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7 0111 1111 0111 0111
6 0110 1110 0110 0110
5 0101 1101 0101 0101
4 0100 1100 0100 0100
3 0011 1011 0011 0011
2 0010 1010 0010 0010
1 0001 1001 0001   0001
0 0000 1000 0000 0000
-0 1000 1111
-1 1001 0111 1111 1110
-2              1010   0110 1110 1101
-3 1011 0101 1101 1100
-4 1100 0100 1100 1011
-5 1101 0011 1011 1010
-6 1110 0010 1010 1001
-7 1111 0001 1001 1000
-8                                        0000 1000

Signed-
magnitude

Biased Two’s 
complement

One’s 
complement

��

Signed number X

Unsigned Representation R(X)

Bit vector  (xK-1xK-2...x0.x-1...x-L)

Binary mapping

Representation 
mapping
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1 – xi = xi

1 – xixi xi

0
1

1
0

1
0

|X| =
X when X ³ 0

- X when X < 0
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OC(X)  =  X = 2K – 2-L - X

For 
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X x
-

=-

= ×� ³ 0

0 £ OC(X) £ 2K – 2-L

OC(OC(X)) = X

def

K-1   K-2  ... 0 -1    -2   ... -L

1    1   ... 1 . 1    1   ... 1
– xK-1 xK-2 … x0 . x-1 x-2 ... x-L

xK-1 xK-2 … x0 . x-1 x-2 ... x-L

Properties:

X = xK-1 xK-2 … x1 x0 . x-1 x-2 … x-L
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R(X)  = 

X                 for   X > 0

0 or OC(0)  for   X = 0

OC(|X|)       for  X < 0

For         –(2K-1 – 2-L) £ X £ 2K-1 – 2-L

0 £ R(X) £ 2K – 2-L

def
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-8  -7  -6  -5  -4  -3 -2  -1  0   1    2   3 4   5   6   7   

0   1    2   3 4   5   6   7   8   9  10 11 12 13 14 15

X
K=4
L=0

X>0 0 X<0

X+2K-1 = 2K-1 - |X|0,
2K-1
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X + 2-L = 2K – X for X > 0

For 

,��;�����������
�,����2����
����6�7

def

Properties:

TC(X)  = 0                           for X = 0

0 £ TC(X) £ 2K – 2-L

TC(TC(X)) = X

2K – X = 2K – X – 2-L + 2-L =

= (2K – 2-L – X)+2-L = X + 2-L

1

2
K

i
i

i L

X x
-

=-

= ×� X = xK-1 xK-2 … x1 x0 . x-1 x-2 … x-L

invert all bits and add LSB to
form two's complement
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For 
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X x
-

=-

= ×� ³ 0

X + 2-L mod 2K = 2K – X mod 2K
def

TC(X)  =
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R(X)  = 
X for   X ³ 0

TC(|X|)      for  X < 0

For         –2K-1 £ X £ 2K-1 – 2-L

0 £ R(X) £ 2K – 2-L

def
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-8  -7  -6  -5  -4  -3 -2  -1  0   1    2   3 4   5   6   7   

0   1    2   3 4   5   6   7   8   9  10 11 12 13 14 15

X
K=4, L = 0

X>0 0 X<0

X+2K = 2K - |X|0
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LIBRARY IEEE;
USE ieee.std_logic_1164.all;
USE ieee.std_logic_arith.all; ��� � �������2�������	�����	������
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USE ieee.std_logic_unsigned.all;
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LIBRARY IEEE;
USE ieee.std_logic_1164.all;
USE ieee.std_logic_arith.all; � �����2�������	���	������
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USE ieee.std_logic_signed.all;
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LIBRARY IEEE;
USE ieee.std_logic_1164.all;
USE ieee.std_logic_arith.all;
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LIBRARY IEEE;
USE ieee.std_logic_1164.all;
USE ieee.numeric_std.all;
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• U6.2 :  0100.01  = (4.25) 10

• U9.3 : 000100.01 0 = (4.25) 10
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• S6.2 :  1100.01  =   -(0011.11) =(-3.75) 10

• S9.3 : 111100.01 0 = -(000011.110)=(-3.75) 10
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• U6.2    :  0100.01  = (4.25) 10
• U6.2 x 2: 01000.1 0 = (8.50) 10 = U7.2
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• U6.2    :  0100.01  = (4.25) 10
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• S6.2    :  1100.01  =(-3.75) 10
• S6.2 x 2: 11000.1 0 = (-7.5) 10 = S7.2
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• S6.2    :  1100.01  =(-3.75) 10
• S6.2 x 2:  1110.001  = (-1.875) 10 = S7.3
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• U6.2    :  0100.01  = (4.25) 10
• U6.2 x 2:  01000.1  = (8.50) 10 = U6.3
• U6.2 / 2:  010.001  = (2.125) 10 = U6.5

� ��	�
����!��I/1�%! ���
��"��!6
� �I/�1����%! ���
���� 

- ��"���
� �I/�1R���%! ���
���
%
���"���

� 0�!�- �6
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• S6.2 x 2:  11000.1  = (-7.50) 10 = S6.3
• U6.2 / 2:  110.001  = (-1.875) 10 = S6.5
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x

y

c

s
HA

x + y = ( c  s )2
2   1

x y c s
0
0
1
1

0
1
0
1

0
0
0
1

0
1
1
0
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s = xy + xy

b)

a)

s = x Å y

c = xy

c = x + y
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x
y

cout

s
FA

x + y + cin = ( cout s )2
2       1

x y cout s

0
0
0
0
1
1
1
1

0
0
1
1
0
0
1
1

0
0
0
1
0
1
1
1

0
1
1
0
1
0
0
1

cin

0
1
0
1
0
1
0
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cin
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a) s = (x Å y) Å cin

cout = xy + cin (x Å y)

s

c

c
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s = x Å y Å cin = xycin + xycin + xycin + xycin

cout = xy + xcin + ycin
b)
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x
y

A2

A1

XOR
D

0 1

Cin

Cout

S

p

g

Implementation used to generate fast carry logic 
in Xilinx FPGAs

x y cout
0
0
1
1

0
1
0
1

y

y

cin
cin

p = x Å y
g = y
s= p Å cin = x Å y Å cin
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FA

x0 y0

s0

c1
FA

x1 y1

s1

c2
FA

x2 y2

s2

c3
FA

x3 y3

s3

c4
FA

x4 y4

s4

c5
FA

x5 y5

s5

c6
FA

x6 y6

s6

c7
FA

x7 y7

s7

c8

Machine Programmer

0 0 0 1 0 0 1 1
1 0 0 0 0 1 0 1
1 0 0 1 1 0 0 0

111

Unsigned
mind

Signed
mind128  64  32  16  8    4     2    1weight

carry

X
Y
S
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C = 1       if      result > MAX_UNSIGNED   or  
result < 0

0       otherwise

where MAX_UNSIGNED = 28-1  for U8.0 number
216-1 for U16.0 number

V = 1       if      result > MAX_SIGNED   or  
result < MIN_SIGNED

0       otherwise
where  MAX_SIGNED   =   27-1  for S8.0 number

215-1  for S16.0 number
MIN_SIGNED  =   -27 for S8.0 number

-215 for S16.0 number

Carry flag - C

Overflow flag - V

out-of-range for unsigned numbers

out-of-range for signed numbers

!�
��2����	�)!#��2������
��
���

��

Indication of overflow

Positive
+   Positive
=   Negative

Negative
+   Negative
=   Positive

Formulas

Overflow2’s complement= xK-1 yK-1 sK-1 + xK-1 yK-1 sK-1 = 

= cK Å cK-1

!#��2����2���
�	����@�� ���

Numbers of opposite signwill not overflow with addition
(overflow is possible with opposite signs in subtraction)
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Two’s complement

0 0 1 0 1        5
1 0 1 1 0     -10

-16  8  4 2  1

0 1 1 0 1 1       -5

Numbers of the same sign Numbers of the opposite sign

0 1 0 1 0      10
1 1 0 1 1      -5

-16  8  4 2  1

1 0 0 1 0 1       5

carry does not indicate overflow

1 1 0 1 1        -5
1 0 1 1 0      -10

-16  8  4 2  1

1 1 0 0 0 1      -15

cK = cK-1 � no overflow

0 0 1 1 1         7
0 1 0 1 0       10

-16  8  4 2  1

0  1 0 0 0 1      -15

cK different from cK-1 � overflow

,��;�����������
�$���
��������!#��2���

R

R

R

R

carry: 1  1  1  0 carry: 1  1  1  0 

carry: 1  1  1  0 
carry: 1  0  1  0 
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Example:    1111.01 +

1110.10 =
11101.11
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library IEEE;

use IEEE.STD_LOGIC_1164.all;

use IEEE.STD_LOGIC_ARITH.all;

use IEEE.STD_LOGIC_UNSIGNED.all;

entity adder_unsigned is

port(

a : in STD_LOGIC_VECTOR(1 downto 0);

b : in STD_LOGIC_VECTOR(1 downto 0);

sum : out STD_LOGIC_VECTOR(1 downto 0));

end adder_unsigned;

architecture arch of adder_unsigned is

begin

sum <= a + b;

end arch;
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Example:    1000.00 +

1000.00 =
10000.00
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Example:   00111.01 +

00110.10 =
001101.11library IEEE;

use IEEE.STD_LOGIC_1164.all;

use IEEE.STD_LOGIC_ARITH.all;

use IEEE.STD_LOGIC_UNSIGNED.all;

entity adder_unsigned_carryout is

port(

a : in STD_LOGIC_VECTOR(1 downto 0);

b : in STD_LOGIC_VECTOR(1 downto 0);

sum : out STD_LOGIC_VECTOR(2 downto 0));

end adder_unsigned_carryout;

architecture arch of adder_unsigned_carryout is

signal tempsum : std_logic_vector(2 downto 0);

begin

tempsum <= ('0' & a) + ('0' & b); -- pad with ‘0’ befo re addition

sum <= tempsum; -- alternatively, sum(2) is the carr yout, i.e. overflow flag

end arch;
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0110.10 =       1001.00 =
01101.11        10001.00 
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library IEEE;

use IEEE.STD_LOGIC_1164.all;

use IEEE.STD_LOGIC_ARITH.all;

use IEEE.STD_LOGIC_SIGNED.all;

entity adder_signed is

port(

a : in STD_LOGIC_VECTOR(1 downto 0);

b : in STD_LOGIC_VECTOR(1 downto 0);

sum : out STD_LOGIC_VECTOR(1 downto 0));

end adder_signed;

architecture arch of adder_signed is

begin

sum <= a + b;

end arch;
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Example:   00111.01 +

00110.10 =
001101.11library IEEE;

use IEEE.STD_LOGIC_1164.all;

use IEEE.STD_LOGIC_ARITH.all;

use IEEE.STD_LOGIC_SIGNED.all;

entity adder_signed_carryout is

port(

a : in STD_LOGIC_VECTOR(1 downto 0);

b : in STD_LOGIC_VECTOR(1 downto 0);

sum : out STD_LOGIC_VECTOR(2 downto 0));

end adder_signed_carryout;

architecture arch of adder_signed_carryout is

signal tempsum : std_logic_vector(2 downto 0);

begin

tempsum <= (a(1) & a) + (b(1) & b); -- sign extend be fore addition

sum <= tempsum; 

end arch;

�+	����� QR�

�
�

$���
�����2�
�	����@�� ���

��������R���L�������

��������R����L�������

��������R����L��@����

�������R����L������

�������R����L�������

��������R����L��@����

��������R����L��<����

�������R����L�������

�������R����L�������

��������R���L������

��������R���L�������

�������R���L������

�������R���L������

��������R���L�������

�������R���L������

�������R���L������

�&.�!	����,,>#&:
E�I�,>

�&.�
E�I�,>

�&.�L���R�E
(0��.�1

E����"

�������"

��

,0(�
	�
�!
��� �����'�
	'���!

�	��
/�/�
	������
�! 	�)����
'��!�����
�	�
�5�-
�!	��$��
�
�
���
���
+	� ��
�	���&./
.��
��
+	���
�	���-��!	���  �2��� !��


�	/



�
�

$����	�,��;�����������
�@�� ���'���
��
��	�
!#��2�������(���
library IEEE;

use IEEE.STD_LOGIC_1164.all;   

use IEEE.STD_LOGIC_ARITH.all;

use IEEE.STD_LOGIC_SIGNED.all;

entity adder_signed_overflow is

port(

a : in STD_LOGIC_VECTOR(1 downto 0);

b : in STD_LOGIC_VECTOR(1 downto 0);

sum : out STD_LOGIC_VECTOR(1 downto 0);

overflow : out STD_LOGIC );

end adder_signed_overflow;

architecture arch of adder_signed_overflow is

signal tempsum : std_logic_vector(1 downto 0);

begin

tempsum <= a + b; -- need signal because accessing va lue on right-hand side of equation below

overflow <= '1' when ((a(1)='1' and b(1)='1' and te mpsum(1)='0') or (a(1)='0' and b(1)='0' and 
tempsum(1)='1')) else '0';

sum <= tempsum; 

end arch;
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• Binary:   1.101 x 1.1001 = 10.1000101
• Decimal:  1.625 x 1.5625 = 2.5390625
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• Binary:   1.000 x 1.000 = 01.000000
• Decimal:  -1 x -1 = 1
• Binary:   0.111 x 0.111 = 00.110001
• Decimal:  0.875 x 0.875 = 0.765625
• Binary:   1.000 x 0.111 = 11.001000 
• Decimal:  -1 x  0.875 = -0.875
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VHDL    98 76543210

S10.8 = XX.XXXXXXXX

S9.8  =  X.XXXXXXXX

S5.4  =  X.XXXX
:��	�!

�	�
	
��������� 
+�
�
	!����!���
	����
��
"��!����!--���
�!

	+�!�	��"���)

��!� ���
-���
���	��"��/��	����
�! ��-
�L�@/�<�2��B2O
�!	�"��
��	�!
���
��
)��'�!�

�	! ��
+

��!	��
!--���
�!
���"��@/�<�

�

E

>

�
�

(��������

library ieee;
use ieee.std_logic_1164.all;   
use ieee.std_logic_arith.all;
use ieee.std_logic_signed.all;

entity multiplier_trunc is
port(

a : in std_logic_vector(4 downto 0); -- S5.4
b : in std_logic_vector(4 downto 0); -- S5.4
y : out std_logic_vector(4 downto 0)); -- S5.4

end multiplier_trunc;

architecture dataflow of multiplier_trunc is
signal multout : std_logic_vector(9 downto 0); -- S10. 8

begin
multout <= a * b ; -- S10.8
y <= multout(8 downto 4) ; -- S5.4 after removing MSB and truncating

end dataflow;


