
High Performance Instruction List Processor on 
FPGA Platform  

 

Shilpa K. Rudrawar 
Department of Electronics Engg.  

School of Electrical Engg.  
 MIT Academy of Engg, Alandi (D)  

Pune, India 
skrudrawar@etx.maepune.ac.in 

 

Dr. Dipti Sakhare  
Department of Electronics Engg.  

School of Electrical Engg.  
 MIT Academy of Engg, Alandi (D)  

Pune, India  
dysakhare@etx.maepune.ac.in 

Abstract  Programmable Logic Controllers (PLC) are used in 
industry for automation. Now-a-days it is a standard practice to 
include safety interlocks along with logic functions in the PLC 
programming. The use of smart sensors also gives very fast 
changing inputs to the PLC. This makes the response time of 
PLC an important issue. The scan time of PLC depends upon two 
parameters viz. the length of PLC program and operating 
frequency of CPU. Thus, in order to improve PLC response time, 
it is necessary that scan time of PLC should be less. This paper 
suggests an IEC 61131-3 standards compatible PLC application 
dedicated Instruction List (IL) processor with a three-stage 
instruction pipeline on FPGA platform for better response time. 

 

Keywords Dedicated Processor, Fast response PLC, 
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I. INTRODUCTION  

The Programmable Logic Controllers (PLC) is used 
widely in many industries for the process and design 
automation purpose. The ability to handle process parameters 
and control the processes makes PLC the best choice for their 
applications. PLC has input and output modules and a 
processor at its core. The performance of PLC greatly depends 
on the processor used. Many commercial PLCs use the general 
purpose processors, which are capable of handling byte and 
word operations. However, over 70% of PLC operations are 
Boolean (bitwise) operations [1]. The use of HDLs (Hardware 
description languages) allows modeling, synthesis, 
reconfigurability and rapid prototyping of application specific 
design using high density FPGA platform and can function for 
real time requirements which is also not expensive as compare 
to hardware prototyping [2].  

High performance PLC dedicated processor implemented 
with combining general processor and the PLC application 
specific instruction set processor (ASIP). Instruction formats 
and instruction sets are designed for same. The architecture is 
designed to accelerate the instructions execution. The high 
performance of PLC dedicated processor is explained with the 
use of a ladder compiler which compile ladder program to 
binary code for PIC 16 or AVR [3]. 16-bit RISC processor has 
been designed using VHDL. Hierarchical approach has been 
used and modeled design using behavioral and structural 
programming. Pipelining is used to improve the overall CPI 
(Clock Cycles per Instruction. [4]. 

Moreover, operations in general purpose processor are 
implemented as micro-codes which take many steps for 
execution of any instruction. Thus, general purpose processor 
proves to be inefficient. If the processor used in PLC is 
designed for dedicated PLC operations, the performance of the 
PLC can be greatly enhanced. Further, implementing the 
dedicated processor as an instruction pipelined processor 
speeds-up the operation of PLC [5][6]. 

Architecture completely separates the bit-operations and 
byte operations of the CPU as well as of I/O devices, so as to 
reduce the input-output operation time and hence the response 
time of PLC. The result of the design is significant increase in 
the speed of bit-byte central unit. Most of the operations are 
bit-operations and thus, large gains are achieved through 
separate bit-processing, which is done independent of byte-
processing [7]. 

An approach to the design and construction of central 
processing units for programmable logic controllers 
implemented in a FPGA development platform. Presented 
units are optimized for minimum response and throughput 
time. The CPU structure is based on bit-word architecture and 
two types of control data exchange methods: with 
handshaking control data are passed through the two flip-flop 
units with acknowledgement; without handshaking control 
data are passed through the dual port RAM. Third unit simple 
one processor built to compare with the above two. The paper 
presents specific timers/counters hardware construction 
solution. The architecture has its own instruction list with 
dedicated assembler. The design is a fully custom design, 
optimized for the greater performance [8]. 

II. METHODOLOGY  

The proposed dedicated IEC 61131-3 compatible high 
speed PLC processor is designed with following specifications 
to reduce PLC scan time: 

 ALU: 8-bit operands 
 Maximum number of inputs: 64 
 Maximum number of outputs: 64 
 Number of timers: 8 
 Number of counters: 8 
 Memory : RAM: 64-bit RAM, 64- byte RAM, ROM: 

256 x 15-bit ROM 
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    The first step in designing a processor is defining the 
instruction set. An IEC 61131-3 standards compatible 
instruction set is initially defined for the proposed processor. 
However, the instruction set is not limited to instructions 
defined by IEC, but more instructions have been defined to 
provide more functionality. Total 23 instructions are finalized 
for the proposed processor. The instruction set of proposed IL 
processor is shown in Table 1. 

TABLE I.  INSTRUCTION SET 

Type of instruction Instructions 

Program branch END, JMP 

Data transfer LD, ST 

Immediate data transfer LDi 

ALU 
ADD, SUB, AND, OR, XOR, GT, 
GE, EQ, LE, LT 

Timer and Counter 
TON, TOF, RTO, CUP, CDN, SRF, 
RST, STdn 

  After defining the set of instructions, the instruction 
format is defined. Instruction format consists of two parts viz. 
Instruction Op-Code and Instruction Field. Instruction Op-
Code is a 5-bit binary code which represents each instruction 
uniquely. Instruction Field is 10-bit code which consists of 
parameters which needs to be specified for a particular 
instruction to execute, e.g. address of the source for a load 
operation. Thus, length of any instruction is total 15-bit. 
Instruction format varies for various types of instructions. 
Ultimately, there are six different formats for 23 instructions. 
Fig.1. shows various instruction formats used for the IL 
processor. 

 
Fig. 1.   Instruction formats 

Next step is the design of various functional blocks of the 
processor. These are designed taking into consideration the 

instruction set. Once tentative blocks are designed, HDL code 
for each block is written using VHDL language. The Xilinx 
ISE v12.3 is used for this purpose. Every functional block is 
synthesized individually and tested using appropriate test-
benches. 

When all the functional blocks are functioning properly, 
they are integrated into a single design using structural 
modelling style of VHDL, by creating data and control paths. 
The final design is then tested using test-bench [8]. 

III. ARCHITECTURAL DESCRIPTION 

The architecture of the proposed IL processor can be 
divided into three functional stages viz. Fetch Unit, Decode 
Unit & Execution Unit. These functional units are separated 
by the pipeline registers which play an important role in the 
instruction pipelining. The schematic is shown in Fig. 2. 

 
Fig. 2. Architectural block diagram 

A. Instruction Fetch Unit 

This unit contains the program memory, a program counter 
and an instruction register, as shown in the Fig. 3. The 
program memory is a read-only memory i.e. ROM with 15-bit 
wide 256 locations. Each of the locations can be filled with the 
15-bit PLC program instruction. The ROM is purposely not 
synchronized with any clock signal so that asynchronous 
response to the JMP or END instruction is achieved. 

The program memory is addressed by an 8-bit program 
counter. Program counter outputs the address of the 
instruction which is to be fetched, and increments the address 

program counter outputs the address present on pc_in i.e. the 
address at which the program should jump. 

The instruction register is a 15-bit register that holds the 
instruction fetched from the ROM and splits it into two parts 
viz. 5-bit instruction op-code and 10-bit instruction field. 

The schematics of timer and counter are shown in Fig. 7. 
The timer is driven by a clock signal clk_t. When t_en signal 
is present, on-delay timer starts timing for the clock ticks from 
zero to the 6-
output in the form of DN bit. The off-delay timer starts timing 
when t_en signal is low. The retentive on-delay timer is same 
as on-delay timer except that it retains the accumulated timing 
value unless an explicit reset is given.  
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Fig. 3. Instruction fetch unit. 

The counter on the other hand, is not driven by any clock, 
but counts the low to-high transitions on the c_en signal. It 
also produces a DN bit output when finished counting. The 
up-counter counts in ascending order while down-counter 
counts in descending order. 

B. Instruction Decode Unit 

The instruction decoder and control unit, shown in Fig. 4, 
is the heart of the processor. It performs the most important 
tasks of decoding the fetched instruction by interpreting its 5-
bit op-code and generating the control signals required to 
execute that instruction. 

 

Fig. 4. Instruction decode unit 

There are total 16 control signals that are generated by 
control unit of the proposed processor. These control signals 
are applied to the functional units in the execution unit and 
fetch unit. 

C. Instruction Execution Unit 

 
The instruction execution unit contains all the digital 

circuitry that is required to implement the defined instruction 
set of the processor. Following are the functional blocks of the 
execution unit. 

1) Accumulator and ALU 
 

Accumulator is an 8 bit register that holds one of the 
operands of ALU operations, and also the result of all the 
ALU operations. One of the possible sources of the 
accumulator input is selected through the multiplexer, as 
shown in Fig. 5 

Fig. 5. Accumulator and ALU   

The Arithmetic Logic Unit i.e. ALU performs all the 
arithmetic and logical operations according to the instructions. 
The ALU is designed to perform arithmetic operations: 
Addition, subtraction; logical operations: AND, OR, XOR and 
comparison operations. The ALU of proposed processor is 
capable of performing operations on 8-bit data i.e. it is 8-bit 
ALU. Boolean operations are also done as byte-operations and 
LSB is used as result. One of the inputs to the ALU is form 
the accumulator and other operand for ALU operations is 
selected through the op2 multiplexer. 

2) Data Memories 
 

Data for the ALU operations is stored in the data 
memories. Four data memories, viz. bit-RAM, byte-RAM, 
Input Register File and Output Register File, are used in the 
proposed IL processor.  

Bit-RAM, shown in Fig. 6.a, is a 64 location bit-memory, 
used to store bit data. The data sources for bit-RAM are: ALU 
output for bit-operations and timer & counter DN bit output. 
The data to be stored is selected through a multiplexer. The 
bit-negator block is the implementation of bit-8 of instruction 
filed. It is affected by ST (store) instruction. Byte-RAM, 
shown in Fig. 6.b, is a 64 location byte memory, used to store 
byte data. Data source is ALU output only. The multiplexer is 
intentionally used so that high impedance can be presented at 
RAM input whenever required. The byte negator is affected 
by ST (store) instruction. 

 
Fig. 6. a. Bit RAM 
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Fig. 6.     b. Byte RAM 

Input Register File, shown in Fig. 6.c, is a 64 location bit 
memory. This memory is always written by external inputs 
and is readable. It is assumed that PLC inputs are always 
present in this memory and processor uses the current values 
of inputs. Output Register File, shown in Fig. 6.d, is also a 64 
location bit memory which contains PLC output image. This 
memory is writable as well as readable. It is assumed that PLC 
outputs are updated from this memory, upon completion of 
every execution cycle. 

 

 
Fig. 6.     c.  Byte RAM 

 

Fig. 6.     d. Byte RAM 

3) Input-Output & Memory Decoder 
 

The data read and write operation on the above mentioned 
memories is performed in multiplexed way. The memory to 
perform these operations in selected using two bits in the 
instruction field. These two bits are decoded, using a 2:4 
decoder to generate an enable signal. The control unit has the 

control over this decoded so that enable signal is generated 
only when desired. 

4)  Timer and Counter 
 

Timers and Counters are very important entities for a PLC. 
Most of the industrial applications are based on timers and 
counters. In general words, timers and counters, both are kind 
of delay generators. Timer is time-based delay generator while 
counter is external event based delay generator. 

 

Fig. 7. Timer and couter    

TABLE II.  TYPES OF TIMER & COUNTER 

 

Table II shows number of different timer and counters 
provided in proposed IL processor.  

The complete timer and counter module consists of all 8-
timers, 8-counters, a FLAGS register to indicate enable or 
disable condition for respective timer/counter, PRESET 
register that hold preset values of all timers & counters, 
RESET register that generate local reset signal for each 
individual timer/counter, The 6-  can be set in 
counter as well as timer or counting can be done up to 6 bit 
combination. After counting or timing is over a multiplexer 
passes one of the DN output bits from respective timers & 
counters to the bit-RAM for further processing. The complete 
timer-counter module is shown in the Fig. 7. 

The schematics of timer and counter are shown in Fig. 8. 
The timer is driven by a clock signal clk_t. When t_en signal 
is present, on-delay timer starts timing for the clock ticks from 
zero to the 6-
output in the form of DN bit. The off-delay timer starts timing 
when t_en signal is low. The retentive on-delay timer is same 

Sr. No. Timer / Counter Number of entities 

1 On-delay Timer 3 

2 Off-delay Timer 3 

3 Retentive On-delay Timer 2 

4 Up Counter 4 

5 Down Counter 4 
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as on-delay timer except that it retains the accumulated timing 
value unless an explicit reset is given. 

The counter on the other hand, is not driven by any clock, 
but counts the low-to-high transitions on the c_en signal. It 
also produces a DN bit output when finished counting. The 
up-counter counts in ascending order while down-counter 
counts in descending order. 

 

 
 

Fig. 8.  Timer-counter module 

5) Pipeline Implementation 
 

The proposed IL processor suggests that instruction 
pipeline be used for speeding-up the execution. The meaning 
of instruction pipeline is that the processor has multiple 
functional blocks which are working simultaneously to 
execute any instruction just like an assembly line in a 
manufacturing plant. The instruction travels through these 
functional blocks under governance of a clock signal. 

 The very popular ARM processor design uses the 
instruction pipeline [10]
element in a pipelined processor is the pipeline register 
without which the pipelining is impossible to implement. The 
pipeline register is as good as a D- Flip Flop. It simply 
separates the functional units and passes the inputs to the 
output on the rising clock signal. Thus, the instruction 
propagates through the so formed pipeline on every rising 
clock signal. 

The timing diagram of an ideal three-stage pipelined 
processor is shown in Fig.9a. 

 
Fig. 9. a. Three stage pipelined  IL processor 

The pipeline registers as shown in Fig. 2 are introduced in 
between the three functional units of the processor so as to 
implement an instruction pipeline. The pipeline registers 

simply act as a D flip-flop, driven by same clock. The 
instruction passes through each functional unit and 
consequently, all functional units are operating in parallel. 
When first instruction is being executed, the second is in 
decoding stage while the first is being fetched. Finally, from 
the third machine clock, every clock cycle gives an output. 

 
Fig. 10. b.Timing diagram of the  IL processor 

The pipeline hazards that may arise are avoided by some 
design considerations as following: 

 ROM is not driven on clock so that program jump is 
achieved as soon as instruction is decoded. 

 The control unit and execute unit are properly 
synchronized by introducing Pipeline Register 3. 

 Note that decode unit clock frequency is double the 
clock frequency of fetch unit. The state of the control 
unit which is FSM is also shown with respect to the 
clock signal. 

The timing diagram of the proposed IL processor is shown 
in Fig. 9b. 

IV. HARDWARE IMPLEMENTATION 

The IL processor design is implemented on Field 
Programmable Gate Array i.e. FPGA chip. The hardware 
platform chosen is Xilinx Spartan 3E FPGA XC3S500E. This 
FPGA has 500K number of gates on-chip to implement the 
digital logic. The development board used i

IL processor implemented on-board are given through push-
buttons and toggle-switches. The outputs are observed on the 
LEDs. The board has an oscillator of 32MHz which is used as 
clock signal for the design. 

V. RESULTS 

The design is simulated in software using the Xilinx ISim 
simulator v12.3. A ladder diagram program is converted into 
IL program as shown in Fig. 12 and it runs in simulation as 
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well as on the hardware [11]. The results are found to be 
correct on both software and hardware platforms. While the 
software simulation Fig. 13. gives total timing analysis and 
hardware execution Fig. 11.  shows the correctness of the 
design. 

     

Fig. 11. Hardware execution of the design 

 
Fig. 12. Conversion of Ladder-program into IL-program 

  To further enhance the speed of design, a Xilinx 
technology named Digital Clock Manager (DCM) [12] is 
used. The use of DCM permits the input clock frequency to be 
converted into any desirable frequency.

 

Fig. 13. Software simulation of IL processor design 

 
Fig. 14. Software simulation of IL processor design using DCM 
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The FPGA development board provides an oscillator with 
32MHz clock frequency. This frequency is doubled to 64MHz 
using DCM. The 32MHz clock is used to drive fetch unit 
while 64MHz clock is used to drive decode and execute unit 
which requires double the frequency than fetching. Thus, each 
instruction now executes in a single cycle of the on-board 
clock oscillator. Fig. 14. shows the simulation of the design 
using DCM. Comparison of required number of clock cycles 
per instruction 

INSTRUCTIONS 

CLOCK CYCLES REQUIRED 

Embedded Microprocessor 
by Snaider Carrillo L., 
Agenor Polo Z., Mario 

Esmeral P 

Proposed IL 
Processor 

LD 19 1 

LDi NA 1 

ST 15 1 

R 15 NA 

S 15 NA 

AND 5 1 

OR 5 1 

XOR 5 1 

ADD 5 1 

SUB 5 1 

GT 5 1 

GE 5 1 

EQ 5 1 

LE 5 1 

LT 5 1 

JMP 5 1 

RET 1 1 

TON NA 1 

TOF NA 1 

RTO NA 1 

CUP NA 1 

CDN NA 1 

SRF NA 1 

STdn NA 1 

END NA 1 

 

The number of clock cycles required to execute the 
instructions is compared with a previous implementation of IL 
processor designed by Snaider Carrillo L., Agenor Polo Z., 
Mario Esmeral P. [9], in the Table 3. From this table, it can be 
seen that, one or two instructions of this previous 
implementation are executed in single clock cycle while most 
of them require 5 clock cycles. On the other hand, every 
instruction of proposed IL processor is executed in a single 
clock cycle. 

The device utilization summary of the Xilinx FPGA 
XC3S500E VQ100 for the IL processor design is shown in 
Fig. 15. 

 
Fig. 15. Device utilization of XC3S500E VQ400 

The Xilinx synthesis report shows the timing summary, 
which is much important part of the design, as shown in Fig. 
16. It can be seen that the design can be run at a maximum 
clock frequency of 180.897 MHz. Thus, the execution time of 
an instruction can be as small as 5.528 ns, if the design is run 
at maximum possible frequency. 

Fig. 16. Timing summary of the design 

VI. CONCLUSION 

The work in the paper suggests a dedicated processor to be 
used as a PLC core. The three-stage instruction pipelining is 
implemented so that PLC response is boosted to large extent. 
The design of processor uses its own PLC application specific 
instruction set, whose implementation is optimized by Xilinx 
Synthesis Technology. 

Every instruction supported by the processor is executed in 
the single clock cycle. This is achieved by making use of 
Xilinx DCM technology. Finally, the design is implemented 
on FPGA and the design is tested successfully on hardware 
platform. 
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