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1 Abstract

This report investigates the Braun’s and Wallace-Tree multiplier designs. Simulation results
from Xilinx Vivado and background research on the multipliers are used to conclude that the
Wallace-tree multiplier provides the better option in applications where speed is critical.
The Wallace-Tree design uses 8.4% more LUTs, however the Braun’s multiplier has a
maximum delay which is 10.46% longer than the Wallace tree multiplier.

The report concludes that for most applications the Wallace tree multiplier is the most
suitable options due to the superior processing speeds. In an application where hardware
utilization is critical, the Braun’s multiplier may be more suitable.
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2 Introduction

This report will investigate, simulate and test two parallel multipliers designed to be
implemented onto FPGAs (Field Programmable Gate Arrays) using VHDL coding. The Xilinx
Vivado software will be used to do this. The parallel multipliers which will be used are the
Braun’s multiplier and the Wallace-Tree multiplier. They will be 8x8 bit multipliers, meaning
there will be 16 inputs and 16 outputs. =1

The results of the investigation and simulation together should clearly demonstrate how the
characteristics of each multiplier differ. This should allow™a~eanclusion to be made on which
of the designs provides the best solution for a parallel multiplier.
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3 Background research

Section 3 will present research on FPGAs and different types of parallel multipliers.

3.1 Field-programmable Gate Arrays

=2
FPGAs are integrated circuits sometimes containing millions of transistors making up logic
blocks. Commonly, these logic blocks are LUTs (Lookup Tables). Lookup tables contain
storage cells which can represent a logic function. They have mulgigleselect inputs which
select one of the storage cells to transmit to the single output. Ts are connected via
vertical and horizontal routes. These can be enabled and disabled by programming
interconnection switches. This allows many different combinations to be created via
software. A typical FPGA is shown in figure 1.

D Logic block D Interconnection switches

| 10 block ]

1O block
Poq o

I 1O block I

Figure 1 — typical FPGA diagram [1]

These circuits are not designed for any specific application. The designer can program the
FPGA to suit almost any required application using a hardware description language such as
VHDL. This allows complex parallel circuits which can achieve very high processing speeds to
be implemented. Common applications include image and video processing, medical
applications and telecoms.

FPGAs are Field programmable, meaning existing systems can be easily upgraded without
the need to modify or rebuild any hardware. This is an advantage over Application Specific
Integrated Circuits (ASICs) which are a common alternative to FPGAs.

This feature is useful in situations where regulations are continually updated, requiring
updates to the system. An example of this is satellites. FPGAs which are radiation hardened
and installed in satellites can be updated without accessing the device [2]. Another
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advantage is that design errors can be easily rectified making them ideal for prototype
designs before purchasing a specialized ASIC board once the design is finalized.

They are like microcontrollers in many ways. They are both integrated circuits which can be
programmed to meet a requirement. Microcontrollers are cheap devices which can be easily
programmed for most basic applications. FPGAs are expensive and complex devices which
can be complicated to program. This makes microcontrollers well suited to simple
applications, however FPGAs are ideal for high complexity applications thanks to their
customizability and programmable hardware. FPGAs can also attain higher processing
speeds thanks to the parallel arrangement, allowing multiple tasks to be carried out at the
same time. Microcontrollers can only complete one line of code at a time, sometimes
causing bottlenecking [3].
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3.2 Multiplier Building blocks.
The multipliers investigated in this report will utilize 2-input AND gates, half adders, and full

adders to multiply two 8-bit numbers resulting in a 16-bit output. The symbols and truth
tables for these components are shown in figures 2-4.

2 - input AND gate

|nDUt;\ —
QOutput
Inputy — ) P

Al B | Output
00 0
0f1 0
110 0
111 1

Figure 2 — AND gate truth table and logic diagram [4]

A B S c
A—s - 0 0 0 0
i ) 0 1 1 0

8| Adder L .c
1 0 1 0
1 1 0 1

Figure 3 — Half adder truth table and logic diagram [5]
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A B Cn SUM(S) Cout

0 0 0 0 0

-S 0 0 1 1 0

0 1 0 1 0

B——| Full adder 0 h - 0 .
S . C 1 0 0 1 0
Cn out 1 0 1 0 1
1 1 0 0 1

R 1 1 1 1

Ga | X Cout

Figure 4 — Full adder truth table and logic diagram [5]

The final stage of both multipliers requires multiple bits to be added together. The simplest
method of doing this is the ripple carry adder (RCA). This utilizes multiple full adders
connected in series. The carry out from each full adder is connected to the carry in of the
full adder to its left. The sum out of each full adder is a bit from the output. Figure 5 shows
this.

\?l—l }'u—l xl ): xl yl "ll }'u
| | | [ | [ |
€l full |G G full |< S full ¢ full |%
adder [ 777 | adder [ 7777 | adder adder '?7
| | l |
Sn ‘sn—l S: SI SI)

Figure 5 — 4-bit Ripple carry adder [6]

These adders are connected in series. Each adder must wait for the previous adder to
generate the carry, leading to long delays. A more complex adder known as a carry
lookahead adder (CLA) can be used. This adder calculates the carry beforehand to eliminate
delays caused by waiting for the carry to be generated. Figure 6 shows the logic diagram.
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-3» Propagate-Generate logic
Lookahead c4 co
carry output €—— 4-bit CLG : — E‘Iarl?é
to next CLA i i P
| C2
Su

SumM3

Sum2

sum1i

SUMOD
Figure 6 - 4-bit Carry lookahead adder [7]
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3.3  Types of Multipliers

Multipliers play a key role in Very Large-Scale Integration (VLSI). There are many different
multiplier designs available. Different multiplier designs will have different characteristics
such as speed, power consumption and complexity. An ideal multiplier design should have
maximum speeds with minimum power consumption [8].

This section will investigate some of these multiplier designs.

Braun’s multiplier

The Braun’s design is the simplest parallel multiplier. They utilize a shift and carry method.
The partial products generated by the AND gates are added together using half adders and
full adders. The sum from each half adder is added to the next partial product. The carry
from each half adder is shifted left. The final stage consists of an RCA. As discussed in
section 3.2, a CLA could be used to reduce delays. Figure 7 demonstrates the partial
products of a 4x4 Braun multiplier and figure 8 demonstrates the hardware.

Ad A3 A2 A1

B4 B3 B2 Bl

A4B1 A3B1 A2B1 AlB1
A4B2 A3B2 A2B2 Al1B2
A4B3 A3B3 A2B83 A1B3
A4B4 A3B4  A284 Ale4
P7 P6 P5 P4 P3 P2 P1 PO
Figure 7 —4x4 Braun’s multiplier partial products [8]
AiBa AlB1 A2BO AIBI AiBo 4081 A0Bo
A3BI
-+ + +
AlB2 A1B2 ABB2
AiB?
[+ 1 [+] [+]
A.'BJ/ AlB? A0B3
AIB? | |
| + I/I + ] [+ ]
—o G
” | [ |
P F3

P4 3 P 21 Po

Figure 8 — 4x4 Braun’s multiplier logic diagram [9]

10
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Wallace tree multiplier

Wallace tree multipliers utilize carry and save addition. Its design is complex when
compared to the Braun’s multiplier. It also utilizes more hardware and consumes more
power. The advantage of the Wallace tree multiplier is the improved speed performance
when compared to the Braun’s multiplier.

All tree type multipliers divide the multiplication into 3 stages. The generation of partial
products, the reduction of partial products and then an adder. The partial products are
generated using AND gates. The reduction stage uses half adders and full adders to add

these partial products together in parallel arrangements. The final adder adds the remaining
bits.

The partial products table, dot diagram and circuit diagram of an example 4x4 multiplier are
shown in figure 9. Each partial product reduction step has a total delay equal to that of a full
adder since that is the longest route in each step. All adders in each step are completed in
parallel. This helps to minimize the delays.

| 4 x 4 Wallace Tree Multiplier l

B8 2 a1 w0 \ [ 5]
b3 b2 b1 bl (o] \o/ Sl
a3 2k albe wh) o W / -
bl b O 5
a3 a2 atb1l a0 &\ \ ® O
b1 b1 b1 D "8 lforl*ﬁ',-{','r-,_ e
a1l 2 a1 a0b2 o o \_I Al e
b2 b2 b2 L y O 9 Carry
3 2 = © % & & % & O
B} b3 b3 b3 oo o o singe 3
PT P& PS M P P2 M M PRPRPRPRPRPR

Fig.4. 4x4 Wallace tree multiplier with partial product and various stages

[ 4 x 4 Wallace Tree Multiplier Architecture

a,b, a;b, a,b.a;b,ab; a;byab,ab; ab, ab, abs

| | L1 ||

|| ‘
(o] [=] [=] [=]
ab,

b,

a,b; a;! B

Py Pe

he Dadda multiplier utilizes the same tree style algorithm as the Wallace tree multiplier.
The difference is in how the reduction is done. Whilst the Wallace tree multiplier aims to
reduce the partial products as quickly as possible, the Dadda multiplier minimizes reduction
to optimize the hardware usage. This means the stage 3 adder must add more bits than in

11
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the Wallace-Tree. This presents even more reason to use a more complex adder such as the
CLA.

The Dadda exhibits a low propagation delay compared to the Wallace-Tree multiplier [11] as
shown in figure 10. The simulation results show that the Dadda multiplier has a slightly
lower delay. Figure 11 shows the Dot diagram for a Dadda multiplier.

Table 1: Summary of parallel multipliers

Multiplier algorithm Area (number of bit slices) Delay (nsec)
Booth 95 3.2000
Wallace 107 14.6650
Dadda 111 12.8340

Figure 10 - Simulation results showing the delay of a Wallace, Dadda and Booth multipliers
[12].

12
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4 Designing the multipliers

This section of the report details the design of an 8x8 bit Braun multiplier and an 8x8 bit
Wallace Tree multiplier.

4.1  8x8 bit Braun’s multiplier

There are multiple design stages which must be complete to create a Braun’s multiplier.
These are the partial products, a basic flowchart showing the operation of the multiplier and
the logic diagram. Figures 12-14 show this. Figures 15-17 show a closer view of the logic
diagram stages. The logic diagram contains 64 AND gates, 8 half adders and 48 full adders.

Y7 Ye ¥Ys Y4 Y3 Y2 Y1 Yo
X7 Xg X5 Xq4 X3 Xo X4 Xp
P70 Pso Pso Pao P30 P20 P1o Poo
P71 Ps1 P51 Pa1 P31 P21 P11 Po1
P72 Pez2 Ps2 Paz2 P32 P22 P12 Poz
P73 Pe3 Ps3 P43 P33 P23 P13 Pos
P74 Pea Ps4 Pasa P3a P24 P14 Poa
P75 Pes Pss P4s P3s P2s P15 Pos
P76 Pes Pss P4s Pas P26 P1s Pos
P77 Pe7 Ps7 Pa7 P37z P27 P17 Por
S15 S14 S13 S12 S11 S10 So Sg S7 Ss Ss S4 S3 S2 §1 S

Figure 12 — Partial products of the Braun’s multiplier [14]
multiplier ultiplicand

Generate partial products

SE

Y

Shift and carry method used to sum partial products

v

Carry propagate adder used to add remaining products

16-bit output

Figure 13 — Flowchart showing the basic operation
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Figure 14 — Braun’s multiplier logic circuit overview
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Once these design stages were complete, the code for the Braun’s multiplier was written.
Structural VHDL coding was used which utilizes port mapping. This can be found in Appendix
A. Appendix B shows the testbench used.

Simulating the code in Xilinx Vivado produced results to prove the design worked correctly.
The testbench simulated 16 random input combinations. All 16 input combinations provided
the expected results. This is shown in figure 18. Table 1 shows the inputs, expected outputs
and the actual output from these 16 combinations and confirms the multiplier works.

Input A Input B Expected output Actual output

11111111 (255) | 11111111 (255) 1111111000000001 (65,025) | 1111111000000001 (65,025)
00000000 (0) 00000000 (0) 0000000000000000 (0) 0000000000000000 (0)
00001111 (15) 11110000 (240) 0000111000010000 (3,600) | 0000111000010000 (3,600)
00000000 (0) 11111111 (255) 0000000000000000 (0) 0000000000000000 (0)
01010101 (85) 10101010 (170) 0011100001110010 (14,450) | 0011100001110010 (14,450)
11001100 (204) | 00110011 (51) 0010100010100100 (10,404) | 0010100010100100 (10,404)
00011000 (24) | 11100111 (231) | 0001010110101000 (5,544) | 0001010110101000 (5,544)
00111111 (63) 11111111 (255) 0011111011000001 (16,065) | 0011111011000001 (16,065)
00000011 (3) 00000001 (1) 0000000000000011 (3) 0000000000000011 (3)
11000111 (199) | 11110011 (243) 1011110011100101 (48,357) | 1011110011100101 (48,357)
01001111 (79) 10110000 (176) 0011011001010000 (13,904) | 0011011001010000 (13,904)
00011001 (25) 11110111 (247) 0001100000011111 (6,175) | 0001100000011111 (6,175)
01000101 (69) 10101010 (170) 0010110111010010(11,730) | 0010110111010010(11,730)
01111100 (124) | 00111011 (59) 0001110010010100 (7,316) | 0001110010010100 (7,316)
00011011 (27) | 11100111(231) | 0001100001011101 (6,237) | 0001100001011101 (6,237)
00100111 (39) 11111111 (255) 0010011011011001 (9,945) | 0010011011011001 (9,945)

Table 1 - Braun’s multiplier inputs and outputs

19




Oliver Kucyj — Electronics 2

4 [7]
4 6]
5]
6 4]
o [3]

s [1]

0]
PI15:01
o [15]
4 [14]
4 [13)
8 [12]
4 111]
4 [10]

Figure 18 - Braun’s multiplier results

The design was then implemented to produce a circuit schematic utilizing LUTs. Figure 19
shows the circuit schematic. This is a very complicated circuit making it difficult to properly

inspect it from this expanded view. Figures 20-22 demonstrate zoomed in, detailed views of
the inputs and outputs.

20
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Figure 20 — Detailed view of the input section of the Braun’s multiplier schematic diagram
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Figure 21 — Detailed view of the Braun’s multiplier schematic diagram output
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Figure 22 — Detailed view of the Braun’s multiplier schematic diagram output
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Once the schematic was generated, the input and output ports were specified according to
the datasheet for the FPGA used [15]. The FPGA used was the XC7a100T csg324-L. Figure 23
shows the pinouts being selected in Xilinx Vivado. This allowed the FPGA diagram to be
generated, this is shown in figure 24.

Figure 25 shows a detailed view of some of the active 1/O pins within the FPGA. This shows
that the input B5 is allocated to the pin R16 and the output P4 is connected to the input
T16. This shows that the package pins in the FPGA match up to figure 23. Figure 26 shows
one of the active LUTs within the FPGA. This same LUT is also shown in figure 21 connected
to P2. This demonstrates how the FPGA diagram, and the schematic diagram are linked.
Figure 27 shows a view of the LUTs within the FPGA diagram.

Name Direction Interface  Neg Diff Pair  Package Pin

B A7l N J15 v
B A6l IN L16 v
B A5l IN M13 v
B A4l N R15 ~
B A3] N R17 v
B A2l IN T18 v
[ A1l IN u1s v
B A0 N R13 v
B B[] IN T8 v
B BE] N us v
B B5 N R16 v
B BlH] N T13 v
B B3 N HE v
B B2] N u12 v
B B[] IN U1 v
B Bl0] N V10 v
€ P[15) out H17 v
€ P41 out K15 v
“ P13] ouTt J13 v
“ P[12] ouT N14 v
€ P[1]  ouT R18 ~
< P[10] oOUT VAT v
4P our u17 v
€ P@E] our U186 v
@pPm our V16 v
& P6]  OUT T15 v
€ PE oUuT U14 v
€ P41 our T16 v
“PaE]  our V15 v
@ P2 our V14 v
@ P our V12 v
& PlO] oOuT V11 v

Figure 23 — I/0 input and output pin specification
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Figure 24 — Expanded view of the Braun’s multiplier FPGA diagram
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Figure 25 — FPGA I/O ports for Braun’s multiplier design
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Figure 26 — Qutput buffer for P2 shown in the FPGA diagram
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Figure 27 — Overview of LUTs within Braun’s multiplier
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4.2  Wallace multiplier

The same design aspects from the Braun’s multiplier can be applied to the Wallace tree
multiplier. The only major difference is that the Wallace Tree multiplier refers to a dot
diagram in place of the partial products. This is shown in figure 28. Figure 29 shows the
flowchart and figure 30 shows an expanded view of the logic diagram. Figures 31-33 show a
more detailed view of the logic diagram.

"TEE R EEE
eeseeeoee
e e s eseeee
s e e e ey
TR R
eoeooseee
'EE EE EE EJ

sesesessesas

LA B 0 000 A B B
* ® %00
LA B B B B N B = B J
LA E BN E N N N |
LA L L B L L BN N I N B B N
L L L L L L B I I
L L B
LE N B B A BB E BB R B B N N
WS LA B B B B B N

Figure 28 — Dot

8-bit
multiplier

Generate partial products

0
.
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™
3
=
=3
T
=
®
=
&2

8-bit
ultiplicand

Y

Seperate the partial products into groups of 3.
Use adders and half adders to reduce the partial products where possible

,

Repeat this process until 2 rows remain

'

Merge the remaining 2 rows using an adder

16-bit output

Figure 29 — Flowchart for Wallace tree multiplier
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Once these design stages were complete, the code for the Wallace tree multiplier was
written. The same coding as the Braun’s multiplier was used. This can be found in Appendix
C.

Appendix B shows the testbench. The testbench used for the Braun’s multiplier was also
used for the Wallace tree multiplier. The actual outputs all matched the expected outputs,
as table 1 showed for the Braun’s multiplier. Figure 34 shows the output of the Wallace tree
multiplier in Xilinx Vivado.

W AT0)
@ [7]
i [6]
@[]
@ [4]
e [3]
@12
@ [1]
ia [0]
M B[7.0]
41

4 [6]

8 15]

&[]

Figure 34— Wallace

513
Next, as with the Braun’s multiplier, a schematic was produced. Figure 35 shows this.
Figures 36-38 show more detailed view.

uitiplier results

Figures 39 & 40 show the FPGA diagram. This is similar to the Braun’s multiplier, however
slight differences can be seen when comparing figure 40 to figure 27. This is because the
Wallace tree multiplier utilizes more LUTs.
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Figure 35 — expanded view of the Wallace-Tree multiplier schematic diagram
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8[r0] O—

A[T:0]

Figure 36 — Detailed view of the input of the Wallace tree multiplier schematic diagram
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Figure 37 — Detailed view of the Wallace tree multiplier schematic diagram output
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Figure 38 — Detailed view of the Wallace tree multiplier schematic diagram output
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Figure 39 — Expanded view of the Wallace tree multiplier FPGA diagram
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SRR

— Overview of LUT utilization in the Wallace tree multiplier

Figure 40
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5 Comparison of the results

This section will compare the simulation reports from the Braun’s multiplier and the Wallace
tree multiplier.

Power consumption & temperature

The research suggested that the Wallace tree multiplier would consume more power due to
the increased LUT utilization. This has not been proven in the simulations. Figure 41 shows
the power consumption, which is identical for both multipliers.

It is possible this power consumption is inaccurate, since the confidence level is stated to be
low.

The breakdown of on-chip power consumption displays the power drawn by different
sections of the design. Dynamic power is drawn by logic components, 10 ports and signals.
The static power is the power consumption when the device is not completing any tasks. It
is also known as standby power [17].

Summary
Power analysis from Implemented netlist Activity On-Chip Power
derived from constraints files, simulation files or —
vectorless analysis. Dynamic =0.001W
Total On-Chip Power: 0.091wW 1 Signals:  <0.001W
Design Power Budget: Not Specified 999 56% Logic: <0.001 W
Power Budget Margin: N/A [[o} <0.001 W
Junction Temperature: 254°C
Thermal Margin: 74.6°C (16.1W) L Device Static: 0.091W
Effective 3JA: 46°CW

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

Launch Power Constraint Advisor to find and fix
invalid switching activity

Figure 41 — Power consumption of both multipliers

iy . 14
Hardware utilization =
Figure 42 shows the hardware utilization of both multipliers as a percentage. Figure 43 & 44
shows a more detailed representation of the hardware utilization. It shows that the
Wallace-Tree design uses more LUTs, however due to the large number of LUTs available it
does not affect the percentage in figure 42.

The Wallace tree multiplier utilizes 90 LUTs compared to the Braun’s multiplier which
utilizes 83 LUTs. This means that the Wallace tree multiplier utilizes 8.4% more LUTs than
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the Braun’s multiplier. This can be critical in larger circuits where hardware utilization is
vital. This difference is the cause of the additional power consumption.

Graph | Table

LUT 1%
10 15%

F T T T

25 50 75 100
Utilization (%)

Figure 42 — Basic display of the 1/0 port and LUT usage for both multipliers

Utilization Post-Synthesis | Postimplementation
Graph Table
Resource Utilization Available Utilization %
LUT 83 63400 0.13
10 32 210 1524

Figure 43 — hardware utilization of the Braun’s multiplier

Utilization Post-Synthesis | Postdmplementation
Graph | Table
Resource Utilization Available Utilization %
LUT 90 63400 0.14
10 32 210 15.24

Figure 44 — Hardware utilization of the Wallace design

Circuit delays

The timing of each design varies. Since the multiplication is carried out in parallel, by the
time the longest delayed path is complete all other outputs will have been calculated. This
means that the longest possible delay is equal to the longest delayed path, which is known
as the critical path.

The specification states that an AND gate should be considered to have a 1ns delay. Both
half adders and full adders should be considered to have a 2ns delay for both sum and carry
outputs. By analysing the logic schematics critical path and these delays, the longest
possible delay can be found. Figures 45 and 46 show the critical path for the Braun’s and
Wallace tree multipliers respectively. The longest delay for the Braun’s multiplier is 35ns.
This includes 14 adders and 7 AND gates. The longest delay for the Wallace tree multiplier is

This includes 15 adders and 2 AND gates. This backs up the research suggesting the
WM ace tree multiplier has improved speeds. 11 of these adders are part of the RCA. This
accounts for 22 seconds of the delay. This highlights how the delay can be drastically
reduced by incorporating a CLA.

The minimum delay for both multipliers is 1ns.
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The Xilinx Vivado software can also display the critical path on the circuit schematic which
utilizes LUTs. This is shown in figures 47 & 48. Figures 49 & 50 show the minimum delayed
paths in the circuit schematic. Figures 51 & 52 show the critical path highlighted on the
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Figure 45 — Critical path of Braun’s multiplier
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Figure 46 — Critical path of Wallace tree multiplier
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MLl

Figure 48 — Wallace tree multiplier critical path in the circuit schematic
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i

Figure 50 — Wallace tree multiplier minimum delayed path in the circuit schematic
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Figure 51 —Braun’s multiplier critical path in FPGA diagram
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Figure 52 — Wallace tree multiplier critical path in FPGA diagram

The minimum and maximum delays can be used to implement the timing constrains and
simulate the timings of each multiplier. Figures 53 & 54 show the paths with the longest
delays from the Braun's multiplier and the Wallace-Tree multiplier simulations respectively.
The longest delay in the Braun’s multiplier is 12.916ns. The longest delay in the Wallace tree
multiplier is 11.693ns. This shows the Braun’s multiplier delay is 10.46% longer than the
Wallace tree multiplier.
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Figures 55 & 56 show the minimum delays of both multipliers. These are very similar
although the minimum delays for the Braun’s multiplier are slightly lower. This will have no
impact on the on the circuit performance since the total output is not complete until the
longest delayed path has completed.

| O Combinational Delays

From M . MaxProcess Min Min Process
Port ToPort a ' Corner Delay Corner
D A5 P14 12916 SLOW 3.182 FAST
O As] O P[13] 12853 SLOW 3.100 FAST
[ B2 <P[14 12835 SLOW 3.305 FAST
.20 dPH13] 12772 SLOW 3.260 FAST
O A JP[15] 12761 SLOW 3.087 FAST
D ae] P14 12761 SLOW 2.842 FAST
e P14 12733 SLOW 3.439 FAST
O A6] OPM3] 12698 SLOW 2.932 FAST
B2 <JP15] 12680 SLOW 3.247 FAST
OB OP[3] 12670 SLOW 3.394 FAST

Figure 53 — Longest dela un’s multiplier

Q. Combinational Delays

From To Port Max V, Max Process  Min Min Process
Port Delay Corner Delay Corner
O a5 P4 11.693 SLOW 2871 FAST
O ae)  { P[14) 11.652 SLOW 2717 FAST
O a3 P4 11.645 SLOW 3.623 FAST
DBz P4 11.572 SLOW 3566 FAST
O A1) P4 11.492 SLOW 3669 FAST
O a5 4dPr3) 11.468 SLOW 3.329 FAST
OB dPp4 11.437 SLOW 3.748 FAST
O ero] < Pr14] 11.430 SLOW 3.666 FAST
O A6] P13 11.427 SLOW 2.895 FAST
D A3 P13 11.420 SLOW 3.536 FAST

Figure 54 — Longest delayed paths of the Wallace tree multiplier
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Q, Combinational Delays

From To Port Max Max Process  Min "1 Min Process
Port Delay Cormner Delay Corner
D a1 QP4 12.633 SLOW 3751 FAST
O A1) OP[M3] 12570 SLOW 3707 FAST
Cr Ao <0 P14) 12.646 SLOW 3699 FAST
O A1l P[5 12478 SLOW 3.693 FAST
O a0 P[3] 12583 SLOW 3659 FAST
O A0 OPM5] 12491 SLOW 3.647 FAST
O a2 P[4 12122 SLOW 3532 FAST
O A1 P21 12105 SLOW 3505 FAST
C-B[o) POl 10958 SLOW 3503 FAST
O A3] P[4 12056 SLOW 3500 FAST

Figure 55 — Braun’s multiplier minimum delayed path

I Q Combinational Delays

Fom  _ . Max  MaxProcess M ¥, MinProcess
Port Delay Comer i Cormner
B A21 @ Pp4) 11.370 SLOW 3799 FAST
B B[11 @ P14] 11.437 SLOW 3.748 FAST
B A2] P[13] 11.145 SLOW 3.712 FAST
B Al P[14] 11.492 SLOW 3.669 FAST
= BI0] P[14] 11.430 SLOW 3.666 FAST
= B[1] P[13] 11.211 SLOW 3.661 FAST
2 Al0] P[14]  11.417 SLOW 3.649 FAST
B A21 @ P[15] 10943 SLOW 3.646 FAST
B ARl @ P4 11.645 SLOW 3.623 FAST
B B[] @ P[15)] 11.010 SLOW 3595 FAST

Figure 56 — Wallace tree multiplier minimum delayed path

Xilinx Vivado allows each path to be analysed in more detail. The paths with the longest
delays are shown in figure 57 & 58. It shows that the Wallace tree multipliers longest path
only has 9 logic levels. The Braun’s multipliers longest path has 10. This is the reason for the
improved speed in the Wallace tree multiplier.

Figures 59 & 60 show the exact components each path contains. This is known as the data
path.
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¢ Summary
4 Name Path 1
Slack 22.084ns
Source O A5] (input port)
Destination < P[14]
Path Group **default*
Path Type Max at Slow Process Comner
Requirement 35.000ns (MaxDelay Path 35.000ns)
Data Path Delay 12.916ns (logic 4.646ns (35.968%) route 8.271ns (64.032%))
Logic Levels 10 (IBUF=1 LUT4=3 LUT5=2 LUT6=3 OBUF=1)
Qutput Delay 0.000ns
Timing ...ception  MaxDelay Path 35.000ns

Figure 57 — Longest delayed path of the Braun’s multiplier

FiojecL duiminany X | vevice X 1inng Consuams X0 Faun - wimng_

~ Summary
L[ Name Path 1
Slack 20.307ns
Source O A5] (input port)
Destination a P14]
Path Group **default™
Path Type Max at Slow Process Corner
Requirement 32.000ns (MaxDelay Path 32.000ns
Data Path Delay 11.693ns (logic 4.554ns (38.945%) route 7.139ns (61.055%))
Logic Levels 9 (IBUF=1LUT3=3 LUT5=1 LUT6=3 OBUF=1)
Output Delay 0.000ns
Timing ...ception  MaxDelay Path 32.000ns

Figure 58 — Longest delayed path of the Wallace-Tree multiplier
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* Data Path
. Delay Type Incr(ns) Path(.. Location Netlist Resource(s)
()0.000  0.000 Site: V14 D A5
net (fo=0) 0.000 0.000 /" A5
Site: V14 [ A_IBUF[5Linst/
IBUF (Prop ibuf | ©)  (r)0.916 0916 Site: V14 {1 A_IBUF[5]_inst/O
net (fo=17, routed) 1.869 2785 /" A_IBUF[5]
Site: S.._X1Y63 [ P_OBUF[10]_inst_i_23/4
LUTE (Pro..t6 14 O) (r)0.105 2890 Site:S.._X1Y63 <0 P_OBUF[10]_inst_i_23/0
net (fo=3, routed) 0.641 3531 /'5_85
Site: S.._X4Y64 [ P_OBUF[10Linst_i_21/11
LUT4 (Pro..t4 11 O) (r)0.124 3.655 Site:S.._X4Y64 <0 P_OBUF[10Linst_i_21/0
net (fo=3, routed 0.687 4.342 /" 8_96
Site: 8.._X3Y64 [0 P_OBUF[10]_inst_i_12/3
LUT4(Pro_t4 13 0) (70281 4623 SiteS._X3v64 < P_OBUF[10]_inst_i_12/0
net (fo=2, routed) 0.906 5.529 /" 8_108
Site: S.._X3Y66 [0 P_OBUF[10]_inst_i_6/0
LUT4 (Pro..t4 10 O) (r) 0.267 5796 Site:S.._X3y66 40 P_OBUF[10]_inst_i_6/0
net (fo=2, routed) 0.557 6.353 78121
Site: S.._X3Y66 [ P_OBUF[12]_inst_i_1012
LUTE (Pro..t6 12 O) (r)0.105 6.458 Site:S.._X3Y66 <0 P_OBUF[12]_inst_i_10/0
net (fo=1, routed) 0819 T7.276 /" S_146
Site: S.._X3Y65 [ P_OBUF[12]_inst_i_4/0
T5 (Pro._t5 10 (r)0.115 7391 Site:S._X3Y65 {0 P_OBUF[12]_inst_i_4/0
net (fo=3, routed) 0.585 7.976 /" 8_156
Site: S..._X1Y67 [0» P_OBUF[15]_inst_i_5/14
LUTS (Pro..t5 14 O) (r) 0.267 8243 site:S._X1v67 {0 P_OBUF[15]_inst_i_5/0
net (fo=3, routed) 0.474 8.718 /" S_158
Site: S.._X0Y66 [0 P_OBUF[14]_inst_i_1/5
LUT6 (Pro.t6 I5 O)  (r)0.105  8.823 Site:S._X0Y66 <40 P_OBUF[14L_inst_i_1/0
net (fo=1, routed) 1733 10556 /" P_OBUF[14]
Site: M16 [ P_OBUF[14]_inst/
OBUF (Pr.buf | 0) (r)2.361 12916 Site: M16 {0 P_OBUF[14]_inst/O
net (fo=0) 0.000 12916 A" P[14]
Site: M16  P[14]
Arrival Time 12.916

Figure 59 — Braun’s multipliers longest delayed path detailed view
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1 Delay Type Incr(ns) Path (.. Location Netlist Resource(s)
(r) 0.000 0.000 Site: V14 O A5]
net (fo=0) 0.000 0.000 A AB)
Site: V14 [ A_IBUF[5]_inst/
IBUF (Prop ibuf | O) (r)0.916 0916 Site: V14 4 A_IBUF[5]_inst/O
net (fo=17, routed) 2172 3.088 /" A_IBUF[5)]

Site: 5.._X2Y66 [ P_OBUF[10]_inst_i_11/2
LUTB(Pro.t6 12 @) (0105 3193 Site:S._X2Y66 <] P_OBUF[10]_inst_i_11/0
net (fo=3, routed 0492 3.685 /" P_OBUF[10Linst_i_11_n_0
Site: S..._X4Y66 [0 P_OBUF[9]_inst_i_15/10
LUT3 (Pro..t3 10 O) (0126 3811 Site:S._x4v66 <0 P_OBUF[9]_inst_i_15/0
net (fo=3, routed 0.686 4.497 /" P_OBUF[9]_inst_i_15_n_0
Site: S.._X4Y65 [ P_OBUF[9]_inst_i_411
LUT3 (Pro.t3 1 O) (r) 0.281 4778 Site:S.._X4Y65 40 P_OBUF[9]_inst_i_4/0
net (fo=3, routed 0510 5.288 /" P_OBUF[9]_inst_i_4_n_0
Site: S.._X3v66 [ P_OBUF[12]_inst_i_8/0
LUT3 (Pro..t3 10 O) (r) 0.267 5555 Site:S.._X3v66 <0 P_OBUF[12]_inst_i_8/0
net (fo=1, routed 0478 6.033 /" P_OBUF[12]_inst_i_8_n_0
Site: S.._X2Y68 [0 P_OBUF[12]_inst_i_2/14
LUTG(Pro_t6 14 0)  ()0.105  6.138 Site:S._X2Y68 <0 P_OBUF[12]_inst_i_2/0
net (fo=3, routed 0.471 6.609 /" P_OBUF[12]_inst_i_2_n_0
Site: S.._X0Y68  [» P_OBUF[15]_inst_i_5/0
LUTS (Pro..t5 10 O) (r)0.126 6.735 Site:S.._X0v68 {0 P_OBUF[15]inst_i_5/0
net (fo=3, routed 0717 7.452 7" P_OBUF[15]_inst_i_5_n_0

Site: S._X1Y68 [ P_OBUF[14]_inst_i_1/1
LUT6 (Pro.t6 11 O) (0267  7.719 Site:S._X1Y68 <0 P_OBUF[14]_inst_i_1/0

net (fo=1, routed 1613 9.332 /" P_OBUF[14]

Site: M16 [ P_OBUF[14]_inst/
OBUFE (Pr..buf | O (r)2.361 11.693 Site: M16 ] P_OBUF[14]_instiO
net (fo=0) 0.000 11.693 A P[14]

Site: M16 < P[14]
Arrival Time 11.693

Figure 60 — Wallace tree multipliers longest delayed path detailed view

The Worst Negative Slack (WNS) is also generated by Xilinx Vivado. This is the difference
between the maximum delay set in the timing constraints and the longest delay found in the
simulation. Both simulations have a positive value, meaning all data paths met the timing
constraints. In the event a data paths delay exceeded the limit set in the timing constraints,
this value would be negative. The slack of each individual path can be found by analysing the
path. This can be utilized to highlight paths which are causing delays to the system and
make the necessary adjustments to minimize them.
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The timing summaries for the Braun’s and Wallace tree multipliers are shown in figures 61

and 62.

Design Timing Summary

Setup
Worst Negative Slack (WNS)Y. 22084 ns
Total Negative Slack (TNS): 0.000 ns
Number of Failing Endpoints: 0
Total Mumber of Endpoints: 16

All user specified timing constraints are met.

Hold Pulse Width
Worst Hold Slack (WHS): 1.203ns Worst Pulse Width Slack (WPWS). NA
Total Hold Slack (THS) 0.000 ns Total Pulse Width Negative Slack (TPWS), NA
Number of Failing Endpoints: 0 MNumber of Failing Endpoints: NA
Total Number of Endpoints: 16 Total Number of Endpoints: NA

Figure 61 — Braun’s multiplier timing summary

4 Design Timing Summary
»

Setup

Worst Negative Slack (WNS): 20.307 ns
Total Megative Slack (TNS): 0.000 ns

MNumber of Failing Endpoints: 0

Total Number of Endpoints: 16

All user specified timing constraints are met.

Hold Pulse Width
Worst Hold Slack (WHS) 1.410ns Worst Pulse Width Slack (WPWS):
Total Hold Slack (THS): 0.000 ns Total Pulse Width Negative Slack (TPWS):
Mumber of Failing Endpeints: 0 Number of Failing Endpoints:
Total Number of Endpoints 16 Total Number of Endpoints.

Figure 62 — Wallace tree multiplier timing summary
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6 Conclusion

Throughout this report different types of parallel multipliers for use in FPGAs have been
investigated. Particular attention has been given to the Braun’s and Wallace-Tree
multipliers.

The background research conducted on these multipliers concluded that the Wallace-Tree
multiplier is more complex, requires more hardware and consumes more power than the
Braun’s multiplier. Despite this, the research suggested that the Wallace-Tree had improved
speed performance, making it a superior choice. Further research also found that
implementing a carry lookahead adder in place of a ripple carry adder could further reduce
delays.

To verify that the Wallace tree multiplier was faster, an 8x8 bit multiplier was designed
using both design theories. Analysing the critical path found that the longest possible delay
on the Braun's multiplier contained more logic gates, suggesting the delays would be higher.
Both multipliers were then simulated in Xilinx Vivado. A comparison of the results found
that the Wallace-Tree multiplier used 8.4% more LUTs and found the power consumption to
be equal. It is possible this is incorrect, since it contradicts the background research. Xilinx
Vivado states the confidence level is low, meaning the power consumption may be
inaccurate. The Braun’s multipliers maximum delay was 10.46% longer than the Wallace
tree multiplier.

Besides the power consumption, these statistics confirm that the research conducted in
section 3 was correct. Based on these differences in characteristics between the two
multipliers, the Wallace-Tree multiplier is the best choice for most applications. The slightly
increased LUT utilization is made up for by the significant speed increase. If there was an
application where speed was not important, but hardware utilization was critical, the
Braun’s multiplier would be the better choice.
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Appendix A

Braun’s multiplier code
2 library IEEE;
3+ use IEEE.STD_LOGIC 1164.ALL;

16 A,B: in BIT;

17 X: buffer BIT); -- set as buffer so it can be input or output
18 end AND2;

20 architecture behavioral of AND2 is -- Define AND behavior
21 begin

22 ¥ <= A and B;

23 (=) end behavioral;

25 enticy HA is -- Define Half adder I/0

26 port (

27 a,b: in BIT;

28 sum, carry: buffer BIT):

29() end HA;

31 architecture
begin
sum <= a
carry <=

end behavioral;

-) entity FA is -- Define full
port(
a,b,c: in BIT:

v: buffer BIT):

41 sum, car
42 end FA;

44 architecture behavioral of FA is -- Define full adder Behavior
45 begin
113 sum <= a xor b XOR c¢;-- Calculate Sum

47 carry <= ((a and b) or (b and c) or (a and c)); --Calculate C
48

49 end behavioral;

1 entity Multi is -- set inputs and outputs

nart (Ll R in hit wartari7 Anumta NV =
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C inpucCs oucpucs

1) entity Multi is -- se
port(A,B: in bit_wector(7 downto 0);
P: buffer bit wvector (15 downto 0));

end Multi;

X

o od= W

1 M
<7

S0
S
5
53
S
S
S
5
5
S

W

architecture structural of Multi is
component ANDZ --

Port(

A,B: in BIT;

X:

end component;

component HA -- Defines

end component;

port(

a,b: in BIT:
carry: buffer BIT):

sum,

component FA

end component;

3ignal

begin

Al:
A2:
A3:
Ad:
AS5:
Ag:
AT:
Ag:
AS:

Al0:
89 All:
50 | Al2:
: Al3:
g2 | Rl4:
93 AlS:

pore(
a,b,c
sum,

5:

AND2
AND2
AND2
AND2
AND2
AND2
AND2
AND2
AND2
AND2
AND2
AND2
AND2
AND2
AND2

: AND2
: AND2
: AND2
: AND2
: AND2
: AND2
: AND2

: in

BIT:

Defines

AN smbe T/
Defines AND gate I

buffer BIT):

carry: buffer BIT):

BIT wector (160 downto 1); -- S

port
port
port
port
port
port
port
port
port
port
port
port
port
port
port

port
port
port
port
port
port
port

map
map
map
map
map
map
map
map
map
map
map
map
map
map
map

map
map
map
map
map
map
map

(A(0),B(0),P(0)): —-
(A(0),B(1),5(1)):
(A(1),B(0),5(2)):
(A(1),B(1),5(3)):
(A(2),B(0),S5(4)):
(A(2),B(1),5(5)):
(A(3),B(0),5(6)):
(A(3),B(1),5(M):
(A(4),B(0),5(8))s
(R(4),B(1),5(9)):
(A(5),B(0),5(10))+
(A(5),B(1),5(11)):
(A(€),B(0),5(12)):
(A(€),B(1),5(13))s
(2(7),B(0),5(14));

(2(0),B(2),5(15));
(A(1),B(2),5(1€)):
(A(2),B(2),5(17)):
(R(3),B(2),5(18));
(A(4),B(2),5(19));
(A(5),B(2),5(20)):
(A(€),B(2),5(21)):
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2nd

row




Oliver Kucyj — Electronics 2

129
130
131
132
133
134
135
136
137
139
140
141
142
143
144
145
l4g
147
148
149
150
151
152

A32:
A33:
A34:
A35:
A36:
RA37:
A3s:
RA39:

A40:
Adl:
A42:
R43:
R44:
A45:
R46:
B47:

A48:
A4G:
AS0:
AS1:
AS2:
AS53:
AS4:
ASS:

ASéE:
AS7:
AS8:
A5SG:
R60:
A6l:
Ag2:
RAG63:
At4:

Hl:
H2:

: RND2
: RND2
: RND2

: AND2
: AND2
: AND2
: AND2
: AND2
: AND2
: AND2
A3l:

AND2

AND2
AND2
AND2
AND2
AND2
AND2
AND2
AND2

AND2
AND2
AND2
RAND2
RND2
AND2
AND2
AND2

AND2
AND2
RAND2
AND2
RND2
AND2
AND2
RND2

AND2
RND2
RND2
AND2
RND2
AND2
AND2
RND2
AND2

port
port
port

port
port
port
port
port
port
port
port

port
port
port
port
port
port
port
port

port
port
port
port
port
port
port
port

port
port
port
port
port
port
port
port

port
port
port
port
port
port
port
port
port

map
map
map

map
map
map
map
map
map
map
map

map
map
map
map
map
map
map
map

map
map
map
map
map
map
map
map

map
map
map
map
map
map
map
map

map
map
map
map
map
map
map
map
map

(A(5),B(2),5(20)):
(2(€),B(2),5(21));
(&(7),B(1),5(22));

(2(0),B(3),5(23));
(A(1),B(3),5(24));
(R(2),B(3),5(25)):
(A(3),B(3),5(26));
(A(4),B(3),5(27)):
(&(5),B(3),5(28));
(Aa(6),B(3),5(29));
(R(7),B(2),5(30)):

(2(0),B(4),5(31));
(A(1),B(4),5(32)):
(2(2),B(4),5(33));
(A(3),B(4),5(34)):
(2(4),B(4),5(35));
(A(5),B(4),5(3¢€));
(A(€),B(4),5(37)):
(2(7),B(3),5(38));

(2(0),B(5),5(39)):
(A(1),B(5),5(40)):
(2(2),B(5),5(41)):
(2(3),B(5),5(42)):
(2(4),B(5),5(43));
(A(5),B(5),5(44)):
(A(€),B(5),5(49)):
(2(7),B(4),5(4€)):

(A(0),B(€),5(47)):
(A(1),B(€),5(48)):
(A(2),B(€),5(49)):
(2(3),B(€),5(50));
(2(4),B(€),5(51));
(A(5),B(6),5(52)):
(A(8),B(€),5(53));
(R(7),B(5),5(54)):

(2(0),B(7),5(55)):
(R(1),B(7),5(5€)):
(R(2),B(7),5(57));
(A(3),B(7),5(58));
(R(4),B(7),5(59)):
(A(5),B(7),5(e0));
(A(€),B(7),5(e1));
(2(7),B(€),5(€2));
(Aa(7),B(7),5(e3));

HA port map (5(1),5(2),P(1),5(¢4));
HA port map (5(3),5(4),5(€5),5(8)):
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F8:
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170 F10:
171 F1l:
172 F12:
173 F13:
174 Fl4:

]
woon
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o]

=
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o

—
IS
>
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=
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F15:
177 F16:
178 F17:
179 Fl8:
0 F19:
Bl Fa20:
B2 F2l:

24 F22:

S F23:
F24:
B7 F25:
F26:
F27:
F28:

F29:
F30:
F3l:
F32:
F33:
F34:
F35:

F36:
E37:

HA port map
HA port map
HA port map
HA port map
HA port map
HA port map
HA port map

FA port map
FA port map
FA port map
FA port map
FA port map
FA port map
FA port map

FA port map
FA port map

FA port
FA port
FA port
FA port
FA port

FA port
FA port
FA port
FA port
FA port
FA port
FA port

FA port
FA port
FA port
FA port
FA port
FA port
FA port

FA port
FA port
FA port
FA port
FA port
FA port
FA port

FA port
FA port

map
map
map
map
map

map
map
map
map
map
map
map

map
map
map
mafg
map
map
map

map
map
map
map
map
map
map

map
map

(5(1),5(2),P(L1),5(64)); -- Half adders top row
(5(3),5(4),5(65),5(66));
(5(5),5(€),5(€7),5(¢€8));
(5(7),5(8),5(69),5(70)):
(5(%),5(10),5(71),5(72));
(5(11),5(12),5(73),5(74)):
(5(13),5(14),5(75),5(76)):

(5(15),5(64),5(65),P(2),5(77))» -- Full adders Znd
(S(16),5(66),5(67),5(78),5(79)):
(5(17),5(e8),5(69),5(80),5(81))*
(5(12),5(70),5(71),5(282),35(23) )7
(S(19),5(72),5(73),5(%4),5(85)):
{5(20),5(74),5(75),5(8€),5(8M));
(S(21),5(76),5(77),5(88) ,5(89) )

(S(23),5(77),5(78),P(3),5(90)); -- Full adders 3rd
(5(24),5(79),5(80),5(31),5(92)):
(5(25),5(81),5(82),5(93),5(94))
(5(26),5(83),5(84),5(95),5(96) ) ;
(s(27),5(85),5(86),5(97),5(98)):
(5(28),5(87),5(88),5(99),5(100) )+
(s(29),5(89),5(30),5(101),5(102)):

s )
L

row

(5(31),5(90),5(91) ,P(4),5(103)); -- Full adders &4th row b4

(5(32),5(92),5(93),5(104),5(105));
(S(33),5(94),5(95),5(1086),5(107))
(S(34),5(9%6),5(97),5(108),5(109));
(5(35),5(98),5(99),5(110),5(111)) ;
(S(3€),5(100),5(101),5(112),5(113));
(5(37),5(102),5(38),5(114),5(115) ) ;

(S(39),S(103),5(104),P(5),S(116)); —- Full adders
(S(40),S(105),5(106),5(117),5(118));
(S(41),5(107),5(108),5(119),5(120)) :
(S(42),5(109),5(110),5(121),5(122));
(S(43),5(111),5(112),5(123),5(124) ) ;
(S(44),5(113),5(114),5(125),5(12¢€));
(S(45),5(115),5(46),5(127),5(128)) ;

(S(47),S(116),5(117),P(6),5(129)); —- Full adders
(S(48),S(118),5(119),5(130),5(131)):
(S(49),5(120),5(121),5(132),5(133)) :
(5(50),5(122),5(123),5(134),5(135)) ;
(5(51),5(124),5(125),5(136),5(137)) ;
(S(52),S(126),5(127),5(138),5(139) ) ;
(5(53),5(128),5(54),5(140),5(141)) ;

(5(55),5(129),5(130),P(7),5(142)): -- Full adders
(5(5€),5(131),5(132),5(143),5(144)):
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end architecture;

F36:
F37:
F38:
F39:
F40:
F4l:
F42:

F43:
F44:
F45:
Fdé:
F47:
F48:

port
port
port
port
port
port
port

PEEEEEy

FA port
FA port
FA port
FA port
FA port
FA port

map
map
map
map
mnap
map
map

map
map
nap
map
map
map

(5(55),5(129),5(130),B(7),5(142)); -- Full

(5(56),5(131),5(132),5(143),5(144));
(5(57),5(133),5(134),5(145),5(146));
(5(58),5(135),5(136),5(147),5(148));
(S(59),5(137),5(138),5(149),5(150)):
(5(60),5(139),5(140),5(151),5(152));
(S(6l1),5(141),5(62),5(153),5(154)):

: HA port map (5(142),5(143),P(8),5(155)); -- Half a

(S(l44),5(145),5(155),P(9),5(156)); -
(5(146),5(147),5(156),P(10),5(157)):
(S(148),5(14%),5(157),P(11),5(158)):
(5(150),5(151),5(158),P(12),5(159));
(5(152),5(153),5(159),P(13),5(160));
(5(154),5(63),5(160) ,P(14),P(15));
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5 library IEEE;

Appendix B

Testbench code

@ use IEEE.Std logic_1164.all;

use IEEE.Numeric_Std.all;

¢ | use IEEE.STD_LOGIC UNSIGNED.ALL;

signal A&, B:
1 signal P: bit vector(lS

blt_vectcrﬁ downto 0);

downto 0):

1 entity Multi_tb is

11 end;

1

1 architecture bench of Multi_tb is

14

151 component Multi

1€ port(A,B: in bit_\ﬂ:ctor(? downto 0);
17 P: buffer bit vector(15 downto 0});
18 end component;

1

begin

251 uut: Multi port map ( A

‘process
30 constant
31 begin

"11111111"; B <=

"00000000"; B <=

"00001111"; B <=

"00000000"; B <=

"01010101"; B

)
"

"11001100"; B <=

"00011000"; B <=

"00111111"; B <=

"00000011"; B <=

"11000111"; B <=

"01001111"; B <=

]
N
L]

"00011001"; B <=

period: time :

=> A,

=> B,

=> P )

= 20 ns; -- Sets sta time peric
"11111111"; WAIT FOR period; -- S=t
"00000000"; WAIT FOR period;
"11110000"; WAIT FOR period;
"11111111"; WAIT FOR period:

"10101010"; WAIT FOR pericd;

"00110011"; WAIT FOR period:

"11100111"; WAIT FOR period;

"11111111"; WAIT FOR period;

"00000001"; WAIT FOR period;

"11110011"; WAIT FOR pericd;

"10110000"; WAIT FOR period:

"11110111"; WAIT FOR period;
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o]

E

o]

ke

<= "00000011";

<= "11000111";

<= "01001111";

<= "00011001";

<= "01000101";

<= "01111100";

<= "00011011";

<= "00100111";

B

B

B

B

B

"00000001"; WARIT

"11110011"; WRIT

"10110000"; WRIT

"11110111"; WARIT

"10101010"; WRIT

"00111011"; W,

"11100111"; WRIT

"11111111"; WAIT

FOR
FOR
FOR
FOR
FOR
FOR
FOR

FOR

65

period;

period;

period:

period;

period;

period;

period:

period;
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Appendix C

Wallace tree VHDL code
2 Library IEEE;
use IEEE.STD LOGIC 1164.ALL;

o W b
|

entity AND2 is -- AND I/0

14 port(

15 A,B: in BIT;

16 X: buffer BIT); -- set as buffer so can be input or output

17z end AND2:

14 [£] architecture behavioral of AND2 is -- D=fines ANI

20 begin

21 X <= A and B;

22 end behavioral;

24 entity HA is -- Define Half adder behavior
25 port (

26 a,b: in BIT;

27 sum, carry: buffer BIT);

23 () end HA;

30z architecture behavioral of HA is -- Define Haslf adder Behavior
31 begin
32 sum <= a Xor b;
33 carry <= a and b;
34
35 end behavioral;
37 entity FA is Define full adder behavior
port (
39 a,b,c: in BIT;
40 sum, carry: buffer BIT):;
41 (=) end FA;
42
43 () architecture behavioral of FA is -- Define full adder Behavior
44 begin
45 sum <= a xor b XOR c;
46 carry <= ((a and b) or (b and c) or (a and c));
_1".
2 (=) end behavioral;
45
50 entity WallaceMultiplier is and outputs

51 port(R,B: in bit vector(7 downto 0):
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07 entity WallaceMultiplier is -- sei inputs
51 port(A,B: in bit_wector(7 downto 0);
52 P: buffer b].t_vector{ls downto 0)): -- buf
end WallaceMultiplier;

- architecture structural of WallaceMultiplier is
) component AND2

57 Bort(

A,B: in BIT;

59 ¥: buffer BIT):

60 = end component;

62l component HA
63 port(
] a,b: in BIT:
sum, carry: buffer BIT);
end component;

(1] component FA

59 port(

a,b,c: in BIT;

71 sum, carry: buffer BIT);
27 end component;

4 signal S: BIT vector (175 downto 1): Ssts signals
3 begin

78 Al: AND2 port map (A(0),B(0),P(0)); —-
7% A2: AND2 port map (A(0),B(l),S5(1)):
80 A3: AND2 port map (A(1),B(0),5(2)):
8l A4: AND2 port map (A(1),B(l),S(3)):;
82 BAS: AND2 port map (A(2),B(0),5(4)):
83 Re: AND2 port map (A(2),B(l),5(5)):
84 A7: AND2 port map (A(3),B(0),S(€)):
AS: AND2 port map (A(3),B(l),5(7)):
86 A%9: AND2 port map (A(4),B(0),S5(8));:
8 R10: AND2 port map (A(4),B(1),5(9)):
86 All: AND2 port map (A(5),B(0),5(10));
89 AlZ2: AND2 port map (R(S5),B(1l),5(11));:
40 B13: AND2 port map (A(6),B(0),5(12));
91 Al4: AND2 port map (A(€),B(l),5(13));
92 A15: AND2 port map (A(7),B(0),5(14)):

: AND2 port map (A({0),B({2),5(15)): and
: AND2 port map (A(1),B(2),5(16)):
: AND2 port map (A(2),B(2),S(17)):
: AND2 port map (A(3),B(2),5(18)):

AND2 port map (A(4),B(2),5(19));
AND2 port map (A(5),B({2),5(20));
ARD2 port map (A(6),B(2),5(21)):
AND2 port map (A(7),B(l),5(22)):
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A22: BEND2 port map (A(6),B(2),5(21)):
A23: BAND2 port map (A(7),B(1),5(22)):

A24: AND2 port map (A(0),B(3),5(23)); -- and gates 3rd row
A25: AND2 port map (A(1),B(3),5(24));
L26: AND2 port map (RA(2),B(3),5(25)):
227: AND2 port map (A(3),B(3),5(26));
228: AND2 port map (A(4),B(3),5(27));:
; 129: AND2 port map (R(5),B(3),5(28));
109 230: AND2 port map (A(6),B(3),5(29));

110 | 231: AND2 port map (A(7),B(2),5(30)):

111

12 A32: AND2 port map (A(0),B(4),S(31)); -- and gates 4th row
113 | 233: AND2 port map (A(1),B(4),5(32)):

114 ¢ A34: AND2 port map (A(2),B(4),5(33));:

115 | A35: AND2 port map (A(3),B(4),5(34)):

116 A3€: AND2 port map (A(4),B(4),5(35)):

117 | 237: AND2 port map (A(S5),B(4),5(36)):

118 . A38: AND2 port map (A(6),B(4),S(37)):

119 A3%: BAND2 port map (A(7),B(3),5(38)):

RA40: AND2 port map (RA(0),B(5),5(39)): -- and gates 5th row
R41: AND2 port map (A(1l),B(5),S5(40)):
A42: BND2 port map (A(2),B(5),S5(41)):
A43: BAND2 port map (A(3),B(5),S5(42)):
A44: EAND2 port map (A(4),B(5),5(43)):
R45: AND2 port map (A(S5),B(5),S(44)):
A46: AND2 port map (A(6),B(5),5(45)):
247: AND2 port map (A(7),B(4),S5(46)):

A48: ANDZ2 port map (A(0),B(6),S(47)); -- and gates 6th row
A49: AND2 port map (A(1l),B(6),5(48)):
A50: AND2 port map (A(2),B(6),5(49)):
ASl: AND2 port map (A(3),B(6€),5(50));:
A52: BAND2 port map (A(4),B(6),S(51)):
AS53: AND2 port map (A(5),B(6),5(52)):
AS54: AND2 port map (A(6),B(6),5(53)):
A55: AND2 port map (A(7),B(5),S(54)):

: AS57: AND2 port map (A(1),B(7),5(56));:
1. ASS: AND2 port map (A(2),B(7),5(57));

b

=

142 A59: AND2Z port map (R(3),B(7),5(58)):
143 R60: AND2 port map (A(4),B{(7),5(59)):
4 A6l: AND2 port map (A(5),B(7),5(€0)):

i

R62: BND2 port map (R(6),B(7),5(&l)):
R63: AND2 port map (A(7),B(6),5(62)):
Lé4: AND2 port map (BA(7),B(7),5(€3)):

= =
o

b
L T S e O S S

Hl: HA port map (S(1),S(2),P(1),S(64)): -- First ha
151 Fl: FA port map {S(4),5(3),5(15),5(65),5(66)); -- Fu
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HS:

178 | Hé:

179 F20:
180 | F21:
AR F22:
F23:
F24:
F25:

(X

H7:

= M o e W

Fl0:
Fll:
Fl2:

170 F13:
171 | Fl4:
172 F15:
173 | Flé:
174 F17:
75 Fl8:
176 | F19:

H12:

HA port map (S{1),5(2),P(1l),S(64)); -- First half adder level 1 row 1
FA port map (S(4),5(3),S(15),S5S(65),5(66)); -- Full adders top row

FA port map (S(€),5(5),5(16€ ),5(6€7),5(€8));

FA port map (S(8),5(7),5(17),5(€9),5(70)):

FA port map (S(10),5(9),5(18),5(71),5(72)):

FA port mep (S(12),S5(11),5(19),5(73),5(74)):

FA port map (S5(14),5(13),5(20),5(75),5(76)):

HA port map (5(22),5(21),5(77),5(78)): -- Znd half adder top row

HA port map (S5(24),5(31),5(79),5(80)): -- first half adder
FA port map (5(25),5(32),5(39),5(81),5(82)); -- Full adders
FA port map (S(26),5(33),5(40),5(83),5(84)):
FA port map (S(27),5(34),5(41),5(85),5(%86)):

FA port map (S(28),S5(35),5(42),5(87),5(88)):

FA port map (S(29),5(36),5(43),5(89),5(90)):

FA port map (S(38),5(37),5(44),5(91),5(92)):

HA port map (5(46),5(45),5(93),5(94)); -- Znd half adder top row

o =

op row

HA port map (S(64),S(€5),P(2),5(95)); -- first half adder level
FA port map (S5(23),5(€7),5(66),5(96),5(97)); -- Full adders lew
FA port map (S(79),S5(€9),5(€8),5(98),5(99)):

FA port map (S(81),5(71),5(70),5(100),5(101));
FA port map (S(23),5(73),5(72),5(102),5(103)):
FA port map (S(85),5(75),5(74),5(104),5(105));
FA port map (S(87),5(77),5(7¢€),5(10€),5(107)):
FA port map (S5(89),5(30),5(78),5(108),5(1098)):

HA port map (S5(47),5(82),5(110),5(111)}); -- Ievel 2 row 2
FA port map (S(48),5(84),5(55),5(112),5(113)):

FR port map (S5(49),5(8€),5(56),5(114),5(115)):

FA port map (S5(50),5(88),5(57),5(11€),5(117)):

FA port map (5(51),5(%0),5(58),5(118),5(119));

FA port map (5(52),5(92),5(59),5(120),5(121));

FA port map (5(53),5(%4),5(60),5(122),5(123)):
HA port map (S(62),S(€1),5(124),5(125)):

: HA port map (S5(96),5(95),P(3),5(126)); -- level 3
g : HA port map (S(98),5(97),5(127),5(128));

90 . F26:
91 F27:
192 | F28:
193 . F29:
154 | F30:
195 3 F31:
196 | H10:
197 3 Hll:

FA port map (S(100),5(99),5(80),5(129),5(130)); -- 58027
FA port map (S(102),S5(101),5(110),5(131),5(132));

FA port map (5(104),5(103),5(112),5(133),5(134));

FA port map (S(106),S(105),5(114),5(135),5(136));

FA port map (5(108),5(107),5(116),5(137),5(138));

FA port map (S(91),5(109),5(118),5(139),5(140));

HA port map (S(120),5(93),5(141),5(142)):

HA port map (S(122),5(54),5(143),5(144));

HA port map (S(127),5(126),P(4),5(145)); -- level 4
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1 row 2

n




Oliver Kucyj — Electronics 2

200 H12: HA port map (S5(127),5(126),P(4),5(145)); -- lsv=l £

201 . H13: HA port map (5(129),5(128),5(146),5(147)):

02 Hl4: HA port map (S(131),5(130),5(148),5(149));

F32: FA port map (5(133),5(132),5(111),5(150),5(151)); -- 58022

204 . F33: FA port map (5(135),5(134),5(113),5(152),5(153)):
205 ! F34: FA port map (S(137),5(136),5(115),5(154),5(155));
206 . F35: FA port map (S(139),5(138),S5(117),5(15¢€),S(157))=
207 F36: FA port map (5(141),5(140),5(119),5(158),5(159)):
208 | F37: FA port map (S5(143),5(142),5(121),5(160),S(16l));
209 F38: FA port map (S(124),5(144),S5(123),5(162),5(163)); --1242?

10 : H15: HA port map (S(125),5(63),5(164),5(16€5)):

H16: HA port map (S(145),5(146),P(5),5(166)); -- level §
F39: FA port map (S(147),5(148),5(166),P(6),S5(167)); - 5
F40: FA port map (S(149),S(150),S(167),P(7),5(16€8)):

15 | F4l: FA port map (S(151),5(152),5(168),P(8),5(169)):

16 F42: FA port map (S(153),5(154),5(169),P(9),5(170)):

17 | F43: FA port map (S(155),S(156),S(170),P(10),S(171)):

8 . F44: FA port map (S(157),5(158),S5(171),P(11),5(172)):

! F45: FA port map (S(159),5(1€0),5(172),P(12),5(173)); --1242?
0 F46: FA port map (S(161),5(162),5(173),P(13),5(174)):

: F47: FA port map (S(163),S5(164),5(174),P(14),5(175)):

22 | H17: HA port map (S(165),5(175),P(1l5)):

[N I Y]
4 Bk

ST ST ST ST G ST T ST N U S T S S I S S
]

end architecture;
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GRADEMARK REPORT

FINAL GRADE

/100

GENERAL COMMENTS
Instructor

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

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

Multipliers.

b. Background
Research (8) 6
Marks Excellent!

Engagement with an extensive range of relevant
and credible literature.

c. Diversity of

sources and Referencing Skills(4) 3
Marks Consistently
accurate application of referencing.

a. Task 1:

Identifying the correct Multiplier (4), Architecture
of Braun's Multiplier(6) 9

Marks Well Done!
The

correct Multiplier is identified. Its key concepts
were explained. Itis

evident that you have a clear idea about
multipliers. Architecture of 8X8 Braun’s

is well captured and the diagram is very clear and
precise which is

appreciable. Assumptions of partial

signals made is very clear.

b. Task 2: Dot
Diagram(4), Architecture of Wallace
Multiplier(6) :9 Marks

Good Job- The Dot diagram is correct and
well captured. Architecture of Wallace is also seen
which is
up to the Expectations. The consideration of the
Partial Signals are also
found. The usage of Full Adders and Half Adders is
seen which is up to the
satisfaction.

a. Finding



Critical Path, Longest Delay, Min and Max Delay,
Power Consumption(12). :9 Marks

Good Job- Critical
evaluation on finding the Critical path,
longest min, max delay, Power consumption were
made. The range slightly differs with varies
respect to the no. of LUTs and 1/0 used.
Based upon the Evidence Based judgements
the solutions you have stated for delay
are within the expected range. But the Power
consumption for Wallace
should be different. The longest delay shows that
you have large no. of adders.
But the delay between the two multipliers is
almost similar which is not the
actual
case.

b. Innovative

thinking in problem solving and feature
additions(8) :6 Marks

Clearly distinguishes between fact, opinion, &
acknowledges value judgments are seen.

a.
Simulation (7) :6 Marks

Good- The simulations were clearly matching with
the

expected outputs. Proper usage of test bench were
seen. b. VHDL
Coding'’s

(10) :9 Marks

Good - Both the codes are relevant and produces
the

expected outputs and results without any errors.
The products are matching

with the Manual Calculations. The collection of
samples taken is evidently seen

in your report that is appreciable.

b. Circuit

Schematic (4) 4

Marks Good- The
screen dump provided for the Circuit schematic is
neat and precise in both the cases of multipliers. It
covers most of the

Blocks.

d. FPGA Synthesis
(4) :4 Marks



Synthesis is provided. It clearly shows that the you
have a

very good experience in obtaining the synthesis
and Implementation reports. The

procedures to capture FPGA synthesis were done
perfectly

a. Logical order

of ideas, Flow of ideas in the report from the
beginning to end with

appropriate chapters, sub chapters and
continuation(7) 6

Marks

Work is coherent, very fluent and is presented
proficiently.

b. Definitions,
Acronyms and Abbreviations (3) 2
Marks

Very Good- Most of the Definitions, Acronyms and
Abbreviations are captured.

C.
Professionalism, Spelling and Grammar,
Complete Report, Proper

Presentation, Quality of the

report(5) 3

Marks

Good level of

professionalism is maintained in the complete
report. Quality of the report is

good with minimal spelling and grammar
mistakes.

TOTAL MARKS : 80%

Findings from the Codes and Simulations :

Codes have port

and signal declarations . No errors or warnings
found when compiling the code. Too

many signals were taken which limits the efficiency
of the Multipliers.
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Comment 16
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the Evidence Based judgements the solutions you have stated for delay are within the
expected range.

PAGE 52

PAGE 53

PAGE 54




PAGE 55

PAGE 56

PAGE 57

PAGE 58

PAGE 59

PAGE 60

PAGE 61

PAGE 62

PAGE 63

PAGE 64

PAGE 65

PAGE 66

®

PAGE 67

Comment 17

Good - Both the codes are relevant and produces the expected outputs and results without
any errors. The products are matching with the Manual Calculations.

PAGE 68

PAGE 69

PAGE 70




