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B 2714 BHY: B =D, b, .. bb,
= unsigned integer:

=1
ZF = unsigned(B) = E h2?
=1
= signed integer (2's complement E7|H):
% =signed(B) = — b ,_, 2" '+ Ejbfzi
=

H (0f]) B =10100010
= unsigned(B) = 27 + 25 + 21 = 128 + 32 + 2 = 162
= signed(B)= 27+ 25+21=-128+32+2=-94 F &=
= 28+ (27 + 25+ 21) = -256+162 = -94
(%11) 10100010 9] 29| H 4
= 01011110 = 26424+ 23+22421 = 64+16+8+4+2 = 94
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module adder(datal, data2, cinm, sum, cout);
input [3:0] datal, data2;
input cinj
output [3:0] sum; S 7}
output cout;j Ho=
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module adder({datal, data2, cin, sum, cout);
input [3:8] data1, data2;
input cin;
output [3:8] sum;
output cout;

Total IogiE: ele'ments 10
int . - .
::ge?::e}ch Total combinational functions 10 assign {cout, sum} - datal + data2 + cin;
assign sum = datal ~ data2 * c[3:0]; endmodule
assign cout = c[4];
. i Total logic elerments g o ugs
always @ begin Pkl Total combinational functions B =7
c[@] = cin;
for (i=0; i<4; i=i+1) begin
o c[i+1] = datai[i] & data2[i] | datal[i] & c[i] | data2[i] & c[i]; _ Add0~2 carry%%.* ES
end c[1]~-0 DATAA comBoUT] Add0~4
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n Sub=0LMO{ 7}4H7] —ca adder/ CO[— n 29 HL: = (19l HL)+ 1
« CO, C4k carry Q&3 subtractor | « borrow=00|% A + (BQ] 10| K 4) + 1
. sub=12Um} ZHAH| S[3:9] borrow=10]™ A + (B2] 1] H£) + 0
« CO, C4= borrow Q&= | » borrowE3H 2 7Ht7[Q] carryE it BILH 7t E
u 7|'?:|H}_r7| 27:" - 7H‘_|'7|9|' ?:u”-‘_r7| OI% module addsub{sub, a, b, cin, 5, cout);
module addsub{sub, a, b, cin, s, cout); input sub;
input sub; }nput [353] a, b;
input [2:8] a, b; input cin;
input cin: output [3:8] s;
output [2:8] s; output cout;
output cout; i
wire [3:8] b2;
assign {cout, s} = sub ? {a - b - cin) : (a + b + cin); wire cin2, coutZ;
endmodule .
_ assign b2 = sub ? ~b : b;
THRE7], ZAE7] JHEA AW TS assign cin? = sub ? ~cin - cing
[ assign {cout2, s} = a + b2 + cin2; | 7}AL7]
assign cout = sub ? “cout? : cout?
HHILOt i oMiCyor  eremete
¢ ARHEREY UHIC| EO0LEYI 01 E A 7 S AREREEN UHIC|E0FEIO] HA| 8




- 7IZA710)
ulll

B simulation (£ dA|7I &)

- 712714

[ ps dﬂ.q ns SD.Q ns WZD.Q ns IED‘ID ng EDD.ID ne 240\0 ng
M ZTE s
| i L
sub [
a ] ¥ Tim y I y T i
b N N I X ] )(; -
cin 1 [ 1
cout l\ | ! \J D_
s T AL Ty TT0T YR TOW S OTT (e To0T § To0
€0 1At il
AHIC| EOLEY O E A 9 A UEEHPEEL UHICIEOIEO-E A 10
g Shifter g 84 =471
ulll il
W Barrel Shifter A B 2714 A4 (unsigned)
« PHHO] 08 HIEQTE)E O|SAIZE £ l 1101 Multiplicand (13)
U= ZULIE (shift 3 2=count) , . x) 1011 Multiplier(11)
m 9 A shifter  |«<—coun 1101
l 1101
0000
count[0] F 1101
a 10001011 Product(143)
count )
7F =
vy " 27|
count[2] 2x1 multiplexer2 1%
A A<<2 « ZUTE A HHE S47]
count[3] = n-17H9Q] n-bit 7}LH7|& AL
sz e . R A
= 17H9] n-bit 7}At7|12 ALR
F - OPHO| OF RI2|A B4 £ >t 40
B AZE AMI}ALE: A<<count > EEER7} 1AW
D HMICHE
AHIC| E0LEY O] E A 11 FUREIZREN UAHICI EOIEO-E A 12




g HIE =271
il

m nHIE HiY BT B omom
= N-DJHQ nHIE ZHATI A T A2 ? Alp Ao[? §]
. 02 OOl BEe b 0 A
FACH 2100l HAATR 7S | U] O] O
4-bit adder ko
A3 A2 Al A0

—} 4-bit adder F 0

A3 A2 Al A0

J o oo

v U0 0"
y

— A ] Fa e Paded aad]
R N o |
sliysIRsiigs

— Fal{ FalF
| oa | M| oa

r‘ 4-bit adder |-o b b IG B3
N N N N
S7 S6 S5 S4 S3 S2 S1 S0 |
| | | |
B SHAAAMLAIR :A*B > SHET AR 2 ZA7) AW s7 S6 S5 S4 S3 s2 s1 )
Ch M| LH O il
38 UHIC| E0LEYI01 H A 13 S AREREEN UHIC|E0FE 0] HA| 14
g Carry Save HiE 5471 wym 85 &4 SAT|
sl sl
B carryS Wi EQ| SIAt2| A0 A3 oo b B 2702 34 AP
Ct2 E9Q X2z M b tj tj O 1101 Multiplicand
A3 A2| A|1 A? a1 x) 1011 Multiplier
Ej 1101
_ 1101 - Shift Left Multiplicand
HA | A | o Ha | Hfwa ] 100111
0000
nand i 100111
B2 1101

Y

A3 a2 a1
,—{ FA il FA il FA il%]é
I | | |
7 s6 ss  s4  s3 s2 s S0
il (1 fedgm|
HBEEREL QM| OLEQ0f 217 15

10001111  Product

m EAHEAT
= O B0l multiplier 1XF2|2} 243 7|4
» datapath 2} control unit 2 314&
= datapathg HAHIOIHA LT HIOjAZ Y9
= control unitOjl | =t & M2 HOHZE 38

3 S AICH Sl
JHREEREN QUHIC] ZOFE Q0] &) 16




wyg Datapath
nllE

H Algorithm
M = multiplier (n-bit)
A = multiplicand (n-bit)
P=0 (2n-bit)
repeat ntimes do

if (M[0]=1) P, =P, +A

shift right M
shift right P
end

Datapath

clk--+ m-cand A

lin

clk----t»c product

p

Py P2| upper half ‘
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o
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———.. shift-right
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multiplier « - -

add! (bit 0)
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— shift-right

= multiplicand& shift-leftOt= 23 210 productE shift-right3t
= n-bit adder 8! n-bit multiplicand register Al

module Datapath (pruduct, word1l, word2, Load, Shift, Add, reset, clock);
output [7:8] product;
output m8;
input [3:8] word1, word?2;
input Load, Shift, Add, clock, reset;
req [7:8] product;
req [3:8] multiplier, multiplicand;
reqg c_out;
wire mB@;

word1 : multiplicand
word2 : multiplier

control unitjl A MIOjA1 B E 25

assign m@ = multiplier[9];

always @ {posedge clock or posedge reset) begin
if (reset) begin
multiplicand <= @; multiplier <= 8; product <= 8;
end else if (Load) begin
multiplicand <= word1; multiplier <= word2; product <= 8;
end else if (Shift) begin
multiplier <= multiplier >> 1;
{c_out, product} <= {c_out, product} >> 1;
end else if (Add) begin
{c_out, product[7:4] } <= product[7:4] + multiplicand;

end
end
endnodule
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B Verilog description

module multiplieri({product, Ready, word1, word?, Start, reset, clock, state};
output [7:8] product;
output Ready;
input [3:98] wordi, wordZ;
input Start, clock, reset;
output [3:8] state;
wire mB, Load, Shift, Add;

f# For observation

Datapath u1l (product, m@, word1, word2, Load, Shift, Add, reset, clock);
Controller u2 (Load, Shift, Add, Ready, mB, Start, reset, clock, state};
endmodule

Datapath= Q0| ™O| 2%

b 1 HIHOF L
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‘. ‘. // Hext state and control output logic
B =] 3 always B (state or Start or m@) begin

module Controller (Load, Shift, Add, Rea
output Load, Shift, Add, Ready;
input m@, Start, clock, reset;
output [3:8] state; ff For o
reqg [3:8] state, next_state;
parameter 58 = B8, §1 = 8, 82 = 9, 83

dy, m@, Start, reset, clock, state);

bservation

= 18, s4 = 11,

85 = 12, §6 = 13, S7 =14,

58 = 15;

reg Load, Shift, Add;
wire Ready;

// State transition

always @ (posedge clock or posedge v
if (reset) state <= 50;
else state <= next_state;

A7|4EN B40] ZIWEIL 87 HENS
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eset) begin

end .
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Load = 8; Shift = 8; Add = B;
case (state)
s8: if (Start) begin Load = 1; next_state = $1; end
else next_state = 3$8;
81: if (m@) begin Add = 1; next_state = 52; end
else begin Shift = 1; next_state = $3; end
s2: begin Shift = 1; next_state = $3; end
S3: if {(m@) begin Add = 1; next_state = Si; end
else begin Shift = 1; next_state = $5; end
Sh: begin Shift = 1; next_state = $5; end
85: if (mB) begin Add = 1; next_state = 36; end
else begin Shift = 1; next_state = S7; end
S6: begin Shift = 1; next_state = S7; end
S7: if {mB) begin Add = 1; next_state = $8; end
else begin Shift = 1; next_state = $8; end
S8: begin Shift=1; next_state = $8; end
default: next_state = 58;
endcase
end

assign Ready = (state==58) && "“reset;
endmodule
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| clock Ny Ny O o O sy O ey O ey IO ey RO e IO ey R clk—m-cand p— Load
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| Start 1 multiplier | o
|| Feady R e n+1.
| resat 1 | Shift
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|| = Datapathiu,., LI T A T T 00 Add-shift
o Datapathiu,,, 000 011
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= Il All = Il All
e HIE =471 myp HIE S471
——
il Mulliplicaud—bllm (13) module Datapath {product, m8, word1, word?, Load, Shift, Add_Shift, reset, clock);
B A A0 apA Multiplier =———a1011 (11) output [7:8] product;
ﬁ"ligﬁ?l output m@;
Partial To011T input [3:8] wordi, word?;
Pmdixcts} 0000 input Load, Shift, fAdd_Shift, clock, reset;
: 100111 req [7:8] product;
( reg [3:8] multiplier, multiplicand;
10001111 (143) wire [4:8] sum; /| 5-bit

initial contents of product register 0 0 0 0 0{1 0 1 1 4—M (1) assign m@ =_pruduct[l]]i L. i

(add multiplicand since M=1) 1101 (13) ai51gn ;um = p;uduc;[?l;h] * '""15“31103":’ beai

afier addition always @ (posedge clock or posedge EES? ) begin o

. -— M if (reset) begin multiplicand <= 8; product <= 8; end

aﬁcrshlftl . ‘ 00110110 1%4— else if (Load) begin

(add multiplicand since M=1) 1101 1 multiplicand <= wordi;

afler addition J—Q—O—I—J—I—:I_TO—J- product <= {4'b8, word2};

after shift 010011 1 0 -+—M end else if {(Shift) begin ,

(skip addition since M=0) L product <= product >> 1; /I product <= {1'b0, product[7:1]};

after shift Q010011 1j14—M end else if (Add_Shift) begin

(add multiplicand since M=1) 1101 B product[7:3] <= sum; _ .

after addition T product[2:8] <= product[3:1]; /I product <= {sum, product[3:1]};

after shift (finallanswer) 01000111 l_l (143) end end

P . - endmodule
dividing line between product and multiplier
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module Controller (Load, Shift, Add_Shift, Ready, m@, Start, reset, clock, state);

L: Load output Load, Shift, Add_Shift, Ready;
R: Ready input m#, Start, clock, reset;
S: Shift output [2:8] state;
A-S' Add-Shift veqg [2:08] state, next_state;
. -oni parameter 58 = 8, 51 = 4, 83 =5, 85 = 6, 87 = 7;
wire Load, Shift, add_Shift, Ready;
always @ (posedge clock or posedge reset) // State transitions
if {reset) state <= 358;
else state <= next_state;
(%)
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e HIE =471 myp HIE =471
ulll ulll
alwag:sls E::::E)or Start or m@) begin // Hext state logic B Simulation
o9: Af (Start) mext state = S1; else next_state - 56; ol x
$1: next_state = $3; Lol =181x]
§3- next state = S5; Master Time Bar:| 4200 ns J_»'Pointer:| 74,06ns  Interval:| -345,94 ne Start:| Ops End:[ 20us
$5:  mext_state = 57; ps__ 400ns _ 800ns  1200ns _ 160Qns _ 2000ns |
§7: next_state = 58; Mame . . . . .
default: next_state = 58;
endcase [ s clock | | | | | | | | | B
end = waord o7 Y T
SQSEEEPEEE Shift = (state==S1 || state==S3 || state==S5 || state==$7) & mb; | [ word2 Tt X L
assign Shift - (state==S1 || state==S3 || state==S5 || state==S7) & ~m8; =2 ;:°3”°t OO0 OUROTTOT _§_OTTTTT0_§ OUTOTT T (DT ¢ TO0oTTT
assign Load = {state==S@) && Start; = i 1
assign Ready = (state==S8) && “reset; k=d Fieady I
endnodule =d reset
B state 0 L S R G A1 I SR AL (HLY!)
i Datapath:u, .. 0000 b 1077
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L: Load
start/L End' R: Ready
reseta.?'@g) S: shift
n AS: Add-Shift
reset'/R mOI/AS E: Enable (counter)
mO'/S

B Verilog description

= counter
module counter{count, Enable, reset, clock);
output [3:8] count;
input Enable, reset, clock;
req [3:8] count;

always E{posedge clock)
if (reset) count <= @;
else if (Enable) count <= count + 1;
endmodule
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module multiplier3 (product, Ready, word1, word2, Start, reset,
clock);
parameter H=u;
output [2*N-1:8] product;
outpuf Ready;
input [N-1:8] word1, word2;
input Start, clock, reset;
wire m@, Load, Shift, Add_Shift, Enable, End;
wire [3:8] count;

Datapath u1 (product, m@, word1, word2, Load, Shift, Add_Shift,
reset, clock);
Controller u2 (Load, Shift, Add_Shift, Enable, Ready, m@, Start,
End, reset, clock);
counter u3 {count, Enable, Start & ™Enable, clock);
assign End = {count==H-1); 444444*(;4447
endmodule

counter reset A1

mlo

datapath= QFO| W2 ZAl7|Qt Z+
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module Controller {Load, Shift, Add_Shift, Enable, Ready, m#d, Start,
End, reset, clock);
output Load, Shift, Add_Shift, Enable, Ready;
input m@, Start, End, clock, reset;
reg state, next_state;
parameter S8 = 8, S1 = 1;
wire Shift, Add_Shift, Load, Ready;

always @ (posedge clock or posedge reset) // State transitions
if (reset) state <= $8; else state <= next_state;
always @ {state or Start or m@) // Hext state and control logic
case (state)
$8: if (Start) next_state = 51; else next_state = 58;
$1: if (End) next_state = $8; else next_state = §1;
endcase
assign Add_Shift = (state==51) & m@;
assign Shift = (state==51) & ~m@;
assign Load = (state==58) && Start;
assign Enable = {state==51);
assign Ready = {state==58) && “reset;
endmodule
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B Simulation (N=4)

I multiplier3.wf -0l x|
Master Time Bar:[ 420.0ns  «| | Painter:[ 32.28ns  Interval:[-367.72 ns Start:| End:|
ps |
MNarme
d clock
E word 1 o1l b [INHI]
E |#l ward2 TTaT b [A]E]H]
i product 0000000 ¥ I000TTO7 ¥ 070 0§ 0070 0110771 ):( [ NERI
4 Start
2 Feady
| reset
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B Binary notation: B = b, ;b ... b;b,

=1 .
» unsigned(B) = Zﬂ bg*

« signed(B) = —b,42" '+ gbﬂi

B unsigned ZA7|E signed ZA7|E 7HEHOHA| £78 0 WY
= Z|449| bit7} 10| multiplicandS H{OH= 2 CHAIO MMS 408
- WMZ AW £ YL datapathE £F> 20] B4 R (THAT)
= adderZ signed number0]| Lot & 4dl/ui Ao AR Y Dol =
carry-out2 ArE0X] 942 (THAI0 n+1H|E 7z ik43)

= productE shift-right A|Z TH0]| 22 (£] 2] bi)E JAHE L AI0HOF S
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L: Load

R: Ready
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reset/R .
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E signed 241 7]

-=Ldule Datapath {product, m8, wordl, word?, Load, Shif
reset, clock);
output [7:8] product;
output m@;
input [3:8] wordi, word?;
input Load, Shift, ndd_Shift, Sub, clock, reset;

reg [8:8] eproduct; /7 9-bit
req [4:8] multiplicand; /7 5-bit
wire[4:8] sum; // 5-bit

assign product = eproduct[7:8];
assign m@ = eproduct[@];
always B (posedge clock or posedge reset) begin
if (reset) begin multiplicand <= 8; eproduct {
else if (Load) begin
multiplicand <= {wordi1[3],wordi}; // s
eproduct <= {5'b8, word2};
end else if (Shift) /7 signed shift-right
eproduct <= {eproduct[8], eproduct[8:1

t, Add_Shift, Sub,

= 8; end

ign-extension

1k

™E signed 241 7]

module Controller {Load, Shift, Add_Shift, Sub, Enable, Ready, m@, Start,

End, reset, clock);
output Load, Shift, Add_Shift, Sub, Enable, Ready;
input m@, Start, End, clock, reset;
reg state, next_state;
parameter 58 = 8, S1 = 1;

always @ (posedge clock or posedge reset)
if (reset) state <= $8; else state {= next_state;

always @ {state or Start or m@) // Hext state logic
case (state)
§8: if {Start) next_state = §1; else next_state =
S1: if (End) next_state = $8; else next_state = §1
endcase
/# control output logic
assign Add_Shift = (state==S81) & m8;
assign Sub = {state==81) & End & mB;
assign Shift = (state==51) & ™~m@;

/¢ State transitions

50;

else if {Add_Shift) /7 signed add & shift right . _ _ .
Load = tate==38) && Start
eproduct <= {sum[4], sum, eproduct[3:1] }; :gg;gz Ez:hle £5(2t2t9==§1)- art;
end . P .
assign sum = eproduct[&:4] + (Sub ? ~multiplicand : multiplicand} + Sub: assign Ready = (state==S8) && “reset;
sndmodule endmodule
adder/subtractor (sub=1!I{ uhAl) ﬂ MO
— |
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T signed 41l 7] ™ signed 41l 7]: Verilog description
ulll ulll
module smultiplier{product, Ready, word1, word2, Start, clock, reset); B simulation
parameter HN=4; - _
output [2#N-1:8] product; = (-5)*(-3)=15
output Ready;
input [H-1:8] word1, word2; I smultiplier.vwf =10/l
input Start, clock, reset; Master Tirme Bar:[420.0 ns +| +| Pointer:[217.6 ns Interval:[-202.4 ns Start: End:
wire m@, Load, Shift, Add_Shift, Sub, Enable, End; 'lJ | | | |
wire [3:8] count; " ps |
ame
patapath u1 (product, m@, wordi, word2, Load, Shift, Add_Shift, Sub,
reset, clock); d clock
Controller u2? {Load, Shift, Add_Shift, Sub, Enable, Ready, m8, Start, = word] 17T b aaa
End, reset, clock); E word? 1107 W [IN]A]
counter u3 (count, Enable, 3tart & ™Enable, clock); &¢| [ product f T ¥ DE ¥ EF W CF ¥ I
assign End = {count==H-1)}; ? Start EmE]
endmodule ; Ready ] EEEEEw—
E reset
IEN I— i
counter= Qo] 2 Ml 7|9t S
) Rl
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=« K021 2 0f] Df2tA unsigned 4 = signed =4 401
« E 71X 40| R & 7150t 2 datapath?} controllerE £7

o & AF LA - unsigned

ullE
—/_J_ELL& quotient
divisor 1101 IOO%DI 11 dividend
1101
(135 =13 =10 with 0111
a remainder of §) 0000
1111

1101

0101

_0000

0101  remainder

clk wordl word2 Dividing line between
\ \L \L load: 01000011 1! dividend and quotient
't subtract 1101 i Note that_after the shift, the
reset —— (can SuShirrat_cL_:)_ """ i"ﬁ"{j"['j"ﬁ"i"'j_'"i"a"'/rightmost position in the dividend
start —s| —— ready 1101 register Is "empty.”
subtract: 000111111 4—First quotient digit
signed shiftl: 0011111110
\L (can’t subtract) 1101
0: unsigned result shites o i i [11 1 HHoo
1: signed subtract: 000,10 110 1 4—Third quotient digit
shiftL: 001011010
(can't subtract) e
done  remainder quotient
3 S MICH ol o MICH et i
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P | - 1 | - (o] =
Y & At L2171 — unsigned ™ LI el &
ulll il
B datapath Dividend (9-bit) € word1 (8-bit), Divisor < wordl (4-bit)
= dividend®} remainder/quotientES A Al repeat 4 times do
» LA 30 dividend= remainder/quotient2 CHA|E = Shift Left Dividend
= divisorZ shift-rightOt= Zd L £10]| dividendZE shift-left3F = Diff = Dividend[8:4] — {0,Divisor[3:0]} // 5-bit subtraction
= n+1 H|E subtractor Al if (Diff < 0) /1 Diff[4]==
Dividend[0] < O // Quotient = 0
else // Diff[4]==
clk--» divisor +—— Load Dividend[0] < 1, Dividend[8:4] €« Diff  // Quotient =1
end
. Remainder < Dividend[7:4], Quotient& Dividend[3:0]
—> sign
sub
i _ if (Dividend[8:4]>=Divisor) then Overflow
ClK-——-| s dividend & - shift-left
L «— Load
% L AICH S il % AL O il
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o>

By |

sllE
B datapath

=« n+l1 HE

AF LF= 7] - signed

adder/subtractor Al2

clk--~ divisor +— Load

clk--—-}

D% o1 MICH St il

WSS UREIZBEHEN

sub
— slgn load_result
] dividend - - shift-left
+— Load

UHICIEOIE O A 49

mp L= 202z
ullE

Dividend (8-bit) €< word1 (8-bit), Divisor < wordl (4-bit)
repeat 4 times do
= Shift Left Dividend
= if (Dividend and Divisor have same sign)
= Result = Dividend[8:4] — {Divisor[3],Divisor[3:0]}
else
» Result = Dividend[8:4] + {Divisor[3],Divisor[3:0]}
= if (Dividend and Result have same sign or Result is 0)
= Dividend[0] < 1, Dividend[8:4] < Result // Quotient =1
else
= Dividend[0] € O // Quotient = 0
end
Remainder < Dividend[7:4]
if (wordl and word2 have same sign) Quotient& Dividend[3:0]
else Quotient € 2's complement of Dividend[3:0]

AUHICIECIEAI0] 2|
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