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ABSTRACT 

Field programmable gate arrays (FPGAs) implement arbitrary logic at the cost of 

transistor utilization. They can provide a cost-effective alternative to custom application specific 

integrated circuits (ASICs) while decreasing time-to-market. For highly parallelized applications, 

they can outperform general purpose CPUs while still retaining the ability to dynamically update 

functionality in the field. Additionally, they are a highly lucrative multi-billion dollar industry and 

are fast permeating product fields. This work first presents a standard practice FPGA and then 

discusses three key challenges that face the FPGA community. Additionally, it suggests several 

methods by which these challenges may be overcome. 

 The first key challenge is the high energy requirements of most FPGAs. Industry has 

focused primarily on increasing performance at the cost of energy efficiency; thus, most FPGAs 

are unable to be used in mobile and embedded systems. This is countered by the development 

and implementation of a sub-threshold FPGA, which is the first of its kind and allows for ultra-

low power operation. The second obstacle is the complex nature of FPGA design, which is 

addressed with the development of an automated FPGA array generation tool, capable of 

generating an arbitrarily sized logic array. The final challenge relates to the difficulties associated 

with regularly porting designs to new process technology nodes. This is addressed via the 

construction of a technology agonistic simulation environment. Ultimately, these three 

contributions have already shown varying degrees of success in aiding FPGA designers in their 

continued development of these unique devices. 
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MOTIVATION 

Field programmable gate arrays (FPGAs) are generally used as cost-effective, rapid time-

to-market alternatives to application specific integrated circuits (ASICs). However, their high 

energy requirements prevent them from being practical in mobile and embedded computing 

systems, such as wireless sensor nodes. Since the summer of 2007 a two-member team (Joseph 

Ryan and Kyle Ringgenberg) headed by Professor Benton Calhoun at the University of Virginia 

has been working to develop an ultra-low power FPGA with minimal performance degradation. 

¢ƘŜ ǿƻǊƪ ǇǊŜǎŜƴǘŜŘ ƘŜǊŜƛƴ ƛǎ ŎƻƳǇƻǎŜŘ ǇǊƛƳŀǊƛƭȅ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ŎƻƴǘǊƛōǳǘƛƻƴǎ ǘƻ ǘƘƛǎ ǊŜǎŜŀǊŎƘ 

group. 

Many mobile systems (e.g. cell phones, biometric monitors, and gaming peripherals) 

must be designed to strike a balance between cost and battery life. An ultra-low power FPGA 

could shrink the costs associated with producing custom ASICs for many of these devices while 

still providing comparable battery life. Likewise, such an FPGA could take the place of less 

energy efficient processors, allowing for devices with extended battery life that are still capable 

of receiving updates in the field. In short, the commercial implementation of an ultra-low power 

FPGA could potentially increase battery life and decrease development costs of a wide range of 

both commercial and consumer products. 

INTRODUCTION TO PROGRAMMABLE LOGIC 

PROGRAMMABLE ARRAY LOGIC 

Prior to the introduction of programmable array logic devices (PALs), circuit designers 

had few methods available to develop digital logic. It was commonplace to use standard logic 

devices (independent gates, multiplexers, flip-flops, etc) which were cumbersome and difficult 
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to scale into complex logical functions. A limited number of programmable logic devices existed, 

but they suffered from slow operation, high costs, and weak reliability. This changed in 1978 

when Monolithic Memories produced their first commercially available PAL device. [1]. 

 Architecturally, PALs are composed of two components. The first is a programmable 

read-only memory (PROM) that serves as routing fabric for the input signals. All inputs and their 

complements are selectively connected to the second PAL component. This block consists of 

banks of AND gates which feed a global OR gate, resulting in a sum-of-products implementation. 

A

B

Q

 

FIGURE 1 ς SIMPLIFIED PROGRAMMABLE ARRAY LOGIC ARCHITECTURE 

Following the immediate success of the Monolith Memories PAL device, a number of 

other manufacturers began developing programmable logic chips. However, due to the high 

costs and precious nature of on-chip transistors, these devices remained limited to basic 

combinational logic operations (e.g. sum-of-products, product-of-sums) with hard-wired 

interconnect between logic functions. In 1984 Ross Freeman took a risk on his observation that, 

ƛŦ aƻƻǊŜΩǎ [ŀǿ ŎƻƴǘƛƴǳŜd, it would become feasible to sacrifice the number of utilized 
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transistors in exchange for interconnect flexibility. One year later his new company, Xilinx, 

released the first field FPGA to market. [2]. 

FIELD PROGRAMMABLE GATE ARRAYS 

Since its conception in the 1980s, FPGAs have grown tremendously in complexity and 

ubiquitousness. The original Xilinx FPGA contained a mere 64 logic blocks and under 10,000 total 

transistors. [3]. In contrast, variants of the Xilinx Virtex-6 family, released in 2009, contain over 

750,000 logic blocks with up to 1,200 I/O pins. [4]. Furthermore, most modern FPGAs contain 

dedicated computation blocks for high-speed digital signal processing (DSP). These range from 

multipliers and barrel shifters to PCIe interfaces and CPUs. 

 By 2010 the FPGA market is expected to surpass $2.7 billion. These devices are found in 

innumerable systems from bioinformatics to speech recognition, from ASIC prototyping to radio 

astronomy. While the maximum internal clock frequency of most FPGAs is limited to 100s of 

MHz, the inherent parallelism supplied by the FPGA architecture allows them to act as high-

performance coprocessors for general purpose CPUs. [5]. Meanwhile their dynamically 

reprogrammable nature allows for features (bugs) to be added (fixed) after deployment. 

Furthermore, their highly amortized non-recurring engineering costs make FPGAs a cost-

effective alternative to custom ASICs. 

Figure 2 illustrates the performance (defined as throughput) vs. flexibility and the 

energy efficiency vs. flexibility design space of FPGAs, CPUs, and custom ASICs. As shown, ASICs 

yield the highest performance and efficiency ŘǳŜ ǘƻ ǘƘŜ ŘŜǎƛƎƴŜǊǎΩ ŀōƛƭƛǘȅ ǘƻ ǘǳƴŜ ŎƛǊŎǳƛǘǎ for 

optimality. However, they achieve this at the cost of lowered flexibility. Once an ASIC has been 

manufactured, it is essentially impossible to modify its fundamental behavior. Furthermore, 

ASIC fabrication is costly and relatively lengthy. Meanwhile, CPUs provide high flexibility since 
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they are able to dynamically execute any valid instruction that passes through their pipeline. 

This flexibility is limited only to the available arithmetic logic unit (ALU) elements and the 

supported instruction set. The tradeoff for this flexibility is lower performance compared to 

ASICs. Additionally, most general purpose CPUs exhibit large energy requirements. FPGAs 

typically sit between ASICs and CPUs with respect to flexibility. They are regularly used as a cost-

effect alternative to fabricating a custom ASIC. This drastically reduces non-recurring 

engineering costs as well as provides the flexibility to update implemented logic when 

necessary. This flexibility generally comes at the cost of performance. FPGAs typically have 

maximum clock cycles on the order of 10s to 100s of MHz (compared to the GHz speed of CPUs). 

[6] This means that, for highly serial applications (e.g.: protocol stack) CPUs will generally 

perform better than FPGAs. However, throughput is a function of clock speed as well as 

operations per cycle. Thus, for highly parallelizable applications (e.g.: vector calculations) FPGAs 

can yield higher performance than CPUs. [7]. 
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FIGURE 2 ς PERFORMANCE AND ENERGY EFFICIENCY VS. FLEXIBILITY FOR ASICS, CPUS, AND FPGAS 

 It is quite evident that FPGAs are powerful devices that are able to implement arbitrary 

logic at the cost of transistor utilization. They can provide a cost-effective alternative to custom 

ASICs while decreasing time-to-market. For highly parallelized applications, they can outperform 
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general purpose CPUs while still retaining the ability to dynamically update functionality in the 

field. Finally, they are a highly lucrative multi-billion dollar industry and are fast permeating 

product fields. FPGAs are not, however, without challenges, several of which will be addressed 

in the next section. 

FPGA CHALLENGES 

 The primary characteristic that makes FPGAs such extensible devices is the sacrifice of 

transistor utilization for increased flexibility. All challenges presented herein can be traced back 

to this design decision. Additionally, these challenges are exacerbated by the fact that the FPGA 

community tends to be closed-source. Major manufactures such as Xilinx and Altera are 

reluctant to release architectural designs. There are several academic institutions that have 

provided excellent resources, such as the University of Toronto, but many architectural details 

must still be extrapolated from product white pages and usage manuals. Therefore, this work 

will first present a survey of standard-practice FPGA design. This serves to provide the necessary 

architectural background information needed by the three key contributions that follow. 

 For the past 20 years, the FPGA community has been focused primarily on increasing 

performance. As a result, energy efficiency has suffered to the point where, in the Virtex-6 white 

ǇŀǇŜǊΣ ·ƛƭƛƴȄ ƛǎ ǉǳƻǘŜŘ ŀǎ ǎŀȅƛƴƎΥ ά!ǘ пл ŀƴŘ пр ƴƳ ǇǊƻŎŜǎǎ ƴƻŘŜǎΣ ǇƻǿŜǊ Ƙŀǎ ōŜŎƻƳŜ the 

ǇǊƛƳŀǊȅ ŦŀŎǘƻǊ ŦƻǊ CtD! ǎŜƭŜŎǘƛƻƴέΦ [8]. Considering the large number of total transistors, static 

power from leakage is a major contributor to the overall power consumption of modern FPGAs. 

This consumption is generally large enough to prohibit them from being used in mobile and 

embedded computing (e.g. sensor nodes or distributed computing networks). Methods to limit 

power consumption have become an important element in academic research; this work 

contributes to the field of knowledge via the implementation of the first sub-threshold FPGA. 
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¢Ƙƛǎ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ǿŀǎ ŀ Ƨƻƛƴǘ ŜŦŦƻǊǘ ǿƛǘƘ ǘƘŜ ǿƻǊƪ ǇǊŜǎŜƴǘŜŘ ƘŜǊŜƛƴ ōŜƛƴƎ ǘƘŜ ŀǳǘƘƻǊΩǎ 

primary contributions. 

 As previously articulated, modern FPGAs are complicated devices composed of 

thousands of basic logic units, tens of thousands of configuration bits, and millions of 

transistors. Managing designs of this size, especially with the small teams typical in academia, 

requires a great deal of forethought as well as dedicated computer aided design (CAD) tools. 

The second major contribution of this work is the development of an FPGA generator, which is 

capable of constructing an arbitrarily sized FPGA array (both layout and schematic) given its 

subcell designs. In this way the designer can remain focused on his circuits and architecture 

without having to be distracted by assembling the larger array structures. 

 One final challenge that faces not only FPGA designers, but all circuit designers, is the 

perpetual miniaturization ŀŎŎƻǊŘƛƴƎ ǘƻ aƻƻǊŜΩǎ [ŀǿΦ With new technology nodes being 

developed roughly every 18 months, designs must regularly be translated between nodes. This 

process is labor intensive, especially in academia where resources such as time and manpower 

are quite constrained. Furthermore, circuits may behave in drastically different ways when 

ported from one technology to another. Thusly, the third and final contribution of this work is 

the development of a process independent simulation infrastructure that is capable of 

simulating arbitrary designs across arbitrary process development kits (PDKs). In this way, 

circuits can be developed not only for the current, state-of-the art technology, but for upcoming 

technology nodes as well. 

CONTRIBUTION OVERVIEW 

 As mentioned in the previous section, the work presented herein strives to accomplish 

three key goals in contributing to the FPGA community. However, before these goals can be 
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discussed, one must be introduced to standard practice FPGA architecture. Once this 

background information has been established, the following three contributions can be 

discussed: 

 First, this work presents a sub-threshold FPGA, implemented in a commercial 90nm 

process. This is the first of its kind, resulting in ultra-low power operation, allowing 

FPGAs to permeate markets otherwise inaccessible due to energy constraints. 

 Second, this work outlines the development of an FPGA generation CAD tool, which 

helps with rapid and automated FPGA array generation. This simplifies the design 

process and allows for smaller teams to develop the complex structures that comprise 

FPGA design. 

 Finally, a technology agnostic simulation environment is created which allows test 

circuits to be analyzed at arbitrary technology nodes. This tool simplifies the creation of 

future-proof designs and allows for the rapid porting of designs between nodes. 

STANDARD PRACTICE FPGA ARCHITECTURE 

The primary focus of the FPGA architecture is to be able to implement arbitrary logic 

alongside a highly flexible interconnect scheme. The topmost components include configurable 

logic blocks, switch blocks, and connection blocks. The programmable logic is stored in static 

random access memory (SRAM) configuration bitcells, which are programmed upon initial 

power-up via extra-FPGA hardware. The following outlines a basic FPGA implementation 

according to standard practice, starting with the lowest level and moving up hierarchically. 
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SRAM CONFIGURATION BITCELLS 

All configurations within the FPGA are stored as SRAM configuration bitcells (configBits 

or CBits) which drive either buffers (as is the case with the LUTs) or gates (all other configuration 

locations). These bitcells are localized within the FPGA fabric itself, so traditional read methods 

(e.g. bitline droop-driven sense amplifiers) are unnecessary. Instead, data can be tapped directly 

out of the feedback inverters so long as sufficient care is taken to not drive current back into the 

bitcell, which could potentially flip the stored data. Traditionally a 6 transistor (6T) SRAM cell is 

used, as pictured in Figure 3, where the bit lines and word lines are routed throughout the 

entirety of the FPGA array, touching the sporadically placed bitcells where necessary. [9]. 

There has been work done investigating alternative memory designs, specifically 

grouping large banks of SRAM cells together and then running routing fabric out to the required 

bitcell locations. While this technique may reduce area overhead, it has been shown to be 

detrimental to energy efficiency. [10]. The following chapter introduces the use of a 5T bitcell 

that is able to increase density without affecting FPGA runtime energy efficiency or 

performance. 

_

QQ

Word

Line
Bit

Line

Bit

Line

 

FIGURE 3 ς TYPICAL 6T SRAM BITCELL 
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LOOKUP TABLES 

FPGAs make use of lookup tables (LUTs) as their primary programmable logic structure. 

As depicted in Figure 5, an LUT is composed of numerous bitcells which, via buffers, feed into a 

multiplexer. The inputs to the transmission-gate mux are driven by locally inverted select 

signals. Thusly, a unique logical value, Q, is generated for every permutation on the select lines. 

Until recently, industry has typically used four input LUTs (LUT4) which have been shown to 

provide near optimal logic utilization. However, beginning with the Virtex-5 family, Xilinx has 

started implementing six input LUTs to accommodate the modern trend toward wide data 

paths. [3]. 

FPGA multiplexers are generally implemented as arrays of transmission gates, as shown 

in Figure 4. This design is used in lieu of fully driven gates to reduce area overhead. Muxes 

account for a large portion of the overall logic block design, so saving even just a couple of gates 

each sums to a rather drastic overall area savings. 

S0

A0

n0

S1

A1

n1

S15

A15

n15

Q

 

FIGURE 4 ς TRANSMISSION-GATE MULTIPLEXER IMPLEMENTATION (16X1) 
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FIGURE 5 ς LOOKUP TABLE (4 INPUT) 

BASIC LOGIC ELEMENTS 

 The next hierarchical level up from the LUT is the basic logic element (BLE). This cell 

allows FPGAs to implement both combinational and sequential logic, according the value of the 

configBit driving the select pin of the 2x1 programmable mux. It is important to note that, due 

the direct manner ōȅ ǿƘƛŎƘ ǘƘŜ ŎƻƴŦƛƎ.ƛǘǎ ŀǊŜ άǊŜŀŘέΣ ŀ нȄм ǇǊƻƎǊŀƳƳŀōƭŜ ǘǊŀƴǎƳƛǎǎƛƻƴ-gate 

mux needs only 1 configBit to set its state. This is accomplished by tapping out both  and  

from the associated bitcell and running the values to the appropriate  and  of the 

two transmission gates of the multiplexer. 
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FIGURE 6 ς BASIC LOGIC ELEMENT (4 INPUT) 

LOGIC CLUSTERS 

In FPGA jargon, clustering refers to the number of BLEs that are contained within each 

configurable logic block. Small clustering typically allows for increased utilization whereas large 

clustering can potentially minimize the number of times signals must leave the logic block and 

enter the channel. It is generally accepted that the vast majority of an FPGAΩs energy 

consumption comes from the interconnect. Therefore, smaller clustering is desirable when area 

efficiency is the primary metric of interest, whereas larger clustering is desirable when energy 

efficiency is of greater importance. Clustering of 4 BLEs is a reasonable estimate of most 

commercially available FPGAs, although some targeted for lower-power operation cluster as 

highly as 16 BLEs. [11]. 
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FIGURE 7 ς LOGIC CLUSTER (4X4) 
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CONFIGURABLE LOGIC BLOCKS 

 The configurable logic block (CLB) is the topmost programmable logic level. Its purpose 

is to route inputs and outputs of the logic cluster to each other as well as to the block-level I/O 

pins. This interconnectivity is most easily understood via an example. It has been shown that, for 

near optimal logic utilization (98%), a CLB should have 2N+2 inputs, where N is the cluster size. 

[9]. Thus, for the 4x4 logic cluster described above, the CLB should contain 10 inputs and 4 

outputs. These 14 I/O signals, along with a logical 1 and 0 (VDD and VSS) for testing purposes, 

are fed into the inputs of an array of sixteen 16x1 programmable muxes. The outputs of these 

16 muxes are fed into the 16 inputs of the logic cluster. Therefore, any of the 10 inputs to the 

CLB can be routed to any of the 16 inputs of the logic cluster. Likewise, any of the 4 outputs of 

the logic cluster can be routed back into the inputs of any of the 4 BLEs. 

 When symbolically and physically encapsulated, the CLB I/O is typically chronologically 

patterned around the block as in Figure 9. This is done in order to have both inputs and outputs 

available from all 4 directions, hereby referred to as N, E, S, & W. 
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FIGURE 8 ς CONFIGURABLE LOGIC BLOCK (4X4) ς ARCHITECTURE 
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FIGURE 9 ς CONFIGURABLE LOGIC BLOCK (4X4) ς TOP LEVEL 

CONNECTION BLOCKS 

 The connection blocks of an FPGA serve as the interface between the CLBs and the 

interconnect. Each of the I/O signals of the CLB are routed through an N/2 programmable mux, 

where N is the number of channels in the interconnect. To comply with the default functionality 

of the open source place and route tool VPR, it is advisable to alternate channel connections for 
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each input or output signal as illustrated in Figure 10. Only connecting to half of the channel 

wires decreases the load capacitance of each CLB I/O signal, which can grow quite large 

considering channel widths in excess of 100 wires are regularly used. For illustration purposes, 

the channel is fixed to 36 wires, a manageable yet still reasonably routable number. 
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FIGURE 10 ς CONNECTION BLOCK (2 INPUT) 

SWITCH BLOCKS 

The switch blocks make FPGAs unique compared to other programmable logic devices. 

Each switch block is composed of groups of switch points, one for each wire connection that is 

desired. A switch point is a 6-way programmable connection as shown in Figure 11. Any of the 

four wire directions can be connected to any one or more of the others via tri-state buffers. 
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Since there are 2 programmable tri-state buffers per switch buffer (for bi-directionality), six 

switch buffers per switch point, and assuming all 1-length wires (discussed in the next section) N 

switch points per switch block, where N is again the number of wires in the interconnect, it is 

clear that the number of transistors in a switch block grows quite rapidly. For example, the 4 

wire switch block in Figure 12 is composed of ((8+12)x6)x4)=480 transistors. 
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FIGURE 11 ς SWITCH POINT AND SWITCH BUFFER 
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FIGURE 12 ς SWITCH BLOCK (4 INPUT) 

TOP LEVEL ARCHITECTURE 

As stated in the beginning of this chapter, the top-level FPGA fabric is composed of 

three pieces: CLBs, connection blocks, and switch blocks. Figure 13 depicts the structure by 
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which these components are tied together. In this example there are 2x2 CLBs; thus, this FPGA is 

referred to as a 2x2 array. Note: there is always 1 more row/column of switch blocks than the 

array size, which is based on the number of CLBs. Another idiosyncrasy is the concept of wire 

lengths, which was alluded to previously. Generally, every interconnect wire does not connect 

to a switch point at every switch block. Instead, each wire stretches W segments before being 

connected. This decreases the number of switch points per switch block as shown in Figure 14. 
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FIGURE 13 ς STANDARD PRACTICE FPGA ARRAY (2X2) 



P a g e | 17 
 

N6N4N2N0

S6S4S2S0

W6

W4

W2

W0

E6

E4

E2

E0

E7

E5

E3

E1

W7

W5

W3

W1

S7S5S3S1 S6S4S2S0 S7S5S3S1

N7N5N3N1 N6N4N2N0 N7N5N3N1

 

FIGURE 14 - SWITCH BLOCK WIRE LENGTH ILLUSTRATION (W=2) 

 This concludes the description of a standard-practice FPGA. All architectural decisions 

are based on public documentation from the primary FPGA manufactures as well as a number of 

details that have been developed in academia. The next chapter will outline a number of 

changes made to this default design during the implementation of a sub-threshold FPGA. 

SUB THRESHOLD FPGA IMPLEMENTATION 

 Due to the quadratic relationship between active energy and supply voltage (VDD) as 

expressed in the first half of the equation below, VDD is a very effective variable for decreasing 

energy consumption. However, as VDD moves below the threshold voltage (Vt), leakage energy 

will eventually dominate active energy. The point where active energy and leakage energy cross 

is referred to as the minimum energy operating point. [12]. 
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 As previously stated, the first major goal of this work is to describe the implementation 

of an ultra-low power FPGA. This was accomplished by making several changes to the standard 

practice FPGA which allow it to operate in the sub-threshold region, thereby decreasing active 

energy and, by extension, total energy. 

DESIGN MODIFICATIONS 

The first design decision that deviates from the previously described standard practice 

FPGA is the use of a 5 transistor (5T) SRAM bitcell. [13]. Another member of the FPGA team 

showed, via exhaustive simulation, that the 5T bitcell can reliably be written with the use of 

both an overcharged wordline and extra delay holding the value of the bitline. The data stored 

in the configBits of an FPGA are only written during the programming phase, which generally 

occurs during power up. This implies that write delay and energy are inconsequential to general 

operation. Therefore the extra delay accrued by programming the 5T bitcell compared to the 6T 

bitcell is a fair tradeoff for the gain in area resulting from 1 fewer transistor as well as the 

decrease in capacitance resulting from 1 fewer bitlines. 

_

QQ

Bit

Line

Word

Line

 

FIGURE 15 ς 5T SRAM BITCELL 

 The second change to the standard practice FPGA is the use of high Vt transistors in all 

bitcells.  High Vt devices decrease the amount of leakage current, effectively lowering the 
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minimum energy operating point. [14]. This is a common technique among memory designers 

and it translates effectively to FPGA design. 

The final design change used to accommodate sub-threshold operation is the strategic 

placement of 2 additional buffers in the BLE path. The first is placed between the 3rd and 4th 

stages of the LUT multiplexer. This combats the signal degradation that occurs after traveling 

through several stages of transmission gates. The second is placed at the end of the BLE, just 

before the signal is routed back into the large multiplexors that make up the logic cluster. This 

counteracts the fanout that the signal must endure before being routed to its final location. 

Another member of the FPGA team verified these locations via exhaustive simulation. 

SIMULATION DATA 

The sub-threshold FPGA has been simulated in a commercial 90 nm technology process. 

In order to obtain energy and delay data, all bitcells were initialized to 0 and the appropriate 

cells were set to 1 to program an inverter chain into the CLB. The authorΩs contribution has been 

focused on the CLB, so the following simulation data will ignore the interconnect component of 

the FPGA. It is important to note that, while the interconnect generally accounts for the majority 

of FPGA energy consumption, the CLB efficiency is a non-negligible component. Furthermore, as 

clustering sizes increase, the CLB encapsulates more of the total energy and delay of an FPGA. 

Figure 16 illustrates the total energy consumption of the CLB when each of the four BLEs 

is programmed to invert its input signal. The graph indicates that the total energy consumption 

of the CLB is dominated by active energy. Additionally, the minimum energy operating point lies 

within the functional region of the sub-threshold FPGA. This point occurs at roughly 315 mV and 

represents a total energy consumption of 23 fJ, nearly 13 times less energy than the FPGA draws 
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at full inversion (1.2 V). However, energy is only one of the two major metrics of interest; the 

effect that sub-threshold operation has on delay (i.e.: performance) must also be accounted for. 

 

FIGURE 16 ς ENERGY CONSUMPTION OF SUB-VT CLB 

Figure 17 shows the energy vs. delay plot for this sub-threshold CLB. To generate this 

plot, VDD has been swept from 1.2 V to 0.3 V (well within the sub-Vt regime) by 100 mV 

increments. The steep drop in energy on the left-hand side of the plot indicates that lowering 

VDD has a strong effect on energy, but does not immediately affect delay. At full inversion, the 

delay through this CLB is 1.38 nS while the energy expenditure is 300 fJ. A relatively minor (10%) 

decrease in delay, resulting from lowering VDD to 525 mV, yields a dramatic 7.5x decrease in 

energy (40 fJ). Thusly, sub-threshold operation holds a great deal of potential in drastically 

reducing energy consumption while minimizing the negative effect on performance. 
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FIGURE 17 ς ENERGY VS. DELAY FOR SUB-VT CLB 

PHYSICAL DESIGN 

The previously described sub-threshold FPGA has been physically implemented in the 

same 90 nm commercial process that the above simulations were completed in. Additionally, a 

second, far more radical design has been implemented on the same piece of silicon. This second 

architecture, however, has primarily been designed by a fellow member of the FPGA team, so it 

will not be discussed within the context of this work. 

The layout that follows has been verified for functionality and sent to the manufacturing 

foundry. However, due to unforeseen circumstances, the chip will not be fabricated for several 

months. Nevertheless, this layout is unlikely to change and is a good indication of FPGA physical 

design.  
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BASIC LOGIC ELEMENTS 

This BLE is organized around the 16 configBits that make up the programmable logic 

aspect of the FPGA. This layout differs slightly from the sub-Vt design described previously in 

that the two additional buffers have been moved to the second, more radical design, FPGA only. 

This is the sole discrepancy between this layout and the original design described above. 

 

FIGURE 18 ς BASIC LOGIC ELEMENT ς LAYOUT 
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FIGURE 19 ς BASIC LOGIC ELEMENT ς FLOORPLAN 
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CONFIGURABLE LOGIC BLOCKS 

 The final CLB area is split evenly between the 4 BLEs and the 16 connection muxes. 

 

FIGURE 20 ς CONFIGURABLE LOGIC BLOCK ς LAYOUT 
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FIGURE 21 ς CONFIGURABLE LOGIC BLOCK ς FLOORPLAN 


