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1. INTRODUCTION

There are two types of computer architecture, Complex Instruction Set Computer (CISC)
and Reduced Instruction Set Computer (RISC). CISC focuses on reducing the number of
instructions in a single task, and thus, the complexity of a single instruction increases
(Hennessy & Patterson, 2019). Recent development of CISC are the processor of Personal
Computers (Rotem et al., 2022; Vera, 2020). Another type of CISC is also developed
toward efficiency and performance (Naffziger et al., 2020; Pomianowski, 2021; Schoéne et
al., 2021). On the other hand, RISC focuses in simplifying each single instruction, and
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thus, reduces the complexity of the processor (Lindholm et al., 2014) and the
architectures are application-oriented design (Yue & Mehta, 2023).

Advanced RISC Machine (ARM), and Scalable Processor Architecture (SPArc) are
two of the most common used processor types. SPArc Focuses on high performance and
Multi-processor Architecture (Fengler et al., 2021; Hidri et al., 2019; Sakamoto et al.,
2002; Waterman & Asanov i'c, 2017), on the other hand, ARMs focus on power efficiency,
and thus, suitable for hand-held devices. Recent advancement in Digital Technology
requires ARM architcture that support power efficiency (Hemanthkumar et al., 2022) and
considerable performance (Jyotsna et al., 2022).

The design of 32-bit processors plays a crucial intermediate position in the trend
of microprocessor design. It capable of executing 32 bit data and commonly used in
various applications (Kulshreshtha et al., 2021; Soundari et al., 2021), while maintaining
balance with the less power it needs compared to the 64-bit or above (Tang et al., 2018).
The recent development of SPArc is combination of multiple processors in a System on
Chip (SoC)(Hepola et al., 2024; Malatesta et al., 2023). And the improvement of the
architecture using few pipeline stages (Phangestu et al., 2022; Xiang Lim & G, 2019;
Zhang et al., 2021). The main focus of this work is to design an Integer single Processor
subset 32-bit SPArc.

2. RESEARCH METHOD

To accomplished the research objective, this work is conducted through the following
steps. The first step is Instruction Selection, Register Transfer Notation (RTN) Design,
Datapath Design, Control Unit design, Integration, Functionality Test, and
Implementation Test (Frihauf et al., 2024; Savadatti et al., 2024).

Performance of microprocessors are shown in the synthesis report, which
comprises of thermal report, time report, and power report. Common complete RISC
processors consume 10 W to 24 W, depending on the processor type and states. The
temperature of common complete RISC processors varies from 42°C to 60°C at idle and
can reach 85°C at peak (Suarez et al., 2023). In this work, we focus on the subset of
SPArc architecture since the development will be as the controller.

Microprocessors in general comprises of Fetch, Decode, Execute, Memory Access,
and Write Back. Instructions are fetched from Read-Only Memory (ROM) and are stored
in the Instruction Register. At the following cycle, it is decoded to determine the type of
instruction to be executed, the source of operands, and the location to store the result of
the operation. The source operands are from register, or immediate. The next cycle is
excecute. The Decode Stage gives signals to the Execute Stage to run the operation. After
the Execute Stage, the operand will access memory if Load/Store instructions take place,
otherwise, no operation will be performed in the memory stage. The last stage of
microprocessor is Write Back. At this stage, the result of the instruction is stored in the
register (Meyer-Baese, 2021; Waterman & Asanovi'c, 2017). There are several types of
SPARC 32 bit Instructions, Memory-access, Arithmetic/Logic/Shift, and Branch, as
shown in Table 1.

Table 1. SPArc Instructions Detail

No. Instruction Instruction Code Code Instruction Instruction No.
Category Category

1 Arith. Add ADD SLL Shift Left Logical Shift 10
2 Subtract SUB SRL Shift Right Logical 11
3 Unsigned Int. Mul. UMUL  SRA Shift Right Arith. 12
4 Logic And AND LD Load Word Mem. Access 13
5 And Not ANDN ST Store Word 14
6 Inclusive Or OR Call Call Ctrl. Transfer 15
7 Inclusive Or Not ORN BE Branch Equal 16
8 Exclusive Or XOR BCS Branch Carry Set 17
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9 Exclusive Or Not XNOR BN Branch Negative 18
BVS Branch Overflow 19

SPArc Instruction has three main Format. All formats use the first two bits as
general operation encoding (op). Format 1 is CALL instruction, the first two bits are op,
while the rest 30 bits are used as 30-bit displacement (disp30). Format 2 is used for two
types of instructions; they are BRANCH and SETHI Instructions. Format 3 is used for the
remaining instructions, which are Arithmetic/Logic/Shift and memory access.

Table 2 shows description of op used in each format. Format 1 is used for CALL
instruction and op is set to “O1”. Format 2 is used for Branch ans SETHI and op, is set
t0”00”. Format 3 is used for the remaining instructions. for memory instruction, op is set
to “11”, while for Arithmetic/shift/logic and the remaining instructions, op is set to “10”.

Table 2. SPArc Instruction operation encoding.

Format op

Instructions

01
00
11
10

WWN =

CALL

Branch, SETHI
Memory Instruction
Arithmetic, Logical, Shift,

remaining

and

Op2 Instructions
000 Unimplemented
001 Unimplemented
010 Bicc

011 Unimplemented
100 SETHI

101  Unimplemented
110 FBfcc

111  CBccc

Table 3. SPArc Instruction Branch and SETHI.

Table 3 shows the op2 for Branch and SETHI. The value op2 “000”, “001”, “011”,
and “101” are not used in this version of SPArc. The op2 “010” is used for Branch on
integer condition codes. The op2 “100” is used for SETHI. The op2 “110” is used for
Branch on Floating Point Condition Codes, and op2 “111” is used for Branch on
Coprocessor Condition Codes.

The value op3 varies for every Format 3 instructions as shown in

Table 4. op3 for Memory Access Instructions

op3 op3 [5:4] op3 [5:4] op3
[3:0] 0 1 2 3 0 1 2 3 [3:0]

0 LD LDA LDF LDC - - - - 8

1 LDUB LDUBA LDFSR LDCSR LDSB LDSBA - - 9

2 LDUH LDUHA - - LDSH LDSHA - - A

3 LDD LDDA LDDF LDDC - - - - B

4 ST STA STF STC - - - - C

5 STB STBA STFSR STCSR LDSTUB LDSTUBA - - D

6 STH STHA STDFQ STDCQ - - - - E

7 STD STDA STDF STDC SWAP SWAPA - - F

Table 5. op3 for Arithmetic/Logic/Shift Instructions
op3 op3 [5:4] op3
[3:0] 0 1 2 3 0 1 2 3 [3:0]
0 ADD ADDcc TADcc WRASR ADDX ADDXcc RDASR JMPL 8
RDY
WRY STBAR
RDPSR

1 AND ANDcc TSUBcc WRPSR - - - RETT 9
2 OR Orcc TADccTV WRWIM UMUL UMULcc RDWIM Ticc A
3 XOR XORcc TSUBccTV WRTBR SMUL SMULcc RDTBR FLUSH B
4 SUB SUBcc MULScc FpoP1 SUBX SUBXcc - SAVE C
5 ANDN ANDNcc SLL FpoP2 - - - RSTR D
6 ORN ORNcc SRL CpoP1 UDIV UDIVcc - - E
7 XNOR XNORcc SRA CpoP2 SDIV SDIVcc - - F
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Table 6. op2 for Branch Instructions

cond op = “00”

[3:0] 2 6 7 O0x3A
0 BN FBN FBN TN
1 BE FBNE CB123 TE
2 BLE FBLB CB123 TLE
3 BLE FBUL CB13 TLE
4 BLEU FBLG CB1 TLEU
5 BCS FBUG CB23 TCS
6 BNEG FBG CB2 TNEG
7 BVS FBU CB3 TVS
8 BA FBA CBA TA
9 BNEG FBE CBO TNE
A BG FBUE CBO03 TG
B BGE FBGE CBO02 TGE
C BGE FBUGE CB023 TO
D BCC FBLE CBO1 TCC
E BPOS FBULE CB013 TPOS
F BVC FBO CB012 TVC

Register Transfer Notation is designed for each instruction at each step. At TO, the
microprocessor always get instruction from memory. At the same time address for the
next instruction has already been determined, except in Branch instructions. At T1,
operandl is taken from Source Register rsl, while the operand2 can be taken from
Source Register rs2 or immediate depends on the i value. At T2, Arithmetic Logic Unit
(ALU) in Execute Stage performs ADD operation. At T3, the Execute Stage has finished
with the operation. The Memory Access Stage perform no operation, since memory access
is only performed in Memory-Access instructions. At T4, the result of the operation is
stored in Destination Registers rd. RTN Design for ADD instruction is shown in table 7.

Table 7. RTN for Arithmetic Instructions.
RTN for Arithmetic Instructions

Step

ADD SUB UMUL
TO IR « M[PC] : nPC « PC + 4;
oprl « R[rsl]:
T1 opr2 := (IR<13>=0 — R[rs2]):
opr2 := (1IR<13>=0 — R[IR<12..0>]);

= * < >
T2 res := oprl + opr2; res := oprl - opr2; ;:z; = gggﬁ . ggng?gg, ’
T3 nop
T4 R([rd] « res: R[rd] « res: R[rd] <« res2: R[x] < resl:

PC «— nPC; PC «— nPC; PC «— nPC;

RTN for SUB instruction is also shown in

Table 7. At TO and T1, the microprocessor performs the same task as ADD
instruction. At T2, Artihmetic Logic Unit (ALU) in Execute Stage performs SUB operation.
At T3, the Execute Stage has finished with the operation and no operation is performed.
At T4, the result of the operation is stored in Destination Registers rd.

RTN for UMUL instruction is also shown in table 7 At TO and TI1, the
microprocessor performs the same task as ADD and SUB instruction. At T2, Artihmetic
Logic Unit (ALU) in Execute Stage performs UMUL operation. The 64-bit result of this
operation is stored in signal resl and res2. At T3, the Execute Stage has finished with the
operation and no operation is performed. At T4, the resl signal is stored in Destination
Register rd, while the res2 signal is stored in the register x.

RTN for logic instructions is shown in Table 8. At TO and T1, the microprocessor
performs the same task as arithmetic instructions. At T2, ALU in Execute Stage performs
respective logic instructions, for example OR, AND, and XOR. At T3, the Execute Unit
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performs no operation. At T4, the result of the operation is stored in Destination

Registers rd.
Table 8. RTN for Logic Instructions
RTN for Arithmetic Instructions

Step

OR AND XOR
TO IR < M[PC] : nPC <« PC + 4;
oprl « Rrsl]:
T1 opr2 := (IR<13>=0 — R[rs2]):
opr2 := (1IR<13>=0 — R[IR<12..0>]);

T2 res := oprl v sopr2; res := oprl A opr2; res := oprl v opr2;
T3 nop

R[rd] « res:
T4 P[C <]— nPC;

RTN for logic instructions is shown in Table 8. At TO and T1, the microprocessor
performs the same task as arithmetic instructions. At T2, ALU in Execute Stage performs
respective logic instructions, for example OR, AND, and XOR. At T3, the Execute Unit
performe no operation. At T4, the result of the operation is stored in Destination
Registers rd.

RTN for Memory-Access Instructions is shown in table 9 At TO and T1, the
microprocessor performs the same task as the previous types of instruction, unless for
the STORE instructions, the value to be stored in Memory must first be taken from the
R[rd] and be stored in the temporary register MDR2. At T2, Execute unit performs the
ADD operation and the result is stored as MAR. At T3, the value in the temporary register
MDR2 is stored in Memory at adress MAR.

Table 9. RTN for Memory-Access Instructions.
RTN for Arithmetic Instructions

Step LOAD STORE
TO IR « M[PC]| : nPC « PC + 4;
oprl « R[rs1]:
T1 opr2 := (IR<13>=0 — R[rs2]):
opr2 := (1IR<13>=0 — R[IR<12..0>])

; MDR2 « R[rd];
T2 MAR « oprl + opr2;
T3 MDR « M|MAR]; M[MAR] < MDR:
T4 R[rd] « MDR: PC <« nPC;

PC «— nPC;

RTN for Control-Transfer instructions is shown in table 10 . At TO, the Fetch
Stage gets instruction from memory. At the same time address for the next instruction
nPC has already been determined. At T1, CALL instructions assign signal disp30 from
Least Significant 30 Bit (LSB) of Instruction Register. The BRANCH instructions, on the
other hand, assign signals a, cond, disp22 from the bit 29 of IR, the bit 28 downto 25,
from the Least Significant 22 Bits of IR respectively, and icc from the bit 23 downto 20 of
Processor State Register (PSR). At T2 and T3, both units perform no operation. At T4, the
CALL instructions perform Control Transfer, which updates PC with the displacement
taken from the 30 LSB of IR. The BRANCH instructions, at T4 also perform PC update, if
annul bit a is equal 0, PC is added by disp22, otherwise PC is set to nPC.

Table 10. RTN for Control-Transfer Instructions.
RTN for Control Transfer Instructions

Step

CALL BRANCH
TO IR «— M[PC] : nPC « PC + 4;
a = IR<29>:
cond := [R<28..25>:
T1 disp30 := IR<29..0>; icc := PSR<23..20>:

disp22 :=[R<21..0>:
specific Branch decode(icc);
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T2 nop;
T3 nop;
T4 PC « PC + [R<29..0>#2@0; a=1 — PC — nPC:

a=0 — PC + disp22;

The datapath in general is the flow of data in a system and designed based on the
RTN. The dotted-line box contains datapath. The dashed line contains the processor
Core, which is Datapath and Control Unit. The Control Unit is designed using Finite
State Machine as shown in Figure 1 (a). The Microprocessor is in the Idle state. At the
present of enable signal en, the State moves to Fecth, Decode, Execute, Memory, and
Write Back automatically unless the signal rst is present to force the next state to Idle.

Diagram of the Control Unit is shown in Figure 1 (b). The output of the FSM is
connected to Decoder to produce the output signals, which description is shown in table
11 At TO, nPC, IR, and ROM are enabled to perform instruction fetch from ROM. At T1,
en_dec is enabled to get operand 1 from Register rs1 and operand 2 from either Register
rs2 or simm13 depending on the i bit. Mean while, the signal en_rd, en_rsl are enabled,
and the signal en_rs2 is enabled when i = 0’. At T2, en_exec_out is enabled to indicate
the Execute Stage is working, signal alu_ctrl depends on the instructions. At T3, signals
are active only in Memory-Access instructions. At T4, the result of the operation is stored
in the Register rd, the next instruction is ready. Signal en_wb, en_wrt, and en_pc are
enabled.

op »
=
op3—»
clock
reset —
enable—
(a) Proposed Finite State Machine (b) Diagram of Control Unit

Figure 1. Control Unit Design.

Table 11. Control signal design and description.

Control Signal Description TO T1 T2 T3 T4
en_pc PC enable 0 0 0 0 1
en_npc nPC enable 1 0 0 0 0
en_ir IR enable 1 0 0 0 0
en_dec opl and op2_reg enable 0 1 0 0 0
en_mar MAR enable 0 0 0 0 0
en_mdr2 MDR2 enable 0 0 0 0 0
en_psr PSR enable 0 0 0 0 0
en_mdr MDR enable 0 0 0 0 0
en_wb Write back enable 0 0 0 0 1
Wr_ram Write /read RAM 0 0 0 0 0
aluctrl ALU control 00000 00000 11001* 00000 00000
en_rom ROM enable 1 0 0 0 0
en_exe_out Execute Unit enable 0 0 1 0 0
en_rd Read enable 0 1 0 0 0
en_rsl rs1 enable 0 1 0 0 0
en_rs2 rs2 enable 0 1 0 0 0
en_wrt Write enable 0 0 0 0 1

*instruction dependent.

The proposed designed is shown in Figure 2. The Core is functionally tested by
connecting it to Read-Only Memory (ROM) and Random-Access Memory (RAM). ROM is

Mantik Journal, Vol.8, No.3, November 2024: pp 1447-1455



Mantik ISSN 2685-4236 (Online) O 1453

used to store the instruction, which is the test vector, while RAM is used to store the
temporary result of the instructions.

¥OSS3I0Ud |

Figure 2. Proposed architecture.

3. RESULTS AND DISCUSSIONS

This section discusses the result and discussion of this work. The Microprocessor core is
connected to ROM and RAM as previously shown in Figure 2. Instructions are used as
test vectors. The temporary results are stored in registers and memory. Simulation result
is shown in Figure 3. Signal values are shown in Figure 3 (a), while the decoded signals
are shown in Figure 3 (b).

(a) Signal values from Fetch unit (b) Instruction decode signal
Figure 3. Simulation result.

Reports are shown in this sections based on the FPGA implementation.

The power report and the thermal property of the design is shown in Table 12.
The power consumption of the design is 0.266 W, 0.173 W of which is used for
Dynamics, while 0.093 W is used to power up Device Static. The Dynamics part of the
power consumption is used to power up Signals (0.047 W), Logic (0.039 W), and I/O
(0.086 W). The junction temperature at 28.1 °C and the thermal margin of 56.9 °C, which
mean the proposed design works in the normal condition.

Table 12. Power report of the proposed design.

On-Chip Power Thermal properties
Total On-Chip Power 0.266 W Junction Temperature 28.1°C
Dynamic 0.173 W Thermal Margin 56.9 °C
Signals 0.047 W Thermal Resistance 11.5°C/W
Logic 0.039 W
I/0 0.086 W
Device Static 0.093 W

Timing report of the top 10 signal in the design is shown in Table 13. The most
delayed paths have 0.288 ns total delay, with 0.178 logic delay and 0.110 net delay,
which means 61.8% consist of logic delay.

Karel Octavianus Bachri, SPArc-subset general-purpose microprocessor design and
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Table 13. Timing report of the proposed design for top 10 path.

Path Delay (ns) Logic
No. Total Logic Net %
1 0.288 0.178 0.110 61.8
2 0.288 0.178 0.110 61.8
3 0.288 0.178 0.110 61.8
4 0.279 0.178 0.101 63.8
5 0.276 0.158 0.118 57.3
6 0.274 0.158 0.116 57.6
7 0.274 0.158 0.116 57.6
8 0.272 0.158 0.114 58.2
9 0.270 0.158 0.112 58.6
10 0.270 0.158 0.112 58.6

4. CONCLUSION

In this research, a SPArc Subset General-Purpose Microprocessor was designed and
implemented using 5-stage direct connection between stages. These stages are Fetch,
Decode, Execute, Memory, and Write Back. The proposed architecture works as
functionally tested using VHDL simulation and can execute instructions as shown that
the register contains the result of the operations. The proposed architecture comprises of
the Datapath, and the Control Unit. The design was implemented in FPGA synthesize,
resulting the maximum of 58 MHz and 61.8% logic as shown in timing report. The
proposed architecture also works in the desired thermal margin of 56.9 °C and the
junction temperature of 28.1 °C. The thermal resistance also shows good property of 11.5
°C/W, which means the system will not easily increase as it operates. This design will be
integrated with the floating point unit and used to realize cognitive processor in the near
future (Bachri et al., 2019; Sereati et al., 2020).
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