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ABSTRACT

With the development of technologies such as the Internet of Things (IoT) and autonomous vehicles, research is

being conducted on embedded processors that meet high performance, low power, and memory efficiency. The "C"

expansion of the RISC-V processor is required to increase memory efficiency. In this paper, we propose an RV32I1C

processor and compare the benchmark performance score of the RV32I processor with the code size generated by the

GCC compiler. In addition, we propose memory access and combination methods to support 16-bit compression

commands, and command extension methods. The proposed RV32IC processor satisfies the maximum operating
frequency of 50 MHz on the Artix-7 FPGA. The performance was checked using the benchmark programs of the
Dhrystone and Coremark, and the code sizes of the RV32I and RV32IC generated by the GCC compiler were
compared. The proposed processor RV32IC decreased DMIPS/MHz by 2.72% and Coremark/MHz by 0.61%
compared to RV32I, but Coremark's code size decreased by 14.93%.
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Table 1. Compressed 16-bit RVC instruction formats[6]

Format| Meaning 1514; 12 11(1)9876543210
CR | Register funct4 rd/rsl rs2 op
CI | Immediate | funct3 1$ rd/rsl imm op

Stack-
CSS relative | funct3 imm 52 op

Store

Wide .
CIW Immediate funct3 imm rd | op
CL Load funct3 imm rsl |[imm| rd |op
CS Store funct3 imm rsl |[imm| rs2 | op
CB Branch | funct3 | offset rsl offset | op
CJ Jump funct3 jump target op
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Fig. 1. (a) The buffering instruction fetch architecture, (b)
The instruction fetch with two program counters into
16-bit wide instruction memory [7].
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Fig. 2. A block diagram of five stage pipelined RV32IC Processor.
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Table 2. 16-bit XOR instruction format and 32-bit XOR
instruction format [2,6]

Compressed Instruction (C.XOR)

15-10 9-7 6-5 4-2 1-0
100011 RD 01 RS2 01
Integer Instruction (XOR)
31-27 | 2625 | 24-20 | 19-15 | 14-12 | 11-7 | 62 1-0

00000 | 00 RS2 | RSI 100 RD | 01100 | 11

0

31 18 16 0 31 15
<Buffer data> <Memory data>

31 16 15 0
Instruction

<NOT Aligned PC 32bit Instruction>

0

31 18 16 0 31
<Buffer data>

31 16 15 0
Instruction

<NOT Aligned PC 16bit Instruction>

Fig. 3. Instruction fetching method for Not Aligned PC.
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Table 3. 26 compressed instruction formats supported by RV32IC and corresponding 32bit instructions[6]

RV32I and RV32IC processor

15014]13] 12 Jufio] o[8[ 7[6]5] 4] 3] 2]1] o [16-bitnstructions| 32-bit Instructions

000 0 0 00 Illegal

000 nzimm[5:4/9:6/2|3] Rd 00 C.ADDI4SPN ADDI
010 imm[5:3] rsl imm[2|6] Rd 00 CLW LW
110 imm[5:3] sl imm[2/6] rs2 00 C.SW SW
000 0 0 0 01 C.NOP ADDI
000 nzimm[5] rs1/rd!=0 nzimm[4:0] 01 C.ADDI ADDI
001 offset[11]4/9:8]10]67|3:1]5] 01 CJAL JAL
010 imm|[5] rs1/rd!=0 imm([4:0] 01 C.LI ADDI
011 nzimm[9] 2 nzimm[4[6/8:7]5] 01 C.ADDI16SP ADDI
011 nzimm|[17] rsl/rd!={0,2} nzimm([4:0] 01 C.LUI LUI
100 nzimm[5] 00 rsl/rd nzimm([4:0] 01 C.SRLI SRLI
100 nzimm[5] 01 rsl/rd nzimm([4:0] 01 C.SRAI SRAI
100 imm|[5] 10 rsl/rd imm([4:0] 01 C.ANDI ANDI
100 0 11 rsl/rd 00 rs2 01 C.SUB SUB
100 0 11 rsl/rd 01 1s2 01 C.XOR XOR
100 0 11 rsl/rd 10 rs2 01 C.OR OR
100 0 11 rsl/rd 11 rs2 01 C.AND AND
101 offset[11]4/9:810[6/7|3:1|5] 01 CJ JAL
110 offset[8]4:3] 15l offset[7:6]2:1|5] 01 C.BEQZ BEQ
111 offset[8]4:3] sl offset[7:62:1|5] 01 C.BNEZ BNE
000 nzimm[5] rd!=0 nzimm([4:0] 10 C.SLLI SLLI
010 imm[5] rd!=0 imm[4:2[7:6] 10 C.LWSP LW
100 0 rs1!=0 0 10 CJR JALR
100 0 rd!=0 1s2!=0 10 CMV ADD
100 1 rs1!=0 0 10 CJALR JALR
100 1 rd!=0 rs2!=0 10 C.ADD ADD
110 imm[5:2|7:6] 152 10 C.SWSP SW
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Fig. 4. The Coremark benchmark result of proposed RV32IC

processor using UART.
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Table 5. Benchmark results from the proposed and
previously researched processors
Processor DMIPS/MHz Coremark/MHz
RVP-c[6] 1.149 1.122
RVP-c-buf[6] 1.113 1.105
VR-nobp-c[6] 0.803 0.789
VR-bp-c[6] 1.009 0.994
Proposed RV32I[5] 1.179 0.980
Proposed RV32IC 1.147 0.974
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Table 6. Code sizes of hex files for RV32I and RV32IC
generated by GCC compilation

Code Size Dhrystone Coremark
RV321 135KB 75.0KB
RV32IC 133KB 63.8KB
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