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ABSTRACT 
There has been a lot of preliminary investigation on the cluster-
based Field Programmable Gate Arrays (FPGAs) to determine the 
cluster parameters that result in an efficient architecture in terms 
of area or speed or both. However, the advancement of technology 
and Computer Aided Design (CAD) tools provides numerous 
reasons to further explore FPGA clusters for possible 
improvements. This work investigates the area and speed 
performance of FPGA logic block architectures comprising clusters 
based on look-up tables (LUTs). Two crucial parameters of the 
cluster-based FPGA architectures are considered for investigation: 
the size of LUT (K) and the total inputs provided to a cluster (I). The 
LUT size is varied from 4 to 7 and the cluster inputs are varied from 
40% of the total cluster inputs to their maximum permissible value. 
Experimentally, using VTR tool flow, it is found that the best area-
delay trade-off is obtained for 4-input LUT based cluster using 80% of the maximum cluster inputs. It has been observed that some clusters exhibit 
better trade-off between area and delay with 70-80% of the total cluster inputs. 
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INTRODUCTION 
Field Programmable Gate Arrays (FPGAs) are being used in 

innumerous applications owing to their programmability. The 
lower cost and faster time-to-market have led to the widespread use 
of FPGAs in several fields. P. Babu et. al.1 illustrated FPGA 
recofigurable architecture, its types as well as different application 
areas in detail. Notably, some areas where FPGAs are being 
increasingly used include wireless communication systems,2 
embedded systems,3 medical imaging,4 consumer electronics5 and 
digital signal processing.6 Recently, FPGAs are also being 
employed for the implementation of neural networks,7 encryption 
algorithms8 to ensure data security, among others. However, 
FPGAs have lower area-efficiency and speed in comparison to 
Application –specific integrated circuits (ASICs).9 There is a need 

to reduce this performance gap in order to boost the utility of 
FPGAs. FPGA designers aim to lower this gap by careful selection 
of the logic elements since the performance of a given circuit 
implemented in an FPGA is strongly influenced by the design of its 
logic block architecture.  

Earlier published works on FPGA logic block architectures10–14 
were primarily based on homogeneous logic elements. Nearly all 
the commercial FPGAs used look-up tables (LUTs) as the logic 
element due to their flexibility. However, there is an exponential 
increase in the area of LUTs with the number of inputs. Therefore, 
it is not desirable to use LUTs with larger number of inputs. In order 
to create a larger logic block, some similar LUTs can be grouped 
together to form a logic cluster.15 Such logic cluster based 
architectures are the focal point of investigation in the present 
research study. In cluster-based FPGAs, a logic block includes a 
group of basic logic elements (BLEs) connected by high-speed 
local interconnect. A cluster is usually defined using the given 
parameters:  

1. LUT size (k): represents total inputs to a LUT. 
2. Cluster size (N): represents total BLEs in a cluster. 
3. Cluster inputs (I): represents total inputs to a cluster. 
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Most of the preliminary research studies on cluster-based 
FPGAs15–21 have been conducted more than a decade ago. However, 
there has been a rapid advancement in technology as well as CAD 
tools. Hence, there is a need to further explore FPGA clusters using 
latest CAD tools. This research work investigates the effect of two 
cluster parameters, k and I on the FPGA speed and area. 

ARCHITECTURE 
This work focuses on the FPGA architectures comprising logic 

clusters surrounded by programmable interconnect. Each logic 
cluster is composed of more than one Basic Logic Element (BLE). 
As demonstrated in Figure 1, a BLE is made up of a k-input LUT 
and a flip-flop. Figure 2 shows how N BLEs are interconnected to 
form a logic cluster. The size of the cluster, N is determined by the 
number of BLEs in a logic block. In a size N cluster consisting of 
k-input LUTs, the total number of BLE inputs are k.N. Each logic 
cluster is provided with I external inputs. The cluster as shown in 
Figure 2 is fully connected; i.e. the multiplexers connect k.N BLE 
inputs to any of the inputs, I or outputs, N. 
 

 
Figure 1: General Basic logic element (BLE) structure. 
 

 
Figure 2: General Logic cluster structure. 
 

RELATED WORK 
As earlier discussed, the prior published studies10–14 were based 

on the use of homogeneous or identical logic elements. The study10 
was based on an arbitrary combinational logic block whereas the 
research work11 used a k-input LUT based logic block for 
investigation. It was found that the block which provides a higher 
functionality will result in a more area-effcient architecture. 
Experimental results indicated that the LUTs with 3 or 4 inputs are 
the most area-efficient.11 Subsequent research studies12–14 focused 
on the FPGA speed performance. S. Singh et. al.12 found that 4- 

input and 5-input LUTs, wide-input PLA-style AND-OR gates and 
the Actel logic block are almost equivalent in respect of delay 
measures. The research study13 evaluated the impact of cell 
granularity on the FPGA performance. Experimentally, it was 
found that a cell with 4 or 5 inputs yields the best delay results. 
Further research work14 used an experimental approach to 
investigate the effect of four different classes of logic elements on 
the FPGA speed. 5- and 6-input LUTs were found to exhibit good 
performance with the lowest delay values.    

To summarize, LUTs with 4 inputs are good in terms of area and 
LUTs with 5 or 6 inputs are superior with regard to speed 
performance. In order to implement more logic functionality, LUTs 
with larger inputs can be used. As a result, fewer logic blocks will 
be required for the implementation of a given circuit. However, 
there is an exponential increase in the LUT complexity with the 
number of inputs. Hence, rather than using a logic blok with larger-
input LUT, various LUTs can be simply grouped together using 
local routing to form a cluster. Such cluster-based FPGAs were 
investigated15–22 to determine the optimum cluster parameters. 

The research study16 evaluated the area of FPGA architectures 
using clusters of distinct sizes (by varying N) and with different 
cluster inputs (by varying I). The logic clusters based on 4-input 
LUTs were used for investigation. Related work by V. Betz and J. 
Rose15 also investigated the impact of cluster size, N as well as 
cluster inputs, I on the FPGA area-efficiency. In addition, it was 
shown that the routing flexibility of FPGA should be reduced as the 
size of logic cluster is increased. 

Relative to the prior studies15,16 which evaluated only the area 
measures of logic clusters, the research work17 investigated the 
speed as well as area-efficiency of clusters of varying sizes in an 
FPGA. The best size of logic cluster was determined using area-
delay product as the evaluation metric. For all the experiments, the 
relation I = 2N + 2 was used. 

Subsequent study18 investigated the impact of size of cluster on 
the speed and area of FPGA as well as on the design compile time, 
using a timing driven CAD flow. Further, the impact of LUT size 
(K) as well as size of cluster (N) on the area and delay of an FPGA 
was investigated in earlier reports.19,20 I. Kuon et. al.21 determined 
the area-delay trade-offs when the architecture as well as transistor 
sizing of an FPGA were varied. The research study22 re-evaluated 
the effect of several cluster parameters on the FPGA performance 
with latest CAD tools, in a 65 nm technology. 

In the past, there has not been much exploration of the impact of 
cluster inputs on the FPGA area and speed. The present work will 
examine the effect of varying cluster inputs on the FPGA 
performance for different sizes of LUT. 

EXPERIMENTAL METHODOLOGY 
This study aims to determine the k and I values that provide the 

best feasible trade-off between delay and area. The area and speed 
of each FPGA implementation is computed experimentally by 
using a set of MCNC benchmark circuits. The methodology 
involves technology mapping followed by placement and routing 
of the benchmark circuits into each architecture using VTR CAD 
flow to figure out the area and speed measures. 
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CAD Flow: 
The experimental CAD flow is illustrated in Figure 3. The 

benchmark circuit and architecture description file23 are given as 
inputs to the CAD flow. ODIN II24 is used to perform elaboration 
and partial synthesis of the Verilog code in order to create a netlist 
comprising the structures available, as represented in the given 
architecture file. This netlist output is further passed to the ABC 
tool for logic optimization followed by technology mapping of the 
soft logic into the lookup tables (LUTs) and flip-flops. Further, 
VPR is used to perform packing, placement and routing of the 
circuit. Finally, the delay as well as area estimation to determine 
the circuit performance is done using VPR.  

 

 
Figure 3: CAD flow. 
 

RESULTS AND DISCUSSION 
As earlier discussed, we wish to determine the number of cluster 

inputs, I which are required in a cluster to obtain better area-delay 
results. To do so, the critical path delay as well as total area of 
various FPGA architectures is compared using VTR 7.025 in 40nm 
technology. An important metric for evaluating FPGA architectures 
is area-delay product.17 The architecture with the minimum value 
of area-delay product is considered good as it indicates that smallest 
amount of area is sacrificed for the maximum gain in performance 
or vice-versa. The careful selection of FPGA cluster parameters is 
must to have a good area-delay trade-off.  
 
Effect of varying cluster inputs on total area of clusters using 
LUTs of different sizes 

The research studies15,16 determined the number of external 
inputs, I required in order to achieve 98% logic utilization, but did 
not consider the effect of cluster inputs on the FPGA area and 
performance. In the present work, we will investigate the impact of 
varying I on FPGA area and performance. To do so, the cluster 
inputs are varied from 40% of maximum cluster inputs to their 
maximum value. 

 

 
Figure 4: Total FPGA area vs. fraction of cluster inputs. 
 

Here, we will examine the number of minimum cluster inputs 
required for a LUT-based cluster to achieve good area-efficiency. 
Since the number of transistors which are needed for multiplexers 
shown in figure 2 grows linearly with the cluster inputs (I), so I 
should be chosen as low as possible. On the other hand, if I is 
chosen to be too small, then it will reduce the logic utilization 
because many BLEs become unusable.15,16 Therefore, we will 
identify the value of I that results in an area-efficient architecture 
by running MCNC benchmark circuits through the CAD flow 
shown in figure 3. 

In Figure 4, the variation of geometric average of total area of 
FPGA with cluster inputs for four different LUT sizes is shown. 
Usually, the value of I is taken between 50 and 60% of highest 
possible BLE inputs so as to achieve 98% logic utilization. As seen 
in the graph, the area results are also reasonably good at 
approximately 50% of the maximum possible cluster inputs, for all 
LUT sizes. Hence, 50 to 60% cluster inputs are sufficient to achieve 
good area-efficiency.  
 
Effect of varying cluster inputs on critical path delay of clusters 
using LUTs of different sizes 

Figure 5 shows how the geometric average of the critical path 
delay varies with the fraction of cluster inputs. The graph indicates 
that when we use 70-80% of the highest feasible BLE inputs i.e. I 
= k X N, there is an improvement in the critical path delay, for some 
LUT sizes. As suggested by earlier research studies, the cluster 
inputs are chosen between 50-60% of the maximum cluster inputs 
but, the results here indicate that adding some more inputs to a 
cluster can result in improved performance for some LUT sizes. 
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Figure 5: Total critical path delay vs. fraction of cluster inputs. 

 
Effect of varying cluster inputs on area-delay trade-off of 
clusters using LUTs of different sizes 

Figure 6 shows the variation of the geometric average of area-
delay product with the fraction of cluster inputs. As we can see in 
the graph, for small LUT sizes 4 to 6, the minimum value of area-
delay product is obtained around 80% of the cluster inputs whereas 
for LUT-7, the minimum value is achieved when we use 70% of 
the total inputs. Since area-delay product is chosen as the metric to 
assess the quality of FPGA architectures, so the results in the graph 
indicate that using LUT clusters with inputs ranging between 70-
80% of the maximum possible cluster inputs can result in the better 
area-delay trade-off. The best area-delay results are obtained for 
LUT-4 based cluster with 80% of the highest permissible cluster 
inputs. 

 

 
Figure 6: Area-delay product vs. fraction of cluster inputs. 

CONCLUSION 
Area and speed are two key metrics for FPGAs. In this work, the 

effect of logic cluster inputs on the FPGA area and performance 
was examined for different LUT sizes using VTR CAD flow. An 
FPGA cluster with suitable values of k and I will result in an 
efficient architecture. The exploration of several architectures 
indicates that some LUT clusters show better area-delay trade-off 
when cluster inputs are chosen between 70-80% of their maximum 
value. Specifically, it is found that 4-input LUT based cluster with 
80% of total BLE inputs provides the best area-delay results.  

ABBREVIATIONS 
FPGA: Field-programmable gate array 
CAD: Computer-aided design 
LUT: Look-up table 
ASIC: Application-specific integrated circuit 
BLE: Basic logic element 
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