) some circuits 
become unroutable. Similarly, if the switch-block population is less than 80% (a wire 
connects to other wires at fewer than 4 out of the 5 switch blocks it spans) some cir­
cuits will not route. Figure 7 .13 shows why reducing the connection-block popula­
tion to 50% makes some circuits unroutable. In Figure 7 .13 the logic block has only 
one output, which is located on the bottom side of the logic block. Notice that when 
all the routing wires are length 4 and have a connection-block population of 50%, 
there is no possible way to connect many logic blocks. For example, logic block A in 
Figure 7 .13 cannot connect to either of the shaded logic blocks. Similar, but more 
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Logic blocks unreachable from block A 
■ Output pin 
c Input pin 

FIGURE 7.13 An FPGA with all length 4 wires and 50% connection-block population. 

subtle effects render many circuits unroutable in FPGAs in which all the wires have 
less than 80% switch-block population. Clearly then one should not depopulate all 
the wiring tracks in an FPGA - some wires should remain fully populated to guaran­
tee it is possible to connect every pair of logic blocks in the FPGA.1 

Figures 7.14 and 7.15 show how circuit speed and routing area, respectively, are 
affected as the internal switch population of 50% of the routing wires in an FPGA is 

47 -- 100% Connection-Block Population 
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Switch-Block Internal Population (for 50% of tracks) 

FIGURE 7.14 Speed of architectures with 50% of routing tracks depopulated in some 
manner. 

1. A useful direction for future research would be to explore wire segments with differing 
amounts of internal connection-block population for logic block inputs and outputs. 
Switches to logic block output pins require the most area, so depopulating these switches 
yields the largest area gains. Keeping logic block input pin switches fully populated for a 
wire guarantees that a logic block can always reach any other logic block even if all wires 
are internally output connection-block depopulated. 
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varied. The other 50% of the routing wires are always fully populated. Each line in 
Figures 7.14 and 7.15 corresponds to a different amount of connection-block popula­
tion for 50% of the routing wires, while the switch-block internal population for these 
wires varies along the horizontal axis. Figure 7.14 indicates that reducing the internal 
population of routing wires leads to a small (2% - 3%) speed gain. While reducing 
the internal population of a wire reduces its capacitive loading somewhat, most of the 
capacitance loading a wire is the metal capacitance of the wire itself, and this limits 
the achievable speedup.1 As well, as the internal population of a wire segment is 
reduced, some nets may have to use more circuitous routes to connect their terminals 
because of the reduced flexibility of the routing fabric. This tends to decrease speed, 
and offsets some of the speed gain due to reduced capacitive loading. 

Figure 7 .15 details the effect of internal population on routing area. As the internal 
population of wires is reduced, the number of switches per wire drops, saving routing 
area. On the other hand, more tracks per channel are required to successfully route 
circuits because of the reduced flexibility of the routing, and this increases routing 
area. The best routing area is achieved when the internal population of the routing 
wires best balances these two factors. Figure 7.15 shows that reducing the connec-
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FIGURE 7.15 Area of architectures with 50% of routing tracks depopulated in some 
manner. 

1. Larger speed gains are possible if one sizes up the routing transistors connecting to the inter­
nally-depopulated wire segments, as this reduces the portion of the delay due to metal 
capacitance. This requires additional area, but may be desirable when an FPGA architect is 
more concerned with speed than area. 
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tion-block population from 100% to 75% has only a marginal impact on area-effi­
ciency, and reducing it further, to 50%, degrades area-efficiency. Reducing switch­
block population is more effective - there is a clear area win as the switch-block 
internal population is reduced from 100% to 60%. Further reductions to a switch­
block population of 40% provide little or no area gain. The three best architectures 
are those in which 50% of the routing tracks have: 

• 100% connection-block population, and 60% switch-block population, or 

• 75% connection-block population and 60% switch-block population, or 

• 75% connection-block population and 40% switch-block population. 

Figure 7 .16 shows the average number of tracks per channel required to successfully 
route the benchmark circuits (Wmin) for the various architectures. Notice that W min 

increases as the internal population (of 50% of the wires) decreases. The three archi­
tectures listed above require roughly the same transistor area, but the 100% connec­
tion-block population, 60% switch-block population architecture requires the lowest 
number of routing tracks per channel and hence the least metal area. This probably 
makes it slightly preferable to the other two architectures. 

Figure 7 .17 shows why we would intuitively expect an FPGA that contains some 
length 4 wires with 60% switch-block population to have good mutability. These 
wires can always be interconnected so that two sides of any logic block in the FPGA 
can be reached from any point. Since the input and output pins on our logic blocks 

54 

52 0 , 

50 

48 
wmin 

(Minimum Channel 
Width for 

46 
Successful Routing) 

(20 Circuit 
Arithmetic Average) 

44 

42 

40 

38 

40% 

- 100% Connection-Block Population 
- * - 75% Connection-Block Population 
•. o. • 50% Connection-Block Population 

0 , . 

'0 • . • • •..• . • .•. • •.• • O 

- - 4.. -- ---- --~ 

60% 80% 100% 

Switch-Block Internal Population (for 50% of tracks) 

FIGURE 7.16 Wmin for architectures with 50% of routing tracks depopulated in some 
manner. 
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FIGURE 7.17 Length 4 wires with 60% switch-block population can reach 2 sides of 
any logic block. 

are all logically-equivalent, a connection can use any logic block input or output pin. 
Consequently, as long as all the pins on the "reachable" sides of a target logic block 
are not already used, the connection can be made to one of these "reachable" sides. 
Some wiring tracks must have higher than 60% internal population, however, so that 
they can reach any side of a logic block and route connections when all the pins on 
one side of a logic block have already been used. Note that wires with lo}1/er switch­
block population (e.g. 40%) cannot reach any side of some logic blocks from some 
points, significantly reducing routing flexibility. 

In the experiments above, we arbitrarily decided that only 50% of the routing tracks 
would be internally depopulated in some way, while the other 50% of routing tracks 
were fully populated. We found that for such architectures, a connection-block popu­
lation of 100% and a switch block population of 60% was a good choice for the 
depopulated wire segments. In-Figures 7.18 an_d 7.19, we vary the proportions of 
these two types of wire segments: some wire segments have a switch-block popula­
tion of 60% while the remaining wire segments have a switch block population of 
100%. All wire segments have a connection-block population of 100%. 

Figure 7.18 shows the how speed varies as the fraction of tracks that have only 60% 
internal switch-block population is varied. Again, the speed increase is small - only 
about 2%. Notice also that essentially all of this speed gain has already occurred 
when only 17% of the routing tracks have been internally-depopulated. This indicates 
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FIGURE 7.18 Speed versus the fraction of routing tracks with a switch-block 
population of 60%. 
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FIGURE 7.19 Area versus the fraction of routing tracks with a switch-block population 
of 60%. 
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that our router is able to correctly identify the time-critical nets and move them onto 
the fastest resource available. 

Figure 7 .19 shows how routing area varies with the fraction of tracks that have only 
60% internal switch-block population. The best area occurs when 67% of the routing 
tracks have been depopulated in this way - any more and the increase in tracks 
required to successfully route a circuit outweighs the reduction in the average number 
of switches per wire. Using a switch-block population of 60% for two-thirds of the 
routing tracks yields a 5.2% reduction in routing area versus fully populating all rout­
ing tracks. 

7.5.2 Two-Wire-Type Architectures 

To determine if the routing architectures of Section 7.4 could also benefit from reduc­
tions in the internal population of some routing wires, we conducted experiments in 
which we reduced the internal population of some of the best architectures found in 
Section 7.4. Figure 7.20 shows how area-efficiency varies as the fraction of routing 
tracks using a switch-block internal population of 60% is varied, for a representative 
architecture. The routing architecture shown in Figure 7.20 contains 33% length 4 
buffered wires and 67% length 4 pass-transistor-switched wires. The connection­
block population of all wires is 100%. The three curves in Figure 7.20 correspond to 

Routing Area 
(Minimum-Width 
Transistor Areas) 

(20 Circuit 
Arithmetic Average) 

W = Wmin +20 % 

5000~-------------~---

4900 

-- Buffered Wires Depopulated First if-> 

- * - Pass-Transistor Wires Depopulated First J 
•• <> •• Both Wire Types Depopulated Equally _: , 

• I 

4800 

4700 

4600 

4500~~-~-~~~~-~-~~~~-~ 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Fraction of Routing Wires that are 60% Switch-Block Populated 

FIGURE 7.20 Area versus fraction of routing tracks with 60% switch-block 
population. Architecture contains 33% buffered length 4 wires and 67% pass­

transistor-switched length 4 wires. 
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three different ways to depopulate the routing wires. The solid curve depopulates the 
buffered wires first, and depopulates the pass-transistor-switched tracks only once all 
the buffered wires are depopulated. The 0.33 point on this curve therefore corre­
sponds to an architecture in which all the buffered routing tracks have a switch-block 
internal population of 60%, and all the pass-transistor switched tracks have a switch­
block population of 100%. The dashed line, on the other hand, depopulates the pass­
transistor-switch wires first. The 0.67 point on this curve, then, corresponds to an 
architecture in which all the pass-transistor-switched wires have a switch-block popu­
lation of 60%, and all buffered wires have a switch-block population of 100%. 
Finally, the dotted line depopulates pass-transistor-switched and buffered wires in 
equal proportion. For example, the 0.67 point on this curve denotes an architecture in 
which 67% of the buffered wires and 67% of the pass-transistor-switched wires have 
a switch-block population of 60%; the other 33% of the routing wires have a switch­
block population of 100%. Note that the "0" point on the horizontal axis corresponds 
to an architecture in which all routing wires are fully switch-block populated, for all 
three curves. 

From Figure 7 .20 one can clearly see that depopulating buffered routing tracks first 
leads to the best area-efficiency. This makes intuitive sense - since tri-state buffer 
routing switches consume more area than pass transistors, eliminating these buffered 
switches saves more area than eliminating pass transistors. The best area-efficiency 
occurs near the 0.5 point on the solid curve of Figure 7 .20. In this architecture all the 
buffered wires (33% of routing tracks) have a switch block internal population of 
60%. 20% of the pass-transistor-switched wires (13% of the routing tracks) also have 
a switch-block population of 60%, while the other pass-transistor-switched wires 
(54% of the routing tracks) have a switch-block population of 100%. This architec­
ture has 4.8% better area-efficiency than an FPGA in which all routing tracks are fully 
switch-block populated. Depopulating routing wires for this architecture did not pro­
duce a significant speed gain, however. 

We have experimented with other two-wire-type FPGA architectures, and found that 
they also tend to have the best area-efficiency when the buffered routing tracks have a 
switch block only in every second potential location. Depopulating some of the pass­
transistor-switched wires as well can lead to a small further area improvement if less 
than 50% of the routing tracks consist of buffered wires. For example, an architecture 
containing 50% length 8 buffered wires and 50% length 4 pass-transistor-switched 
wires has 5.3% better area-efficiency when the buffered wires have a switch-block 
population of 56% (i.e. 5 out of 9 potential switch blocks) than when all wires are 
fully switch-block populated. 
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7. 6 Wire Spacing for Speed 

The previous sections considered optimizing the topology of an FPGA's routing 
architecture - i.e. the connectivity of the switches and wires. In this section we con­
sider a purely electrical optimization: varying the spacing between routing wires. In 
modern IC processes, the coupling capacitance between adjacent wires in the same 
metal layer is a large fraction of the total wire capacitance. Increasing the spacing 
between wires reduces this coupling capacitance, and hence speeds up an FPGA's 
routing. For example, in TSMC's 0.35 µm process, increasing the spacing between 
metal 3 wires from the minimum value (0.5 µm) to five times the minimum value (2.5 
µm) reduces the coupling capacitance between adjacent wires to almost nothing, and 
reduces the total metal capacitance by over 48%. Of course, this increase in metal 
spacing reduces metal routing density - the pitch of the wires is increased by a factor 
of 2.8. Often, therefore, it will not be possible to increase the metal spacing of every 
routing wire this much without requiring more metal area than is available in the 
FPGA layout (i.e. all the required metal would no longer fit above the area required 
by the transistors, so the chip layout would have to be expanded). 

A natural question then, is whether it is necessary to reduce the capacitance of every 
routing wire in this way to speed up an FPGA, or if reducing the capacitance of only a 
subset of the routing wires is sufficient. Figure 7.21 shows how the speed of a length 
4 buffered architecture (the best single-wire-length FPGA found in Section 7.3.2) var­
ies as the fraction of routing tracks that are widely spaced is varied. In Figure 7 .21 all 
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FIGURE 7.21 Speed of a length 4, buffered wire FPGA vs. routing wire spacing. 



184 CHAPTER 7 Detailed Routing Architecture 

routing wires have length 4, and connect via tri-state buffers. The "O'' point on the 
horizontal axis corresponds to an FPGA that uses the minimum metal spacing 
between all the routing tracks, while the "1" point corresponds to an FPGA that using 
a wide (2.5 µm) spacing between all the routing tracks . Observe that increasing the 
metal spacing significantly improves speed - an FPGA that widely spaces all the 
routing wires is 14.6% faster than an FPGA that uses the minimum spacing for all the 
wires. Even more interesting is the fact that we can obtain most of this speedup by 
increasing the spacing between only 10% to 20% of the routing wire segments. If we 
use a wide spacing between only 10% of the routing wires, we obtain a 9.8% speedup, 
and widely spacing 20% of the routing wires yields a 12.9% speedup. By increasing 
the spacing between only 10% to 20% of the routing wires we minimize the increase 
in metal area required, but still obtain almost all the achievable speedup. 1 

Note that Figure 7.21 also provides an indirect validation of our router. If our router 
used the faster wires equally for all connections, Figure 7.21 would be a straight line 
from the slowest architecture (when all routing wires use the minimum spacing) to the 
fastest architecture (when all routing wires are widely spaced). Instead, however, we 
obtain most of the achievable speedup when only 10% to 20% of the wires are widely 
spaced. This implies that our router is able to correctly identify the most time-critical 
nets and route them via the fastest routing resources. 

Figure 7 .22 shows how the speed of one of the best two-wire-type architectures varies 
with the spacing between routing wires. In this architecture 50% of the routing wires 
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are length 4 wires connected by tri-state buffers, while the other 50% are length 4 
wires connected by pass transistors. Again, the horizontal axis denotes the fraction of 
tracks that are widely spaced (2.5 µm spacing), while the other tracks use the mini­
mum metal spacing. The solid line shows the speed obtained when the widely spaced 
tracks are allocated evenly to buffered and pass-transistor-switched wires. The 
dashed line is obtained when we increase the spacing of the pass-transistor-switched 
tracks first, and increase spacing of the buffered tracks only after all the pass-transis­
tor-switched tracks have wide spacing. The dotted line occurs when we do the oppo­
site - we first increase the spacing of the buffered tracks, and increase the spacing of 
the pass-transistor-switched wires only after all the buffered wires are widely spaced. 

Once again, increasing the spacing of all the metal tracks leads to a significant 
speedup; in this case the speedup is 15.1 %. The solid line in Figure 7.22 shows that 
most of this speedup is again obtained when only 10% to 20% of the routing tracks 
are widely spaced. In this case, we obtain a speedup of 7.6% by spacing out only 
10% of the routing tracks, and a speedup of 12.1 % by spacing out 20% of the routing 
tracks. Comparing the solid line in Figure 7.22 to the other two lines shows that one 
must increase the spacing of both some pass-transistor-switched wires and some buff­
ered wires. About half the total speedup is due to speeding up the pass-transistor­
switched wires, and the other half is due to speeding up the buffered wires. This indi­
cates that both these types of wire are useful for making speed-critical connections -
the pass-transistor-switched wires are better for short connections, while the buffered 
wires are better for long connections. 

While this section has examined speeding up an FPGA by spacing out some of its 
wires, one can achieve similar effects by increasing the size (and hence the drive 
strength) of the routing switches used to interconnect wires on certain routing tracks. 
From the results of this section, we can predict that increasing the size of the switches 
on only 20% of the routing tracks will produce almost as much speed gain as increas­
ing the switch size on every routing track. 

7. 7 Overall Architecture Comparison 

In the previous sections we have examined FPGA routing architectures of gradually 
increasing complexity and looked for important architectural trends by varying the 
key architectural parameters. In this section we provide an overview of all the results 
of this chapter by comparing some of the best architectures found in each of the prior 
sections against each other and against a routing architecture that is similar to that of 
the popular Xilinx XC4000X series FPGAs [139, 140]. As described in Section 
4.6.2, this "4000X-like" architecture contains 25% length 1 wires, 12.5% length 2 
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wires, 37.5% length 4 wires, and 25% "one-quarter longs", whose length is one­
fourth of the chip. The length 1 and 2 wires connect via pass transistors, while the 
longer wires connect via tri-state buffers. As well, pass transistor switches also allow 
the length 4 wires to connect to the length 1 and 2 wires, and the one-quarter longs to 
connect to length 1 wires. While this routing architecture is very similar to that of the 
Xilinx XC4000X, it simplifies a few features [140]. 

Table 7.7 compares the speed and density of some of the best architectures found in 
each of the preceding sections to those of this 4000X-like architecture. We also 
include the performance of an FPGA composed entirely of length 1 wires connected 
by pass transistors, since most prior FPGA research has focused on this architecture. 
All the architectures below have a connection-block internal population1 of 100%, and 
all routing wires are minimum width, minimum spacing metal 3 wires. All the archi­
tectures have an Fc,ouput of 0.25·W and an Fc,input of 0.5·W. 

TABLE 7.7 Comparison of key architectures (20 circuit average). 

Speedup Routing Routing 
Segmentation of Routing Switch-Block 

Delay vs. Area (Min. Area vs. 
Tracks, and Switch Types Internal (ns) 4000X- Width 4000X-

Used Population like Transistor like 
FPGA Areas) FPGA 

Xilinx '4000X-like: 25% L1, 100% for all wire 48.83 - 4425 -
12.5% L2, 37.5% L4, 25% lengths except L2. 
one-quarter longs; mix of ForL2, 66%. 
buffers and pass transistor 

switches 

100% Ll, pass-transistor Not relevant 120.7 -60% 5891 +33.1 % 
switched 

100% L8, pass-transistor 100% 46.22 +5.6% 5131 +16.0% 
switched 

100% L4, buffer switched 100% 45.57 +7.2% 5792 +30.9% 

100% L4, buffer switched 60% for 67% of 44.82 +8.9% 5490 +24.1% 
tracks; 100% for 

33% of tracks 

67% L4, pass-transistor 100% 42.91 +13.8% 4771 +7.8% 
switched; 

33% L4, buffer switched 
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TABLE 7.7 Comparison of key architectures (20 circuit average). 

Speedup Routing Routing 
Segmentation of Routing Switch-Block Delay vs. Area (Min. Area vs. 
Tracks, and Switch Types Internal (ns) 4000X- Width 4000X-

Used Population like Transistor like 
FPGA Areas) FPGA 

83% U, pass-transistor 100% 44.31 +10.2% 4569 +3.3% 
switched; 

17% L4, buffer switched 

50% U, pass-transistor 100% 41.04 +19.0% 5039 +13.9% 
switched; 

50% L8, buffer switched 

83% L4, pass-transistor 100% 43.84 +11.4% 4539 +2.6% 
switched; 

17% L8, buffer switched 

67% U, pass-transistor 60% for buffer- 43.15 +13.2% 4622 +4.5% 
switched; switched wires; 

33% L4, buffer switched 100% for pass-
transistor-switched 

wires 

50% U, pass-transistor 56% for buffer- 41.23 +18.4% 4708 +6.4% 
switched; switched wires; 

50% L8, buffer switched 100% for pass-
transistor-switched -~ 

wires 

83% U, pass-transistor 56% for buffer- 44.04 +10.9% 4426 0% 
switched; switched wires; 

17% L8, buffer switched 100% for pass-
transistor-switched 

wires 

The architectures are listed (after the 4000X-like architecture) in order of increasing 
complexity. Notice the extremely poor performance of an FPGA using only length 1 
wires connected via pass transistors - 147% slower (-60% speedup) and 33.1 % per­
cent larger than the 4000X-like architecture. The best architecture we found using 
only pass transistors and one length of wire used length 8 wires. This architecture 
performs much better than a length 1 architecture; it is 5.6% faster than the 4000X­
like architecture, at a cost of 16% larger area than that of the 4000X-like architecture. 
Although the speed and area-efficiency of this length 8, all pass-transistor FPGA are 
reasonably competitive on average, we consider FPGA architectures that contain no 
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buffers dangerous. As circuit size increases, the longest connections in an FPGA 
grow longer, and will pass through more series switches. Since the delay of pass-tran­
sistor switches grows quadratically with the number of switches in series, it is difficult 
for an architecture that contains only pass transistors to maintain good speed as the 
size of the logic block array grows. As well, larger circuits can contain nets with a 
higher maximum fanout, and purely pass-transistor based routing is inefficient for 
routing high-fanout nets. For both these reasons, architectures that contain only pass 
transistors do not scale as well with increasing circuit size as architectures that con­
tain some buffers. 

The best single-wire-type architecture we found, in which all wires are length 4 and 
all switches are buffers, is 7.2% faster than the Xilinx 4000X-like FPGA. Its area is 
30.9% larger, however. It is interesting that such a simple FPGA architecture is rea­
sonably competitive with the complex routing architecture of the 4000X-like FPGA. 
Simpler routing architectures make it easier to develop CAD tools. As well, they 
likely make it easier to implement intellectual-property "cores." These cores are 
sometimes provided as "hard" (placed-and-routed) macros. If there is only one type 
of routing resource in the FPGA, it is easier to map several of these hard cores into 
one FPGA and ensure each gets the wires it needs. These factors may make a simple 
FPGA architecture, in which all the wires are essentially the same, attractive despite 
its suboptimal speed and area performance. 

By reducing the internal switch-block population of some of the wires in this all 
length 4 architecture to 60% we can reduce the area overhead versus the 4000X-like 
architecture from 30.9% to 24.1 %. 

Table 7.7 also lists four of the best two-wire-type architectures. Each of these archi­
tectures combines some buffered wires with some pass-transistor-switched wires. 
Two of these architectures use only length 4 wires, while the other two use some 
length 4 and some length 8 wires. Notice that these architectures are all significantly 
(10.2% to 19%) faster than the 4000X-like architecture, but none of them is as area­
efficient. The area penalty for using an architecture that is 19% faster than the 
4000X-like architecture is 13.9%, while the area penalty for an architecture that is 
11.4% faster than the 4000X-like architecture is only 2.6%. Both the speed and the 
area of these architectures are significantly better than the best single-wire-type archi­
tecture discussed above, showing that a mix of pass transistors and buffers is very use­
ful in FPGA routing. 

The last three lines in Table 7.7 show the benefits of reducing the switch-block popu­
lation of these two-wire-type architectures so that the buffered wires have a switch 
block only once every two logic blocks. These architectures are from 2.5% to 7 .5% 
more area-efficient than those that used a switch-block population of 100% for all 
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wires; the exact amount of area improvement depends on what fraction of the routing 
wires use buffered switches. One of these architectures is 18.4% faster than the 
4000X-like architecture and only 6.4% larger, and another architecture is 10.9% faster 
and uses the same area as the 4000X-like architecture. 

From the results of Table 7. 7 one can see that we have found many architectures with 
speed superior to that of the 4000X-like architecture, but none with superior density. 
We believe the 4000X contains too many short wire segments, and this reduces its 
speed versus many of the architectures we have investigated. The 4000X uses a more 
advanced switch block than the disjoint switch block used by all the other architec­
tures in Table 7.7, however. The 4000X switch block contains some switches that 
allow wires of different lengths to connect, and that allow wires in different tracks to 
connect. These features make the 4000X switch block more mutable than the disjoint 
switch block, yet it contains only a few more switches than the disjoint switch block. 
Consequently, this switch block tends to result in FPGAs with superior density. As 
discussed in Section 7.3.1, we consider the investigation of better switch block topol­
ogies for use with FPGAs that contain some long wires to be a fertile area for future 
research. We expect that combining the segmentation distributions of some of the 
architectures listed in Table 7.7 with a better switch block would lead to significantly 
improved area-efficiency. 

Finally, note that the speed enhancement of increasing the spacing between 20% or so 
of the routing wires (described in Section 7.6) can be applied to any of the architec­
tures listed above to yield a further speed increase of approximately 13%. 

7.8 Summary 

In this chapter we have investigated a large number of different detailed routing archi­
tecture issues. First, we showed that a disjoint switch block topology is superior to a 
Wilton switch block topology for FPGAs that contain wires longer than one logic 
block. The switch block used in the Xilinx XC4000X FPGA is superior to either of 
these alternatives, however, and considerable further research is needed in this area. 

Secondly, we showed that it is most important for FPGAs to contain wires of moder­
ate length (4 to 8 logic blocks). While most commercial FPGAs contain some very 
short and some very long wires, we have found FPGAs that use significant numbers 
of these types of wires to be inferior to those that employ medium-length wires. 

We also found that FPGAs that contain a mix of pass-transistor and tri-state buffer 
routing switches are superior to FPGAs that employ only one type of switch. The 
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fastest FPGAs tend to contain about 50% pass-transistor switches and 50% tri-state 
buffer switches, while the most area-efficient FPGAs contain about 80% pass-transis­
tor switches and only 20% tri-state buffer switches. 

We also found that reducing the switch-block internal population of routing wires that 
interconnect with tri-state buffers produces an area gain of 2.5% to 7.5% for typical 
architectures. The switch block population of these buffered wires should be set so 
that each wire contains a switch block at only every second potential location along 
its length. Reducing the connection-block internal population of long wire segments 
did not produce any significant area gain, however. 

We showed that by increasing the metal spacing of only about 20% of the routing 
wires, one can increase the speed of an FPGA by over 12%. Increasing the spacing 
between wires reduces capacitance, and our router can route almost all the time-criti­
cal nets on only 20% of the routing tracks. Consequently, increasing the spacing of 
20% of the routing wires yields almost as large a speedup as increasing the metal 
spacing on all the routing wires. 

Finally, we showed that the best architectures examined in this chapter have signifi­
cantly superior speed to a (slightly simplified) Xilinx XC4000X routing architecture; 
some architectures are 19% faster than the 4000X architecture. This 4000X-like rout­
ing architecture has better area-efficiency than all but one of the architectures we 
examined, however. The best architectures in this chapter have a better area-delay 
product than the 4000X-like architecture, indicating that they have gained more in 
speed than they have sacrificed in area. They are also less complex than the 4000X. 
This is a useful feature, as it simplifies both CAD tool design and the implementation 
of pre-placed and pre-routed intellectual property cores. 



CHAPTER 8 Conclusions and Future 
Work 

8.1 Summary and Contributions 

This work has contributed to two related research areas: FPGA CAD algorithms and 
FPGA architecture. The new CAD algorithms and tools developed in this research 
were described in Chapters 3 and 4, and are briefly summarized in Table 8.1. In 
Chapter 3, we developed the first publicly-described logic block packing tools target­
ing cluster-based logic blocks.1 We also created a new simulated annealing based 
placement tool (the placement portion of our Versatile Place and Route ~VPR) pro­
gram) which incorporates three new enhancements over prior tools. First, we imple­
mented a new annealing schedule that adapts automatically to different placement 
problems, provides good result quality and is more robust than the schedule of Huang 
et al [82]. Second, we developed a new, "linear congestion" placement cost function 
that enhances the mutability of circuits mapped to FPGAs in which different channels 
have different widths. Finally, we developed an incremental net bounding box update 
algorithm that reduces the CPU time required for placement by more than a factor of 
five, on average, vs. using the traditional brute-force bounding box recomputation. 

Chapter 4 described new routing algorithms and a parameterized FPGA routing archi­
tecture generator that were implemented in the VPR placement and routing program. 
We described a new problem in FPGA CAD: the automatic generation of good rout-

1. Altera Corporation has an internal logic block packing tool that targets logic clusters, and 
Xilinx has a tool targeting logic blocks very similar to logic clusters for use with the 
XC5200 FPGA. The algorithms used by these tools have never been disclosed, however. 
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TABLE 8.1 Summary of CAD contributions. 

CAD Area Contributions 

• First academic tools to target parameterized cluster-based logic 
Logic Block Packing 

blocks 

• Architecture independent placement tool 
• New, robust annealing schedule 

Placement • Fast incremental update scheme 
• High quality results 

• Architecture-independent router 
• Architecture generator for ease of specification 

Routing • Fully timing-driven 
• Directly optimizes the Elmore delay 
• Very high quality 

• Transistor-based area model 
Modelling • Full delay extraction 

• Path-based timing analysis 

ing architectures from a succinct list of understandable parameters. We showed that it 
is often difficult to simultaneously satisfy all the specified parameters, and highlighted 
some of the novel features of our architecture generator that allow all the architecture 
parameters to be satisfied under most circumstances, and result in an FPGA with good 
mutability. 

Chapter 4 also described the two routers we developed and implemented in VPR: one 
is purely mutability-driven, while the other is both mutability- and timing-driven. 
The mutability-driven router is based on the Pathfinder negotiated congestion algo­
rithm [85] but includes enhancements to the routing cost function and "routing sched­
ule." As well, the VPR mutability-driven router employs a new method we developed 
for the breadth-first routing of multi-terminal nets which reduces the CPU time to 
route high-fanout nets by an order of magnitude compared to the traditional breadth­
first maze router method. In terms of circuit mutability, this mutability-driven router 
outperforms all other routers to which we can compare, and the combination of the 
VPR placement algorithm and the VPR mutability-driven router significantly outper­
forms all combinations of placement and routing tools to which we can compare. 

The VPR timing-driven router employs new algorithms we developed to directly opti­
mize the Elmore delay, while simultaneously resolving routing congestion. Previous 
non-commercial FPGA routers have optimized either wirelength or the (inaccurate) 
linear delay model; by directly optimizing the more complex Elmore delay model our 
router can make much more intelligent routing decisions. As well, our timing-driven 
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router is the first non-commercial "buffer-aware" FPGA router, 1 and it performs 
buffer insertion automatically as it constructs net routing topologies. This timing­
driven router also has excellent performance: it is capable of optimizing for routabil­
ity almost as well as our mutability-driven router, while producing circuits which are 
2.6 times faster, on average. The run-time of this router is also quite low - it can 
route an 8300 LUT circuit in 3.2 minutes. 

As well as the new algorithms incorporated in VPack, T-VPack and VPR, we consider 
the VPR / (T-)VPack CAD infrastructure itself to be a major contribution of this 
work. VPR not only produces high-quality placements and routings, it is also very 
flexible; i.e. it can target a wide variety of FPGA architectures. VPR includes fast net 
delay extraction and path-based timing analysis modules, allowing easy evaluation of 
the speeds of different FPGA architectures. It also includes a detailed, transistor­
based area model, allowing easy comparison of the area of different FPGA architec­
tures. Taken together, these capabilities enable more sophisticated and detailed com­
parison of FPGA architectures than were possible with previous tool sets. In addition 
to the three architectural studies described in this book, VPR has been used to evalu­
ate the quality of synthetic benchmark circuits [147, 148, 149], to investigate laser­
programmed gate array architectures [150], to generate good global routings for use 
with an FPGA detailed router [101], and as a CAD infrastructure for research into 
ultra-fast FPGA routing algorithms [151, 127, 152] and ultra-fast FPGA placement 
algorithms [153]. Ongoing research at the University of Toronto is enhancing VPR in 
order to research the routing architecture of Altera-like (hierarchical) FPGAs [138] . 
Several FPGA companies are currently using VPR to aid in the development and eval­
uation of new FPGA architectures, and researchers from over 80 universities and 30 
companies have downloaded copies of VPR from our web site. VPR, ¥Pack and T­
VPack are all available for download from http://www.eecg.toronto.edu/~jayar/soft­
ware/software.html, and may be freely used for academic FPGA research. 

In chapters 5, 6 and 7 we used these VPR, VPack, and T-VPack CAD tools to investi­
gate three different FPGA architecture issues; Table 8.2 briefly summarizes our most 
important architecture conclusions. In Chapter 5 we explored FPGA global routing 
architectures, which specify the relative widths of the various channels within an 
FPGA. We found that the best global routing architecture distributes the logic block 
pins evenly around the logic block perimeter, and has the same width for every chan­
nel within the FPGA. Row-based FPGAs, which have logic block pins only on the 
top and bottom of each logic block, are only 8% less area-efficient than this best 
architecture, however, as long as the horizontal channels are twice as wide as the ver­
tical channels. We also found that by adjusting the relative widths of the horizontal 

1. The routing tools of Xilinx Inc. are buffer-aware [107], and those of other companies whose 
FPGAs contain a mix of pass transistors and buffers are also likely buffer-aware. 
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and vertical channels, one can create FPGAs with rectangular logic block arrays 
which are nearly as area-efficient as FPGAs with square logic block arrays. We 
showed that making the routing channel between the 1/0 pads and the logic block 
array moderately (25%) wider than the other channels is a net benefit when the 1/0 
positions are locked. We showed that making one or more routing channels near the 
center of the array extra-wide, as some commercial FPGAs do [141], is not very use­
ful, however. Although these issues have been widely discussed and speculated upon, 
the work presented here is the first systematic study of global routing architecture. 

TABLE 8.2 Summary of FPGA architecture conclusions. 

Architectural Issue Key results 

Global routing • Uniform channels better than non-uniform channels 
architecture • No directional bias is best 

• Best cluster size: 4 - 10 look-up tables 
• Better speed, area and compile time than single-BLE logic 

Cluster-based block 
logic blocks • Need only about half as many cluster inputs as there are LUT inputs 

• Should reduce logic to routing interconnect flexibility for large 
clusters 

• Relatively simple architectures perform well 
• Length 1 wires not useful 
• Best single wire segment length = 4 
• 50% to 80% of routing switches should be pass transistors; remain-

Detailed routing 
der tri-state buffers 

architecture 
• Slight switch-block depopulation yields area gain 
• Decreasing the delay of only 20% of the routing wires yields the 

same circuit speed as decreasing the delay of 100% of the routing 
wires 

In Chapter 6, we presented an extensive study of "cluster-based" logic blocks, which 
are logic blocks that contain several LUTs and registers interconnected by local rout­
ing. While Altera FPGAs use cluster-based logic blocks, this is the first study of how 
one should choose the key logic cluster parameters, and of the speed and area-effi­
ciency achievable with these logic blocks. We investigated several key logic cluster 
issues. First, we found that one need not provide 4N distinct inputs to a cluster of N 4-
LUTs - approximately 2N+2 distinct inputs suffice to achieve full logic utilization, 
and result in a more area-efficient logic block. Second, we found that as the size of 
the logic cluster increased, one should reduce Fe to achieve the best area-efficiency; a 
good Fe,output value is W / N, while the best Fe value for logic block inputs is some­
what higher. Third, we found that logic clusters containing between 4 and 10 LUTs 
have the best area-delay product. An FPGA employing a logic cluster of size 7, for 
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example, requires 19% less area, achieves 21 % higher circuit speed, and has a 33% 
lower area-delay product than an FPGA with a single-BLE logic block. Finally, we 
found that the use of larger logic clusters significantly reduced the time required to 
place and route designs. For example, use of a logic cluster of size 10 reduced the 
time to place and route circuits by a factor of 5.5 vs. using a single-BLE logic block. 

In Chapter 7, we investigated FPGA detailed routing architecture, which specifies the 
exact pattern of wires and switches forming the routing fabric, for island-style 
FPGAs. While some detailed routing architecture questions have been investigated 
before, this study is the first to use a truly timing-driven router, the first to evaluate an 
architecture's speed via the critical path delay, and the first to model routing area 
using a new minimum-width transistor equivalent area model. As well, many of the 
detailed routing architecture issues we investigated had not been previously studied. 
More specifically, our work is the first to consider routing that contains tri-state buffer 
routing switches, partially-internally depopulated routing wires, and routing wires 
with varying metal spacing. 

One of the most important conclusions of this study is that most of the wires in an 
FPGA should be of moderate length ( 4 to 8 logic blocks); the very short and very long 
wires often found in commercial island-style FPGAs lead to inferior speed and area­
efficiency. As well, we found that FPGAs should contain a mix of tri-state buffer and 
pass transistor routing switches; using pass transistor switches on approximately 50% 
to 80% of the routing tracks is best. Internally depopulating wire segments that use 
tri-state buffer routing switches so that they have a switch block in only every second 
location leads to a 2.5% to 7.5% area-efficiency gain. Neither reducing the switch­
block population of wires that use pass transistor switches nor reducing~the connec­
tion-block population of wires is as successful at reducing routing area. We also 
found that increasing the spacing between metal wires significantly improved the 
FPGA speed, and that one could obtain virtually the entire speedup by increasing the 
spacing of only 20% of the routing wires. Specifically, increasing the spacing of 20% 
of the routing wires typically improves FPGA speed by 12% to 13%, while increasing 
the spacing of all the wires increases the speed by about 15%. Finally, we found that 
properly designed routing architectures employing only two different lengths of wire 
and a simple switch block lead to 11 - 18% better speed than a routing architecture 
similar to that of the Xilinx XC4000X FPGA, with only a O - 6% area-efficiency pen­
alty. These architectures are considerably simpler than that of the Xilinx XC4000X, 
and this makes them even more attractive, since simple architectures ease the task of 
writing CAD tools and implementing "hard" intellectual property cores. 
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8. 2 Future Work 

8.2.1 CAD Tool Enhancements 

There are two different ways in which one can enhance our CAD tools: by improving 
the core algorithms to increase result quality, and by increasing the flexibility of the 
FPGA architecture generator to allow easy investigation of a wider class of FPGAs. 

In this work we have created timing-driven logic block packing and timing-driven 
routing tools, but the placement phase of VPR is purely routability-driven. Accord­
ingly, the VPR placement algorithm should be enhanced to make it timing-driven -
work is already underway on this project at the University of Toronto [19]. Another 
interesting project would explore whether incorporating more advanced delay models 
into T-VPack (such as fanout-based delay estimates) would improve circuit speed by 
giving T-VPack a better estimate of where the post-place-and-route critical path will 
lie. 

The VPR placement algorithm could also be enhanced by adding a cost function that 
considers the underlying detailed routing architecture when evaluating the cost of a 
placement. For example, in an FPGA that contains only length 4 wires, any connec­
tion between logic blocks in the same row or column is likely to be completed with 
one wire segment if it spans less than four logic blocks. If, however, the connection 
spans five logic blocks, or if the connection is between logic blocks that are not in the 
same row or column, it must use more than one wire segment. Consequently, the cost 
function should consider not only wirelength, but also the number of wire segments 
(and for timing-driven placement, the minimum delay) required to route from a net 
source to a net sink. Using a cost function of this type results in a "routing-aware" 
placement algorithm, without the high CPU time required by simultaneous placement 
and routing approaches. 

The other major class of CAD enhancements concern creating a wider variety of 
FPGA architectures automatically. As discussed in Chapter 4, the architecture gener­
ator in VPR can build routing-resource graphs for detailed routing only when the seg­
mentation distribution in the horizontal and vertical channels is the same. While this 
is generally true of island-style FPGAs, it is not true of the hierarchical style of 
FPGAs used by Altera. A research project is currently under way at the University of 
Toronto to remove this restriction, and hence allow the generation and evaluation of 
Altera-style FPGAs [138]. 

Automatically generating good FPGA architectures to match a set of parameters is a 
new problem in FPGA CAD, and there are many avenues for future research in this 
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area. While we have found ways to simultaneously satisfy all the specified parame­
ters in many cases, in some situations we cannot meet all the user's specifications. An 
important question, then, is whether it is impossible to satisfy all the constraints in 
these cases, or if there is some better architecture generation algorithm which enables 
all the constraints to be met. If it is impossible to satisfy all the specified parameters 
in some cases, is there some parameterization (different than the one we have chosen) 
of equivalent flexibility which guarantees that any set of parameters can always be 
simultaneously satisfied? Another problem in automatic architecture generation con­
cerns the automatic generation of good connection block switch patterns. While the 
patterns currently generated by VPR work well for a wide variety of architectures, 
they are not necessarily the best possible patterns. 

8.2.2 Future FPGA Architecture Research 

In Chapter 6 we examined only fully-connected logic clusters, but it is not clear that 
fully-connected local routing is best. The complexity of fully-connected local routing 
grows quadratically with the cluster size, so the use of a less flexible local routing 
structure might make larger logic clusters more attractive. On a related note, is it nec­
essary to allow all N BLE outputs to connect to the main FPGA routing? In large 
logic clusters many signals are used only within the logic cluster, so the average num­
ber of outputs used is less than N. By forcing some BLE outputs to be used only with 
a logic cluster, an FPGA would contain fewer logic block output pin buffers and con­
nection blocks, saving area. On the other hand, logic utilization might suffer, so the 
overall effect on area is unclear. 

Many interesting questions about detailed routing architecture remain. Further 
research is needed to determine good switch block topologies for use with FPGAs 
that contain wires longer than one logic block. This switch block research should pay 
careful attention to the interaction between the distribution of the wire lengths and the 
performance of different switch blocks, as our results have shown these two issues to 
be coupled. In Chapter 7, we found that reducing the connection-block internal popu­
lation of wires did not provide a significant area-efficiency gain, and that depopulat­
ing the connection block on all the wires led to unroutable FPGAs. We always 
depopulated the switches from logic block output pins and the switches to logic block 
input pins equally, however. A future research project could look into depopulating 
the output pin switches and the input pin switches by different amounts. Since the 
switches from logic block output pins to routing tracks require more area than the 
switches from routing tracks to input pins, depopulating the output pin switches 
would yield the largest reduction in switch area per wire. By depopulating the input 
pin switches by a smaller amount, or not at all, one could maintain good routability, 
and hopefully achieve a net area gain. 
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The best architectures we found in Chapter 7 had critical path delays of approxi­
mately 40 ns. About 80% of this delay is still inter-cluster routing delay, so there is 
still considerable room for speed improvement by optimizing the routing architecture. 
However, almost 40% of the routing delay (about 30% of the total delay) is due to the 
delay to get out of a logic block via an output pin buffer, and back into another logic 
block via a track buffer and connection-block multiplexer. Even if we could some­
how create routing wires and routing switches with zero delay, then, we would only 
double the FPGA speed if these fixed delays to enter and leave a logic block were left 
unchanged. We believe research is therefore needed into "fast paths" which bypass 
most of the connection block multiplexer, track buffer and perhaps the output pin 
buffer delays; such fast connections are employed in many commercial FPGAs [4, 7]. 
For example, one can build direct connections (as Xilinx does) between adjacent logic 
blocks. These direct connections are short enough that they should not require track 
buffers. Fast path connections can also connect into a special, fast input in the con­
nection block multiplexers. If the multiplexer is a tree of pass transistors (see Appen­
dix B .1 ), this fast input is created by making the tree unbalanced; the fastest input has · 
the fewest pass transistors between it and the multiplexer output. Obviously the num­
ber of fast paths one can create is very limited (if one makes too many fast paths they 
all become slow paths again!). Research is needed to decide if such fast paths can be 
used effectively enough by CAD tools to significantly speed up an FPGA, and if so, 
which logic blocks should connect via fast paths. 

Finally, since power dissipation is of increasing concern in all VLSI design, future 
research should investigate detailed routing architectures and logic block architec­
tures that lead to the best combination of not only speed and area, but also power. 



APPENDIX A Graphic Visualization in 
VPR 

VPR contains built-in graphics that we have found very valuable in both CAD algo­
rithm and FPGA architecture research [134]. The graphical visualization of a new 
FPGA routing architecture or a routed circuit allows much quicker understanding of 
how well or how poorly the various algorithms in VPR are performing than trying to 
comprehend megabytes of textual data. On-screen buttons allow the user to pan and 
zoom various views of the FPGA's routing architecture and placed and/or routed cir­
cuits. PostScript output of any display on screen is always available simply by click­
ing on a "PostScript" button; all the figures in this appendix were generated directly 
by VPR in this manner. While printed here in black and white, VPR's graphics are 
actually in colour - see http://www.eecg.toronto.edu/~jayar/software/software.html 
for colour versions of these pictures. 

Figures A 1 to A.4 show various steps in the placement and routing of the MCNC 
benchmark circuit e64. This circuit contains 274 four-input LUTs, and is mapped to 
an FPGA where every logic block is a single BLE. The FPGA routing contains a 
mixture of length 1, 2 and 4 wires. Figure A 1 shows a "rat's nest" view of the con­
nected blocks before placement. The user has selected a logic block by clicking on it 
with the mouse; its fan-out is highlighted in dark grey, while its fan-in is highlighted 
in black. Notice that the fan-in and fan-out of the selected block are widely scattered 
across the FPGA. 

Figure A.2 shows the same circuit and the same selected block after placement. Now 
the fan-in and fan-out of this block have been clustered quite closely around it. Most 
connected blocks have been placed close together, resulting in a much less cluttered 
view than in Figure A 1. 
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Selected block 

FIGURE A.1 Initial (random) placement of benchmark circuit e64. 

Figure A.3 shows e64 after it has been successfully routed. By examining graphical 
views of routed circuits one can quickly determine how well VPR routes different 
classes of nets, and identify areas where the routing algorithm is not performing well. 

Figure A.4 shows the circuit critical path. A user can highlight each net on the circuit 
critical path, one by one. Figure A.4(a) shows only the first net on the critical path -
the critical connection begins at an input pad (the lighter grey block) and connects to 
the dark grey logic block. Figure A.4(b) shows the entire critical path, which in this 
case spans five nets and four logic blocks. The first four nets on the critical path are 
shown in dark grey. The last net on the critical path is shown in light grey; it begins at 
the lighter grey logic block and ends on the dark grey output pad. Being able to view 
the critical path of a circuit in this way has been very valuable in optimizing the CAD 
tools, since one can quickly determine if the critical path is routed via direct, fast con­
nections. As well, being able to see the structure of the critical path - for example, is 
it mostly short, local connections or mostly long connections - gives one insight into 
what kind of nets are determining the circuit speed and how the routing architecture 
could be changed to speed their routing. 



201 

Selected block 

FIGURE A.2 Final placement of e64 found via simulated annealing. 

When a routing fails because there are insufficient tracks, or because a switch pattern 
is simply unroutable, one can view all the routing resources that are still overused 
after the final iteration of the router. Showing where congestion is occurring in this 
way makes it much easier to determine why a circuit is not routing on a particular 
architecture - sometimes it is a simple matter of insufficient wiring, but other times 
there are intrinsic flaws in the architecture's switch pattern that make certain connec­
tion topologies difficult or impossible to route. The e64 circuit requires 10 tracks per 
channel to successfully route. Figure A.5 shows the congestion remaining after the 
last (thirtieth) router iteration when each channel contains only 8 tracks. Notice that 
both some wire segments and some logic block pins are overused. 

VPR can also display the routing architecture of an FPGA. Every routing wire, logic 
block pin, and switch is displayed, and the data to be drawn is taken directly from the 
routing-resource graph. This allows a user to visualize an entire routing architecture, 
and quickly determine if he or she has set all the architecture parameters correctly in 
the architecture file. It also allows one to examine the quality of the switch patterns 
generated by the VPR architecture generator, and to quickly test and debug improve­
ments to the architecture generator. Figure A.6 shows the entire routing fabric of the 
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FIGURE A.3 Routing of benchmark circuit e64. 
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FIGURE A.4 (a) First net and (b) all five nets on the critical path of e64. 
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FIGURE A.5 Congestion remaining after an unsuccessful attempt at routing e64. 

FPGA in which the e64 circuit was implemented in the previous figures. Figure A.7 
is a close-up of a small part of the FPGA so the switch pattern is visible. s The black 
lines are routing wires, while the small black squares are logic block input and output 
pins. Switches between logic block pins and routing wires are shown as x's. The 
routing switches in switch blocks are shown as grey lines between routing wires; a 
small triangle indicates the switch is a tri-state buffer, while a circle indicates it is a 
pass transistor. 

Figure A.8 is a simpler view in which the routing switches are not displayed. The 
segmentation distribution of the FPGA is clearly visible: 20% of the routing tracks 
are length 1 wires, 40% are length 2 wires, and 40% are length 4 wires. 

Finally, Figure A.9 shows a small portion of an FPGA with a more complex logic 
block. In Figure A.9 the logic block is a logic cluster of size 4, with 10 logic inputs, 
and one clock input. Notice that there are no switches connecting the clock input, 
which is in the upper right corner of each logic block, to routing wires, since in this 
architecture it was specified that the clock is routed on a special dedicated resource. 
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FIGURE A.6 Routing architecture of an FPGA with a single BLE logic block. 

FIGURE A.7 Close-up of routing architecture of an FPGA with a single BLE logic 
block. 
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FIGURE A.9 An FPGA where each logic block is a size 4 logic cluster with 10 logic 
inputs and one clock input. 



i I 

I i 
I I 
l 

l 
J 

' 



APPENDIX B FPGA Circuitry and 
Process Modeling 

This appendix provides more detail on how the area and delay of the FPGAs studied 
in Chapters 6 and 7 was determined. The next section provides transistor-level sche­
matics showing how each structure in an FPGA is implemented. Most of these sche­
matics are process-independent, but occasionally transistor sizing issues that are 
somewhat specific to a specific process arise. In such cases, we size the transistors 
assuming the FPGA would be implemented in TSMC's 0.35 µm, 3.3. V process 
(154]. Section B.2 describes how we determined the delay or equivalent RC circuit 
for each structure in an FPGA, and lists the delay through some of the key FPGA 
structures. This data is required to apply the FPGA delay model describ! d in Section 
6.2.3. 

B.1 Transistor-Level Schematics and Assumptions 

In this section we detail the transistor-level schematics for each FPGA structure used 
in this research. These schematics show how many transistors each structure con­
tains, and how large the various transistors are, which is exactly the information 
required by the area model described in Section 6.2.2. As well, these transistor-level 
schematics are the structures simulated to extract the delay values used in Chapters 6 
and 7. Chow et al [21] contains another discussion of the transistor-level implementa­
tion of an FPGA; most of the structures we use are similar. 
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B.1.1 FPGA Routing Structures 

A key circuit element of an SRAM-based FPGA is the SRAM cell itself. We used the 
6-transistor, double-ended programming cell illustrated in Figure B.1. Although a 
five-transistor SRAM cell is possible, a six-transistor cell is generally more stable -
i.e. more resistant to state flipping due to crosstalk or charge sharing. While some of 
these transistors may have slightly greater than minimum width (or some may have 
more than the minimum channel length of 0.35 µm), we assume the total structure 
requires 6 minimum-width transistor areas. Since the layout of an SRAM-cell is usu­
ally the most heavily optimized layout in an FPGA (often to the point that special, 
relaxed design rules are used in its layout), the assumption that it requires only 6 min­
imum-width transistor areas is reasonable. We assume that the data and data values 
stored in the cell can be connected directly to other wires without any isolating invert­
·ers - the stability of a six-transistor SRAM cell is therefore essential. 

Figure B.2(a) shows a pass transistor used in an FPGA's routing. Each routing pass 
transistor is controlled by a single SRAM cell. Note that usually this pass transistor 
will be considerably larger than minimum-width; Appendix C.1 studies the question 
of how best to size this transistor. If the width of this transistor is ten times the mini­
mum, which is the size we use in Chapter 7, the number of minimum-width transistor 
areas required by a pass transistor routing switch is 6 (SRAM cell) + 5.5 (ten times 
minimum size pass transistor; see Equation ( 6.1)) for a total of 11.5. 

Gate Boosting 

Figure B .2(b) shows a potential problem with the use of nMOS pass transistors. In 
Figure B .2(b ), an "on" routing pass transistor is passing a logic high value to a routing 
wire. Notice that the voltage of the routing wire is less than V dd (3.3 V), since an 
nMOS pass transistor degrades a logic high value by a threshold voltage (including 
any increase in the nominal threshold voltage due to the body effect [155]). In 

program ------ --1: 
data 

prog_data 
L ...J 

prog_data 

FIGURE B.1 Six-transistor SRAM cell schematic. 
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FIGURE B.2 (a) FPGA routing pass transistor; (b) static power problem; and (c) 
solution. 

TSMC's 0.35 µm process, for example, the routing wire voltage will rise only to 2.2 
V. The output voltage is degraded by 1.1 V, even though the nominal threshold volt­
age in this process is only 0.6 V, because the pass transistor suffers frofn the body 
effect. Downstream, a buffer is used to sense and re-power the signal on the routing 
wire. With an input voltage of only 2.2 V, both the pMOS and nMOS transistors in 
the first stage of this buffer will be at least partially "on", dissipating unacceptable 
amounts of DC power. For example, an FPGA large enough to accommodate the 
clma benchmark circuit (which requires 2121 size 4 logic clusters) would dissipate 21 
W of static power in these partially "on" inverters alone. 

One solution to this problem is to boost the gate voltage of pass transistors above the 
power supply; this technique has been used by Xilinx in their FPGAs. We assume 
that the gates of all the pass transistors in the FPGAs we construct are boosted to 3.9 
V ( one nominal threshold voltage above V dd) when designing FPGA circuitry or 
extracting circuit delays. Figure B.2(c) shows that with a gate boosted to 3.9 V, the 
pass transistor will now pass. a logic high level of 2. 73 V, which is enough to turn off 
the pMOS pull-up transistor in any downstream buffer. For an FPGA large enough to 
accommodate the clma benchmark circuit, this gate boosting technique reduces the 
static power dissipated in these "downstream" buffers from 21 W to 0.041 W. 
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Buffers 

Multi-stage buffers are heavily used in the design of FPGAs. To drive a large load, 
one usually builds a chain of inverters of gradually increasing size - a multi-stage 
buffer. We build buffer chains with a stage ratio of as close to 4 as possible; this 
yields high speed while minimizing area [155]. In these buffer chains the pull-up 
pMOS transistors are 1.9 times as wide as the nMOS transistors. This is roughly the 
square root of the ratio between the drive strength of an nMOS and the drive strength 
of a pMOS transistor of the same size in TSMC's 0.35 µm process. Sizing the pMOS 
transistors in this way minimizes the delay through the buffer chain [156]. Even more 
importantly, using a pMOS to nMOS width ratio of 1.9 results in equal rise and fall 
times for the tri-state buffer structures discussed below. Figure B.3 shows an example 
buffer chain used to create an output stage with 16 times the drive strength of a mini­
mum-size buffer. Note that all the transistor width labels in Figure B.3 (and the other 
figures in this appendix) are "times minimum width" values, rather than widths in µm. 

Recall that signals generated by nMOS pass transistors swing only from O V to 2.73 V 
(rather than 3.3 V). To achieve equal rise and fall times, the inverter that senses the 
state of a wire driven by an nMOS pass transistor uses a pMOS to nMOS width ratio 
of only 1.7, rather than the 1.9 we usually use. This reduces the switching threshold 
of the inverter to 1.35 V (about midway between O and 2.73 V), and yields equal rise 
and fall times on the nMOS pass transistor output. 

The buffered switches in FPGA switch blocks and the switches between logic block 
output pins and routing tracks (in the "output pin" connection blocks) are tri-state 
buffers. There are several ways to construct tri-state buffers; Figure B .4 shows the 
form of tri-state buffer we assume. It is simply a combination of a (potentially multi­
stage) buffer with an nMOS pass transistor. We assume that the gate of this pass tran­
sistor (like all the other pass transistors in the FPGA) is boosted to 3.9 V. The drive 
strength of the tri-state buffer in Figure B.4 is five times the minimum, which is the 
tri-state buffer size used in Chapter 7. It occupies 19.7 minimum-width transistor 
areas. 

Buffer (16x minimum 
drive strength) 

FIGURE B.3 Schematic of a multi-stage buffer. 

Out 
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FIGURE 8.4 Schematic of a tri-state buffer with 5 times minimum drive strength. 

At a point where there are multiple buffered routing switches with the same input, 
there are two ways to implement the group of switches. We can either build each 
switch as a completely separate tri-state buffer, as Figure B.5(a) shows, or we can 
build only one buffer chain, with several pass transistors connecting to the output of 
this buffer, as shown in Figure B.5(b). We call the two implementations "no buffer 
sharing" and "fan-out buffer sharing," respectively. Implementing only one buffer 
chain (i.e., fan-out buffer sharing) saves a significant amount of area, but it can 
degrade speed by a small amount since this buffer will be more heavily loaded if sev­
eral of the pass transistors connecting to its output are "on." 

The area model built into VPR outputs two area estimates: one assuming no buffer 
sharing, and the other assuming fan-out buffer sharing. The no-buffer-sharing area 
assumes that each tri-state buffer switch in a switch block, or in an output pin connec­
tion block, is implemented as a separate buffer chain plus pass transistor, as 
Figure B.5(a) shows. This area estimate is pessimistic because significant area sav­
ings can be achieved by sharing one buffer chain. The fan-out-buffer-sharing area 
model assumes instead that only one buffer chain is implemented for each logic block 
output pin, or set of tri-state buffer routing switches with the same input and at the 
same switch block. This area model is depicted in Figure B.5(b). We call this area 
model slightly optimistic for two reasons. First, in a real FPGA it is likely that the 
size of the buffer chain would be increased somewhat as the number of pass transis­
tors connected to its output increased, in order to minimize any speed degradation due 
to several of the pass transistors being "on" at once. Hence the fan-out-buffer-sharing 
area model slightly underpredicts routing area. Second, the delay model in VPR 
assumes each switch is independent - that is, does not share a buffer chain with 
another switch. Consequently, VPR's delay calculator does not account for the speed 
reduction caused by several of the pass transistors connected to one buffer chain being 
"on." In other words, the delay model built into VPR models the no-buffer-sharing 
case. The difference in delay caused by sharing buffers is not very significant, how­
ever, so we consider the fan-out-buffer-sharing area model the more realistic one. 
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Tri-state buffers at a switch block 
Tri-state buffers at an output pin 
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FIGURE B.5 Methods to build tri-state buffers at switch blocks and output pin 
connection blocks. 

Accordingly, all the area results in Chapters 6 and 7 were determined with the fan­
out-buffer-sharing area model. 

Connection Block to Logic Block Input Pins 

The connection block from a set of routing tracks to a logic block input pin is imple­
mented as a multiplexer, as shown in Figure B.6. Notice that buffers isolate each 
track from the input capacitance of the connection blocks attaching to it. We assume 
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FIGURE 8.6 Implementation of input pin connection blocks. 

only one buffer is needed at each logic block location along a wire - a wire of length 
4, for example, has four attached "track buffers." The multiplexers attaching to a wire 
from the logic block above a certain point on the wire and the logic block below that 
point on the wire connect to the output of one track buffer. Figure B.6 also shows that 
we assume the track buffer is a two-stage buffer with the second stage having a drive 
strength of four times the minimum. Notice that the first stage of the track buffer uses 
a pMOS to nMOS width ratio of 1.7 to achieve equal rising and falling delays on the 
routing wires. 

Figure B.7 shows that multiplexers are implemented as a binary tree of pass transis­
tors. All the transistors in this tree are minimum-width. For input pin connection 
blocks, SRAM cells control which multiplexer input is selected. The total number of 
minimum-width transistor areas required by such a multiplexer with Ninputs inputs is: 

In0 
Inl 
In2 
In3 

2 SRAM cells 

Out 
♦ 

data SRAM data data SRAM data 

InQ-4-..J 

Inl--+-.... 

ln2---' 

In3--..J 

FIGURE 8.7 Schematic of a 4-input SRAM-controlled multiplexer. 

(8.1) 

Out 
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Since we are implementing multiplexers as pass transistor trees, we need buffers on 
the inputs and the output of the multiplexer. If these buffers are not already present in 
the circuit, they must be added and their area included in the total area. 

B.1.2 Logic Block Structures 

Figure B.8 shows the logic block used in Chapter 7: a logic cluster of size 4 with 10 
logic inputs and one clock. We also assume there is one set/reset signal of program­
mable polarity shared by all four registers in the logic block. Notice that signals that 
have to travel a significant distance across the logic block or which have a large fan­
out pass through two-stage buffers with a drive strength of two to four times the mini­
mum to amplify them. The fan-out of some of these buffers is a function of the logic 
cluster size - our area model resizes these buffers appropriately for the fan-out 
present in each logic cluster. Note that to keep Figure B.8 understandable, we do not 
show all the repeated structures in a logic cluster of size 4. Specifically, we show only 
two of the ten input pin buffers, two of the sixteen 14: 1 multiplexers, and one each of 
the four 4-LUTs, registers, and BLE output buffers contained in a size 4 logic cluster. 

lnlO 

Clock 

Set/ 
Reset 

4LUT 
1. 

• 1 • 
• • • 1 • 
• • • I 
• • 14: 1 

• 
• 

Clock • 

4 
Set/Reset logic-- --,-----

___________ _J 

FIGURE 8.8 Schematic of a logic cluster of size 4 with 10 logic inputs, 1 clock and a 
set/reset input. 
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As well, note that the four times minimum strength buffer driving the output pin is 
strong enough to drive the local routing, but not, in general, the routing tracks. 
Appendix C.3 discusses the size of output buffer we use to drive different types of 
routing wires. The A, B, and C points labelled in Figure B.8 will be refen-ed to in 
Section B.2, where we summarize the delay of the various paths in this logic block. 

Figure B.9 shows our implementation of a 4-input look-up table. It uses sixteen 
SRAM cells, a sixteen-input pass transistor multiplexer, and a set of buffers to 
amplify the select inputs and generate their complements. Note that only 6 of the 16 
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SRAM cells are shown, and only a portion of the pass transistor multiplexer tree is 
shown. The area of this 4-LUT is 96 (SRAM cells)+ 30 (multiplexer tree)+ 41 (input 
buffers and complementers)= 167 minimum-width transistor areas. 

Figure B .10 shows the master-slave register with asynchronous set and reset inputs 
that we use. Numbers given after a slash(/) denote the channel length (in µm) of tran­
sistors that use a longer channel than the minimum 0.35 µm. This register contains 16 
transistors, but some are larger than minimum width and some have greater than the 
minimum channel length, so it occupies 19 minimum-width transistor areas. 

Finally, Figure B.11 shows the set/reset logic circuit used to enable programming of 
both the polarity of the set/reset input to a logic block, and whether this signal sets or 
resets the registers in a logic block. This circuitry occupies 48.5 minimum-width 
transistor areas. 

Summing the areas of all the structures in the size four logic cluster of Figure B.8 
yields the total area: 2·9.25 (clock buffers) + 16·50 (local routing multiplexers) + 
16·2.35 (buffers on outputs of local routing multiplexers) + 4-167 (four 4-LUTs) + 
4· 19 (four registers)+ 4·8 (four 2: 1 multiplexers)+ 48.5 (set/reset logic)= 1678 mini­
mum-width transistor areas for this logic block. The highly attentive reader will 
notice that this summation does not include the ten buffers on the logic block input 
pins, nor the four buffers on the logic block output pins. The area of these buffers is 
counted as part of the routing area by VPR. 

D-r7-Q 
Clock-l__J 

• 
Clock 

J_ reset-tj 1 
-------1 

FIGURE 8.10 Master-slave register with asynchronous set and reset. 
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FIGURE 8.11 Circuitry to generate and amplify the set and reset signals within a logic 
block. 

B.2 Delay and RC-Equivalent Circuit Extraction 

In this section, we describe how we determined the delay or equivalent RC circuit for 
each FPGA structure, and we list the delay through some of the key FPGA structures. 
This delay and RC data is required to apply the FPGA delay model described in Sec-
tion 6.2.3. .} 

We first performed SPICE simulations to determine the delay of all the paths in the 
logic block shown in Figure B.8, as well as the delay from a routing track to a logic 
block input pin. The delay of a path is the difference between the time at which the 
path input signal passes through the midpoint of its voltage swing and the time at 
which the output signal passes through the midpoint of its voltage swing. The results 
are listed in Table B.1. The letters in Table B.1 refer to the points labelled on 
Figure B.8. 

We performed SPICE simulations to determine the intrinsic delay of the ( often multi­
stage) buffers we use in the routing. The buffer intrinsic delay is the delay, when the 
buffer is unloaded, between the buffer input passing through its 50% swing voltage 
and the buffer output passing through its 50% swing voltage. Because FPGA routing 
switches are heavily loaded, the slew rate of the voltage input signal to a routing 
buffer is fairly low. This slowly changing input affects the delay through the buffers 
- we found that the buffer delay is 100 ps higher for buffers in the FPGA routing 
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TABLE B.1 Cluster-based logic block of size 4 delay values in TSMC's 0.35 µm 
CMOS process. 

Path Passes through Delay (ps) 

Routing track ➔ Point A Track buffer, connection block multiplexer, 1040 
input pin buffers 

Point A ➔ Point B 14: 1 multiplexer, buffer 395 

Point B ➔ Point C 4-LUT, 2: 1 multiplexer 465 

Point C ➔ Point A Local routing buffers 280 

Point B ➔ Register storage node 4-LUT, register set-up time 670 

Register storage node ➔ Point C Register clock-to-Q delay, 2: 1 multiplexer 332 

than it is for buffers in the FPGA logic block because of the difference in input slew 
rates. We do not provide the buffer intrinsic delays here because it would violate our 
non-disclosure agreement with TSMC. 

We found the equivalent resistance of nMOS pass transistors via the circuit shown in 
Figure B.12. The Elmore delay of this circuit is simply Req,n·C. Since our logic 
block and buffer intrinsic delays all give the time required for 50% signal swing, we 
want the Elmore delay of the circuit in Figure B.12 to give us the 50% signal swing 
time as well. We accomplish this simply by setting Req,n·C equal to the 50% swing 
time measured from SPICE, and solving for Req,n· We found that the rise and fall 
times of signals generated by pass transistors were essentially equal, so long as we 
measure the time for the signal to change to 50% of its final value, and not to V ctctf2. 
By properly sizing the n and p transistors in the buffer used to sense the state of this 
routing wire (the dotted buffer in Figure B.12), we can adjust the "switch point volt-

t < 0 

"Sense buffer" . . 
I • r---•• .. ~ 

I , 

C (large) , 

"Sense buffer" 

I 

C (large) • 
I 

t > 0 

FIGURE B.12 Circuit used to determine equivalent resistance of nMOS transistors. 
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age" to lie at this "signal swing midpoint" voltage. Note that the drive strength of 
CMOS transistors increases linearly with transistor width, so the equivalent resistance 
of transistors with widths different than 1 µm is simply Req / Wtrans· A similar proce­
dure was used to find the equivalent output resistance of pMOS transistors and tri­
state buffers. Again, our nondisclosure agreement precludes the listing of these 
equivalent resistances here. 

To determine the metal resistance and capacitance of routing wires, we need to know 
how long these wires are. In other words, we need to know the size of a basic FPGA 
tile. For example, consider an FPGA employing a size 4 logic cluster as its logic 
block. We determined the basic tile size by examining a representative routing archi­
tecture (50% length 4 buffered wires, 50% length 4 pass-transistor-switched wires) as 
follows: 

1. The most difficult to route benchmark circuit, pdc, requires 62 tracks per channel 
in this architecture; hence we set the channel width to 62. 

2. The number of minimum-width transistor areas in the routing for this architecture 
and a channel width of 62 is 6857. Adding in the 1678 minimum-width transistor 
areas in the logic block yields a total of 8535. 

3. We assume that a good layout team can achieve 60% of the maximum achievable 
transistor density. Therefore: 

Area(µm 2
) = MinWidthTransAreas · -6·-2-27-5---=-µ_m_

2

-
1
0
-~-

6
1-·n_W_i_d_th-T_ra_n_s = 88 600 µm 2 (B.2) 

~ 

Assuming a square logic block, then, we obtain a tile size of 300 µm on a side; we 
assume this is the tile size for each architecture examined in Chapter 7. To check that 
this value is reasonable, we also measured the area per logic block of a Xilinx 
XC4085XL FPGA (in a 0.35 µm process) and found that it is 115 000 µm2, which 
leads to an (assumed square) tile size of 340 µm x 340 µm. The area of an Altera 
FlexlOKlO0 tile is 259 000 µm2 in a 0.5 µm2 process; scaling to a 0.35 µm process 
and dividing by two (since each Altera logic block contains 8 4-LUTs, rather than 4), 
yields an area per four 4-LUT tile of 129 600 µm2

, or 360 µm x 360 µmin a square 
layout. Consequently, our estimate of a tile size of 300 µm on a side for a logic block 
containing four 4-LUTs looks quite reasonable. 

In modelling metal resistance, we want Rmetal,eq·C to give the 50% signal swing delay 
so that it is compatible with our other delay values. Since metal resistance is a true 
linear resistor, we know that the voltage on a capacitor being charged by resistive 
metal will follow an exponential curve in time. The time constant of this exponential 
is RmetarC, where Rmetal is the "true" metal resistance given in the foundry data 
sheets. Consequently, we know that the 50% signal swing delay will occur at: 
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t50%swing = ln(0.S) · Rmetal · C = 0,693 · Rmetal · C · (8.3) 

From (B.3) it is clear that Rmetal,eq is 0.693·Rmetal· 

The metal capacitance data can be taken directly from the foundry data sheets. We 
extracted the transistor gate capacitance, and the pMOS and nMOS diffusion capaci­
tances, from the foundry SPICE models. Since the diffusion capacitances are bias 
voltage dependent, we obtained the average diffusion capacitances over the entire bias 
range via: 

3.3 

Cdiff,av = 3\. f Cdiff(V)dV 

0 

(B.4) 

and used this average diffusion capacitance value in our RC equivalent circuit model, 
as suggested in [ 156]. 

Finally, recall from Section B.1.1 that we are boosting the gates of pass transistors to 
3.9 V in order to control the FPGA static power dissipation. It is interesting to note 
that this gate boosting does not change the routing delay very much - the transistor 
drive strength increases, but so does the signal swing, and the two effects largely can­
cel each other. 



APPENDIX C Sizing of Routing 
Transistors and Metal 

Both the area and delay of an FPGA depend strongly on the size of the routing tran­
sistors and the metal width of the routing wires. In this appendix we show how we 
determined appropriate sizes for the pass transistors and tri-state buffers used in 
FPGA routing, and the best metal width for routing wires, for use with a size 4 logic 
cluster. All the delay values in this section were determined from the switch-level 
(resistors, capacitors and ideal delay elements) delay model we extracted from 
TSMC's 0.35 µm process; this delay modelling procedure was described in Appendix 
B.2. Throughout this section we also assume that the layout area of a basic FPGA tile 
(in this process) is 300 µm x 300 µm, as described in Appendix B.2. A Jize 4 logic 
cluster results in a basic tile of this size; for logic clusters of different sizes the tile 
size, and hence the best routing transistor sizes, will change. 

C.1 Sizing Pass Transistor Routing Switches 

In this section, we determine the best routing pass transistor width by evaluating the 
effect of different pass transistor widths on both the speed of the routing wire shown 
in Figure C.1, and the area of the routing switches. While Figure C. l shows a wire of 
length 4, we will vary the length (Lwire) of this routing wire over a wide range in this 
section. We assume the wire is fully switch-block and connection-block populated, 
and that the switch block topology used leads to an F8 of 3 at the wire ends, and an F8 

value of 1 at the "internal" switch block points. The disjoint switch block topology 
used in Chapters ·6 and 7 matches these F8 values. We also assume there is a pass 
transistor allowing this wire to connect to a logic block output pin at each of the Lwire 
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FIGURE C.1 Wiring topology assumed in pass transistor sizing experiments. 

logic blocks spanned by the wire. These transistors connecting the wire to logic block 
output pins are the same size as the other routing transistors. A track buffer with a 
small first stage ( as described in Appendix B .1.1) also loads the wire at each logic 
block it passes. Finally, in this section we assume that the routing wire is laid out in 
metal 3 with minimum width and minimum spacing. We are interested in determin­
ing the delay of the wire in Figure C. l when one pass transistor at each end is "on" to 
create a multi-wire connection - all the other switches are off and only add capaci­
tive loading. 

The Elmore delay of a connection that passes through M pass transistor switches and 
routing wires is: 

[
(M + 1) Rmeta/Ctotal] 

T Elmor/M) = M · 2 (R pass+ Rmetal )Ctotal - 2 (C.1) 

where Ctotal is the total (metal + transistor parasitics) capacitance loading the wire, 
Rpass is the equivalent resistance of a pass transistor, and Rmetal is the end-to-end 
resistance of the wire. The dominant (quadratic in the number of routing switches in 
series) delay term is proportional to: 

Dominant delay constant = (Rpass + Rmetal)C101at , (C.2) 

Figure C.2 plots this dominant delay constant as a function of the pass transistor 
width for several different wire lengths. The delay constant of each wire has been 
divided by the wire length, Lwire• to allow all the curves to be plotted on the same axes 
- this does not affect the shape of the curves in any way. The horizontal axis in 
Figure C.2 is the width, relative to the minimum contacted transistor width of 0.7 µm, 
of the routing pass transistors. As the width of the pass transistors increases, the wir-
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FIGURE C.2 Normalized dominant delay constant vs. routing pass transistor width. 

ing delay clearly drops significantly. For very large pass transistors the delay stops 
improving, since the switch capacitances become larger than the metal capacitance 
and the wire becomes self-loaded. For the longer wires, delay actually degrades once 
the transistor width is more than about 30 times minimum, since the metal resistance 
begins to become more significant than the pass transistor resistance. 

Figure C.3 shows the area required by each pass transistor routing switch, including 
the area of the controlling SRAM cell. Obviously the area of each routing switch 
increases as the pass transistor size is increased. The question, then, is how best to 
size the routing pass transistors to achieve the best area-delay trade-off. Intuitively, 
we want to choose the transistor width that is nearest the "knees" of both the delay 
constant and switch area curves. A more quantitative way of formulating this goal is 
to size routing transistors to minimize the area-delay product of the resulting FPGA. 
As described in Section 6.2.4 minimizing the area-delay product of an FPGA maxi­
mizes the FPGA's computational throughput (for parallel algorithms). 

To find the FPGA with the minimum area-delay product achievable with a given logic 
block and routing architecture, we would have to simultaneously vary the size of 
every transistor in a basic tile of the FPGA, and determine the area and delay achieved 
by the FPGA under each transistor sizing. Clearly this is a dauntingly large and com­
plex search space. We can, however, approximately minimize the area-delay product 
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FIGURE C.3 Area of a pass transistor routing switch (including the controlling SRAM 
bit) vs. pass transistor width. 
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FIGURE C.4 Switch area - wire delay product vs. routing pass transistor width. 
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of an FPGA by minimizing the routing switch area - wire delay product for each rout­
ing resource, and this is the approach we take to routing transistor sizing. 

Figure C.4 plots the area of a routing switch multiplied by the dominant wire delay 
constant as a function of pass transistor width. Again, curves for several different 
routing wire lengths are shown, and the switch area - wire delay product of each is 
normalized by dividing by the wire length so they can all be plotted on the same axes. 
For wire lengths of 1, 4, or 8 logic blocks, transistor widths of 10 and 16 times the 
minimum are essentially tied for the best area - delay product. For a wire of length 
16, a pass transistor width of 10 is clearly preferable to a width of 16. Consequently 
we use ten times minimum width (i.e. 7 µm width) pass transistor routing switches 
throughout Chapter 7. 

Although we assumed minimum spacing metal 3 wiring in this section, laying out 
routing wires in metal 2 or using a different metal spacing does not significantly 
change the point at which the best switch area - wire delay product occurs. 

C.2 Sizing Tri-State Buffer Routing Switches 

To determine the best size of tri-state buffers in the routing, we followed a procedure 
identical to that of the prior section. The wire simulated is the same as that in 
Figure C.1, except every pass transistor between two routing wires is replaced by two 
tri-state buffers - one in each direction. We assume that one buffer ch in is shared 
by the three tri-state buffers at each of the two end points of a wire; i.e. we are assum­
ing the fan-out-buffer-sharing case described in Appendix B .1. Once again the rout­
ing wire is fabricated in metal 3 using the minimum width and spacing. 

Figure C.5 shows the wire delay divided by the wire length (i.e. the delay to pass one 
logic block) versus the size of the tri-state routing buffers. A buffer of minimum size 
uses minimum width nMOS transistors, while the pMOS pull-up is 1.9 times mini­
mum width, as described in Appendix B. l. Also recall from Appendix B.1 that the 
larger buffers are multi-stage buffers, and the stage ratio is kept as close to 4 as possi­
ble. As buffer size increases from the minimum size, speeds improve for all wire 
lengths. Once the buffer is larger than four times the minimum, however, the speed of 
length 1 wires starts to degrade. This occurs because the increase in buffer intrinsic 
delay as the buffer grows is larger than the decrease in the time it takes the larger 
buffer to discharge the routing wire (and attached switch) capacitance. Longer wires 
continue to see some speed improvement until the buffer size reaches 16 times the 
minimum (for length 4 wires) or 32 times the minimum (for length 8 and 16 wires). 
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FIGURE C.5 Delay per logic block spanned for buffered routing wires vs. buffer size. 
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FIGURE C.7 Switch area - wire delay product versus routing tri-state buffer size. 

Figure C.6 shows how the area of each tri-state buffer routing switch (including the 
controlling SRAM bit) varies with the size of the tri-state buffer. Once again, we 
want to find the buffer size closest to the "knees" of both the area and the delay 
curves, and once again we take this best trade-off point to be the minimum of the wire 
delay - routing switch area product. Figure C.7 shows the wire delay - routing switch 
area product curve for four different routing wire lengths. For wires of leri'gth 4, 8 and 
16 the best switch area - wire delay product occurs with a buffer that is five times the 
minimum size. For a wire of length 1, the best area-delay product occurs with a 
buffer size of only twice the minimum. Since the area-delay product for a wire of 
length 1 is not much worse with a buffer size of five times the minimum, however, we 
make all tri-state routing buffers five times the minimum size throughout Chapter 7. 

It is interesting to note that the best routing pass transistor width was ten times the 
minimum, while the best tri-state buffer size is only five times the minimum. There 
are two reasons for this behaviour. First, as the size of a tri-state buffer is increased, 
more stages are added to the buffer chain. Thus some of the speed gained by the 
increased buffer drive strength is counteracted by the increased intrinsic delay of the 
buffer. Second, since a tri-state buffer contains several transistors, it consumes more 
area at a given size than a pass transistor. Consequently, as a tri-state buffer is sized 
up, it more rapidly swamps the fixed area overhead due to its controlling SRAM bit, 
so its area growth is closer to linear in the buffer size than that of a pass transistor. 
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C.3 Tri-State Buffers in Output Pin Connection Blocks 

The experiments in the prior two sections determined the proper transistor sizes for 
routing switches contained in FPGA switch blocks. We must also determine a proper 
size for the tri-state buffers connecting logic block output pins to routing tracks. It 
makes little sense to connect a routing wire to a logic block output pin with a large tri­
state buffer if the routing switches the wire uses to connect to other routing wires are 
small. The large tri-state buffer from the output pin will make the connection from 
the logic block to the routing wire fast, but subsequent connections through switch 
blocks will be slow. Consequently, the extra area used to create a large tri-state buffer 
from the output pin to the routing wire is largely wasted. 

On the other hand, it also makes little sense to connect a logic block output pin to a 
routing wire with a tri-state buffer that is smaller than the switch block routing 
switches on this wire. The connection from the output pin to the routing wire will be 
slow, degrading the speed of what was intended to be a fast routing resource. Conse­
quently, in Chapters 6 and 7 we always make the tri-state buffer connecting a logic 
block output pin to a routing wire the same size as the routing switches the wire uses 
to connect to other routing wires. This means the tri-state buffer connecting output 
pins to pass-transistor-switched wires are ten times the minimum size, while those 
connecting to buffer-switched wires are only five times the minimum size. 

C.4 Metal Width and Spacing 

The results in Appendices C. l and C.2 assumed that routing wires used the minimum 
metal width and spacing. Increasing the spacing between metal wires reduces the 
metal capacitance, while increasing the metal width reduces the metal resistance, at 
the cost of some increase in the metal capacitance. Of course, increasing either the 
metal width or the metal spacing increases the metal pitch; this may cause in an 
increase in the FPGA area (if the metal area becomes too large to fit over the transis­
tor area). In this section we determine if FPGA routing wires benefit from greater 
than minimum metal width or spacing. We again assume that routing wires are laid 
out in metal 3. 

Figure C.8 shows the switch area - dominant delay constant product for a wire of 
length 16 connected by pass transistor routing switches as a function of the pass tran­
sistor width. The three curves in Figure C.8 show the area-delay product achievable 
under three different metal widths and spacings. The solid curve occurs with mini­
mum metal width and spacing; the dashed curve occurs with minimum width and 
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FIGURE C.8 Effect of metal width and spacing on the switch area - wire delay product 
for a length 16 pass-transistor-switched wire. 

twice the minimum spacing (leading to a metal pitch of 1.5 times the minimum metal 
pitch); and the dotted curve occurs with twice the minimum width and minimum 
spacing (also leading to a metal pitch of 1.5 times the minimum metal pitch). Notice 
first that the minimum area-delay product occurs at a pass transistor width of ten 
times the minimum width for all three curves, showing that the transistor sizing result 
we obtained in Appendix C. l is not very sensitive to the metal width ~nd spacing 
assumed. Secondly, notice that the twice-minimum-spacing curve has an area-delay 
product at this minimum point that is 13% better than the area-delay product of the 
twice-minimum-width curve. The entire 13% area-delay product improvement is due 
to lower delay, since both curves are using the same size of routing switch (ten times 
minimum width) at this point. Clearly, spacing out metal wires yields greater speed 
improvements than widening wires in the routing transistor width regime of interest, 
and is hence a better use of metal area. Note also that we have intentionally presented 
results for the case that is most favourable to widening the routing wires - a long 
(length 16) wire. Widening the routing wires performs even more poorly, relative to 
increasing the wire spacing, for shorter wires. 

Figure C.9 shows how the switch area - wire delay product varies with metal width 
and spacing for a length 16 wire that is driven by tri-state buffer routing switches. 
Once again, the solid line uses the minimum metal width and spacing, while the 
dashed line uses twice the minimum metal spacing, and the dotted line uses twice the 
minimum metal width. Notice that the minimum switch area - wire delay product 
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FIGURE C.9 Effect of metal width and spacing on the switch area - wire delay product 
for a a length 16 buffered routing wire. 

occurs at a buffer size of five times the minimum for each of the three curves, indicat­
ing that our buffer sizing results of Appendix C.2 are also fairly insensitive to the 
metal width and spacing of the routing wires. The routing wire using twice the mini­
mum spacing now has a 26% better area-delay product at the minimum area-delay 
point than the routing wire that uses twice the minimum width. Once again the entire 
26% improvement in the area-delay product is due to delay improvement, since both 
the curves are using the same buffer size (five times minimum size) at this point. 
Buffered routing switches prevent the "build-up" of wiring resistance when several 
routing wires and switches are connected in series to form a longer connection. Since 
the sole benefit of widening a routing wire is a reduction in the wire metal resistance, 
the fact that widening a routing wire is an even less effective speed optimization with 
buffered routing wires than with pass-transistor-switched wires is understandable. In 
fact, widening the routing wire has slightly increased the area-delay product at the 
minimum point versus using a minimum width wire. Notice that we have again pre­
sented results for a long (length 16) routing wire - shorter wires favour increasing 
the wire spacing over increasing the wire width even more. 

It is understandable that increasing the metal spacing improves the routing wire 
speed, since a wider metal spacing reduces the metal capacitance. On the other hand, 
it may seem surprising that increasing the metal width is so ineffective, and in fact 
degrades speed for buffered wires or short pass-transistor-switched wires. Recall that 
while increasing metal width decreases the metal resistance, it increases the metal 
capacitance. In standard cell designs this increase in metal capacitance is not an over-
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riding issue - one can simply increase the size of the buffer driving the wire to com­
pensate. In FPGA routing, however, we have not one buffer or pass transistor driving 
a wire, but many possible drivers hanging off the wire along its length. The area cost 
of sizing up all these buffers or pass transistors to compensate for the increased metal 
capacitance is significant, and cannot be ignored. Normally these buffers or pass tran­
sistors are small enough that their equivalent resistance is considerably higher than 
the metal resistance of even a fairly long, minimum width wire. Consequently, when 
one is unwilling to tolerate a large increase in the routing area, increasing the spacing 
between metal wires is a more effective method of speeding up an FPGA's routing 
than increasing the wire width (in a 0.35 µm process - future process shrinks may 
eventually make wider wires more attractive). Accordingly, we investigate the effect 
of increasing the spacing between routing wires on FPGA speed (in Section 7.6), but 
we use minimum width metal wires throughout this work. 
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