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RISC-V Darfw &

The RISC-V Instruction Set Manual
Volume I: Unprivileged ISA
Document Version 20191214-draft

Editors: Andrew Waterman?®, Krste Asanovi¢!?

1SiFive Inc.,
2CS Division, EECS Department, University of California, Berkeley
andrew@sifive.com, krste@berkeley.edu
November 12, 2021

| xxxxxxxxxxxxxxaa | 16-bit (aa # 11)

I XXXXXXXXXXXXXKXX I XXXXXXXXXXXbbb11 | 32-bit (bbb # 111)

- XXXX | XXXXXXXXXXXXKXXXX | xxxxxxxxxx011111 | 48-bit

- XXXX | XXXXXXXXXXXXXXXX | xxxxxxxxx0111111 | 64-bit

- XXXX | XXXXXXXXXXXXKKXX | xnnnxxxxx1111111 | (80+16*nnn)-bit, nnn7#111

- XXXX | XXXXXXXXXXXXXXXX | x11lxxxxx1111111 | Reserved for >192-bits

Byte Address: base+4 base+2 base

Figure 1.1: RISC-V instruction length encoding. Only the 16-bit and 32-bit encodings are consid-
ered frozen at this time.
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A Typical Memory Hierarchy

By taking advantage of the principle of locality (BRT{4%)

Present much memory in the cheapest technology

at the speed of fastest technology r=iie
On_Chlp COmponents ---------------------- ; -:-;-:-;-‘-'; --------
Control _’_,-"
= ] Second Secondary
-I - |& Level Memory
Datapath [ 2 Cache (Disk)
Sl B (SRAM)
Speed (%cycles): '2’s 1's 10’s 100’s 1,000’s
Size (bytes): 100’s K's 10K’s M’s G'stoT’s
Cost: highest lowest

ﬁ’ TLB: Translation Lookaside Buffer
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procbs: single-cycle processor

« supporting add, addi, lw, sw, bne instructions

IF 1D EX MA B
w_ir[19:15]
>l ral
w_ir[24:20] rd1
>{ ra2
w_ir[11:7]
S| wa
s & Ib rd2
{r_pc am_imem|{-® —>| we
wd RF am_dmem
ml m3 m5 S
w_ir r,i,s,b,u,j,1d W_rt
32°h4 gen_imm) 7 > b & w_tkn
w_npc m4_ W_1imm
>(o
‘ 2
3
I/ +
w_pcin me = mll

module m_proc5s(w_clk);
input wire w_clk;
wire [31:0] w_npc, w_ir, w_imm, w_rl, w_r2, w_s2, w_rt;
wire [31:0] w_alu, w_1ldd, w _tpc, w_pcin;
wire w_tkn;
reg [31:0] r_pc=0; // ml
assign w_pcin = (w_b & w_tkn) ? w_tpc : w_npc; // mil
assign w_npc = r_pc + 32'h4; // m2
m_am_imem m3 (r_pc, w_ir);
wire w_r, w_i, w_s, w_ b, w u, w_j, w_1d;
m_gen_imm m4 (w_ir, w_imm, w_r, w_i,
W_S, Wb, wu, wij, wld);
m_RF m5 (w_clk, w_ir[19:15], w_ir[24:20], w_rl, w_r2,
w_ir[11:7], 'w_s & !w_b, w_rt);
assign w_tpc = r_pc + w_imm; // mé
assign w_s2 = (lw_r & !lw b) ? w_imm : w_r2; // m7
m_alu m8 (w_rl, w_s2, w_alu, w_tkn);
m_am_dmem m9 (w_clk, w_alu, w_s, w_r2, w_ldd);
assign w rt = (w_1d) ? w 1dd : w_alu; // mlo
always @(posedge w_clk) r_pc <= w_pcin;
endmodule
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Clock rate is mainly determined by

<

Switching speed of gates (transistors)
* The number of levels of gates
« The maximum number of gates cascaded in series in any

combinational logics.

« In this example, the number of levels of gates is 3.

Wiring delay and fanout

B

Register A >_‘—‘D_‘
AND gate

OR gate

L
Register A —D_L:D_‘
AND gate

Register C

1 O—

Register B

Register B

OR gate
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JO0vyY e SELIEBT B=HD5 DDA TYT

\

"« IF (Instruction Fetch) \
_ FAEIULILETZEIIVFI D. J

« ID (Instruction Decode)
MecETIA—F(BE)LELS, LORIDEEEAET .

/« EX (Execution) N
B BREDETERETRLADEREITS.

_ BETHNE, T—R AEUROARSURICTIERTE.

"« WB (Write Back) A
HWETHNIE, HERELORZCEZAD.

G %
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proc8: 4-stage pipelining processor

IF stage ID stage EX stage WB stage
P1 P2 w_m11 P3
IFID_ir ¢
w_npc [19:15] |
> ral a
32°h4 IDIF_ir ra rd1 W_ri o
(22290 ) ra2 I'r & Ib m11
P2_b & N
w_tkn P3_rd ~
- m2 ——>lwa w_r2 —[ @
c IP3_s & rd2 e o
o [ - = o
a8 = il !P3—b_> we <
—>lo_ | 2! = wd 1 L
= r_ am_ | % RF2 >
— 'e pc imem m5 m7 |
r,i,s,b,u,3,1d
mo ml m3 (gen_imm):/_)7 | ]
ma w_imm I:I
IFID_ir [11:7] N
P1_pc + % |:
Ny
- P2_tpc me = [ [
w_rt

Source code is abailable here.

https://gihyo.jp/book/2024/978-4-297-14008-3/support
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proc8: 4-stage pipelining processor

IF stage ID stage EX stage WB stage
P1 P2 w_mi1 P3
[ | IFID_ir — | ¢ ¥ |
w_npc [19:15] | =]
32°h4 IDIF_ir ral rd1 W_rl |: N ? _ 'f_'ul P3_1d
[24:20] | | 11 g o0n
P2 b & ra2 I'r & Ib m91>< o 0
w_tkn - P3_rd wa w_r2 e \_/ L 3
c 1P3_s & rd2 0 N — X
- [ !PB_b s o 7]
a = ] e x g 3
—>e)3 2 - am 2! = wd RE2 1 L | = S mle
c - . — > > — ml
_>1>< pc imem m5 m7 | \K o
r,i,s,b,u,5,1d 0 dmem
w_ml2 3
W imm — P2_r2 0 FN
m4 P3_rd
IFID_ir [11:7] LS I:I P2_rd ""1113 D
P1_pc + % |:
4-’I
— P2_tpc me = [ | [
w_rt
] CCl CC2 (CC3  CC4 | cCc5 cCcce6 cc7 Time
Instructions >
32°he addi x1,xe,3 | IF | 1 | ex || ws )
data forwarding
32°ha addi x2,x1,4 | r | I.EX | w |
32°h8 addi x18,x1,5 | 1 | o | ex | ws |
32°hc addi x30,x10,0 | 1 | o | ex | ws |
v
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proc8: 4-stage pipelining processor

IF stage ID stage EX stage WB stage
Pl P2 w_mll P3
IFID_ir I ‘1’ ]
w_npc [19:15] | =]
_ 1 ~N 7\
32°ha p—— ra 1 w_rl o s - 'T'ul P3_1d
: E}
(242913 ra2 I'r & b mil | g 2
PZ_E & ) Sl .
W_tkn m2 PL wa w_r2 - u —/ L g
c IP3_ s & rd2 @ N ) ] e
T < Sl e ES o e
o | M o 2] i < g 2 mle
2 r_ am_ _3> RF2 PN A
< pc| | |imem ms = | — \/f o
—>{1
r,i,s,b,u,3,1d e dmem
w_ml2 E
ma w_imm I:I - mi3 P3_rd
IFID_ir [11:7] LS P2_rd j|‘1113 D
P1_pc + % |:
Ny
| P2_tpc me = [ ||
w_rt

CC1 CC2 CC3 | CC4 | CcC5 cCc6 CCc7  Time

32°hc addi x30,x10,0

Instructions >
32°he addi x1,x0,3 | IF | 0 | ex | ws ||
32°ha addi x2,x1,4 | 1 | | ex | wB |
32°h8 addi x10,x1,5 | 1F |
|
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RF2 (Register File) with bypassing

ral
rdl

ra2

wa rd

—F—>
32

ﬁ%
32

we

i

RF

module m_RF2(w_clk, w_radrl, w_radr2, w_rdl, w rd2, w wadr, w we, w _wd);
input wire w_clk, w_we;
input wire [4:0] w_radrl, w_radr2, w_wadr;
output wire [31:0] w_rdl, w_rd2;
input wire [31:0] w_wd;
reg [31:0] mem [0:31];
wire w_bpl = (w_we & w_radrl==w_wadr);
wire w_bp2 = (w_we & w_radr2==w_wadr);
assign w_rdl = (w_radrl==5'de) ? 32'do : (w_bpl) ? w_wd : mem[w_radrl];
assign w_rd2 = (w_radr2==5'de) ? 32'de : (w_bp2) ? w_wd : mem[w_radr2];
always @(posedge w_clk) if (w_we) mem[w_wadr] <= w_wd;
always @(posedge w _clk) if (w_we & w_wadr==5'd30) $finish;
integer i; initial for (i=0; i<32; i=i+1) mem[i] = 32'do;
endmodule
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IF stage
w_npc
32°h4
P2 b &
w_tkn
m2
o
- <
Ak ]
2 r_ .am_ S
_>1>< pc imem
mo ml m3

P1 ir

module m_proc8s(w_clk);
input wire w_clk;
reg [31:0] P1_ir=32'h13, P1 pc=0, P2 pc=0, P3 pc=0;
reg [31:0] P2_rl1=0, P2_s2=0, P2_r2=0, P2_tpc=0;
reg [31:0] P3_alu=0, P3 1dd=0;
reg P2_r=0, P2_s=0, P2 b=0, P2_1d=0, P3_s=0, P3_b=0, P3_1d=0;
reg [4:0] P2 _rd=0@, P2 rsl=0, P2 rs2=0, P3 rd=0;
reg P1_v=0, P2 _v=0, P3 v=0;
wire [31:0] w_npc, w_ir, w_imm, w_rl, w_r2, w_s2, w_rt;
wire [31:0] w_alu, w_1ldd, w_tpc, w_pcin, w_inl, w_in2, w_in3;
wire w_r, w i, w.s, w b, w u, w_j, w_1d, w_tkn;
reg [31:0] r_pc = 0; // ml
wire w_miss = P2_b & w_tkn & P2_v;
assign w_pcin = (w_miss) ? P2_tpc : w_npc; // me@
assign w_npc = r_pc + 32'h4; // m2
m_am_imem m3 (r_pc, w_ir);
m_gen_imm m4 (P1_ir, w_imm, w_r, w_i, w_s, w b, w_u, w_j, w_1d);
m_RF2 m5 (w_clk, P1 _ir[19:15], P1_ir[24:20], w_rl, w_r2,
P3 rd, !P3.s & !P3 b & P3_v, w_rt);
assign w_tpc = P1_pc + w_imm; // mé
assign w_s2 = (lw_r & !'w b) ? w_imm : w_r2; // m7
always @(posedge w_clk) begin
{P1_v, P2_v, P3 v} <= {!w_miss, !w_miss & P1_v, P2_v};
{r_pc, P1_ir, P1 _pc, P2 pc} <= {w_pcin, w_ir, r_pc, P1 pc};
{P2_ri, P2 r2, P2 s2, P2 tpc} <= {w_rl, w r2, w _s2, w_tpc};
{P2_r, P2_s, P2 b, P2_1d} <= {w_r, w_s, w b, w_1d};
{P2_rs2, P2 rsl, P2 rd} <= {P1_ir[24:15], P1 ir[11:7]};
{P3_pc, P3_1d} <= {P2_pc, P2_1d};
{P3_alu, P3 1dd, P3 _rd} <= {w_alu, w_1ldd, P2 rd};
end
assign w_alu = w_inl + w_in2; // m8
assign w_tkn = w_inl != w_in2; // m8
m_am_dmem m9 (w_clk, w alu, P2 s & P2 v, w_in3, w_1ldd);
assign w rt = (P3_1d) ? P3 1dd : P3_alu; // mle
assign w_inl (|P3_rd & P2_rs1==P3 rd) ? w rt : P2_ri1; // mil
assign w_in3 = (!P3_rd & P2_rs2==P3 _rd) ? w_rt : P2_r2; // ml3
assign w_in2
endmodule

(|P3_rd & (P2_r|P2_b) & P2 rs2==P3 rd) ? w. rt : P2_s2;// ml2
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ir

IFID_ir
[19:15]

ID stage

[24:20]

7
IDIF_ir rdl

ral w_rl

ra2 Ir

IP3_s &

P3_rd
—>

IP3_b
>

wa w_r2

rd2

we

P1 ir

> .
'(gen_lmmi 7

wd RF2

m5
r,i,s,b,u,j,1d

w_imm
m4 =

IFID_ir [11:7]

> |

P1_pc +

P2_tpc mé

w_tpc

[C_ 1

P2 ri1

P2 s2

module m_proc8s(w_clk);
input wire w_clk;
reg [31:0] P1_ir=32'h13, P1 pc=0, P2 pc=0, P3 pc=0;
reg [31:0] P2_rl1=0, P2_s2=0, P2_r2=0, P2_tpc=0;
reg [31:0] P3_alu=0, P3 1dd=0;
reg P2_r=0, P2_s=0, P2 b=0, P2_1d=0, P3_s=0, P3_b=0, P3_1d=0;
reg [4:0] P2 _rd=0@, P2 rsl=0, P2 rs2=0, P3 rd=0;
reg P1_v=0, P2 _v=0, P3 v=0;
wire [31:0] w_npc, w_ir, w_imm, w_rl, w_r2, w_s2, w_rt;
wire [31:0] w_alu, w_ldd, w_tpc, w_pcin, w_inl, w_in2, w_in3;
wire w_r, w i, w.s, w b, w u, w_j, w_1d, w_tkn;
reg [31:0] r_pc = 0; // ml
wire w_miss = P2_b & w_tkn & P2_v;
assign w_pcin = (w_miss) ? P2 _tpc : w_npc; // me@
assign w_npc = r_pc + 32'h4; // m2
m_am_imem m3 (r_pc, w_ir);
m_gen_imm m4 (P1_ir, w_imm, w_r, w_i, w_s, w b, w u, w_j, w_1d);
m_RF2 m5 (w_clk, P1 ir[19:15], P1_ir[24:20], w_rl, w_r2,
P3 rd, 'P3 s & !'P3 b & P3 v, w rt);
assign w_tpc = P1_pc + w_imm; // mé6
assign w.s2 = (lw_r & !'w b) ? w.imm : w_r2; // m7
always @(posedge w_clk) begin
{P1 v, P2 v, P3 v} <= {!w_miss, !w miss & P1 v, P2 v};
{r_pc, P1_ir, P1 _pc, P2 pc} <= {w_pcin, w_ir, r_pc, P1 pc};
{P2_ri1, P2 r2, P2 s2, P2 tpc} <= {w_rl, w r2, w s2, w_tpc};
{P2_r, P2_s, P2 b, P2 1d} <= {w.r, w_s, w b, w_1d};
{P2_rs2, P2 rsl, P2 rd} <= {P1_ir[24:15], P1 ir[11:7]};
{P3_pc, P3_1d} <= {P2_pc, P2_1d};
{P3_alu, P3 1dd, P3 _rd} <= {w_alu, w_1ldd, P2 rd};
end
assign w_alu = w_inl + w_in2; // m8
assign w_tkn = w_inl != w_in2; // m8
m_am_dmem m9 (w_clk, w_alu, P2_s & P2_v, w_in3, w_1ldd);
assign w rt = (P3_1d) ? P3 1dd : P3_alu; // mle
assign w_inl = (|P3_rd & P2_rs1==P3 rd) ? w_rt : P2_ril; // mll
assign w_in3 = (!P3_rd & P2_rs2==P3 _rd) ? w_rt : P2_r2; // ml3
assign w_in2
endmodule

(|P3_rd & (P2_r|P2_b) & P2_rs2==P3_rd) ? w_rt : P2_s2;// ml2
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P2 rl

EX stage WB stage

mll

P2_s2

- ml3 P3_rd
P2_rd D

w_rt

module m_proc8s(w_clk);
input wire w_clk;
reg [31:0] P1_ir=32'h13, P1 pc=0, P2 pc=0, P3 pc=0;
reg [31:0] P2_rl1=0, P2_s2=0, P2_r2=0, P2_tpc=0;
reg [31:0] P3_alu=0, P3 1dd=0;
reg P2_r=0, P2_s=0, P2 b=0, P2_1d=0, P3_s=0, P3_b=0, P3_1d=0;
reg [4:0] P2 _rd=0@, P2 rsl=0, P2 rs2=0, P3 rd=0;
reg P1_v=0, P2 _v=0, P3 v=0;
wire [31:0] w_npc, w_ir, w_imm, w_rl, w_r2, w_s2, w_rt;
wire [31:0] w_alu, w_ldd, w_tpc, w_pcin, w_inl, w_in2, w_in3;
wire w_r, w i, w.s, w b, w u, w_j, w_1d, w_tkn;
reg [31:0] r_pc = 0; // ml
wire w_miss = P2_b & w_tkn & P2_v;
assign w_pcin = (w_miss) ? P2 _tpc : w_npc; // me@
assign w_npc = r_pc + 32'h4; // m2
m_am_imem m3 (r_pc, w_ir);
m_gen_imm m4 (P1_ir, w_imm, w_r, w_i, w.s, w b, w_ u, w_j, w_1d);
m_RF2 m5 (w_clk, P1 ir[19:15], P1_ir[24:20], w_rl, w_r2,
P3 rd, 'P3 s & !P3 b & P3 v, w rt);
assign w_tpc = P1_pc + w_imm; // mé6
assign w.s2 = (!lw_r & !'w b) ? w imm : w_r2; // m7
always @(posedge w_clk) begin
{P1 v, P2 v, P3 v} <= {!w_miss, !w miss & P1 v, P2 v};
{r_pc, P1_ir, P1 _pc, P2 pc} <= {w_pcin, w_ir, r_pc, P1 pc};
{P2_ri, P2 r2, P2 s2, P2 tpc} <= {w_rl, w r2, w_s2, w_tpc};
{P2_r, P2_s, P2 b, P2 1d} <= {w_r, w_s, w b, w_1d};
{P2_rs2, P2 rsl, P2 rd} <= {P1 _ir[24:15], P1 ir[11:7]};
{P3_pc, P3_1d} <= {P2_pc, P2_1d};
{P3 _alu, P3 1dd, P3 rd} <= {w_alu, w_1ldd, P2 rd};
end
assign w_alu = w_inl + w_in2; // m8
assign w_tkn = w_inl != w_in2; // m8
m_am_dmem m9 (w_clk, w alu, P2 s & P2 v, w_in3, w_1ldd);
assign w_rt (P3_1d) ? P3_1dd : P3_alu; // mle
assign w_inl (|P3_rd & P2_rs1==P3 rd) ? w rt : P2 ri1; // mil
assign w_in3 = (!P3_rd & P2_rs2==P3 rd) ? w_rt : P2_r2; // ml3
assign w_in2
endmodule

(|P3_rd & (P2_r|P2_b) & P2 rs2==P3 rd) ? w rt : P2_s2;// ml2
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module m_proc8s(w_clk);

input wire w_clk;

reg [31:0] P1_ir=32'h13, P1 pc=0, P2 pc=0, P3 pc=0;

reg [31:0] P2_rl1=0, P2_s2=0, P2_r2=0, P2_tpc=0;

reg [31:0] P3_alu=0, P3 1dd=0;

reg P2_r=0, P2_s=0, P2 b=0, P2_1d=0, P3_s=0, P3_b=0, P3_1d=0;

reg [4:0] P2 _rd=0@, P2 rsl=0, P2 rs2=0, P3 rd=0;

reg P1_v=0, P2 _v=0, P3 v=0;

wire [31:0] w_npc, w_ir, w_imm, w_rl, w_r2, w_s2, w_rt;

wire [31:0] w_alu, w_ldd, w_tpc, w_pcin, w_inl, w_in2, w_in3;

wire w_r, w i, w.s, w b, w u, w_j, w_1d, w_tkn;

reg [31:0] r_pc = 0; // ml

wire w_miss = P2_b & w_tkn & P2_v;

assign w_pcin = (w_miss) ? P2 _tpc : w_npc; // me@

assign w_npc = r_pc + 32'h4; // m2

m_am_imem m3 (r_pc, w_ir);

m_gen_imm m4 (P1_ir, w_imm, w_r, w_i, w.s, w b, w_ u, w_j, w_1d);

m_RF2 m5 (w_clk, P1 ir[19:15], P1_ir[24:20], w_rl, w_r2,

P3 rd, !P3.s & !P3. b & P3 v, w_rt);

assign w_tpc = P1_pc + w_imm; // mé6

assign w.s2 = (!lw_r & !'w b) ? w imm : w_r2; // m7

always @(posedge w_clk) begin
{P1_v, P2_v, P3 v} <= {!w_miss, !w _miss & P1_v, P2 _v};
{r_pc, P1_ir, P1 _pc, P2 pc} <= {w_pcin, w_ir, r_pc, P1 pc};
{P2_ri, P2 r2, P2 s2, P2 tpc} <= {w_rl, w r2, w_s2, w_tpc};
{P2_r, P2_s, P2 b, P2 1d} <= {w_r, w_s, w b, w_1d};
{P2_rs2, P2 rsl, P2 rd} <= {P1 _ir[24:15], P1 ir[11:7]};
{P3_pc, P3 _1d} <= {P2_pc, P2_1d};
{P3 _alu, P3 1dd, P3 _rd} <= {w_alu, w_1ldd, P2 rd};

end
assign w_alu = w_inl + w_in2; // m8
assign w_tkn = w_inl != w_in2; // m8

m_am_dmem m9 (w_clk, w alu, P2 s & P2 v, w_in3, w_1ldd);

assign w_rt = (P3_1d) ? P3_1dd : P3_alu; // mle

assign w_inl = (|P3_rd & P2_rs1==P3 rd) ? w_rt : P2_ril; // mll

assign w_in3 = (!P3_rd & P2_rs2==P3 rd) ? w_rt : P2_r2; // ml3

assign w_in2 = (|P3_rd & (P2_r|P2_b) & P2_rs2==P3 rd) ? w_rt : P2_s2;// ml2
endmodule
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proc8: 4-stage pipelining processor

WB stage

IF stage ID stage EX stage
P1
IFID ir
w_npc [19:15]
- 7 1
32°h4 IDIF_ir ra rd1 wri
[24:20] ra2 Ir & 1b
P2 b &
w_tkn P3_rd
- m2 —>|wa W_r2
c 1P3_s & rd2 > %3
o [ T
a8 = al !P3—b_> we <
—>|0 | | I d 1
s|5|r am_| = - W4 RF2
c - . >
> pc lmem m5 m7
r,i,s,b,u,j,1d
mo ml m3 gen_imm) 7 || ——
ma w_imm I:I — mi3 P3_rd
IFID_ir [11:7]_> P2_rd w’lr‘nl3 D
P1_pc + % |:
)
- P2_tpc me = [ [

CSC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo
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proc8: 4-stage pipelining processor

pc am insn pc sm insn pc sm insn pc sm insn
2 imem [ = imem| [ = |imem [ A |imem| [
(a) (b) (c) (d)
IF stage ID stage EX stage WB stage
P1
IFID_ir
w_npc [19:15] I (‘l’\
32°h4 IDIF ir ra rdl )
[24:20] g
P2 b & ra2 X
w_tkn P3_rd
- m2 —>{ wa ~
c 1P3_s & rd2 )
ks Sl e %
>0 :i o —> wd & P 3
z|15r_ sm_ | |I= RF2 o>|1 m8 5l ud .
% : _ = on
—[7*| |pc S m> m7 Kmi2 it |
r,i,s,b,u,j,1d W 12 03 —
"o m " ><gen—imm>:7 — P2 _r2 —>1§ ms
na w_imm I:I - < ml3 — P3_rd
IFID_ir [11:7] N P2_rd w_m13 L
- P1_pc + 9’ [
)
| P2 tpc me = [ ||
) w_rt

CSC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo
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Processor simulation

// 00 addi x1,x0,3
// 04 add x2,x1,x1
// 08 addi x10,x2,5
// ©ec HALT

IF stage ID stage EX stage

$ iverilog -DP1 proc8s.v

$ ./a.out

CCO1 00000000 000V 00V VL
CCO2 00000004 00000000 VOO 0V
CCO3 00000008 00004 V00000 0V
CCo4 00000008 0000VVV4 000000
CCo5 00000010 00000008 00000004
CCo6 00000014 00000010 00000008
CCO7 00000018 00000014 00000010

o stage module m_sim(w_clk, w_cc); /* please wrap me by m_top_wrapper */
] input wire w_clk; input wire [31:0] w cc;

24 m_proc8s m (w_clk);

jE— initial begin

% i “define MM m.m3.mem

- “include "asm.txt"

5 end

initial #99 forever #100 $display("CC%02d %h %h %h %h %d %d %d",
w_cc, m.r_pc, m.P1 pc, m.P2 pc, m.P3 pc,
ot m.w_inl, m.w_in2, m.w_alu);

endmodule
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module m_rvcore (RV32I, single-cycle processor)

« BO0MHz operating frequency

m rvcore
r_pc / \
32
w_rrs] —>
= 32 .
N /4> w_imm
w_trs]l —> 3 1
5 ls w_b_rslt
W_ITSZ — 3| 2
[ \ 3/2 w_imm t a °
7
o 5 worsl 32w sl S
7 7
m_decoder 1 IB 32w rslt
0 B decoderl | 5 1s» ” > o [
>t pe = imeml . >| m_regfile w_rrs2 t § |
2 | (32bitx 1024) | 5 J | Jreefilel |5 wins2
% ( ) — o il re (32bitX 32) w imm / W_mem_adr
_ \ / w ma rd - RS D_ADDR
- - w_trs] —> 32
N . +
> w_imm_—_s) 32 m_dmem

w_ma_ld_rslt

w_ma_rslt

L b OUT dmeml
w s -OUT | (32bit x 1024)
D WE
Af_a'
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RVCore Base, RISC-V RV32I Bas

-H'#'!H'#'H'k'#'!H'#'H'H'HHHHHHHHHHHHHH'H'H#Ht#itH'HH'HH'!'#HT#H'H'H'H't#'H'H'i'i'H.‘
/¥ R¥Core_Bas ISC-V RV3Z1 Baseline Yersion w2024 Archlab, Science Tokvo %/
-‘HHHHHHHHHHIHHHHHHHHHHHHtHiH#HtHHHHHHH#HHHHHHHHHHH.‘

“default_nettype none

“def ine VERIFY
“def ine MEM_TXT
“def ine MEM_SIZE
“def ine START_PC
“def ine UART_CNT
“define D_I_TYPE
“def ine D_R_TYPE
“def ine D_S_TYPE
“def ine D_B_TYPE
“def ine D_J_TYPE
“def ine D_U_TYPE
“define D_JA__IS
“define D_LD__IS
“define DMUL_IS
“define D_DIYV_IS

'/ define this to
r f i |’tf name -,-{ Memo ry
'/ 4KB instructio memory an
/¢ initial PC value

"/ UBRT wait count, DHOMHz / B0

generate verify.txt
initialization file
d 4KB data memory

0 = TMbaud

COOOMG)U‘IJE-.O\JM—'D%D

[PEPSS PSP ELEEL IS PR PSS EEP IS IS EL TS LSS EL IS ESPEELEL IS LS PSS ETEISSISEESELELESISEETESST S S S ¥

“ifdef VERIFY
initial $writel )
fd;
initial fd = $fopen( , );
[31:0] r_tec = 1;
always O{posedge w_clk) if(lr_rst) r_tc <= r_tc + 1;
Iy s
always {posedge w_clk) if(lr_rst)
$fwrite(fd, . r_te, r_pc, w_ir);
for (i=0; i<d; i=i+1) for (j=0; j<8; j=j+1)
$fwrite(fd, , (Cixg+) == [27°d0, w_rd}) &% (ixg+) 1'=10)) ¢
woma_rslt @ resfilel.memli * 8 + j1);

$fwrite(fd, L= 77 : 1)

R B B B B B e B B B B e B e B e e e e ey e e e P ey P e P e P
module m_rvoore ( ///// RVCore Simple Yersion
wclk, wrst,
[31:0] 1

IN, D_IN,
[31:0] 1_ADDR, D_ADOR,
[31:0] D_OUT,

[3:0] D_KE

r_rst = 1;

always @(posedge w_clk) r_rst <= w_rst;

[31:0] r_pc = "START_PC;
always @(posedge w_clk) r_pc <= (r_rst) ?
assign [_800R = r_pc;

[31:0] woir = I_IN;
[31:0] worrsl, w_rrs?2_t, w_imm_t,
[ 4:07 worsl, w_rs2, w.rd;
w_op_im;
[9:0] w_itype;
[10:0] w_alu_c;
[6:0] w.bruc;
w_b_rslt;
w_ja = w_itype[B];
[4:0] wop = w_ir[6:2];
[31:0] w_imm = (w_ja) ? r_pc+d : (w_op==5"b00101
[31:0] w_rrs? = (w_op_im) 2 w_imm : w_rrsZ_t;

CSTART_PC @ (w b_rslt) 2 w_tkripc @ r_pc+d;

w_rslt;

)2 r_pctw_immt ot ow_imm_t;

m_decode decodel (w_ir, w_rd, w.rsl, w_rs2, w_op_im, w_itvpe, waluc, whbruc, wimnmt);

m_reefile regfilel (w_clk, w_rsl, w_rs2, w_rrsl, w_rrs2_t, wma_rd, w_ma_rslt);

malu alul (w_rrsl, w_rrs2, waluc, w_rslt);

Akkkk for branch and jume instruct ions kkkik/
[31:0] w_tkr_pc = (w_ir[6:2]==5"b11001) ? w_rrsl+w_imm_t :
m_bru brud(w_rrsl, w_rrs?, w_bru_c, w_b_rslt);

r_pctw_imm_t;

/akkkk for load and store instruct ions ki,
[2:0] w fct3 = w_ ir[14:12];
[31:0] w_mem_adr = w_rrsl + w_imm;
wwel = (w_itype[ D S TYPE] & w_fct3[1:0]==0);
wwel = (w_itype[ DS TYPE] & w_fct3[01);
wwe? = (w_itype[ DS TYPE] & w_fct3[11);
[3:0] w_we_sb = (wwel) 2 4°b0001 << D_ADDRL1:0]
[3:0] w_we_sh = (w_wel) 2 4'b0011 << {D_ADDRC1], 1 bU}
[3:0] w_we_sw = (wwe2) 2 4°b1111

assign DLWE = (w_we_sh "

assign D_ADDR = w_mem_adr;

assian D_OUT = (w_fct3[01) ? {2{w_rrs2[15:011} :
C_fct3[1D) 2 worrs?2 @ {d{w_rrs2[7:0111;

w_we_sw  w_we_sb);

/xkkxk for load instructions *kxkx/
[15:07 w_ma_lh_t = (w_mem_adr[1]) 2 D_IN[31:16]
[7:0] wma_lb_t = (w_mem_adr[0]) ? w_ma_lh_t[15:8] :

0] woma_lb = (w_fet3==3"b000)
:0] w_ma_lbu = (w_fct3==3"b100)
0] woma_lh = (w_fct8==3" bf]m;

)

: DLINC15:0];
wma_lh t[7:0]; i
T{24 {w_ma_lb_ t[T]M w_ma_lb_ t[T 0]]

[24°d0, woma_lb_t[7:0]}
H]S[w ma_ b t[1511), woma_ Ik t[15:0]) =
107 woma_lhu = (w_fct3==3"b101 {1
0] woma_lw = (w_fct8==3" me D
:0] w,maL\chsH = wma_lb " |

16°d0, woma_lh_t[15:0]} :
IN :
bu " woma_lh ”

?
2
?
2
?
_ma_

woma_lhu ™ woma_lw;

0] womarslt_t = (w_itwpel DID__ISD) 2 woma_ld_rslt : w_rslt;

[4:0] w_ma_rd
[31:0] w_ma_rslt =

= w_rd ;
(w_rd!=0) ? wma_rslt_t : 0;




RVCore_ Base, RISC-V RV32I Baseline Version v2024-10-22a

IEFETI PO SISIEE LI LI IS LIS S LS EEEIE IS S LIS L LI L LIS LIPS OSSELFE SIS LSS SIS SEE S ED S TS B S E TS S > I
“ifdef VERIFY
initial $write(
fd;
initial fd
21-0

J if(lr_rst) r_te <= r_tc

G if(lr_rst)

verify.txt

CSC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo
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RVCore_ Base, RISC-V RV32I Baseline Version v2024-10-22a

proc.v

initial be

include MEM_TXI
“endif

(w_we) memlw_adr] <= w.din;
A
module m_dmem (
initia
“include THEWM_TXT
assign w_dout = mem[w_adrl; Samplel LExt

endmodule

Mmem [
mem [

mem [
mem [

mem [
mem [

Mmem [
mem [
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RVCore_ Base, RISC-V RV32I Baseline Version v2024-10-22a

module m_main (
w_clk, /7 100MHz clock signal
w_uart_rx, // USRT rx, data line from PC to FPGA
wuart_tx // UART tx, data line from FPGA to PC

w_clkb0m, locked;

clicniz 0 clicwizl (uclioln, Tocked, nclio; [1:0] tohost_cnd = ((0ADDR==32'h40008000) 88 D_WE==4"hf) 2 D_OUTL17:16] :

_q. [7:0] tohost_char = D_OUTL?:0];
r_rst = 1;

alwavs 0(posedge w_clkB0m) r_rst <= "locked; [7:0] ubuf [0:40951:

[11:0] r_head=0, r_tail=0;

always ((posedge w_clkb0m) if (core_rst==0 &% tohost_cmd==1)
ubuf[r_taill <= tohost_char;
r_tail <= r_tail + 1;

core_rst = 1;
always [(posedge w_c|kblm) core_rst <= (r_rst | r_done==0);

w_en;
[7:0] w_char;
movart_rx uvart_rxl (w_clkb0m, w_uart_rx, w_char, [31:0] r_ent = 1

. always @(posedge w_c,lkrﬁljm) r_ent <= (r_ent>=(TUART_CNTX12)) 2 1 : r_ent + 1;
r_done = DONE_INIT;

r_we = 0; w uart_we = ((core_rst==0) && (r_cnt==1) && (r_head!=r_tail));
[31:0] r_went = 0, r_adr = 0, r_data = 0; wouart_tx_t;
always [(posedge w_clkb0m) if (r_done==0) always @(posedge w_clkB0m) if(core_rst==0 && w_vart_we) r_head <= r_head + 1;

if{w_en) mouart_tx vart_tx] (w_clkBOm, w_uart_we, ubuf[r_head], w_uart_tx);
r_adr <= r_wcnt;
r_data <= {w_char, r_data[31:81}; alwaysi(posedze w_c|kb0m) A4 for simulation
rowe <= (r_went[1:0]==3); if (tohost_cmd==1) $uritel , tohost_char);
rwent <= r_went + 1; if (tohost_cmd==2)
else Puritel )
r we <= U; $f|n|‘:h(),
if (r_went>="MEM SIZE) r_done <= 1;

[3:0] D_WE;
[31:0] I_IN, I_ADDR, D_IN, D_OUT, D_ADDR; _
m_rvcore rvcorel (w_clkbOm, core_rst, I_IN, D_IN, [_ADDR, D_ADDR, D_OUT, D_WE);

m_imem imeml Cw_clkBOm, r_we, r_done 2 1_ADDR[11:2] : r_adr[11:2], r_data, I_IN);
m_dmem dmeml (w_c|k50m, [4{r_wel} | D_WE, r_done 2 D_ADDR[11:2] : r_adr[11:2],
r_done 2 D_OUT : r_data, D_IN);




RVCore_ Base, RISC-V RV32I Baseline Version v2024-10-22a

module m uwart_tx (

/7 100MHz < < signal
ERT > line from PC to FPGA

t (r_ent=="UART_CNT) 2 1 : r_ent + 1

UART_CNT)
hit + 1

assign w_char = r. al7:0]; pI"OC .V
lendmodule

\

23



