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ABSTRACT

Compressors are commonly utilized in multipliers to cut down partial products in a
parallel manner. Its main usage in this project is to go beyond the limit of fabrication
technology to improve the computer performance. 2:1 compressors (half adder), 3:2
compressors (full adder), and 4:2 compressors should be well understood as it is the
fundamental for building higher order compressors. In this paper, a 7-3, 8-3, 8-4, 9-3,
and 9-4 researched compressors design either consisted of adder circuits or multiplexer
circuits will be discussed and compared in terms of number of logic gates used, cell
area and power delay product (PDP) in order to find the best method to implement the

8-3 compressor design.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

Multiplication can be considered as a complicated and time-consuming

arithmetic operation and it is the key operation in most of the signal processing
algorithm [1] [2] [3] [4]. Designing good multipliers is challenging for Very Large
Scale Integration (VLSI) as they normally have long latency, large area, and
consuming significant power [1] [5]. A good multiplier must be physically compact,
consuming low power, and having a good speed [1]. Generally, the process of
multiplication can be split into three stages: generating partial product stage, reducing
partial product stage, and computing final product stage [2] [3] [6]. The partial product
generation and final product computation concept is shown in Figure 1. In VLSI circuit,
the stage of reducing partial product will greatly reduce multiplier performance from
the aspect of dissipating power and speed [5] [7] [8] [9]. A long critical vertical path
during addition causes partial product reduction to have high latencies [10] [11].
Adders that are generally used to shorten the vertical critical path will cause issues
such as uneven signal transitions and glitches and more number of adder stages are
required to reduce the partial product [1] [8] [12]. To handle these issues, compressors
are required to be utilized in multiplier design as it provides a regular structure in the

stage of reducing partial product [5].

1010 ——p  Multiplicand
X 1011 —>  Multiplier
1010 —— Partial product 1
1010 ——p Partial product 2
0000 ——p Partial product 3
1010 —— Partial product 4
1101110

Figure 1: Partial Product Generation and Final Product Computation



1.2 PROBLEM STATEMENT

Computer system performance has flattened out as fabrication

technology is reaching its physical limit. Thus, reviewing the circuit design
Is needed to search for possible speed up from smarter circuit design to give
a faster computer for future demand. Typically, compressors are used in high
speed addition and multiplication unit design in microprocessor. Thus, a
faster compressor would allow for a faster addition and multiplication for

future computer architecture systems design.

1.3 OBJECTIVES

The objectives of the project are:

e Torepeat 7-3, 7-4, 8-3, 8-4, 9-3, and 9-4 compressor designs of others
e To verify researched compressor designs performance report

e To determine the best method of designing 8-3 compressor



1.4 SCOPES OF STUDY

This study was conducted by Leong Yuhao at Universiti Teknologi

PETRONAS and it is vital as compressors consisted of adders and
multiplexers and these are the fundamental for Central Processing Unit (CPU)

to process data.

Besides that, this study also focuses on reading and understanding
several research papers related to high order compressors such as 7-3, 7-4, 8-
3, 8-4, 9-3, and 9-4 compressor designs. Then, the best way of designing the
8-3 compressor will be well-analysed by listing out the advantages and
disadvantages of the compressors from the aspect of power consumption,
propagation delay, and cell area and the best method of designing 8-3
compressor either using adders’ method, combination of multiplexers and

XOR logic gates, or combination of multiplexer and adders will be decided.

This project is relevant to Electrical and Electronics Engineering
Programme as it allows me to write Verilog HDL and read signal transition
diagrams for a better understanding of logic gates. Moreover, this project is
feasible as it can be done with the aids of FPGA and Altera software for

functional and timing simulation purposes.



CHAPTER 2: LITERATURE REVIEW

2.1 LITERATURE REVIEWS
Field-Programmable Gate Array (FPGA) is an integrated circuit

containing programmable logic blocks arrays designed to be easily
configured to logic gates to perform complex combinational functions, or merely
simple logic gates like AND or XOR [13].

During partial product stage, multipliers need large amount of delay
and power [10] [14]. At this stage, compressors will come into play where its
usage is to reduce the partial product reduction. A compressor is merely an
adder circuit which is a combinatorial device mainly utilized in multipliers to
cut down the operands while summing partial products terms [10] [11]. It
generates some sum signals by adding a number of equally-weighted bits. It
is generally known to be used with the goal of cutting down a large number
of inputs to a smaller number of outputs by utilising accumulation method in
a parallel manner [12] [14]. Its primary usage is to concurrently sum up the
large number of partial products happening in multipliers [10] [12] [14].
Compressors usage not only limited to reducing the vertical critical path of
circuit but also simultaneously decreasing the stage operations [3] [7] [8]. The
compressor structure avoids carry propagation. For instance, in 4:2
compressors, the value of Cout depends only on input A, B, C, and D but

independent of Ciy.



In general, a compressor will consist of 2 types of adders which are
half adders and full adders [1] [2] [3] [5]. Half adders can be constructed
easily with one AND and one Exclusive-OR (XOR) gate while full adders
can be easily constructed using one OR, 2 AND, and 2 XOR gates [2]. The

full adder’s equation can be summarised as below:
Sum = (A @ B)®Cin [2]

Cout = AB + Cin(A®B) [2]

To have better understanding of higher order compressors, 4 types of
compressors that are 8:4 compressors, 8:3 compressors, 7:3 compressors, and

7:2 compressors are being studied.

2.2 9-4 COMPRESSORS
R.Marimuthu, et al. [1] proposed an 9-4 compressor using 5 Full

Adders and 2 half adder as shown in Figure 2. Its implementation results are
shown in Table 1 which it was compared with the 8-4 compressor. From the
table, the power and EDP of 9-4 compressor is higher than 8-4 compressor.
It shows that the higher order compressors consume more power, longer
critical path propagation delay and larger compressor cell area. It shows that
the vertical critical path of 9-4 compressors is longer than 8-4 compressors as
9-4 compressor involved more logic gates which are 2 AND gates and 1 XOR
gate more than the 8-4 compressor. By increasing the number of logic gates
in higher order compressors, the critical path propagation delay of the
compressors is increased by 5.66% , contributing to higher power consumed

and larger area of cell.



Full adder Full adder Full adder

I I N
I I

Full adder - Full adder

1

Half adder Half adder

X4 X3 X2 X1

Figure 2: Implementation of 9-4 Compressor using Half and Full Adders

[1]

Table 1: Performance Comparison of 8-4 Compressor and 9-4 Compressor

[1]
8-4 Compressor 9-4 Compressor
Parameters Using full and half adder Using full and half adder
Power (nW) 18276-250 21848.2180
Delay (ps) 1028.000 1082.0000
Area (um2) 93.139 102.1900
EDP 107 (J-s) 19.310 25.5779

2.3 8-4 COMPRESSORS
R.Marimuthu, et al. [1] proposed an 8-4 compressor using 10

multiplexers and 1 half adder as shown in Figure 3. Its implementation results
are shown in Table 2 which it was compared with the conventional
compressor. From the table, the power and EDP of 8-4 compressor using
multiplexer is lower than the 8-4 compressor using adders. It shows that the
compressors using multiplexers is more energy and power efficient. However,
the critical path propagation delay and cell area of compressor using
multiplexer is larger than compressor using half and full adder. It shows that
the vertical critical path of compressors using multiplexer is 4.18% longer

than compressors using half and full adder.
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Figure 3: Implementation of 8-4 Compressor using Multiplexer [1]

Table 2: Performance Comparison of 8-4 Compressor [1]

8:4 Compressor

Parameters Using full and half adder Using multiplexer
Power (nW) 18276-250 15263.603
Delay (ps) 1028.000 1071.000
Area (um2) 93.139 110.779
EDP 10™* (J-s) 19.310 17.500




2.4 7-3 COMPRESSORS

Nirlakalla et al. [2] proposed a (7:3) compressor consisted of 4 full

adders. 5 types of adders such as Transmission Gate (TG) CMOS,
Transmission Function Full Adder (TFA), 16 Transistors (16-T), 14
Transistors (14-T), and Sense Energy Recovery Full Adder 10 Transistors
(SERF 10-T) are being compared for (4:3), (5:3), (6:3), and (7:3) compressors.
At gate level, via utilizing Xilinx ISE 9.1 synthesis tool simulations, 16-T full
adder showed lowest PDP and EDP proving that it is the most energy efficient
if compared to the other 4 types of adders mentioned. However, Nirlakalla et
al. 2011 research has limitations as it does not consider the aspects of fan-in
and area and these 2 aspects are vital since the fan-in of logic gates or area of

compressors increase, the costs increase.

2.5 8-3 COMPRESSORS

Dandapat et al. [3] proposed an 8:3 compressor design based on

Figure 4 general structure of m:3 compressors. It consisted of 5 full adders
and 2 half adders. Its implementation result with final ripple adder is stated
in Table 3 which having lower data arrival time, lower power consumption,
lower PDP and fewer connections than 8:2 compressors. However, it has
larger total cell area which will be the factor of limiting the features of m:3
compressors within a specific area. Based on Figure 4, the formula can be
derived as below:

;=1 Output + Zf;l Output Carrier =

Y., Partial Product + Y!_, Input Carrier [3]

2K 4 2R+l 4 Dk+2 4 px2kt2 = (m + p)x2K [3]
m-—7
p=[=|pz0 [3]

Sincep = § > 0 when m = 8, therefore, m =1 (get ceiling)



However, Dandapat et al. does not consider the fan-in of logic gate. It
is vital as the more fan-in of logic gate needed, the higher costs and higher
complexity it is.

m x
Partial Product

2k ¢ 2*
* S + *
2l(+2 l l 2It
p x 27 a— -3 — 2 p x
Output - m- . Input
Carries - Compressor - Carries
ok+2 P  — ok

2k+2l 2k+1 l zk l

Sum3 Sum2 Sumi

Figure 4: The Overall Proposed Structure of m:3 Compressor [3]
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Figure 5: 8:3 New Hybrid Wide Compressor [15]



Table 3: Implementation Results with Final Ripple Adder [3]

by only m:2 by only m:3

Multiplier Compressors Compressors
Data Arrival Time 4.69 nsec 4.46 nsec
Total Cell Area 4340.9 pm®  4428.4 um’

Cell Internal Power 1079.3 W 1002.9 uW
Net Switching 54216 ©W 46222 pW
Power

Total Dynamic
Power

Cell Leakage Power  8.4090 uW 8.4990 nW

1621.4 uW 14652 uW

2.6 7-2 COMPRESSORS

Rouholamini et. al. [14] proposed a 7:2 compressor consisted of 5

pieces of 3:2 compressors if compared to conventional 7:2 compressors
which have 4 pieces of 3:2 compressors plus one final addition as shown in
Figure 6. Both have 7 Exclusive-OR (XOR) gate delay. Referring to Table 4,
the proposed 7:2 compressor has remarkable improvements in terms of power
consumption from 0.07% (at 3.5V) to maximum of 11% (at 1.2V) and speed
from 19% (at 3.5V) to 23% (at 1.2V) with respect to conventional 7:2
compressor on low voltage. Therefore, in terms of PDP, the proposed 7:2
compressor has lower value than the conventional 7:2 compressor. By
utilizing HSPICE simulator, the above simulations can be carried out as

expected.
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Figure 6: The Overall Proposed Structure of 7:2 Compressor [14]

Table 4: Evaluation of Proposed 7:2 Compressor with respect to

Conventional 7:2 Compressor [14]

Min. Max.
(3.5v) (1.2v)
Imp‘l‘ovement n 0.07 % 11%
power consumption
Improvement in 19 % 23 %
speed
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CHAPTER 3: METHODOLOGY

3.1 RESEARCH METHODOLOGY

Background Study Tools Required

Research

Methodology

Researched Designs

Implementation Further Development

Figure 7: Research Methodology Used in Project

In this project, the research methodology can be categorized into four
that are background study, tools used, design implementations, and further

development plan.

The project started by having the background study of the concepts of
compressors and different types of compressors have currently. The research
papers related to compressors can be obtained from Institute of Electrical and
Electronics Engineers (IEEE) Xplore Digital Library. | also approached my
Final Year Project (FYP) supervisor to consult about the compressors in order
to clear my doubts and have a better understanding to it.
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Under tools used, it can be categorized into two, hardware and
software. Under the hardware part, field-programmable gate array (FPGA) is
used as it contains arrays of programmable logic blocks allowed to be
configured to perform complex combination functions and it is useful when
coming to designing the 8-3 compressor. Under the software part, 2 software
that will be used are Altera Quartus Il Web Edition and ModelSim-Altera to

perform functional and timing simulation for researched compressor designs.

Under the researched designs implementation stage, the different
types of researched compressor designs are implemented into FPGA to
evaluate its performance in terms of fan-in, power consumption, cell area, and
propagation delay. Then, the results of researched design compressors will be
inter-compared with each other and determine the best way to design the 8-3

compressors which will give us the best compressor performance.

For further development, if extra time is allowed, 8-3 compressor will
be designed and implemented into FPGA to evaluate and compared with the
researched designs. Not to mention, the issues such as propagation delay, cell
area, and power consumption have to be considered as well when designing

the 8-3 compressors.
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3.2 RESEARCH ACTIVITIES

Setup Stage

¥

Study Stage

¥

Researched Design Implementation Stage

L4

Researched Design Evaluation Stage

Figure 8: Research Activities Used in Project

The research activities of this project can be divided into 4 parts which
are setup stage, study stage, researched design implementation stages, and

researched design evaluation stage.

Under the setup stage, 2 software will be installed that are Altera
Quartus Il Web Edition and ModelSim-Altera to allow performing the
functional and timing simulation to the compressor designed. Verilog
hardware description language (HDL) will also be studied in order to have
basic idea on writing the compressor design (Finite State Machine or FSM of
compressor) and test bench as it is commonly used in design and verification

of digital circuits at the register-transfer level (RTL).

Under the study stage, a few research papers have been studied and
understood their basic idea on designing a good compressor needs. The
research data has to be well-analysed in terms of propagation delay, area of

cell, power consumption, and number of logic gates used.
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Under the researched design implementation stage, several researched
compressor designs will be implemented in into Altera Quartus 11 Web
Edition. The researched design implemented can be known as finite-state
machine. It is a model used to represent and control execution flow. The
researched compressor designs are implemented using Verilog hardware
description language as it includes ways of describing the propagation time

and signal behaviour.

Last but not least, under the researched design evaluation stage, the
researched compressor designs will be assessed by performing functional and
timing simulation. Running functional simulation is to make sure that the
researched compressor design implemented can handle all possible inputs and
give expected output while running timing simulation is to evaluate the
researched compressor design implemented from the view of real-time
performance. To have better understanding on how the researched
compressor designs work, it is implemented into FPGA to check its behaviour
from the aspect of hardware devices. The propagation delay and power

consumption will be recorded for further analysis.

15



3.3 PROJECT KEY MILESTONES (FINAL YEAR PROJECT I)

v

v
v
v
v

Collect and Analyse Researched Design : Week 5
Install Simulation Software : Week 6

Study Verilog Hardware Description Language (HDL) - Week 6

Implemented 3 Researched Designs - Week 9
Study the Implemented Researched Designs - Week
12

Proposed 8-3 Compressor Design Requirement : Week
13

3.4 PROJECT KEY MILESTONES (FINAL YEAR PROJECT 1)

v

Generate random data to be processed by compressors
Week 4

Progress Report Submission

Week 8

Pre-Sedex Presentation

Week 10

Implemented 8 Researched Designs and Analyse Simulated Data
Week 11

Draft Final Report Submission

Week 13

Final Report & Technical Report Submission

Week 14

Viva Presentation

Week 15
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3.5 PROJECT TIMELINES (GANTT-CHART FOR FINAL YEAR PROJECT 1)

ok [ T2 o [« [ [o ] [# s [ [ [ [ [
EEEEEEEEEEEE

Collect and Analyse Data

PreparcExtended Proposal | | | | | | | | | | | | |
Install Altera Quartus II Web Edition & .lll l......
ModelSim-Altera and Learn to Simulate

Implement Researched Design in Simulator ...

Prepare Proposal Defense | | | |

Study Implemented Researched Designs in
Depth

Proposed 8-3 Compressor Design
Requirement

PrepueDmfiReprt | L PP
PreparefinalRepon | | | L]

Table 5: Gantt chart for Final Year Project |

17



3.6 PROJECT TIMELINES (GANTT-CHART FOR FINAL YEAR PROJECT 11)
wak [ [ [ [« s [e |7 [+ [o [ [ [ [0 [
Research on generating random data for
implemented compressor designs to process

Implement researched compressor designs

Collect and Analyse Data .....

[

PreparerogressRepot | | | | | | [l | [ | |

PropareforPreSedex | | L | L] NN

Prepare DraftFinalRepot | | p L] ]

Prepare Dissertation (Soft Bound) .........-- -
PrepareTechnicatpgper | | | L[ L PP
Prepare Project Dissertation (Hard Bound) ....-..-.---

Table 6: Gantt chart for Final Year Project Il
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CHAPTER 4: RESULTS AND DISCUSSIONS
4.1 8-3 COMPRESSOR (FULL AND HALF ADDERS)

Input Port Cutout Port R\Ii
I 1 iswW[7] olEDG[1] 5.994 I

2 iswW[7] olLEDG[0] 5.967
3 isw[e] olLEDG[1] 5.941
4 iswe] aLEDG[0] 5.914
5 isW[7] olLEDG[2] 5.889
[ isw[5] olEDG[1] 5.872
7 iSW[s] olLEDG[] 5.844
8  isw[e] oLEDG[Z] 5.836
9 isw[1] olLEDG[1] 5.793
10 iSW[5] olLEDG[2] 5767
11 isw[1] aLEDG[0] 5.730
12 isw[o] olEDG[1] 5.724
13 iswW[3] olEDG[1] 5.690
14 isw[1] olLEDG[2Z] 5.688
15 isw[o] aLEDG[0] 5.687
16 isw[7] olLEDG[0] 5.659
17 iswW[io] olLEDG[2] 5.619
18 isw[3] aLEDG[0] 5.612
19 isw[3] olLEDG[2] 5.585
20 isw[4] olEDG[1] 5.572
21 5w olLEDG[1] 5.564
22 iswW[4] aLEDG[0] 5.436
23 isw4] olLEDG[2] 5.4967
24 isw[2] olLEDG[2] 5.459

Figure 9: Minimum 8-3 Compressor Propagation Delay [12]

Input Port Output Part RR
|1 sw oLEDG[1] 1287 |
T SLEDG(2] 11, 260
3 iswe] OLEDG[1] 11.167
4 iswe] oLEDG[2] 11.137
5 iswI oLEDG[0] 11.017
6  iSWs] oLEDG[1] 11.016
7 isws] oLEDG[2] 10,991
8 iswWe] OLEDG(0] 10.897
9 isw[l OLEDG[1] 10,795
0wy oLEDG[2] 10,763
11 isws] oLEDG[0] 10.746
12 iswa oLEDG2] 10.704
13 5wl oLEDG[1] 10,699
14 5wl oLEDG[2] 10.664
15 isw4l oLEDG(2] 10.663
15 5w oLEDG[1] 10.631
17 iswi4l oLEDG[1] 10.554
18 5w oLEDG2] 10.542
15 5wl oLEDG[0] 10.524
20 iSW[3] OLEDG[1] 10.444
21 iswo] oLEDG(0] 10,428
22 isw[z oLEDG[0] 10.361
23 isw3] oLEDG[0] 10.174
24 iswW4] oLEDG[0] 2.302

Figure 10: 8-3 Compressor Propagation Delay [12]
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By referring to Figure 9 and Figure 10, it can clearly be seen that both the
minimum propagation delay and simulated propagation delay has maximum value on
input iISW[7] and output oLEDG[1]. This means that the critical path of 8-3
compressor model is the path that allowed signals to pass through from input iISW[7]
to output oLEDG[1]. There are several values shown in Figure 9 and Figure 10.
However, in this case, RR value is concerned in this design as this design is focusing
on rising edge of clock at both source and destination. In order to have better
understanding about the 8-3 compressor model, Register Transfer Level (RTL) view

of circuit is shown in Figure 11.

input_middle_carry_1 fullAdd 5 input_full_3 fullAdder_carry~9
ISW[7. D]D—:D ul er_sum-.
)
fullAdder_carry~1 \Jnnut_m\dd B_cpr_2 input_haif_sufnl_1 \anut_!ul\_ halfAdder_um
3 o L LEDGI2 0]
input_full |4
fulladder sum~ 0 fulladder_cpimy+{8 fullAdder_sum-~, 3
u IL\I\AnﬂeLcarr*ﬁ:D ] )
> D I TolAdder_ch{r18 b
- fulladder_cafry~7
fullAdder_|chfy~3 input_middlg_|chrry_3 _Di
0 Lo
uladder lsuln~1 fulladder_cafy~4 fulladder_cajr-5
. m fullAdder_|cafr;
> i —)
input_migafg sum_1 input_middle_spm_2
1> V>
input_middle_sum_3

Figure 11: RTL View of 8-3 Compressor Model [12]
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Figure 12: RTL View in Relationship with Input iSW[7] and Output oLEDG[1] [12]

Figure 11 shows the RTL view of 8-3 compressor model. As we can see, the
compressor model consisted of 10 AND gates, 11 XOR gates, and 4 OR gates. With
input iISW[7] and output oLEDG[1] as shown in Figure 12, there are 4 AND gates, 5
XOR gates, and 3 OR gates involved. In RTL circuit, theoretically, XOR gates will be
contributing most of the propagation delay if compared to AND gates and OR gates
propagation delay.
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Figure 13: 8-3 Compressor Functional Simulation using ModelSim-Altera

The 8-3 compressor model and self-written functional test bench are written
using Verilog Hardware Description Language as shown in Figure 74 and Figure 75
based on Shima et al. researched proposal [12] which consisted of 5 full adders and 2
half adders. The reason of using functional test bench simulation is to make sure that
the compressor designed is functioning as expected when fixed inputs are inserted and
the expected output obtained. The 8-3 compressor model undergone functional self-
written functional test bench which tested with inputs from 0 (00000002) to 255
(111111115) and observed the outputs of 8-3 compressor model ranged from 0 (0002)
to 7 (111>). Figure 10 above shows the functional simulation for 8-3 compressor using

the self-written test bench with the aids of ModelSim-Altera.

The data input is 255

Ioctal = &, cLEDE =0

0k. Besult = &

Toctal Errcr Count = 0.00

The Failing Rate for Functicnal Testbkench is 0.00

Figure 14: Error Result of 8-3 Compressor Functional Test bench on Console

Figure 13 above shows the number of error counts and percentage of error of
outputs in 8-bits different combinations of inputs for 8-3 compressor model. The above
error count is 0 after running 8-bits different combinations of inputs indicating the 8-

3 compressor model is designed properly as expected.
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value at

Name e

B voisw

s oooo0o00 | BN

isw[7 B0

ns  800.0ns

880005 960.0ns  L0fus  1i2us

isw[s] B0

isWIs] B0

isw[4 B0

isw[Ez B0
isw[z B0
iswl]  Bo
iswp] 80
v olEDG
olEDG[Z] BO
olEDG[1] BO

olEDG[0] BO

RPN FEEE

1 1 1 O 6 0 ) I 1 s s e
1) 0L 0 1 0 S A A

Figure 15: Overall 8-3 Compressor Model Timing Simulation

Name Value at.

Ops +634.093ns

640.0ns

+640.0ns

1645.446 ns

650.0ns

3651035 ns

~isw E 00000000

01111111

10000000

10000001

10000010

sWi7 B0

iswis]  BO

isW(s]  BO

isWE B0

iswi3  BO

iswE  BO

iswl  BO

isWo] B0

~ olEDG B 000 1

110

olEDG[3] BO

oLEDG[1] B0

EREEEFFEFPEEEFEFE®

oLEDG[D] B0

Figure 16: Timing Simulation for iISW[O0..7] with bit 1s and output oLEDG[O0..2]

Figure 15 shows the overall timing simulation for 8-3 compressor model

designed. Timing simulation is used to emulate an implementation into real devices

such as Field Programmable Gate Array (FPGA) to satisfy all the timing and functional

needs. The input iISWIO0] is inserted with signal 1 for each 10ns period with 50% duty

cycle. The input iISW[1] is inserted with signal 1 for each 20 ns which is double period
of previous iSW that is iISW[0] with also 50% duty cycle. The method of inputting the

signals are applied to other inputs iISW[2..7].

Figure 16 shows the timing simulation for the critical path of 8-3 compressor

model. Referring to Figure 9 and Figure 10, it can be noticed that input iISW[7] and

output oLEDG[1] will have the maximum propagation delay. To prove the statement,

Figure 13 data is obtained and compared in Table 7.

Table 7: Propagation Delay of input iSW[0..7] with Input 1s

Input(s) with | Start Input | Start Output | Output — Input | Percentage
1s Transition Transition Transition Error
iSWJO0..7] 634.993 ns 645.446 ns 10.453 ns 1.6462 %
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4.2 8-4 COMPRESSOR (FULL AND HALF ADDERS)

IoputPort Qutpyt Port R‘\I,Q
| 1 iswo] oLEDG[3] 5,984 |
2 5w oLEDG[1] 5.883
3 5wl oLEDG[Z] 5.883
4 W] oLEDG[3] 5.883
5 isw[a oLEDG[3] 5.862
&  iswel oLEDG[3] 5.832
7 w3 oLEDG[3] 5,791
8 isw[1] oLEDG[1] 5,737
s isW[1] oLEDG[7] 5,732
10 iswb] oLEDG[1] 5,779
11 isw[z] oLEDG[Z] 5,761
12 isw[z oLEDG[1] 5.746
13 isws] oLEDG[Z] 5.731
14 iswW[7 oLEDG[3] 5.703
15 isw[3] oLEDG[Z] 5.690
16 iswo] oLEDG[0] 5.672
17 isw[d] oLEDG[1] 5.651
18 isw[7 oLEDG[1] 5.650
19 isw[g] oLEDG[0] 5,631
20 iswWITl oLEDG[Z] 5.602
21 5wl oLEDG[0] 5.576
22 5wl oLEDG[0] 5.535
23 swl7l oLEDG[0] 5.498
24 i5WI3 oLEDG[0] 5,440
25 iswls] oLEDG[3] 3.411
26 iswW[s] oLEDG[1] 3.358
27 i5W[s] oLEDG[7] 3.310
28 iswls]l oLEDG[0] 3.207
29 iswWHE oLEDG[3] 3.188
30 iswHE oLEDG[Z] 3.106
31 iswWE oLEDG[1] 3.005
32 iswE oLEDG[0] 2.793

Figure 17: Minimum 8-4 Compressor Model Propagation Delay [1]

Input Port Output Port RR
1 isw[a] oLEDG[3] 11.305 |
2 swsl oLEDG[3] 11.217
3 iswml olEDG[Z] 11.109
4 iswl oLEDG[3] 11.035
5 isws] oLEDG[2] 11.021
s isw[2 oLEDG[3] 10.992
7 iswml oLEDG[1] 10.973
g8 isw oLEDG[Z] 10.909
s isw[ oLEDG[2] 10.839
10 isws] oLEDG[1] 10.825
11 isw[a] oLEDG[2] 10,796
12 isw[3] oLEDG[3] 10.784
13 isw[1] oLEDG[1] 10.730
14 isw[a] oLEDG[1] 10.726
15 iswW[7] oLEDG[2] 10.713
16 s3] oLEDG[2] 10.588
17 5w oLEDG[1] 10.517
18 isw[3] oLEDG[1] 10.512
19 iswa] oLEDG[O] 10.380
20 iswsl oLEDG[O] 10.291
21 isw[il oLEDG[O] 10.110
22 isw[2 oLEDG[O] 10.067
23 isw[7 oLEDG[D] 5,953
24 isw[3 oLEDG[D] 5.859
25 isws] oLEDG[3] 7.276
26 isw[s] oLEDG[2] 7.080
27 w4l oLEDG[3] 5.965
28 isws] oLEDG[1] 5.854
25 isw4l oLEDG[2] 5.770
0 iswE oLEDG[1] 5.743
31 isws] oLEDG[0] 6.350
32 iswE oLEDG[O] 5.370

Figure 18: 8-4 Compressor Model Maximum Propagation Delay [1]
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By referring to Figure 17 and Figure 18, it can clearly be seen that both the
minimum propagation delay and simulated propagation delay has maximum value on
input iISW[0] and output oLEDG[3]. This means that the critical path of 8-4
compressor model is the path that allowed signals to pass through from input iSW/[0]
to output oLEDGJ[3]. There are several values shown in Figure 17 and Figure 18.
However, in this case, RR value is concerned in this design as this design is focusing
on rising edge of clock at both source and destination. The critical path is the path
between the input and output with maximum circuit delay. To have better

understanding about 8-4 compressor model, RTL view of circuit is shown in Figure 19.

input_middte—charr—t input_full_carry_2
o fullAdder_fcarry~11 halfAdder_surp~1
iISW[7..0] — — =
:_—D fullAdder_cprry-1 )
— \nnul_m\dd\e_carryj—l_/ LEDG(3.0]
3@““3” o | ) ) fulladder [sum halfdder_fdm-0 | iaqder
:'.j fulladder_carry~4 input_mide} ey ] — e o
fulladder. carr'ﬁ:‘:)i - A
] " J fullAdder_cprry~9
D—— input_full_du input_final_|half
fullAdder_cayr] i
fulladder_cpir44 fullAdder_chfry~8 input_full_garry_1
input_middle_|sum_2
1 >— T —
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Figure 19: Overall RTL View of 8-4 Compressor Model [1]
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Figure 20: RTL View in Relationship with Input iSW[0] and Output oLEDG[3] [1]

Figure 19 shows the RTL view of 8-4 compressor model. As we can see, the
compressor model consisted of 11 AND gates, 11 XOR gates, and 2 OR gates. With
input iSW[0] and output oLEDG[3] as shown in Figure 20, there are 7 AND gates, 7
XOR gates, and 2 OR gates involved. In RTL circuit, theoretically, XOR gates will be
contributing most of the propagation delay if compared to AND gates and OR gates
propagation delay. In other words, when the number of XOR gates increases, the
propagation delay of the compressor will be increased dramatically.
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Figure 21: 8-4 Compressor Functional Simulation using ModelSim-Altera

The 8-4 compressor model and self-written functional test bench are written
using Verilog Hardware Description Language as shown in Figure 76 and Figure 77
based on R.Marimuthu, et al. researched proposal [1] which consisted of 4 full adders
and 3 half adders. The 8-4 compressor model undergone functional self-written
functional test bench which tested with inputs from 0 (00000002) to 255 (111111115)
and observed the outputs of 8-4 compressor model ranged from 0 (0000>) to 8 (1000y).
Figure 21 above shows the functional simulation for 8-4 compressor using the self-

written test bench with the aids of ModelSim-Altera.

The data input is 255
Total = &, cLEDE = 8
Ok. Besult = §

Total Errcr Count = 0.00

The Failing Rate for Functicnal Testbench is 0.00

Figure 22: Error Result of 8-4 Compressor Functional Test bench on Console

Figure 22 above shows the number of error counts and percentage of error of
outputs in 8-bits different combinations of inputs for 8-4 compressor model. The above
error count is 0 after running 8-bits different combinations of inputs indicating the 8-

4 compressor model is designed properly as expected.
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Name Value at
Ops

Ops 80.0ns  160.0ns  240.0ns  320.0ns  400.0ms  480.0ns  560.0ns  640.0ns  720.0ns  800.0ns  880.0ns  960.0ns  LD4us  LI2us  L2us  L28Bus  136us  LAus
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B v oisw B 00000000
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Figure 23: Overall 8-4 Compressor Model Timing Simulation
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Figure 24: Timing Simulation for Inputs iSW[0..7] with bit 1 and output oLEDG[O0..3]

Figure 23 shows the overall timing simulation for 8-4 compressor model
designed. The input iISW[O0] is inserted with signal 1 for each 10ns period with 50%
duty cycle. The input iISW[1] is inserted with signal 1 for each 20 ns which is double
period of previous iSW that is iSW[0] with also 50% duty cycle. The method of
inputting the signals are applied to other inputs iISW[2..7].

Figure 24 shows the timing simulation for the critical path of 8-4 compressor
model. Referring to Figure 17 and Figure 18, it can be noticed that input iISW[0] and
output oLEDG[2] will have the maximum propagation delay. To prove the statement,
Figure 24 data is obtained and compared in Table 8.

Table 8: Propagation Delay of iSW[0..7] with Input 1s

Input(s) with | Start Input | Start Output | Output — Input | Percentage
1s Transition Transition Transition Error
iISW[0..7] 634.99 ns 646.35 ns 11.36 ns 1.789 %
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4.3 9-4 COMPRESSOR (FULL AND HALF ADDERS)

Input Paort Qutput Port R\Ii
I 1 iSW[7] olLEDG[3] 6.211 I

2 isw[a] olEDG[3] 6.150
3 iSW[8] oLEDG[3] 6.095
4 iSW[7] oLEDG[1] 6.053
5 isW[2] oLEDG[3] 6.004
& isW[e] olLEDG[1] 5.991
7 isSW[7] olEDG[0] 5.968
8 iswW 4] oLEDG[3] 5.965
9 iswW[1] oLEDG[3] 5.962
10 iswA] oLEDG[Z] 5.947
11 isw[E] olLEDG[1] 5.940
12 isw[e] olEDG[0] 5.906
13 isw[e] oLEDG[2] 5.886
14 iswW[3] oLEDG[3] 5.871
15 isw[E] oLEDG[0] 5.855
16 isW[4] olEDG[1] 5.841
17 isw[g] olEDG[3] 5.838
18 isw[g] oLEDG[2] 5.831
19 iswW[0] oLEDG[3] 5.802
20 isw[I] oLEDG[1] 5.802
21 isw[3] olLEDG[1] 5.799
22 isw[1] olEDG[1] 5.760
23 isw4] oLEDG[0] 5.752
24 iswW[I] oLEDG[2] 5.747
25  iswW[3] olLEDG[0] 5.742
26 isw[] olLEDG[0] 5.710
27 isw([1] oLEDG[2] 5.707
28 isw4] oLEDG[Z] 5.701
29 isw[1] oLEDG[0] 5.668
30 isw[E] olLEDG[1] 5.636
31 isw[3] olLEDG[Z] 5.607
32 isw(o] oLEDG[1] 5.600
33 isw[s] oLEDG[Z] 5.595
34 isw([s] oLEDG[0] 5.556
35  iSwW[0] olLEDG[Z] 5.545
36 isw[0] olEDG[0] 5.508

Figure 25: Minimum 9-4 Compressor Model Propagation Delay [1]
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Progagation Delay

Input Port Qutput Port F‘:Ii
[1  iswiz oLEDG[F] 11,731 |
EG oLEDG[3)] 11615
3 iswWE oLEDG[3] 11.597
4 5w oLEDG[1] 11.474
5 iSwE oLEDG[3] 11.459
65 5w oLEDG[1] 11.358
7 isw[s] oLEDG[1] 11.340
8 W[ oLEDG[3] 11.334
5 W oLEDG[Z] 11.784
0 isw[y oLEDG[3] 11.227
11 iswE oLEDG[3] 11.225
12 iswE oLEDG[1] 11.202
13 isws] oLEDG[Z] 11.168
14 iswel oLEDG[Z] 11.150
15 isw[3 oLEDG[3] 11.1%4
16 swWI oLEDG[1] 11.077
17 isw[T oLEDG[0] 11.020
18 iSWE oLEDG[Z] 11.012
19 isw[y oLEDG[1] 10.570
20 isws] oLEDG[0] 10.889
21 5w oLEDG[Z] 10,887
27 isWH] oLEDG[1] 10.574
23 5wl oLEDG[3] 10.845
24 isW[3] oLEDG[1] 10.799
25 5wy oLEDG[Z] 10.780
% iSWH] oLEDG[Z] 10.778
27 iswiE] oLEDG[0] 10.750
28 5w oLEDG[Z] 10.697
29 isWo] oLEDG[1] 10.588
0 iS4 oLEDG[0] 10.549
31 isw[I oLEDG[0] 10,457
32 isw[d oLEDG[D] 10,468
33 iswo] oLEDG[Z] 10.398
34 isw[y oLEDG[0] 10,392
35 iSws] oLEDG[0] 10.052
3 iswo] oLEDG[0] 10.007

Figure 26: 9-4 Compressor Model Maximum Propagation Delay [1]

By referring to Figure 25 and Figure 26, it can clearly be seen that both the
minimum propagation delay and simulated propagation delay has maximum value on
input iISW[7] and output oLEDG[3]. This means that the critical path of 9-4
compressor model is the path that allowed signals to pass through from input iSW[7]
to output oLEDG]J3]. The critical path is the path between the input and output with
maximum circuit delay. There are several values shown in Figure 25 and Figure 26.
However, in this case, RR value is concerned in this design as this design is focusing
on rising edge of clock at both source and destination. In order to have better
understanding about the 9-4 compressor model, Register Transfer Level (RTL) view

of circuit is shown in Figure 27.
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Figure 27: Overall RTL View of 9-4 Compressor Model [1]
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Figure 28: RTL View in Relationship with Input iSW[7] and Output oLEDG[3] [1]

Figure 27 shows the RTL view of 9-4 compressor model. As we can see, the

compressor model consisted of 12 AND gates, 12 XOR gates, and 5 OR gates. With
input iSW[7] and output oLEDG[3] as shown in Figure 28, there are 6 AND gates, 6

XOR gates, and 3 OR gates involved. In RTL circuit, theoretically, XOR gates will be

contributing most of the propagation delay if compared to AND gates and OR gates

propagation delay. In other words, when the number of XOR gates increases, the

propagation delay of the compressor will be increased dramatically.
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Figure 29: 9-4 Compressor Functional Simulation using ModelSim-Altera

The 9-4 compressor model and self-written functional test bench are written
using Verilog Hardware Description Language as shown in Figure 78 and Figure 79
based on R.Marimuthu, et al. researched proposal [1] which consisted of 5 full adders
and 2 half adders. The 9-4 compressor model undergone functional self-written
functional test bench which tested with inputs from 0 (00000002) to 511 (1111111115)
and observed the outputs of 9-4 compressor model ranged from 0 (00002) to 9 (10015).
Figure 29 above shows the functional simulation for 9-4 compressor using the self-

written test bench with the aids of ModelSim-Altera.

The data input is 511
Total = 9, clLEDE = &
Ck. Result = 9

Total Error Count = 0.00
The Failing Rate for Functicnal Testbench is 0.00

Figure 30: Error Result of 9-4 Compressor Functional Test bench on Console

Figure 30 above shows the number of error counts and percentage of error of
outputs in 9-bits different combinations of inputs for 9-4 compressor model. The above
error count is 0 after running 9-bits different combinations of inputs indicating the 9-
4 compressor model is designed properly as expected.
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Figure 31: Overall 9-4 Compressor Model Timing Simulation

Name Value at

Ops F2555us

F2.56501us
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Figure 32: Timing Simulation for Inputs iSW[0..8] with bit 1s and output oLEDGJ[O0..3]

Figure 31 shows the overall timing simulation for 9-4 compressor model

designed. The input iISW[O0] is inserted with signal 1 for each 10ns period with 50%

duty cycle. The input iISW[1] is inserted with signal 1 for each 20 ns which is double
period of previous iSW that is iISW[0] with also 50% duty cycle. The method of
inputting the signals are applied to other inputs iISW/[2..7].

Figure 32 shows the timing simulation for the critical path of 9-4 compressor

model. Referring to Figure 25 and Figure 26, it can be noticed that input iISW[7] and

output oLEDG[3] will have the maximum propagation delay. To prove the statement,

Figure 32 data is obtained and compared in Table 9.

Table 9: Propagation Delay of iSW[0..8] with Input 1s

Input(s) with | Start Input | Start Output | Output — Input | Percentage
1s Transition Transition Transition Error
iISW[0..8] 2555 ns 2565.01 us 10.01 ns 0.3918 %
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4.4 9-3 COMPRESSOR (FULL AND HALF ADDERS)

Input Port Output Port F‘:Ii
1 iswW[7] olEDG[0] 5.958 I
2 iswW (7] olEDG[1] 5.925
3 isw (6] olLEDG[O] 5.896
4 isw(a] olLEDG[1] 5.865
5 isw[g] olLEDG[O] 5.845
& isw[4] olLEDG[1] 5.837
7 iIsW[7] olLEDG[2Z] 5.813
8 isW[g] olLEDG[1] 5.810
9 isW[3] olLEDG[1] 5.779
10 ISV [4] oLEDG[0] 5.757
11 isW[E] oLEDG[2] 5.752
12 isw([3] oLEDG[0] 5.747
13 isw[4] oLEDG[2] 5.724
14  isW[Z] oLEDG[0] 5.700
15 isw 8] olLEDG[Z] 5.697
16 isw[7] olEDG[1] 5.693
17 isw[3] olLEDG[Z] 5.666
18 isw[1] olLEDG[O] 5.661
19 isw[1] olLEDG[1] 5.650
20 isw[5] olLEDG[1] 5.643
21 isw[I olLEDG[Z] 5.530
22 isw[s] olLEDG[O] 5.556
23 isw[s] olLEDG[2Z] 5.540
24 isw(1] olLEDG[2] 5.537
25 SV [i0] oLEDG[0] 5.494
26 SV [i0] oLEDG[1] 5.490
27 iswo] oLEDG[2] 5.377

Figure 33: Minimum 9-3 Compressor Model Propagation Delay [12]

Propagation Delay

Input Port Qutput Port F‘:IE‘.
1 iswA oLEDG[1] 6.045 |

I | SLEDGI2] 5037
3 isw[s] oLEDG[1] 6.025
4 isw[s] olEDG[1] 5.933
5 iSwW[7] oL EDG[O] 5.953
6 isw[7] oLEDG[2] 5.942
7 isws] oLEDG[1] 5.932
8 isw[s] oLEDG[0] 5.895
9 isw[s] oLEDG[2] 5.830
0 iswi4] olEDG[2] 5.849
11 isws] oLEDG[0] 5.845
12 iswl4] oLEDG[1] 5,844
13 isw[3] oLEDG[1] 5,834
14 isws] oLEDG[2] 5.829
15 isw[3] oLEDG[2] 5.812
16 iSwl] oLEDG[1] 5,787
17 iswl4] oLEDG[0] 5,757
13 iswli] oLEDG[1] 5,748
19 isw[3] oLEDG[O] 5,747
20 isw[2 olEDG[2] 5,704
21 isw[2] oL EDG[O] 5,700
22 isw[i] oL EDGIO] 5.661
23 isw[1] oLEDG[2] 5.661
24 isw[o] olEDG[1] 5,531
25  iSw[s] oL EDG[O] 5.555
26 isw[o] oLEDG[2] 5.501
27 isw[o] oLEDG[0] 5,994

Figure 34: 9-3 Compressor Model Maximum Propagation Delay [12]
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By referring to Figure 33 and Figure 34, it can clearly be seen that the minimum
propagation delay and simulated propagation delay has maximum value on input
ISW[7] and output oLEDG[0] and maximum value on input iSW[7] and output
OLEDG[1] respectively. In this case, the maximum propagation delay on Figure 34 is
considered which the critical path of 9-3 compressor model is the path that allowed
signals to pass through from input iSW[7] to output oLEDG[1]. To have better
understanding to the 9-3 compressor model, RTL view of circuit is shown in Figure 35.
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Figure 35: Overall RTL View of 9-3 Compressor Model [12]
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Figure 36: RTL View in Relationship with Input iSW[7] and Output oLEDG[1] [12]

Figure 35 shows the RTL view of 9-3 compressor model. As we can see, the
compressor model consisted of 11 AND gates, 12 XOR gates, and 5 OR gates. With
input iSW[7] and output oLEDG[1] as shown in Figure 36, there are 4 AND gates, 6
XOR gates, and 3 OR gates involved. In RTL circuit, theoretically, XOR gates will be
contributing most of the propagation delay if compared to AND gates and OR gates
propagation delay. In other words, when the number of XOR gates increases, the

propagation delay of the compressor will be increased dramatically.
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Figure 37: 9-3 Compressor Functional Simulation using ModelSim-Altera

The 9-3 compressor model and self-written functional test bench are written
using Verilog Hardware Description Language (HDL) as shown in Figure 80 and
Figure 81 based on Shima Mehrabi, et al. researched proposal [12] which consisted of
6 full adders and 1 half adders. The 9-3 compressor model undergone functional self-
written functional test bench which tested with inputs from 0 (00000002) to 511
(1111111115) and observed the outputs of 9-4 compressor model ranged from 0 (0000-)
to 9 (1001,). Figure 38 above shows the functional simulation for 9-3 compressor

using the self-written test bench with the aids of ModelSim-Altera.

The data input is 3510
Total = 8, cLEDG = 0
0k. BEesult = 0

The data input is 511
Total = 8, cLEDG =1
Ck. Result = 1

Total Errcr Count = 0.00
The Failing Bate for Functicnal Testkench is 0.00

R

Figure 38: Error Result of 9-3 Compressor Functional Test bench on Console

Figure 38 above shows the number of error counts and percentage of error of
outputs in 9-bits different combinations of inputs for 9-3 compressor model. The above
error count is O after running 9-bits different combinations of inputs indicating the 9-

3 compressor model is designed properly as expected.
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Figure 39: Overall 9-3 Compressor Model Timing Simulation
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Figure 40: Timing Simulation for Inputs iSW[0..8] with bit 1s and output oLEDG[O0..3]

Figure 39 shows the overall timing simulation for 9-3 compressor model
designed. The method of inserting signal for timing simulation is same as previously
discussed 9-4 Compressor using Adder Method. Figure 40 shows the timing simulation
for the critical path of 9-3 compressor model. Referring to Figure 33, it can be noticed
that input iISW[7] and output oLEDG[1] will have the maximum propagation delay.

To prove the statement, Figure 39 data is obtained and compared in Table 8.

Table 10: Propagation Delay of iSW[O0..8] with Input 1s

Input(s) with | Start Input | Start Output | Time Between | Percentage
1s Transition Transition Obtained Error
iISW[0..8] 2.55001 us 2.564995 us 14.985 ns 0.59 %
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4.5 7-3 COMPRESSOR (FULL AND HALF ADDERS)

Input Port Output Port R\Ii
1 iswW[g oLEDG[T] 5.973 I
2 isWe] olLEDG[0] 5.908
3 isWHE oLEDG[T] 5.544
4 iSW[1] olLEDG[0] 5.732
5 iSW[2] oLEDG[0] 5.686
&  i5W[5] oLEDG[1] 5.679
7 iSW[2] oLEDG[1] 5.633
8 isW[E] oLEDG[1] 5.613
9 iSW[1] olLEDG[1] 5.593
10 iSW[5] oLEDG[Z] 5.589
11 iSwWE oLEDG[1] 5.552
12 isw([2] oLEDG[2Z] 5.596
13 iSWIE oLEDG[Z] 5.523
14 isw[1] olLEDG[Z] 5.506
15 iSW[3 oLEDG[1] 5.503
16 iSWE oLEDG[T] 5,475
17 isw[4] oLEDG[2Z] 5.462
18 iSW[I oLEDG[Z] 5.422
19 iSWW[0] olLEDG[1] 5.359
0 isw] oLEDG[T] 5.332
21 iswW[O] oLEDG[Z] 5.273

Figure 41: Minimum 7-3 Compressor Model Minimum Propagation Delay [10]

Progagation Delay

Input Port Output Port RR
1 iISW[5] olLEDG[1] 11.204 I
2 iSW[5] oLEDG[2] 11.066
3 iSW[5] oLEDG[0O] 11.050
4 isWs] olEDG[1] 11.039
5 iSW 6] olLEDG[Z] 10,901
8 isw[4] olLEDG[1] 10.893
7 iswW[6] oLEDG[0O] 10,835
8 isSwW[1] olLEDG[1] 10.734
L iSW[4] olLEDG[Z] 10,755
10 isw4] oLEDG[0] 10.739
11 isw[1] olLEDG[Z] 10,646
12 isw[1] oLEDG[0] 10.632
13 isw[Z] olLEDG[1] 10,566
14 iswW[I] olLEDG[Z] 10.428
15  isw[Z] oLEDG[0] 10.414
16 iswW[3] olLEDG[1] 10,179
17 isW[3] olLEDG[Z] 10,039
18 iSW[3] oLEDG[0] 9.836
19 isw[o] olLEDG[1] 9,755
20 isw[o] olLEDG[Z] 9.617
21 isw[a] oLEDG[O] 9,602

Figure 42: 7-3 Compressor Model Maximum Propagation Delay [10]
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By referring to Figure 41 and Figure 42, it can clearly be seen that the minimum
propagation delay and simulated propagation delay has maximum value on input
ISW[5] and output oLEDG[0] and maximum value on input iSW[5] and output
OLEDG[1] respectively. In this case, the maximum propagation delay on Figure 42 will
be considered which the critical path of 7-3 compressor model is the path that allowed
signals to pass through from input iISW[5] to output oLEDG[1]. The critical path is the
path between the input and output with maximum circuit delay. In order to have better
understanding about the 7-3 compressor model, Register Transfer Level (RTL) view

of circuit is shown in Figure 43.
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Figure 43: Overall RTL View of 7-3 Compressor Model [10]
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Figure 44: RTL View in Relationship with Input iSW[5] and Output oLEDG[1] [10]

Figure 43 shows the RTL view of 7-3 compressor model. As we can see, the
compressor model consisted of 8 AND gates, 8 XOR gates, and 4 OR gates. With input
ISW[5] and output oLEDG[1] as shown in Figure 44, there are 2 AND gates, 7 XOR
gates, and 1 OR gate involved. In RTL circuit, theoretically, XOR gates will be
contributing most of the propagation delay if compared to AND gates and OR gates
propagation delay. In other words, when the number of XOR gates increases, the

propagation delay of the compressor will be increased dramatically.

37



{0000 00000 DD D 00 D0 0000 000000 n 000000 00n0Cn000n0oo oo
1 I S I 0 Wy B H W Ll U LU LU LI [

Figure 45: 7-3 Compressor Functional Simulation using ModelSim-Altera

The 7-3 compressor model and self-written functional test bench are written
using Verilog Hardware Description Language (HDL) as shown in Figure 82 and
Figure 83 based on Shima Mehrabi, et al. researched proposal [12] which consisted of
4 full adders. The 7-3 compressor model undergone functional self-written functional
test bench which tested with inputs from 0 (00000002) to 128 (1111111>) and observed
the outputs of 7-3 compressor model ranged from 0 (000;) to 7 (111>). Figure 46 above
shows the functional simulation for 7-3 compressor using the self-written test bench
with the aids of ModelSim-Altera.

The data input is 1l2&
Total = &, olLEDG = &
0k. Result = &

The data input is 127
Total = 7, cLEDGz = 7
0k. Result = 7

Total Erreor Count = 0.00
The Failing Rate for Functicnal Testkench is 0.00

# e die cHe o e e de e ol de

Figure 46: Error Result of 7-3 Compressor Functional Test bench on Console

Figure 46 above shows the number of error counts and percentage of error of
outputs in 7-bits different combinations of inputs for 7-3 compressor model. The above
error count is O after running 7-bits different combinations of inputs indicating the 7-

3 compressor model is designed properly as expected.
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Figure 47: Overall 7-3 Compressor Model Timing Simulation
Value at P 890,00
Name Ops 1880.027 ns 1890.133ns
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Figure 48: Timing Simulation for Inputs iSW[5] with bit 1 and output oLEDG[1] with bit 1
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Figure 47 shows the overall timing simulation for 7-3 compressor model
designed. The method of inserting signal for timing simulation is same as previously
discussed 7-3 Compressor using Adder Method. Figure 48 shows the timing simulation
for the critical path of 7-3 compressor model. Referring to Figure 42, it can be noticed
that input iISW[5] and output oLEDG[1] will have the maximum propagation delay.
To prove the statement, Figure 39 data is obtained and compared in Table 8.

Table 11: Propagation Delay of iSW[5] and oLEDG[1] with Input 1s

Input(s) with | Start Input | Start Output | Output — Input | Percentage
1s Transition Transition Transition Error
iISW[5] 880.027 ns 890.133 ns 14.985 ns 1.1484 %
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4.6 7-3 COMPRESSOR (MUX AND XOR LOGIC GATES)

Input Port Output Port F':Ii
1 iswW[s] ol EDG[0] 5.977 |
2 isw[&] oLEDG[0] 5.908
3 isw 4] oLEDG[0] 5.844
4 iswW[2] oLEDG[0] 5.814
5 isw[3l oLEDG[0] 5.780
3] isw[s] olEDG[1] 5.682
7 iswW[2] olEDG[1] 5.633
8 isw[&] olEDG[1] 5.613
9 isw[s] olEDG[2] 5.592
10 isw(F] olLEDG[1] 5.570
11 isw4 olLEDG[1] 5.552
12 isw[d] olEDG[2] 5.546
13 isw[g] olEDG[7] 5.523
14 isw[1] olEDG[1] 5.507
15 isw[1] oLEDG[0] 5.432
16 isw[3] olLEDG[Z] 5.480
17 isw[4] olEDG[2] 5.462
13 isw[1] olEDG[7] 5.426
19 isw[o] olEDG[1] 5.326
20 iswo] oLEDG[0] 5.300
21 iswo] olEDG[7] 5.245

Figure 49: Minimum 7-3 Compressor Model Minimum Propagation Delay using
MUX and XOR Logic Gates [10]

Input Port Cutput Port F‘.R
1 isSW[s] oLEDG[1] 11.210 I
2 1I5WI5] olLEDG[Z] 11.072
3 isSW[s] oLEDG[0] 11.056
= isw[e] oLEDG[1] 11.039
5 isw[e] olLEDG[Z] 10.901
8 iswW[4] oLEDG[1] 10.893
7 isw[e] oLEDG[0] 10.835
8 isw[2] oLEDG[1] 10.872
= iswW[4] olLEDG[Z] 10.755
10 isw[4] oLEDG[0] 10.739
11 isw[2] olLEDG[Z] 10.734
12 isw[2] oLEDG[0] 10.722
13 isw[3] oLEDG[1] 10.70&
14 isw[3] olLEDG[Z] 10.568
15 isw[3] oLEDG[0] 10.556
16 iswW[1] oLEDG[1] 10.265
17 isw[1] olLEDG[Z] 10.125
18 isw[1] oLEDG[0] 9.918
19 isw[o] oLEDG[1] 9.653
20 iswol olLEDG[Z] 9.515
21 iswol oLEDG[0] 9.501

Figure 50: 7-3 Compressor Model Maximum Propagation Delay using MUX and
XOR Logic Gates [10]
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By referring to Figure 49 and Figure 50, it can clearly be seen that the minimum
propagation delay and simulated propagation delay has maximum value on input
ISW[5] and output oLEDG[0] and maximum value on input iSW[5] and output
OLEDG[1] respectively. In this case, the maximum propagation delay on Figure 50
will be considered which the critical path of 7-3 compressor model is the path that
allowed signals to pass through from input iISW[5] to output oLEDG[1]. The critical
path is the path between the input and output with maximum circuit delay. In order to
have better understanding about the 7-3 compressor model, Register Transfer Level

(RTL) view of circuit is shown in Figure 51.

L 'jj‘g’“‘—xm- =1 output_xoR |12 1
o oulput_X Rj:’:‘:i—.=|_ MUX~8 .
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1l | output_XOR_U3_1
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|l XOR~0
output_MIPX (L2 1

Figure 51: Overall RTL View of MUX-XOR Logic Gates 7-3 Compressor Model [10]
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Figure 52: RTL View in Relationship with Input iSW[5] and Output oLEDG[1] [10]

Figure 51 shows the RTL view of 7-3 compressor model using multiplexer and
XOR logic gates. As we can see, the compressor model consisted of 8 AND gates, 7
XOR gates, and 4 OR gates. With input iISW[5] and output oLEDGJ1] as shown in
Figure 44, there are 4 AND gates, 5 XOR gates, and 3 OR gate involved. In RTL circuit,
theoretically, XOR gates will be contributing most of the propagation delay if
compared to AND gates and OR gates propagation delay. In other words, increasing
the number of XOR gates will drastically increase the propagation delay of the

compressor.
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Figure 53: 7-3 Compressor Functional Simulation using ModelSim-Altera

The 7-3 compressor model and self-written functional test bench are written
using Verilog Hardware Description Language as shown in Figure 84 and Figure 85
based on Shima Mehrabi, et al. researched proposal [12] which consisted of 4 2-bit
Multiplexers and 8 XOR logic gates. The 7-3 compressor model undergone functional
self-written functional test bench which tested with inputs from 0 (00000002) to 128
(111111,) and observed the outputs of 7-3 compressor model ranged from 0 (000>) to
7 (111,). Figure 54 above shows the functional simulation for 7-3 compressor using

the self-written test bench with the aids of ModelSim-Altera.

The datz input is 12
Toctal = &, cLEDG =
0k. Result = &

The data input is 127
Total = 7, olEDG = 7
Ck. Result =7

Total Error Count = 0.00
The Failing Rate for Functicnal Testkench is 0.00

# He o e e e cHe ol e e die

Figure 54: Error Result of 7-3 Compressor Functional Test bench on Console

Figure 54 above shows the number of error counts and percentage of error of
outputs in 7-bits different combinations of inputs for 7-3 compressor model. The above
error count is 0 after running 7-bits different combinations of inputs indicating the 7-
3 compressor model is designed properly as expected.
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Figure 55: Overall 7-3 MUX-XOR Compressor Model Timing Simulation
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Figure 56: Timing Simulation for Inputs iSW[5] with bit 1 and output oLEDG[1] with bit 1

Figure 55 shows the overall timing simulation for 7-3 compressor model
designed. The method of inserting signal for timing simulation is same as previously
discussed 7-3 Compressor using Adder Method. Figure 56 shows the timing simulation
for the critical path of 7-3 compressor model. Referring to Figure 50, it can be noticed
that input iISW[5] and output oLEDG[1] will have the maximum propagation delay.

To prove the statement, Figure 56 data is obtained and compared in Table 12.

Table 12: Propagation Delay of iSW[5] and oLEDG[1] with Input 1s

Input(s) with | Start Input | Start Output | Output — Input | Percentage
1s Transition Transition Transition Error
iISW[5] 159.994 ns 171.088 ns 10.985 ns 6.934 %
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4.7 8-4 COMPRESSOR (MUX AND HALF ADDERS)

Input Port Output Port P:Ii
| 1 iswTl olEDG[3] 5,107 |
T BWeEl olEDG 3] %.050
3 isw[s] ol EDG[3] 5,991
4 iswa olEDG[3] 5,973
5 isw[7] olEDG[a] 5,969
&  iswH4] ol EDG[3] 5.965
7 iswE ol EDG[3] 5.941
8 isW[E] ol EDG[a] 5.911
9 iswW[7 ol EDG[1] 5.896
0 iswLTl olEDG[2] 5.865
11 isws] ol EDG[T] 5.851
12 iswe] olEDG[1] 5,839
13 isw[a] ol EDG[A] 5,809
14 iswe] ol EDG[2] 5,808
15 isw[4] ol EDG[a] 5.801
16 iswLz] olEDG[1] 5,738
17 iswrE] olEDG[1] 5,730
18 isws] olEDG[1] 5,730
19 isw[3] ol EDG[a] 5.777
20 isw[2] ol EDG[2] 5.762
21 isw[3] ol EDG[1] 5,756
22 iswH4] ol EDG[2] 5.754
23 isw[s] olEDG[2] 5,749
24 isw[3] olEDG[2] 5,730
25 isw[1] ol EDG[3] 5,640
26 isw[1] ol EDG[0] 5.475
27 isw[o] ol EDG[3] 5,470
28 isw[1] ol EDG[1] 5,455
29 iswW[1] ol EDG[2] 5.429
30 isw] ol EDG[A] 5,306
31 isw[] olEDG[1] 5,235
32 isw[o] olEDG[2] 5,259

Figure 57: Minimum 8-4 Compressor Model Minimum Propagation Delay using
MUX and Half Adders [1]
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Progagation Delay

InputPort __ OutputFort RR
1 5w oLEDG[3] 11, ;;I
T W SLEDGTa] 1T,
3 s oLEDG[3] 11.415
4 isw[l oLEDG[3] 11.368
5 isWE] oLEDG[3] 11.280
5 iswa oLEDG[Z] 11.161
7 iEwE oLEDG[3] 11.159
8 iSWL oLEDG[3] 11.132
g EwE oLEDG[2] 11.008
0 s oLEDG[Z] 11.051
115w oLEDG[1] 11.042
12 W] oLEDG[3] 11.041
13 W oLEDG[1] 11.034
14 s oLEDG[0] 11.017
15 isW[E oLEDG[Z] 11.000
6 s oLEDG[1] 10,971
17 i5WE] oLEDG[Z] 10.922
18 isWe) oLEDG[1] 10.914
19 isWE] oLEDG[0] 10.389
0 isW oLEDG[1] 10.573
21 iEw[s] oLEDG[2] 10.791
22 isWs] oLEDG[1] 10.777
23 isw oLEDG[Z] 10.764
24 iBW[S] oLEDG[0] 10.752
25 isW oLEDG[0] 10.713
2% Wl oLEDG[2] 10.673
27 isWAE oLEDG[0] 10.650
3 iswL oLEDG[1] 10.634
25 isW oLEDG[0] 10.553
0 iswW] oLEDG[1] 10.543
31 iswWL oLEDG[0] 9,909
32 iswW] oLEDG[0] 9,511

Figure 58: 8-4 Compressor Model Maximum Propagation Delay using MUX and
Half Adders [1]

By referring to Figure 57 and Figure 58, it can clearly be seen that the minimum
propagation delay and simulated propagation delay has maximum value on input
ISW[7] and output oLEDG[3] and maximum value on input iSW[2] and output
OoLEDG[3] respectively. In this case, the maximum propagation delay on Figure 58
will be considered which the critical path of 8-4 compressor model is the path that
allowed signals to pass through from input iSW[2] to output oLEDGJ3]. The critical
path is the path between the input and output with maximum circuit delay. In order to
have better understanding about the 8-4 compressor model, Register Transfer Level

(RTL) view of circuit is shown in Figure 59.
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Figure 59: Overall RTL View of MUX and Half Adders’ 8-4 Compressor Model [1]
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Figure 60: RTL View in Relationship with Input iSW[2] and Output oLEDGI[3] [1]

Figure 59 shows the RTL view of 8-4 compressor model using multiplexer and
XOR logic gates. As we can see, the compressor model consisted of 43 AND gates, 1
XOR gates, and 10 OR gates. With input iSW[2] and output oLEDG[3] as shown in
Figure 60, there are 5 AND gates, 1 XOR gates, and 3 OR gate involved. In RTL circuit,
theoretically, XOR gates will be contributing most of the propagation delay if
compared to AND gates and OR gates propagation delay.
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Figure 61: 8-4 Compressor Functional Simulation using ModelSim-Altera

The 8-4 compressor model and self-written functional test bench are written
using Verilog Hardware Description Language as shown in Figure 86 and Figure 87
based on Marimuthu, et al. researched proposal [1] which consisted of 8 4-bit
Multiplexers, 2 2-bit Multiplexers and 1 half adder. The 8-4 compressor model
undergone functional self-written functional test bench which tested with inputs from
0 (00000002) to 256 (11111111>) and observed the outputs of 8-4 compressor model
ranged from 0 (0002) to 8 (10002). Figure 61 above shows the functional simulation

for 7-3 compressor using the self-written test bench with the aids of ModelSim-Altera.

F lTTanscﬁpt
Total = 7, ocLEDG = 7
Ok. Besult = 7

The data input is 255
Total = &, cLEDG =
0k. Besult = B

o
=]

Total Errcr Count = 0.00
The Failing Bate for Functicnal Testbench is 0.00

Bl e e e e e e e

Figure 62: Error Result of 8-4 Compressor Functional Test bench

Figure 62 above shows the number of error counts and percentage of error of
outputs in 8-bits different combinations of inputs for 8-4 compressor model. The above
error count is 0 after running 8-bits different combinations of inputs indicating the 8-

4 compressor model is designed properly as expected.
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Figure 64: Timing Simulation for Inputs iISW[2] with bit 1 and output oLEDGI[3] with bit 1

Figure 63 shows the overall timing simulation for 7-3 compressor model

designed. The method of inserting signal for timing simulation is same as previously
discussed 8-4 Compressor using Adder Method. Figure 64 shows the timing simulation
for the critical path of 8-4 compressor model. Referring to Figure 58, it can be noticed
that input iISW[2] and output oLEDG[3] will have the maximum propagation delay.

To prove the statement, Figure 64 data is obtained and compared in Table 13.

Table 13: Propagation Delay of iSW[2] and oLEDG[3] with Input 1s

Input(s) with | Start Input | Start Output | Time Between | Percentage
1s Transition Transition Obtained Error
iISW[2] 1275.034 ns | 1285.918 ns 10.884 ns 0.8536 %
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4.8 9-4 COMPRESSOR (MUX AND HALF ADDERS)

Input Port Qutput Port F‘:lg‘.
1 isw[5] olLEDG[3] 6.106 I
2 ISW/] oLEDG[ 3] 6.037
= isw[e] oLEDG[3] 5.979
4 isw[a] oLEDG[3] 5.924
5 isw([a] olLEDG[3] 5.917
5] isw([4] olLEDG[3] 5.911
7 isw[7] olLEDG[] 5.892
8 isw[s] oLEDG[Z] 5.889
9 isw[3] oLEDG[3] 5.882
o isw[1] olLEDG[3] 5.873
11 isw[5] olLEDG[] 5.846
12 isw[7] olLEDG[Z] 5.846
13 iswe] olLEDG[0] 5.835
14 isw[s] oLEDG[1] 5.808
15  isw[e] olLEDG[Z] 5.788
16 isw[a] olLEDG[] 5.777
17 isw[Z] olLEDG[] 5.772
1|8 iswa] olLEDG[Z] 5.733
19 isw[7] oLEDG[1] 5.732
0 iswy olLEDG[0] 5.729
21 isw[A olLEDG[Z] 5.726
272 isw(io] olLEDG[3] 5.707
23 isw4 olLEDG[Z] 5.694
29 isw[1] oLEDG[Z] 5.682
25  isw[s] olLEDG[1] 5.675
2B isw([3] olLEDG[Z] 5.665
27 isw4 olLEDG[] 5.651
23 isw[3] olLEDG[0] 5.622
29  isw[g] oLEDG[1] 5.617
30 isw4] oLEDG[1] 5.613
31 isw[A olLEDG[1] 5.611
32 isw[3] olLEDG[1] 5.584
33 isw[y olLEDG[1] 5.568
34 isw[o] oLEDG[0] 5.562
35 isw[o] oLEDG[Z] 5.518
36 isw([o] olLEDG[1] 5.401

Figure 65: Minimum 9-4 Compressor Model Minimum Propagation Delay using
MUX and Half Adder [1]
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Input Port Cutput Port R‘\ﬁ
I 1 isw[5] olLEDG[3] 11,747 I

2 isW[5] oLEDG[2Z] 11,4258
3 isw[7] olLEDG[3] 11,415
3 isw([4] olLEDG[3] 11,312
5 isw[e] olLEDG[3] 11,290
] isw[3] olLEDG[3] 11,211
7 isw([a] olLEDG[3] 11,204
8 isw[8] olLEDG[3] 11,144
g isw[5] olLEDG[1] 11,137
10 isw[1] olLEDG[3] 11.085
1i isw[a olLEDG[Z] 11.085
12 isw[4] olLEDG[Z] 10,993
13 isw[s] olLEDG[Z] 10,958
14 isw[3] olLEDG[Z] 10,852
15 isw[a] olLEDG[Z] 10,885
16 isSW[7] olLEDG[0] 10.845
17 isw[s] oLEDG[2Z] 10.819
138 isSW[7] oLEDG[1] 10,797
19 iswW[1] oLEDG[2Z] 10.775
20 iSW[5] olLEDG[0] 10.751
21 iswW[e] olLEDG[0] 10,722
22 isw[o] olLEDG[3] 10,702
23 iswW[4] olLEDG[1] 10,702
24 isw[s] olLEDG[1] 10,667
25 isW[2] olLEDG[0] 10,631
26 isw[3] olEDG[1] 10,601
27 isw[d] olEDG[1] 10,598
28 isw[s8] olLEDG[0] 10,575
29 isw[s8] olLEDG[1] 10,528
30 isw[1] olLEDG[0] 10,525
31 isw[1] olLEDG[1] 10,485
32 isw[o] olLEDG[Z] 10,383
33 isw[4] olLEDG[0] 10,297
34 isw[3] olLEDG[0] 10,190
35 isw[io] olLEDG[0] 10,129
36 isw[o] olLEDG[1] 10,095

Figure 66: 9-4 Compressor Model Maximum Propagation Delay using MUX and
Half Adder [1]

By referring to Figure 65 and Figure 66, it can clearly be seen that both the
minimum propagation delay and simulated propagation delay has maximum value on
input iISW[5] and output oLEDG[3]. In this case, input iISW[5] and output oLEDG[3]
will be considered as critical path of 9-4 compressor model. The critical path is the
path between the input and output with maximum circuit delay. In order to have better
understanding about the 9-4 compressor model, Register Transfer Level (RTL) view

of circuit is shown in Figure 67.
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Figure 68: RTL View in Relationship with Input iSW[5] and Output oLEDG[3] [1]

Figure 67 shows the RTL view of 9-4 compressor model using multiplexer and
half adder. As we can see, the compressor model consisted of 49 AND gates, 1 XOR
gates, and 11 OR gates. With input iSW[5] and output oLEDG[3] as shown inFigure
68, there are 4 AND gates, 1 XOR gates, and 2 OR gate involved. In RTL circuit,
theoretically, XOR gates will be contributing most of the propagation delay if
compared to AND gates and OR gates propagation delay. In other words, when the
number of XOR gates increases, the propagation delay of the compressor will be

increased dramatically.
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Figure 69: 9-4 Compressor Functional Simulation using ModelSim-Altera

The 7-3 compressor model and self-written functional test bench are written
using Verilog HDL as shown in Figure 88 and Figure 89 based on Marimuthu, et al.
researched proposal [1] which consisted of 10 4-bit multiplexers, 1 2-bit multiplexers

and 1 half adder. Figure 69 above shows the functional simulation for 9-4 compressor.

‘ l1?anscﬁpt

# Total = &, olEDE = &

# 0k. Result = &

#

# The data input is 510

# Toctal = &, cLEDG = &

# Ok. Besult = &

#

# The data input is 511

# Toctal = 9, cLEDG = 9

# 0Ok. Besult = 8

#

# Total Errcr Count = 0.00
# The Failing Rate for Functicnal Testkench is 0.00

Figure 70: Error Result of 9-4 Compressor Functional Test bench

Figure 70 above shows the number of error counts and percentage of error of
outputs in 9-bits different combinations of inputs for 9-4 compressor model. The above
error count is 0 after running 9-bits different combinations of inputs indicating the 9-
4 compressor model is designed properly as expected.
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Figure 71: Overall 9-4 MUX-Half Adder Compressor Model Timing Simulation
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Value at S 2‘4\1 us

Ops 2400014 Us F2.410754us

B voisw 5000000000 111031111 111100000 111100001 111100010

iswE] B0

Wi e

isw[e] B0

isw[s] B0

swE B0

isw[EH B0
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swil B0 [
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Figure 72: Timing Simulation for Inputs iSW[5] with bit 1 and output oLEDG[3] with bit 1

Figure 71 shows the overall timing simulation for 9-4 compressor model
designed. The method of inserting signal for timing simulation is same as previously
discussed 8-4 Compressor using Adder Method. Figure 72 shows the timing simulation
for the critical path of 9-4 compressor model. Referring to Figure 66, it can be noticed
that input iISW[5] and output oLEDG[3] will have the maximum propagation delay.
To prove the statement, Figure 72 data is obtained and compared in Table 14.

Table 14: Propagation Delay of iSW[5] and oLEDG[3] with Input 1s

Input(s) with | Start Input | Start Output | Time Between | Percentage
1s Transition Transition Obtained Error
iSWI[5] 2400.014 ns | 2410.754 ns 10.74 ns 0.4475 %
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4.9 DISCUSSIONS

Before going into the collected researched results, it is better to understand the

reason to choose performance evaluation of 8-3 compressor in this project. As the
order of compressor said, it will have 8-bit inputs and gives 3-bit outputs. Normally,
the 3-bit output can only represent decimal digit 0 (000) to 7 (111) but it can’t represent
decimal digit 8 (1000). However, the most significant bit of 8 can be represented using
AND logic gates with fan-in of 8 and this has reduced the output bits’ compressor to
3. Besides that, 8-3 compressors design is expected to be more efficient than 8-4
compressor as the output bit of 8-4 compressors which is 4-bit output can be used to
represent decimal digit 15 (1111) but it is only used to represent the most significant
bit of 4-bit output (1000) hence it under-utilizes the output bits while 8-3 compressors
is able to fully utilising all the output bits to represent the input bits while the most
significant bit of 8 (1000) can be represented using AND logic gates with fan-in of 8.

Figure below shows the simplified concept of using 8-3 compressor.

8 data inputs

«

y

] 8:3 Compressor
K‘ J 8:3 Compressor Design

1 data outputs 3 data outputs

Figure 73: Figure showing Simplified Concept of using 8-3 Compressor
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Table 15: Summary of Overall Compressor Types in Relationship with Logic Gate

Numbers and Critical Path Propagation Delay

Compressor | Compressor | Total Number of Critical Path
Order Type Logic Gates Used | Propagation Delay (ns)

Adders 19 11.094
s MUX-XOR 20 10.985
8-3 Adders 25 10.453

Adders 24 11.360
- MUX-XOR 54 10.884
9-3 Adders 28 14.985

Adders 29 10.010
> MUX-XOR 61 10.740

Table 16: Summary of Overall Compressor Types in Relationship with Cell Area,

Power Consumption and Power Delay Product (PDP)

Compressor | Compressor | Cell Area Power Power Delay
Order Type (um?) Consumption (UW) | Product (J)
Adders 89.785 15.885 1.763 x 1013

- MUX-XOR 90.238 17.462 2.617 x 1013

8-3 Adders 94.782 18.987 1.985x 103
Adders 93.139 18.276 2.076 x 1013

- MUX-XOR 110.78 19.264 2.097 x 1013

9-3 Adders 101.30 20.643 3.093x 1013
Adders 102.19 21.848 2.187 x 1013

> MUX-XOR 112.19 24.459 2.627 x 1013
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Table 15 and Table 16 show the overall compressor types and its performance.
In this table, the different orders of compressor are compared with its types which are
MUX-XOR types or adder’s types, compressor’s total number of logic gates used,
compressor’s critical path propagation delay, compressor’s power delay product,
compressor’s cell area, and compressor’s power consumption. The compressor’s total
number of logic gates used and compressor’s critical path propagation delay data were
obtained through creating compressor finite-state machine using Altera Quartus Il
Web Edition and running functional and timing simulation using ModelSim while the
compressor’s cell area and compressor’s power consumption data were captured via
the R. Marimuthu [1], R. Nirlakalla [2], A. Dandapat [3], N. Pokhriyal [7] , and S.
Mehrabi [10] research papers. To have better understanding of the comparison table,

7-3, 8-4, and 9-4 compressors will be discussed as below.

Table 17: Total Number of Logic Gates Used and Critical Path Propagation Delay

Comparisons between 7-3 Compressors

Total Number of Critical Path
Compressor Type ) ]
Logic Gates Used | Propagation Delay (ns)
Adders 19 11.094

MUX-XOR 20 10.985

Table 18: Cell Area, Power Consumption and Power Delay Product Comparisons

between 7-3 Compressors

Cell Area Power Power Delay

Compressor Type )
(Lm?) Consumption (UW) Product (J)
Adders 89.785 15.885 1.763 x 1013
MUX-XOR 90.238 17.462 2.617 x 1013
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Table 17 shows the total number of logic gates used and critical path
propagation delay comparison for 2 different 7-3 researched compressor designs. Table
18 shows the cell area, power consumption and power delay product comparisons
between 7-3 Compressors. Through the comparison, it can be seen that the
performance of 7-3 Adder compressor is better than 7-3 MUX-XOR compressor as it
has 1 fewer number of logic gates used, 0.50% smaller cell area, 9.03% lower power

consumption, and 32.63% lower power delay product.

Table 19: Total Number of Logic Gates Used and Critical Path Propagation Delay

Comparisons between 8-4 Compressors

Compressor Type

Total Number of
Logic Gates Used

Critical Path
Propagation Delay (ns)

Adders

24

11.360

MUX-XOR

54

10.884

Table 20: Cell Area, Power Consumption and Power Delay Product Comparisons

between 8-4 Compressors

Cell Area Power Power Delay
Compressor Type )
(um?) Consumption (UW) Product (J)
Adders 93.139 18.276 2.076 x 1073
MUX-XOR 110.78 19.264 2.097 x 1073

Table 19 shows the total number of logic gates used and critical path
propagation delay comparison for 2 different 8-4 researched compressor designs. Table
20 shows the cell area, power consumption and power delay product comparisons
between 8-4 Compressors. Through the comparison, it can be seen that the

performance of 8-4 adder’s compressor is better than 8-4 MUX-XOR compressor as

57



it has 30 fewer number of logic gates used, 15.92% smaller cell area, 5.13% lower
power consumption, and 1.00% lower power delay product.

Table 21: Total Number of Logic Gates Used and Critical Path Propagation Delay

Comparisons between 9-4 Compressors

Total Number of Critical Path
Compressor Type ) )
Logic Gates Used | Propagation Delay (ns)
Adders 29 10.010
MUX-XOR 61 10.740

Table 22: Cell Area, Power Consumption and Power Delay Product Comparisons

between 9-4 Compressors

Cell Area Power Power Delay
Compressor Type )
(um?) Consumption (LUW) Product (J)
Adders 102.19 21.848 2.187 x 10713
MUX-XOR 112.19 24.459 2.627 x 1078

Table 21 shows the total number of logic gates used and critical path
propagation delay comparison for 2 different 9-4 researched compressor designs. Table
22 shows the cell area, power consumption and power delay product comparisons
between 9-4 Compressors. Through the comparison, it can be seen that the
performance of 9-4 adder’s compressor is better than 9-4 MUX-XOR compressor as
it has 32 fewer number of logic gates used, 6.80% lower critical path propagation delay,
8.91% smaller cell area, 10.68% lower power consumption, and 16.75% lower power

delay product.
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After comparing the 7-3, 8-4, and 9-4 compressors design in terms of critical
path propagation delay, total number of logic gats used, compressor’s cell area,
compressor power consumption, and power delay product, a good design has to be
referred. For 7-3 compressors, 8-4 compressor and 9-4 compressor designs, it is
preferable to use adders instead of combination of multiplexers and XOR gates as it
gives minor increases propagation delay while it uses drastically less logic gates than
combinations of multiplexers and adders, lower compressor’s power consumption,
smaller compressor cell area, and lower power delay product. Therefore, for 8-3
compressor design, it is preferable to use adder’s compressor instead of a combination
of multiplexers and XOR logic gates as it shall give lower power delay product, also

known as switching energy, saving costs, resources, and power consumption.

From the above comparison, it can be noticed that the higher the order of
compressor, the more logic gates needed to be used, which will lead to higher power
consumption and higher critical propagation delay. Since it has only 8 inputs, it is
sufficient to use 8-3 compressor with 8-input fan-in AND logic gate instead of 8-4
compressor so that the output of 8:3 compressor can be fully utilized, saving logic

gates used and reducing power delay product.
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CHAPTER 5: CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

In a nutshell, the main purpose of having this project is to repeat a few

researched designs to verify their performance report using Altera Quartus 1l Web
Edition and ModelSim-Altera software, implementing it using FPGA and compared
among the researched designs to verify which is the best method to design 8-3
compressor. After studying and comparing the 7-3, 8-4, and 9-4 compressor researched
designs by considering the combination of multiplexers and XOR logic gates,
combination of multiplexers and adders, and adders by comparing their logic gates
numbers and propagation delay, it can be concluded that using adder’s method is the
better way to design the 8-3 compressors as it uses fewer numbers of logic gates,
having lower cell area, and lower propagation delay. Using fewer number of logic
gates will lead to lowering the total power consumption needed and smaller cell area
of compressor. The reason of using FPGA in this project is FPGA can be easily
programmed to perform complex combinational logic functions. Besides that, it
supports timing simulation which can emulate an implementation into real devices to
verify the implemented design meets all functional and timing requirements to ensure

the finished design is free of defects.

5.2 RECOMMENDATIONS

A few recommendations proposed to this project are shown as below:

> Design 8:3 compressors and implement it on field programmable gate array
(FPGA) to evaluate the design’s fan-in, energy delay product (EDP), power
delay product (PDP), and cell area in order to have better handling the

multiplication operations
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[ *:
S /Inputs for middle
assign input_middle sum 1
assign input_middle sum 2
assign input_middle sum 3

assign
assign
assign

input_middle_ carry 1
input_middle_carry 2
input_middle_carry 3

APPENDIX

&:3 Compressors Algorithms */
full adder

halfidder sum(i5W[0], iSW[1]):
fullldder sum(iSW[Z], iSW[3], 18W[]):
fullldder sum(iSW[5], iSW[4], 1SW[7]):

halfRdder carry(iSW[0], iSW[1]):
fullRdder carry(iSW[2], 15W[3], 1S5W[4]):
fullRdder carry(iSW[S], i5W[&], 1SW[71):

//Inputs for middle half adder

assign
assign

assign
assign
assign
assign
assign

input_full 1
input_full 2
input_full 3
input_full 4
input_full 5

ffoutputs

input_half sum 1 = fulllAdder sum(input_middle_sum 1, input_middle sum 2, input_middle_sum 3):
input_half sum 2 = 0;

halfAdder carry(input_half sum 1, input_half sum 2):

fullAdder carry(input middle_sum 1, input middle sum 2, input_middle_sum 3):
fullRdder sum(input_middle_carry 1, input _middle carry 2, input_middle carry 3):
fullRdder carry(input _middle_carry 1, input middle carry 2, input middle carry_3):
fullRdder carry(input full 1, input full 2, input full 3):

assign oLEDG[O]
assign oLEDG[1]
assign oLEDG[Z]

halfiZdder sum(input half sum 1, input half sum 2):
fullAdder sum(input full 1, imput full 2, input_full 3):
halfidder sum(input full 4, input_full 5):

Figure 74: 8-3 Compressor Model / Finite State Machine

initial begin
// Functional Testbench
for (i5W = 27

#2 run():

end
2display("To
#10 error_percentage
tdisplay ("Th
error_count = 0;
#1 #finish:

end

task run():
kegin

hiy i5W < 29'hl
#3 &display("The data

error_count * 100

= iSW + 2'h1) begin
iz 3d",i5W);

%.2f",error_count) ;
/ 256

", EITOr_percentage) :

for (index = 4'h0; index <« 4'hE; index = index + 4'hl) begin
if (iSW[index] = 1) begin
total = total + 4'hl:
end
end
sdigplay("Total = %d, olEDG = :d", total,olEDG):
case (oLEDG
3'b0O0O0 3 if (total = 4'h0) begin #display("Ck. Ees
elze if (total = 4'hE) begin sdisplav( : end else show_error():
if (total = begin $display ("Ck. BRes show_error();
if (total = begin fdisplay ("C Res show_error() ;
if (total = begin sdisplay (" Ees show_error();
if (total = begin $display (" Res show_error();
if (total = begin fdisplay (" show_error() ;
: if (total = begin sdisplay (" show_error() :
3 1 if (total = 4 begin $display("Ck. R
default show_error();
endcase
//édisplay("Total = %d",total)r
total = 0;
index = 0;
end
endtask

Figure 75: 8-3 Compressor Functional Test bench
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J*

/

a:

4 Compressors Algorithms /

//Inputs for Middle Full Adders

assign
assign
assign

assign
assign
assign

input middle sum 1 =
input middle sum 2

input middle sum 3

input_middle_ carry_l
input_middle carry_2
input_middle_ carry_3

halfidder sum(iSW[C], 13SW[Ll]):
fullhdder sum(iSW[2], 15W[3], 1SW[4]):
fullhdder sum(iSW[3], 15W[c], 1SW[7]):

halfRdder_carry(i3W[0], 13W[1]):
fullRdder_carry(iSW[2], iSW[3], iSW[4]):
fullbdder carry(iSW[5], 15W[&], 15W[71):

i r
£

assign input full sum 1
assign input full carry 1
assign input full sum 2
assign input full carry 2
S fOutputs

assign oLEDG[0]

assign oLEDG[1]

assign input final half =
assign oLEDG[Z]

assign oLEDG[:]

Inputs for Final Full Adders

fullkdder sum({input_middle sum 1, input middle sum 2, input middle sum 3):
fullRdder carry(input middle sum 1, input middle sum 2, input_middle_ sum 3):
fullidder sum(input_middle carry 1, input middle carry 2, input_middle_carry 3):
fullidder carry(input middle_carry 1, input_middle carry 2, input middle carry 3):

input full sum 1;
halfldder sum(input_full carry 1, input full sum 2}:
halfldder carry(input_full carry 1, input full sum 2};

= halfRdder sum(input_final half, input_full carry_2):

= halfldder carry({input_£inal half, input_full_carry 2):

Figure 76: 8-4 Compressor Model / Finite State Machine

initial begin

// Functional Testbench

for (iS5W = 2'h

#3 sdisplay("Ihe

#5 runf):
end
$display("Total E
#10 error_ percentadg
$display("The F i
errcor_count = 0;
#1 $finish:

end

task run{):

begin

a0y 15W < 2°

: i5W = i5W + 2'hl) begin
iput iz £4",1i5W) ;

QEm

=3

,E€Cror_count) ;
il Jlf ] = :'-

$.2f\n'\n", error percentage);

for (index = 4'h0; index < 4'h&; index = index + 4'hl) begin
if (iSW[index] == 1) begin
total = total + 4'hl;
end
end
tdisplay("Tctal = %d, clLEDG = 34", total,oclEDG):
case (ocLEDG)

"hi : if {total begin #display("Ck = n"); end else show_error():
4"hl if (total = begin sdisplav(” : end else show_error():
4"h2 if {total begin #display( ; end else show _error():;

if (total begin &displav(” : end else show_error():
4"hd if {total begin #diasplay( ; end else show error():
4'h5 if (tectal begin fdisplay( ; end else show _error():
5 if (total begin sdisplay(” : end else show error():
4'h7 if (tectal begin fdisplay( ) end else show_error():
4"hE if (total = 4'hi) begin #display("Ck. Result = 8'\n"): end else show_error():
default : show_error();
endcase
f/%display("Total = %d",total);
total = 0;
index = 0;
end
endtask

Figure 77: 8-4 Compressor Functional Test bench
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9:4 Compressors Algorithms /

//Inputs for Middle Full Adders

assign
assign
assign

input_middle_sum 1
input_middle_sum 2
input_middle_sum 3

assign
assign
assign

input_middle_carry 1
input_middle_carry 2
input_middle carry_3
assign input_full sum 1

assign input_full_carry 1
assign input_full sum 2

assign input_full_carry 2

F

fullidder sum{iSW[0], 1iSW[1], iSW[Z]}:
fullddder sum{iSW[3], 1SW[{], iSW[3]):
fullhdder sum{iSW[4], 1SW[7], iSW[E]):

fullldder carry(iSW[0], 1SW[1], iSW[2]):
fullldder carry(iSW[3], 13W[4], iSW[3]):
fullldder carry(iSW[¢], iSW[7], iSW[E]):

Inputs for Final Full Adders

fullkdder sum(input_middle sum 1, input middle sum 2, input_middle_sum 3);
fullidder carry(input_middle_sum 1, input_middle_sum 2, input_middle_sum 3):
fullidder sum({input_middle carry_ 1, input_middle_carry 2, input_middle_carry 3):
fullddder carry(input_middle_carry 1, input_middle_carry 2, input middle_carry 3}:

/ Full and Half Adders Functions /

f/Outputs

assign oLEDG[(]
assign oLEDG[1]
assign
assign
assign

oLEDE[2]
oLEDE[3]

Figure

input full sum 1;
halfldder sum({input_full carry_1, input_full sum 2);

input_final half = halfldder carry({input full carry 1, input full sum 2);

= halfldder sum(input_final half, input_full carry_2):;
= halfldder carry(input final half, input_full carry 2):

78: 9-4 Compressor Model / Finite State Machine

initial bkegin

// Functicnal Testbench

for (iSW = 10'hi0;
#3 sdisplay("The
#3 runi):
end
sdisplay(
#10 error_percentage
tdisplay("Th
€rror_count
#1 £finish;
end

e

task runi):
begin

for (index

TR
au s

i5W < 10

i5W = 15W + 10
ut iz :d",1i5W):

'hl) begin

d

.2

error_count) ;

!

error_count *

, ELrOr percentage) ;

2

index < 47 index = index + 4

"hi)

begin

if (iSW[index] = 1) begi

total = total + 47

end
end
fdisplay("To = %d, = %d", total,cLEDG):
case (ocLEDG)
4'h0 : if {total = begin $display("Ck ; end else show error():
if (total = begin sdisplay(” : end else show error():
if (cotal == begin &display(” : end else show_error():
if (ceotal = begin $display(” ; end else show_error():
if {total = begin #display(” ; end else show _error():;
if (total = begin sdisplay(” : end else show error():
if (total = begin sdisplay(” : end else show_error():
if (total == begin &display(” 1") ; end else show_error():
if (total = 4 begin fdisplay(” = B ) end else show_error():
if (total = 4'h9) begin sdisplay("0k = 9'n"); end else show_error():

default

show_error():
endcase
//&display("Total = %d4d",total);
total = 0;
index = 0;

end

Figure 79: 9-4 Compressor Functional Test bench
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f-’x

//Inputs for level 1 full
input_levell sum 1
input_levell sum 2
input_levell sum 3

assign
assign
assign

assign
assign
assign

adder

= fullhdder sum(iSW[0], iSW[1], iSW[2]):
= fullhdder sum(iSW[3], iSW[4], iSW[3]):
= fulladder sum(iSW[&], iSW[71, iSWI2]);

input_levell carry 1 =
input_levell carry 2 =
input_levell carry 3 =

//Inputs for level
assign input_level? sum 1
assign input_level? sum 2

2 full

9:3 Compressors Algorithms

fullhdder_carry(iSW[0], iSW[1], iSW[2]):
fullddder carry(iSW[3], iSW[4], iSW[S]):
fullldder carry(iSW[6], iSW[7], iSW[Z]);

adder
= fullidder sum(input levell sum 1, input_levell sum 2, input_levell sum 3):
= fullAdder sum(input levell carry 1, input_levell carry 2, input levell carry 3);

azsign input_level2 carry 1 =
azzign input_level2 carry 2 =

assign input_full carry = halfRdder carry(0, input_ level2 sum 1);

//Outputs

assign
assign
assign

oLEDG[0]
oLEDG|
aLEDG[2]

fullhdder carry(input_levell sum 1, input_levell sum 2, input levell sum 3):
fullldder carry(input_levell carry 1, input_levell carry 2, input_levell carry 3);

halflidder sum(0, input levell sum 1);
fullidder sum(input_full carry, input_level? carry 1, input levell sum 2);
fullidder carry(input_full carry, input_level2 carry 1, input level2 sum 2] * input_level2 carry 2;

Figure 80: 9-3 Compressor Model / Finite State Machine

initial begin
// Functional Testbench

for (iSW = i

H

i5W <

i5W = i5W + 10

begin

$3 Sdisplay("The data input is %d",i5W):

#2
end

run():

$display("Total Error Count = %.2I",error_count);
#10 error percentage = error count * 100 / 512;
8display("The Failing Rate for Functional Testhench i= %.2f\n\n", error_percentage);
error_count = 0;
#1 $finish;

end

task runi();

2h\n")
= 3\n");
4\n");
S\n");
€\n") ;
Tha") ;

begin

for (index = 4°' index <« 4'h%; index = index + 4'hl) begin

if (iSW[index] == 1) begin
total = total + 4'hl;

end

end

Zdisplay("Total = %d, olLEDG = %d", total,olEDG):

case (oLEDG)
3 : if (total == 4 || total == 4
3 : if (total == 4'hl || total == 4!'
3 : if (total == 4'h2) begin Sdisplay("Ok. Result
3 : if (total == 4'h3) begin $display("Ck. Result
3 : if (total == 4 begin $display("Ck. Result
3 : if (total == 4 begin £display("Ck. Result
3'ne : Aif (total == 4'h6) begin Sdisplay("Ok. Result
3'h7 : 1if (total == 4 ) begin $display("Ck. Result
default : show_error();

endcase

Jf/%display ("Total = %d",total):

total = 0;

index = 0;

end
endtask

end
end
end
end
end
end

begin $display("Ck. Result
nZ) begin £display("Ck. Result

else
else
else
else
else
else

= 0\n"); end else show_error();

1\n"}; end else show error():
show_error();
show_error();
show_error();
show_error();
show_error();
show_error();

Figure 81: 9-3 Compressor Functional Test bench
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7:3 Compressors Algorithms

//Inputs for middle full adder
assign input middle sum 1 = fullRAdder sum(iSW[1], iSW[Z], iSW[3]):
assign input middle sum 2 = fullRAdder sum(isW[4], isW[S], isW[E]);

assign input middle carry 1

fulladder carry(isw[ll, isw[2], isW[31);

assign input middle carry 2 = fullRdder carry(isw[4], 1sW[5]1, isW[c])};

//Inputs for middle half adder
assign input half carry 1 = fullRdder carry(isWw[(], input middle sum 1, input middle sum 2);

//outputs
assign oLEDG[(] = fullAdder sum(isW[(], input middle sum 1, input middle sum 2);

assign oLEDG[']

fullAdder sum({input half carry 1, input middle carry 1, input middle carry 2);

assign oLEDG[2] = fullAdder carry(input half carry 1, input middle carry 1, input middle carry 2);

Figure 82: 7-3 Compressor Model / Finite-State Machine

*/

initial begin

end

// Functional Testbench

for (i5W = 2'hi; 1i5W < & i5W = i5W + 2'hl) begin
#3 Sdisplay("The data ut is 4" ,i5W)
#3 run():
end
Sdisplay("Total Error Count = %¥.2f",error_count);
#10 error percentage error count * 100 f 128
Sdisplay("The F O te for 1 % error_percentage);

error_count = 0;
#1 Efinish;

task run():

begin
for (index = <4'h0; index < 4 = index + 4'hl) begin
if (i5W[index] == 1) begin
total = total + 4'hl;
end
end
£display("Total = %d, olLEDG = %d", total,oLEDG):

case (oLEDG)

h H if (total = begin £display ("0} .25 ; end else show_error();
1 if (total = begin :display("OCk. Res ; end else show_error():;
if (total = begin £display("Ck. Res ; end else show_error();
if (total = begin £display("Ck. Ees ; end else show_error();
if (total begin :display("OCk. Res ; end else show_error():;
if (total begin Sdisplay("Ok =¥ ; end else show_error():;
if (total begin fdisplay(” 25 ; end else show_error();
3'h H if (total = begin 5display("Ck. Res ; end else show_error():
default : show_error():
endcase
//&display("Total = %d",total);
total = 0;
index = 0;
end
endtask

Figure 83: 7-3 Compressor Functional Test bench

67



f* 7:3 Compressors Algorithms /!
//Level 1

assign output XOR_L1_1 = XOR(i5W[e], iSW[3]):

assign output X¥COR L1 2 = XOR(iS5W[=2], isW[2]1):

//Level 2

assign output MUX L2 1 = MUX(i5W[5], 15W([<], output XCR L1 1)/

output XOR L2 1
output_MUX L2 2
output_ XOR_LZ 2

assign
assign
assign

//Level 3
assign output XOR L3 1
assign output XCR L3_2

//Level 4
assign output MUX L4 1
assign output XOR L4 1

J//Outputs

assign oLEDG[C]
assign oLEDG[1]
assign oLEDG[2]

XOR (output_XOR L1 1, iSW[4]):
MUX (iSW[Z], iSW[.]1, output XOR L1 2):
XOR (output_XOR L1 2, iSW[1]1):

XOR (output MUX L2 1,
XOR (output_XCR_ L2 1,

output_MUX L2 2);
output_XOR L2 2);

MOX (output XOR_L2 1,
XOR (output XOR_L3_2,

iSW[C], output XOR L3_2):
iSW[O]) ;

output_XOR L4 1:
XOR (output_XOR_L3_1, ocutput MUX L4 1)
MUY (output MUX L2 1, output MUX L4 1, output XCR L3 1):

Figure 84: 7-3 Compressor Model / Finite-State Machine using MUX-XOR Logic

Gates
initial begin
/{ Functional Testbench
for (i5W = &'h0; i5W < & J; i5W = i5W + ©£'hl) begin
#2 £display("The data input i=s %d4",iSW):
#3 run();
end
Sdisplay({"Total Error Count = %¥.2f",error_count) ;
#10 error percentage = error count % 100 f 128;
Zdisplay("The lir for Funct ] b i=s % error_percentage);
error_count = 0;
#1 Efinish;
end
task run():
begin
for (index = <'h0; index < £'hZ; index = index + 2'hl) begin
if (i5W[index] == 1) begin
total = total + £'hi;
end
end
fdisplay({"Total = %d, total ,oLEDG) ;
case (oLEDG)
: if (total = 7) begin Sdisplay(” end else show _error():
H if (total = 1) begin Sdisplay (" end else show_error();
if (total ) begin Sdisplay (" end else show_error():
: if (total } begin Sdisplav (" end else show _error():
if (total 1) begin Sdisplay (" end else show_error():
H if (total = ) begin Sdisplayv (" end else show_error():
if (total = &) begin Sdisplayv (" end else show_error():
i'h : if (total = <'n7) begin Sdisplay("Ck. end else show _error():
default : show_error();
endcase
f/&display("Total = %d", total):
total = 0;
index = 0;
end
endtask

Figure 85: MUX-XOR Logic Gates 7-3 Compressor Functional Test bench
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[ = 8:4 Compressors Algorithms /

//Level 1

assign output MUK41 L1 1 = MUX_4 1(iSW[5], ~iSW[3], ~iSW[3], iSW[S], iSW[E], i3W[7]);

assign output MUX41 L1 2 = MUX_4_1(0, iSW[5], iSW[Z], ©, iSW[&], iSW[7]):

assign output MUX41 L1 3 = MUX & 1(0, iSW[2], iSW[2], L, iSW[Z], 1iSW[<]):

assign output MUX21 L1 1 = MUX 2 1(iSW[0], ~iSW[0], iSW[.]):

assign output MUK41 L1 & = MUK & 1(iSW[Z], ~iSW[Z], ~iSW[2], iSW[2], iSW[Z], iSW[%]):

/flevel 2

assign output MUX41 L2 1 = MUX_4 1(0, output MUX41 L1 3, output MUX41 L1 3, 1, (iSW[0] & iSW[']), output MUX41 L1 2);

assign output MUX41 L2 2 = MUX_4_1(outpuc_MUX41 L1 3, ~output_MUX41 L1 3, ~output_MUX41 L1 3, output MUX41 L1 3, (iSW[0] & iSW[1]), ocutpuc MUX4l L1 2);
assign output MUX41 L2 3 = MUX 4 1(0, output MUX21 L1 1, output MUX21 L1 1, I, output MUX41 L1 4, output MUX41 L1 1);

//Outputs

assign oLEDG[0] = MUX ¢ _1(output_MUX21 L1 1, ~output MUX21 L1 1, ~output MUXZ1 L1 1, output_MUX21 L1 1, output MUX4l L1 4, output_MUX41 L1 1)
assign oLEDG[!] = MUX_2_1(output MUX4l_L2_3, ~output MUX41 L2_3, output MUX41 L2 2):

assign olEDE[?] = halfAdder_sum(({output MUX41 L2 2 & outpuc MUX41 L2_3), output MUX41 L2 1):

assign oLEDG[Z] = halfAdder carry((output MUX41 L2 2 & output MUX41 L2 3), output MUX41l L2 1);

Figure 86: 8-4 Compressor Model / Finite-State Machine using MUX and Half
Adders

initial begin
// Functional Testbench

for (i5W = 2'h0; i5W < =2'! i5W = i5W + 2'hl) begin
#3 Sdisplay("The data input is 34" ,iSW):
#3 run():
end
Zdisplay("Total
#10 error_percentage
Zdisplay ("T: F %.2f ', error_percentage);

erroxr_count = 07
#1 Efinish;
end

task run()

begin
for (index = <4'h0; index < £'h%; index = index + 4'hl) begin
if (i5W[index] = 1) bkegin
total = total + <'hl;
end
end
Edisplay (" = = %d", total,oclLEDG):;

case (oLEDG)

: if (total == begin sSdisplay("Ok. end else show_error():

if (total begin Sdisplayv (" end else show_error():
H if (total begin Sdisplavy( end else show_error():
H if (total begin Sdisplay( end else show_error();
: if (total begin Sdisplay (" end else show_error():
if (total begin Sdisplayv (" end else show_error():
if (total = begin Sdisplay( end else show_error():

H if (total = begin Sdisplay (" end else show_error();
4 'h\ : if (total = 4 } begin Sdisplay (" n"): end else show error():
defanlt : show_error():;
endcase
//édisplay("Total = %d",total);
total = 0
index = 0;
end
endtask

Figure 87: MUX and Half Adders 8-4 Compressor Functional Test bench
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[ E= === 9:4 Compressors Algorithms !

//Level 1

assign output MUX41 L1 1 = MUX 4_1(iSW[¢], ~iSW[£], ~iSW[&], iSW[&], iSW[7], iSW[2]):

assign output MUX41 L1 2 = MUX 4_1(0, iSW[&], iSW[&], °, iSW[7], i3W ;

assign output MUX41 L1 3 = MUX 4_1(0, iSW[3], iSW[3], °, iSW[4], i3W

assign output MUX41 L1 4 = MUX 4_1(iSW[0], ~iSW[0], ~iSW[0], iSW[O], iSW['], iSW[21):

assign ocutput MUX41 L1 5 = MUX 4_1(iSW[3], ~iSW[3], ~iSW[2], LiSW[3], iSW[], iSW[Z]):

assign output MUX41 L1 6 = MUX 4_1(0, iSW[0], iSW[0], ©, iSW['], iSW[2]);

//Level 2

assign output MUX41 L2 1 = MUX 4 1(0, output MUX41 L1 3, output MUX41 L1 3, 1, output MUX4l L1 &, output MUX4l L1 2);

assign output MUX41 L2 2 = MUX 4 1(output MUX41 L1 3, ~output MUX41 L1 3, ~output MUX41 L1 3, cutput MUX41 L1 3, output MUX4l L1 6, output MUX41 L1 2);
assign output MUX4l LZ 3 = MUX 4 1(C, output MUX41 L1 4, output MUX41 L1 ¢, I, output MUX4l L1 5, output MUX4l L1 1):

//Qutputs

assign oLEDG[0] = MUX 4 1(output MUX41 L1 4, ~output MUX41 L1 4, ~output MUX41 L1 4, output MUX41 L1 4, output MUX41 L1 5, output MUX41 L1 1);
assign oLEDG[!] — MUX_2_1(output_MUX41 L2_3, ~output MUX41 L2_3, output_MUX4l L2 2);

assign oLEDG[Z] = halfAdder_sum((output_MUX41 L2 2 & output MUX41_L2_3), output MUX41 L2_1):

assign oLEDG[Z] = halfAdder_carry((cutput_MUX41 L2 2 & output MUX41 L2_3), output MUX41 L2 _1);

Figure 88: 9-4 Compressor Model / Finite-State Machine using MUX and Half
Adders

initial begin
// Functional Testbench

for (i5W = i5W = 00y i5W = i5W + 10'hl) begin
#3 Sdisplay("The data input is %d",iS5W):
#3 run():

end

Zdisplay("Total Error

#10 error percentage = error count ¥
Sdisplay("The F Rate for
error_count = 07

$1 Efinish;

1", error_percentage);

end

task runi)

begin
for (index = 2 = index + < begin
if (iSW[index] = 1) kegin
total = total + 4'hl;
end
end

Zdisplay("Total =
case (oLEDG)

oLEDG) :

: if (total == &display("Ok. end else show_error():
: if (total = Sdisplav ("« end else show_error():
if (total = Sdisplay("Ck. end else show_error():
H if (total = Zdi=plav ("t end else show_error():;
H if (total = Sdisplay(" end else show_esrror();
if (total = Zdisplav ("« end else show_error():
if (total = Sdisplay("Ck. end else show_error():
if (total = Sdisplay("Ck. end else show_error():
if (total = £display (" ; end else show_error();
4'h3 ;0 if (total = Sdisplay ("Ok end else show_error();
defanlt : show_error()
endcase
total = 0O;
index = 0;
end
endtask

Figure 89: MUX and Half Adders 9-4 Compressor Functional Test bench
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