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Abstract

In this work we investigate the architecture of a Via Patterned Gate Array (VPGA)
[1], focusing primarily on: 1) the optimal look-up table (LUT) size: and 2) a comparison
of the crossbar and switch block routing architectures. For the look-up table experiment,
our results show that using a LUT size of 3-4 shows the best improvement in both terms of
area and delay. In the routing architecture comparison, our results show that the switch
block architecture is inferior to the crossbar architecture in terms of area utilization but
superior in terms of delay. Becuase the crossbar architecture has some area benefits, we
also present further work on a proposed method of decreasing the delay of the crossbar
architecture.

1 Introduction

Cell-based ASIC designs are becoming more difficult to produce affordably as the technologies
go below 100 nm [2]. The problems initially begin with the ever increasing mask cost. The
manufacturing process is becoming so complicated that it is difficult to construct a set of
simple, local design rules that would guarantee manufacturability. Parasitic extraction, as
well as clock and power distribution are also challenging in a cell-based ASIC. All of these
challenges are compounded further by shrinking design and product life cycles.

Regular, user-programmable devices, such as FPGAs, avoid many of these problems.
Because silicon designs have high volume, mask costs and complex design optimization for
manufacturability is amortized. Because an FPGA is a highly regular device, clock and
power distribution can be done in a highly symmetrical manner. Unfortunately, FPGAs
require more power and silicon area than a logically equivalent cell-based ASIC.

A Via Patterned Gate Array, or VPGA, is a device where éll transistor and metal layers
are generic. Customization to a particular application-specific function is done by defining
whether the set of potential via locations is occupied by an actual via. This device leverages
the regularity and design cost amortization benefits of an FPGA, while having the silicon area,
and power consumption of a cell-based ASIC. VPGAs use well-characterized, regular logic
blocks and regular, fixed interconnect structures to combat manufacturability and parasitic
extraction problems. Thus by this approach, VPGA offers new forms of regularity to increase

the predictability for top-down designs, analogous to what is possible for FPGAs.



QOur initial VPGA architecture has a structure that closely resembles an FPGA in that
it consists of repetitive logic blocks with a fixed interconnect structure. There are, however,
some key differences between an FPGA and our VPGA, with the biggest difference being
the way the routing and logic is programmed. In an FPGA, programming of the logic cells
and routing tracks are done by using SRAM cells. In the VPGA, however, the programming
is done by configuring custom via masks during BEOL (back end of line) manufacturing.
With the lack of SRAM cells, the routing architectures are placed above the CLB, thus not
occupying any silicon as in the case of the FPGA.

The via configurability allows the VPGA wafer to be pre-fabricated up to the metal 2
layer. We chose metal 2 as the boundary between fully regular and via-customized because
both metal and via masks below metal 2 are very complex and expensive to manufacture.
Because the VPGA has a regular interconnect architecture, the masks for the upper metal
layer are also pre-fabricated. One needs to only manufacture the via masks above metal 2 to
personalize the VPGA. The question that remains to be answered is what should comprise
the logic blocks and interconnect architecture of a VPGA. Since the VPGA closely resembles
an FPGA, reconstructing certain experiments may shed some light on this question.

In an FPGA architecture, the choice of the logic cell employed can affect the area and
speed of circuits that are mapped onto it. Using a small logic cell may require too many
routing tracks {3]. Further, most of the delay and area is associated with the routing archi-
tecture, thus increasing the number of tracks would lead to a larger and slower FPGA [4].
Using a very large logic cell may also have the same affect. Many resources could potentially
go unused and the resulting FPGA would not be very area-efficient [3]. Therefore choosing
the appropriate size of the logic cell is very crucial to an FPGA.

Besides choosing the size of the logic cell, one must also choose an appropriate routing
architecture. As we have already stated, the routing architecture is one of the most important

factors in determining the area, delay, and routability of the FPGA. Thus, one needs to choose



the routing architecture that enables designs to be mapped to an FPGA with the best area
and performance possible. |

These two arguments are very important to a design for a FPGA that is very area-efficient
as well as one that that minimizes the overall delay. We believe these two arguments apply
for our VPGA because it closely resembles an FPGA. In our VPGA, we also have clusters
of logic cells that perform any programmed boolean operation. We also have a fixed routing

architecture that routes the signals between the various logic cells.

2 Methodology

In order to decide upon which architecture would best suite our VPGA, this paper considers
the issue of the size of the logic cell as well as what routing architecture to use. As for the
size of the logic cell, we are most interested in what size of a look-up table should be use
because this will affect the size of the CLB. As for the routing architecture, we are interested
in comparing two distinct architectures, the crossbar and the switch point architectures.
The details of these architectures will be discussed when we outline the area model for the
architectures.

We explore the LUT sizes by implementing MCNC benchmark circuits. For the LUT size
experiment, we first used SIS and FlowMap [5] to optimize and map each of the circuits. We
then used T-Vpack [6] to group the circuits into logic blocks that contained varying LUT
sizes. To place and route the circuits, we used the Versatile Place and Route tool (VPR) [6].
VPR places each of the circuits and then determines the minimum number of tracks needed
to route the circuit. Using our area models and VPR’s placement and routing information,
we have the information to compare different LUT sizes.

To compare the different routing architectures, we first outline the area models for each

architecture. These area models give us an understanding of how the routing architectures

grow as the number of tracks increases. By analyzing the area models, we can obtain an



understanding about which architecture offers the most flexibility in routing as well as with

routing architecture is the most area efficient.

3 Architecture Area Model
3.1 Look-up Table Area Model
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Figure 1: Schematic for a 3-input look-up table.

In order to calculate the area model for the CLB, we have to characterize the area for
different LUT sizes. In our VPGA cell, the LUT is a k - 1 level tree with a complimentary pull
up and pull down network as seen in Figure 1 [7]. Each of the leaf nodes in the look-up table
can contain directly to Vpp, ground, or another k% input or its compliment. One approach
would be to calculate the area of a single transistor and multiply by the total number of
transistors needed to implement the LUT. In [8] and [9], the area model of a LUT is shown

to be proportional to the number of transistors. Though this metric is simple and easy to



‘%« 3 qug’t‘ aw r;

5 Nfi&‘w o

ey
o
5
S

- %‘
H;r“‘ G m’
CER
:YH i s
:

Figure 2: The layout of a (a) 2:1 mux and (b) a 3-input look-up table.



calculate, it is at best a lower bound and may not be entirely accurate for a fair comparison.
When designing the layout of the LUT, one also has to consider how the LUT is configured.
In our VPGA architecture, CLB configuration is done by specifying via locations between
the metal 2 and metal 3 layers. Therefore all local routing internal to the CLB must be done
on the metal 1 layer. The local routing would include the power and ground rails as well as
the wiring required to directly connect components together in the cell. We must consider
the local routing because this would add significant area as the CLB grows in size.

A more accurate approach would be to build the LUT out of 2:1 muxes as shown in Figure
2(a). Using this approach, we could figure out the actual area of a minimum sized mux with
the power and ground rails included. To compensate for the internal routing, we could add
into the mux enough physical space to account for these routing wires. For instance, a 2
input LUT would require a single 2:1 mux and would require no internal routing as in Figure
2(a). A 3 input LUT, however, would require 3 2:1 muxes. Therefore, we would need to add
enough area to the mux to allow for an additional metal wire as in Figure 2(b).

Building upon this approach, the total area for a given LUT of & inputs would be
Areq = (Zk_l - 1) [lengthmys X (widthmyg + (kK — 2)wire_pitch))

Table 1 shows the comparison of the area of the different LUT sizes. As in the previous
case, this approach is not entirely accurate because custom designed layouts might differ in
size. However, by adding in these factors, this model tries to closely depict the actual layout

area, which leads to a more accurate comparison of area for different LUT sizes.
3.2 Look-up Table Delay Model

To justify our choice for the correct LUT size, we must also have a way to characterize
the delay of a given LUT. As seen in Figure 1, we constructed the SPICE file for LUT
sizes ranging from 3 to 5 inputs. To keep our model consistent with the area model and to

avoid making the experiment too complex, we kept all the transistors minimum sized. Using



HSPICE, we simulated the LUTS using the ST 0.13 pm technology library with an output
load comparable to an output buffer. Each LUT tested was configured to perform the NAND
function because of ease of testing. The results in Table 1 show the delay of each different
LUT size averaged across all inputs. They delay values are not entirely accurate because
each LUT is not optimally sized. However this approach is still fair because we tested each

LUT rather than create a model to estimate the delay for the LUTs.
3.3 CLB Area

To complete the area model for the CLB, we have to include all the components in our CLB.
For our experiment, each CLB would include a look-up table, a DFF, and a mux to select
the desired output. What also have to include in the area model the inverters needed to
generate the complemented signals for the LUT. To give a fair comparison for each LUT,
we could use a model similar to the one used in calculating the area of the LUT. As in the
layout, one would try to keep components the same size to create a more compact layout.
Therefore, one choice would be to make the inverter and buffer the same height as the mux.
By using this approach, which is similar to a standard cell approach, the power and ground
rails would align and allow for a compact layout. Using the same data for the area model for

the LUT, Table 1 shows the estimated CLB area for different LUT sizes.

3LUT |4LUT | 5 LUT
LUT area (um?) | 45.02 | 113.36 | 260.70
LUT delay (ps) | 88.70 | 118.60 | 152.60
CLB area (um?) | 125.18 | 207.04 | 369.45

Table 1: LUT area, LUT delay, and CLB area for different look-up table sizes.



4 Routing Architecture

4.1 CLB Connectivity

Figure 3 shows the architecture of our CLB. The local connectivity of the CLB consists of a
crossbar of metal 3 and metal 2 wires. The primary input pins sit atop the CLB on metal 3.
Each input to the different components within the CLB are connected to metal 2 wires. To
connect a primary input to either the LUT or the DFF, a via must be inserted to connect
the appropriate metal 2 and metal 3 line. Therefore the configuration of the CLB occurs by
specifying the via locations between the metal 2 and metal 3 layers. This approach allows
the area of the CLB to be as small as possible and also allows the interconnect to connect
easily to the inputs of the CLB. We have investigated two interconnect architectures, the
crossbar and switch block architectures, which would both be able to connect to the CLB in

this manner.
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Figure 3: Depiction of the CLB showing local connectivity.

4.2 Crossbar Architecture

The crossbar architecture includes vertical and horizontal routing tracks, on two adjacent
metal layers, that span the entire CLB as in Figure 4(a). Each horizontal track can connect
directly to any vertical track by simply having a via inserted at the appropriate location.
Each vertical track can also connect to any horizontal track by the same means. Figure 4(b)
shows a close-up of the crossbar architecture showing the possible locations of vias and how
the metal tracks connect to each other. The simplicity of this architecture allows us to easily
calculate the area regardless of the size of the architecture. Since the tracks are just metal

lines and we are assuming the there are the same number of horizontal tracks as there are
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