CPE/EE 422/522

Chapter 4 - Design of Networks
for Arithmetic Operations

Dr. Rhonda Kay Gaede

UAH

Electrical and Computer Engineering !
UAH Chapter 4 CPE/EE 422/522
4.1 Design of a Serial Adder
with Accumulator - Schematic
Accumulator .
N (Start Signal) — sum;j
i Full
Control  |Sh Y » Adder
Circuit ¢ Ciy
[
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Sh i_\
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4.1 Design of a Serial Adder
with Accumulator - Operation

| x v o sumi c4q

to [0101 0111 O 0 1
t; |ooio 1011 1 0 1
t; |oooi 1101 1 1 1
ty |1000 1110 1 1 0
ty 1100 0111 0 (1) (0)

Present|Next State |Present Output (Sh)
State |[N=0 N=1 [N=0 N=1
Sg |Sp S1 |0 1

S1 [S2 S2 1 1
S2 |83 S3 |1 1
S3 [Sg Sgp " 1
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4.2 State Graphs for Control Networks

* Use variable names instead of Os and 1s
« if Xj and X; inputs are 1, the outputs Z, and Z,
are 1

(all other outputs are 0s)
« X;X,12,2,==1--0/0110

Page 4 of 29

Electrical and Computer Engineering




UAH Chapter 4 CPE/EE 422/522

4.2 State Graphs for Control Networks
- Constraints on Input Labels

« Assume: | — input expression =>
we traverse the arc when I=1
1.If Ij and Ij are any pair of input labels on arcs exiting state Sk, then Ijl;
=0ifi#j.
Assures that at most one input label can be 1 at any given time

2.If n arcs exit state Sk and the n arcs have input labels 11, 12, ..., In,
respectively, then I1 + 12 + ... + In = 1.

Assures that at least one input label will be 1 at any given time

1 + 2: Exactly one label will be 1 =>
the next state will be uniquely defined for every input combination

i . X Page 5 of 29
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4.2 State Graphs for Control Networks
- Constraints on Input Labels (cont’d)

(X1)(X1'X2") =0
(X1)(X1'X2) =0
(X1'X2)(X1'X2) =0
X1+ X1'X2" + X1'%X2 =1

Inputs are X1 X2 X3
(X1 = X2 = 1 not allowed)

[000 001 010 011 100 101 110 111
Sk|Sk Sk Sq Sq Sp Sp - -
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4.3 Design of a Binary
Multiplier - Terms

Multiplicand =——1101 (13}
Mump]ur —b]( 1 (11}
Tio1
]]()1

Partial TOOT1T
Products 0000
1(}()] 11
l(}()(ﬂ 111 {143)

Note: we use unsigned binary numbers

. . . Page 7 of 29
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4.3 Design of a Binary Multiplier -
Block Diagram
product
A
_ 7 _ACC N
Load 8] 7] 6] 5] 4] 3] 2 1] o
C [sh
o Ad A
<
] Tr T
T -~ —
R | one cm 4-BIT ADDER| ~ MUItiPller
Ljs LT
TM multiplicand
Ad — add signal // adder outputs are stored into the ACC
Sh — shift signal // shift all 9 bits to right
Ld — load signal // load multiplier into the 4 lower bits of the ACC and
clegr the upper 5 b|t§ ' Page 8 of 29
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4.3 Design of a Binary Multiplier -
Multiplication Example

initial contents of product register 0000 [)i 101 1+—M(1)

(add multiplicand since M=1) 11011 (13)
after addition 0110 Ii_l 011

after shift 00110 I_!I 014—M
(add multiplicand since M=1) 1101 1

after addition 10011 II_I_ 01

after shift 010011 Iil 04+—M
(skip addition since M=0) L

after shift 0010011 1j14—M
(add multiplicand since M=1) 1101 I

after addition 1000111 ILI_

after shift (final answer) OrToo0o01 11 I! (143)

dividing line between product and multiplicr/

. . . Page 9 of 29
Electrical and Computer Engineering
UAH Chapter 4 CPE/EE 422/522
4.3 Design of a Binary Multiplier -
State Graph
Page 10 of 29
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4.3 Design of a Binary Multiplier -
Behavioral VHDL Model

library BITLIB;
use BITLIB.bit_pack.all;
entity mult4X4 is
port (Clk, St: in bit;
Mplier,Mcand : in bit_vector(3 downto 0);
Done: out bit);
end mult4x4;

architecture behavel of mult4X4 is
signal State: integer range 0 to 9;

signal ACC: bit_vector(8 downto 0); -- accumulator
alias M: bit is ACC(0); -- M is bit 0 of ACC
begin
process
begin
wait until Clk = '17; -- executes on rising edge of clock
case State is
when 0=> -- initial State
if St="'1" then
ACC(8 downto 4) <= "00000"; -- Begin cycle
ACC(3 downto 0) <= Mplier; -- load the multiplier
State <= 1;
end if;
i . X Page 11 of 29
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4.3 Design of a Binary Multiplier -
T J
Behavioral VHDL Model (cont’'d)
whenl|3[|5]|7 => -- "add/shift" State
if M ="'l then -- Add multiplicand

ACC(8 downto 4) <=add4(ACC(7 downto 4),Mcand,'0");
State <= State + 1;

else
ACC <= '0' & ACC(8 downto 1); --Shift accumulator right

State <= State + 2;

end if;
when2 | 4]|6|8=> -- "shift" State
ACC <= '0" & ACC(8 downto 1); -- Right shift
State <= State + 1;
when 9 => -- End of cycle
State <= 0;
end case;

end process;
Done <= "1l' when State = 9 else '0";

end behavel;
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4.3 Design of a Binary Multiplier -
Multiplier Control with Counter

» Current design: control part generates
the control signals (shift/add) and
counts the number of steps

* |f the number of bits is large (e.qg., 64),
the control network can be divided into
a counter and a shift/add control

i . X Page 13 of 29
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4.3 Design of a Binary Multiplier -
Multiplier Control with Counter

St'/0

——=Done

Add-shift —— Load
control | — & Ad

T ]’

Counter

St—|

(a) Multipler control .
(b) State graph for add-shift control
Add-shifts control: tests St and M and generates the proper sequence
of add and shift signals

Counter control: counter generates a completion signal K
that stops the multiplier after the proper number of shifts
have been completed

. . . Page 14 of 29
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4.3 Design of a Binary Multiplier -
Multiplier Control with Counter

CPE/EE 422/522

St—=

Add-shift
control

—=Done

— Load
Ad

Fe

Counter

o

(a) Multipler control

* Increment counter each time a shift
signal is generated

* Generate K after n-1 shifts occured

(b) State graph for add-shift «

st'/0

. . . Page 15 of 29
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4.3 Design of a Binary Multiplier -
Operation Using a Counter
Time State Counter  Product St M K|Load Ad Sh Done
Register
t0 S0 00 000000000 O O O] O O O O
t1 S0 00 000000000 1 O O| 1 O O O
t2  S1 00 ooooofigii]Jo 1 ol 0o 1 o O
t3 s2 o0 011011011 0 1 ol 0 O 1 0O
t4  Si o1 oottoiffioid o 1 o]l 0 1 o o
t5 S2 01 100111101 0 1 Oof O O 1 O
t6  Si1 10 otwoo11ficlo o ol 0 o 1 o
t7 S1 11 o0oiooi1il o 1 1]l o 1 0O O
t8 52 11 10001111ffJ o 1 1| 0o o0 1 0
t9 S3 00 010001111 0 1 ol 0o ©0 O 1
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4.3 Design of a Binary Multiplier -
Array Multiplier

X3 X2 X1 Xo  Multiplicand
Y3 Y2 Y1 Yo  Multiplier
X3Yo X2Yo XiYo XoYo partial product O
X3¥1  X2Y¥Y1  Xi1Y1 XoYi partial product 1
Ci2 C11 Cio 1st row carries
Ci13 S13 S12 S11 S10 1st row sums
X3Y2  X2Y2  XiY2  XoY2 partial product 2
C22 Ca1 Cz0 2nd row carries
Co3 Sa23 So2 So1 S20 2nd row sums
X3Y3  X2Y3z Xi1Y3  XoY3 partial product 3
C32 C31 C3o 3rd row carries
C33 533 S32 S31 S30 3rd row sums
Pz Pe Ps P4 P3 P2 P1 Pg final product
What do we need to realize AND gates = ?
Array Multiplier? FA=?
. . . HA="? Page 17 of 29
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4.3 Design of a Binary Multiplier -
H M J
Array Multiplier (cont’d)
1 1 1 1 1 1
: : : X3Yp : XaYp : XqYg : XoYo
1 1 1 1 1 1
1 1 1 1 1 1
1 x 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1
I I . P
1 1 1
X3Yz |C13 X2Y2 101
I I I
1 C 1 1
' 22! '
. cal A
AT :
X3¥3 |C3 Xa¥3 |Sp3 XqY3 '
! ! !
C32 C31, '
Fal— Fal— :
lcss ITlsss : $32 :
1 1 1
Pz Pg . Ps . .
. o Page 18 of 29
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4.3 Design of a Binary Multiplier -
Array Multiplier (cont’d)

» Complexity of the N-bit array multiplier
—number of AND gates = ?
—number of HA =7
—number of FA="7?
* Delay
—tg — longest AND gate delay
—tad — longest possible delay through an
adder

i . X Page 19 of 29
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4.4 Multiplication of Signed
Binary Numbers

* How to multiply signed binary numbers?

* Procedure
— Complement the multiplier if negative
— Complement the multiplicand if negative
— Multiply two positive binary numbers
— Complement the product if it should be negative
» Simple but requires more hardware and time
than other available methods

. . . Page 20 of 29
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4.4 Multiplication of Signed
Binary Numbers

* Four cases
— Multiplicand is positive, multiplier is positive
— Multiplicand is negative, multiplier is positive
— Multiplicand is positive, multiplier is negative
— Multiplier is negative, multiplicand is negative

* Examples
— 0111 x 0101 = ? - Preserve the sign of the partial product

_1101x0101 = ateachstep

_5 " If multiplier is negative, complement
- 0101 x 1101 =" the multiplicand before adding it in at
—1011x 1101 =7  thelaststep

Page 21 of 29
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4.4 Multiplication of Signed Binary
Numbers - 2’s Complement Multiplier

product
" ACC
Load 8 i 6] 5 4 3] 2] 1] 0
sh A Lo
C[Ad o A A S N
0< F 3 A A T T T T
N Clk -
T multiplier
R 5-BIT FULL ADDER  Cin [ €M
Done
o —
. — [ [ 1
L —
Cm 1's COMPLEMENTER
" P11
~—
multiplicand

. . . Page 22 of 29
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4.4 Multiplication of Signed Binary
Numbers - State Graph

i . X Page 23 of 29
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4.4 Multiplication of Signed Binary

Numbers - Faster Multiplier

product
_A._
L A {accumulator) B ™
O 3 2] 1, o 1 2 1, [
c [Adsh oo : :
; B
N
-
T D multiplier
R % || 4-BIT FULL ADDER Cin cm
o | st
L
1's COMPLEMENTER
M
;"Y'—/
multiplicand

» Move wires from the adder outputs one position to the right =>
add and shift can occur at the same clock cycle

- A Page 24 of 29
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4.4 Multiplication of Signed Binary
Numbers - New State Graph

St'/o

St/Load

M/AdSh
M'/Sh

M/Cm AdSh
M'/Sh

M/AdSh M/AdSh
M'/Sh M'/Sh
. . . Page 25 of 29
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4.4 Multiplication of Signed Binary
Numbers - New Behavioral Model

library BITLIB;
use BITLIB.bit pack.all;

entity mult2C is
port (CLK, St: in bit;
Mplier,Mcand : in bit_vector(3 downto 0);
Product: out bit vector (6 downto 0);
Done: out bit);
end mult2C;

architecture behavel of mult2C is
signal State : integer range 0 to 5;
signal A, B: bit_vector(3 downto 0);
alias M: bit is B(0);
begin
process
variable addout: bit_vector(4¢ downto 0);
begin
wait until CLK = '1";
case State is

when 0=> -- initial State

if St="1" then
A <= "0000"; -- Begin cycle
B <= Mplier; -- load the muiltiplier
State <= 1;

end if;

. . . Page 26 of 29
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4.4 Multiplication of Signed Binary
Numbers - New Behavioral Model

whenl|2]|3 == "add/shift" State

if M ="1"then
addout := add4(A,Mcand,'0"); -- Add multiplicand to A and shift
A <= Mcand(3) & addout(3 downto 1);
B <= addout{0) & B(3 downto 1);

else
A <= A(3) & A3 downto 1); -- Arithmetic right shift
B <= A(0) & B(3 downto 1);

end if;
State <= State + 1;

when 4 => add complement if sign bit
if M = "1" then == of multiplier is 1

addout := add4{A, not Mcand,'l");
A == not Mcand(3) & addout(3 downto 1);
B <= addout(0) & B(3 downto 1);
else
A<= A(3) & A(3 downto 1); -- Arithmetic right shift
B <= A(0) & B(3 downto 1);
end if;
State == 5; wait for 0 ns;
Done == '1"; Product == A(2 downto 0) & B;

when 5 => -- output product
State == 0;
Done == "'0";
end case;

end process;
end behavel;
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4.4 Multiplication of Signed Binary
Numbers - Simulation

command file to test signed multiplier
list CLK St State A B Done Product
forcest 1 2,022
force clkk 1 0, 0 10 - repeat 20
-~ (5/8 = -3/8)
force Mcand 0101
force Mplier 1101

run 120
ns delta CLK St State A B Done Product
0 +1 1 0 ] aooo 0000 0 0000000
2 +0 1 1 i} 0ooo 0oon 0 0oooooo
10 +0 1] 1 ) aooo Q000 V] 0000000
20 +1 1 1 1 0000 1101 0 0000000
22 +0 1 0 1 0000 1101 0 0000000
30 +0 i) 0 1 o000 1101 V] 0000000
40 +1 1 0 2 0010 1110 0 0000000
50 +0 ] 0 2 o010 1110 0 0000000
60 +1 1 0 3 0001 0111 0 0000000
70 +0 1] 0 3 0001 0111 0 0000000
&0 1 1 0 4 0011 0011 0 0000000
a0 +0 0 0 4 0011 0011 ] 0000000
100 +2 1 0 5 1111 0001 1 1110001
110 +0 1] 0 5 1111 0001 1 1110001
120 +1 1 0 0 1111 0001 ] 1110001

. L Page 28 of 29
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4.4 Multiplication of Signed Binary

Numbers - Test Bench

library BITLIE;
use BITLIB.bit pack.all;
entity testmult is end testmult;

architecture testl of testmult is
component mult2C
port(CLK, St in bit;
Mplier,Mcand : in bit_vector(3 downto 0);
Product: out bit_vector (& downto 0);
Done: out bit);
end component;
constant N: integer :=
constant Mcandarr: arr :
“1000", "0000",
constant Mplierarr: : "gL01", "1101", "1101", "O0111", "0111", "1000",
"1000", "1101",
signal CLK, St, Done: bit; signal Mplier, Mcand: bit vector(3 downto 0);
signal Product: bit_vector{& downto 0);
begin
CLK == not CLK after 10 ns;
process
begin
foriin 1 to N loop
Mcand == Mcandarr(i); Mplier == Mplierarr{i); St <="1";
wait until rising_edge(CLK); St <= '0"; wait until falling_edge{Done);
end loop;
end process;
multl: mult2c port map(Clk, St, Mplier, Mcand, Product, Done);
end Lestl;

; type arr is array(1 to N) of bit_vector(3 downto 0);
‘01117, "1101%, "0101", "1101", "0111", "1000", "0111",
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