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Abstract

Recent improvements of FPGA technology in its

clock frequency, density and configuration cost

enable to implement large-scale, complex circuit.

In these days, many systems adopt FPGA so that

the processor in FPGA will be required higher

performance. This paper focuses on Simulta-

neous Multithreaded (SMT) architecture, one of

multithreading technology that improves perfor-

mance. We suggest implementable model of SMT

processor on FPGA designing SMT processor

and memory controller in hardware description

language. As a result, a model that contains SMT

processor, cache memory, memory controller is

able to implement on single FPGA. Furthermore,

we indicate efficient hardware use with internal

Block RAM.
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1 Introduction

Reconfigurable devises such as FPGA have been
improved its clock frequency, density and configu-
ration cost. In these days, the significant improve-
ment enables to implement large-scale, complex cir-
cuit on a FPGA devise. There are a lot of com-
mercial products that combining a processor and
dedicated circuits to make up a System on a Chip
(SoC), or soft-core processors have been released for
FPGA-based SoC development by FPGA venders
[1] such as MicroBlaze from XILINX, Inc. [2] and
Nios released by Altera, Co.[3]. Comparing to high-
performance processor such as Pentium4 released
from Intel, Co.[4], these soft-core processors are
very small and lower performance. However, the in-
crease of demand systems using reconfigurable de-
vise in the future will lead soft-core processors to
improve.

To achieve the performance improvement, mul-
tithreaded architecture has got a lot of attention
currently. The multithreaded architecture aims
to exploit thread-level parallelism (TLP) rather
than instruction-level parallelism (ILP). Simulta-
neous Multithreaded (SMT) processor, one of mul-
tithreaded processor, executes multiple threads in
parallel allowing them to share hardware resources
in the processor such as ALU, cache memory and so
on. The availability of SMT processor has already
shown in the document [5]; it suggests that SMT
architecture achieves multithreading with lower
resource comparing with a Chip Multiprocessor
(CMP), another one of multithreaded architecture.

This paper focuses on SMT processor as high-
efficient multithreaded processor. We suggest im-
plementable model of SMT processor on FPGA de-
signing SMT processor and memory controller in
hardware description language. We in this paper
show the model of stand-alone SMT processor and
the model contains SMT processor, cache mem-
ory and DDR-SDRAM controller. Implementing
these models on FPGA, we indicate implementing
method that uses FPGA resource efficiently.

The paper is organized as follows. We first de-
scribe multithreaded processor in next section to
explain why we chose SMT processor. Then sec-
tion 3 describes architecture of the processor and
cache memory. We show the two models that we
designed and implemented results in section 4 and
5. Section 6 summarizes our study.

2 Multithreaded Processor

In this section, we describe four representative mul-
tithreaded processors; CMP, Fine-Grain Multipro-
cessor, Coarse-Grain Multiprocessor and SMT pro-
cessor. Comparing these processors, we explain
why we focus on SMT technology. Figure 1 shows
concept of each multithreaded processors that tells
ALUs utilization in every cycle in the case of all
processors with 4 resources.
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Figure 1: Resource usage of each multithreaded ar-
chitecture

2.1 Chip Multiprocessor

A CMP has multiple processing elements (PEs) in
a single chip to implement multithread processing.
Each PEs has independent processing resources
such as ALUs and register file. Figure 1 (a) shows
an operation in the case of CMP with 2 PEs. ALUs
are exclusively allocated in each PEs, and CMP
cannot use both of PEs for a single thread. Further-
more, to increase number of executable threads in
parallel, CMP has to add another PEs. Therefore
each PEs needs some ingenuity to save its cost.

As the Commercial CMPs, POWER series [6]
from IBM, Co., Ultra SPARC IV [7] from Sun Mi-
crosystems, Inc. and PA-8800 [8] from Hewlett-
Packard Development Company are commonly
known. In university study project, Hydra is fa-
mous [9].

2.2 Fine-Grain Multiprocessor

A Fine-Grain Multiprocessor switches executing
thread by time-sharing. The thread switching oc-
curs as frequently as once a few cycles or every cy-
cle. Figure 1(b) shows Fine-Grain Multiprocessor
with switching thread every cycle.

As examples of Fine-Grain Multiprocessor, we
show document [10] and [11].

2.3 Coarse-Grain Multiprocessor

A Coarse-Grain Multiprocessor switches thread
by not only time-sharing but also some trigger.
Coarse-Grain Multiprocessor in figure 1 (c) adopts
the facts that stall processor for a while as switching
trigger. Both Fine-Grain method and Coarse-Grain
method maintain thread context in their processors
to switch thread in high speed which is different

with context switching of single-threaded proces-
sor.

Comparing between Fine-Grain method and
Coarse-Grain method, Fine-Grain method compul-
sorily switches executing thread in static cycles so
that performance of processor gains but thread-
level performance narrows. On the other hand ,
Coarse-Grain method doesn’t reduce main thread
performance in the case that switching thread oc-
curs when main thread stalls.

Course-Grain method is adopted on APRIL [12]
of MIT and MAJC [13] from Sun Microsystems,
Inc.

2.4 Simultaneous Multithreading

SMT processor [5] contains multiple program coun-
ters in a single chip to implement multithreading,
but shares many resources such as ALUs and reg-
ister file in multiple threads unlike CMP. SMT
processor aims to use resources efficiently by the
sharing. Figure 1 (d) shows SMT’s resource us-
age in every cycle. SMT enables to increase num-
ber of executable threads in parallel with a smaller
additional hardware than CMP does. SMT pro-
cessor allows executing multiple threads simulta-
neously instead of switching executing thread in
time-sharing as other methods; therefore SMT pro-
cessor shows higher performance than Fine-Grain
method’s and Coarse-Grain method’s [5].

There are two advantages of SMT processor:
higher performance than Fine-Grain and Coarse-
Grain methods and less hardware cost than CMP.
Focusing on these advantage, our study adopts
SMT processor as multithreaded processor on
FPGA. In commercial product, Pentium4 HT [4] of
Intel, Co. and POWER5 [6] from IBM, Co. adopts
SMT processor.

3 SMT Processor and Mem-
ory Architecture

This section describes designed SMT processor and
memory architecture.

3.1 SMT Architecture

Our original SMT processor which is imple-
mentable on FPGA is named SEMP (Sim-
ply Efficient Multithreaded Processor). SEMP
complies with OChiMuS PE Instruction Set
Architecture[14][15] which is advanced its develop-
ment and study by us.



Figure 2: Structure of Simply Efficient Multi-
threaded Processor

Table 1: Hardware resource of SEMP
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OChiMuS PE ISA, which is based on MIPS -
II ISA, has thread control instructions to support
multithreading. Using SEMP as a PE, we con-
sider to develop multiple SMT PE on a single chip,
named OChiMuS architecture in the future(See lit-
erature [14][15]).

Designed SMT processor, SEMP is shown in
figure 2. Gray boxes in the figure are pipeline
registers. There are two kinds of hardware re-
sources in SMT processor: appropriative resources
for each thread and shared resources among multi-
ple threads. In the case of SEMP, program counter,
reorder buffer, issue queue and branch prediction
treat as appropriative resources, and rest of hard-
ware resources, ALUs, register file and cache mem-
ory, are shared resources.

This processor mainly composes with those re-
sources in table 1. SEMP is 2-way SMT processor
based on 2-instruction-issued, out-of-order super-
scalar processor. As shown in figure 3, its number
of pipeline has up to 10 stages.

Figure 3: Pipeline stage of SEMP
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DDR-SDRAM Controller
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Figure 4: The overview of SEMP and cache mem-
ory

3.2 Memory Architecture

Our designed configuration of SEMP and cache
memory is shown in table figure 4. SMT archi-
tecture shares cache memory among threads to ef-
ficiently use common data area.

Generally cache memory consists of Level-1 (L1)
cache memory and Level-2 (L2) cache memory, but
in some case, a chip doesn’t have enough hardware
resource to implement large size of storage media
such as L2 cache memory. Further high integration
in future will solve this problem, but at this time, as
the FPGA device which is used in this study doesn’t
have enough hardware to implement L2 cache mem-
ory, we only implement L1 cache memory for cache
memory.

We show the specification of designed cache
memory in table 2. This model divides cache mem-
ory into instruction cache memory (I cache) and
data cache memory (D cache). I cache adopts direct
mapping, and D cache adopts 2-way set associative.
Both of caches are 8 KB and cache block size are 16
Bytes. If cache hit occurs the processor gets data
in a single cycle, otherwise memory spends up to 17
cycles to respond. When cache miss occurs, cache
memory address to DDR-SDRAM controller. The
cache-miss latency includes time lag generated by
access to DDR-SDRAM.

We develop the SMT processor, the cache mem-



Table 2: Specification of designed cache memory
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Figure 5: Target FPGA board, Spartan-3 MB De-
velopment Board

ory and DDR-SDRAM controller have just been
explained above in Verilog-2000.

4 Implementable models of
SMT processor on FPGA

First in this section, we describe FPGA board that
is used in this study. After that we explain a model
implements stand-alone SMT processor and an-
other model contains SMT processor, cache mem-
ory and DDR-SDRAM controller.

4.1 Target FPGA board

In this study, we use Spartan-3 MB Development
Board [17] from Memec, Inc. It adopts Spartan-3
XC3S1500 [16]of XILINX, Inc. for FPGA devise.
This FPGA has 13312 slices of hardware and 32
Block RAMs.

Figure 5 shows schematic diagram of FPGA
board. This board is loaded with 32-MB DDR-
SDRAM. The model implements cache memory
and memory controller uses the DDR-SDRAM as
main memory. And also, the development board
has USB port for an external I/O. To load pro-
gram into DDR-SDRAM, we connect a computer

Spartan-3 MB Development Board

Spartan-3 XC3S1500

SEMP

USB controller

Block
Ram

USB
I/F

Figure 6: The model implements stand-alone SMT
processor

to FPGA board via USB. There are other external
I/Os, but we don’t use rest of them in this paper..

4.2 The Model Implements Stand-
Alone SMT processor

In Figure 6, we show the model implements stand-
alone SMT processor.

In this case, there are two ways to form main
memory; one is generating main memory with dis-
tributed RAM spending hardware cost, and the an-
other one is generating main memory with Block
RAM which is internal SRAM of FPGA. However,
Using distributed RAM, main memory spends too
much hardware slice to implement SMT processor,
and SMT processor also spends a large size of hard-
ware. That makes difficult to make logic synthe-
sis, place and route more efficient, and wiring-delay
would occur. On the other hand, using Block RAM,
hardware slice isn’t consumed by memory because
XILINX’s FPGA prepares Block RAM area sepa-
rate from hardware slice. Therefore, using Block
RAM as main memory, we achieve efficient use of
hardware resources and keep high clock frequency.

However, Using Block RAM as main memory
also has a problem. Block RAM is too small to
store a large-size program because it is internal
SRAM mounted on FPGA. Multithreaded program
requires a larger size of memory area than single-
threaded program does. In this model, SEMP only
can execute a small size of program as just checking
its operation.

For loading program, this model uses USB. On
implementing SMT processor and USB controller
on FPGA, a part of Block RAM is initialized to get
program from USB interface such as BIOS loading.
After loading done, the loaded program is now ex-
ecuted.



Table 3: Hardware costs for main stages of SEMP
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Figure 7: The model implements SMT processor
with cache memory and DDR-SDRAM controller

4.3 The Model Implements SMT
processor with Cache Memory
and DDR-SDRAM

This model forms SMT processor with cache mem-
ory and DDR-SDRAM controller on FPGA as
shown in figure 7. In this model, Block RAM is
used for cache memory. We use DDR-SDRAM as
main memory. Our FPGA board has 32-MB DDR-
SDRAM; it is enough large to store multithreaded
program. DDR-SDRAM controller receive requests
from cache memory to access DDR-SDRAM. If I
cache and D cache send requests in same time, the
controller gives priority to I cache request and stalls
D cache until I cache operation has done.

This model expands the range of use by replacing
Block RAM to DDR-SDRAM for main memory. To
initialize main memory, we use USB interface same
as stand-alone SMT processor model.

5 Implementation Results

In this section, we evaluate designed models in
hardware costs and clock frequency with XILINX

Table 4: Hardware cost of stand-alne SMT proces-
sor
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ISE6.2.03i and Core Generator 6.2.03i. Table 3
compares our SMT processor, SEMP with single-
thread processor in hardware cost. SEMP has
large size of ID/RN stage and reorder buffer be-
cause these stages contain appropriative resources
for each threads e.g. branch prediction unit and
reorder-buffering queue. SEMP has a 1.3-fold
larger scale than a single-threaded processor. For
main memory, stand-alone SEMP utilizes 16 Block
RAMs.

5.1 Result of stand-alone SMT pro-
cessor

Table 4 reports the hardware cost for each ele-
ments used in stand-alone SMT processor. This
model requires 8543 slices to implement. This num-
ber is equivalent with 64.18% of the FPGA de-
vice, xc3s1500. And the maximum operating fre-
quency of stand-alone SEMP is 79.662MHz. How-
ever, this model has only 16-KB memory using 8
Block RAMs which is not enough size for operating
multithreaded software. This configuration enables
to examine how SMT processor works but not to
operate large-size software. Usually, multithreaded
software tends to be large size. We need larger size
of main memory.



Table 5: Hardware cost of SMT processor with
cache memory and DDR-SDRAM controller
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5.2 Result of SMT processor with
cache memory and memory con-
troller

The hardware cost of SEMP combined with cache
memory and DDR-SDRAM controller is shown in
table 5. Comparing with stand-alone model, this
model obtains I cache and D cache as cache mem-
ory, and DDR-SDRAM controller to adopt DDR-
SDRAM to main memory. Released Block RAMs
by adoption of DDR-SDRAM are now used in cache
memory; 4 Block RAMs for I cache and 8 for D
cache. Although I cache obtains 8-KB storage area
from 4 Block RAMs, D cache extracts 8-KB area
from 8 RAMs because tag field for cache is im-
plemented with distributed RAMs which consume
hardware slice. In the case of 16-KB use for D
cache, the increase in hardware usage defies imple-
menting the model in the FPGA.

This model spends 11192 slices which are equiv-
alent with 84.07

6 Conclusion

This paper dealt with SMT processor as high-
efficient multithreaded processor. We proposed the
model of SMT processor in the case of implementa-
tion into FPGA, and designed in hardware descrip-
tion language. As the result of implementation,
both the model of stand-alone SMT processor and
the model of SMT processor with cache memory
and DDR-SDRAM controller are implementable,
and we propose high-efficient use of FPGA struc-
ture utilizing Block RAM of XILINX FPGA.

We believe that SMT processor in FPGA will be
active in multithreaded processor IP or embedded
device core. For the future, we extend function
of SEMP by adding floating point arithmetic unit,
interrupt capabilities and so on.
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