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ABSTRACT

Field-programmable gate arrays (FPGAs) are used
in various systems with reconfigurable functions.
Conventional FPGAs have been developed using a
transistor level description for minimizing routing
delay. Although FPGAs developed with a register
transfer level (RTL) design methodology provide var-
ious benefits to the designers of a system-on-a-chip
(SoC), they have not been realized. Therefore, the
authors advanced their development. They should
be shown to operate with practical throughput. For
this purpose, circuits on these device need to be de-
signed and evaluated. In this paper, a ripple-carry
adder (RCA) was designed and the throughput of
the RCA was evaluated. The resulting throughput
was applicable to network processors. Additionally, a
wave-pipelined operation without changing the RCA
revealed that the problem of routing delay in FPGA
developed by RTL methodology was mitigated. The
contributions of this paper are to clarify that a 4-
bit adder can be implemented on FPGAs and their
throughput can be improved by wave-pipelined oper-
ations.

Keywords: FPGAs, RTL Design Methodology,
RCA, Wave-pipeline, SoC

1. INTRODUCTION

A variety of equipment, such that used in networks
[1] and firewalls [2] run using FPGAs because they
are reconfigurable. These features enable changes in
circuit configurations on the FPGAs as in a software
program when it is required to add or modify a func-
tion. Therefore, if the processing speed, power con-
sumption or cost is not suitable for processing in a
central processing unit (CPU), the option of using
FPGAs can be very useful.

To achieve a reconfigurable features in conven-
tional FPGAs, a routing path is controlled by a tran-
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sistor acting as a switch. This is significantly dif-
ferent from a SoC developed using a standard cell
library. Therefore, a SoC circuit configuration can-
not be changed. Alternatively, operations of FPGAs
consume more power and work at a lower frequency
than a SoC.

FPGAs can be used to solve these problems, [3-4]
achieve high speed operation and low power consump-
tion at the architecture and transistor levels. In [5],
the problems of operating speed and power consump-
tion of static random access memory (SRAM) used
with FPGAs were described and solved. These stud-
ies are very useful in conventional FPGAs developed
at the transistor level.

Moreover, the development of SoCs build in FP-
GAs is currently much in demand. It is essential to
embed the FPGA at the RTL level for large-scale
SoCs and to simultaneously shorten the design pe-
riod. However, the routing path delays of FPGAs de-
signed by a RTL design methodology are larger than
conventional FPGAs. This is a reason why a study of
FPGAs using RTL design methodology was not done.

Studies were done [6-9] to realize FPGAs designed
by the RTL design methodology. The advantage is
that the FPGAs themselves can be developed using a
HDL (hardware description language). Additionally,
circuits on FPGAs can be designed using a HDL as
well as conventional FPGAs.

It should be made clear that these FPGAs are us-
able for practical applications. Thus, it is necessary
to design and evaluate circuits on these FPGAs. In
this paper, a 4-bit ripple-carry adder (RCA) was con-
figured on an FPGA. The throughput of the 4-bit
RCA was evaluated. Additionally, wave-pipelined op-
erations were done without changing the circuit con-
figuration of the 4-bit RCA and this contributes to
an easing of the routing delayproblem.

This paper is organized as follows. Section 2
presents outlines of CPUs and FPGAs used in packet
processing. Next, Section 3 discusses FPGAs that
are designed by the RTL design methodology. In
Section 4, the 4-bit RCA circuit is designed on the
FPGAs and wave-pipelined operation of this device
is described in Section 5. Then, the 4-bit RCA is
evaluated in Section 6.
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Table 1: CPU Time in the CPUs of [16].
Frequency of the CPU Minimum size frame Standard size frame (ns) Jumbo frame of 3000 Maximum jumbo frame

(ns) KB (ns) (ns)
500MHz 760.0 15280.0 30280.0 160080.0
800MHz 380.0 7640.0 15140.0 80040.0
1GHz 237.5 4775.0 9462.5 50025.0
1.2GHz 190.0 3820.0 7570.0 40020.0
1.5GHz 158.3 3183.3 6308.3 33350.0
2.0GHz 126.7 2546.7 5046.7 26680.0
3.0GHz 95.0 1910.0 3785.0 20010.0
4.0GHz 63.3 1273.3 2523.3 13340.0

2. NEEDS AND PROBLEMS OF FPGAS
FOR PACKET PROCESSING IN MO-
BILE DEVICES

Packet processing in mobile devices should be ex-
ecuted at high speed with low power consumption.
The use of an FPGA is a better solution in this re-
gard. However, conventional FPGA devices have a
problem in that a CPU developed by an FPGA de-
signer cannot be used as an ASIC. In this section,
CPUs and FPGAs in packet processing are explained.
Subsequently, problems and solutions of packet pro-
cessing on a mobile CPU are clarified based on our
research results. Finally, the necessity of a CPU ar-
chitecture that specializes in packet processing and
an FPGA developed by the RTL design methodology
is described.

High throughput of networks used in mobile de-
vices has been advanced. In Wi-Fi LANs, the de-
velopment of IEEE802.11ad was done. It will finally
achieve a throughput of 6.8 Gbps [10-11]. Moreover,
studies on 5G is advanced in mobile data commu-
nications. The purpose of the current study is to
achieve data communication at rate of more than 10
Gbps [12]. Packet processing in mobile devices in
such high-speed data communications is essential to
ASIC or FPGA processing.

Super pipelining, parallel processing and process-
ing that does not depend on the word size are easily
achieved using a FPGA. Therefore, an FPGA is very
beneficial for packet processing. In [13], a packet clas-
sification engine achieved a very high throughput by
super pipelining on an FPGA. Moreover, the use of an
FPGA is beneficial for low power consumption [14].
[15] reconfigured FPGA features for packet process-
ing.

However, detecting processing due to unauthorized
access needs not only a packet classification engine,
but also complex processing. Circuits on an ASIC or
FPGA for complex processing pose a problem that
requires a huge amount of hardware. Additionally, it
cannot take advantage of software resources for unau-
thorized access. That is, a CPU for packet and de-
tection processing is required.

The authors estimated the performance of a CPU
that is needed for packet processing [16]. Accord-
ing to the results, packet processing with a 1 Gbps
throughput and normal data communications needs

a CPU with a MIPS64 5K architecture operating at
1 GHz. In contrast, packet processing of a repeat-
ing packet frame of the shortest size and a packet
frame with a standard size needs a clock frequency
of 4 GHz. Table 1 shows the CPU times required for
packet transfer processing. If it is unable to accom-
plish such a process, it becomes vulnerable to a denial
of service (DoS) attack.

In [16], to protect a CPU with 1 GHz operations
from a DoS attack, out-of-order packet execution in-
side the CPU has been proposed. This function
should be built inside the CPU as an ASIC circuit.
Additionally, the CPU needs to be developed as an
ASIC for low power operations because the processing
speed and power consumption of the CPU influences
the entire system. If the CPU has sufficient process-
ing capacity for packet processing, it facilitates the
change in the content of processing by software. In
that case, reconfigurable features such as an FPGA
are not required.

When incorporating such a unique architecture on
an FPGA, the CPU was only on the FPGA as a soft-
core processor. Furthermore, circuits as an ASIC are
often needed for low-power consumption and high-
speed processing. Therefore, an FPGA using RTL
design methodology, as in this study, facilitates the
development of CPUs and circuits as an ASIC. In
other words, ASIC-FPGA codesign is realized.

3. FPGAS DESIGNED BY THE RTL DE-
SIGN METHODOLOGY

In this section, details of the FPGAs that the au-
thors developed are explained. Next, logic synthesis
is executed to investigate delay times of the FPGAs.
Developed environments are described.

Table 2: Design environments.

OS Cent OS 5.9 x86
CPU Intel Core 2 Duo E6600 (2.4GHz)
Memory 2 GBytes

Logic synthesis
Synopsys Design Compiler H-
2013.03-SP2

Technology Rohm 180 nm C-MOS
Standard cell

The library provided by Rohm
library
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Fig.1: Architecture of FPGAs designed using RTL
design methodology.

(a)

(b)

Fig.2: Structure of the LB. (a) Basic component
and (b) 3-input and 1-output LUT.

Fig.3: Structure of the CB.

Fig.4: Structure of the SB.

The architecture of FPGAs is shown in Fig. 1.
FPGAs have three components. These are a logic
block (LB) as shown in Fig. 2, a connection block
(CB) (Fig. 3), and a switch block (SB) (Fig. 4). The
CB and SB are very different from conventional FP-
GAs. These switches are not transistors, but rather
they are selectors. This is because the direction of the
FPGA routing is different from that of conventional
FPGAs.

As indicated by the selectors of Fig. 3 and Fig. 4,
the selected result of A or B is output to C. In the case
of Fig. 3 and Fig. 4, the signal of B is selected and
flows to C. The signal A cannot be used. Fig. 4 shows
that 4 lines can cross simultaneously. Therefore, it is
confirmed that routings on the FPGA are possible
[9].

An advantage of the FPGAs is that they can be de-
veloped using RTL design methodology. It allows not
only ASIC-FPGA codesign, but also arrangement of
the FPGA architecture. If a large circuit is designed
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Fig.5: Logic synthesis result of Fig. 2.

Fig.6: Logic synthesis result of Fig. 3.

on an FPGA, routing may not be possible. In this
case, increasing the number of wires solves the prob-
lem of routing. It is easy to realize other arithmetic
circuits.

For the evaluation carried out in Section 6, the au-
thors ran a logic synthesis of the parts of the FPGAs
using the design environments of Table 2. In this
paper, the authors chose the standard cell library re-
leased by Rohm, Inc.

The CB of this paper was different from that of
[7]. The number of selectors was optimized. Logic
synthesis results of Fig. 2, Fig.3 and Fig. 4 are shown
in Fig. 5, Fig. 6 and Fig. 7, respectively.

4. RCA ON THE FPGAS

The FPGAs were verified that they operated at a
practical rate. A 4-bit RCA circuit was developed on
the FPGAs in this section. The LUT of the FPGAs
was a 3-input and 1-output format and could store
data according to the table shown in Fig. 8. There-
fore, a full adder (FA) was designed with two LBs.

The 4-bit RCA circuit is shown in Fig. 9. Rout-
ing was made based on the explanation in Section 3.
The operational frequency was calculated using the

Fig.7: Logic synthesis result of Fig. 4.

(a)

(b)

Fig.8: Truth table for the full adder in the LUTs.
(a) Sum, and, (b) Carry.
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Fig.9: 4-bit RCA on the FPGAs.
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results of logical synthesis. For the calculation of the
delay times, the authors wrote a software program.
According to these results, the routing with the max-
imum delay time was from CIN to COUT, shown as
the heavy line in Fig. 9. The maximum delay time
was 24.12 ns.

5. WAVE-PIPELINED OPERATION

A wave-pipeline [17], [18] is a design method that
does not use registers for pipeline operations, and for
this reason, it is superior in terms of power consump-
tion. In circuits on FPGAs, design techniques for
high-speed operations are limited. In such a situa-
tion, a wave-pipeline i s effective [19].

Fig. 10 shows an overview of pipelines. The con-
ventional pipelines shown in Fig. 10 (a) require regis-
ters for pipelined operations. Only one set of signals
can operate in the circuit between the pipeline reg-
isters. Alternatively, pipeline registers are not used
for wave-pipelines. Therefore, it is essential to make
a collision-free interval so that signals do not col-
lide. Wave-pipelined operations provide for a con-
dition where two or more signals exist between regis-
ters.

(a)

(b)

Fig.10: Overviews of pipelines. (a) Conventional
pipeline (b) Wave-pipeline.

A wave-pipeline is also used in commercial proces-
sors. Circuits constituting FPGAs for wave-pipelines
have been studied [6-9, 21]. However, this was not
achieved in the arithmetic circuit on the FPGA con-
structed by RTL proposed by us.

A clock cycle time for wave-pipelining, TCK , was
calculated from the following equation [20].

TCK = (DMAX −DMIN ) + TOV (1)

Wave pipelined operations are achieved if this ex-
pression is satisfied. In a circuit for wave-pipelined
operations, DMAX is the maximum delay time and
DMIN is the minimum delay time. TOV was set as a
margin. The margin means the influence of the con-
ditions of chip fabrication and operating conditions
such as t emperature and voltage.

The novelty of the wave-pipeline in this paper
is that it allows wave-pipelined operations without
changing the circuit configuration of Fig. 9. Here,
route adjustments of only the outputs shown in the
heavy line of Fig. 11 are executed. This led to design
simplification of the proposed wave-pipelined circuit.
As discussed in Section 4, the maximum delay time
was 24.12 ns. Also, the minimum delay route on
a route could not be adjusted from B[3] to COUT.
Here, the minimum delay time was 10.07 ns. From
these conditions, the routes of the outputs of S[0],
S[1], S [2] and S[3] were derived from the following
equation:

Here, the route adjustments of only the outputs
shown in the heavy line of Fig. 11 are executed. This
is led to the design simplification of a wave-pipelined
circuit. According to the Sec. 4, the maximum delay
time is 24.12 ns. Also, the minimum delay route on
a route cannot be adjusted is from B[3] to COUT.
The minimum delay time is 10.07 ns. From these
conditions, the routes of the outputs of S[0], S[1], S[2]
and S[3] are derived from the following equation.

10.07 ≤ DOUTPUT ≤ 24.12 (2)

DOUTPUT is a delay time for the outputs. All the
outputs of Fig. 9 satisfy Equation (2).

The FPGAs enable ASIC-FPGA co-design. There-
fore, arithmetic circuits such as an ASIC solve the
problems of operation speed on the FPGAs. However,
circuits as an ASIC cannot be changed and added af-
ter chip fabrication. Wave-pipelined operations on
the FPGAs are needed for this reason.

6. EVALUATIONS

The FPGAs designed by the RTL design method-
ology were evaluated using the operation frequencies
of Fig. 9 and Fig. 11. An operating frequency in nor-
mal operations of the RCA in Fig. 9 can be obtained
from the maximum delay time. Alternatively, an op-
erating frequency in wave-pipelined operations of the
RCA in Fig. 11 was derived from Equation (1). TOV ,
the overhead time in wave-pipelined operations, was
set to 2.0 ns.

Actually, circuits on an ASIC fabricated in a 0.18
µm CMOS process operate at 2.0 GHz [22]. There-
fore, this value is very reasonable.

The clock cycle time of Fig. 11 in wave-pipelined
operations, TRCA was calculated from the following
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Fig.11: 4-bit RCA for wave-pipelined operations on FPGAs.
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equation.

TRCA = (24.12 − 10.07) + 2.0 (3)

These results are shown in Fig. 12. The opera-
tional frequency greatly depends on the process tech-
nology. MAX II of Altera’s complex programmable
logic device (CPLD) has been implemented in a 180
nm CMOS technology [23]. The technology is same
as the FPGAs. Operational frequencies of the Inter-
nal Oscillator of the CPLD were 13.33-22.22 MHz.
That is, the operation frequency of the FPGA was
higher than the CPLD.

Fig.12: Operating frequencies of the CPLD and 4-
bit RCAs on the FPGAs.

When packet processing of a computer network is
executed on FPGAs, processing in packet frame units
is possible. Here, the operating frequency in the FP-
GAs was set to 60 MHz. In the case of 1 Gbps, a
word width of 17 bits or more enables the processing.
Thus, it is clear that the process is practical.

7. CONCLUSIONS

The FPGAs designed by the RTL design method-
ology have the following advantages:

• Easy integration of FPGA functions in a SoC is
possible.

• Significant shortening of the design period of a
SoC.

• Allows the selection of process rules.
The authors developed FPGAs to capitalize on

these advantages. In this paper, a 4-bit RCA on a
FPGA was designed and evaluated to demonstrate
the practicality of the approach.

FPGAs were not developed for this purpose since
there they have a larger delay than conventional FP-
GAs. This problem was relaxed by wave-pipelined
operations without changing the circuit configuration
of RCAs. Wave-pipelined operations are very suit-
able for patterned circuits like those in RCAs. That
is, they are considered applicable in multiple circuits.

Wave-pipelined circuits have the advantage of not
increasing power consumption because they do not re-
quire pipeline registers. Additionally, the delay time
of the entire circuit in wave-pipelined operations is
the same as in normal operations.

Therefore, the contributions of this paper are as
follows:

• It was shown that the FPGAs can be put to
practical use.

• A 4-bit adder can be implemented on FPGAs.
• The problem of routing delay can be solved

by improving the throughput by easy wave-
pipelined operations.

Future work will involve fabrication of FPGA chips
using the 180 nm CMOS standard cell library and
evaluations by measurements of the chip.
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