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Abstract In this paper, we present our work on the design of a new FPGA architecture targeted for
high-performance bit-serial pipeline datapath and its VLSI implementation. We have previously devel-
oped a bit-serial datapath synthesis system for large-scale configurable systems composed of a number
of FPGA devices and successfully demonstrated the advantages of bit-serial pipeline datapath on con-
ventional FPGA devices which are high device utilization and high speed. Here, we have developed our
own FPGA architecture which is customized for high-performance bit-serial pipeline datapaths. The chip
consists of 200k transistors on 3.5mm square substrate (excluding the IO pad area) using 0.5u 2-metal
process technology. The estimated clock frequency is 156MHz. Moreover we will describe disadvantages
of our previous architecture and propose new lookup table architecture as improvement of performance.
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1 Introduction

Large-scale configurable systems composed of a
number of FPGA devices have been demonstrated to
have the capability of high-performance computing in
various areas such as signal and image processing, data
base search, pattern recognition, encryption, and em-
bedded real-time systems. The drastic speed up of
these systems is achieved by the highly parallelized
hardwired computations whose architecture is strictly
customized to a specific application, and also the large
flexibility of the SRAM-based FPGAs for implement-
ing a wide variety of applications.

FPGA technology itself has evolved significantly
over the past few years, in which the logic capac-
ity of the latest FPGA devices reaches well beyond
100k gates. As many studies suggests, the amount of
required routing resource necessary for guaranteeing
a high logic utilization increases as the logic capac-
ity grows. This indicates that as the FPGAs contin-
ues to increase its logic capacity, the device utiliza-
tion, the portion of area utilized to implement logic
functions, decreases and the overhead area for im-
plementing programmable interconnect networks be-
tween logic blocks begins to dominate the chip. For
implementing configurable systems, where the main
target is to implement high-speed datapaths, there are
many opportunities in tuning the FPGA architecture
to maximize device utilization and minimize routing
area overhead.

In our previous work, we have developed a high-
performance bit-serial pipeline datapath synthesis sys-
tem for large-scale configurable systems [1]. Our bit-
serial pipeline synthesis system can handle non-regular
problems unlike systolic arrays, and covers a wide
variety of applications such as FIR filter, IIR filter,
adaptive filter, DCT, neural networks, etc. The de-
sign is captured at the algorithm-level by means of
difference equations using C++, and the rest of the
synthesis tasks are fully automated including the lay-
out. Yet, we are able to empirically guarantee a near
100% logic utilization with 100% routability, consis-
tently high speed clock operation (~ 40MHz on Xilinx
3100A FPGAs), without any low-level manual inter-
vention. The most significant reason for our system’s
capability is the high routability of our bit-serial cir-
cuits. This is best described by referring to the Rent’s
Rule [2] which represents the degree of circuit connec-
tivity given by the equation P = k- G” where P is
the average pin count of the subcircuits, G is the gate
count of the subcircuits, k is the Rent constant, and
~ is the Rent exponent. The Rent exponents of var-
ious bit-serial circuits synthesized by our system are

observed to be between 0.22 and 0.37 [3]. This is a
strong contrast to the results of other studies on var-
ious benchmark circuits whose Rent exponent is ob-
served between 0.47 and 0.75 [2], [5]. (A linear array
has a Rent exponent of 0, 2D mesh has a Rent ex-
ponent of 1/2, 3D mesh has a Rent exponent of 2/3,
4D mesh has a Rent exponent of 3/4). It is known
that if the Rent exponent is below 0.5, the expected
average wiring length becomes independent of the cir-
cuit size, whereas if the Rent exponent is higher than
0.5, the average wiring length increases as the circuit
size grow (this is given by the equation r = G708
where 7 is the average wiring length, G is the gate
count, and 7 is the Rent exponent) [4]. This is a very
significant feature of bit-serial circuits which indicate
that we do not need to increase the routing resource
while increasing the gate capacity, unlike the situation
which the current general-purpose FPGAs are facing.

Based on the above motivation, we have designed
our own FPGA architecture, emphasizing on both
logic architecture and routing architecture. Logic ar-
chitecture is tuned to efficiently map the bit-serial
operators in our library, such as multipliers, adders,
rounders, etc. Routing architecture is designed to han-
dle the local connectivity of the bit-serial circuits effi-
ciently and reduce the routing delays.

2 Logic Block Architecture

One of the distinctive characteristics of bit-serial

“circuits is that the connectivity inside the cell is dense,

while the connectivity of bit-serial cells. Our strategy
here is to increase the logic capacity of the logic block
and absorb the dense interconnection inside the logic
block to reduce the inter-block routing resource. Fig.1
shows the logic block architecture. The following sum-
marizes the features of the logic block architecture :

1. 4-input LUTs (lookup tables) x4 and 6 flip-flops.

2. The two multiplexers in front of the LUTs are
targeted for carry-save operations which are fre-
quently used in bit-serial computations.

3. There are 18 signal inputs and 6 signal outputs,
plus a clock input.

4. Inputs e¢g,c3,¢4,¢5 can be connected to either
GND or VDD. Therefore, each LUT can imple-
ment any 4-input function controlled by inputs
ag, a1, a2,as, . 0r bg,bl,bg,bg.

—122 —



LOGIC BLOCK ARCHITECTURE
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Figure 1: Logic block architecture of bit-serial FPGA.

5. Programmable switches connected to inputs ay
and by controls the functionality of the four mul-
tiplexers at the output of LUTs. As a result, 2
LUTSs can implement any 5-input functions.

6. The final outputs dy,d;,ds,ds can either be the
direct outputs from the multiplexers or the out-
puts from flip-flops. All bit-serial operators use
the outputs from flip-flops, therefore the attached
programmable switches are actually unnecessary.
They are only present in order to make our FPGA
capable of implementing any logic functions other
than bit-serial datapath circuits.

7. Two flip-flops are added (inputs ¢ and ¢;) to im-
plement shift registers which are frequently used
in bit-serial operations.

3 Two-Level Routing Architecture

As we have described, the number of inputs and
outputs on the logic block is rather large (24 pins),
although the number of signals coming into or from
the logic block in the actual bit-serial design is small
(typically below 10 pins). Large portion of the out-
put signals are only used inside the same logic block
in bit-serial designs. Xilinx 4000 FPGA do not antic-
ipate these feedback signals, and all feedback routing
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Figure 2: External block routing architecture of bit-
serial FPGA.
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serial FPGA.



is implemented on the inter-block routing resource.
Since our aim in making the logic block large is to
absorb the feedback routing inside the logic block, we
need to provide a rich feedback routing resource inside
the logic block. To achieve this, we develop a two-level
routing architecture for our bit-serial FPGA. Fig.2 and
Fig.3 illustrate our two-level routing architecture. The
routing architecture is divided into two-levels : exter-
nal block routing and internal block routing. The main
features of this routing scheme are:

External block routing Inter-block routing is im-
plemented with S-blocks and C-blocks. S-blocks
are connected to 8-track single-length routing
segments on four directions. S-blocks provide
connectivity with the four routing segments us-
ing 8 programmable switches. C-blocks provide
connectivity between routing segments and logic
blocks using 4 programmable switches. Each logic
block contains four bidirectional pins on all four
directions (16 pins total), which are each con-
nected to a C-block.

Internal block routing Signal routed to ome of
the logic block pins is buffered at the in-
put or output, and then connected to yet an-
other routing network to provide routing flex-
ibility. North and west pins have connectiv-
ity to inputs ag,a1,@s,03,04,0s5,¢0 and all out-
puts. East and south pins have connectivity to in-
puts bo, by, b, bs, ba, b5, c1 and all outputs. When
any of the input pairs (ao,bo), (a1,b1), (az, ba),
(as,bs), (a4,bs), (as,bs) share the same signal,
they can be accessed from all four directions using
bypass connections. Dedicated feedback connec-
tions for the inputs cp, ¢3, ¢4, ¢5 from the outputs
dy,dy,ds,ds are also provided.

Advantages of our two-level routing architectures can
be summarized as follows :

1. The large number of input and output signals of
the logic block would create a significant capaci-
tive load due to the drain capacitance of the pass-
transistors on the routing segments. This routing
scheme is seen in Xilinx 4000 FPGAs (Fig.4(a)).
In their scheme, the input and output pins are
connected directly onto the routing segments via
pass-transistors. By our routing scheme, the in-
termediate routing resource inside the logic block
(hence the two-level routing) enabled us to in-
sert buffers at the logic block pins which effec-
tively isolates the capacitive load of the drain
capacitance of pass-transistors from the routing

— 124 —

logic logic

block block

logic fogic

block block
(@) Xilinx 4000 routing scheme ib) Qur routing scheme
large drain capacitance of 'small drain capacitance

pass~transistors on routing on routing segments.}
segments.)

Figure 4: Comparison of C-block structure between
Xilinx 4000 FPGA and our bit-serial FPGA.

i
| Bk
1 {D‘ +

i

C Block

Figure 5: 1O block architecture for bit-serial FPGA.

segments. The routing delay through the single-
length routing segment is greatly reduced. This
fact also leads to power reduction.

2. All logic block outputs can be routed back to itself
without consuming any external routing resource.
Also, connections between adjacent logic blocks
which frequently occurs in bit-serial circuits is im-
plemented via C-blocks without consuming any
external routing resource as well. These two fea-
tures are also not seen in Xilinx 4000 FPGA.

3. The connectivity of inputs and outputs are made
symmetric with a high degree of flexibility in four
directions. This increases the routability and also
makes the automatic routing very easy to develop.

4 10 Block

10 blocks are connected to C-Blocks located on the
chip edges. IO blocks are designed with minimum
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Figure 6: Circuit implementation of bit-serial adder
cell.

functionality, merely to provide connectivity between
logic blocks and IO pads (Fig.5). Since we have pro-
vided sufficient number of flip-flops inside the logic
block, we assume that the signals are latched once
routed inside the logic block.

5 VLSI Implementation

The bit-serial FPGA architecture was first trans-
formed into a transistor-level description on Verilog
(1 months x 2 persons), and mask layout was done
on full-custom (4 months x 2 persons). The process
technology used in this design was 0.5p (gate length =
0.61) 2-metal process. Due to limited manpower and
time, we could not spend enough time on the floor-
planning and transistor size optimization. Therefore
-the layout result leaves room for further improvement
on area and speed. Component size for our design
chip is summarized in Table.2. One logic block, one
S-block and two C-block consumed 385p x 407y area.

h b
i A D} yreg

L o Bl prod

xin_h 1)
h_xin_d

L B} youth

{D} xout_h

xin_h xout_h

yin_h yout_h
prod h_xin_d

h xin_h h_xout

sin'h sout_h

sin i sout I

Figure 7: Circuit implementation of bit-serial multi-
plier cell.

Figure 8: Bit-serial FPGA chip floorplan. v
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Figure 10: Layout of bit-serial FPGA chip (left), and layout of logic block (right).
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Figure 9: Delay model of bit-serial FPGA (assumes 4
manhattan distance routing).

With further rework on the layout, we would expect
the area to shrink within 350u x 350u. If we were to
use a 3-metal process, we expect the area would fur-
ther reduce by half. Inside the 3.5 x 3.5mm chip area
(excluding 1O area), there are 8 x 8 logic blocks and
64 10 blocks (Fig.8). Various data are shown in Table
1. In one chip, we can fit either two 16-bit multipliers,
four 8bit multipliers, or 64 double-precision adders
(independent of word size).

Fig.9 shows the delay model for our bit-serial
FPGA. Total delay from flip-flop output to flip-flop
input with 4 manhattan distance routing is 6.4 ns.
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Table 1: Estimated performance of our bit-serial

FPGA chip
area (LB, SB, CBx2) 385 x 407u
area (total) 3,500 x 3,500p2
transistor count 200k transistors
max. gate/block ~70 gates
max. gate/chip ~4500 gates
clock frequency 156 MHz

(assume 4 manhattan distance routing)

16-bit multiplication (x2) 19.5 MOPS

8-bit multiplication (x4) 78 MOPS
16-bit addition (x64)  624.64 MOPS
8-bit addition (x64)  1.25 GOPS




Table 2: Component size for bit-serial FPGA

| Unit | Size | Composition
Die 4.8mm x 4.8mm | Core with pads
Core 3.5mm x 3.5mm | All internal logic except pads
L—Block 332um x 320um | Logic Block
S—-Block 138um x 37um Switching Block

C-Block(Type I) 43um X 37um

Connection Block

C-Block(Type II)

8.5um x 150pum

Connection Block

L+S+Cx2

385um x 407um

Configuration block | 350um x 80um

Shift register and some control logic

write
1bit

mode : 0 combinatorial logic mode
: 1 shifter mode

data —I‘-@ out

Figure 11: New LUT RAM cell

6 New lookup table architecture

Next, as our extension, we propose new lookup ta-
ble architecture for improving our current bit—serial
FPGA. Our design bit-serial FPGA has some prob-
lem as follows.

1. For configuration of RAM cells throughout the
FPGA, a large number of data lines and write
lines are needed, which caused difficulties in rout-
ing these signals.

2. Configuration block need many shift registers.

3. Bit-serial operation must have many shift reg-
isters for pipleline synchronization. Although we
provided two extra flip-flops for each L-block, this
is still not enough for many of the bit-serial ap-
plications.

As a solution to this problem, we present a new
lookup table architecture which can be configured as
shift register or conventional logic.

data

s ram cell

3 :pass transistor

output c0 :internal feed back

Figure 12: Bit-serial 3-input LUT

Fig.11 shows the new LUT RAM cell. Data is
stored in clocked inverter loop when write signal is
high. When this LUT is used as a shift register, RAM
cells are connected in series to form a dynamic D flip-
flop. Control signal write is generated from configu-
ration block and it is shared with same row L-blocks.
One LUT has 1-bit memory which indicate LUT mode
(combinatorial logic or shifter). With this new RAM
cell, either a chain of shifters or a lookup table can
be implemented. Both of shifter and configuration bit
inputs are transmitted in bit—serial.

Fig.12 shows a 3-input LUT using new RAM cell.
New LUT is similar to our previous LUT except RAM
cell. ag,a;,a> and ag is input signal from input in-
terconnect network and ¢ is internal feedback signal.
3-input LUT requires 8 bit memory. 8 to 1 decoder
has a tree structure. The node of the tree is com-
posed of one pass -transistor, so-decoder is small and
fast. ag,a; and a3 is LUT’s input and decide N (shift
number). When a9 = a; = 0 and ay = 1, this is 5
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Figure 13: New internal routing architecture

bit shifter. Signal data is LUT’s RAM cell input and
shifter input. When LUT is in write mode (configura-
tion bit store), signal write is high and data is written
to LUT’s RAM cell per clock.

To realize shifter mode, ag,a1,az and ag are fixed
to ’0’ or ’1’ while LUT is this mode. So we improve
internal routing architecture as illustrated Fig.13. Al-
teration point is adding decoder to keep ’0’ or 1’ state.
Consequently shifter mode is realized and ’0’, ’1’ input
can share initialize input which used carry set or re-
set. Furthermore since internal feed back connections
is simple, it is expected that L-block is small.

This improved LUT is more attractive for bit-serial
FPGA in terms of area size and routing problem.
But power consumption is large because LUT’s RAM
cell is driven by clock. We examine this problem in
points that clock is not supplied when LUT is not
shifter mode. Another problem is how many number
of LUT’s input. To minimize silicon area, the num-
ber configuration bits may be small. It is prefer that
the number of LUT’s inputs is smaller. In bit-serial
operation it is satisfactory that the number of LUT’s
input is three. However, some application like IDCT
which requires many shift registers cause insufficiency
of shift register resources and complex of placement
and routing problems. To solve this trade—off is fu-
ture work.

7 Summary

In this paper, we presented our new FPGA architec-
ture and VLSI implementation for high-performance
bit-serial pipeline datapaths. The main features of
the new architecture are the large logic block consist-

ing of four 4-input LUTs and 6 FFs with dedicated
carry-save logic for bit-serial operations, and also the
two-level routing architecture aimed to make the in-
terblock routing simple with short delays while provid-
ing another layer of routing inside the logic block to
provide pin flexibility in order to increase routability.
We are currently developing a placement and routing
tool while evaluating the current architecture.

As for VLSI implementation, circuit area is 3.5 X
3.5min using 0.5u 2-metal process. The chip consists
of 64 logic blocks and 64 10 blocks.

Moreover we will describe disadvantages of our pre-
vious architecture and propose new lookup table ar-
chitecture as improvement of performance.
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