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Abstract This paper proposes a cost-efficitent and flexible FPGA-based logic circuit emulation
platform. By improving the performance and adding more features, this new platform is an enhanced
version of our LAPG. It consists of an FPGA-based hardware engine and software element to drive
the emulation and monitor the results. It also provides an interactive verification environment which
uses an efficient communication protocol through a hi—-directional serial link between the host and the
FPGA board. The experimental results show that this new approach saves 55% ~99% of communi-
cation overhead compared with other methods. According to the test results, the new LAPG is more
area efficient in complex circuits with many [/O ports.
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1. Introduction

Design verification is becoming one of the critical
and time-consuming aspects of the digital hardware
design process. Traditionally, designers just use the
their

design correctness. However, source level functional

software-based simulation tool to verify
simulation by software 1s too slow for complex
modern designs. Even though the size of a design
is not very large, source-level functional simulation
is inadequate for a reliable confirmation due to the
imprecision between simulation and synthesis, and
timing-related problems. These complications are
cleared by lower-level (gate-level) simulation/emu-

lation. The software-~based gate-level simulation or
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timing simulation is available for further verifica—
tion. Unfortunately, these have limitations on simu-
lation performance.

The hardware-based emulation by the FPGA
prototyping board [1,2] is one of the emerging
alternative approaches to accelerate digital design
verification while achieving both higher accuracy
and better performance. For each specific applica-
tion, different FPGA board designs and implemen-
tations are required to support each verification
requirement. Each additional board design results in
higher costs as well as more verification time.
Even the existing general purpose rapid prototyping
FPGA boards of high-end technology are not
suitable for some of the applications that require
special I/O. Furthermore, it is hard to learn how to
use the generic multi-functional prototyping board
for each specific demand. The Xilinx Chipscope [3],
Altera SignalTap [4], or watch—-point methods [5]
may be alternatives to solve these challenges.
Nevertheless, these tools also have their own draw-
backs primarily because they just probe the signals
in the FPGA by acting as embedded on-chip logic
analyzers when what is needed is actual stimulus
to the FPGA. JTAG [6] can be another alternative.
JTAG 1s a generic testing method that uses a
chain of serially linked I/O cells through which
every stimulus (including clock signal and captured
output signals) are shifted-in and read back.
Because of the communication overhead, JTAG has
limitations on efficiency.

In {7] we developed an FPGA-based verification
platform named “LAPG (Logic Analyzer and Pattern
Generator)” to meet the need for an interactive,
flexible and yet cost-efficient hardware verification
platform. This platform requires only a simple
FPGA board with minimum features which enables
a hardware emulation svstem. This system is not
only economical, but it is also exactly what is
needed. This approach is based on a virtual hard-
ware wrapper that generates the stimulus for a
user design as well as probes the outputs from the
user design that is under test as shown in Fig. 1.
The verification step i1s shown in Fig. 2.

The wrapper communicates with a host via serial

link to send and receive test data. This approach
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Fig. 1 LAPG: A proposed verification platform with
the FPGA prototyping board connected to
the host via sertal link
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Fig. 2 The LAPG Design Verification Flowchart

eliminates the I/O restrictions of the FPGA board
and provides higher testing capacity. It seems to be
similar to the JTAG [6] scheme because of the
serial-link based input pattern injection and output
signal monitoring. However, it is different in two
aspects: (1) it separates the clock signal from data
and other control signals, (2) it uses the separated
links for input and output signals in order to reduce
the communication overhead via a senal link.

The hardware and the software of LAPG com-~
municate with each other to perform verification of
user design. However, LAPG is inefficient due to
the communication overhead between the host
machine and the FPGA board as every stimulus
and clocking injection needs to send all the unre-
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lated input/output data through the serial link. To
deal with this issue, an enhanced version of the
LAPG, the LAPG-2 has been developed by devi-
sing a new communication protocol to minimize the
communication overhead through the serial link as
well as to add more convenient features. The
LAPG-2 has the following advantages: (1) it saves
the verification time by using the same test vectors
as used in the functional simulation; (2) it saves
cost as there is no need to buy any additional tes-
ting equipment, and (3) it is able to perform tests

in an interactive manner.
2. Enhancement of the Communication
Protocol

of the
LAPG-2 gives less communication overhead and

The enhanced communication protocol

more verification capacity. With LAPG-2 we can
control the iteration patterns of data injection and
sampling as freely as possible to obtain the most
efficient communication. The number of clock
cycles needed to get the valid results can be spe-
cified without additional input data, consequently
saving the traffic by unnecessary data injection and
Additionally,
experimentation with various types of clocking sch-
emes with LAPG-2 can be performed.

The new communication protocol consists of four
types of packets: (1) commands, (2) ACK (Acknow-

ledge), (3) injection data, and (4) sampling data.

output sampling data transmission.

The commands provide instructions on how to
apply stimulus and monitor the output data. The
ACK 1is the response from the hardware to the
software which confirms that the hardware received
the proper command and is ready for the next
command or data from the host computer. The
command packet formats are shown in Fig. 3.

The reset and execution command packets are
distinguished by the MSB in the command packet.
The reset command configures parameters that
determine injection and sampling data width, active
clock edge type, sampling intervals, and the number
of clock cycles needed until sampling. The exe-
cution command dictates whether to perform injec—
tion and/or sampling with the subsequent data

packets as well as specifies how many data packets

type  configuration design clock
fieid fiald fialkd fieid

edge type  exacution propagation delay
mode field | field

-

1] W | W 10 | 10 | 10 | 10 10

(a) Reset command format
type infection  sampling  cnt_base
field field field | field

1.
- bl
H
i

o | w | w  w [ w | w | w | 1w

count fiekl

—i

(b) Execution command format

Fig. 3 Command Packet Formats for LAPG-2

are required.

Table 1 shows some examples of communication
scenarios for different types of emulation opera-
tions. For example, we can perform a number of
injection operations without any sampling, a num-
ber of sampling operations without any injections,
or alternating injection and sampling operations.

With the proper packet mix, we can minimize the
communication overhead, thereby achieving better
performance. Fig. 4 presents a waveform for a DES
cryptography circuit test.

This 1s a typical case that requires muitiple clock
cycles to get a valid output for each input data.

Table 1 Examples of Communication Scenarios

Operations Commumnication Sequences

Configuration {reset, ack}+

Injection only {exec, ack, injection+}+

Sampling only {exec, ack, sampling+}+

Injection-Sampling | {exec, ack, {injection, sampling}+}+

/ design| | .
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Fig. 4 DES Circuit Simulation Waveform



234

Fig. 5 shows the corresponding communication sce-
nario between a host computer and the FPGA
board for DES circuit design verification.

Fig. 6 shows the internal structure of a virtual
wrapper circuit for LAPG-2 with enhanced com-
munication protocols.

The command register as well as the data in-
jection and sampling registers are shown in Fig. 6.
The controller module in the virtual wrapper mana-
ges the senial communication procedures for the
handshaking protocol. It also controls data injection
registers, output data acquisition registers and clock
triggering operation for a design under test.
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Fig. 5 Emulation Scenario for a DES Circuit
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Fig. 6 Improved Structure of the LAPG Wrapper

FEATGI=EA  ALT K o] A B A A 5 ZQ0086)

3. Evaluation

We evaluated the benefits and cost of our method
in terms of communication and area overhead by
the proposed platform implementation with Xilinx
FPGA board. To compare the efficiency of the me-
thods, we applied LAPG-2, LAPG-1 and JTAG on
several circuit examples. Table 2 summanzes the
circuit examples used for the experiments.

Fig. 7 compares the communication overhead in-
cluding commands as well as data traffic for dif-
ferent methods with different circuits.

The graph shows that LAPG-2 saves about 5
5% ~99%
large amount of communication traffic saving owes
to the higher flexibility of LAPG-2 protocol com-
pared to the LAPG-1 protocol. That is, LAPG-1
requires the input ports and output ports should be
the same size while LAPG~2 allows different inputs
and outputs size. Thus, it is clear that in any case

of the communication overhead. This

LLAPG-2 has the least communication overhead than
the other approaches. It is also observed that more
are definitely achieved with

overhead savings

complex circuits with many 1/O ports.

Table 2 Example Circuits

Circuit Name Inputs x Outputs | # of FPGA Slices
Seq. Multiplier 10 x 8 11
Modified Booth |1 g .
Multiplier
Seq. Divider 14 x 9 18
DES 131 x 66 320
AMBA Bus 15 x 4 47
Controller
SEED 250 x 128 647
0%
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Fig. 7 Communication Overhead Comparison for Dif-
ferent Verification Methods (assume LAPG-1

communication overhead = 1009%)
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Fig. 8 Area Overhead Comparison for Different Veri-
fication Approaches

Area#of FPGA

Bl 1846 . e Bt .1363 R S22 Hbcihd
#of input bits x# of Lt bils

Fig. 9 Area Overhead by Different Verification Me-
thods with Different Input x Output Port Sizes

What 1s the cost for these benefits? Fig. 8 shows
the area overhead for each method. Fig. 8 demon-
strates that LAPG-2 uses more area than any of
the other methods if the circuits are relatively
simple, while it uses less area than other methods
if the circuits are complex and have many /O
ports. Fig. 9 shows the area overhead of three
verification methods according to the increase of
the number of I/O ports. From these graphs it is
evident that for a small number of 1/Os, LAPG-2
occupies more area than both LAPG-1 and JTAG,
but as the I/O size increases over 64x64, LAPG-2

uses the least area and JTAG uses the most area.

4. Conclusions

In this paper, we proposed an efficient hardware
verification platform based on a virtual wrapper
and serial communication protocol. We believe that
our approach can contribute to the reduction of the
price of a FPGA prototyping platform because it
eliminates the necessity of expensive /O periphe-
rals on the FPGA board. Designers can have

controls over the input signals and monitor outputs
from the design circuits without using any ex-
pensive, complex pattern generators or logic ana-
lyzers. Furthermore, verification time may be saved
since the same test vectors for both software
stimulation and FPGA- based hardware verification
may be used. We believe that LAPG-2 can meet
needs that require powerful and vet a low-cost

verification platform.
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