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A Typical Memory Hierarchy

By taking advantage of the principle of locality (BFT%)

Present much memory in the cheapest technology

at the speed of fastest technology i
On-ChIp COmponents ---------------------- ; -:-;-:-;-‘-'; --------
Control =T
= Second Secondary
B Level Memory
Datapath [ & Cache (Disk)
G 9 (SRAM)
Speed (%cycles): '2’s 1's 10’s 100’s 1,000’s
Size (bytes): 100’s K's 10K’s M’s GstoT’s
Cost: highest lowest

ﬁ’ TLB: Translation Lookaside Buffer
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« IF (Instruction Fetch)

ARIYDLBRBFEITIVFI S.
« ID (Instruction Decode)

R ETI—F (@) LEMNs, LYRIDEEZHEAHT.
« EX (Execution)

MR EREDERITEIITRLRADERETITD.
* MA (Memory Access)

WETHNIEL, T—32-AFRIVPDARSURIZTIERTS.
« WB (Write Back)

WHWETHNE, BRELDRFIZEZTAD.
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procb: single-cycle RISC-V processor

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

IF D EX A B
w_ir[19:15]
> ral _
w_ir[24:20] rd1
>! ra2
w_ir[11:7] >
1™ we = mle
Is & Ib rd2 J
™1{r_pc am_imem[—9 —>| we wd
wd RF am_dmem
ml m3 m5 -
w_ir r,i,s,b,u,j,1d W rt
32°h4 —><gen_m 7> b & w_tkn
w_npc m4 w_1imm
+ >(o
‘ 2
m2 + > 1><
L =
w_pcin me = mll
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procb: single-cycle RISC-V processor

S =3 3 3 =3

CcC1
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.m3.
.m3.
.m3.
.m3.
.m3.

mem[@©]={12'd5,5'd®,3'h0,5"'d1,7 'h13}; //
mem[1]={7'd®,5'd1,5'd1,3'he,5'd2,7"'h33}; //
mem[2]={12'd1,5'd1,3'd®,5"'d1,7 'h13}; //
mem[3]={~12'd®,5'd2,5'd1,3'h1,5" h1d,7"'h63};//
mem[4]={12'd9,5'd1,3'de,5"'d10,7 'h13}; //

IF ID
5°de
ral
r‘dlW
32°h00500093 >{ ra2
addi x1,x0,5 5°d1
wa
rd2
~{r_pc am_imem[—9 1°b1l —>f we
32°d5 )4 RF
m1 m3 m5> 33°4s
3
32°he W_j_r\ r,i,s,b,u,j,1d
32°h4 _)Cgen_m %
w_npc m4 W_1mm
+
32°h4
m2 32°he +
L—
32°h4  w_pcin mé

EX MA

00 addi
04 add
08 L:addi
oc bne
10 addi

WB

w_tkn' 32°ds | 1°be

s do [m'j\ w_alu
rl_,
- 1’b1 b adr‘
m8

1°bQ
—>| we

3

rd

©
S mlo
3I

Sr'w_s2 wd
- )i 32°d5 |_>am_dmem
m7
| M3 35545

w_rt
1’°bo

Xn

w_tpc

1 mll

x1,x0,5
x2,x1,x1
x1l,x1,1
x1,x2,L
x10,x1,9



procb: single-cycle RISC-V processor

m.m3.mem[0]={12"'d5,5'd0,3'h0,5'd1,7"'h13}; // 00 addi
m.m3.mem[1]={7"'d0,5'd1,5'd1,3'h0,5"'d2,7"'h33}; // 04 add
m.m3.mem[2]={12'd1,5'd1,3'de,5'd1,7 h13}; // @8 L:addi
m.m3.mem[3]={~12'd0,5'd2,5'd1,3'h1,5'h1d,7'h63};// ©6c bne
m.m3.mem[4]={12'd9,5'd1,3'de,5"'d10,7" 'h13}; // 10  addi
IF ID EX MA WB
o1 w_tkn' 32°d1e | 1'be
CCZ ral 32°do w_alu
5°d1 e ALU
32°h00108133 > ra2 - dl be b > adr rd
dd x2,x1,x1 . 32°d5 , 2
a x2,x1,x 5°d2 wa " W_r2 s 1 b_e) we El e
. 1°bl —>| we d =
P am-anent? 322 d1q wd RF M 3WZ_’S;5 :m_dmem
ml m3 m> m7 7 md 555410
32°h4 W_j_r\ r,i,s,b,u,j,1d w_rt
32°ha gen_imm) & 1°b6
w_npc m4 wW_imm
+
32°h8 >
m2 32°h4 = 1
32°h8  w_pcin Iﬁ :' mil
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procb: single-cycle RISC-V processor

m.m3.mem[0]={12"'d5,5'd0,3'h0,5'd1,7"'h13}; // 00 addi
m.m3.mem[1]={7"'d0,5'd1,5'd1,3'h0,5"'d2,7"'h33}; // 04 add
m.m3.mem[2]={12"'d1,5'd1,3'd0,5'd1,7"'h13}; // 08 L:addi
m.m3.mem[3]={~12'd0,5'd2,5'd1,3'h1,5'h1d,7'h63};// ©6c bne
m.m3.mem[4]={12'd9,5'd1,3'd0,5'd10,7 " 'h13}; // 10 addi
IF ID EX MA WB
17b1 1°be
CC4 5°d1 ral 32°d6 w_alu
5°d2 e ALU
32°hfe209ee3 >| ra2 — "1°be > adr
bne x1,x2,L 32,31% 1°bo rd he)
RN A mg  —>|we S mie
>[r_pc am_imem{—® 170 —>| we W_s2 wd :
wd RF M 32°d1e |_>am_dmem
ml m3 m5 m7 mo
32’ hc . - -
w_ir r,i,s,b,u,j,1d W_I"t
32°ha _)Cgm Y 1°b6
w_npc m4 w_imm
! y 32°h10 -4 . ®5| 32°h8
m2 327 he A
32°h8 w_pcin %W?CPC mil
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RISC-V RV32I instruction format

31 25 24 20 19 15 14 12 11 7 6 (%]
| funct?7 | rs2 | rsl | funct3 | rd | opcode |R-type
| imm[11:0] | rsl | funct3 | rd | opcode |I—type
| imm[11:5] | rs2 | rsl | funct3 | imm[4:0] | opcode |S—type
imm[12],imm[10:5] rs2 rsl funct3 |imm[4:1],imm[11] opcode B-type
| imm[31:12] | rd | opcode |U—type
| imm[20],imm[10:1],imm[11],imm[19:12] | rd | opcode |J-type
opcode5[2:0
i [2:0]] pep 001 010 011 100 101 110
opcode5[4:3]
LOAD MISC-MEM OP-IMM AUIPC
00 LOAD-FP | custom-© OP-IMM-32
(I-type) (I-type) | (I-type) | (U-type)
STORE oP LUI
01 STORE-FP | custom-1 AMO OP-32
(S-type) (R-type) | (U-type)
10 MADD MSUB NMSUB NMADD OP-FP op-y |custom-2/
rv128
11 BRANCH JALR reserved JAL SYSTEM reserved custom-3/
- Agﬁg' (B-type) | (I-type) (J-type) | (I-type) rv128




RISC-V RV32I instruction format

opcode5[2:0]
000 001 010 011 100 101 110
opcode5[4:3]
LOAD MISC-MEM OP-IMM AUIPC
00 LOAD-FP custom-0© OP-IMM-32
(I-type) (I-type) | (I-type) | (U-type)
STORE (0] LUT
01 STORE-FP | custom-1 AMO OP-32
(S-type) (R-type) | (U-type)
10 MADD MSUB NMSUB NMADD OP-FP op-y | custom-2/
rv128
11 BRANCH JALR reserved JAL SYSTEM reserved custom-3/
(B-type) | (I-type) (J-type) | (I-type) rv128

module m_get type(

input

)
assign
assign

assign

assign

assign i
endmodule

J

b
assign s =

r

u

i

wire [4:0] opcode5,
output wire r, i, s, b, u, j

(opcode5==5"'b11011);
= (opcode5==5'b11000);
(opcode5==5"'b01000) ;
= (opcode5==5'b01100);
= (opcode5==5'b01101 || opcode5==5'b00101);
~Glbls|r|u;




RISC-V RV32I instruction format

31 25 24 20 19 15 14 12 11 7 6

| funct7 | rs2 | rsi | funct3 | rd | opcode | R-type
| imm[11:0] | rs1 [ funct3 | rd | opcode | I-type
| imm[11:5] | rs2 | rs1 | funct3 | imm[4:0] | opcode | S-type
imm[12],imm[10:5] rs2 rsl funct3 |[imm[4:1],imm[11] opcode B-type
| imm[31:12] | rd | opcode | U-type
| imm[20],imm[10:1],imm[11],imm[19:12] | rd | opcode | I-type

module m_get imm(
input wire [31:0] ir,

input wire i, s, b, u, j,

output wire [31:0] imm

)
assign imm = (i)
(s)
(u)
(3)
endmodule

{ir[31:12], 12'bO} :
{{12{ir[31]}}, ir[19:12], ir[20], ir[3@:21], 1'bO} : ©;

? {{20{ir[31]}}, ir[31:20]} :
? {{20{ir[31]}}, ir[31:25], ir[11:7]} :
(b) ? {{20{ir[31]}}, ir[7], ir[30:25], ir[11:8], 1'bO} :
?
?
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RISC-V RV32I instruction format

IF ID
w_ir[19:15]
> | ral
w_ir[24:20]
ra2
w_ir[11:7]
wa
Is & 'b
>{r_pcl-9> am_imem ¢ > we

r,i,s,b,u,j,1d wd RF
——> i 7 ml m3 m5
gen_lmm w_j_r\ r,i,s,b,u,j,1d w_r‘t
> 32 32°h4 W b & w_tkn
w_npc ma w_imm
+
L eg
II/
mé

m2

w_pcin

module m_gen_imm(
input wire [31:0] w_ir;
output wire [31:0] w_imm;
output wire w_r, w i, w.s, w b, w u, w j, w_1d;

)5
m_get type ml (w_ir[6:2], wr, w i, w.s, wb, wu, wij);
m_get _imm m2 (w_ir, w i, w s, w b, wu, w j, w imm);
assign w_1d = (w_ir[6:2]==5'h9);

endmodule
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Instruction memory

32

am_imem

32

IF ID
w_ir[19:15]
> | ral
w_ir[24:20]
ra2
w_ir[11:7]
wa
Is & 'b
>[r_pc9->|am_imem[- —>| we
wd RF
ml m3 m5
W_j_r\ r,i,s,b,u,j,1d W rt
32°h4 W b & w_tkn
w_npc ma w_1imm
+ 03
§
m2 Rk Z 1
1T — +
w_pcin me = mll

)5

module m_am_imem(
input wire [31:0] w_pc,
output wire [31:0] w_insn

reg [31:0] mem [0:63];
assign w_insn =
integer i; initial for (i=0; i<64; i=i+1) mem[i]
endmodule

mem[w_pc[7:2]];

= 32'd0O;

CSC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo
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Data memory

IF D
w_ir[19:15]
> | ra1
w_ir[24:20]
ra2
w_ir[11:7]
Z ; wa
Is & b
32 adr > >[r_pc-9->|am_imem[-® —>| we 3
" [ wd RF | am_dmem
ﬂ%l we 32 — — =
Wd W_ir' r,i,s,b,u,3,1d w_rt
3 32°h4 W b & w_tkn
am_dmem o en -
E + 05
' c
m2 -i; Z 1%
1T — +
w_pcin me = mil

module m_am_dmem(
input wire w_clk, w_we,
input wire [31:0] w_adr, w_wd,
output wire [31:0] w_rd
)
reg [31:0] mem [0:127];
assign w_rd = mem[w_adr[7:2]];
always @(posedge w _clk) if (w_we) mem[w_adr[7:2]] <= w_wd;
integer i; initial for (i=0; i<64; i=i+1) mem[i] = 32'd0O;
endmodule

13
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RF (Register File)

IF ID
w_ir[19:15]
> ra1
L/ > _ir[24:20]
—F~>| ral — =
¥ r‘dl w_ir[11:7]
—4>| ra2 32 -
Is & b
5 >r i > we
—> 7> _pc9->{am_imem-®
- ~ 32 ’—) wd RF
: m5
ml m3
ﬂ% we
71 > w_ir r,i,s,b,u,3,1d Tt
" 32°h4 W b & w_tkn -
* i w_npc ma w_imm
< + 0g
m2 ST 1%
1 — +
w_pcin 6 = mil

module m_RF(
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];
assign w_rdl = (w_radrl==5'de) ? 32'd0 : mem[w_radrl];
assign w_rd2 = (w_radr2==5'd@) ? 32'd0 : 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'd0;

ﬁ’ endmodule
CSC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo 14




ALU (arithmetic and logic unit)

IF 1D
w_ir[19:15]
> ra1
w_ir[24:20]
ra2
w_ir[11:7]
wa
Is & b
w_tkn >[r_pc-9->|am_imem[-® —>| we
ﬁ% - wd RF
ml m3 m5
7, |ALU | |
~ w_ir ri,s,b,u,3,1d g
—7> 32 32°h4 W
w_npc ma w_imm
N * _)P
L
m2 >l/+
w_pcin 6

module m_alu(
input wire [31:0] w_inl, w_in2,
output wire [31:0] w_out,
output wire w_tkn
)5
assign w_out
assign w_tkn
endmodule

w_inl + w_in2;
w_inl != w_in2;

CSC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo
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procbs: single-cycle processor

w_pcin

+
m2 .QL;:?
L6

w_tpc

Xnw

mll

IF D EX A B
1d
w_ir[19:15]
>| ral
w_ir[24:20] rdi
> ra2
w_ir[11:7]
S| wa
Is & 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_m 7 b & w_tkn
w_npc m4 W_1imm

module m_proc5s(
input wire w_clk
)s
wire [31:0] w_npc, w_ir, w_imm, w_ril, w_r2, w_s2, w_rt;
wire [31:0] w_alu, w_ldd, 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; // mll
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_1dd);
assign w_rt = (w_1d) ? w_1ldd : w_alu; // mlo
always @(posedge w_clk) r_pc <= w_pcin;
endmodule

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

<

r_clk

cC1 CcC2 CC3 cC4 CC5

module m_top_wrapper();
reg r_clk=0; initial #150 forever #50 r_clk = ~r_clk;
reg [31:0] r_cc=1; always @(posedge r_clk) r _cc <= r_cc + 1;
initial #1000000 begin $display("time out"); $finish; end
m_sim m (r_clk, r_cc);
// initial $dumpvars(@, m);

endmodule

module m_sim( /* please wrap me by m_top_wrapper */
input wire w_clk,
input wire [31:0] w_cc
)5
m_proc5s m (w_clk);
initial begin
“define MM m.m3.mem
“include "asm.txt"
end
initial #99 forever #100 $display("CC%02d %h %d %d %d",
W_cc, m.r_pc, m.w_rl, m.w_s2, m.w_rt);
endmodule

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

“ifdef P1
asm.txt "MM[@]={12'd3,5'd0,3'h0,5'd1,7"'h13}; // 00  addi x1,x0,3
*MM[1] ={7'd®e,5'd1,5'd1,3'h0,5"'d2,7"'h33}; // @4 add x2,x1,x1
"MM[2]={12'd5,5'd2,3'h0,5'd10,7"'h13}; // 08 addi x10,x2,5
"MM[3]=32"ho0050f13; // @ec HALT
“elsif P2
*MM[@] ={12'd5,5'd®,3'h0,5'd1,7"'h13}; // @0  addi x1,x0,5
“MM[1] ={7'd@,5'd1,5'd1,3'h0,5"'d2,7'h33}; // 04 add x2,x1,x1
*MM[2] ={12'd1,5'd1,3'h0,5'd1,7"'h13}; // ©c L:addi x1,x1,1
"MM[3] ={~12'd@,5'd2,5'd1,3'h1,5'b11101,7'h63};// 1@ bne x1,x2,L
*MM[4] ={12'd9,5'd1,3'h0,5'd10,7" 'h13}; // 14  addi x10,x1,9
“MM[5] =32'h00050f13; // 18  HALT
“else
“MM[@] ={12'd7,5'd0,3'h0,5'd1,7 " 'h13}; // @0 addi x1,x0,7
*MM[1] ={7'd®,5'd1,5'd®,3'h2,5"'d0,7" 'h23}; // 04 sw  x1,0(x0)
"MM[2] ={12'de,5'de®,3'h2,5'd2,7"'h3}; // 88 1w x2,0(x0)
*MM[3] ={12'd®@,5'd2,3'h0,5'd10,7"'h13}; // @c  addi x10,x2,0
"MM[4] =32'h00050f13; // 10  HALT
“endif
module m_sim( /* please wrap me by m_top wrapper */
input wire w_clk,
input wire [31:0] w_cc
)
m_proc5s m (w_clk);
initial begin
“define MM m.m3.mem
“include "asm.txt"
end
initial #99 forever #100 $display("CC%02d %h %d %d %d",
= W_CC, m.r_pc, m.w_rl, m.w_s2, m.w_rt);
@ endmodule




Processor simulation

“ifdef P1

“MM[@]=

“MM[1]

“MM[2]=
“MM[3]=

“elsif P2
“MM[ O]
“MM[1]
MM 2]
MM 3]
"MM[4]
"MM[5]

“else
"MM[ O]
TMM[1]
“MM[2]
"TMM[ 3]
“MM[4]

“endif

{12'd3,5'de,3'h0,5'd1,7 'h13};
={7'de,5'd1,5'd1,3'h0,5"'d2,7 'h33};
{12'd5,5'd2,3'h0,5'd10,7" 'h13};

32'h00050113;

={12'd5,5'd®,3'he,5"'d1,7 'h13};
={7'de,5'd1,5'd1,3'he,5"'d2,7 h33};
={12'd1,5'd1,3'h0,5'd1,7 'h13};

//
//
//
//

//
//
//

={~12'd0,5'd2,5'd1,3'h1,5'b11101,7"'h63};//

={12'd9,5'd1,3'h0,5'd10,7" 'h13};
=32'h0eo50f13;

={12'd7,5'de,3'he,5'd1,7 h13};
={7'de,5'd1,5'de,3'h2,5'de, 7 'h23};
={12'd@,5'de,3'h2,5'd2,7" h3};
={12'd0,5'd2,3'h0,5'd10,7" 'h13};
=32'h00e50f13;

//
//

//
//
//
//
//

00
04
08
0c

00
04
oc
10
14
18

00
04
08
0c
10

addi
add

addi
HALT

addi
add

raddi

bne
addi
HALT

addi
SwW
1w
addi
HALT

x1,x0,3
x2,x1,x1
x10,x2,5

x1,x0,5
x2,x1,x1
x1,x1,1
x1,x2,L
x10,x1,9

x1,x0,7

x1,0(x0)
x2,0(x0)
x10,x2,0

$ iverilog proc5s.v

$ ./a.out

CCo1 00000000
CCo2 00000004
CCoO3 00000008
CCo4 000eeeec
CCo5 ooooeele

$ iverilog -DP1 proc5s.

$ ./a.out

CCo1 900000000
CCo2 00000004
CCoO3 00000008
CCo4 000eeeec
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module m_rvcore (RV32I, single-cycle processor)

« BO0MHz operating frequency

m rvcore
r_pc Ve ~
32
w_rrs] —>
a 32 )
> —4A—> W_1mm
1
w_rrs]l —> |3 |
) o w_b_rslt
W_ITSZ — 3| =
( \ 3/2 w_imm t - =
7
32 5 w_rsl | 32 w_msl RS
m_decoder| * “1
g decoderl 32 |3 3/2 w_tslt
m_lmem 5 W_rSZ // > N ~
| re o~ imem1 z > m_regfile W rrs2_t g 32 | e
2 | (32bitx 1024 | 5 | regfilel 3
<QC ( - wrd |(32bitx 32)| w imm el w_mem_adr
—! . / w ma rd N R D_ADDR
- w_rrs] —> 32
> . +
f R 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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