IMPLEMENTATION OF FLOATING POINTAND
LOGARITHMIC NUMBER SYSTEM ARITHMETIC UNITS
AND THEIR COMPARISON FOR FPGA

A DISSERTATION

Submitted in partial fulfillment of the
requirements for the award of the degree
of
MASTER OF TECHNOLOGY
in |
ELECTRONICS AND COMPUTER ENGINEERING
(With Specialization in Semiconductor Devices & VLS! Technology)

By

DEPARTMENT OF ELECTRONICS AND COMPUTER ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE -247 667 (INDIA)

- JUNE, 2008



CANDIDATE’S DECLARATION

I hereby declare that the work, which is being in this dissertation report, entitled
“Implementation of Floating Point and Logarithmic Number System Arithmetic Units and
their Comparison for FPGA”, is being submitted in partial fulfillment of the requirements for
the award of the degree of Master of Technology in Semiconductor Devices and VLSI
Technology, in the Department of Electronics and Computer Engineering, Indian Institute of
Technology, Roorkee is an authentic record of my own work, carried out from June 2007 to
June 2008, under guidance and supervision of Dr. A.K.Saxena, Professor, Department of

Electronics and Computer Engineering, Indian Institute of Technology, Roorkee.

The results embodied in this dissertation have not submitted for the award of any other Degree or

Diploma.

Date: June 20, X008 | W

Place : Roorkee Amit Kumar

CERTIFICATE

S — —

This is to certify that the statement made by the candidate is correct to best of my knowledge and
belief.

P

Dr. A.K. Saxena

Professor



ACKNOWLEDGEMENT

—

At the outset, I express my heartfelt gratitude to Dr. A.K. Saxena, Professor, Department of
Electronics and Computer Engineering at Indian Institute of Technology Roorkee, for his
valuable guidance, support, encouragement and immense help. I consider myself extremely
fortunate for getting the opportunity to learn and work under his able superv'ision. I have deep
sense of admiration for his innate goodness and inexhaustible enthusiasm. It helped me to work
in right direction to attain desired objectives. Working under his guidance will always remain a

cherished experience in my memory and I will adore it throughout my life.

My sincere thanks are also due to rest of the faculty in the Department of Electronics and
Computer Engineering at Indian Institute of Technology Roorkee, for the téchnical knowhow
and analytical abilities they have imbibed in us which have helped me in dealing with the

problems I encountered during the dissertation.

I am greatly indebted to all my friends, who have graciously applied themselves to the task of
helping me with ample morale support and valuable suggestions. Finally, I would like to extend
my gratitude to all those persons who directly or indirectly helped me in the process and

-

contributed towards this work.

Amit Kumar

M. Tech. (SDVT)

ii



ABSTRACT

Floating point (FP) representation is commonly used to represent real numbers. Some papers
have suggested the use of logarithmic number system (LNS) in addition to floating point. In
LNS, a real number is represented as a fixed point logarithm. Therefore, multiplication and
division in LNS are much simpler in comparison to that in FP, so the LNS can be beneficial if
addition and subtraction can be performed with speed and accuracy equivalent to FP. LNS
addition and subtraction requires interpolation technique for which some vales are stored in read
only memory (ROM). In this dissertation, different sizes of ROMs are used for addition and
subtraction, and their performances are compared to themselves and also to the floating point. To
obtain good accuracy in LNS addition and subtraction, more values should be stored in the
ROM. As a result, FPGA utilization increases. FP addition and subtraction are simple and does
not require ROM. The problem is more aggravate in subtraction because the value of log, x
varies from -1 to - as x varies from 0.5 to 0. So, more values are stored in ROM for x variation
" between 0.5 and 0. These values of x do not occur during addition, This is the reason that in LNS
subtraction while increasing the ROM size, the values are added for the variation of x from 0.5 to
0 and keeping rest of the ROM same. One more problem with LNS addition and subtraction is
that same ROM can not be used for both the operations. In this dissertation, LNS addition and
subtraction are also performed using the fixed size ROM (46 values) without using interpolation
and the advantage of this method is that same ROM can be used for both LNS addition and

subtraction.
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Chapter 1

Introduction

1.1 Background

The floating point (FP) [1] and logarithmic number system (LNS) [2,3] are arithmetic
number systems used for representing large real numbers in computer and digital hardware. In
recent years, there has been a lot of work with the logarithmic number system as a possible
alternative to floating point. There has even been a proposal for a logarithmic microprocessor.
Most of this work though has been algorithms for LNS addition/subtraction because these are
complicated operations in LNS. Most of the implementations use single (32-bit) or double (64-
bit) precision for representing floating point and LNS. Using an FPGA gives us the liberty to use
a precision and range that best suits an application, which may lead to better performance.

The dynamic ranges of FP and LNS come at the cost of lower precision and increased
complexity over fixed point. LNS provide a similar range to FP but may have advantages that
multiplication and division in LNS are simplified to fixed-point addition and subtraction. But the
disadvantage of LNS is that addition and subtraction are very difficult to perform in hardware
description language (HDL) [4] and the accuracy depends upon the size of read only memory
(ROM). In this dissertation,l arithmetic operations (addition, subtraction, multiplication and
division) are implemented in HDL and synthesis results for both are compared to find which
number system will suit better to field programmable gate array (FPGA) [3] for real numbers

representation.

1.2 Dissertation Contributions

The key contributions of this dissertation are:

1. The algorithms for FP and LNS arithmetic units having operations addition, subtraction,

multiplication and division are given.

2. The LNS addition and subtraction operations are given in detail for different sizes of the

ROMs and how the accuracy is increased as the size of ROM is increased.



3. LNS addition and subtraction algorithms are also given for which size of the ROM is fixed.

Finally, the synthesis results of different operations for FP and LNS are compared.

1.3 Dissertation Organization
The dissertation organization is as follows:
Chapter 2 deals FP and LNS 32 bits representations and their ranges.

Chapter 3 deals with FP arithmetic unit. The algorithms for the FP addition, subtraction,

multiplication and division are presented.

Chapter 4 deals with LNS arithmetic unit. The algorithms for the LNS addition, subtraction,

multiplication and division are presented.
In chapter 5, the VHDL codes for both FP and LN arithmetic units are given.

In chapter 6, the simulation results of both FP and LNS arithmetic units are given. The synthesis

results for FP and LNS are also presented in this chapter.
Chapter 7 concludes the dissertation.

In the end, reference details are given.



Chapter 2

Number Systems

M - ]

2.1 Floating Point [1,6]
The IEEE (Institute of Electrical and Electronics Engineers) has produced a standard to
define floating-point representation and arithmetic. The standard brought out i)y the IEEE come
| to be known as IEEE 754 [1]. The single precision format uses a sign bit, 8-bit biased exponent
bits, and 23-bit mantissa bits as shown in figure 2.1. The mantissa part has a binary point to the
left, and a hidden *1” to the left of the point. The storage layout for single-precision is shown

below:

31 30 PXpY) :
Fig. 2.1. 32 bit floating point format.

The most significant bit starts from the left. The format of numbers represented by the

single-precision representation is:

Value = (=1)5 x 257127 (L.F)

-1 2 n =23
where F=(b_ +b_ +..+b;, +..+b )
22 21 l 0 ‘s

b* =1or0

S = sign bit (0 is positive, 1 is negative)
E = biased exponent

e = unbiased exponent = E — 127(bias)

A bias of 127 is added to the actual exponent to make negative exponents possible
without using a sign bit, for example if the value 100 is stored in the exponent placeholder, the
exponent is actually -27 (100 — 127). The extreme exponents (0 and 255) are used to represent
special cases, thus this format has range from - 1.0 * 27126 {5 1.11111.... * 21?7 i.e. from 1.2E-

38 to 3.4E+38.



emax and emin are not used for representing ordinary numbers, théy are used for
representing special values. The actual minimum and maximum values are e,;;,, = —126 and
enax = 127. So that the range of represented numbers is - 2x2'%7 to 2x21?7 i.e. from - 2128 1o
2128 The minimum positive represented number is 1x2712¢. The table 2.1 gives the sign,

exponent and fraction bits for some specific numbers:

Table 2.1. Special Values Supported by TEEE 754 Floating Point Standards [1].

Sign Exponent Fraction Value
+0
0 00000000 00000000000000000000000 _
(positive zero)
_ -0
1 00000000 00000000000000000000000
(negative zero)
0 11111111 00000000000000000000000 : + infinity
1 11111111 00000000000000000000000 - infinity
0 11111111 Any combination other than all zero Not a Number(NaN)
1 11111111 Any combination other than all zero Not a Number(NaN)

2.1.1 Floating Point Exceptions
The IEEE standard defines the following types of exceptions that should be signaled

through a one bit status flag when encountered.

a) Invalid Operation

The invalid operations are:

1) Any operation on a NaN.

2) Addition or subtraction: co + (—c0).
3) Multiplication: £ 0 X % oo.

4) Division: £ oo/ £ c0 or £ 0/ £ 0.

5) Square root: if the operand is less than zero.



b) Division by Zero

If the divisor is zero and the dividend is finite non zero number, then the division by zero

exception should be signaled.

b) Inexact

This exception should be signaled whenever the result of an arithmetic operation is not

exact due to the restricted exponent and/or mantissa range.

d) Underflow

The underflow exception is signaled whenever the result is lower than the minimum

value that can be represented due to restricted exponent range.

e) Overflow

The overflow exception is signaled whenever the result exceeds the maximum value that
can be represented due to the restricted exponent range. It is not signaled when one of the
operands is infinity, because infinity arithmetic is always exact. Division by zero also doesn’t

trigger this exception.

f) Infinity

This exception is signaled whenever the result is infinity without regard to how that
occurred. This exception was not defined in the initial standard and added later to detect faster

infinity results.

g) Zero

This exception is signaled whenever the result is zero without regard to how that
occurred. This exception was not defined in the standard and added later to detect faster zero

results.

2.1.2 Rounding Methods
The IEEE 754 standard specifies four rounding methods:



a) Round to Nearest Even

This is the standard default rounding. The value is rounded up or down to the nearest
infinitely precise result. If the value is exactly halfway between two infinitely precise results,
then it should be rounded up to the nearest infinitely precise even number. For example: 5.4 will

be rounded to 5, 5.6 to 6 and 5.5 will be rounded to 6.
b) Round-to-Zero
Basically in this mode the number will not be rounded. The excess bits will simply get
truncated, e.g. 3.47 will be truncated to 3.4.
¢) Round-Up

The number will be rounded up towards +o, e.g. 5.4 will be rounded to 6, while -5.4 to -

d) Round-Down -

The opposite of round-up, the number will be rounded up towards -, e.g. 5.4 will be

rounded to 5, while -5.4 to -6.

2.2 Logarithmic Number System [2,3]
The format of the logarithm number system is
A= (—1)5A * 2Ea
where S, is the sign bit and E is a fixed point number. The sign bit signifies the sign of
the whole number. E, is a signed fixed point number. E, consists of two parts integer( 1) and

fraction part( F). The integer part is of 8 bits and the fraction part is of 23 bits as shown in figure

2.2. To represent the very small numbers Ep is negative.

3130 23 22 0

Fig. 2.2. 32 bit logarithmic number system format.




The real numbers represented by this format are in the range + 27128 to 2128 je. £2.9E-
39 to 3.4E+38. In order to represent zero, infinity, not a number etc. bits are added to the above

format whose combinations will represent the special values.



Chapter 3

Floating Point Arithmetic Unit

The Floating point arithmetic unit has four parts - addition, subtraction, multiplication
and division. The operations are performed on operands A and B and the result of the operation

will be saved in Z, where A, B and Z are given as

A= (_1)SA * ZEA—127 * (l.MA)
B= (_1)83 * 2E3—127 * (I-MB)

Z = (—1)5z * 2827127 * (] M)

3.1 FP Addition Algorithm [7,8,9]
Floating point addition involves the following steps:

Result =7 = A + B =( (—1)5a * 2Ba=127 % | M) + ((—1)58 * 2FB~127 % ] Mp)
1. Separate the sign, exponent and mantissa bits A and B.
A=Sp &Ep & My
B=Sg & Eg & M
2. Compare |A| and |B|. If|B| is greater than |Al, then swap A and B.
3. Set the exponent of result Ez equals to E, and sign of result S equals to S4 .
4, Conﬁpute the difference, d = E, - Eg. Shift (1.Mp) to the right by d times and fill the leftmost
bits with zeros.
5. Compute the mantissa of result M by adding (1.M,) and (1.Mg).
6. Normalize the result obtained in step 3.
7. Round off the above result.
8; Check resultant exponent for overflow/underflow:
« If Eg is larger than maximum allowed exponent, then set the overflow flag.
« If E is smaller than minimum allowed exponent, then set the underflow flag.
9. Pack the sign bit, exponent bits and mantissa bits according to the IEEE 754 floating point
standard, to give the multiplication output.

Z=SZ &EZ&MZ



Explanation:

In the above algorithm, steps 1 to 5 are self explanatory. In step 6, normalization is done.
Normalization means that decimal point should be before the most significant bit (MSB) and the
MSB should be one. So after step 5, if carry is generated then right shift M; and increase the
exponent by one. In step 7, the result is rounded to the nearest value by checkmg the bits which
are eliminated from the result to fit the result in IEEE 754 format. In step 8, overflow/underﬂow
conditions are checked. If the exponent is greater than 254, then overflow flag is set and if
exponent is less than 1, then underflow flag is set. The final step is to pack sign, exponent and

mantissa bits according to IEEE 754 format.

3.2 FP Subtraction Algorithm [7,8,9]
Floating point subtraction involves the following steps:

Result =Z =A — B =((—1)% * 2Ba~127 % | M) — ((—1)% * 2E8=127 * | My)
1. Separate the sign, exponent and mantissa bits of the both operands
A=S, &Ep &My
B=Sg &Eg & Mg
2. Compare |A| and |B{. If |B| is greater than |A|, then swap A and B.
3. Set the exponent of result E; equals to E, and sign of result Sz equals to Sa.
4. Compute the difference, d = E, - Eg. Shift (1.Mp) to the right by d times and fill the leftmost
bits with zeros.
5. Compute the mantissa of result M by subtracting (1.Mp) from (1 Mp).
6. Normalize the result obtained in the above step.
7. Round off the above result.
8. Check resultant exponent for overflow/underflow:
« If E; is larger than maximum allowed exponent, then set the overflow flag.
« If E is smaller than minimum allowed exponent, then set the underflow flag.
9. Pack the sign bit, exponent bits and mantissa bits according to the IEEE 754 floating point
standard, to give the multiplication output.
Z=S; &E; & Mg



Explanation:

Steps 1 to 5 are self explanatory. In step 6, normalization is done. Normalization means
that decimal point should be before most significant bit (MSB) and the MSB should be one. So
after step 5, if carry is generated then right shift M and increase the exponent by one. In step 7,
the result is rounded to the nearest value by checking the bits which are eliminated from the
result to fit the result in IEEE 754 format. In step 8, overflow/underflow conditions are checked.
If the exponent is greater than 254, then overflow flag is set and if exponent is less than 1, then
underflow flag is set. The final step is to pack sign, exponent and mantissa bits according to

IEEE 754 format.

3.3 FP Multiplication Algorithm [7,8,10]
Floating point multiplication involves the following steps:
Result=Z=A * B=((—1)5A * 2Ba=127 % § M) * ((—1)5B * 2BB~127 * | My)

1. Separate the sign, exponent and mantissa bits of the both operands

A=SA &EA&MA

B=Sg & Eg & Mg
2. Compute the sign of the result: Sz =S, XOR Sg
3. Compute the exponent of the result:
« Result exponent =E, + Eg - “011111117.
4. Compute the mantissa of the result [10]:
» Multiply the mantissas: (1.Mp ) * (1.Mp). The calculated mantissa will be in the 48
bits [11]. '
5. Normalize the result if needed.
6. Round the above result to the allowed number (24 bits) of mantissa bits.
7. Check resultant exponent for overflow/underflow:
« If Ez is larger than maximum allowed exponent, then set the overflow flag.
« If Ez is smaller than minimum allowed exponent, then set the underflow flag.
8. Pack the sign bit, exponent bits and mantissa bits according to the IEEE 754 floating point
standard, to give the multiplication output.
Z=S,; &E; &My

10



Explanation:

The sign bit, exponent bits and mantissa bits for both the operands -are separated and
stored in different variables. The sign bit of the result is calculated taking the XOR of the sign bit
of A and B. If both the operands represent the valid floating point number, then the result

exponent is calculated as shown in the step 3.

Multiplication of the mantissas i.e. (1.Ma ) * (1.Mg) in step 4 is done using the shift and |
add algorithm [11]. Let 1.M, and 1.Mgbe stored in registers X and Z as shown in figure 3.1.

Register X

Adder

0—»W > Register Y

Register Z

Fig. 3.1. Hardware for multiplication of mantissas [1 1].

The sum of X and Y forms a partial product which is transferred to the WY register. Both
partial product and Z can be shifted to the right by instruction shr WYZ in the algorithm below.

The detailed algorithm is given below.

1. Save multiplicand and multiplier in register X and Z.

X =1M,
Zzl.MB

2. SetW=0and Y =0.

3. Set sequence counter, SC=24.

11




4. IfZ(0) =1, then
WY = WY + X,
5. Shr WYZ.
6. Decrease SC by one.
7. If SC is not equal to 0, then go to step 4, otherwise end and result will be in YZ.

The result of the above multiplication will be iﬁ 48 bits stored in the registers Y and Z.
The result is now normalized by adjusting the exponent. As mantissa part of A and B is of 24 bits
(including the implicit 1), so the result of the multiplication of the mantissas of A and B will be
of 48 bits. But floating point 32 bit format requires 23 mantissa bits (excluding the implicit ‘1°),
so the extra bits of the YZ after normalization have to be rounded. The various methods of

rounding are given below:

1. The truncation method is accomplished by dropping the extra digits
2. Round towards plus infinity or minus infinity. |

3. The round to nearest.

Third method is used for rounding. After rounding, the overflow and underflow
conditions are checked. For overflow, the resultant exponent must be greater than 254 and for the
underflow, the resultant exponent must be less than 1. The overflow and underflow conditions

are shown by making the output signals overflow and overflow equal to “1°.

The final step in the multiplication is to pack sign bit, exponent bits and mantissa bits

according to IEEE 754 format.

All the above steps are implemented in VHDL and the simulation results are seen using

ModelSim.

3.4 FP Division Algorithm [7,8,10]

Floating point division involves the following steps:
Result=Z=A/B=((—1)% * 2Ba=127 % | M)/ ((—1)58 * 2Es~127 * | Mp)
1. Separate the sign, exponent and mantissa bits of the both operands.

A=SA &EA&MA

12



B=Sg &Eg & Mj

2. Compute the sign of the result: S; = S5 XOR Sg.
3. Compute the exponent of the result:

e Result exponent =E, - Eg + “011111117.
4. Compute the mantissa of the result [10]:

e Divide the mantissas: (1.M, ) / (1.Mg).
5. Normalize the result if needed.
6. Round the above result to the allowed number (24 bits) of mantissa bits.
7. Check result exponent for overflow/underflow:

e If Ey is larger than maximum allowed exponent, then set the overflow vvﬂag.

* If E; is smaller than minimum allowed exponent, then set the underflow flag.

8. Pack the sign bit, exponent bits and mantissa bits éccording to the IEEE 754 floating point
standard, to give the multiplication output. i.e.

Z=S, & E; & M

Explanation:

The sign bit, exponent bits and mantissa bits for both the operands are separated and
stored in different variables. The sign bit of the result is calculated taking the XOR of the sign bit
of A and B. If both the operands represent the valid floating point number, then the result

exponent is calculated as shown in the step 3.
To divide the mantissa i.e. (1.M, )/ (1.Mg), the following algorithm is followed

1. Set remainder, rem = 1.Mj,.
2. Difference, D =rem - (1.Mp)
3. If(D<0) then quotient = 0, rem = 2 * rem

Else quotient = 1, rem = D, rem = 2* rem.
Note that rem = 2 * rem will shift the remainder bits left with least bit filled with zero.

Steps 2 to 3 are repeated to get one more bit of the quotient. Generally, the division does not
provide a fixed length result, as in the case of the multiplication. The number of algorithmic

cycles will therefore depend on the desired accuracy.

13



The normalization, rounding, checking for overflow/underflow and final paéking of the sign,

exponent and mantissa bits are done in the same way as in the case of the FP multiplication.

All the above steps for floating point division are implemented in VHDL and the simulation

results are seen using ModelSim.

14



Chapter 4
Logarithmic Number System Arithmetic Unit

e —

The LNS arithmetic unit has four parts - addition, subtraction, multiplication and division. The
operations are performed on operands A and B and the result of the operation will be saved in Z,

where A, B and Z are given as
A= (—1)5 * 2Ea
B= (—1)%8 * 2EB
Z= (—1)5 % 2Bz

4.1 LNS Addition
LNS addition algorithms are divided in to two categories. One for which sizes of

ROMs are not fixed and accuracy depends on the size of the ROM and the other for whic;h size
of the ROM s fixed. For the first type, algorithm is given in section 4.1.1 and for the second
type, algorithm is given section 4.1.2.
4.1.1 LNS Addition Algorithm 1 [12,13,14,15]
The algorithm has following steps:
1. Separate the sign and ﬁxedv point exponent of both operand

A=Sp & Ey

B=Sg & Eg
2. Generate the ROM values for the function, f{d)= log,( 1 + 27¢ ) of suitable size using C++
and store them in a constant two dimensional array. |
3. If|A] <|B|, then swap the numbers A and B.
4, Sign of result: Sz =S, .
5. Calculate difference, x = Ep - Eg.
6. Use the second order polynomial interpolation method to obtain the value of log,( 1+ 27%)
[16,17]. ‘
7. Add E, and log,(1 + 27% ) to get the result exponent Eg.

8. Check for overflow/underflow.
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9. Assemble the result in to 32 bit.

Z=S; &Ez
Explanation:
Z=A+B.

(—1)5z * 2Bz = (=1)5a * 2Ba + (—1)%8 * 2E8
If |A| > |B|, then swap the numbers A and B. So the sign of Z will be equal to the sign of
A. The value of Ez can be calculated as [18,19,20]:

Ez = log,|(A + B) = log,|A(1 +3))
By = logolAl + Togg|(1+2)] = Ep + f(Ea -Ep) coovvvvivrriiien e (1)

where f(E, - Eg) = logzl(l + %)l = logzll 4+ 2-(Ea —EB)|

Let x = (E, - Ep), therefore f(x) = log,(1 + 27* ). The values of f(x) are calculated for
different x and stored in a ROM. The .value of f(x) varies from 0 to 1 as x varies from o to 0
[21]. If values are stored in the ROM for all possible values of x, then size of the ROM will be
23% But it is impossible to store so many values. So interpolation is used to calculate the value
of f(x) i.e. instead of storing all values only subset of values will be stored in the ROM and
interpolation will be used to value of f(x) for required x. The above algorithm uses the
polynomial interpolation. The polynomial interpolation has following steps:

1. Calculate i = integer(x/h), where h is the difference between two consecutive indices of
ROM.
u=xh-1
ao= f(i).
a, =[fi+1)-f(i—1)]/2.
a,=[fi+1)-2*f(i) +f(i—1)] /2.
log2(1+42"‘)=a0+u*(a1+u*a2). .

" In the above steps, multiplication and division by 2 are performed by shifting operand left

S v W

and right respectively. _
After calculating log,(1 + 27 ), E, is added to it. Then the result is checked for

overflow/underflow. And finally S; and Egz are packed in to 32 bit LNS format.
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4.1.2 LNS Addition Algorithm 2 [22]
The algorithm has following steps:

1. Separate the sign and fixed point exponent of both operand

A= SA & EA
B= SB & EB
2. Generate the ROM values for the function f(d) = VZ wherei=2,4,8,16,32........... 8388608

i.e. of size 23 using C++ and store that in a constant two dimensional array roml.

3. Generate the ROM values for the function f(d) = V2T where i =2 ,4, 8, 16, ...........8388608
i.e. of size 23 using C++ and store that in a.constant two dimensional array rom2. '
4. If |A| < |B|, then swap the numbers A and B.
5. Set sign of result: Sz = S,.
6. Calculate difference, x = E, - Eg. x is of 31 bits out of which 8 bits(from most significant Bit)
will be in integer part and 23 bits(from least significant bit) will be fraction part. i.e. x=LF
7. Calculate the value of 2~* using lutl following the steps given below.
7.1 Add one to the integer part and subtract the fraction part from one.
7.2 Initialize the variable of type std_logic_vector with name rega and set it equal to 1.
7.3 For k starting from 0 to 22 repeat the steps from 7.4 to 7.5
7.4 1If F(k)="1" thenrega=rega * roml(k)..
7.5 Increment k.
7.6 Right shift the rega by I times. Save the final result in a variable m. i.e. m=27% =
o=1F
8. Calculate the value of log,(1 + m) following the steps given below.
8.1 Add 1 tom. )
8.2 Initialize the variable of type std_logic_vector with name regb and set it equal to b.
8.3 For k starting from 0 to 22 repeat the steps from 8.4 to 8.6
8.4 If rega>=roml(22-i), then Setregh(22-i) ='1' and rega = rega * rom2(22-i).
8.5 If rega <roml(22-i), then Set regb(22-i) ='0".
8.6 Increment k.
9. Add E, and log,(1 + m) to get the result exponent Ey.

10. Check for overflow/underflow.
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11. Assemble the result in to 32 bit.
Z = SZ & EZ

Explanation:

From equation 1

Ez = log,|A| + log,|(1+3 )| = Ea + f(Ex - Ep)
where f(E, - Eg) = log2|(1 +%)| = log2|1 + 2—(EA—EB)|

So to calculate f(E, - Ep), first 2~(Ba=E) js calculated and then log,|1 + 27(Ea —Es)

will be calculated.

Letx=Ej - Egand m= 27(Ea—Ea)

f(E - Eg) = loga|1 + 27| = logy(1 +m)

Let x consists of integer part (I) and fractional part (F). i.e. x=LF

9=X — 2=1F — =l % 2=0F = 7~(I+1) % 2 (1= 0.F) = p—(I+1) % 2 Z

where Z=1-0.F

Multiplication by 27(*1) can be performed easily by right shifting the result by (I + 1)
times.

LetZ=a; *2 1+ a, *2 2+ az* 273+ a, * 27+ + @,y *27%

where a; =0or 1.

22 =7(a* 2704 a; #2724 ag 2734 2, * 27 it B3 x2723)
= a1s27' yaz*27? xpagw27 a2t X 2323 * 27"
= Y7281 x 3282 x {28 x 2% X, x 2%
e I, V2T oo @

A ROM is needed to store the values of V2 fori varying from 1 to 23. A program is

written in C++ to create the ROM values. First decimal value of 22 s obtained and then it is
converted in to binary equivalent and these binary equivalent are stored in the ROM roml. To
calculate 2 Z, values of rom] are multiplied to each other for which a; = 1. After multiplication,

result is right shifted by (I + 1) times to calculate 27 [23].
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Calculating log,(1 + m) is considered as inverse operation of 2%. For example to
calculate the value log; x, the following steps will be followed

If x> ¥2,then x=x/ V2 and a; = | otherwise a; =0.

If x> VY2 ,then x=x/ V2 and a, = 1 otherwise a, = 0.

If x> Y2, then x=x/ V2 and a3 = 1 otherwise az; = 0.

Division by 2 s equivalent to the multiplication by 2/2-1. A ROM is needed to store

the values of 2= for i varying from 1 to 23. A program is written in C++ to create the ROM

values. First decimal value of 22T is obtained and then it is converted in to binary equivalent
and these binary equivalent are stored in the ROM rom2. There are also other algorithm [24] for
calculating log,(1 + m), but for them number of iterations will be very large, hence they are not
used. | |
After calculating log,(1 + m ), E, and log,(1 + m ) are added, the result is checked for

overflow/underflow. Finally the result is packed in to 32 bit logarithmic number system format.

4.2 LNS Subtraction

LNS subtraction algorithms are divided in to two categories. One for which sizes
of ROMs are not fixed and accuracy depends on the size of the ROM and the other for which
size of the ROM is ﬁxed. For the first type, algorithm is given in section 4.2.1 and for the second

type, algorithm is given section 4.2.2.

4.2.1 LNS Subtraction Algorithm 1 [12,13,15,25]

The algorithm has following steps:
1. Separate the sign and fixed point exponent of both operand
A=S, & Ej
B=Sg &Eg _
2. Generate the ROM values for the function f(d)=log,(1 - 279 ) of suitable size using C++ and
store that in a constant two dimensional array. B

3. If|A| < |BJ, then swap the numbers A and B.
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4. Sign of result: Sz =S,

5. Calculate difference, x = E, - Eg

6. Use the second order polynomial interpolation method to obtain the value of log,(1 - 27%)
[16,17].

7. Add E, and log,(1 - 27 ) to get the result exponent Ej.

8. Check for overflow/underflow.

9. Assemble the result in to 32 bit.

Z = Sz & EZ .
Explanation:
Z=A-B.

(—1)52 * 2Bz = (—1)SA * 2Fa _ (—1)Ss * 2B,
If |A| > |B|, then swap the numbers A and B. So the sign of Z will be equal to the sign of
A. The value of Ez can be calculated as [18,19]:

Ez = log,|(A - B) = log,|A(1 - 7))
Ez = loga|Al +10g5[(1 - )| = Ea+ fEa - Bp) -oooovvioiiinn s 3)

where f(Ep - Eg) = logzl(l -%)I = logzll _2—(Ea —EB)|

Let x = (E, - Eg), therefore f(x) = log,(1 - 27% ). The values of f(x) are calculated for
different x and stored in a ROM. If values are stored in the ROM for all possible values of x,
then size of the ROM will be 23°. But it is impossible to store so many values. So interpolation is
used to calculate the value of f(x) i.e. instead of storing all values only subset of values will be
stored in the ROM and interpolation will be used to value of f(x) for required x. The above uses
the polynomial interpolation. The polynomial interpolation has following steps:

1. Calculate i =integer(x /h), where h is the difference between two consecutive indices
of ROM.
u=x/h-i
ap= f(i).
a,=[fi+1)-fi—-1)] /2.
a,=[f(i+ 1)—2*f(i) + f(i - 1)] /2.

10g2(1-2_x)= ao+u*( a1 +u *az).

AN A i
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In the above steps, multiplication and division by 2 are performed by shifting operand left
and right respectively | ,

After calculating log,(1 - 27* ), E, is added to it. Then the result is checked for
overflow/underflow. And finally S; and E; are packed in to 32 bit LNS format.

The value of f(x) varies from 0 to —o as x varies from infinity to- 0. The transition in the
value of f(x) is very rapid as x varies from 0.5 to 0. For these variations f(x) varies from -1 to —o
[26]. So ROM will be divided in to 2 parts one for x € (0.5,00) and other for x € (0,0.5). The
numbers of values in ROM are increased to enhance the accuracy [27]. The number of entries are

increased for x € (0,0.5) because in this region variation in f(x) is large.

4.2.2 LNS Subtraction Algorithm 2 [22]
The algorithm has following steps:

1. Separate the sign and fixed point exponent of both operand

A=S, & Ep

B=Sg & Eg
2. Generate the ROM values for the function f(d) = 2 wherei=2,4,8,16,32........... 8388608
i.e. of size 23 using C++ and store that in a constant two dimensional array roml.
3. Generate the ROM values for the function f(d) = V2-T where i=2,4,8,16, ........... 8388608

i.e. of size 23 using C++ and store that in a constant two dimensional array rom2.
4. If |A| <|B|, then swap the numbers A and B.
5. Sign of result: Sz =S4 .
6. Calculate difference, x = E, - Eg. x is 31 bits out of which 8 bits(from most significant bit)
will be in integer part(I) and 23 bits(from least significant bit) will be fraction part(F). i.e x=1LF
7. Calculate the value of 27* using lutl following the steps given below.
7.1 Add one to the integer part and subtract the fraction part from one.
7.2 [Initialize the variable of type std_logic_vector with name rega and set it equal to 1.
7.3 For k starting from 0 to 22 repeat the steps from 7.4 to 7.5
7.4 1f F(k)="1" then rega = rega * rom1(K)..
7.5 Increment k.

7.6 Right shift the rega by I times. Save the final result in a Variable m. ie. m=27% =

2-—1.1-‘
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8. Calculate the value of log (1 - m) following the steps given below.
8.1 Subtract m from 1.
8.2 Initialize the variable of type std_logic_vector with name regb and set it equal to b.
8.3 For k starting from 0 to 22 repeat the steps from 8.4 to 8.6
8.4 If rega >=roml(22-i), then Setregh(22-i):='1" and rega = rega * rom2(22-i).
8.5 If rega < rom(22-i), then Set regb(22-1):='0".
8.6 Increment k.
9. Add E, and log,(1 - m)) to get the result exponent Ey.
10. Check for overflow/underflow.
11. Assemble the result in to 32 bit.
Z=5S; &Eg
Explanation:

From equation 3

E; = log,/A| + logs|(1-2)| = Ea + f(Ea - Ep)
where f(Ep - Ep) = Iogzl(l _%)| = 10g2|1 + 2—(Ea~ EB)|

So to calculate f(E, - Ep), first 27(Ea~E8) is calculated and then log,{1 - 27(Ea ~ Es)

will be calculated.

Let x=Ep - Egand m= 2-(Ea—Es)

f(Ep - Eg) = logy|1-27%| = log,(1-m)

Let x consists of integer part (I) and fractional part (F). i.e. x=LF

2% = 2-1F = p=1 % p=0F = p=(I+1) % (1-0.F) = p—(I1+1) * p Z

where Z=1-0.F

Multiplication by 2=(*%) can be performed easily by right shifting the result by (I + 1)
times.

LetZ=a, *27 '+ a, *272+ a3 * 273+ g, * 2%+ + ayy ¥ 2723

where a; =0or 1.

22 =2(a;» 2714 ay %2724 ag » 2734 @y ¥ 27 ek @3 #2728)

= pai1*27' y pay*27? x2a3*2'3 x2a4*2"" %

.......................
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= Y20 x Y28 x Y2% x 2% X, x 22
=TT V2% e (2)
A ROM is needed to store the values of Z\i/-Z_ for i varying from 1 to 23. A program is
written in C++ to create the ROM values. First decimal value of Z«i/f is obtained and then it is
converted in to binary equivalent and these binary equivalent are stored in the ROM roml. To
calculate 2%, values of roml are multiplied to each other for which a;= 1. After multiplication,
result is right shifted by (I + 1) times to calculate 27* [23].
Calculating log,(1 - m) is considered as inverse operation of 2 Z_ First (1 — m) is
converted in to value in between 1 to 2 by multiplying (1 — m) by 2 and decreasing E5 by one.

Iterate this if required.

To calculate the value log, x, the following steps will be followed
If x> 3/2,then x=x/ 32 and a, = 1 otherwise a; =0.
If x> 32 ;then x=x/ 32 and a, = | otherwise a, =0.
If x> ¥Z,then x=x/ ¥2 and a; = 1 otherwise a; = 0.

Division by 2{/7 is equivalent to the multiplication by 2/2-1. A ROM is needed to store
the values of V21 for i'varying from 1 to 23. A program is written in C++ to create the ROM

values, First decimal value of 2J2-1 is obtained and then it is converted in to binary equivalent
and these binary equivalent are stored in the ROM rom2.
After calculating log,(1 - m ), E5 and log,(1 - m ) are added, the result is checked for

overflow/underflow. Finally the result is packed in to 32 bit logarithmic number system format.

4.3 LNS Multiplication Algorithm [12,25]

LNS multiplication follows the following steps:

Result=Z=A * B=((—1)% * 2Ea) * ((—1)58 * 2Fp)

1. Separate the sign and fixed point exponent bits of both operands.
A=S, &E,
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B=Sp & Ep
2. Compute the sign of the result: Sz = Sp XOR Sg
3. Ez=Ep + Eg.
4. Check for overflow/underflow.
5. Assemble the result in to 32 bit LNS format.
Z2=5; & E;

4.4 LNS Division Algorithm [12,25]

LNS division follows the following steps:
Result=2Z=A/B=((=1)% * 2Ea)/( (—1)SB * 2EB)
1. Separate the sign and fixed point exponent of both operand
A=S, & E,
B=S; &Ep
2. Compute the sign of the result: S; = Sa XOR Sg.
3. Ez=E, - Eg.
4. Check for overflow/underflow.
5. Assemble the result in to 32 bit format.
7=5, & E;

All the above algorithms of LNS arithmetic unit are implemented in VHDL and the simulation

results are seen using ModelSim.
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Chapter 5
VHDL Codes

W

5.1) Floating Point Arithmetic Unit
5.1.1) Addition

library IEEE;

use I[EEE.STD LOGIC 1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use I[EEE.STD_LOGIC_UNSIGNED.ALL;

entity ad is
Port ( a:instd_logic_vector(31 downto 0);
b :instd logic_vector(31 downto 0);
.z :out std_logic_vector(31 downto 0);
nan,infinity,zero,overflow,underflow : out std_logic );

end ad; ¢

architecture Behavioral of ad is
--signal exp1,exp2,exp,mentil,menti2, menti,diff: integer;
begin
brocess(a,b)
variable mentz,menta, mentb ,temp : std_logic_vector(23 downto 0);
variable addab : std_logic_vector(24 downto 0);
variable e,el,e2: std_logic vector(7 downto 0);
variable d,n:integer;
variable sa,sb,ment]1: std_logic;
begin
underflow<='0";

overflow<="'0";
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nan<='0";
 infinity<='0";
zero<='0";
menta:='1' & a(22 downto 0);
mentb:='1' & b(22 downto 0);
el:= a(30 downto 23);
e2:= b(30 downto 23);
sa:=a(31);
sb:=b(31);
—expl<=conv_integer(el) ; exp2<=conv_integer(e2); mentil <=conv_integer(menta);
menti2<=conv_integer(mentb);
if(e1="11111111") then
if(menta="100000000000000000000000") then
if(e2="11111111" and mentb >"100000000000000000000000") then
e="11111111";
mentz:="100000000000000000000001";
nan<='1";
else
e="11111111";
mentz:="100000000000000000000000";
infinity<='1";
end if;
else
e="11111111";
mentz:="100000000000000000000001";
nan<='l";
end if;
elsif(e2="11111111") then
if(mentb="100000000000000000000000") then
if(e1="11111111" and menta >"100000000000000000000000") then
e="11111111";
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mentz:="100000000000000000000001" ;
nan<='l";
else
e="11111111";
mentz:="100000000000000000000000" ;
infinity<='1";
end if;
else
e="11111111";
mentz:="100000000000000000000001";
nan<='1";
end if;
else
iftmenta="100000000000000000000000" and e1="00000000" and
mentb="100000000000000000000000" and e2="00000000" ) then
mentz:="000000000000000000000000";
€:="00000000";
zero<='1";
elsif(menta="100000000000000000000000" and ¢1="00000000")then
mentz:=mentb;
e :=e2;
elsif(mentb="100000000000000000000000" and €2="00000000")then
mentz:=menta;
e =el;

else

if((e2>e1)or ((e1=e2) and (mentb>menta)))then
temp:=menta,
menta:=mentb;

mentb:=temp;
e2:= a(30 downto 23);
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el:= b(30 downto 23);
sa:=b(31);
sb:=a(31);
else null;
end if; --el becomes greater them e2
e=el;
d:=conv_integer(el) - conv_integer(e2);
--diff<=d;
for i in 24 downto 1 loop
if(i<=d) then
ment 1:=mentb(0);
mentb:='0' & mentb(23 downto 1);
--e2:=¢2 +1;
else null;
end if;
end loop;
if(d=24) then
mentl:='1";
elsif(d>24)then
ment1:='0";
end if;
addab:=('0' & menta)+('0' & mentb);
if(addab(24)="1") then
if(addab(0)='1") then
addab:=('0"' & addab(24 downto 1))+1;
else
addab:='0' & addab(24 downto 1);
end if;
el:=el+l;
elsif(ment1='1") then
addab:=addab + 1;
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else null;
end if}
e=el;
mentz:=addab(23 downto 0);
if(e1<1)then
e="11111111";
mentz:="100000000000000000000001" ;
underflow<='1";
elsif(e1>254)then
e:="11111111";
mentz:="100000000000000000000001" ;
overflow<="1";
else null;
end if;
end if;
z<=sa & e & mentz(22 downto 0) ;
end if;
end proéess;

end Behavioral,

5.1.2) Subtraction

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use [IEEE.STD LOGIC_ARITH.ALL;

use IEEE.STD LOGIC_UNSIGNED.ALL;

entity sub is

Port (  a:instd_logic_vector(31 downto 0);
b: instd_logic_vector(31 downto 0);
z:out std_logic_vector(31 downto 0);

nan,infinity,zero,overflow,underflow : out std_logic );
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end sub; '

architecture Behavioral of sub is
--signal exp1,exp2,exp,mentil, menti2, menti,diff:integer;
begin
process(a,b)
variable mentz,menta, mentb ,temp : std_logic_vector(23 downto 0);
variable subab : std_logic_vector(24 downto 0);
variable e,el,e2: std_logic vector(7 downto 0);
variable d,n:integer;
variable sa,sb,sz,ment1: std_logic;
begin
underflow<='0';
overflow<='0";
nan<='0";
infinity<='0";

zero<="(",

menta:='1" & a(22 downto 0); |
mentb:='1' & b(22 downto 0);
el:= a(30 downto 23);
e2:= b(30 downto 23);
sa:=a(31); '
sb:=b(31);
sz:="0";
--expl<=conv_integer(el) ; exp2<=conv_integer(e2); mentil <=conv_integer(menta);
menti2<=conv_integer(mentb);
if(e1="11111111") then
if(menta="100000000000000000000000") then
if(e2="11111111" and mentb >="100000000000000000000000") then
e="11111111";
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mentz:="100000000000000000000001",;
nan<='1";
else
e="11111111";
mentz:="100000000000000000000000";
infinity<='1";
end if,
else
e="11111111";
mentz:="100000000000000000000001 "
nan<='l";
end if;
elsif(e2="11111111") then
if(mentb="100000000000000000000000") then
if(e.1="1 1111111" and menta >="100000000000000000000000") then
e="11111111";
mentz:="100000000000000000000001" ;
nan<='l"; |
else
e="11111111";
mentz:="100000000000000000000000" ;
infinity<='1l";
sz:="1";
end if;
clse
e="11111111";
mentz:="100000000000000000000001";
nan<='l";
end if;
else
if(a=b ) then
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mentz:="000000000000000000000000";
e:="00000000";
. zero<='1";

elsif(menta="100000000000000000000000" and ¢1="00000000")then

mentz:=mentb;

e:=e2;

sz:=not(sb);

--z<=(not(sb)) & b(30 downto 0);
elsif(mentb="100000000000000000000000" and €2="00000000")then

mentz:=menta;

else
if{(e2>¢1)or ((e1=€2) and (mentb>menta)))then
temp:=menta; |
menta:=mentb;
mentb;=temp;
e2:= a(30 downto 23);
el:= b(30 downto 23);
sz:=not(b(31));
sa:=b(31); |
sb:=a(31);
else null;
end if; --el becomes greater them e2
--e:=¢l;
d:=conv_integer(el) - conv_integer(e2);
--diff<=d;
temp :="000000000000000000000000";
ment1:='0";
for i in 24 downto 1 loop
if(i<=d) then
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ment1:=mentb(0);
temp(i-1):= mentl; »
mentb:Q'O' & mentb(23 downto 1);
--e2:=¢2 +1;
else null; |
end if;
end loop;
if(ment1='0"then
subab:=('0' & menta)+ not('0' & mentb) + 1;
else
Subab:=('0' & menta)+ not('0' & mentb);
end if;
for i in 23 downto 0 loop
if(subab(23)='0") then
subab:= subab(23 downto 0) & temp(i) ;
el==el-1;
else null;
end if}
end loop;
e:=¢l;
mentz:=subab(23 downto 0);
if(e1<1)then
e="11111111";
mentz:="100000000000000000000001" ;
underflow<='1";
elsif(e1>254)then
e="11111111";
mentz:="100000000000000000000001" ;
overflow<='1";
else null;
end if;
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end if;

z<= sz & e & mentz(22 downto 0) ;
end if}
end process;

end Behavioral;

5.1.3) Multiplication
library IEEE;
use IEEE.STD_LOGIC 1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;
entity mul is
Port ( a:instd_logic vector(31 downto 0);
b:instd logic_vector(31 downto 0);
z :out std_logic_vector(31 downto 0);
nan, infinity,zero,dividebyzero,overflow,underflow : out std_logic);
end mul;
architecture Behavioral of mul is
--signal exp1,exp2 ,exp,mentil,menti2,menti: integer;
--signal ment: std_logic_vector(47 downto 0);
signal num]:integer;
--signal num3:real;
begin
process(a,b)
variable mentz,menta, mentb,temp : std_logic_vector(23 downto 0);
variable mentd: std_logic_vector(24 downto 0);
variable mentia, mentib,r,diff: std_logic_vector(24 downto 0);
--variable quot : std_logic_vector(30 downto 0);
variable carry: std_logic_vector(24 downto 0);
--variable extrament: std_logic_vector(22 downto 0);

--variable pp : std_logic_vector(47 downto 0);
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variable e,el,e2: std_logic_véctor(7 downto 0);
variable d,n,expt:integer;
variable sa,sb,s: std_logic;
begin
underflow<='0";
overflow<='0";
nan<='0", |
infinity<='0";
zero<='0",
dividebyzero<='0";
menta:='1' & a(22 downto 0);
mentb:='1' & b(22 downto 0);
el:= a(30 downto 23); |
e2:= b(30 downto 23);
sa;=a(31);
sb:=b(31);
mentia:='0'& menta;
mentib:='0' & mentb; _
--expl<=conv_integer(el) ; exp2<=conv_integer(e2); | mentil<=conv_integer(menta);
menti2<=conv_integer(mentb); | '
- e=el+e2-"01111111";
s:= sa Xor sb;
if(e1="11111111") then
if(menta="100000000000000000000000") then
if(e2="11111111" and mentb >="100000000000000000000000") then
e="11111111"; |
mentz:="100000000000000000000001";
pan<='1";
else
e="11111111";
mentz:="100000000000000000000000";
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infinity<='1";
end if;
else
e="11111111";
mentz:="100000000000000000000001";
nan<='1";
end if}
elsif(e2="11111111") then

if{mentb="100000000000000000000000") then
if(e]="11111111" and menta >="100000000000000000000000") then

e="11111111";
mentz:="100000000000000000000001" ;
nan<='l";
else
e="11111111";
mentz:="100000000000000000000000" ;
infinity<="1",
end if;
else
e="11111111";
mentz:="100000000000000000000001";
nan<='l";
end if;

else
if((e1="00000000" and menta="100000000000000000000000") or (¢2="00000000"

and  mentb="100000000000000000000000")) then

¢:="00000000";
mentz:="000000000000000000000000";

zero<='1";

else
expt:=conv_integer(e1)+ conv_integer(e2);
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if(expt<127)then
e="11111111";
mentz:="100000000000000000000001" ;
underflow<='1 "
else
e=el +e2 -"01111111";
expt:=expt - 127,
if(expt>255)then
e="11111111";
mentz:="100000000000000000000001" ;
overflow<='l";
else
mentd:="0000000000000000000000000";
for iin 0 to 23 loop
if(mentb(0)='1") then
--re:=rd;
mentd:= mentd + """ & menta);'
else null;
end if;,
mentb:=mentd(0) & mentb(23 downto I);
mentd:='0' & mentd(24 downto 1);
end loop;
--rd:=rd(22 downto 0) & rb(23);
if(mentd(23)="0"then
--mentz:=pp(46 downto 23);
mentz:=mentd(22 downto 0) & mentb(23);
if(mentb(22)="1") then
mentz:=mentz + 1;
else null;
end if}

else
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mentz:=mentd(23 downto 0);
e:=e+"00000001";
expt:=expt+1;
if(mentb(23)="1") then
mentz:=mentz + 1;
else null;
end if;
if(expt<l)then
e="11111111";
mentz:="100000000000000000000001" ;
underflow<="1";
elsif(expt>254)then
e="11111111";
mentz:="100000000000000000000001" ;

overflow<="1";

else null;
end if}
end if;
end if;
end if;
end if;

en_d if:
z<=s & e & mentz(22 downto 0);
end process;

end Behavioral;

5.1.4) Division

library IEEE;

use JIEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
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entity div is
Port ( a:instd_logic_vector(31 downto 0);
b:instd_logic_vector(31 downto 0);
z : out std_logic_vector(31 downto 0);
nan, infinity,zero,dividebyzero,invalid,overflow,underflow : out std_logic);

end div;

architecture Behavioral of div is
signal expl,exp2 ,exp,mentil,menti2,menti: integer;
--signal ment: std_logic;vector(47 downto 0);
begin
process(a,b)
variable mentz,menta, mentb,temp : std_logic_vector(23 downto 0);
variable mentia, mentib,nmentib,r,diff: std_logic_vector(24 downto O);
--variable quot : std_logic_vector(30 downto 0);
variable carry: std_logic_vector(24 downto 0); _
variable extrament: std_logic_vector(22 downto 0);
variable pp : std_logic_vector(24 downto 0);
variable e,el,e2: std_logic;vector(7 downto 0);
variable d,n,expt:integer;
‘variable sa,sb,s: std_logic;
begin

underflow<='0";

o‘verﬂow<=‘0';

invalid<='0";

infinity<='0";

zero<='0";

dividebyzero<='0";

menta:='1"' & a(22 downto 0);

mentb:='1' & b(22 downto 0);
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el:= a(30 downto 23);
e2:= b(30 downto 23);
sa:=a(31); |
sb:=b(31);
S:= sa Xor sb;
mentia:='0'& menta;
mentib:='0' & mentb;
nmentib:=not(mentib) + 1;
expl<=conv_integer(el) ;
exp2<=conv_integer(e2);
mentil <=conv_integer(menta);
menti2<=conv_integer(mentb);
if(e1="11111111") then
iftmenta="100000000000000000000000") then
if(e2="11111111" and mentb >="100000000000000000000000") then
| e="11111111";
mentz:="100000000000000000000001";
nan<='l";
elsif(e2="00000000" and mentb ="100000000000000000000000" )then
e="11111111";
mentz:="100000000000000000000000";
dividebyzero<='1";
infinity<='l";
else
e="11111111"; ]
mentz:="100000000000000000000000";
infinity<='1";
end if;
else
e="11111111";
mentz:="100000000000000000000001";
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invalid<='1";
end if;
elsif(e2="11111111") then
if(mentb="100000000000000000000000") then h
iftel="11111111" and menta >="100000000000000000000000") then
e="11111111"; '
mentz:="100000000000000000000001" ;

nan<='1";
else
¢:="00000000" ;
mentz:="100000000000000000000000" ;
-- infinity<='l";
e‘nd if;
else
e="11111111";
mentz:="100000000000000000000001";
invalid<="1l";
end if;

else
if(e1="00000000" and menta="100000000000000000000000") then

if(e2="00000000" and mentb="100000000000000000000000")then
e="11111111";
mentz:="100000000000000000000001";
invalid<='l";

else
e:="00000000",
mentz:="000000000000000000000000";
zero<='1";

end if;

elsif{(€2="00000000" and mentb="100000000000000000000000")then
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e="11111111";
mentz:="100000000000000000000000";
dividebyzero<='l";
infinity<="1";
else ‘
expt:=conv_integer(el)- conv_integer(e2);
expt:=expt + 127;
e:=el-e2 +"01111111";
r:=mentia;
for i in 24 downto 0 loop
diff:=r + nmentib; _
--d:=conv_integer(r)- conv_integer(mentib);
if(diff(24)="1") then
, pp(i):='0";
else
pp(i):="1";
r:=diff;,
--r:=r -mentib;
¢ endif;
r:=r (23 downto 0) &'0';
end loop; '
--ment<=pp;
if(pp(24)='0") then
--méntz:=pp(46 downto 23);
e.=e-1;
expt:=expt-1;
pp:=pp(23 downto 0) & '0';
else null;
--mentz := pp(47downto 24);
end if;
mentz ;= pp(24 downto 1);
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if(pp(0)='1') then _
mentz:=mentz+1;
else null;
end if}
if(expt<1)then
e="11111111";
mentz:="100000000000000000000001" ;
underflow<='1";
elsif(expt>254)then
e="11111111";
mentz:="100000000000000000000001" ;
overflow<='1"; '
else null;
end if;
end if;
end if;
z<=s & e & mentz(22 downto 0);
end process;

end Behavioral;

5.2) LNS Arithmetic Unit

5.2.1) Addition

5.2.1.1) Algorithm 1

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;
use IEEE.std_logic_unsigned.all;

package Ins_mul184 is
function mul(a, b: std_logic_vector(23 downto 0))
return std_logic_vector;

end package Ins_mul184;
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package body Ins_mul184 is
function mul(a,b: std_logic_vector(23 downto 0))
return std_logic_vector is
variable rb,rd,re,ra: std_logic_vector(23 downto 0),
begin
rd:="000000000000000000000000",
rb:=b;
ra:=a; -
for i in 0 to 23 loop
if(rb(0)="1") then
re:=rd;
rd:=re +ra;
else null;
end if;
rb:=rd(0) & rb(23 downto 1);
rd:='0' & rd(23 downto 1);
end loop;
rd:=rd(22 downto 0) & rb(23);
return rd;
end function mul;

end package body Ins_mull 84;

library IEEE;

use IEEE.STD _LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use [EEE.STD_LOGIC_UNSIGNED.ALL;

use work.Ins_mull 84.all;

entity addinterpolation184 is
port( a:in std_logic_vector(31 downto 0);
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b : in std_logic_vector(31 downto 0);
z :out std_logic_vector(31 downto 0));

end addinterpolation184;

architecture Behavioral of addinterpolation184 is

signal dsig: std_logic_vector(30 downto 0);

signal logxsig, usig, alsig, a2sig: std_]ogic_vector(23 downto 0);

begin

process(a,b)

variable diff: std_logic_vector(30 downto 0);

variable regt: std_logic_vector(31 downto 0);

subtype word24 is std_logic_vector(23 downto 0);

variable logx,al,a2,u : word24; |

variable index:integer;

type data is array(0 to 183) of word24;

constant lut : data:= ( | ,
"100000000000000000000000","011110000010110001011000","011100001011000100111001",
"011010011000111000100010","011000101100001001000010","010111000100110001111000",
........................................................................... "000000000000000000000001");

if(a(30)="'0" and b(30)='0") then
if(a(29 downto 0) >= b(29 downto 0))then
diff:= ('0'& a(29 downto 0)) - ('0' & b(29 downto 0));

regt:=a,
else ’
~ diff:=("0' & b(29 downto 0)) - ('0' & a(29.downto 0));
regt:=b;
end if}

elsif(a(30)='0" and b(30)='1") then |
diff:= ('0' & b(29 downto 0)) + ('0' & a(29 downto 0));
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regt:=a;
elsif(a(30)='1" and b(30) ='0') then |
diff:=('0' & a(29 downto 0)) + ('0' & b(29 downto 0));
regt:=b;
elsif(a(30) ='1"' and b(30)='1") then
if(a(29 downto 0) >= b(29 downto 0))then
diff:= ('0'& a(29 downto 0)) - ('0' & b(29 downto 0));
regt:=b;
else
diff:=('0' & b(29 downto 0)) - ('0' & a(29 downto 0));
regt:=a,
end if;
else null;
end if;
dsig<=diff;
if(diff>"0001011000000000000000000000000") then
logx:="000000000000000000000000";
else
index:=conv_integer(diff(27 downto 20));
u:="0" & diff(19 downto 0) & "000" ;
usig<=u;
al:=lut(index+1) - lut(index - 1);
--al:='0' & al(23 downto 1);
a2:=lut(index + 1) + lut(index - 1);
a2:='0"' & a2(23 downto 1);
a2:=a2 - lut(index);
a2sig<=al;
if(a1(23)='0"then
al:='0' & al(23 downto 1);
alsig<=al;

logx:= lut(index) + mul(u,(al+ mul(u,a2)));
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else
al:=not(al);
al:=al +1;
al:='0' & al(23 downto 1);
alsig<=al;
logx:= lut(index)- mul(u,(al - mul(u,a2)));
--lut(index)-mul(u,(al - mul(u,a2)));
end if}
end if;
logxsig<=lut(index);
z<=regt + ("00000000" & logx);
end process;

end Behavioral;

5.2.1.2) Algorithm 2

library IEEE;

use IEEE.STD LOGIC 1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use JEEE.STD LOGIC_UNSIGNED.ALL;

entity add1 is

port( a:instd_logic_vector(31 downto 0);
b :instd_logic_vector(31 downto 0);
overflow,underflow: out std_logic;

z : out std_logic vector(31 downto 0));

end addl;

architecture Behavioral of add1 is
signal uint : std_logic;

signal regsig,regonex : std_logic_vector(25 downto 0);
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function mulfun(a,b: std_logic_vector(25 downto 0))

return std_logic_vector is
variable rb,rd,re,ra: std_logic_vector(25 downto 0);
begin

rd:="00000000000000000000000000";

rb:=b; |

ra:=a,

" foriin 0 to 25 loop
if(rb(0)="1") then
re:=rd;

rd:=re +ra;

~ else null;
end if;
rb:=rd(0) & rb(25 downto 1);
rd:='0' & rd(25 downto 1);
- end loop;
rd:=rd(23 downto 0) & rb(25 downto 24);
if(rb(23)='1") then
rd:=rd +1;
else null;
end if}
return rd;
end function mulfun;
begin
process(a,b)
subtype word25 is std_logic_vector(25 downto 0);
type data is array(22 downto 0) of word25;
constant lut : data:= '
("01011010100000100111100110","010011000001101 11111100001","01000101110010101110
000100","01000010110101010110000111","01000001011001101100001101 ","0100000010110
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0100110100100","01000000010110001111011011","01000000001011000110110000","010000
00000101100011001000","01000000000010110001100000","01000000000001011000101111",
"01000000000000101100010111","01000000000000010110001100","01000000000000001011
000110","01000000000000000101100011","01000000000000000010110001","0100000000000
0000001011001","01000000000000000000101100","01000000000000000000010110","010000
00000000000000001011","01000000000000000000000110","01000000000000000000000011",
"01000000000000000000000001");
constant lutlog : data:=
("00101101010000010011110011","00110101110100010011111101","00111010101100000011
000111","00111101010010010101111101","00111110101000001110110011","0011111101001
1111000001100","00111111101001111000010001","00111111110100111011001011","001111
11111010011101010110","00111111111101001110100111","00111111111110100111010011",
"00111111111111010011101001","00111111111111101001110100","00111111111111110100
111010","00111111111111111010011101","00111111111111111101001111","0011111111111
1111110100111”,"00111111111111111111010100","00111]]1111111111111101010","001111
11111111111111110101","00111111111111111111111010","00111111111111111111111101",
"OO111T111 11111 II1T111L1T1™);
variable dvar : std_logic_vector(30 downto 0) v; : )
variable rege : std_logic_vector(31 downto 0);
variable rega,regb,regk,regd : std_logic_vector(25 downto 0);
variable d23:std_logic;
variable pp:std_logic_vector(51 downto 0);
variable k,x : integer;
begin
if(a(30 downto 0)>b(30 downto 0)) then
rege:=a;
dvar:=a(30 downto 0)- b(30 downto 0) ;
else
regc:=b;
dvar:=b(30 downto 0)- a(30 downto 0);
end if;
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if(dvar(22 downto 0)/=0)then
dvar(30 downto 23):=dvar(30 downto 23) + 1,
d23:=dvar(23);
dvar(23 downto 0):="100000000000000000000000"-dvar(22 downto 0);
dvar(23):=d23;
else
dvar:=dvar;
end if;
rega:="01000000000000000000000000";
for i in 22 downto 0 loop
if(dvar(i)="1") then
regb:=lut(i);
regd:=mulfun(regb,rega);
rega:=regd;
else null;
end if;
end loop;
x:=conv_integer(dvar(30 downto 23));
--uint:=x;
for i in 0 to 25 loop
if(x>0) then G 1y33L
rega:='0' & rega(25 downto 1);
x:=x-1;
else null;
end if;
end loop;
rega:= "01000000000000000000000000" + rega;
regsig<=rega;
x:=0;
--uint<=x;
regb:="00000000000000000000000000",
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for i in 0 to 22 loop
if(rega>=Iut(22-1)) then
regb(25—i):='i "
regd:=lutlog(22-1);
regk:=mulfun(regd,rega);

rega:=regk;
else regb(25-i):='0";
end if;
end loop;

regonex<=regb;

z<=regc+( "000000000" & regb(25 downto 3));
end process;

end Behavioral;

5.2.2) Subtraction
5.2.2.1) Algorithm 1

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.std_logic_unsigned.all;

package Ins_muls7 is
function mul(a, b: std_logic_vector(23 downto 0))
return std_logic_vector;
end package Ins_muls7;
package body Ins_muls7 is
function mul(a,b: std_logic_vector(23 downto 0))
return std_logic_vector is
variable rb,rd,re,ra: std_logic_vector(23 downto 0);
begin
rd:="000000000000000000000000";
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rb:=b;
ra:=a;
for i in 0 to 23 loop
if(rb(0)="1") then
re:=rd;
rd:=re +ra;
else null;
end if;
rb:=rd(0) & rb(23 downto 1);
rd:='0' & rd(23 downto 1);
end loop;
rd:=rd(22 downto 0) & rb(23);
return rd;
end function mul;

end package body Ins_muls7;

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

use work.Ins_mul7.all;

entity subinter7 is

port(  a:instd_logic_vector(31 downto 0);
b : in std_logic_vector(31 downto 0);
z : out std_logic_vector(31 downto 0));

end subinter7;

architecture Behavioral of subinter7 is

signal dsig: std_logic_vector(30 downto 0);.
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signal logxsig, usig, alsig, a2sig: std_logic_vector(23 downto 0);

signal indexint: integer;

begin

process(a,b)

variable diff: std_logic_vector(30 downto 0);

variable regt: std_logic_vector(31 downto 0);

subtype word24 is std_logic_vector(23 downto 0);

variable logx,al,a2,u : word24; |

variable index:integer;

type datal is array(0 to 255) of word24;

constant lutl : datal:=( )
"000011111111111111111111","100010000111110111010011","011110001000010111010001",
"011011110011000111001101","011010001001010111001100","011000110111011100101010",
............................................................................ "000100000001000000001011");

type data2 is array(0 to 175) of word24;

constant lut2 : data2:= (
"100000000000000000000000","011100010100011011000100","011001001011110000011010",
"010110011111000000010001","010100001001000000010011","010010000101110101111011",
............................................................................... 000000000000000000000001");

if(a(30)="0" and b(30)='0") then
if(a(29 downto 0) >= b(29 downto 0))then
T diff= ('0'& a(29 downto 0)) - ('0' & b(29 downto 0));
regt:=a;
else .
diff:=('0' & b(29 downto 0)) - ('0' & a(29 downto 0));
regt:="'1' & b(30 downto 0);
end if;
elsif(a(30)='0' and b(30)="1") then
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diff:= ('0' & b(29 downto 0)) + ('0' & a(29 downto 0));
regt:=a,
elsif(a(30)="1" and b(30) ='0") then
diff:=('0' & a(29 downto 0)) + ('0' & b(29 downto 0));
regt:=b;
elsif(a(30) ='1' and b(30)="1") then
if(a(29 downto 0) >= b(29 downto 0))then
diff:= ('0'& a(29 downto 0)) - ('0' & b(29 downto 0));

regt:=b;
else
diff:=('0' & b(29 downto 0)) - ('0' & a(29 downto 0));
regt:="1' & a(30 downto 0);
end if;
else null;
end if} _
dsig<=diff;

if(diff>"0001011000000000000000000000000") then
logx:="000000000000000000000000";
elsif(diff>="0000000100000000000000000000000") then
index:=conv_integer(diff(27 downto 20))- 8;
indexint<=index;
logxsig<=lut2(index);
u:="0" & diff(19 downto 0) & "000" ;
usig<=u;
al:= lut2(index - 1)- lut2(index+1);
al:='0"' & al(23 downto 1);
alsig<=al;
--al:=lut(index+1) - lut(index - 1);
--al:='0' & al(23 downto 1);
a2:= lut2(index + 1) + lut2(index - 1);
a2:='0' & a2(23 downto 1);
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a2:=lut2(index) - a2;
if(a2(23)="0"then
© --a2:="0"' & a2(23 downto 1);

a2sig<=a2;

logx:= lut2(index)- mul(u,(al+ mul(u,a2))) ;
else

- a2:= not(a2);

a2:=a2 + 1;

--a2:='0' & 22(23 downto 1);

a2sig<=a2;

logx:= lut2(index) - mul(u,(al - mul(u,a2)));

--lut(index)-mul(u,(al - mul(u,a2)));
end if}
z<=regt - ("00000000" & logx);

elsif(diff>="0000000000100000000000000000000") then

index:=conv_integer(diff(27 downto 15)); '
indexint<=index;
logxsig<=lut1(index);
u:="0" & diff(14 downto 0) & "00000000" ;
usig<=u;
al:= ltl(index - 1)- lutl(index+1);
al:='0' & al(23 downto 1);
alsig<=al;
--al:=lut(index+1) - lut(index - 1);
--al:='0' & al(23 downto 1);
a2:= lutl(index + 1) + lutl(index - 1);
a2:='0' & a2(23 downto 1);
a2:=lutl(index) - a2;
if(a2(23)='0"then

--a2:='0"' & a2(23 downto 1);

a2sig<=a2;
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logx:= lutl(index)- mul(u,(al+ mul(u,a2))) ;

else
a2:= not(a2);
a2:=a2 + 1;
--a2:="'0" & a2(23 downto 1);
a2sig<=a2;
logx:= lut1(index) - mul(u,(al - mul(u,a2)));
end if;

z<=regt - ("00000" & logx & "000");
else null;
end if;
end process;

end Behavioral,

5.2.2.2) Algorithm 2

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL; |
use IEEE.STD_LOGIC_UNSIGNED.ALL;

entiiy sublut?2 is

port( a:instd_logic_vector(31 downto 0);
b:instd_logic_vector(31 downto 0);
overflow,underflow: out std_logic;
z : out std_logic_vector(31 downto 0));

end sublut2;

architecture Behavioral of sublut2 is
signal uint : std_logic;
signal regsig,regonex : std_logic_vector(25 downto 0);

function mulfun(a,b: std_logic_vector(25 downto 0))
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return std_logic_vector is
variable rb,rd,re,ra: std_logic_vector(25 downto 0);
begin
rd:="00000000000000000000000000";.
rb:=b;
ra:=a;
for i in 0 to 25 loop

if(rb(0)="1") then

re:=rd,;

rd:=re +ra;

else null;
end if;
rb:=rd(0) & rb(25 downto 1);
rd:="0' & rd(25 downto 1);
end loop;
rd:=rd(23 downto 0) & rb(25 downto 24);
if(rb(23)="1") then "
rd:=rd +1;
else null;
end if;
return rd;
end function mulfun;
begin
process(a,b)
subtype word25 is std_logic_vector(25 downto 0);
type data is array(22 downto 0) of word25;
constant lut : data:=(
"01011010100000100111100110","01001100000110111111100001","01000101110010101110
000100","01000010110101010110000111","01000001011001101100001101","0100000010110
0100110100100","01000000010110001111011011","01000000001011000110110000","010000
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00000101100011001000","01000000000010110001100000","01000000000001011000101111",
"01000000000000101100010111","01000000000000010110001100","01000000000000001011
000110","01000000000000000101100011","01000000000000000010110001","0100000000000
0000001011001","01000000000000000000101100","01000000000000000000010110","010000
00000000000000001011","01000000000000000000000110","0100000000000000000000001 1",
"01000000000000000000000001");
constant lutlog:
data:=("00101101010000010011110011","00110101110100010011111101","001110101011000
00011000111","00111101010010010101111101","00111110101000001110110011","001111110
10011111000001100","00111111101001111000010001","00111111110100111011001011","001
‘11111111010'01] 101010110","00111111111101001110100111","0011111111111010011101001
1".,"00111111111111010011101001","00111111111111101001110100","0011111111111111010
0111010","00111111111111111010011101","00111111111111111101001111™,"0011111111111
1111110100111","00111111111111111111010100","00111111111111111111101010","0011111
1111111111111110101™001 1111111 1111111111111010","001 11111111 111111111111101","0
Ol11111111111I1I11111111");

variable dvar : std_logic_vector(30 downto 0) ;
variable regc : std_logic_vector(31 downto 0);
variable rega,regb,regk,regd : std_logic_vector(25 downto 0);
variable d23:std_logic; '
variable pp:std_logic_vector(51 downto 0);
variable k,x : integer;
begin
if(a(30 downto 0)>b(30 downto 0)) then
regc:=a,
dvar:=a(30 downto 0)- b(30 downto 0) ;
else
regc:="1" & b(30 downto 0);
dvar:=b(30 downto 0)- a(30 downto 0);

end if;
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if(dvar(22 downto 0)/=0)then
dvar(30 downto 23):=dvar(30 downto 23) + I;
d23:=dvar(23); .
dvar(23 downto 0):="100000000000000000000000"-dvar(22 downto 0);
dvar(23):=d23;
else
dvar:=dvar;

end if;

rega:="01000000000000000000000000";
for i in 22 downto 0 loop
if(dvar(i)="1") then
regb:=lut(i);
regd:=mulfun(regb,rega);
‘rega:=regd;
else null;
end if;
end loop;
x:=conv_integer(dvar(30 downto 23));
--uint:=x;
for iin 0 to 25 loop
if(x>0) then
rega:='0' & rega(25 downto 1);
x:=x-1;
else null;
end if;
end loop;
rega:= "01000000000000000000000000" - rega;
regsig<=rega;
x:=0;

for i in 0 to 25 loop
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if(rega(24)="0"then
rega:=rega(24 downto 0) & '0';
regc(30 downto 23):=regc(30 downto 23) - "00000001";
else null; |
end if;
end loop;
regb:="00000000000000000000000000";
for iin 0 to 22 loop
if(rega>=lut(22-1)) then
regb(25-i):="1";
regd:=lutlog(22-i);
regk:=mulfun(regd,rega);
fega:=regk;
~else regb(25-i):='0";
end if; '
end loop;
regonex<=regb;

z<=regc+( "000000000" & regb(25 downto 3));

end process;

end Behavioral;

5.2.3) Multiplication

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

entity multi is

a:instd_logic_vector(31 downto 0);
b : instd_logic_vector(31 downto 0);

overflow,underflow: out std_logic;
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z : inout std_logic_vector(31 downto 0));

end multi;

architecture Behavioral of multi is
begin
process(a,b)
variable rega,regb,regt : std_logic_vector(29 downto 0);
variable regd: std_logic_vector(30 downto 0);
variable se, sz: std_logic ;
begin
underflow<='0";
overflow<='0;
rega:=a(29 downto 0);
regb:=b(29 downto 0),

se:=a(30);

if(rega < regb)then
regt:=rega;
rega:=regb;
regb:=regt;
se:=b(30);

else null;

end if;

sz:= a(31) xor b(31);
if{((a(30)="0" and b(30)="1"))or ((a(30)="1" and b(30)='0"))) then
regd:=("0" & rega) - ("0" & regb);
z<=sz&se & regd(29 downto 0);
elsif((a(30)='0' and b(30)='0")) then
regd:=("0" & rega) + ("0" & regb);
if(regd(30)="1") then
overflow<="1";
7<="77277777772777777272777777727722227222",
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else
z<= sz & regd(30 downto 0);
end if;
elsif((a(30)="1' and b(30)='1")) then
regd:=("0" & rega) + ("0" & regb);
if(regd(30)="1") then
underflow<='1";
z<="ZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZ";
else
z<=s5z & '1' & regd(29 downto 0);
end if;
else null;
end if;
end process;

end Behavioral;

5.2.4) Division

library IEEE;

use IEEE.STD LOGIC_1164.ALL;

use [EEE.STD_LOGIC_ARITH.ALL;

use [EEE.STD_LOGIC_UNSIGNED.ALL;

entity div is

port( a:instd_logic_vector(31 downto 0);
b: in std_logic_vector(31 downto 0);
overflow,underflow: out std_logic;
z : inout std_logic_vector(31 downto 0));

“end div;

architecture Behavioral of div is

begin
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process(a,b)
variable rega,regb,regt : std_logic_vector(29 downto 0);
variable regd: std_logic_vector(30 downto 0);
variable se, sz: std_logic ;
begin
underflow<='0";
overflow<='0';
rega:=a(29 downto 0);
regb:=b(29 downto 0};
se:=a(30);
if(rega < regb)then
regt:=rega,
rega:=regb;
regb:=regt;
se:=not(b(30));
else null;
“end if;
sz:= a(31) xor b(31);
if(((a(30)="0" and b(30)='0")) or (a(30)="1" and b(30)="1") then
regd:=("0" & rega) - ("0" & regb);
" <=sz& se & regd(29 downto 0);
elsif((a(30)="0' and b(30)="1")) then
regd:=("0" & rega) + ("0" & regb),
if(regd(30)="1") then
overﬂoW<='1';'
2<="Z7277272777777777777777772772277771",
else
z<= sz & '0' & regd(29 downto 0);
end if}
elsif((a(30)='1" and b(30)='0")) then
regd:=("0" & rega) + ("0" & regb);
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if(regd(30)="1") then
underflow<='1";
2<="777777777777777777777777777777771",
else
z<=sz & '1' & regd(29 downto 0);
end if;
else null;
end if;
end process;

end Behavioral;
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Chapter 6

Results and Discussion .

— — — H

6.1 FP Simulation Results
6.1.1 Addition

1) A=01000010011001111000101101110010
B =01000001100001110101111010001011
Then calculated Z = A + B = 01000010100101011001110101011100, as shown in fig. 6.1.

B j/e0ta
w1 | faddb
B iﬁ@?fﬁ"

01000010011003111UDD1D11&1110010
0100001100001 110101111070001011
lﬂ100001010010 §11001110101011100

o semmooﬂgrmm@@mnwmwa

Fig. 6.1. Simulation of FP addition example 1.

Values in decimal number system are
A =157.88617804
B =16.92116507
Z=74.80734311

2) A =01000010010000010000001001110110
B =01000010010110001111101000001111 |
Then calculated Z = A + B =01000010110011001111111001000011, as shown in fig. 6.2.

D1DDUU1UU1UUUDO100000010@1110110
010000100101138011111010@0001111
0000101100110011111110@1000011

ammmﬁmmm

Fig. 6.2. Simulation of FP addition example 2.

Values in decimal number system are
A = 48.25240681
B = 54.24420067
7. =102.4966075

65 ,



3) A=01000010011001111000101101110010
B = 01000010010000010000001001110110

‘Then calculated Z= A + B=01000010110101000100011011110100, as shown in fig. 6.3.

'~ |[01000070011001111000101101110010

'mouommwooumamnom o010t mﬂm\'

: 01000010010000010000001001110110

. mum;pgg@nom}gnmugggmnm}pn

01000010110109000100011011110100

Fig. 6.3. Simulation of FP addition example 3.

Values in decimal number system are
A =57.88617804
B = 48.25240681
Z.=106.1385849

6.1.2 Subtraction

1) A=01000010011001111000101101110010
B =01000001100001110101111010001011

Then calculated Z = A - B =01000010001000111101110000101100, as shown in fig. 6.4.

001111000101101110010

mmeﬂmwomﬁ1010:%110130::1101

01000001100001110101117 010001011

- m‘im%@umﬂmmmammwa 01000010001

000111101110000101100

Fig. 6.4. Simulation of FP subtraction example 1.

Values in decimal number systém are
A =57.88617804
B =16.92116507
Z=40.96501297

2) A = 01000010010000010000001001110110
B =01000010010110001111101000001111

Then calculated Z = A - B=11000000101111111011110011001000, as shown in fig. 6.5.

D0710010000010000001001 f 10110

D0100101100 1111101000901111

B}-{) /subla
B ] /subdb
B ) fsubiz

D0001011111] 1011110011(?01000

Fig. 6.5. Simulation of FP subtraction example 2.
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Values in decimal number system are
A= 48.25240681
B = 54.24420067
7 =-599179458

3) A=01000010011001111000101101110010
B = 01000010010000010000001001110110
Then calculated Z = A - B = 01000001000110100010001111110000, as shown in fig. 6.6.

b BO0TOTIOTT 10070 || 0100D010011001111000101 101110010
b ﬂmﬁumfﬁm@m@m‘m@m@ﬂmﬁmm 0100D0100100000{0000001001 {10710
fsubfz " |p1000001000101000100011Y1110808 || 0100000T000T101000T000T 1110000

Fig. 6.6. Simulation of FP subtraction example 3.

Values in decimal number system are
A =57.88617804

B =48.25240681

Z =9.63377380

6.1.3 Multiplication

1) A=01000010011001111000101101110010
B =01000001100001110101111010001011
Then calculated Z= A * B =01000100011101001110000000011000, as shown in fig. 6.7.

001111000101101110010
0011161011171010001011
10100111000p0G0011000

Fig. 6.7. Simulation of FP multiplication example 1.

Values in decimal number system are
A =57.88617804
B =16.92116507
Z.=979.5014648

2) A =01000010010000010000001001110110
B =01000010010110001111101000001111
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Then calculated Z= A * B=01000101001000111001011010011011, as shown in fig. 6.8.

01000010010000010000001001110110
01000010010110001111101000001111
010001010010001/11001011010011011

“’vo100001901&f1000111110f090001111
: pwﬁummmmmuommmmma1

Fig. 6.8. Simulation of FP multiplication example 2.
Values in decimal number system are

A =48.25240681
B = 54.24420067
Z=2617.412842

3) A=01000010011001111000101101110010
B = 01000010010000010000001001110110
Then calculated Z

=A*B=01000101001011101001001001011011, as shown in fig. 6.9.

0104

00100110011

11000101101

10010

0100

00100100000

10000001001

10110

0100

01010010111

01001001001

11011

Fig. 6.9. Simulation of FP multiplication example 3.
Values in decimal number system are

A =57.88617804
B =48.25240681
Z=12793.147411

6.1.4 Division

1) A=01000010011001111000101101110010
B =01000001100001110101111010001011 _
Then calculated Z = A / B = 01000000010110101111000010010100, as shown in fig. 6.10.

0 |{o700001 0011001 111000107 101110010

1611  |[CT000001 10000T 11010111101 0009 011
0. |[OT00G0000T0T1010111100D0T0010100

Fig. 6.10. Simulation of FP division example 1.
Values in decimal number system are
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A =57.88617804
B =16.92116507
7 =3.420933723

2) A =01000010010000010000001001110110
B =01000010010110001111101000001111
Then calculated Z = A /B =00111111011000111011100011101010, as shown in fig. 6.11.

0100p07 0010000010000001001110110

|{0i00D010010110001111101000001711

i uanm&gomumxmumm | OO11j111011000111011100011101010

Fig. 6.11. Simulation of FP division example 2.
Values in decimal number system are

A =48.25240681
B = 54.24420067
Z =0.889540315

3) A=01000010011001111000101101110010
B = 01000010010000010000001001110110
Then calculated Z=A /B =00111111100110011000111001000001, as shown in fig. 6.12.

T T ) — 1010 O0T0 T |[0700D010011001111000101101 10010
gl ] Adiwb mmmmmmmmammwn 0100p01 0010000010000007001 110110
B | Adiviz &wumwmmammmw&;@ [D01T{17110011007100011100700000]

Fig. 6.12. Simulation of FP division example 3.

Values in decimal number system are
A =57.88617804

B = 48.25240681

Z =1.199653745

6.2 LNS Simulation Results

6.2.1 Addition

6.2.1.1 Algorithm 1

69



A) Size of ROM= 92

1) A=00000010111011010111010101110101
B = 00000010000010100101011000111111
Then calculated Z = A + B = 00000011000111001100111111110110, as shown in fig. 6.13.

 /addinterpolation3 |[o00000701 11071010111 010107110101

Jadd:ntermlaam&?fbf ’ 1}000000100000101 001010111000111111

Rpp—

!addimaf;mlahmﬁifz 00 +|10000001100011100110011)1111110110

Fig. 6.13. Simulation of LNS addition algorithm 1 with ROM size 92 example 1.

Values in decimal number systerri are
A =57.88617804
B =16.92116507
Z =174.80672154

2) A =00000010110010111101011111111101
B =00000010111000010111010101110101
Then calculated Z = A + B = 00000011010110011100111000010001, as shown in fig. 6.14.

3 ][ Oa000 T TOOTOTTTTOTOTTT AT 7T 0T |[ 0000001010010 10101 LT 1}]11101
Jadst ‘iﬁ&aimefb 000000 1110101 |[0000001077 1000010111010101110101
tﬁactﬁmmmm &;zmamm;ﬁmmmmmmm « 001 1010110071100111000p10001

Fig. 6.14. Simulation of LNS addition algorithm 1 with ROM size 92 example 2.

Values in decimal number system are

A =48.25240681
B = 54.24420067
Z =104.0837474

3) A =00000010111011010111010101110101
B = 00000010110010111101011111111101
Then calculated Z = A + B = 00000011010111010110101000111000, as shown in fig. 6.15.

010711011010111010101310101
0(001011001011101011111711101
000071010111010110101000)11000

Fig. 6.15. Simulation of LNS addition algorithm 1 with ROM size 92 example 3.
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Values in decimal number system are
A =57.88617804
B = 48.25240681
Z =106.1384812

B) Size of ROM = 184

1) A=00000010111011010111010101110101
B = 00000010000010100101011000111111
Then calculated Z= A + B =00000011000111001101000000111111, as shown in fig. 6.16.

0107 00000010111011010111013101110101
4/t 1111 [§00000010000010100101011000111111
2| U@llﬂ@!?@@@@?iﬂﬁa13&@&0&09131111 0000001100011100116100p000111111

Fig. 6.16. Simulation of LNS addition algorithm 1 with ROM size 184 example 1.

Values in decimal number system are
A =57.88617804
B =16.92116507
Z=174.80718821

2) A =00000010110010111101011111111101
B = 00000010111000010111010101110101
Then calculated Z = A + B = 00000011010101101111011110011110, as shown in fig. 6.17.

00000010111000010111010101170101
1100000011010103101111011110031110

LLTUE IUUUU£U1D11UU101111010111111 1101

Fig. 6.17. Simulation of LNS addition algorithm 1 with ROM size 184 example 2.

Values in decimal number system are
A =48.25240681
B = 54.24420067
Z =102.4965827

3) A =00000010111011010111010101110101
B =00000010110010111101011111111101
Then calculated Z = A + B = 00000011010111010110101001000001, as shown in fig. 6.18.
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3 S [COBETOTTYOTTGTGTTOTOTOT YD
Jacfdntatpo!at;m‘lw ,muenmmwmmmmmmwﬂm 00004010710010117101011131111101
Zaddinterpolation184/z maeemwwmmmmmgmamam 000000110101110101103 01001000001

] IQDUD 010111011010111010101130101

Fig. 6.18. Simulation of LNS addition algorithm 1 with ROM size 184 example 3.

Values in decimal number system are
A =57.88617804
B = 48.25240681
Z =106.1385548

6.2.1.2 Algorithm 2

1) A=00000010111012010111010101110101
B = 00000010000010100101011000111111
- Then calculated Z = A + B = 00000011000111001101000001010110, as shown in fig. 6.19.

000000100000101001010171000111111
0000001 700011100110100p001010110

118 FUDDUU1D111U11D1U11101 101110101

Fig. 6.19. Simulation of LNS addition algorithm 2 example 1.

Values in decimal number system are
A =57.88617804
B =16.92116507
Z =174.80734377

2) A =00000010110010111101011111111101
B = 00000010111000010111010101110101
Then calculated Z = A + B = 00000011010101101111011110100010, as shown in fig. 6.20.

- {{oaoee0101 1100001011 1010101 11m01 0000001011 1000070111010101110101
‘smmﬁmwwmummzmmmw 0000001 1010101101111011110100010

LU ITJDUDED‘IUHUUW‘I‘IHDWH1111 1101

Fig. 6.20. Simulation of LNS addition algorithm 2 example 2.

Values in decimal number systefn are
A =48.25240681
B = 54.24420067
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Z =102.4965827

3) A=00000010111011010111010101110101
B = 00000010110010111101011111111101
Then calculated Z = A + B =00000011010111010110101001000001, as shown in fig. 6.21.

T |[000000101 1101101011101 0101110101
B000J0T0T10010T (1101011 111 11101
_|[O0004OTTOT0TT 0101 10101001000001

Fig. 6.21. Simulation of LNS addition algorithm 2 example 3.

Values in decimal number system are
A =57.88617804
B = 48.25240681
Z = 106.1385548

6.2.2 Subtraction
6.2.2.1 Algorithm 1

A) Size of ROM = 184

1) A=00000010111011010111010101110101
B =00000010000010100101011000111111
ThencalculatedZ A - B =00000010101011011001110011110111, as shown in fig. 622.

007U DUTTOIOT | 0000001011u011010111013101110101
QﬂﬁﬂﬂﬁiﬁaauaﬁezBBT$@@1%GBG - 1{600000700000107001 010110001 11111
000000T0TOY0TTOTI00TTTPOTITION T

;mmmwmwmmmm .

Fig. 6.22. Simulation of LNS subtraction algorithm 1 with ROM size 184 example 1.

Values in decimal number system are
A =57.88617804

B =16.92116507

Z =40.9659396

2) A =00000010110010111101011111111101
B = 00000010111000010111010101110101
Then calculated Z = A - B = 10000001011100101001100101101101, as shown in fig. 6.23.
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g VAT 2 Ty | OTTO0TOTT 1I0909 1117177107 | || 000000011001 01 1110101 111111101
-] Zsubinter: ,\ mtmmwmmmnmmmﬂmm 0000001 01110000101 1101010111101
@) Asubinte2/z ~ || 10000001011100£01001 100101101101 |[10000001011100101 (0110010110110}

- Fig. 6.23. Simulation of LNS subtraction algorithm 1 with ROM size 184 example 2.

Values in decimal number system are
A =48.25240681
B = 54.24420067
Z = -7.440022581

3) A=00000010111011010111010101110101
B = 00000010110010111101011111111101
Then calculated Z = A - B =00000001101000110011000101100101, as shown in fig. 6.24.

7 0 i TT0TDT |[D0000GT0111017010111010101110101
;E)mm*&miﬁmtmmmwﬁm 00000070110010111101011111111101
2 :;mmmm@ﬁmﬂmmmmm 00000001 1010001 100110001011 0091 0

Fig. 6.24. Simulation of LNS subtraction algorithm 1 with ROM size 184 example 3.

Values in decimal number system are
A =57.88617804
B =48.25240681
Z.=9.679583691

B) Size of ROM =192

D A= 00000010111011010111010101110101
B = 00000010000010100101011000111111
Then calculated Z = A - B =00000010101011011001110011110111, as shown in fig. 6.25.

() fsubinterd/a |0 GTTI0701 * . ||000000101 10T 101011101 p1 01110101
4oubinterd/b o * 11 |[000000T00000101001010110001 11111
Jobinterd/z . {0 1 *.|[000000T01001 1011001 11POT 1110111

Fig. 6.25. Simulation of LNS subtraction algorithm 1 with ROM size 192 example 1.

Values in decimal number system are
A =57.88617804
B=16.92116507
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Z =40.9659396

2) A =00000010110010111101011111111101
B = 0000001011100001011 1010101110101
Then calculated Z = A - B =10000001010011010010111111000101, as shown in 6.26.

oy R L R ERRRERR 000101100101 11 101011 { 111101
Jsubmrazb + £ 1000000 0T DOUR BT TION OO T 1 0001017100001011 1010101110101
() /subinterd/z - |[10000001010011010010111111000 0000T0T0011p1001011111 100010

it ssg I e AT

Fig. 6.26. Simulation of LNS subtraction algorithm 1 with ROM size 192 example 2.

Values in decimal number system are
A = 48.25240681

B = 54.24420067

Z =-6.075570984

3) A =00000010111011010111010101110101
B =00000010110010111101011111111101
Then calculated Z = A - B =00000001101000101000000011100101, as shown in fig. 6.27.

30001 011101101011101010}1110101
000101100100111010111111111101
1000011010001 01000000011100101

Fig. 6.27. Simulation of LNS subtraction algorithm 1 with ROM size 192 example 3.

Values in decimal number system are
A =57.88617804
B = 48.25240681
7 =9.643514362

C) Size of ROM =208

1) A =00000010111011010111010101110101
B=000000]0000010100101011000111111v

Then calculated Z = A - B = 00000010101011011001110011110111, as shown in fig. 6.28.

i TOI0 [T |f0000001011101101011101Pp101710101
smnnaammommwmtm -1f00000010000010100101011 000111111
egmﬂmpsg@mmmw11_‘(;511#!‘ 1[0000051070pT101100711D0T 1110111

ubinterd/a
/subimewilb gl
Isumteré;{: A 1

Fig. 6.28. Simulation of LNS subtraction algorithm 1 with ROM size 208 example 1.
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Values in decimal number system are
A =57.88617804

B =16.92116507

Z = 40.9659396

2)A=0000001011001011110101'1111111101
B = 00000010111000010111010101110101
Then calculated Z = A - B = 10000001010010101100100010000101, as shown in fig. 6.29.

w n'ite! H

0000010111000010111016101110101
1[10000001010010101100100010000101

”1‘FUUUEm01100101111010111111 1101
0
1

Fig. 6.29. Simulation of LNS subtraction algorithm 1 with ROM size 208 example 2.

Values in decimal number system are
A =48.25240681
B = 54.24420067
Z=-5997012583

3) A=000000101110110101 11010101110101
B = 00000010110¢10111101011111111101
Then calculated Z = A - B =00000001101000100101101101000101, as shown in fig. 6.30.

i Juad [eigliie ST RREIEEFT ) _|UUUUEEI1U111U‘I1U10111U1U1U11 0101
Qmﬁmiﬁuﬂmwﬁﬂ’ﬁﬁ%i 0000001011001011)1101011111111101

WL
| ;msmaﬂ*lammmnmws 0000400110100010070110111000101

?‘mhﬁﬁﬁ%
@Mmm!z

u

Fig. 6.30. Simulation of LNS subtraction algorithm 1 with ROM size 208 example 3.

Values in decimal number system.are
A =57.88617804
B = 48.25240681
Z =9.635837073

D) Size of ROM = 240

1) A=00000010111011010111010101110101
B = 00000010000010100101011000111111
Then calculated Z = A - B =00000010101011011001110011110111, as shown in fig. 6.31.
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:[§00000010111)011010111010101110101
0000001000001010010101j1000111111
000000101 01!01 101100111p011110111

1 fwbumer'&?b 7 {loooe O1000001G10010101 1000111111 -
= fsubinier5/z . ||000000TOIGI0TITT 00T MO0 IID1 11

Fig. 6.31. Simulation of LNS subtraction algorithm 1 with ROM size 240 example 1.

Values in decimal number system are
A =57.88617804

B =16.92116507

Z = 40.9659396

2) A =00000010110010111101011111111101
B =00000010111000010111010101110101
Then calculated Z = A - B =10000001010010101010001110010101, as shown in fig. 6.32.

@., aamm ;u:wa ‘f"nwmmmmm
{|1a00000104001 0161010003 110010101

0000paT07111000070111010101 110101
100000010100101 |1D1UUU1110E101D1

P]UU 0107100101711101011111411101

Fig. 6.32. Simulation of LNS subtraction algorithm 1 with ROM size 240 example 2.

Values in decimal number system are
A =48.25240681
B = 54.24420067
Z =-5.992329685

3) A =00000010111011010111010101110101
B = 00000010110010111101011111111101
Then calculated Z = A - B = 00000001101000100101001000101101, as shown in fig. 6.33.

71.. 10000p010111011070111010101110101
iy 0000p010110010111101017111111101
0000p001101000100101001000101101

Fig. 6.33. Simulation of LNS subtraction algorithm 1 with ROM size 240 example 3.

Values in decimal number system are
A =57.88617804
B = 48.25240681
Z =9.633987152
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E) Size of ROM = 304

1) A=00000010111011010111010101110101
B = 00000010000010100101011000111111
Then calculated Z = A - B =00000010101011011001110011110111, as shown in fig. 6.34.

B[] /subinter6Za -+ {10000009011041010111010101110101. . |IT0D0000TOTT 110110101110 10101110101
: ’m» fwff«we:%j -+ | 0o0DO0100BOT1 81001 01011060111 00000010000010100101011000111111
™ JsubinterB/z 7 ||00000010101611011001110014110111 |{000000T0T0101101100 mm 1110111

Fig. 6.34. Simulation of LNS subtraction algorithm 1 with ROM size 304 example 1.

Values in decimal number system are
A =57.88617804

B =16.92116507

Z = 40.9659396

2) A =00000010110010111101011111111101
B =00000010111000010111010101110101
Then calculated Z = A - B =10000001010010101010000000000101, as shown in fig. 6.35.

000D0010111000010111010101110101
~4{100D0001010010710101000000G0001 01

iz [00030010110010'!1110101111 111101

Fig. 6.35. Simulation of LNS subtraction algorithm 1 with ROM size 304 example 2.
Values in decimal number system are

A =48.25240681
B = 54.24420067
Z =-5.991876964

A= 00000010111011010111010101110101
B = 00000010110010111101011111111101
Then calculated Z = A - B =00000001101000100101000101001101, as shown in fig. 6.36.

= eubinteBlh " Io0000T0T 100101 111010111 11111101

000p0001107000100101000101001101

;EUJUUWH‘IUHW 0111010101110101

" sbinia®rz - ||ooooooonieioomanioloomon0oTioL

Fig. 6.36. Simulation of LN'S subtraction algorithm 1 with ROM size 304 example 3.
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Values in decimal number system are

A =57.88617804 S ‘
B =48.25240681

Z=9.633806854

F) Size of ROM = 432

1) A=00000010111011010111010101110101
B = 00000010000010100101011000111111
Then calculated Z = A - B =00000010101011011001110011110111, as shown in fig. 6.37.

101110101
1000111111
DO11110111

Fig. 6.37. Simulation of LNS subtraction algorithm 1 with ROM size 432 example 1.
Values in decimal number system are

A =157.88617804
B =16.92116507
Z = 40.9659396

2) A =00000010110010111101011111111101
B = 00000010111000010111010101110101
Then calculated Z= A - B= 10000001010010101001111101100101, as shown in fig. 6.38.

fooc 'ammwmmnmmﬁmm 000000101 110000101 1010101110101
10000001010010101001111101100101 {{10000D0101001010] 00T 111701100101

10 |£UUUD 10170010111101011111111101

Fig. 6.38. Simulation of LNS subtraction algorithm 1 with ROM size 432 example 2.

Values in decimal number system are
A =48.25240681

B = 54.24420067

Z=-5.991798052

3) A=00000010111011010111010101110101
B =00000010110010111101011111111101
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Then calculated Z = A - B = 00000001101000100101000100100101, as shown in fig. 6.39.

Mmeﬂﬂﬁmm’fﬂmﬁﬁﬁﬂﬂ?ﬂ? 00D00p10110010113101011111111101

s‘subm&erwa_ L
Jeubinter?dt -
] fsubinterfde -

00000001101 00010601010001001 00101 || DODOODOT10100010pT01000100100101

« FUDDU 10111011019111010101110101

Fig. 6.39. Simulation of LNS subtraction algorithm 1 with ROM size 432 example 3.

Values in decimal number system are
A =157.88617804

B = 48.25240681

7 =9.633773466

6.2.2.2 Algorithm 2

1) A=00000010111011010111010101110101
B = 00000010000010100101011000111111
Then calculated Z = A - B = 00000010101011011001101111101000, as shown in fig. 6.40.

_’ gl |[000000TOTTIOTIO 0] TIOTGT0T! T0101 |[0000001011J01 10101 1101D101110101
7] Asublut2/b [ o 1 |{0000001000007010010101J 00011111
.. Sublg2rz < ﬂﬁﬂﬁwmwfwmwmmn 90 /{0000001 0101011 07100110 111101000

Fig. 6.40. Simulation of LNS subtraction algorithm 2 example 1.

Values in decimal number system are
A =57.88617804
B =16.92116507
Z = 40.96500256

2) A =00000010110010111101011111111101
B =00000010111000010111010101110101
Then calculated Z = A - B =10000001010010101001111101100000, as shown in fig. 6.41.

D0000DT1071001011/1101011111171101
D00000T011700001D111010101110101

00 10 1UI 0111110110000
10000001010010101C 1 UI]D

Fig. 6.41. Simulation of LNS subtraction algorithm 2 example 2.

s mummumoﬂmmummmﬁmm
|| voaoo001 010010101001 111161100000,

Values in decimal number system are
A =48.25240681
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B = 54.24420067
Z =-5.991798052

3) A=00000010111011010111010101110101
B = 00000010110010111101011111111101
Then calculated Z = A - B = 00000001101000100101000100101010, as shown in fig. 6.42.

7" /sublui2/a {ﬂﬂmffﬂﬂm1@?&11?%}@10‘!110&&1 00000010111011010111010101110101
‘«U/'suhlu’éz’b , 111111101 1{0000001011001011101011111171101
| foublutzie mumammwnummnnmmw 10 1/0000000110100010D101 0001001@1010

Fig. 6.42. Simulation of LNS subtraction algorithm 2 example 3.

vValues in decimal number system are
A =57.88617804
B = 48.25240681
Z =9.633780144

6.2.3 Multiplication

1) A=00000010111011010111010101110101
B = 00000010000010100101011000111111
Then calculated Z = A * B =00000100111101 llllOOlOlllOllOlOO,vas shown in fig. 6.43.

Jmoulifa 0000001 01110110101110101071110701 || 000000101 101101011101 DT 01110101
Jmefi/s - ||00000010000010100101011000111111 |[0000001000001 010010101 1000111111
fulifz  ||o0000100111101111100101110110100 |{00D00TOOTT {1011 1110010§ 110110100

Fig. 6.43. Simulation:ofLNS multiplication example 1.

Values in decimal number system are
A =57.88617804
B =16.92116507
Z =979.5015736

2) A=00000010110010111101011111111101
B = 00000010111000010111010101110101
Then calculated Z = A * B =00000101101011010100110101110010, as shown in fig. 6.44.
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00000p1011001011310101111

1111101

iAo gnaomawmmcmmﬂmmommm 000001 0111000010111010101110101

EEE

e 00000101101011010100110101110010 | 90000T 0T 10101101 0TO0T1010TT{00T0

Fig. 6.44. Simulation of LNS multiplication example 2.

Values in decimal number system are
A = 48.25240681
B = 54.24420067
Z=2617.413238

3) A=00000010111011010111010101110101
© B =00000010110010111101011111111101
Then calculated Z = A * B=00000101101110010100110101110010, as shown in fig.

6.45.

() Zmudliza B | ot 110707 || 0000001 01110110101110101011¢0101
B )/mdid &ﬁmamwommm\wu'iaamw'tmm 00000DT017001011] 1010111111110
@) doltizz, . ||000001071011100101001101 01110010 000001 0110T1100T(1 0010107110010

Fig. 6.45. Simulation of LNS multiplication example 3.
Values in decimal number system are

A =57.88617804
B = 48.25240681
Z =12793.147411

6.2.4 Division

1) A=00000010111011010111010101110101
B = 00000010000010100101011000111111

Then calculated Z = A / B = 00000000111000110001111100110110, as shown in fig. 6.46.

B} Hfm I i 1070701770101 |[00000010111011010111010101110101
B | Adivdb oo naa@uﬂmu@nmmﬁmmmmmﬂﬁ 0000001 000001070010101/1000111111
B g ‘ Bﬂ&@@aﬁmm&m@ﬂmmwmlmm 000000001 71/000110001111100110110

Fig. 6.46. Simulation of LNS division example 1.

Values in decimal number system are
A =57.88617804
B = 16.92116507
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Z =3.420933359

2) A=00000010110010111101011111111101
B =00000010111000010111010101110101

Then calculated Z= A / B = 01000000000101011001110101111000, as shown in fig. 6.47.

emmmmmmumm%

110060 {1 0100000000010101100111010111

0000001011001011010101711111

1101

8161.|0000001011100001

11101010117

0101

1000

Values in decimal number system are

A =48.25240681
B = 54.24420067
Z = 0.889540378

3) A =00000010111011010111010101110101
B =00000010110010111101011111111101

Then calculated Z = A / B = 00000000001000011001110101111000, as shown in fig. 6.48.

éu:!iagl@
C)4divdb o
m» [ }Adiviz

Values in decimal number system are

A =157.88617804
B = 48.25240681
Z=1.199653693

Fig. 6.47. Simulation of LNS division example 2. |

01011101101

011101010117

0101

01011001011

110101111117

1101

00000100001

100111010117

1000

Fig. 6.48. Simulation of LNS division example 3.

Tables 6.1 — 6.4 show the synthesis results for different FP and LNS operations obtained

by using Xilinx (for Spartan 3). Tables 6.5 & 6.6. show the variation of accuracy for LNS

addition and subtraction as the size of ROM varies. From tables 6.3 and 6.4, it is clear that LNS

multiplication and division can be done very efficiently for FPGA in comparison to the FP

multiplication and division. Tables 6.1 and 6.2 show that FP addition and subtraction FPGA

implementations are much better than LNS addition and subtraction. LNS addition élgorithm 2
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and LNS subtraction algorithm 2 results are more accurate and less values to be stored in the

ROM in comparison to LNS addition algorithm 1 and LNS subtraction algorithm 1. But LNS -

addition algorithm 2 and LNS subtraction algorithm 2 implementation on FPGA requires so

many slices and 4 input LUTs that their implementation is not a good idea in comparison to the

FP.

In tables 6.5 and 6.6, all results are shown in decimal number format after conversion

from LNS for easy comparison. Tables 6.5 & 6.6 show that output approaches the exact output

as the size of the ROM is increased. In LNS subtraction algorithm 1, while increasing the ROM

size, the values are added for the variation of x from 0.5 to 0 and keeping rest of the ROM same.

As a result in table 6.6, in the first example result is same for all sizes of ROM for algorithm 1

because for that x is 1.77439.

Table 6.1. Addition Synthesis Results

Total memory

Number system Size of | Number of | Number of 4 | Total delay usage
ROM Slices input LUTs (in ns) (in KB)

FP 0 411 729 42.312 86020

. 92 2956 3898 224311 137732

z | Algorithm 1 184 3173 4302 224,634 144900
Algorithm 2 46 27976 46310 2896.787 1142532

Table 6.2. Subtraction Synthesis Results

Total memory

Number system Size of Number of | Number of 4 | Total delay usage
ROM Slices input LUTs (in ns) (in KB)

'FP 0 1091 1878 118.207 96772

184 6889 9097 221.284 174084

192 6720 9007 223.841 170500

Algorithm 1 208 6629 9003 224.022 170500

% & 240 6714 9189 224.933 172548
— 304 6779 9468 222.753 177668
432 7447 10577 222.878 190340
Algorithm 2 46 28773 47615 2921.622 1142532
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Table 6.3. Multiplication Synthesis Results

Number Size of Number of Number of 4 Total delay | Total memory '
system ROM - Slices input LUTs (in ns) usage
(in KB)
FP 0 696 1271 81.549 84420
LNS 0 142 251 38.441 71108
Table 6.4. Division Synthesis Results
Number Size of Number of Number of 4 Total delay Totalisr:;nory
ROM li i i .
system O Slices input LUTs (in ns) (in KB)
FP 0 716 1324 183.159 83460
LNS 0 143 252 38.441 71108
Table 6.5. LNS Addition Examples
Algorithm 1
A B Exact result Size of ROM Algorithm 2
92 184 ’
57.886178 16.921165 74.80734 74.80672 74.80718 74.80734
54.244201 48.252407 102.4966 104.0837 102.4966 102.4966
57.886178 48.252407 106.1386 106.1385 106.1386 106.1386
Table 6.6. LNS Subtraction Examples
Algorithm 1 _
A B fe’;if: Size of ROM Algorit
184 192 208 240 304 432
57.886178 | 16.921165 | 40.96501 | 40.96594 | 40.96594 | 40.96594 | 40.96594 | 40.96594 | 40.96594 | 40.965
54.244201 | 48.252407 | 5.991794 | 7.440023 { 6.075571 | 5.997013 5.992330 | '5.991877 | 5.991798 | 5.9917
57.886178 | 48.252407 | 9.633771 | 9.679584 | 9.643514 | 9.635837 | 9.633987 | 9.633807 | 9.633773 | 9.6337
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Chapter 7

Conclusions

LNS has very efficient implementation of multiplication and division operations in
comparison to the floating point. But LNS main disadvantage is its addition and subtraction
operations. To obtain good accuracy in LNS addition and subtraction, more values should be
stored in the ROM. As a result, FPGA utilization increases. LNS addition and subtraction require
different set of values to be stored in ROM i.e. same ROM can not be used for both operations.
FP addition and subtraction are simple and does not require ROM. The problem is more
aggravate in subtraction because the value of log, x varies from -1 to -0 as x varies from 0.5 to
0. These values of x do not occur during addition. Therefore, more values are stored in ROM for
X variation between 0.5 and 0. This is the reason that in LNS subtraction while increasing the
ROM size, the values are added for the variation of x from 0.5 to 0 and keeping rest of the RdM
same. As a result in table 6.6, in the first example result is same for all sizes of ROM for
algorithm 1 because for that x is 1.77439. There are algorithms for LNS addition and subtraction
(LNS addition algorithm 2 and LNS subtraction algorithm 2) for which number of values in the
ROM are fixed, have good accuracy, and same ROM can be used for both LNS addition &
subtraction, but they require so many numbers of FPGA slices that their FPGA implementation
is not a good idea in comparison to the FP. So, the final choice left is to use the floating point

- representation to.represent the large values of real numbers.
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