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1 Abstract

In this paper, we introduce the architecture of a new embedded field
programmable processor array (E-FPPA) which consists of a low-power
multiprocessor system embedded with standard programmable logic blocks and
memory. Each block (processor, programmable logic,...) is coupled to a transfer
controller (TC) responsible of all the transfers between blocks. Instead of using a
classical crossbar interconnection network, we propose a low cost hierarchical
ring which combines simple interface and high performance communications
when data locality is observed. Based on the E-FPPA, high performance
reconfigurable systems can be easily built and we demonstrate that this
architecture is an interesting alternative to traditional DSP for low-power
applications. By using the 8-bit CoolRisc processor [1,2], an E-FPPA including
a cluster of 16 processors, 16 TC, working respectively at 25 and 50 MHz, and
1kbytes data SRAM for each processor, consumes 2 W with a peak performance
of 1200 Mops. The chip size has been evaluated in 0.35 pm to 52 mm?Z.

2 Introduction

Currently, state-of-the-art FPGA offers more than 250K gates on a chip. In [3],

they are showing that we can expect more than 4 millions gates on a single

FPGA by 2010. Two problems will arise with such vast arrays of random logic:
The interconnection becomes areal bottleneck if flat technology is used.
Random logic is inefficient to map most of the computation that requires
datapath (asin signal processing, cryptology,...).

Different aternative FPGA architectures have been recently proposed to
overcome these limitations. Aggarwal et a. [4] introduced an architecture



overcoming the interconnection problems. They are using a hierarchical FPGA
(HFPGA) architecture in which areas of classical random logic are connected by
fast long-distant communication busses. It should be noted that, in this case, we
are in the same conditions as in multi-FPGA systems. the design has to be
partitioned between areas of logic cells.

Datapath implementation is also an intensive field of research. The DP-FPGA
proposed by Cherepacha [5] is an architecture in which all functional units are
composed of a 4-input 4-output lookup table (LUT), a fast carry chain and an
output latch. This architecture is well suited for applications requiring intensive
arithmetic calculation on large numbers. The main drawback is that control logic
can not be easily implemented because it mainly requires functional units on one
bit. Another way to implement datapath structures is to change the design of the
functiona unit itself. In [6], [7], [8] for example, the functional unit is replaced
by a reconfigurable ALU, combined with a special routing architecture. A
similar approach can be found in [9], [10] and [11] where they are using multi-
bit ALU. Even if these architectures support more complex operations, they are
not well suited for non-standard operations and mapping of these functions
could fail.

In accordance with Hauck who recently revedls the future of reconfigurable
systems [12], we propose a new type of field programmable architecture where
the basic LUT-based functional units are replaced by more complex blocks
which can be small processor core, memory, reconfigurable logic, ... (Figure 1).
This architecture consists of an array of processors embedded with other
elements and appears as an extenson of emergent field programmable
processors arrays (FPPA). Embedded-FPPA or E-FPPA will dlow a
hardware/software co-design of systems which is in case of complex
applications an attractive alternative to standard powerful DSP or large multi-
FPGA boards. Moreover, E-FPPA by using low-power processor units
consumes much less than equivalent DSP chip.

In FPPA architecture, the main problem is the design of the interconnection
network which cannot be standard programmable connections as in classical
FPGA. Crossbar-based networks are generic in term of connections but suffer
from the lack of scalability. On the other hand, hierarchical ring networks which
combines simple interface and high performance communications when data
locality is observed have been lately studied [16]. These studies have shown the
superiority of hierarchical ring networks over mesh networks. From our point of



view, hierarchical ring network is well adapted to FPPA and a low-power
implementation of this kind of networks will be described.

We first present the E-FPPA architecture and the interconnection network in
section 3. Then, in section 4, the implementation of a processor-based block will
be described. It will alow to discuss the consumption issue of such new
architecture in comparison with up-to-date DSP. Finally, conclusions will be
given in section 5.
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Figure 1: Proposed ar chitecture

3 E-FPPA Architecture

3.1 Interconnection network

As dready point out in the introduction, the main challenge in FPPA is the
interconnection network which has to combine simplicity, efficient
communication, generic message protocol and scalability.

A single bus such as the PCI bus [13] does not meet these requirements. The
latency of the bus increases with the number of blocks in the system. It is not
easily scalable (complex bridge have to be developed). Only one transmission
can be peformed on the same time on the bus which induces a low
bandwidth/Watt. It is also necessary to design complex arbitration bus system. A
way to overcome the latency problem would be the use of a crossbar
architecture. Unfortunately, crossbars are not scalable and the implementation
cost is high.

Direct network architectures are an interesting alternative to traditional bus
systems. Direct networks could be seen as a mesh of dimension n. A mesh of



dimension n has kg X k; X ... X k.1 nodes along each dimension i, with k;>1. The
most common notation is k-ary n-cube network. As mentioned in [14], one of
the main advantages of this architecture is its high scalability. The second
advantage is the small point to point connections allowing to work at avery high
frequency. Moreover, these networks and their performances are well know
[15].

The interconnection network which has been selected for the E-FPPA is a k-ary
1-cube, which are ring with k nodes. More precisely, the blocks are
interconnected thanks to a hierarchical ring architecture (Figure 2a). Ravindran
et al. [16] have proven that small hierarchical rings are much more efficient than
mesh of higher dimension.

In this architecture, each block (B) is connected to a ring of level-(i) by a
transfer controller (TC) which handles all the interface between the block and
the ring network. Each level-(i) ring is connected to alevel-(i-1) by an inter-ring
transfer controller which manages the transfer between rings. Of course, this
system works well if data locality is observed. This means that most of the
transfers should occur on a same ring; transfers through the ring of lower level
should only occur occasionally. If this property is not observed, the frequency of
the lower level ring can be increased to have better performances [17]. An
implementation example is shown in Figure 2b.
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Figure 2: Hierarchical ring in a E-FPPA and itsimplementation



3.2 Flow control and ring access

In order to have fast communications, the way all the blocks are accessing the
ring is important. The most known flow control is the token (token ring). In this
architecture, all the blocks are connected to a single bus. The ring access control
is done by atoken. If a block has the token, he owns the access to the ring and
can transfer data. The main disadvantage of this ring is that only one block can
usethering at atime.

In a dotted ring [18], [19], the bus is divided into a certain number of slots. A
block has to wait for a free ot to be able to transfer data. In other words, the
slots have the same role as the token in a token ring; as soon as a block detects a
free dlots, a transmission can occur. The main advantage of the dotted ring in
comparison with the token ring is that many blocks can transfer at the same
time, alowing a better use of the bandwidth. In the register insertion ring,
register (FIFOs) are inserted in each TC (Figure 3). A message arriving at TC(i)
will be directly forwarded to TC(i+1) if TC(i) is not transmitting and if the
message is not for block(i). It will be stored in the input FIFO if TC(i) is
transferring and if the message is not for block(i). Finally, it will be stored in the
block(i) FIFO if the message is for block(i). If a TC(i) wants to transfer data, it
will directly forward the message to TC(i+1) if the bus is not busy or store the
datain the FIFO if the busis busy.
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Figure3: TheTC in aregister insertion ring

A comparison of these three rings with similar routing protocol is given in [20].
The token ring is always the worst one. Slotted and register insertion rings have
similar results, even if the register insertion rings shows better results for small
flows. As opposed to the dotted ring, only the busses where a transfer is
occurring are active in the register insertion ring. This implies a lower power



consumption when long busses are involved. This reason justifies our preference
for the register insertion ring network.

3.3 Switching techniques

To completely define the interconnection network, an appropriate switching
technique has to be selected. The packet is defined as a set data including a
header and the data itself. Siore and forward switching is a routing technique in
which awhole packet is stored in a TC before being sent to the next TC (Figure
43). This implies the buffers in each TC can become large, depending on the
allowed size of the packets.
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Figure 4: Switching techniques

In circuit switching, the header isfirst sent to the receiver in order to reserve the
resources between the sender and the receiver. Once this is done, the data block
is sent (Figure 4b). In comparison to store and forward routing, the latency of
this routing algorithm is lower [14]. In wormhole routing (Figure 4c), a packet is
divided into a certain number of flits (flow control digits). The size of aflit is
system dependent, for example on the channel width. The first flit is the header
flit and governs the route of the message; the next flits follow the sasmeway in a
pipeline fashion. If the header flit is stopped in a TC because the next channel is
busy, the TC does not have to buffer all the remaining flits. He can leave them in
the buffers aong the established route. This is an important advantage in
comparison with store and forward routing where the complete message have to
be buffered. The size of the buffer, in wormhole routing, can be as low as one
flit. In comparison with circuit switching, the resources are released earlier. For
all these reasons, we choose the wormhole routing for the E-FPPA
I nterconnection network.

3.4 Inter-ring Transfer Controller

The IR-TC is responsible of data transfers between rings of different levels. The
simplest way to achieve the transfer is to use a 2x2 crossbar with buffers at the
input (Figure 5a). However, Karol et al. [21] have shown that, in some cases, the
output flow can be limited to 58.6% of its maximal value. Actually, packets can



be blocked inside the FIFO, even if their output is free, because previous packets
stored in the FIFO do not have a free outpui.
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Figure5: IR-TC architectures

A solution to this problem has been proposed by Tamir [22]. Instead of having
only one FIFO at each input, they are placing as much FIFO as outputs (Figure
5b). For a 2x2 crossbar, we will have 2 FIFO at each input. Mc Keown [23] has
shown that this architecture is optimal in terms of flow. But this solution is not
optimal in terms of memory alocation because the input FIFO is statically
alocated. The solution to this problem is to dynamically allocated each FIFO
[22], [24] (Figure 5¢). In this case, we will have, at each input, two FIFO whose
size is variable. The sum of both sizes remains fixed. This last architecture has
been selected for the IR-TC because it gives the best flow with the best memory
alocation.

4 Processor-based Block Implementation

The implementation of a block containing a small RISC processor, its data
memory, its program memory and the TC has been evauated in a 0.35um
CMOS technology. The CoolRisc processor [1,2] is used for its low power
consumption. As we can see in Table 1, it has a exceptional MIPS/Watt ratio.
The CoolRisc isasmall 8-bit harvard architecture processor with a separated bus
for input and output data, a multiplier, an ALU and 16 static registers.

This processor offers many possibilities to reduce as much as possible the power
consumption. For example, the data and the program memories are divided into
asmall memory and a large one (Figure 6a). Pieces of code or of datawhich are
frequently accessed are placed in the small memory while infrequently accessed
parts are stored in alarger one. Since most of the time only the small memory is
read, the power consumption is reduced.



Microprocesseur | Frequency at | CPI MIPS @ f VDD | Power @ 1 MIPS MIPS/Waitt
IMIPS

80C31 12 12 1.7 @ 20Mhz 3.0 30 mwW 33

68HCxx 4 4 1@ 4MHz 3.0 8 mw 125

PIC16Cxx 5 5 1.6 @ 8MHz 3.0 7.5mw 133

PIC17Cxx 5 5 3.2 @ 16Mhz 3.0 14 mwW 71

CoolRisc816 1 1 10 @ 10 MHz 3.0 0.4 mw 2500

Table 1: Comparison of processors

Another way to reduce the power consumption is to use the Freq instruction
which allows to divide the internal clock frequency by a factor of 2, 4, 8 or 16.
The power consumption can be further reduced by placing the processor in low-
power standby mode with the Halt instruction. It will restart when an event or an
interrupt occurs.
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Figure 6: (a) Hierarchical memories, (b) Transfer Controller

The total size of both data and program memories in this evaluation are
respectively 1k x 8 bits and 1k x 22 bits. These memories are implemented by
using dual ported Ram.

The transfer controller (Figure 6b) includes two FIFO of 4 bytes depth, an
address decoder at the input to route the message to the block i or to the next TC,
an input controller (decoding and transferring the messages to the block) and an
output controller (coding and transferring the messages to the next TC). The data
bus includes 8 bits for the data and one bit for header flit strobe. An empty
signal is used to indicate the FIFO status. The clock signal is the strobe for the
flits.

Based on these hypothesis, an E-FPPA including a cluster of 8 processor-based
blocks with one IR-TC consumes 2 W at 25 and 50 MHz, for respectively the
processor and the TC, with a peak performance of 1200 Mops. This gives aratio
of 568 Mops/Watt. The chip size has been evaluated to 52 mm? in 0.35 pm.



These results can be highlighted by given corresponding ratios for some popular
DSP from Tl (Figure 7).
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Figure 7. MOPS/Watt comparison

5 Conclusions

A new embedded field programmable processor array has been presented. It is
particularity well suited to low power application where hardware/software co-
design can be applied. The complexity of both the 8-bit processor and its
associated transfer controller is 4500 gates. This block can deliver up to 75
MOPS, corresponding to an attractive performance of 3000 Mops/Watt without
including any memory. The size of this elementary block is 0.24 mm2 in 0.35
pm.
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