Daniel Davies E2 Assignment

by Daniel Davies

Submission date: 16-May-2023 08:06AM (UTC+0100)

Submission ID: 206381339

File name: 25596_Daniel_Davies_Daniel_Davies_E2_Assignment_497727_2019523285.docx (1.91M)
Word count: 2348

Character count: 11355



ELECTRONICS 2 —
ACDAG6001

Assignment: Critical Evaluation of Braun's Multiplier and Wallace Tree
Multiplier Using VHDL

201313
21/04/2023




Contents

[ oo [0 T o OSSOSO SR 2
Background RESEAICH ... ettt et e e e e e e e 3
Information and ANAIYSIS ..o e e e e e ae e e e e e e e e e e s 4
Bl IS . e e et ettt et e et et ae e ee e et e e o e en s £ e et 2e e e e enn 4
W aIIAICE THE ...t ettt ettt ettt e et e 2 et s 2 e et e e eees e e aeeee e nannaan 4
CITCUIT DBSIGINS - ettt e et ee et e e e e e et e eeee e e eme e ee e eeee s 2 nmmm e ee e e ns e 2 nmmm e ee e eens e e nmm e e emneean 7
= = T =SSOSR 7

L= U= T T I =T TSP PSS UP PR SUUPPRUTPRN 12
P G A g AIMIS e ettt et e et et e e e e e et e e eeas et aeaeeee e esssbe e e enassse e en ennasan s nnenns e aas 13
=TI o = OSSPSR 13
WVAHACE TTOE .eeie e et e eeee e e ee e e e e eees e e e e e e eees e 22 e em e e es e e e an e emmeeen e e e n e emnns 14
WVHDL COUES - oo e e em e e e em e e n e e n e 15
[T = 103 1 TP USRS TSSO PEP TSP 15
L= U= oI I =T T oD PSSO PR SUUSPRUPPN 16
=251 (T S SRPEPR 25
=TI o =SSOSO ST SR ES 25
WANACE TTOE .eeiieie et e eeee e e e e e e e e eees e e e e em e eeas e 22 e 2m e a2 es e m e s e emmeeen e e e e e emnns 25
Final Comparisons .27
Conclusions and Recommendations .............ooooooio oo 27
R B EICES. ... ettt et e e e et e e et e e e a2 e s e aan 28




Introduction
In this assignment, | will be comparing the creation and _operation of two different multipliers
using VHDL code. Both multipliers are used to multiply two 8-hit numbers into a 16 bit

output, the methods used are Brauns multiplier and Wallace Tree™m

The report will show background research done, information and analysis of'each multiplier,
the circuit designs, the code used in VHDL and flowchart of the operation of each multiplier,
as well as the FPGA diagrams. They will be compared at each step, followed by the testing
and operation results, with a final comparison at the end along with recommendations for the
future.




Background Research

A =2 multiplier is a type of electronic circuit that can be used to multiply two binary
ndiioers; they work in a similar way to that of standard long multiplication in mathematics.
An example of this is below:

123
x 567
861 (this is 123 x 7)
738 (this is 123 x 6, shifted one position to the left)
+ 615 (this is 123 x 5, shifted two positions to the left)
69741

A binary multiplier works in the same way as seen below:

1001 (this is binary for decimal 9)
x 1110 (this is binary for decimal 14)

0000 (this is 1001 =x= Q)
1001 (this is 1001 x 1, shifted one position to the left)
1001 (this is 1001 = 1, shifted two positions to the left)
+ 1001 (this is 1001 x 1, shifted three positions to the left)

01111110 (this is binary for decimal 126)

When using two unsigned integers of n bits in the multiplication, we can produce an output of

n x2 bits by performing n one bit multiplications then adding the outputs together.

For example, in this report, 2 integers of 8 bits are multiplied together to get a 16 bit binary
output.




Information and Analysis

Brauns
The Brauns multiplier was developed by Braun Edward Louis in 1963.

A Brauns multiplier is a type of parallel array multiplier. It is used for achieving high
execution speed demands. It consists of a AND gates and adders in an iterative structure
that has no requirement for logic registers.

The Brauns multiplier can only be designed for use with unsigned integers. It is used in DSP
processors and also used in image processing.

In a Brauns multiplier, each full adder has 3 Inputs, A,B and Cin. A and B being the relevant
input bits and Cin being the Carrt input from the previous adder's output. The full adders
have 2 outputs, Sum and Cout. Sum being the result of the adder and Cout being the carry
that becomes an input for the next adder.

The half adders have 2 inputs &3 beigihe relevant bit inputs, the outputs are
Sum and Carry, which work in the same way as the full adders.

up — 3 =

ao asby asby asbo abo abe aiby @b
arhe |26bt asby adbr ashh 2 2y aby

arh: asbr|esh: 2sb: 23b: a:be: aib: adk:

ath: ache asba|2sbs asbs a:bs 2ibs 2obs

achs asbe 2sbe|23bs 22bs 2:bs 20bs

ans asbs aabs 23bs|as aibs aobs

artbe ache ashe asbe a:be 2:bc|aibs 20bs

by asby asbr ador asbr a:bv aibr| 2ok

Pu Pis Pz Pii P Ps Pa|Pr Pc P P P P2 Pt Po

P1s

The above image shows t =4 w-a-Brauns multiplier works and what inputs are
required to produce a given output bit. For example, for PO to equal 1, AOBO must equal 1.
For P3 to equal 1, one of A3B0, A2B1, A1B2 or AOB3 must equal 1.

Wallace Tree

A Wallace Tree multiplier is a type of binary long multiplier, it uses half and full adders to
sum two binary numbers in stages until only two numbers are left, a Wallace Tree multiplier
will reduce as much as possible at each stage. It was devised by Chris Wallace, an
Australian computer scientist in 1964. A Wallace Tree multiplier has three steps to it:

- Multiply each bit of one input by each bit of the other.

- Reduce the number of partial products down to two using half and full adders.

- The final product is calculated by the weighted sum of all of the products of its
factors.




Comparably to adding partial products with regular adders, a Wallace Tree multiplier has a
taster operation speed. The downside of the Wallace Tree multiplier is the much higher gate
count compared to the naive addition of partial products.
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The above images show the stages of the Wallace Tree multiplier. The first image is similar
to that of the Brauns multiplier, the second image shows the breakdown of each stage.




The Wallace Tree multiplier uses the previous stages as inputs for its next stage. Half
adders have two inputs and two outputs, the inputs being for example AOB1 and A1BO0, with
each of those being equal to either 1 or 0. The outputs are the Sum and Carry. The full
adders have 3 inputs and 2 outputs, the inputs being dependant on the stage of the
multiplier. At the first stage, the inputs are all binary inputs of the possible outcomes, for
example they could be A2B0, A1B1 and AOB2, whereas at further stages, the inputs will be
one of the possible outcomes, such as AOB3 and the other two will be the outputs from the
previous connected adders. This again gives a Sum and Carry output which proceeds to be
an input for the next stages.
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am shows the stages for the Wallace Tree multiplier, the dots connected

in threes show fUlGTE ers, the dots connected in twos show half adders. There are 5 stages
to a Wallace Tree multiplier, this ties in with the circuit diagram shown in the latter sections.




esigns
e below schematics show the critical paths of each multiplier. The critical path is the

longest possible route from start to finish, in other words, the section that will cause the
longest delay.
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The delays for the Brauns multiplier are shown below. Path 9 is the highlighted critical path.

b

From To Port Max MaxProcess  Min Min Process
Port Delay Corner Delay Comer
DA QP 7.430 SLOW 3.003 FAST
D a2 4Pz 6.172 SLOW 2435 FAST
O a2 4Pal 6.569 SLOW 2592 FAST
O A2 QP 7.143 SLOW 2.805 FAST
O a2 dPal 6.898 SLOW 2708 FAST
D A2 4 PE) 6.288 SLOW 2.472 FAST
O a2) 4P 6.818 SLOW 2665 FAST
D A21 QP 6.410 SLOW 2499 FAST
A2) < PO) 7.452 SLOW 3022 FAST >
O Al 4dPa 6.934 SLOW 2696 FAST
O Ap) P 6.039 SLOW 2.348 FAST
O ARl dPsEl 6.677 SLOW 2636 FAST
D A3 QP 7.196 SLOW 2.846 FAST
D a3 4dPm 7.351 SLOW 2.873 FAST
D A3 QP 6.704 SLOW 2633 FAST
O AR 4 Ppe 6.970 SLOW 2780 FAST

With the largest delay being 7.452ns.




Wallace Tree
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@aﬁs’ié the critical path of the Wallace tree multiplier.

The delays are below:

O opti2)  <J result2) 6.993 SLOW 2.821 FAST
D opt2l  {J resultf3] 7.927 SLOW 3123 FAST
- opti2l {7 resulti4) 9.224 SLOW 3.011 FAST
O opti2g  {d resuits] 9.370 SLOW 3.257 FAST
Cropif2l < resultis] 9748 SLOW 2822 FAST
D opti2) < resulf7]  10.690 SLOW 3.198 FAST
D opt2l  {Jresulfs]  10.519 SLOW 3.354 FAST
Cropi2l O resulf®] 10705 SLOW 3309 FAST
D op1i21 {0 resultf10] 11.480 SLOW 3.494 FAST
Crop2]  {Jresulf11] 11.856 SLOW 3.647 FAST
D oplz) <Jresuf12] 11861[SLOW | 3515 FAST
D op121  {Jresultf13] 11.945 SLOW 3541 FAST
Cropil2l <O resulfiid] 12059 SLOW 3507 FAST
D opti2] <0 resullf15] 12487 SLOW 3679 FAST
O op1[2] ] oSl 2 g

[ opli2] < resulf17]  13.867 SLOW 4,317 FAST
[+ op1i2] < resulifig 3 STOwW 4264 FAST
O opfi2d {0 resultf19] 13681 SLOW 4281 FAST

As can be seen, path 11 has the largest delay, at 13.867ns.




The largest delay between the two systems is the Wallace tree multiplier at 13.867ns
compared to the 7.452ns on Brauns. This is due to the Wallace Tree multiplier having a
higher requirement for the number of logic gates used.

To improve the speed of the system, it is possible to implement DSP48 in to the code. This
enables pipeline registers for each DSP48 input and two registers for each DSP48 output.
This will give maximum performance.

The code design should also be optimised, area optimisations will reduce resource usage of
the design and speed optimisations will improve the systems timing so that the system will
run at higher frequencies by optimising the critical path.

These can be done by using the following optimisations:
Speed Optimisations

Clock rate pipelining: This is a software option that tuns pipeline registers at faster clock
rates when you have an oversampling factor that is larger than 1.

Distributed pipelining: This option retimes registers that have existing delays so that the
system can evaluate what pipelines need faster clock rates for the targeted device.

Adaptive pipelining: This inserts pipeline registers at the input, output or both to create
efficiently mapped blocks to DSP units. This considers the target device, frequency,
multiplier word lengths and VHDL block property settings.

Loop unrolling: This is where a loop is unrolled by instantiating multiple loop body instances
generated in the code.

Area Optimisations

Resource sharing: This is an optimisation that will identify multiple equivalent resources and
replace them with a single resource.

Streaming: This optimisation is used to split the vector data path into smaller data paths
based on a streaming factor.

Loop streaming: This is where a loop is streamed by instantiating the loop body once and
then reusing that instance for each iteration of the loop.

10




System Operation Flow Charts

The operational flow chart follows the principle of long multiplication, from PO to P15. Each of

the outputs is added together to give the final 16 bit binary output.

11




As can be seen, the system is made up of AND gates, full adders and half adders. Each line
dealing with one of the bits of the second 8 bit number along with each bit of the first 8 bit
number, they then filter into an adder along with the sum output of the previous line.
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The Wallace Tree multiplier uses a series of full and half adders to condense the system at
each level, as seen in the above diagram. This filters the inputs and outputs down to a final
16 bit number.
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FPGA Diagrams

Brauns

This is the FPGA diagram for the Brauns multiplier, this shows each of the configurable logic
blocks surrounded by the system of programmable interconnects. The highlighted blocks are
those used by the deﬁ system, along with the pathways that connect each input and
output. This givesa v epresentation of what the physical chip would look like and how it
would be connected if built to be able to carry out the created multiplier code.

13




Wallace Tree

This is the FPGA diagram for the Wallace Tree multiplier, this shows each of the
configurable logic blocks surrounded by the system of programmable interconnects. The
highlighted blocks are those used by the designed system. The highlighted paths are the
connections between each input and output.

14




Brauns

(B(4) R

WOR (R{d) RED

As you can see from this code, the outputs follow the flow chart of how the multiplier works
and works very similarly to long multiplication. Each output is made up of AND and XOR
operation gates with all possibilities given, the possibilities are determined by the table
shown in the information section of this report.
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Wallace Tree%
library IEEE;
use IEEE.std logic 1164.all;

use IEEE.std logic_arith.all;
entity walltree_mul is

port (
opl : in std logic _vector (9 downto 0 ):
op2 : in std logic wvector (9 downto 0 );

result : out std logic vector(20 downto 0 )
1
end walltree_mul;
architecture rtl of walltree_mul is

At

signal ppl : std logic vector (% downto
signal ppl : std logic vector (9% downto
signal pp2 : std logic vector (9% downto
signal pp3 : std logic wvector(9 downto
signal pp4 : std logic vector (9 downto
signal pp5 : std _logic_vector (% downto
signal ppé : std logic vector (9% downto
signal pp7 : std logic wvector (9 downto
signal ppf : std logic wvector(9 downto
signal pp% : std logic vector (9% downto

[ e R R e I = = = |

signal sigCSA sum 0 : std logic wector (11 downto
signal sigCSA_cry 0 : std logic wvector (11 downto
signal sigCSA_sum 1 : std logic wector (11 downto
signal sigCSA cry_l : std logic vector (11 downto

signal sigC5A sum

.2 : std logic wvector (1l downto
signal sigCSR cry 2

: std_logic vector (11 downto

signal sigCS5A_sum 3 : std logic wvector (14 downto
signal sigCSA_cry_3 : std logic wvector (14 downto

16




pp0(0)
pp0 (1)
pp0(2)
pp0(3)
ppo(4)
pp0(3)
pp0 (€)
ppRO(7)
pp0 (8)
ppo(9)
ppl(0)
ppl(l)
ppl(2)
ppl(3)

3igC5A sum 4
5igCSA cry 4

3igCSA sum 5
sigCSA cry 5

sigCSA_sum &
8igCSA_cry 6

o

Carry rca

<= opl(0) and
<= opl(0) and
<= opl(0) and

<= opl(0)
<= opl(0)
<= opl{(0)
<= opl(0)
<= opl(0)
<= opl(0)
<= opl(0)
<= opl{(l)
<= opl(l)
<= opl(1)
<= opl{(l)

and
and
and
and
and
and
and
and
and
and
and

: std _logic vector
: std logic vector

: std_logic vector
: std logic vector

: std logic vector
: std_logic vector

: std_logic vector
: std_logic vector

std logic vector( 19 downto 0 );

op2(0);
op2(1):
op2(2):
op2(3):
op2(4):
op2(35);
op2(€);:
op2(7):
op2(8):
op2(9):
op2(0):
op2(l);:
op2(2):
op2(3);

(14
(14

(18
(18

(19
(19

(20
(20

downto
downto

downto
downto

downto
downto

downto
downto

[
0):

0):
0):

0);
0):

0):
0):

17




bp1(4)
ppl(5)
ppl(§)
ppl(7)
ppl(8)
ppl(9)
pp2(0)
pp2(1)
pp2(2)
pp2(3)
pp2(4)
pp2(5)
pp2(€)
pp2(7)
pp2(8)
pp2(9)
pp3(0)
pp3(1)
PP3(2)
pp3(3)
pp3(4)
pPp3(5)
pp3(6)
pp3(7)
Pp3(8)
pp3(9)
pp4(0)
pp4 (1)
pp4(2)
pp4(3)
pp4 (4)
pp4(5)
pp4 (€)
pp4(7)
pp4(8)
pp4 (%)
ppS(0)
ppS(1)
PpS(2)
pPpS(3)
pPpS (4)
PRS(5)
PpS (€)
ppS(7)

opl(l)
opl(l)
opl(l)
opl(1)
opl(l)
opl(l)
opl(2)
opl(2)
opl(2)
opl(2)
opl(2)
opl(2)
opl(2)
opl(2)
opl(2)
opl(2)
opl(3)
opl(3)
opl{3)
opl(3)
opl(3)
opl(3)
opl(3)
opl(3)
opl(3)
opl(3)
opl (4)
opl(4)
opl(4)
opl(4)
opl(4)
opl(4)
opl(4)
opl(4)
opl(4)
opl(4)
opl(s)
opl(5)
opl(S)
opl(s)
opl(5)
opl(5)
opl(s)
opl(s)

and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and

op2(4);:
op2(S);
op2(6):
op2(7);
op2(8):
op2(9):
op2(0);
op2(1):
op2(2):
op2(3);
op2(4):
op2(5):
op2(€):
op2(7):
op2(8);
op2(9);
op2(0):
op2(l);
op2(2):
op2(3):
op2(4):
op2(5):
op2(€);
op2(7):
op2(8);
op2(9):
op2(0) >
op2(l):
op2(2):
op2(3):
op2(4):
op2(5):
op2(€):
op2(7);
op2(8);
op2(9);
op2(0);
op2(l);
op2(2);
op2(3);
op2(4);
op2(5);
op2(€);
op2(7):

18




bos (2)
PP5(9)
pPpéE (0)
PPE(1)
ppé(2)
PpE(3)
ppE(4)
PpE(5)
Pp6(€)
ppE(7)
PpE(8)
ppE(9)
pp7(0)
pp7(1)
pp7(2)
pp7(3)
pp7(4)
pp7(5)
pp7(§)
pp7(7)
pp7(8)
pp7(9)
ppe(0)
ppE(1)
ppE(2)
PPE(3)
ppe(4)
ppe (5)
ppE (€)
PpE(7)
ppE(8)
PPB(9)
ppY(0)
pp9(1)
Pp9(2)
PR%(3)
ppo(4)
Pp9(5)
ppo(6)
ppe(7)
PR%(8)
pp%(9)

opl (5)

= opl(5)

opl(€)
opl(€)
opl (&)
opl(€)
opl (&)

= opl(€)

opl (€)
opl (€)
opl (€)
opl (&)
opl(7)
opl(7)
opl(7)
opl(7)
opl(7)
opl(7)
opl(7)
opl(7)
opl(7)

= opl(7)

opl(8)
opl (8)
opl(8)
opl(8)
opl(8)
opl(8)

= opl(8)
= opl(8)

opl (8)

= opl(2)
= opl(9)

opl (9)
opl (9)
opl(9)
opl (9)
opl (9)
opl (9)
opl (9)
opl(9)

opl (9)

and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and

op2(8);
op2(9):
op2(0):
op2(l);
op2(2):
op2(3);
op2(4):
op2(5);
op2(6);
op2(7);
op2(8);
op2(9);
op2(0):
op2(1l);
op2(2);
op2(3):
op2(4);
op2(5):
op2(6):
op2(7);:
op2(8):
op2(9);
op2(0):
op2(l):
op2(2);
op2(3):
op2(4):
op2(5);
op2(6):
op2(7):
op2(8):
op2(9):
op2(0):
op2(1):
op2(2):
op2(3);
op2(4):
op2(5):
op2(6);
op2(7):
op2(8):
op2(9):
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8igCSA_sum 0(0)
sigC5A_cry_0(0)
sigCSA_sum 0 (1)
3igCSA_cry_0(1)
3igCSA_sum 0(2)
8igC5A_cry 0(2)
3igCSA_sum_0(3)
sigCSh_cry_0(3)
3igC5A_sum 0(4)
3igCSA _cry 0(4)
3igCSA_sum_0(5)
3igCSA_cry_0(5)
3igCSA_sum 0(€)
3igCSA_cry_0(€)
5igCSA_sum 0(7)
8igCSA_cry_0(7)
3igCSA_sum 0(8)
8igCSA_cry 0(8)
sigCSA_sum_0(9)
3igCSA_cry 0(9)
8igCSA_sum 0(10)
sigC5A_cry 0(10)
sigCSA_sum_0(11)
3igC5SA_cry_0(11)

51gCSA_sum 1(0)
8igCSA_cry_1(0)
5igCSA sum 1(1)
8igCSA_cry_1(1)
5igCSA_sum 1(2)
8igCSh_cry_1(2)
51igCSA_sum 1(3)
3igCSh _cry 1(3)
3igCSA_sum 1(4)
3igCSA _cry_1(4)
8igCSRE_sum 1(5)
3igCSA_cry_1(5)
3igCSh_sum 1 (€)
sigCSA_cry_1(€)
3igCSA _sum 1(7)
3igCShA_cry_1(7)
5igCSA_sum 1(8)
3igCSR_cry_1(8)
5igCSA_sum 1(9)
3igCSR _cry 1(9)
51gCSA_sum_1(10)
8igCSA_cry_1(10)
51gCSR_sum_1(11)
8igCSA_cry 1(11)

L=

pp0(0) xor '0"' xor '0" ;
{ '0" and ( pp0(0) xor '0" }) ;

= ( pp0(0) and "0' ) or

pp0(l) xor ppl(0) =xor

= ( pp0(1l) and ppl(0) )
= pp0(2) xor ppl(l) xor

( pp0{2) and ppl(l) )
pp0(3) xor ppl(2) xor

= ( pp0(3) and ppl(2) )
= pp0(4) xor ppl(3) xor

( pp0(4) and ppl(3) )
pp0(5) xor ppl(4) xor
( pp0(5) and ppl(4) )

= pp0(6) xor ppl(5) xor

( pp0(€) and ppl(5) )
pp0(7) xor ppl(€) =xor
( pPO(7) and ppl(é€) )
pp0(8) xor ppl(7) =xor
( pp0O(8) and ppl(7) )
pp0(9) xor ppl(8) xor
( pp0(9) and ppl(8) )

Uol H

or ( '0' and ( pp0(l) xor ppl(0) )) :

pp2(0) ;
or { pp2(0)
pp2(1)
or ( pp2(1)
pp2(2) :
or { pp2(2)
pp2(3) :
or { pp2(3)
pp2(4) :
or ( pp2(4)
pp2(5)
or ( pp2(5)
pp2(€) ;
or ( pp2(%)
pp2(7)
or ( pp2(7)

<= '0' xor ppl(9) xor pp2(8)

<= ( '0" and ppl(9)

<= '0" xor '0" xor pp2(9) :
<= ( '0" and '0" ) or ( pp2(9) and ( '"0" xor '0' )) :

<= ( pp3(9) and pp4(8) )

<= '"0" xor pp4(9) xor pp5(8) :

<= ( '"0" and pp4(9) ) or ( pp5(8) and (
<= '0" xor '0' xor pp5(9) :

&=

pp3(0) %or "0" xor '0' :
( '0" and ( pp3(0) xor '0" )) :

= ( pp3(0) and '"0' ) or

pp3(1l) xor pp4(0) =or

= ( pp3(l) and pp4(0) )
= pp3(2) xor pp4(l) =xor

( pp3(2) and pp4(l) )
pp3(3) xor pp4(2) =xor

= ( pp3(3) and pp4(2) )

rp3(4) xor pp4(3) xor
( pp3(4) and pp4(3) )
pp3(5) xor pp4(4) xor
{ pp3(5) and pp4(4) )
pp3(€) xor pp4(5) xor

= ( pp3(€) and pp4(5) )
= pp3(7) xor pp4(6) xor

( pp3(7) and pp4(€) )
pp3(8) xor pp4(7) xor
( pp3(8) and pp4(7) )

= pp3(9) xor pp4(8) =xor

oo

and ( pp0(2) xor ppl(l)

and

{ pp0(3) xor ppl(2)

and

( pp0(4) =or ppl(3)

and ( pp0(5) x=or ppl(4)

and ( pp0(€) xor ppl(S)

and ( pp0(7) xor ppl(€)

and ( pp0(8) xor ppl(7)

and ( pp0(9) xor ppl(8)

) or { pp2(8) and ( '0" xor ppl(%) )) ;

1)

1)

))

B

)

1o

))

1)

or { "0" and ( pp3(l) xor pp4(0) )) :

pp5(0) ;

or { pp5(0) and ( pp3(2) =or

PRS(1)
or { ppS{1)
PR5(2)
or { pp5(2)
pp5(3) :
or { ppS(3)
PR5(4)
or ( ppS(4)
pPpP5(S) ;
or { pp5(5)
pp5(€) ;
or ( ppS5(6)
pp5(7) ;
or { ppS(7)

pp4 (1)
and ( pp3(3) xor pp4(2)
and ( pp3(4) xor pp4(3)
and ( pp3(5) xor pp4(4)
and ( pp3(€) xor pp4(5)
and ( pp3(7) =or pp4(€)
and ( pp3(8) xor pp4(7)
and ( pp3(9) xor pp4(8)

'0" xor ppd(9) )) :

( '0" and '0" ) or ( pp5(9) and ( '0" xor '"0' )) ;

L

L
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8igCSA_sum 2(0) <= ppé(0) xor '0' xor '0" ;

3igCSA _cry 2(0) <= ( pp€(0) and '0" ) or ( '"0" and ( pp€(0) x=or '0" )) ;
sigC5A_sum 2(1) <= ppé&(l) xor pp7(0) xor '0' ;

8igC5A_cry_2(1) <= ( pp€(l) and pp7(0) ) or ( '0' and ( pp€(l) xor pp7(0) )) :
sigC5A_sum 2(2) <= pp€(2) xor pp7(l) xor pp2(0) :

3igCSRh_cry_2(2) <= ( pp€(2) and pp7(l) ) or ( pp8(0) and ( ppé(2) xor ppT7(l)
3igCSA_sum 2(3) <= ppé(3) xor pp7(2) xor pp8(l) ;

3igCSA_cry_2(3) <= ( pp€(3) and pp7(2) ) or ( pp8(l) and ( ppé(3) xor pp7(2)
sigCS5A_sum 2(4) <= pp6€(4) xor ppT7(3) xor pp8(2)

3igCSA_cry 2(4) <= ( pp€(4) and pp7(3) ) or ( pp8(2) and ( ppé€(4) xor pp7(3)
sigC5A_sum 2(5) <= pp€(5) xor ppT7(4) xor ppE(3) ;

3igCSRh_cry 2(5) <= ( pp€(5) and pp7(4) ) or ( pp8(3) and ( ppé€(5) xor pp7(4)
3igC5A_sum 2(6é) <= pp6(€) xor ppT(5) xor ppd(4) :

3igCSh _cry 2(6) <= { pp€(€) and pp7(5) ) or ( pp8(4) and ( ppé(6) xor pp7(5)
sigCSA_sum 2(7) <= ppé&(7) xor pp7(€) xor pp8(S) :

3igCSA_cry _2(7) <= ( pp€(7) and pp7(€) ) or ( pp8(5) and ( pp6(7) xor pp7(6)
3igCSh_sum 2(2) <= pp€(8) xor ppT7(7) xor pp8(€) :

sigCSA_cry 2(8) <= ( pp€(Z) and pp7(7) ) or ( pp@(€) and ( ppé(8) xor pp7(7)
3igCSA_sum 2(9) <= pp€(9) xor ppT7(8) xor ppd(7) :

3igCSA_cry_2(9) <= { pp€(9) and pp7(8) ) or ( pp8(7) and ( ppé(9) xor pp7(8)
sigCSA_sum 2(10) <= '0' xor pp7(9) xor pp8(8) ;

sigC5A_cry 2(10) <= ( '0" and pp7(9) ) or ( ppE(8) and ( '0" xor pp7(9) )) :
8igCS5A_sum 2(1l) <= '0" xor '0' xor pp8(9) :

8igC5A_cry 2(11) <= ( '0" and '0" ) or ( pp2(9) and ( '0" xor '0' )) ;

~

A sum 2 and sig

S1gCSA_sum_3({0) <= 3igC5A_sum 0(0) xor "0" xor "0' ;

3igCSA_cry_3(0) <= { sigCSA_sum 0{0) and '0" } or { "0 and { =igCSA_sum _0{0) xor '0' )} :

8igC5A sum 3(1) <= 8igCSh sum 0(1l) xor sigCsh cry 0(0) xor '0' ;

S1gCSA_cey 3(1) <= ( 91gCSA_sum 0{l1) and sigCSA_cry 0(0) ) o { '0" and { sSigCSA_sum 0(1) =ox sigCSA_cey 0(0) )} &
3igC3A_sum_3({2) <= sigC3A_sum 0(2) xor s3igCsRA_cry_0(1) =or '0" ;

8igCSA_cry_3(2) <= ( sigCSh_sum 0(2) and sigCSk_cry 0(1) ) or ( '0" and ( sigCSA_sum 0(2) =or sigCSh_cry _0(1) )) ;
2igCSA_sum 3(3) <= sigCSA_sum 0(3) xor sigCsSh_cry 0(2) xor sigCSA_sum 1(0)

s1gC5A_cry_3(3) <= ( 8igCSA_sum 0(3) and sigCSA_ery 0(2) ) or { 3igCSR_sum 1{0) and { sigCSA_sum 0(3) xor sigCSR_ery 0(2)
2igC5A_sum 3(4) <= =igCSA_sum _0(4) xor aigCSR_cry_0(3) zor sigfSi_sum 1(1) ;

9igCSA_cry 3(4) <= { sigCSA_sum 0(4) and sigCSA_cry 0(3) ) or | sigCSh_sum 1{1) and { sigC5h_sum_0(d) xor sigCSR_ery_0(3)
31gCSA_sum 3(5) <= s1gC5A_sum 0(5) xor sigCsh cry O(4) xor sigCSA_sum 1(2) :

3igCSA_cry_3(5) <= ( 3igCSR_sum 0(5) and sigCSA_cry 0(4) ) or ( aigCSh sum 1(2) and { 3igCSA_sum 0(5) xor aigCSR_cry 0{4)
3igCSA_sum 3(€) <= sigCSh_sum _0(6) xor aigCSh_cry_0(S) xor sigCSA_sum 1(3)

81gCsSA_cry_3(€) <= ( 81gCSA_sum 0(€) and sigCSA _cry 0(5) ) or ( sigCShA_sum 1(3) and ( sigCSA_sum 0(€) xor sigCSA_cry_0(S)
#1gCSA_sum_3(7) <= sigCSA sum 0(7) xor sigCTSh_ery 0{€) xzor sigCSA_sum 1(4) &

3igCSA_cry_3(7) <= ( 3igCSR_sum 0(7) and aigC32 cry 0(€) ) or ( aigCSR sum 1(4) and { 2igCSA_sum 0(7) xor aigCSR_cry O(€)
8igCSA_sum 3(8) <= sigCSh_sum 0(8) xor sigCSh_cry_0(7) xor sigCSh_sum 1(5) 7

81gCSA_cry 3(8) <= ( 81gCSA_sum 0(%) and sigCSA cxy 0(7) ) or ( sigCSA_sum 1(S) and ( sigCSA_sum 0(8) xor sigCsh_cry 0(7) ))
8igCSA_sum 3(9) <= sigCSA sum 0(9) xor aigCsSh_cry 0(8) xor sigC3A sum 1(6) »

2igCSA_cry_3(9) <= { sigCSA_sum 0{%) and =igCSA_cry_0(8) ) or { =igCSA_sum 1({£) and { sigCSA_sum_0{5) xor aigCSR_cry_0{g) )) ;
9igCSA_sum 3(10) <= sigC5A_sum 0(l0) xor sigCSA_cry 0(9) xor sigCSA_sum 1(7) :

s1QCSA_cry_3(10) <= ( 31gCSA_sum_0(10) and SigCSA_cry 0(9) ) or [ S1gCSA_sum 1(7) and ( SigCSA_sum_0{10) xor sigCSA_cry 0(3%) ]) ;
2igC53_sum 3(11) <= aigCSA_sum 0(11) xor sigCSA_cry_0(10) zor aigCSA_sum_1(8) ;

8igC5SA_cry_3(11) <= ( sigCSh_sum 0(11) and sigCSA_cry 0(10) ) or ( sigCSA_sum 1(8) and ( sigCSR_sum 0(1l) xor sigCSA_cry 0(10) )) :
sigC3SA_sum 3(12) <= 0" xor sigCSh_cry 0(ll) xor sigCSA_sum 1(%) :

8igCSA_cry_3(12) <= ( "0 and sigCSR_cry 0{11) )} or { sigCSR_sum 1(%) and { '0" =xeor sigC3A_cry 0(L11) }) ¢

3igCSA_sum 3(13) <= '0' xor "0" xor =igCSR_sum 1(10) ;

sigCSh_cry 3(13) <= ( '0' and *0* ) or { sigCSA sum 1(10) and ( '0* xor *0* )) ;

31gCSA sum 3{14) <= '0" xor '0' xor sigCSA_sum 1(11) ;
8igCSA cry 3(14) <= ( "0" and "0" ) or ( sigCSA sum 1(11) and ( '0" xor "0 )) ;

21




S1QCSA_sum_4(0)
2igCSA_cry_4(0)
81gC5h_sum_4(1)
8igCsk_cry_4(1)
S1gCsh_sum 4(2)
3igCsh_cry_4(2)
8igCsh_sum 4(3)
51gCsA_cry_4(3)
8igCsh_sum 4 (4)
81gCTSR_cry_4(4)
2igCSh_sum 4 (5)
81gCsSh_cry 4(5)
3igCSh_sum_4 (€)
31gCSh_cry_4(€)
8igCSA_sum 4(7)
s1gCSh_cry_4(7)
2igCSA_sum_4 (8)
51gCSA_cry_41(8)
21gCSA_sum_4(9)
9igCSh_cry_4(5)
S1gCSA_sum_4(10)
2igCSh_cry_4(10)
8igCSh_sum_4(11)
8igCsh_cry_4(11)
31gTSR_sum 4£(12)
8igCsh_cry_4(12)
s1gTSA_sum_4(13)
2igCSA_cry_4(13)
91gC5A_sum_4 (14)
3igCsh_cry_4(14)

€= 31gCSA_cry_1(0) xor '0* xor '0' ;

<= { 2igCSA_cry_1{0) and '0" ) or { '0" and | =igCSA_cry 1(0} xex 'D'
<= 81gCshA_cry 1(1) xor "0" xor '0' ;

<= ( sigCSh_cry 1(1) and "0" ) or { "0" and ( aigCSR_cry_l(l) =or '0"
<= gigCSh_cry_1(2) xor sigCSA_sum 2(0) xor "0°

<= { 3igCSA cry_ 1(2) and sigCSR _sum 2(0) ) or { "0" and { =igC3A cry 1
<= 9igCSh_cry_l(3) xor sigCSA_sum 2(1) xor sigCSA_cry 2(0) &

<= { 3igCSA_cry_1(3) and sigCSA_sum 2(1) ) o= { sigCSh_cry 2(0) and (
¢= gigCSA_cry_1(4) xor sigCSh_sum 2(2) xor sigCSR_cry 2(1) :

<= ( 3igC5h_cry 1(4) and sigCShA_sum 2(2) ) or ( sigCSh cry 2(1) and (
¢= 2igCSA_cry 1(5) xor sigfSR_sum 2(3) mor sigCSRA_cry 2(2)

<= ( sigCSh_cry 1(5) and sigCTShA_sum 2(3) ) or ( SigCSR cry 2(2) and {
<= 3igCSA_cry_1(6) xor sigCSR_sum 2(4) xor sigCSR_cry 2(3) ;

<= { 81gCSA_cry 1(€) and sigCSA_sum 2{4) ) or { sigCSA_cry_2(3) and (
<= 8igCSh_cry_l(7) xor sigCSA_sum 2(5) xor sigCSA_cry_2(4) 7

<= { sigCSA_cry l(7) and sigCSA sum 2(5) ) or { sigCSA cry 2(4) and {
¢ 2igCSA_cry_1(8) xor sigCSA_sum 2(€) xor aigCSA_cry 2(5)

€= { 81gCSA_cry 1(8) and sigCSA sum 2(€) ) or { SigCSA cry 2(5) and (
¢= 2igCSA_cry_1(9) xor aigCSA_sum 2(7) xor aigCSA_cry 2(6)

e= { 9igCSh_cry_l(%) and sigfSA_sum 2(7) ) or { sigCSh_cry 2(€) and (

<= 3igCSA_cry_1(10) xor sigCsA_sum 2(9) xor sigCsa cry 2Z(7) 7
{ 2igCSA_cry 1{10) and sigCSA_sum 2(8) ) or { sigCSA_cry 2(7) and
3igC5A_cry_1(11) =or sigCTSA_sum 2(%) xor sigC3A_cry 2(8) :
{ igCSA_cry 1(11) and sigCSh _sum 2(%) ) or ( sigCSh_cry_2(8) and

=
e=
=

N
"o
{2) xor sigCsR_sum 2{(0) ))
2igCSA_cry_1(3) xor sigCSA_sum 2 (1)

3igCSA_cry_1(4) xor sigCSRA_sum 2(2) )) :

3igCSA_ery 1(5) 31gTSA _sum 2(3) ))
S1gCSA_cry 1(€) 31gCSA_sum 2 (4)
sigCSA_cry 1(7) s1gCSA_sum 2(5) })
S1gTSA_cry_1(8) S1gCSh_sum 2(€) )
sigCtSh_cry 1(%) xor sigCSh_sum 2(7) })
{ sigCSA_cry 1(10) =or sigCSRA sum 2(8)

{ 3igCSA _cry 1(l11) xor sigCSA_sum 2(%) )

igCSA_sum _2(11) }) 2

<= '0" xor sigCsA sum 2(Ll0) xor sigCshd cry 2(%) :

<= ( "0" and sigCSA_sum 2(10) ) or ( sigCSA_cry 2(9) and { '0" xzor sigCSA_sum 2(10) )} :
<= '0" xor sigT3A_sum 2(L1) xor sigl3A_cry_2(10)

<= ( '0" and sigCSA_sum 2{11) ) or { sigCSA_cry _2{10) and ( "0' xor s

<= '0" xor '0' xor sigC5A _cry 2(11) ;

<=

( "0" and "0" ) or ( aigC5RA _cry 2(11) and ( "0" xor "0" )) ;

31gCSA_sum_S5(0})
31gCSA_cry_S(0)
23igCSA_sum_S{1}
8igCsh_crv_5{1)
sigCSA_sum_5{2)
8igCSR_exy_S5{2)
#igCsRA_sum 5(3)
2igCsh_cry_5{3)
8igCsh_sum S{4)
31gCSA_crv_S(4)
#igCSh_sum_S(5)
2igCSR_cry_5(5)
5igCsh_sun_S (€)
81gCsh_cry S(€)
51gCSR_sum_S(7)
2igCSA_cry 5(7T)
8igCsh_sum_5(2)
831gCsh_cry_5(8)
8igCsh_sum_S{%)
8igCsh_cry_S{9)
2igCSA_sun_5{10)
8igCSR_cry_5(10)
81gCSA_sum 5{11}
3igCSA_cry_S({11)
2igCSA_sum_5{12)
8igCsh_cry_5{12)
2igCsh_sum_5(13)
81gCsh_cry_S5(13)
5igCSA_sum 5{14)
23igCSA_cry_5{14)
81gCSR_sum 5(15)
8igCsA_cry_5{15)
8igCSA_sum_S{1€)
3igCsR_cry_S(1€)
23igCSh_sum_5{17)
8igCsh_cry_5{17)
51gCSA_sum_S5{13)
5igCSA_cry 5{18)

s1gCSA_sum_3(0) xor "0' xor '0" :
{ 3igCSR_sum 3(0) and "0 ) or ( "0" and { 3igCSh_sum 3{0) =or '0" ))
2igCSA_sum _3(1) xor sigCSA_cry_3{0) xor '0' ;

{ aigCSA_sum 3(1) and sigCSh cry_3(0) )
= sigCSA_sum_3(2) xor sigC5A_cry 3(l) xor
= ( 31gCSA_sum 3(2) and sigCSA_cry 3(1) }
8igCSA_sum 3(3) xor sigCSA_cry_3(2) xor
{ 2igCSh_sum_3(3) and sigCSh_cry_3{2) )
= gigCSA_sum 3(4) xor sigCSA_cry 3(3) xor
( 31gCSA_sum_3(4) and sigCSh_cry_3(3) )
sigCSA_sum 3(5) xor sigCSA_cry 3(4) =zor
{ aigCSR_sum 3(5) and sigCSh _cry_3(4) )
sigCSA_sum 3 (6) xor sigCSA_cry 3(5) xor
= ( 81gC5A_sum 3(€) and s1gCSA_cry_3{5) )
= 51gCSA_sum _3(7) xor sSigCSA_cry 3(6) xor
{ 2igCSh_sum_3(7) and sigCSA_cry_3{€) }
8igC5h_sum_3(2) xor sigCSA_cry_3(7) xor
= ( 81gCSA_sum 3(&) and sigCSh _cry_3(7) )
= 81gC5A_sum 3(9) xor sigCSA_cry 3(8) zor
<= ( 3igCSR_sum _3(9%) and sigCSA_cry 3(8) )

T
g

sigCsh_sum 4(0) :

or ( 3igCSA_sum 4(0) and (
sigCSA_sum £(1) ;

or ( 3igC3R_sum 4(1)
sigCSh_sum 4(2) 7
or { sigCsh_sum 4(2)
S1QCSA_sum £(3) ;
or | aigCSh_sum_4(3)
sigCSh_sam_4(4) 5
or ( aigCsA_sum 4(4)
81gCsA_sum 4(5)
or ( aigCsA_sum 4(5) and (

and (

and {

and |

and (

SLgCSA_sum_3(4)
aigCSA_sum 3(5)
sigCSA_sum_3(§)
2igCSA_aum_3(7)
81gCSA_sum 3(8)

3igCSA_sum_3(9) xor aigCsSR_cry_3(8) ))

or { sigC5A_sum 4(7) and { 3igCS5A_sum 3(11) xor
or { sigCSA_sum 4(8) and ( =igCSh_sum_3(12) =or

or { s1gCSA_sum_4(9) and { sigCSA_sum 3(13) xor

or ( '0" and { sigCSh_sum 3(l) xor sigCSA _cry 3(0) })
or { '0" and { sigCSA_sum 3(2) xer sigCSA_cry 3(1) }) :

or { '0" and { sigCSA_sum_3({3) xer sigCSA_czy_3(2) )} 5

Xor Sigt3A_cry _3(3) 1)

xor

2igCsA_cry_3(4) 1)
xor 3igCsSh_cry 3(5) ))

Hor

2igC3h_cry_3(€) )

Xor

a1gCsh_cry_3(7) 1)

2igCSA_sum_3({10) xor sigCSh_cry_3(%)
21gCSA_cry_3{10} })

=3igCsh_cry_3(11) })

or { sigCSA_sum 4(10) and { sigCSA_sum_3{14) xor sigCSA_cry_3{13} ))

<= 3igC3A_sum_3{10) zor sigCSR_cry_3{5) zor sigCSA_sum & (€) ;

<= | aigCSA_sum 3 (10) and aigCSK_cry _3(9) ) or ( sigCSA_sum 4&(&) and |
<= 81gCSA_sum 3(ll) xor sigCSh cry 3{(l0) xor sigCSh sum 4(7) :

<= { aigCTSA_sum 3(11) and 3igCSA cry 3(10) )

<= 2igCSA_sum _3{12) xor aigCSh_cry 3(11) zor aigCSh_sum_4(8) :

<= ( aigCSA_sum_3 (12) and aigCSh_cry_3(11) )

<= 8igCSA_sum_3(13) xor sigCSh_cry 3(l2) zor sigCSA_sum 4{%) :

<= ( 31gCSA_sum 3(13) and 3igCSA_cry 3(12) )

<= 5igC5RA_sum_3(14) xor sigC5RA_cry_3(13) xor siqgC5A_sum_4(10) ;

<= { 2igCSh_sum_3(14) and =igCSA_cry_3(13) )

<= '0'" xor sigCSh cry 3 (14) xor sigCSh sum 4 (11) ;

<= | '0' and 9igCSA_cry 3(14) ) or ({ sigCSA_sum_4(11) and { "0' xor sigCSA_cry 3(14) ))
<= '0" xor '0" xor SigCSA_sum 4{12) ;

<= ( "0" and "0" ) or { sigC5A_sum 4(12) and ( "0" xor "0" ))

<= '0" mor '0" mor sigCSA_sum 4(13) ;

<= { '0" and "0 ) or { sigCSh sum 4(13) and { '0' xor "0 ))

<= "0' xor '0" xor sigTSA_sum 4(14)

€= { '0" and '0" ) or { sigCSA_sum 4(14) and { '0" xor '0' )} :

31gC5A_cey_3{12) )] ¢
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2igCSA_sum &(0) <= sigCSA_sum 5(0) xor "0' xor "0' :

8igCSh_cry_€(0) <= ( 3igCSh_sum 5(0) and '0' ) or ( '0" and ( sigCSh_sum 5(0) xor '0" )} ;

81gC5A_sum €(1) <= sigCSA_sum 5(1) xor sigCSA_ery 5{0) xor '0' :

3igC5A_cry €(1) <= ( aigC5A_sum 5(1) and sigCSA_cry _5(0) ) or ( '"0' and { 3igCSA_sum 5(1) =or aigCSA_cry 5{0) )} ;
=igCSA_sum €(2) <= sigCSA_sum 5(2) xor siglSA cry S(1) xor '0' :

8igCSA cry €(2) <= ( =3igCSA_sum 5(2) and =igC5A cry 5(1) ) or ( '0" and ( 2igCSA sum 5(2) =or sigCSA cry 5(l)
=1gCSA_sum €(3) <= sigCSA_sum 5(3) xor sigClSA cry S(2) xor '0'

8igC5A_cry_€(3) <= ( 3igCS5RA_sum 5(3) and =igC35A_cry 5(2) ) or ( '0" and ( 2igC35A_sum 5(3) xor sigCSA_cry 5(2)
51gCSA_sum _€({4) <= sigCSA_sum 5(4) xor sigCSA cry_S(3) xor '0' ;

3igC5A_cry_€(4) <= ( 3igCS5R_sum_5(4) and =3igC3A_cry 5(3) ) or ( '0" and ( 3igC3A_sum 5(4) xor sigCSA_cry 5(3)
s1gCSA_sum_€(5) <= sigCSR_sum 5(5) xor sigCSA_cry S(4) xor sigCSA_cry 4(0) 7

2igCSA_cry_6(5) <= ( 2igCSA_sum_S5{S) and =igCSA_cry_S(4) ) or [ aigCSA_cry_4(0) and { sigCSA_sum_5(5) xor aigCSE_cry S(4) )) :
s1gCSA_sum_€(€) <= sigCSA_sum 5(&) xor sigCSA_cry_S(5) xor sigCSA_cry _&(1) 7
3igC3A_cry €(6) <= [ 3igCTSR_sum 5{€) and 2igCSA_cry 5(5) ) or ( 2igCSR _cry 4{(1) and { »igCSR_sum S5(€) xor aigC3RA_cry 5(5) }) -
81gCSA_sum_€(7) <= s1gCSh_sum 5(7) Xor sigCSA_cry S(€) xor sigCSh_cry_&(2) i
5igCSA_cry_€(7) <= ( 3igCSA_sum_S{7) and sigCSA_cry S(€) ) or ( sigCSA_cry 4(2) and { sigCSA_sum_5(7) xor sigCSA _crw S(€) ))
81gCSA_sum €(8) <= sigCSA_sum 5(8) xor aigCSh_cry_5(7) xor sigCSA_cry_&(3) 7
5igCSA_cry_€(8) <= ( 2igCSA_sum_5{2) end sigCSA_cry_S(7) ) or ( 5igCSA_cry_4(3) end { sigCSA_sum_5(8) xor s5igCSA_cxy_S(7) }) &

81gCSA_sum €(9) <= sigCSR_sum 5(%) xor 8igCSA_cry_S(%) xor sigCSh_cry &(4) 7

5igCSA_cry_€(3) <= ( 2igCSA_sum_S{%) and sigCSA_cry 5(8) ) or ( 9igCSA_cry_4(4) end { 33gCSA_sum_5(9) xor sigCsSA_cry 5(3) )) ¢
81gC5A sum €(10) <= aigCSA_sum 5(10) xzor sigC5A cry 5(%) xor aigCSA cry 4(5) ;

51gCSA_cry €{10) <= { 3igCSA_sum _S(10) and sigCSA_cry 5(3) ) or ( sigCSA_cry 4(5) and ( 3igCSA_sum 5(10) xor sigCSA_cry S5(%)
8igC5A_sum €(1l) <= 3igCSR_sum_5(11) xor sigCSk_cry_S5(l0) xor sigCSh cry_4&(€) :

sigCSA_cry_6€(11) <= ( sigCSA_sum_5(11) and sigCSA_cry _5(10) ) or { sigCSA_cry_4(6) and ( sigCSA_sum_S5(11) xor sigCSA_cry 5(10) )
aigCSA_sum_€(12) <= aigCSh_sum_5{l2) zor sigCSA_cry S(11) xor sigCSA_cry 4(7) :

s1gCSA_cry_€(12) <= ( sigCSA_sum 5(12) and sigCSA_cry 5(11) ) or ( sigCSA_cry_4(7) and ( sigCSA_sum 5(12) xor sigCSA_cry 5(11) )
2igCSA_sum &(13) <= sigCSh_sum 5(13) zor =igCSA_cry S(12) xcr sigCSA cry 4(8)

s1gCSA_cry €(13) <= ( 31gCSA_sum S(13) and sigCSA_cry S(12) ) or ( S1gCSA_cry 4(3) &nd ( S1gCSA_sum _S(13) xor sigCSA_cry 5(12) )
3igCSA_sum €(14) <= sigCSA_sum_5{l4) xzor sigCSA_cry 5(13) xor sigCSA cry 4(5) :
s1gCSA_cry €(14) <= [ s1gCSA_sum 5(14) and sigCSA_cry 5(13) ) or { sigCSA_cry 4(3) and [ sigCSA_sum S(14) xor sigCSA_cry 5(13) )

5igCSA_sum €{15) <- aigCSA_sum_5{l5) =zor =igCSA_cry §(14) xor sigCSA cry 4(10) :

31gCSA_cey €(15) <= [ 31gCSA_sum 5(15) and s1gCSA_cey S(14) ) or { s1gCSA_cey 4(10) and { S1gCSA_sum 5(15) xor s1gCSA_cry_5{l4)
3igCSA_sum €{16) <- aigCSA_sum_5{l6) =zor =igCSA_cry S(15) xor aigCSA cry 4(11) ;

31gCSA_cry_€({16) <= ( s1gCSA_sum 5(1€) and s1gCSA_cey S(15) ) or { s1gCSA_cey 4(11) and { S1gCSA_sum 5 (1) xor a1gCSA_cry_5{LS)
3igCSA_sum €{17) <= 3igCSA_sum_S5{lT) zor =igC3A_cry S(16) xor aigCSA cry_4(12) ;

31gCSA_cry_€(17) <= ( s1gCSA_sum S(17) and s1gCSA_cry S(16) ) or { s1gCSA_cey _4(12) and { S1gCSA_sum S(17) xor aigCSA_cry_5{L&)
3igC5A_sum_€(18) <= 3igCSA_sum 5(18) =or sigCSA_cry_S(17) xor 0igCSA_cry_4(13) ;

=igCSA_cry_€(18) <= | sigCSA_sum _5(18) and sigCSA_cry_5(17) ) or { =igCSA_cry_4(13) and { =igCSk_sum §(18) xor sigfSh_cry _5(17)
3igCSA_sum €(13) <= "0' xor aigCSR cry 5(18) xor »igC3A_cry 4(14)

21gCsA_cry_€(19) <= ( '0' and sigCSA_cry _5{12) ) or ( sigCSA_cry_4{l4) and { '0' xor sigCSA_cry _S{18) )} :

[= SIigC5A sum 7 and siglSA cry 7
8igCSA_sum 7(0) <= sigCSA_sum €(0) xor '0° xor '0' ;
8igCSh_cry_T(0) <= ( sigCSA_sum &(0) and '0' ) or ( '0' and { sigCSR_sum £(0) xor '0" }) :

=51gCSA_sum 7(1) <= =3igCsh_sum €(1l) xor sigCSR_cry €(0) xor '0° 7

3igCSA_cry_T7(1l) <= ( sigCSA_sum &(1) and sigCSA _cry &€(0) ) or ( '0' and ( 5igCSA_sum €(l) xor sigCSA_cry_€(0)
8igCSA_sum 7(2) <= sigCSh_sum €(2) xor sigCSR_cry_€(l) xor '0'

=igCSA_cry_7(2) <= ( aigCSA sum 6(2) and aigCSA cry 6(1) ) or ( '"0" and { sigCSRA_sum €(2) xor sigCSh_cry €(1) )) 7
S1gCSA_sum 7(3) <= sigCSA_sum € (3) xor sigCSRA_cry_€(2) xor '0' 7

8igCSA_cry_T7(3) <= ( sigCSA_sum &(3) and sigCSA cry &(2) ) or ( '0' and ( sigCSA_sum €(3) xor sigCSA_cry_€(2)
=igCSA_sum 7(4) <= 3igCSRA _sum €(4) xor =sigCSR cry €(3) xor '0' ;

31gCSA_cry_T7(4) <= (| aigC5A _sum 6(4) and 3igCSA_cry 6(3) ) or ( "0 and { 3igCSA_sum € (4) xor sigCSA_cry €(3)
=2igCSA_sum_7(5) <= sigCSRA_sum_€(5) xor sigCSA_cry €(4) xor '0' ;

8igCSA_cry 7(5) <= ( =igCSA sum 6(5) and sigCSA cry 6(4) ) or ( '"0" and { =igCSA_sum €(5) xor sigCSA _cry €(4)
28igCSA_sum 7(6) <= 2igCSh_sum €(6) xor aigCSA_cry €(5) xor '0' ;

31gCSA_cry_7(€) <= ( sigCSA_sum &(€) and sigTSA cry &€(5) ) or ( '0' and ( sigCSA_sum €(€) xor sigCSA_cry_€(5)
8igCSA_sum T7(7)} <= s3igCSR sum €(7) xor sigCSR_cry €(€) xor '0' ;

8igCSA_cry_7(7) <= [ 3igCSA_sum 6(7) and aigCSA cry 6{€) ) or { "0" and ( sigCSRA_sum 6(7) xor sigCSA_cry_6€(€) )) ;
S1gCSA_sum 7(3) <= sigCSh_sum €(2) xor sigCSR_cry €(7) xor '0' ;

=21gCSh_cry_T7(8) <= ( 81gCSA_sum €(8) and 8igCSA_cry 6(7) ) or ( '0" and ( sigCSR_sum €(8) xor sigCSA_cry €(7)
8igCSA_sum 7(9) <= 3igCSR_sum €(9) xor sigCSRA_cry €(8) xor pp%(0) ;

SigCSA_cry T(9) <= ( 5igCSA_sum &(9) and sigCSA_cry &(8) ) or ( pp%{0) and ( sigCSA_sum &(S) xor sigCSR_cry &(8) )) !
3igCSA_sum 7(10) <= sigCSA_sum_€(10) xor sigCSA_cry_&(%) xor ppo{l)

3igCSA_cry_7(10) <= { sigCSA_sum €(1l0) and sigCSA_cry €{%) } or { pp%(l) and { sigCSA_sum &({10) xor sigCSA _cry &(%) }) :
8igCSh_sum 7(11) <= sigC5R_sum €(11) xor aigCSh_cry 6€(10) xor ppd(2) ;

31gCSA_cry_T7(11) <= { 3igCSA_sum €(1l) and sigCSA_cry_€{10) ) or ( pp%(2) and ( siglSA_sum &€(11) xor sigCSA_cry_€(10) ))
=igCSA_sum_7(12) <= sigCSA_sum €{12) xor sigCSh _cry 6(11) xor pp%(3) ;

sigCSh_cry_7(12) <= ( sigCSR_sum 6(12) and sigCSA_cry_€(11) ) or ( pp9(3) and ( sigCSA_sum €(12) xor sigCSA_cry_€(11} })
31gCSA_sum_7(13) <= sigCSA_sum_€(13) xor sigCSA_cry_€(12) xor ppo(4) :

8igCSA_cry_T7(13) <= ( sigCSA_sum €(13) and sigCSA_cry_€(12) ) or ( pp9(4) and ( 91gCSA_sum &(13) xor sigCSA_cry_€(12) ))
2igCSA_sum_7(14) <= sigCSA_sum &{14) xor aigCSA _cry 6(13) xor ppd(S) ;

81gCSA_ery 7(14) <= { sigCSR_sum €(14) and sigCSA_cry €{13) ) or ( pp9(S) and { sigCSA_sum 6(14) xor sigCSR_ery €(13) ))
51gCSA_sum_7(15) <= sigCSh_sum_€(15) xor sigCSA_cry_6(14) xor ppd(€) :

=igCSA_cry_7(15) <= { sigCSA_sum €(15) and sigCSA_cry €({l4) ) or ( pp5() and ( =igCSA_sum &(15) xor sigCSA_cry 6(14) ))
8igCSA_sum_7(1€) <= sigCSA_sum €(1€) xor sigCSR_ery €(15) xor pps(7) :

S1gCSA_cry_7(16) <= { sigCSA_sum 6(16) and sigCSA_cry €(15) ) or ( pp29(7) and ( SigCSA_sum 6(16) xor sigCSA_cry _6(15) ))
=igCSA_sum_7(17) <= sigCSA_sum 6{17) xor sigCSh _cry &(1€) xor ppd(8) ;

8igCSA_cry _T7(17) <= { sigCSR_sum €(17) and sigCSR_cry €{1€) ) or ( pp5(8) and { sigCSRA _sum &(17) xor sigCSR_cry €(16) ))
S1gCSA sum 7(l3) <= sSigCSA_sum €(13) Xor sigC3SA cry &(17) xor ppa(%) :

=igCSA_cry_7(18) <= { sigCSA_sum €(18) and sigCSA_cry €(l7) ) or { pp%(9) and ( =igCSA_sum &(18) xor sigCSA_cry &(17) ))
3igCSA_sum_7(15) <= sigCSA_sum _6{15) xor sigCSA _cry_6(18) xor '0' ;

S1gCSA_cry 7(1%) <= ({ 31gCSh_sum &€(19) and sigCSR_cry €(18) ) or ( "0" and ( 3igCSA sum &(19) xor sigCShA _cry €(18) ))
5igCSA_sum 7(20) <= '0' xor sigCSA_cry 6(1%) =mor '0' ;

8igCSA_cry_7(20) <= { '0" and sigCSA_cry €(1%) ) or { '0' and ( "0' xor sigCSA_cry_&(1§) )) :




zeauls(0)
result(l)

81gCSA_sum 7(0) ;

<= 3igCSA_sum 7(1) xor sigCSA_cry 7(0) xor 'O :

carry rca(0) <= sigCSA sum 7(1) and sigCSA cry T(0):
result(2) <= sigCSA_sum_7(2) xor sigCSA_cry T(1) xor carry_rca{l):

carry_rca(l) <= ( sigCSA_sum 7(2) and sigCSA_cry 7(l)) or ( carry_rca{0) and
result(3) <= sigCSA_sum_7(3) xor sigCSA_cry_7(2) xor carry rca(l):
carry_rca{2) <= { 31gCS2_sum 7(3) and sigCSR_cry_7(2)) or ( carry _rca{l) and

result(4) <= 3igCSA_sum 7(4) xor sigCSA_cry T(3) xer carry rca(2):

carry rca(3) <= ( =igCSA_sum 7{4) and =igCSA_cry 7(3)) or ( carry_rca(2) and
result(5) <= sigCSA_sum 7(5) xor sigCSA_cry 7(4) xor carry_rca(l):
carry_rca(d) <= ( sigCSA_sum_7(5) and sigCSA _cry T7(4)) or ( carry_rca{3) and
result(€) <= gigCSA_sum_7(€) xor sigCSA_cry_7(5) xor carry_rcal4):
carry_rca(5) <= ( 31gCSA_sum_7(&) and sigC3R_cry 7(5)) or ( carry_rca(4) and
result(7) <= 31gCSA_sum_7(7) xor sigCSh_cry 7(€) xor carry rca(s);
carry_rca(€) <= { aigCSA_sum 7(7) and sigCSR_cry_7(6)) or ( carry_rca(5) and

result(2)

<= 8igCSA_sum 7(8) xor sigCSA_cry 7(7) xor carry rca(€):

carry_rca(7) <= ( sigCSA_sum 7(8) and sigCSA_cry 7(7)) or ( carry_rca{€) and
result(%) <= sigCSA_sum_7(9) xor sigCSA_cry T(8) xor carry_rca(7):

carry_rca(®) <= ( sigCSA_sum_7(%) and sigCSRA_cry 7(8)) or ( carry_rca(7) and ( sigCSA_sum 7(%) xor sigCSA_cry_T(8)));
result(l0) <= sigCSA_sum 7(L0) xor sigCSA_cry 7(%) xor carry rca(s):
carry_rca{9) <= ( 31gCSA_sum_7(10) and sigCSA_cry_7(9)) or ( carry_rca(8) and ( sigCSA_sum 7(10) xor sigCSB_cry_7(%))):
resulc{ll) <= sigCSA sum 7(11) xor aigCSA_cry_7(10) xor carry rca(%);

carry_zrca{l0)

result(12) <= sigCSA_sum 7(12) xor sigCSA_cry_7{l1) xor carry_rca(l0}:

carry_rca(ll)

result(l3) <= gigCSA_sum_T(13) xor sigCSA_cry_T(l2) xor carry _rca(ll):
carry_rca(l2) <= { sigC5A_sum 7(13) and sigCSA_cry_7(12)) or ( carry_rca(ll)
resule{l4) <= sigCSA_sum 7(14) xor sigCSA_cry T(13) xor carry rea(l2):
carry rca(l3d) <= { 81gCSA sum 7(14) and sigCSA cry 7(13)) or ( carry rca(l2)

zeauls(15)

<= 3igCSA_sum 7(15} xor aigCSA_cry_T{l4) xor carry rca(l3);

carry rca(ld) <= { =igCSA_sum 7{15) and sigCSA_cry 7{14)) or { carry rca(l3)
result(lé) <= 3igCSA_sum 7(l€) mor sigCSA_crv_T{l5) xor carrv_rca(ld);
carry_rca(ls) <= ( sigCSA_sum 7(1€) and sigCSA cry _T(15)) or ( carry_crca(ld)
result(l?) <= 3igCSA_sum_T(17) xor sigCSA_cry_7(lé) xor carry_rca(lS):
carry_rca(lé) <= { sigCSA_sum 7(17) and sigCSA_cry 7(1€)) or ( carry_rca(l5)
result(l8) <= sigC5A_sum 7(18) xor sigC5A_cry_T{Ll7) xor carry_rca(lé);
carry rca{l7) <= { aigCSA sum 7{18) and sigCSA cry 7{17)) or { carry rca(lg)
result(l%) <= sigCSA_sum 7{19) xor sigCSA_cry 7{l8) xor carry rca{lT):
carry_rca(l2) <= ( sigCSA_sum 7(19%) and sigCSA cry_T7{18)) or ( carry_rca(lT)
result(20) <= sigCSA_sum_7(20) xor sigCSA_cry_T(l%) xor carry rca(ls);
carry_rca(l%) <= { sigC5A_sum 7(20) and sigCSA_cry_7(1%)) or ( carry_rca(lf)
result(20) <= sigCsA_cry 7(1%) =or carry_rca(lg):

end rel;

{ sigCsA_sum_7(2)

31gCSA_sum 7(3)
[ =igCSA_sum 7(4)
{ sigC3A_sum 7(5)
{ 3igCSAk_sum_7 (&)

{ aigCSA_sum_7(7)

[ sigCSA_sum 7(8) =

and { sigCs54 sum_7(13)

B
=3

and { sigCSA_sum 7(15)

o
-]
o

w
B
=

and { sigCSA_sum 7({1E)
and { sigCSA_sum 7(18)

and { sigTSA_sum_T(20)

xor

xor

s1gCSA_sum 7(14)

31gCSA_sum_T7(1€)

31gCsA_sum_7(17)

8igCsA_cry_T{l))):

831gCSA_cry_7(2))):

2igCSh_cry_T{3}}):

sigCSA_cry_T{4))):

s1gCSA_cry_T{5))):

8igCSA cry _T(6))):

8igCsA_cry_T(7})):

xor

xor

<= { migCSA_sum 7{11) and sigCSA_cry 7(10)) or { carry rca(9) and { sigCSA_sum 7(11) xor sigCSA_cry T(10})):

<= { 8igCSA sum 7(12) and sigCSA cry 7{ll)) or ( carry rca(l0) and ({ sigCSA_sum 7(12) xmor sigCSA_cxv T(ll))):

8igCsa_cry_T(12)));
21gCSA_cry 7(13))):
23gCSA_cry_T{14))):
91gCSA_cry_T(15)));:
81gCS2a_cry T(LE€))):
21gCSA_cry_T{17)))};
8igCSA_cry_T(18))):

3igCSA_cry_T(18)));

This is the code written to create a Wallace Tree multiplier in VHDL, this is most likely over

complicated to able to achieve the desired output but with a lack of knowledge on coding in
VHDL, this was the only way | was able to accomplish it. The code is made up using inputs,
outputs, Half Adders and Full Adders to achieve the required 16 bit output.
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Testing

Brauns
Power estimation from Synthesized netlist Activity On-Chip Power
derived from constraints files, simulation files or [
vectorless analysis. Note: these early estimates can Dynamic: 9473W (99%
change afterimplementation
— Signals:  0.343W (4%
Total On-Chip Power: 9599w 99% )
95% Logic: 0.130W (1%
Design Power Budget: Not Specified
o: 9.000W (95%
Power Budget Margin: N/A
Junction Temperature: 70.9°C Device Static 012TW (1%
Thermal Margin: 29.1°C (6.0W)
Effective SJA: 48°CW

Power supplied to off-chip devices: 0W
Confidence level: Low

Launch Power Constraint Advisor to find and fix
invalid switching activity

As can be seen, the Brauns multi es 9.599W of total on chip power, junction
temperature is 70.9°C. 1/O uses he power at 9W with signals and logic using the
remainder of the power. Although there is a 0.127W of device static.

There is a minimal timing delay on the Brauns multiplier.

Wallace Tree
Summary
Power analysis from Implemented netlist. Activity On-Chip Power
derived from constraints files, simulation files or ]
vectorless analysis. Dynamic: 19.258W  (98%
. . 10% ) .
Total On-Chip Power: 2V — Signals:  1.945W (10%
Design Power Budget: Not Specified 98% Logic: 1772W (0%
81%
Power Budget Margin: NIA o: 15541 W (81%
Junction Temperature:
Thermal Margin: | Device Stafic: 0.414W 2%
Effective JJA: 48°CIW

Power supplied to offi-chip devices: 0W
Confidence level: Low

Launch Power Constraint Advisor to find and fix
invalid switching activity
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The power consumption of the Wallace tree multiplier is just under 20W, at 19.672W, there
is a high junction temperature of 119°C. The 1/O uses a massive amount of the power
consumption at 15.541W with signals at 1.945W and Logic at 1.772W. There is also 0.414W
of device static.

The timing delay on the Wallace tree is slightly larger than that of the Brauns multiplier.

The Wallace Tree multiplier output efficiency in terms of both temperature and total power
should in theory be less than what the software is providing in its report. This is because a
Wallace Tree multiplier should use less power than what it is using in general and should in
theory be less than what is used by the Brauns multiplier.
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The overall comparison of the two solutions shows that the Brauns multiplier is the better
option for an 8x8 multiplier, it has a lower power requirement, faster speed and operates at a
lower temperature than the Wallace Tree multiplier, although the Wallace Tree multiplier
uses just under double the 1/0 power consumption it has more than six times the power
consumption in signals and over ten times more logic power consumption. The code is also
much shorter for the Brauns multiplier meaning the process is faster, it also has a much
shorter critical path, this means the longest possible route in the code is shorter than that of
the Wallace Tree multiplier, with the Brauns multiplier having a longest possible delay of
5.317 seconds compared to the Wallace Tree multiplier having a longest possible delay of
13.732 secondsauns multiplier code was also far simpler to write and is much easier
to understand co 2 to the Wallace Tree multiplier code. Overall Brauns multiplier is the
better option as it is simpler to code, understand and more efficient and faster compared to
the Wallace Tree multiplier.

| believe this is wrong as the Wallace Tree multiplier should in theory be more efficient in
every way compared the Brauns multiplier and should be the better option.

Conclusions and Recommendations

In conclusion, the systems work but | believe there are a few improvements that should be
made, such as those listed in the testing section of the report. Also, as the Wallace Tree
multiplier appears to be wrong in terms of coding, this has brought up faults where it does
not give the efficiency expected of it in terms of power and timings. In the future, the Wallace
Tree multiplier would be written differently to try and achieve the required operation
efficiency.

For future work in the aspects of coding, | would ensure some of the techniques that can
reduce the delay, would be used in other programs. | would also ensure that the code is
written in a better and more efficient way, such as by condensing it. But this would only be
able to be done once my knowledge of coding in VHDL was improved upon doing more
research.
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Daniel Davies E2 Assignment

GRADEMARK REPORT

FINAL GRADE GENERAL COMMENTS
Instructor

a. Introduction to
Multipliers/ Various Multipliers/ Advantages and
Disadvantages/ Applications of
Multipliers (8) :4 Marks

Very shallow writing on the
introduction. Needs to address

/ 1 O O more on the types, benefits of
Multipliers.

b. Background
Research (8) :3 Marks

Very Limited essential reading. No evidence of
wider

reading. More academic credible literatures from
peer reviewed journals need to

be referred to the

work. c. Diversity
of

sources and Referencing Skills(4) 2
Marks Referencing

conventions used
largely absent.

a. Task 1:
Identifying the correct Multiplier (4), Architecture
of Braun's Multiplier(6) :5 Marks

Good! The correct Multiplier is identified. Key
concepts
were discussed. The Architecture diagram is
missing but the systematic
multiplication is
seen.

b. Task 2: Dot
Diagram(4), Architecture of Wallace
Multiplier(6) :5 Marks

The dot diagram is seen but

architecture was missing. Assumptions on Full
adders and half adders

were done

a. Finding
Critical Path, Longest Delay, Min and Max Delay,



Power Consumption(12). 8
Marks

Critical evaluation on finding the Power
consumption and
delays were made. The conclusion is controversial
when you talk about delays.
b.

Innovative
thinking in problem solving and feature
additions(8) :4 Marks

Generalised
statements made with scant evidence.

a. Simulation (7) :4 Marks

Good Try- The simulation
results were found with some
unexcepted results. The Simulations results are
correct only for LSBs for
Braun's Multiplier and Expected results were
found for Wallace
multipliers. b. VHDL
Coding's
(10) :5 Marks

The codes are written
for Braun's Multiplier has some errors but works
and gives minimal results.

b. Circuit
Schematic (4) :3 Marks
The screen
dump provided for the Circuit schematic is clear.
d. FPGA
Synthesis
(4) :3 Marks

Synthesis is provided. The procedures to capture
FPGA
synthesis were done perfectly

a. Logical order
of ideas, Flow of ideas in the report from the
beginning to end with
appropriate chapters, sub chapters and
continuation(7) :3 Marks

Mostly ordered
presentation and structure in which relevant
ideas / concepts are reasonably
expressed b.
Definitions,



Acronyms and Abbreviations (3) 2
Marks

Definitions, Acronyms and Abbreviations are
captured. c.
Professionalism, Spelling and Grammar,
Complete Report, Proper
Presentation, Quality of the
report(5) 2
Marks A
satisfactory level of professionalism is seen in the
report. Quality of the report needs to be
improved.

Total
Marks :53
Marks

Findings and Simulations

Braun's Multiplier

Codes runs without errors or warnings. The code is
created

using Expressions. Accuracy of the output is
limited. The Simulations results

are correct only for

LSBs.

Wallace Multiplier

Signal Declaration is made. Here assumptions are
made with
respect to the sum and carry.

The results are obtained at LSB level and MASs are

obtained
with few errors.
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Comment 1

Very shallow writing on the introduction. Needs to address more on the types, benefits of
Multipliers.

PAGE 5

Comment 2

More academic credible literatures from peer reviewed journals need to be referred to the
work.

PAGE 6

Comment 3

Good! The correct Multiplier is identified.

Comment 4

The Architecture diagram is missing but the systematic multiplication is seen.
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PAGE 8

Comment 5

The dot diagram is seen but architecture was missing.

Comment 6

Should have used topic, sub topic numbers

Comment 7

The screen dump provided for the Circuit schematic is clear.
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Comment 8

No Fig no and Fig names found
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PAGE 15

Comment 9

Synthesis is provided.
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®

PAGE 18

Comment 10

Expected results were found for Wallace multipliers.
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®

Comment 11



Critical evaluation on finding the Power consumption were made.
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’ Comment 12

Controversial Statement.
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