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Abstract
RISC architecture is extensively preferred for the development 
of high end embedded application in increasing demand 
like mobile phones with space and power constraints. This 
has led to development of ARM processors with higher code 
density than previously achievable. Modeling of a processor 
core facilitates feature development based on the current 
architecture implementation to further reduced memory power 
and chip size requirements. An attempt is made in this paper 
to provide an industry standard model of the ARM Cortex-M3 
Processor core recent in the series of processors widely used 
for embedded system development. The model presented in 
this paper is expected to serve as a master device in order to 
verify functionalities and behavior of number of slaves besides 
being useful in modeling of a new processor while release. The 
paper presents behavior of the integrated core model with 
the help of simulation results of typical processor instructions 
execution with reference to timing and control signals.  
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I. Introduction
In typical embedded system applications with space and power 
constraints, RISC processors are preferred [1].  Advanced RISC 
Machine (ARM) has adopted majority features from conventional 
RISC architecture like pipelining, load/store architecture, 
fixed instruction width of 32 bits to ease decoding and mostly 
single cycle execution [2, 3]. In order to reduce the memory 
access cycles of multiple load/store instructions and the chip 
area, RISC architecture is customized without (i) single-cycle 
execution of all instructions and (ii) register window, addition 
of new features like conditional execution of instructions, use 
of 32-bit barrel shifter, and link register for fast leaf function 
calls [4, 5]. Addition of Thumb-2 core technology [6, 7] has 
further benefited the architecture with enhancement in code 
density and performance [8]. Besides, M-series processors are 
especially developed with low gate count, processing efficiency, 
low interrupt latency to support low cost applications [9-14].
The level of abstraction of hardware design has increased 
significantly with the widespread adoption of Hardware 
Description Languages (HDLs) [10, 11]. A modeling technique 
allows implementation of a module in terms of design algorithm 
without concern for the hardware details [11]. An industry 
standard processor model serves as a master device for 
verification of functionalities and behavior of a number of 
slave devices. Modeling of RISC processors has been carried 
out earlier on different platforms like VHDL and Verilog [12]. A 
widely preferred language SystemC has inbuilt functions [13] to 
reduce the coding complexity of different stages of a processor 
core. It also allows us to represent the overall system using a 
single language [13]. In this paper, we present a model of the 
latest ARM Cortex- M3 processor [14] with the help of SystemC. 
Organization of the paper is as follows: In Section II, we discuss 
issues related to modeling of Cortex-M3 core architecture and 
present the model subsequently. Details of the model of the 

core are provided using pseudo codes in Section III. Simulation 
of the processor core model is carried out in a bottom-up fashion 
to verify the correctness of the behavior.  Various test vectors 
and test benches are generated in order to determine various 
functionalities of processor core. In section IV, the behavior of 
different stages of the core is described individually with the 
help of simulation results. The final complete model resulting 
from integra  tion of modules is also discussed with the help 
of simulation result in this section.

II. Modeling of ARM Cortex -M3 Core architecture and 
Design issues
The processor architecture is based on three stage pipeline 
consisting of fetch, decode and execute stages to reduce core 
complexity [14-16]. In this section, we discuss modeling of the 
stages of the pipeline by considering relevant control signals. 
The proposed model includes a control unit as a part of the 
decode stage to control operations of all stages by generating 
required control signals. The control unit consists of a cycle 
counter to govern instruction execution timing of all data 
processing and load/store related instructions. Note that the 
core model consisting of the three stages and load/store unit 
communicates with memory through AHB Lite bus [14-16]. The 
bus driven signals of AHB Lite bus are controlled by the control 
unit through bus interface module. Instructions are fetched 
from memory as a word data through 32-bit I-Code bus which 
is a AHB- Lite bus [14-16] [18].

A. Instruction Pre-fetch/Fetch Stage  
Pre-fetcher of the fetch stage reads one word per clock cycle 
from memory and stores in three word FIFO buffer [16]. The 
proposed model utilizes the second buffer in two situations (i) 
If the word data received by the instruction decoder contains 
two Thumb instructions. (ii) If an instruction requires multiple 
cycles for execution. Use of third buffer is inevitable during 
decoding of a conditional branch in order to the store branch 
target address instruction. As shown in fig. 1(a), Pre-fetcher 
operations are controlled by the control signals provided from 
the decode stage where the type of instruction is identified. 
fetch_stop control signal instructs the fetch stage that two 
16-bit instructions are received by the decode stage as a 
word data or execution unit requires multiple execution cycles 
Consequently, IF stage does not forward the current instruction 
to the decode stage and occupies the second buffer of Pre-
fetcher. The current instruction is forwarded from the fetch 
stage to the decode stage through 32-bit internal instruction 
bus. Prefetch_inline_wait signal coming from the decode stage 
indicates detection of a branch instruction. This causes Pre-
fetcher unit of the proposed model to pre-fetch the branch 
target address instruction and store in third buffer. While 
decoding a conditional branch instruction, we require to store 
sequential as well as branch target address in order to ensure 
sequential or branch execution afterwards. pre_inline_fifo_full 
control signal is generated by pre-fetcher unit when buffers are 
full due to the sequential instruction in case, four consecutive 
16-bit instructions are laid in the pipeline stages.  As a result, 
the address generation unit as shown in fig. 1(b) stops the 
address generation. 
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Fig. 1(a): Data path of Instruction Fetch stage           

Fig. 1(b): Address computation Unit

B. Instruction Decode Stage
As mentioned above, the decode stage receives instructions 
in form of word data via 32-bit internal “instruction” bus from 
the fetch stage. The word data may consists of 
1. Single Thumb-2 instruction
2. Two Thumb instructions
3. Thumb instruction with a half word of Thumb-2 instruction
4. Two half words of Thumb-2 instructions.
As the length of Thumb and Thumb-2 instructions in the word 
data are different, instruction selection logic is provided to 
discriminate various possibilities as shown in fig. 2(a) and fig. 
2(b). The op-code is first decoded to generate function code and 
corresponding control signals. While decoding of two Thumb 
instructions in a word data, 16-bit internal buffer of the decoder 
is utilized to store second Thumb instruction [16] as shown in 
fig. 2(a). Bits [15:10] of Thumb instructions hold the information 
for accessing operands [16, 17]. Bits [9:0] provide information 
related to the function code, source operand register number 
Rn, destination register numbers Rd, source operand register 
number Rm or immediate data or various branch conditions 
or shift count with shift type during decoding of most of the 
instructions [17]. Rn and Rm, are source register numbers 
whereas Rd is destination register number in this document.
Alternately, the buffer of fig. 2(b): may contain the first half 
word of the next Thumb-2 instruction. Instruction selection logic 
combines two half words received in two consecutive cycles in 
order to make a complete Thumb-2 instruction. In this case, bits 
[28:21] hold the information for accessing operands [17]. shift_
count and shift_type (2-bit) signals are sent to the execution 
stage by the remaining bits. While decoding instructions not 
requiring shift operation, the proposed model resets shift_count 
to zero. Once the op-code is decoded, operand is accessed to 
complete execution of the instruction.

C. Operand access
As shown in fig. 3, the control unit provides necessary control 
signals during operand access from the register file. Control 
signals deco_read and deco_read1 are generated to read Rn 
and Rm in the same cycle with the help of two separate 32-bit 
data_out_Rn and data_out_Rm buses.
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Module of the register file is provided with two read interfaces 
(Ports) to accomplish the operation in one cycle. Numbers 
Rn and Rm are sent to the register file using deco_regno_Rn 
(4-bit) and “deco_regno1_Rm” (4-bit). Note that the destination 
register number alu_destination_register (4-bit) is sent to the 
register file during execution of the current instruction. Register 
Address Register (RAR) of the model holds the destination 
register number until the current instruction reaches the 
execution stage. Load/store address computation unit provides 
memory address during execution of load/store data transfer 
[16], which is discussed in the following subsection along with 
the load/store execution 
unit.
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D. Instruction Execute Stage
This stage includes a combinational shifter and ALU module, 
which perform computation on operands according to the 
function_code. It receives operands (data_out_Rn and data_
out_Rm buses), shift_count (4-bit) and shift_type (2-bit) from 
the decode stage as shown in fig. 4(a) & fig. 4(b). shift_type 
indicates various shift types i.e. logical shift left (LSL), rotate 
right (ROR) etc. Majority of Thumb-2 arithmetic instructions 
require shifter preprocessing based on the content of data_
out_Rm bus as per shift_count and shift_type. In our model, 
shifted data and carry flag are transferred to ALU through data_
out_2 bus (32-bit) and carry_in signal for further computation. 
The 4-bit function_code differentiates fourteen operations i.e. 
ADD, MOVE, AND, COMPARE etc. and also logical operations to 
enable the corresponding ALU circuit. ALU receives information 
related to the flag alteration by psr_update signal from the 
decode stage. If it is found high then the circuit is activated to 
modify the flags as per the requirement of instruction. During 
computation, execution timing (Rd update) of an instruction is 
governed by a cycle counter of the control unit. The counter is 
decremented at every positive edge of an execution cycle. The 
model presented in this paper uses a cycle counter of value 
one for most of the functionalities e.g. Add, Move, Compare 
etc. A cycle counter of value two is used for functionalities like 
multiply with accumulate, load with single register etc. When 
the value reaches zero, the control unit generates Write_back 
signal to update the destination register Rd and PSR register 
with the desired value. The model uses dedicated data_out_
alu (32-bit) bus between ALU and register file to update the 
destination register as shown in fig. 4. In order to confine entire 
instruction execution within the three pipeline cycle [16], the 
model updates values of destination register Rd and PSR in 
the register file module at the negative edge of the current 
execution cycle. While executing a branch instruction, pipeline 
is required to be reloaded. At the time of reloading the pipeline, 
the sequential execution of current instructions in different 
stages of pipeline continues. Instructions pre-fetched after 
branch instruction are redundant. Therefore, the model avoids 
overwriting destination register Rd during the execution of these 
redundant instructions. Subsequently the destination register 
Rd is updated by the branch target address instruction. During 
execution of a conditional branch instruction, ALU determines 
the status of signal branch_code (4-bit) received from the 
decode stage, which indicates one of the branch conditions 
among total 16 conditions e.g Equal (EQ), Not Equal (NE), Carry 
set (CS) etc. If a match is found, the branch execution takes 
place and branch_exe signal is set high. The signal is fed back 
to the fetch stage so that branch target address instruction is 
laid into pipeline for further execution. 
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During execution, all memory accesses are governed with the 
help of load/store unit which is discussed as below.

E. Load/Store Unit:
Load/Store execution unit works in parallel with the ALU for 
data transfer with memory using D-code bus in case of load/
store instructions [15] [16]. Address generation for single and 
multiple data transfers are carried out with the help of Load/
Store address computation unit, which is a part of the decode 
stage as shown in fig. 5(a) & fig. 5(b)  [16]. Decoder and control 
units generate various signals as described below in order to 
control the operation of the unit:

Load/store address computation unit receives lsa_1. 
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address1 (32-bit) and lsa_address2 (32-bit) from register 
file, which are base address and offset value respectively. 
These signals are used to determine source or destination 
address lsa_haddress_out as shown in fig. 5.
Information related to various addressing modes is 2. 
provided through lsa_mem_acc_in (2-bit). These signals 
identify different types of addressing modes like pre-index 
and post-index to generate lsa_haddress_out. 
Control unit uses lsa_opcode_in as shown in Fig. 6 to 3. 
generate the different kind of load/store control signals 
for register read/write operation and AHB. In case of load/
store operation of a byte, half word or word data from 
memory [18], control unit generates hsize and hwrite AHB 
signals. Based on the status of these signals, memory 
initiates write or read operation from the specified lsa_
hadress_out. 
Control unit generates lsa_read in order to read the specific 4. 
register from register file during base address generation 
and store operation.  
lsa_write signal writes the data read from memory into 5. 
register file. Cycle counter synchronizes this signal to 
manage the execution timing during load operation.  
In the case of load operation, the execution unit is used to 6. 
load the data into the specified register as per the signal 
Lsa_reg_no_out (4-bit). Note that during the execution 
of load with multiple registers, control unit generates 
the number of write_back signals as per the number of 
registers specified in the op-code.
lsa_fetch_stop_in signal stops pre-fetching the next 7. 
instruction until execution of current instruction is not 
completed.    

Hardware details of the model as discussed in this section 
are implemented using SystemC. We present the software 
implementation details of frequently used functionalities in 
the following section.

III. Modeling using SystemC
To simplify modeling, it is essential to increase abstraction 
levels. Therefore, behavioral modeling is adopted with SystemC 
as a modeling tool. Class library of  SystemC consists of various 
hardware constructs like modules, ports, signals, data types; 

which are extensively used in the proposed model in order to 
make the model simpler [11-19]. Each of the modules consists 
of multiple concurrent processes i.e. SC_THREAD, which are 
triggered either at clock signal or occurrence of the specific 
events [14-20] [21]. Certain inbuilt functions of the class library 
reduce complexity while modeling of different stages of the 
processor core. Description of the modeling of all stages of 
the processor core may not be equally important in this paper 
considering space constraint. Therefore, some of the complex 
modules of the model are discussed in this section with the 
help of pseudo code and in-built functions of SystemC.
Instruction fetch is relatively a complex module of the processor 
core model. Address computation unit of this module has to 
compute the subsequent sequential address in order to pre-
fetch the desired inline instruction from memory. As shown 
in fig. 6, module uses sc_fifo ( ) to load the inline instructions 
in first-in-first-out order into buffers. In the case of branch 
detection, the module avoids incrementing the inline address. 
In the case of branch execution, the module computes the next 
address by adding four to branch target address as shown in fig. 
6. Load/store unit is another complex module of the processor 
core. fig.7 shows implementation of frequently used load or 
store the data as per detection of various control signals like 
lsa_fetch_stop_in, which have been discussed earlier in Section 
II. It also determines various load/store addressing modes. 
Since various shift types are extensively used in most of the 
instructions of the processor core, we present the pseudo code 
of one of the shift type of the shifter unit in fig. 8. Individual 
modules of all stages and units are instantiated in a sc_main 
( ) [21] function. Subsequently, they are integrated with the 
help of a common test bench. The simulation results of the 
integrated modules are discussed below with respect to their 
functionalities.

Fig. 5(a): Data path of Address Comp. Unit                               Fig. 5(b): Data path of Load/Store Exe. Unit
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if (shift type is found to be ROR) then
 if (Register Rm consists shift count) then
shift count = bottom byte of Register Rm
 Dataout1 = copy the bits from Register Rn which Required to                                                                                                             
be rotate as per shift count.
 Dataout2 =  LSR operation(>>) on content of Rn;
 shifted_data=concatenationof Dataout1.range (shift count- 
1,   0) & Dataout2.range(31-shift count ,0)
end if

Fig. 6: ROR functionality of Shifter Unit

while(1)  
 {
 If(branch_exe)
     load  branch address plus four in haddress;
 else(branch_det)
    load branch address in haddress feedback from  decoder  
unit
 else  load inline address;
 break;
 }
 while(1)  // Fetching operation start  
 {
 if(buffer _full) 
 {
      if(!branch_det)
     load the instructions in inline buffer using sc_fifo; 

      else
     load the instruction in branch buffer using sc_fifo;
 }
 if(buffer_empty)
 {
     if(branch_exe == 0 && fetch_stop == 0)
    fetch inline instruction stored in buffer to decoder;
   else if(!fetch_stop)
   fetch branch instruction stored in buffer to decoder;
 }
 wait(  )
 if(branch_exe)
 break; 
 else if(branch_det)
 store inline address and branch address in temporary buffer    
to retrieve it based on branch condition found to be true 
or       false; 
 break;
 else 
 increment inline address by 4; 
 }

 Fig. 7: Functionalities of IF stage 

if (! lsa_fetch_stop_in)
   load_store_operation_sel( );
   lsa_add_mode_sel( ); // selection of addressing mode
   lsa_packet_gen( ); // transferring data to/from memory
   num_cycle_sel( ); // determine number of cycles
 end if;
 if ( memory_ready )
   num_of_cycle = num_of_cycle – 1;
   if (num_of_cycle !=0)
  lsa_fetch_stop_in = 1; //stop prefetching
   end if
 else    
   lsa_fetch_stop_in = 0
 end else   
 end If;
  if (load_store_sel == load) 
   find_reg_no( ); // find  register no in opcode
  register_write=1;   // write data into register
 end If;
  else If (load_store_sel ==store)
  find_reg_no( ); // find register no in opcode
  register_read=1;      // read data from register
 end else if;

Fig. 8: Load/Store operation

IV. Simulations 
To simulate the Design under Test (DUT), SystemC 2.2.0 version 
is used on Linux 2.6.18 and GCC 3.2.2. To verify the design, test 
cases are generated and passed to the design by providing test 
case name to the Make file. SystemC simulation kernel dumps 
the signals specified in the module in to a VCD file. These signals 
viewed by GTKWave analyzer v3.2.2 are used to discuss behavior 
of stages along with the simulation results. Instead of individual 
stages, simulation results of the model with integrated modules 
are presented in this section due to space constraint. We discuss 
the results initially for Thumb-2 instructions, which are additionally 
introduced in Instruction Set Architecture (ISA) of Cortex-M3 
processor [15] [17]. Subsequently, we discuss execution of Thumb 
instruction (16-bit MUL) as the processor allows single cycle 
multiplication. Since execution of conditional branch instruction 
has a grater impact on the performance of the processor core, we 
also present simulation result of a conditional branch instruction. 
We present the simulation result of load operation with multiple 
registers as it is a relatively complex operation of the processor 
core. At the end, the simulation results of parallel operation of 
ALU and load/store unit are shown as it improves the speed of 
execution. Simulation results illustrated below consist of commonly 
used signals like prefetch_instruction, deco_data_out1, deco_
data_out2, deco_data_out3 and deco_instruction, which indicate 
instruction in fetch stage, operand1, operand2, operand3 and 
instruction in decode stage respectively.  Since the length of Thumb 
and Thumb-2 instructions in the word data is different, we present 
first the simulation of instruction selection logic to discriminate 
various possibilities of word data as discussed in the Instruction 
decode stage of section-II. Note that in all simulations, we had 
considered clock signal of 5 ns.

A. Instruction Selection Logic
Fig. 9, illustrates result of simulation of the instruction selection 
logic. As discussed in Instruction Pre-fetch/Fetch stage of 
section II, fetch_stop signal is generated by the decoder stage 
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while receiving of two consecutive 16-bit instructions from a 
word data. In shown in fig. 12, a high fetch_stop at 10 ns 
detects two 

Fig. 9 Thumb or Thumb-2 instruction selection logic

consecutive Thumb instructions i.e 4091H (LSL) and 40FBH 
(LSR). Note that high second_halfword signal at 20 ns is 
generated by the decode stage indicates presence of second 
half word i.e 00E4 of Thumb-2 instructions. The result shows 
that two half-words EA13H and 00E4H are received by the 
pre-fetcher at different time instants i.e 10 ns and 15 ns 
respectively are combined by the selection logic to make a 
complete Thumb-2 AND instruction i.e EA1300E4H at 25 ns. 

B. Thumb-2 instruction Execution
Simulation results in fig.10 illustrate execution of 32-bit Thumb-2 
AND instruction. As per the pre-fetch address “00000008”, 
op-code of AND instruction i.e EA110242H is received by pre-
fetcher at 35 ns. At 40 ns, instruction is decoded in the decode 
stage. Subsequently, Operands are read via internal data bus, 
deco_data_out1 (operand1), deco_data_out2 (operand2), 
deco_data_out3 (operand3) at 40 ns. In the execution cycle 
(45 ns), Operand2 is shifted as per the value of operand3 and 
obtain the value 0001FFFEH at 45.0 ns. Subsequently, logical 
AND operation is performed between operand1 and operand2. 
The destination registers R2 is updated with the result i.e 
0001000EH at 47.5 ns which confirm single cycle execution 
of an instruction as per the manufacture specification. 

C. Thumb Instruction Execution
Fig. 11, illustrates the execution of 16-bit Thumb MUL and 
AND instructions. It can be seen that after execution of MUL 
destination register R5 is updated at 17.5 ns. Note that the 
destination register R5 consists of only least significant 32-bit 
of the result i.e FFFFFF01H in order to accomplish single cycle 
multiplication operation as per the manufacture specification 
[11].  After the execution of AND at 22.5 ns, R2 is updated 
with the value 0. 

D. Conditional Branch Execution & Avoidance
Fig. [12, 13], illustrate conditional branch instruction execution 
and avoidance respectively. After branch execution at 20 ns 
as shown in fig. 15, pipeline reloading operation takes place. 
Subsequently, pre-fetched instructions i.e 4071H and 4333H 
are executed. However, these instructions are redundant 
as they already pre-fetched while decoding and execution 
of branch instruction. Note that executions of redundant 
instructions always degrade performance of the processor 
core. The model avoids overwriting the destination registers 
R1 and R3 during these instructions. Destination register R3 is 
updated with the value F000AFFFH only after one pipeline cycle 
(pipeline reloading period) at 42.5 ns as per manufacture’s 
specification.
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Fig. 10: Execution of Thumb-2 (AND) instruction 

Fig. 11: Execution of Thumb (16-bit MUL & AND) instructions.

Note that from the fig. 13, it was observed that branch execution 
does not take place at 20 ns as the previous instruction 16-
bit AND (400A) has not updated the zero flag. Subsequently 
destination register R1 is updated at the time instant of 27.5 
ns of the next inline instruction i.e 16-bit X-OR (4333).

D. Load operation with multiple registers
Execution of a single 16-bit LDM instruction can load multiple 
registers R0 to R7 with the desired value [15]. Fig.14 illustrates 
such operation. At 65 ns, two back to back LDM instructions 
are received by the pre-fetcher. Multiple registers R0, R1 and 
R2 are updated with the desired values at 87.5 ns, 92.5 ns 
and 97.5 ns respectively. 

E. Parallel execution of LDM (load with multiple registers) 
instruction and logical AND instructions

Fig.15, shows parallel execution of logical AND and Load/Store 
LDM instructions. AND updates destination register R1 at 92.5 
ns, while destination registers R3, R4 and R5 are updated at 
97.5 ns, 102.5 ns and 107.5 ns respectively by LDM.
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Fig. 12: Execution of Conditional Branch instruction

Fig. 13: Conditional Branch instruction not executed

Fig. 14: Load/Store with multiple registers.



IJCST Vol. 2, ISSue 4, oCT. - DeC. 2011ISSN : 0976-8491(Online)  |  ISSN : 2229-4333(Print)

w w w . i j c s t . c o m  InternatIonal Journal of Computer SCIenCe & teChnology 275

Fig. 15: Parallel execution of arithmetic AND instruction and 
Load/Store LDM instruction

Since the model does not include the co-processor, simulation 
and verification was carried out for majority of Thumb and 
Thumb-2 instructions accordingly. 

V. Conclusion
ARM Cortex – M3 processor is the latest in the series to 
support VLSI/ASIC based embedded system development in 
the industries. This paper discusses behavior of ARM Cortex 
M3 processor. Each unit of the processor core architecture 
is modeled simulated and verified successfully by passing 
various test vectors. Simulation results presented in this paper 
illustrates that the model performs all operations in number of 
clock cycles as indicated in the manufacture’s specifications. 
Further, it has been confirmed after integration of all modules 
that the functionalities are implemented in accordance with 
timing relationships. The processor core model is flexible as 
compared to the manufacture’s hard model due to independent 
modeling of each unit of processor architecture. During the 
development of an extended version of the processor, this model 
is extensively useful for various functionalities verification.
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